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Diverse biological activities of polyketide natural products are often associated 

with specific structural motifs, biosynthetically introduced after construction of the 

polyketide core. Therefore, investigation of such “post-polykektide synthase (PKS)” 

modifications is important, and the accumulated knowledge on these processes can be 

applied for combinatorial biosynthesis to generate new polyketide derivatives with 

enhanced biological activities. In addition to the practical value, a lot of unprecedented 

chemical mechanisms can be found in the enzymes involved therein, which will 

significantly advance our understanding of enzyme catalysis.  

The works described in this dissertation focus on elucidating a number of post-

PKS modifications involved in the biosynthesis of an insecticidal polyketide, spinosyn A, 

in Saccharopolyspora spinosa. First, three methyltransferases, SpnH, SpnI, and SpnK, 

responsible for the modification of the rhamnose moiety, have been investigated to verify 

their functions and to study how they are coordinated to achieve the desired level of 

methylation of rhamnose. In vitro assays using purified enzymes not only established that 
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SpnH, SpnI, and SpnK are the respective rhamnose 4′-, 2′-, and 3′-O-methyltransferase, 

but also validated their roles in the permethylation process of spinosyn A. Investigation 

of the order of the methylation events revealed that only one route catalyzed by SpnI, 

SpnK, and SpnH in sequence is productive for the permethylation of the rhamnose 

moiety, which is likely achieved by the proper control of the expression levels of the 

methyltransferase genes involved in vivo.   

The key structural feature of spinosyn A is the presence of the unique tetracyclic 

architecture likely derived from the monocyclic PKS product. To elucidate this “cross-

bridging” process, which had been hypothesized to involve four enzymes, SpnF, SpnJ, 

SpnL, and SpnM, the presumed polyketide substrate was chemically synthesized using 

Julia-Kocienski olefination, Stille cross-coupling, and Yamaguchi macrolactonization as 

key reactions. Incubation of the synthesized substrate with SpnJ produced a new product 

where the 15-OH group of the substrate is oxidized to the ketone. Next, it was 

demonstrated that incubation of this ketone intermediate with SpnM produces a tricyclic 

compound, via a transient monocyclic intermediate with high degree of unsaturation. 

Whereas it was initially thought that SpnM catalyzes both dehydration and [4+2] 

cycloaddition in sequence, detailed kinetic analysis revealed that SpnM is only 

responsible for the dehydration step, and the [4+2] cycloaddition step is indeed catalyzed 

by SpnF. Finally, successful conversion of the tricyclic intermediate to the tetracyclic 

core was demonstrated using SpnL. Proposed chemical mechanisms of SpnF and SpnL, 

Diels-Alder and Rauhut-Currier reactions, respectively, are interesting because enzymes 

capable of catalyzing these reactions have yet to be characterized in vitro. This work not 

only establishes the biosynthetic pathway for constructing the spinosyn tetracyclic core, 

but also epitomizes the significance of the post-PKS modification as a rich source of new 

enzyme catalysis. 
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Chapter 1. The Post-Polyketide Synthase (PKS) Modification As A Rich 

Source of Novel Enzyme Chemistry 
 

1.1. BACKGROUND 

The term “natural products” in the field of chemistry and biology are generally 

referred to chemical entities produced in “secondary” metabolic pathways, and are 

distinct from those derived from the primary metabolic pathways where nutrients are 

converted into various forms of energy (e.g., ATP) and biochemical building blocks (e.g., 

amino acids, ribonucleic acids) to maintain the viability of the corresponding organism. 

Hence, the “natural products” are often exchangeable with “secondary metabolites”. The 

physiological roles of the secondary metabolites and the reason why organisms make 

them are not well understood in most cases. Thus far, the Chemical Co-evolution Model 

proposing that every natural product has a specific biological activity benefiting its 

producer (e.g., by mediating species-species communication or by defending the 

producing organism from environmental threats) is the most widely accepted hypothesis 

in this regard.1 Apart from the beneficial physiological roles for the producing organisms, 

natural products have enriched human welfare for a long time, especially by providing 

means to treat various diseases or lessen the symptoms thereof. The discovery of 

penicillin in the 1920s followed by its successful application to treat infectious diseases is 

often regarded as the beginning of the era of modern natural product research. Since then, 

the interest in finding new biologically active natural products has escalated, and 

significant processes have been made in both academia and industry leading to the 
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isolation of tenth of thousands of new natural products from a variety of sources 

including plants, insects, bacteria, fungi, and other marine organisms.  

 

 

Figure 1.1. Representative polyketide natural products. 

 

Polyketides, isolated mostly from bacterial and fungal species, comprises one of 

the most structurally diverse classes of natural products whose scaffolds include 

macrolides, polyethers, enediynes, polyphenols, and others. As a reflection of their 

structural diversity, the range of their biological activities has also been found to be 

extremely broad. Figure 1.1 shows a list of representative polyketide natural products that 

possess pharmacologically useful properties and have clinical uses as antibiotic, anti-

cancer, immunosuppressant, memory enhancing, and antifungal agents. Due to their 



3 

structural complexity, large-scale production of polyketide compounds for clinical trials 

and applications mostly relies on fermentation of the producing organisms, often in 

conjunction with semi-synthetic derivatizations, rather than chemical total synthesis. 

However, the effectiveness of such fermentation processes, although readily scalable and 

relatively “green”, is offset by the lack of maneuverability of this approach in generating 

structural analogues. This limitation is particularly pronounced considering the recent 

development of drug resistance observed in many biological targets associated with 

various diseases. However, the significant advance in microbial genetics and 

biochemistry during the past decades has allowed one to better understand the functions 

of genes involved in polyketide biosynthesis as well as the chemical mechanisms of 

many biotransformations involved therein.2, 3 When combined with modern metabolic 

engineering technology, the accumulated knowledge regarding polyketide biosynthesis 

has enabled one to rationally manipulate the biosynthetic machinery of a producing strain 

to produce tailor-made novel polyketide analogues.4 In addition to such a practical 

consideration, as will be illustrated in the following sections, investigations of the 

polyketide biosynthesis have revealed many interesting enzyme-catalyzed 

biotransformations whose chemical mechanisms are hitherto uncharted. 
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Scheme 1.1. Reactions catalyzed by a polyketide synthase (PKS) for polyketide core 
construction. A. Catalytic domains involved in chain elongation. B. Catalytic domains responsible 
for chain tailoring C. Canonical chain off-loading reactions catalyzed by a thioesterase.  
 

 

 

1.2 BIOSYNTHESIS OF THE POLYKETIDE BACKBONE 

The biosynthesis of polyketide natural products, catalyzed by polyketide 

synthases (PKSs), is evolutionarily linked to that of fatty acids.2 Although they resemble 

to each other in many aspects, some marked distinctions exist. These differences are 

indeed the basis of more diversified chemical structures of polyketide natural products 
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than those of fatty acids. Scheme 1.1 illustrates the elementary chemical reactions that 

PKSs engage to construct the polyketide backbone chains. Fundamentally, the elongation 

process is based on the “programmed” iteration of decarboxylative Claisen condensations 

of two-carbon acyl-CoA units, anchored to acyl-carrier proteins (ACPs), by the action of 

ketosynthases (KSs). The resulting β-keto acyl-ACP unit can then undergo further 

modifications, which afford the corresponding hydroxyl, olefinic, or saturated alkyl 

moeities. During fatty acid biosynthesis, the β-keto moiety is always converted all the 

way to a saturated alkane in each round of two-carbon chain elongation by successive 

actions of tailoring domains or enzymes, ketoreductase (KR), dehydratase (DH), and 

enoyl reductase (ER). In contrast, PKSs utilize those tailoring units selectively, and 

thereby different functional groups can be generated at the end of each round. When a 

growing polyketide chain reaches the proper size (“programmed” in the corresponding 

PKS), the elongated chain is off-loaded from the ACP, in general, by a thioesterase (TE) 

that either simply releases a free acid or cyclizes the linear polyketide to produce a 

macrolactone.  
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Figure 1.2. Structural organization of a bacterial type I PKS, 6-deoxyerythronolide B synthases 
(DEBS1~3), and biosynthetic pathway for erythromycin D. 
 

Depending on the genetic architecture and mode of actions of PKSs, they are 

categorized into several types. Type I PKS refers to a multifunctional enzyme comprised 

of multiple catalytic domains in a linear organization, while type II PKS indicates a 

collection of stand-alone catalytic enzymes that interact with each other and work 

cohesively to constitute a polyketide chain. The third class, type III PKS, is similar to 

type II PKS, but differs in the elongation of the polyketide chain which occurs while the 

chain is conjugated with a coenzyme A, rather than tethered to an ACP. These PKS types 

can be further divided into “non-iterative” or “iterative” types, depending on whether 

each catalytic domain participates in the polyketide elongation round once or multiple 

times, respectively. By far, all known type II and III PKSs belong to the iterative type. In 

contrast, each catalytic domain found in most of bacterial type I PKSs conducts the 
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respective chemical reaction only once during the entire cycle of a polyketide synthesis. 

This characteristic leads to the one-to-one correspondence between the PKS archtecture 

and the structure of the resulting polyketide, often called the principle of “co-linearity”, 

which enables one to predict metabolite structures based on the corresponding PKS 

genetic organizations (Figure 1.2). Albeit useful, this principle should be cautiously 

applied because there are many reported examples of non-canonical type I PKSs that do 

not strictly follow the rule.5 Unlike bacterial counterparts, fungal type I PKSs have been 

shown to act iteratively, where a set of the catalytic domains (KS, AT, ER, DH, KR, and 

ACP) clustered in one huge polypeptide catalyzes multiple rounds of polyketide 

elongation. The absence of a thioesterase domain (TE) in fungal type I PKSs is intriguing 

and raises questions regarding the mechanism of the release of a mature polyketide 

product from a PKS (for more discussions, see Section 1.4C). 

 

1.3. STRUCTURAL DIVERSIFICATION OF POLYKETIDE NATURAL PRODUCTS  

The structural diversity of polyketide natural products primarily originates from 

the selective actions of the aforementioned tailoring units, KR, DH, and ER, in PKSs. 

The degree of structural diversity of the polyketide core is often enhanced by the 

hybridization of PKS genes with other biosynthetic systems (i.e., non-ribosomal peptide 

synthases). Furthermore, in various stages of almost all polyketide biosynthetic 

processes, additional tailoring steps are involved and these modifications often create 

dramatic alterations of the parent polyketide architecture.6 For instance, while fatty acid 

synthases (FASs) only utilize two basic acyl-CoA units, acetyl-CoA and malonyl-CoA, to 

constitute the fatty acid chains, PKSs often uptake structurally distinctive acyl-CoA 
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derivatives (e.g., isovaleryl-CoA, benzoyl-CoA, 2-methoxymalonyl-CoA) as building 

blocks besides canonical acyl-CoAs. Derivatization of an immature/growing polyketide 

chain tethered to an ACP domain in a PKS is also not uncommon. One example of these 

“mid-PKS” modifications can be found in the biosynthesis of a cholesterol-lowering 

agent, lovastatin. Vederas and co-workers demonstrated in vitro that the construction of 

the dehydrodecaline moiety in lovastatin involves an intramolecular [4+2] cycloaddition 

reaction of the growing polyketide chain when it is still tethered to lovastatin nonaketide 

synthase (LovB)7 (for detailed discussion regarding the biosynthesis of lovastatin, see 

Chapter 3 and 4). Recently, Piel and Hertweck groups independently studied the olefin 

migration mechanisms during bacillaene (13) and rhizoxin (14) biosyntheses, 

respectively (Figure 1.3).8, 9 In their in vivo gene disruption studies, they independently 

found that generation of the unconventional β,γ-double bond array within these 

compounds precedes the release of the corresponding polyketide chain. A non-

functioning dehydratase domain found in each PKS systems is likely responsible for the 

observed modification (for rhizoxin biosynthesis, see Figure 1.3B), although the exact 

chemical mechanisms in both cases are at present uncertain. The branching of the β-

position found in a number of polyketide compounds (e.g., curacin, rhizoxin) has also 

been shown to occur in a “mid-PKS” fashion.10, 11 It is noteworthy to mention that 

although these pre- and mid-PKS modifications are not uncommon, the most productive 

processes, in terms of structural diversification, are arguably the tailoring steps that occur 

after the release of the nascent polyketide products from PKSs. Further details of such 

“post-PKS” modifications, ranging from simple redox reactions to more sophisticated C–

C bond formations, are described in the following section. 
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Figure 1.3. A. Polyketide natural products containing the unusual β,γ-olefin moiety. B. Proposed 
olefin migration mechanism catalyzed by a dehydratase variant found in the rhizoxin PKS. 
 

 

1.4. POST-PKS MODIFICATIONS 

The post-PKS modification has been the subject of intense investigations over the 

past two decades and proved as a rich source of intriguing and unprecedented enzyme 

chemistries. Various classes of such modifications are well documented in several recent 

review articles.6, 12 Therefore, this section will not simply collate the latest findings, but 

instead highlight the unusual enzyme mechanisms involved therein as well as the 

implication of the accumulated knowledge about tailoring enzymes in generating 

“unnatural” polyketide entities by use of in vivo and in vitro pathway engineering. 

Considering the relevance to the studies described in the following chapters, the post-

PKS modifications covered in this section are deliberately confined to those found in type 

I polyketide biosyntheses.  
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1.4.1. Group Transfer Reaction 

The attachment of non-polyketide chemical entities to nucleophilic functional 

groups present in a polyketide framework (e.g., OH, NH2, or a carbon next to a carbonyl 

group) is the most common type of modifications occurring after the release of a 

polyketide product from a PKS. The types of appendages are quite diverse, ranging from 

simple alkyl groups to more complicated oligosaccharides. Consequently, a number of 

different types of enzymes are involved in catalyzing those transformations. Particularly, 

enzymes responsible for transferring sugar moieties and methyl groups have been 

extensively studied and, thereby, the characteristics of those enzymes are well 

established.  

 

Figure 1.4. In vitro glycodiversifications using GTs, DesVII/VIII and VinC. The natural substrates 
and their products are depicted on the top (DesVII/VIII: 16 + 17 → 18, VinC: 19 + 20 → 21). The 
Liu and Eguchi groups independently demonstrated the flexibility of the substrate specificity of the 
GTs which are capable of utilizing various unnatural sugar donors and acceptors. Shown are 
structures of polyketide derivatives with unnatural sugar patterns generated by A. DesVII/VIII and 
B. VinC. 
 

Pendant sugar groups are delivered by glycosyltransferases (GTs) from activated 

NDP-sugars onto the polyketide aglycone substrates. Interestingly, a great portion of GTs 
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involved in glycosylation of secondary metabolites is evolved to utilize unusual 6-

deoxysugars, rather than the common monosaccharides such as glucose, galactose, or 

mannose. Currently, more than seventy 6-deoxysugars are known, and studies to 

elucidate their biosyntheses have led to the identification of a series of unique enzymes in 

several different organisms that, collaboratively and in different combinations, convert a 

common building block, glucose-1-phosphate, to a targeted NDP-modified 6-

deoxysugar.13, 14 The substrate specificity of GTs is of special interest because the 

promiscuity of GTs in substrate selection is useful in producing new polyketide 

derivatives decorated with unnatural sugar patterns. The fact that the glycosyl groups are 

often essential for the biological activities of the parent compounds underscores the 

significance of this “glycodiversification” approach. Indeed, several research groups have 

demonstrated that a number of GTs exhibit exceptional substrate promiscuity with 

respect to both sugar donors (NDP-sugars) and acceptors (aglycones), and, moreover, 

have successfully created a set of unnaturally glyco-patterned polyketide compounds in 

vitro (Figure 1.4).15, 16 The relaxed substrate specificity of GTs also has been also 

successfully applied to in vivo pathway engineering (for specific examples, see ref. 15 

section 5.1). As such, the feasibility to generate tailor-made “natural products” by in vivo 

or in vitro glycodiversification has been demonstrated. However, its application as a 

practical means to produce a polyketide compound with a designed structure is still far-

fetched; the yield of an unnatural glycosyl transfer is often significantly low and, thereby, 

production of a desired glycosylated polyketide in a meaningful quantity is still a matter 

of serendipity. To overcome these limitations, optimization of the active sites of GTs 

through targeted mutations or directed evolution has been attempted to enhance the 



12 

compatibility of GTs toward the non-cognate substrates.17-19 However, success has been 

very limited and, therefore, wide acceptance of these approaches as general tools for 

glycodiversification still remains to be established, which in part needs the development 

of a universally applicable high-throughput screening platform for the GT-catalyzed 

reactions.    

 

Scheme 1.2. Formation of the ethoxy moiety during chondrochloren B (23) biosynthesis 
catalyzed by a radical SAM methyltransferase, CndI. 
 

Methyl transfer is an important reaction for the modification of various biological 

substrates including DNA, RNA, proteins, and many secondary metabolites, and these 

methylation reactions are often associated with key cellular events. Indeed, many 

polyketide compounds are found modified with one or more methyl groups. Interestingly, 

such a miniscule modification sometimes exerts a significant impact on the biological 

activities of the parent compounds. For instance, the omission of a single methyl group 

on the rhamnose moiety of spinosyn A (1, Figure 1.1) causes >500-fold decrease in the 

insecticidal activity (see Chapter 2 for details). Most known methylations on polyketides 

are catalyzed by methyltransferases that utilize S-adenosyl-L-methionine as a co-

substrate. Recently, a unique methylation mechanism has been proposed for the 

biosynthesis of chondrochloren B (23) in Chondromyces crocatus.20 Chodrochloren B 

(23) bears methoxy and ethoxy groups at the 4- and 2-positions, respectively, and their 

locations in the polyketide chain indicate that they are likely originated from 2-
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methoxymalonyl-CoA, whose uptake is catalyzed by the chondrochloren PKS, instead of 

post-PKS methylations. Müller and co-workers proposed that the installment of the 

unique ethoxy moiety at C-2 may be catalyzed by an unusual radical SAM 

methyltransferase encoded by cndI, based on the analysis of the gene cluster for the 

biosynthesis of chondrochlorens (Scheme 1.2). To test this hypothesis, they inactivated 

cndI by insertional mutagenesis. Fermentation of the resulting mutant strain C. crocatus 

cndI– predominantly produced chondrochloren A (22), confirming the proposed role of 

the cndI gene.  

 

 

Figure 1.5. Examples of halogenated polyketide natural products isolated from marine sources. 
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1.4.2. Halogenation 

Even though many halogen-containing natural products have been known for a 

long time, molecular mechanisms on how halogens are incorporated during their 

biosyntheses are poorly understood until very recently.21, 22 Emerging evidence has 

shown that a variety of halogenation mechanisms exist and they are distinctive in terms 

of the types of active halogen species (i.e., X+, X–, or X•) involved, as well as the need of 

co-factors (i.e., vanadium, heme iron, non-heme iron, flavin, or none). Halogenated 

polyketide natural products are commonly found in marine organisms (Figure 1.5). Most 

of their biosynthetic origins including halogenation mechanisms are largely 

uncharacterized. Recently, Gerwick and co-workers had successfully identified the gene 

cluster for the biosynthesis of jamaicamide A (28), which contains two halogen atoms, in 

the marine cyanobacterium Lyngbya majuscula.23 Although two gene products, JamD and 

JamE, are speculated to be halogenases based on the sequence analysis (21% identity to 

an unknown flavoprotein from Trichodesmium erythraeum and 28% identity to a putative 

hypodioxygenase from Pseudomonas stutzeri, respectively). But, no experimental data 

supporting their proposed functions and the timing of these halogenation events are 

available. The biosynthetic gene clusters responsible for other halogen-containing 

polyketides (i.e., ansamitocin P3 (15, Figure 1.3)) are also known,24 but, likewise, 

biochemical characterization of the putative halogenases remains to be conducted. 

Halogenation events of polyketide natural products were once considered as post-PKS 

modifications. However, the step-by-step analysis of polyketide elongation processes of 

several halogen-containing polyketide compounds has revealed that in some cases 

halogenation may occur at the early stage, when the starter unit is biosynthesized, rather 
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than after the polyketide has been assembled. As described herein, the current 

understanding of the polyketide halogenation process is far behind than that involved in 

other biosynthetic systems such as NRPS. Nonetheless, without doubt, halogen 

incorporation into polyketides would be an exciting subject to investigate. Particularly, 

the exquisite array of halogens found in several polyketide compounds, such as the highly 

chlorinated sulfolipid 29, are quite intriguing. It is highly probable that the study of the 

biosynthetic pathways of these unusual molecules would discover novel enzyme 

mechanisms of halogen incorporation. 

 

 

Scheme 1.3. Proposed polyketide off-loading mechanism during fumonisin B1 biosynthesis. 
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1.4.3. Polyketide Off-loading Reaction 

As mentioned in section 1.2, no known iterative type I PKS contains a 

thioesterase (TE) domain or a Claisen-like cyclase (CLC) that are commonly used by 

other types of PKSs to release the resulting polyketide chain from the ACP, which gives 

rise to a question regarding its off-loading mechanism. Recently, one interesting chain 

termination reaction, involving a pyrodoxal 5′-phosphate (PLP) as a cofactor, was 

discovered.25 In this study, Du and co-workers was investigating the biosynthesis of 

fumonisin B1 that has an unusual primary amine at its terminus. They noticed the 

presence of a gene, fum8, which is homologous to 2-oxoamine synthases, in the 

fumonisin biosynthetic cluster. The enzymes belonging to the 2-oxoamine synthase 

family are known to use PLP as a cofactor to catalyze the decarboxylative condensation 

between an amino acid and an acyl-CoA. Hinted by this bioinformatic clue, they 

hypothesized that the gene product of fum8 may catalyze a similar reaction to off-load the 

nascent polyketide chain from the ACP and produce the terminal amine group. To test the 

hypothesis, they incubated a long-chain acyl-ACP, PLP, L-alanine, and microsomes 

containing the gene product of fum8, and observed the formation of the predicted amine 

product, similar to 30, in the reaction mixture. The proposed chemical mechanism is 

shown in Scheme 1.3. This polyketide releasing reaction is fundamentally different from 

the common off-loading mechanisms. The substrate specificity of Fum8 would be an 

interesting subject to study to gain insight into its role in controlling the polyketide chain 

length in the final product.  



17 

 

Scheme 1.4. Curacin A off-loading mechanism involving consecutive catalysis by 
sulfotransferase (ST) and thioesterase (TE)  
 

Besides the fungal iterative type I PKSs, a number of baceterial PKSs have also 

been reported to catalyze unusual off-loading reactions. For example, Sherman and co-

workers studied the biogenesis of the terminal olefin moiety found in curacin A (35) 

isolated from Lyngbya majuscula.26 Interestingly, analysis of the PKS for the 

biosynthesis of curacin A revealed the presence of a unique sulfotransferase domain 

flanking the N-terminus of the thioesterase domain. By in vitro study using a surrogate 

substrate, which is structurally similar to 32, they found that the sulfotransferase domain 

(ST) is capable of catalyzing a sulfation reaction at the β-hydroxyl group. The 

concomitant decarboxylative elimination of the β-sulfonate group catalyzed by TE 

affords the terminal olefin moiety (Scheme 1.4). A similar mechanism was also proposed 

for the generation of the terminal olefin found in tautomycetin isolated from 
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Streptomyces grisechromogenes, Since no sulfotransferase gene homologue was found in 

its biosynthetic gene cluster, generation of the terminal olefin group was suggested to be 

realized by a simple dehydration reaction.27 

1.4.4. Cyclization 

One of the primary roles of a thioesterase (TE) domain is to define the length of a 

polyketide chain in the final product, in many cases, by cyclizing it to afford a 

macrolactone product at a precisely programmed timing. Interestingly, a number of 

mono-macrocyclic polyketide compounds that are not based on the “ester” connectivity 

(e.g., “amide” linkage in vicenistatin (21, Figure 1.4)) are known. Furthermore, some 

polyketide natural products possess more than one carbo- or heterocyclic elements, 

indicating that the TE-mediated cyclization is not the sole enzymatic process to dictate 

the size and the shape, as well as the cyclization pattern of a certain polyketide 

compound.  

Biosynthesis of polyether natural products (e.g., brevetoxin, maitotoxin) has been 

a subject of intense interest since the discovery of brevetoxin B in 1981. Regarding the 

biogenesis of the polyether compounds, Cane, Celmer, and Westley put forth an elegant 

mechanistic hypothesis envisioning a cascade of the ring enlargements of a polyepoxide 

precursor derived from a polyene polyketide chain.28 Alternatively, Townsend proposed a 

mechanism hypothesizing the intermediacy of iron-oxetane species, reminiscent of the 

iron-dependent oxidative cyclization during the β-lactam antibiotics biosynthesis.29 

Recently, two research groups led by Spencer/Leadlay and Deng/Cane independently 

studied the biosynthesis of monensin (9, Figure 1.1) and nanchangmycin to gain insight 

into their cyclization mechanisms.30, 31 Analysis of the gene clusters for the biosyntheses 
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of these two compounds revealed a set of enzymes, flavin-dependent epoxidase (MonCI 

and NanO) and epoxide hydrolase/cyclase (MonBI/II and NanI), that may play a key role 

in formation of the cyclic ether groups. To elucidate the function of the presumed 

heterodimeric cyclase complex, MonBI/II, Spencer and co-workers inactivated monBII 

and analyzed the chemical identity of the shunt products in the fermentation broth of the 

Scheme 1.5. Cyclic ether formation during polyketide biosynthesis. A. Proposed monensin (9) 
polyether formation mechanisms involving an epoxidase (MonCI) and an epoxide hydrolase 
(MonBI/BII). B. Proposed mechanism for the generation of a tetrahydrofuran moiety in 
ambruticin F (41) catalyzed by AmbJ. 
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mutant strain.30 They were indeed able to isolate a minor product whose mass profile is 

consistent with the predicted triepoxide intermediate (37, Scheme 1.5A). A further 

support for its structure was obtained by observing its ready conversion to a series of 

tetrahydrofuran and tetrahydropyran rings as shown in 38. These observations clearly 

underscore the validity of Cane-Celmer-Westley’s original hypothesis involving 

polyepoxide intermediates, although the catalytic mechanisms of those cyclases 

(MonBI/BII and NanI) have yet to be characterized. A related tetrahydrofuran formation 

reaction was also proposed to be operative during the biosynthesis of ambruticin (Scheme 

1.5B). In this case, Reeves and co-workers speculated that an epoxidase, AmbJ, might 

participate in both epoxidation and cyclization.32 The observation that disruption of ambJ 

gene lead to accumulation of the presumed precursor 39 supports at least the proposed 

epoxidase function of AmbJ. 

 

Figure 1.6. Enediyne polyketide natural products. Nine-membered enediynes: neocarzinostatin 
(42) and C-1027 (43), and ten-membered enediynes: dynemicin A (44), shishijimicin A (45), and 
calicheamicin (10, Figure 1-1). 
 

Enediyne compounds constitute a unique class of polyketide natural products 

(Figure 1.6), and they are known to possess exceptional cytotoxicity.33, 34 Indeed, two 

compounds belonging to this class, calicheamicin (10, Figure 1.1) and neocarzinostatin 

(42), are currently in clinical use. Their unique architectures are critical for their 

sophisticated mode of action conferring the biological activity (see Section 1.5). They 
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have also served as the impetus for synthetic chemists to devise novel strategies for total 

synthesis of these molecules.35 Knowledge regarding the biogenesis of the enediyne 

moiety has been so far limited to their polyketide folding patterns based on labeling 

studies. However, recent identifications of five biosynthetic gene clusters responsible for 

production of this class of compounds have shed new light on the key steps for the 

enediyne core assembly.36-40 Analysis of the gene clusters revealed that they all contain 

iterative type I PKSs that are highly conserved among the enediynes, but distinctive from 

other known PKSs. Efforts to heterologously express some of these enediyne PKSs 

(SgcE for C-1027, NcsE for neocarzinostatin, and CalE8 for calicheamicin) enabled the 

isolation of the corresponding PKS products. Following structural analysis, chemical 

structures of two polyene compounds, presumably precursors for enediyne tailoring steps, 

were identified (Scheme 1.6A).41, 42 The initial finding that the 9- and 10-memebered ring 

enediyne PKSs produce two different polyene compounds 46 and 47, respectively, led to 

a hypothesis proposing that the biosyntheses of these two enediyne subtypes likely 

diverge at the PKS stage. However, the recent report by Townsend and co-workers 

Scheme 1.6. A. Production of polyene compounds by enediyne PKSs. B. Townsend’s 
observations showing that CalE8 is capable of synthesizing both 46 and 47. C. Proposed 
mode of cyclization for generation of the 10-membered enediyne core. 
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demonstrated that CalE8 could construct both polyene precursors (Scheme 1.6B).43 This 

observation casts doubt on the original hypothesis regarding the point of divergence and 

also implies that the size of the enediyne core is likely to be determined by another 

enzyme, possibly an enediyne cyclase. Liang and co-workers proposed a possible mode 

of cyclization for the 10-memebered enediyne core generation from 47 (Scheme 1.6C),42 

although the chemical mechanism has yet to be verified. Clearly, biosynthetic logic of the 

enediyne core assembly is still obscure. 

 

Scheme 1.7. A. The structures of chlorothricin (50) and kijanamicin (51). B. Proposed 
mechanism for the three-carbon unit biosynthesis during kijanamicin biosynthesis. C. Proposed 
mechanisms for generating the kijanamicin aglycone involving two [4+2] cycloaddition reactions. 

 

The involvement of a [4+2] cycloaddition in the biosyntheses of many natural 

products has long been hypothesized.44, 45 However, until now, only a handful of 

biosynthetically relevant [4+2] cycloadditions have been studied. Particularly, interests 
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have been centered on the existence of natural “Diels-Alderases” capable of catalyzing 

pericyclic/concerted [4+2] cycloadditions. More discussions on the recent advancement 

in exploration of Diels-Alderases are detailed in Chapter 4. Among various polyketide 

natural products whose biosyntheses are considered to involve [4+2] cycloaddition 

reactions, two polyketide natural products, chlorothricin (50) and kijanamicin (51), 

highlighted by the presence of both spirotetronate and dehydrodecaline moieties, have 

attracted special attention (Scheme 1.7A). Great advancement has been made in an 

understanding of the biosyntheses of these molecules due to the recent reports of their 

biosynthetic gene clusters.46, 47 Hung-wen Liu and co-workers speculated that those two 

central structural elements found in kijanamicin (51) could result from two independent 

[4+2] cycloaddition events. By analogy to lovastatin biosynthesis, they proposed that the 

kij PKS module 10 might be implicated in the presumed [4+2] cycloaddition event for 

generation of the dehydrodecaline moiety within the kijanamicin aglycone (Scheme 1.7C, 

55 → 56). In addition, comparison of the gene clusters responsible for the biosyntheses of 

chlorothricin (50), kijanimicin (51), and another tetronate containing polyketide natural 

products, tetronomycin48 and RK-68249, shows that they all share a set of homologous 

enzymes possibly involved in the biosynthesis of the spirotetronate moiety. Specifically, 

D-1,3-bis-phosphoglycerate (52) was envisioned as a source of the three-carbon building 

block for the tetranoate group (Scheme 1.7B). After its modification to the corresponding 

acyl-CoA (54) mediated by KijD and the N-terminal domain of KijE (52 → 53 → 54), a 

Claisen type coupling between 54 and the polyketide intermediate 57 catalyzed by KijB 

(a β-ketoacyl-ACP-synthase III homologue) could lead to the formation of 58 (Scheme 

1.7C). The release of the polyketide chain from the kij PKS may be a result of a 
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hydrolytic cyclization, which concomitantly yields the tetranoate moiety (58 → 59). It 

was proposed that the C-terminal domain of KijE, predicted to be a member of the α/β-

hydrolase superfamily, may act as the thioesterase responsible for catalyzing this 

cyclization event. Indeed, the homologues of the C-terminal domain of KijE are all found 

in the gene clusters related to the tetranoate biosynthesis. The final step to complete the 

kijanamicin aglycone biosynthesis may include a dehydration and a [4+2] cycloaddition 

reaction (59 → 60 → 61). Both reactions are possibly catalyzed by a flavin-dependent 

oxidoreductase homologue, KijA. Support for the predicted dehydration function of KijA 

is provided by the established role of JadH (38% identity and 48% similarity to KijA), 

which has been shown to be a dehydratase during jadomycin biosynthesis. Recently, Wen 

Liu and co-workers also proposed an analogous biosynthetic pathway for chlorothricin,47 

albeit with a slightly different sequence. It is also worth mentioning that a 

macrocyclization based on a [4+2] cycloaddition reaction has also been proposed as a key 

step for cytochalasin Q biosynthesis by Hertweck and co-workers.50 These proposed 

biosynthetic routes are full of intriguing biotransformations. Hence, elucidations of the 

unusual three-carbon unit incorporation as well as the polyketide off-loading mechanisms 

should be worthy of pursuing. Evidently, the key question regarding the biosynthesis of 

kijanamicin is the mechanism of generation of the spirotetranoate moiety generation, 

possibly catalyzed by KijA. However, whether the spirotetronate production and 

macrocyclization involve an enzyme-catalyzed [4+2] cyclization as proposed is at present 

unknown, and on-going efforts in Hung-wen Liu group are focused on securing solid 

experimental evidence for this hypothesis. 
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1.5. MEDICINAL SIGNIFICANCE OF POST-PKS MODIFICATIONS 

Structure-activity relationship (SAR) studies of clinically useful polyketide-

derived natural products have revealed that the structural elements installed by post-PKS 

modifications are often essential for the biological activities of the parent compounds. A 

well-established case is the crucial effect of the sugar appendages on the antimicrobial 

activity of macrolide antibiotics. For example, some macrolide natural products, 

including erythromycin (2, Figure 1.1) and pikromycin, are known to exert antibacterial 

activity by making specific contacts of their sugar side chains to the 50S ribosomal 

subunit and thereby inhibiting the de novo protein synthesis.51, 52 This is consistent with 

the fact that the aglycone of erythromycin completely lacks antibacterial activity. The 

necessity of sugar groups for effective contacts with cellular targets is not just confined to 

antibiotic polyketides, but is also essential for the activity of many antifungal, 

antiparisitic, or anticancer polyketides. In the case of spinosyn A (1, Figure 1.1), the 

omission of one of the two sugar groups, L-rhamnose or D-forosamine, has been 

demonstrated to completely abrogate its insecticidal activity.53  

 

Scheme 1.8. Proposed mode of action of an anticancer agent, calicheamicin (10). 
 

The finding that the excellent cytotoxic activity of enediyne compounds originates 

from the enediyne moiety highlights the importance of the post-PKS modification.33 

When the enediyne compound binds to the minor groove of the target DNA helix, on-site 
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activation triggers a Bergman-type contraction of the enediyne core to generate a 

diradical species (63, Scheme 1.8).54, 55 The resulting diradical can induce the cleavage of 

the two strands of a DNA in a concerted manner in the presence of oxygen. This DNA-

cleaving property is believed to be responsible for their cytotoxic activities.  

 

Figure 1.7. The structures of epothilone analogues. 

Occasionally, post-PKS modifications can have an adverse effect on the 

biological activity. Good examples are epothilone A (7) and B (64) produced by the 

myxobacterium Sorangium cellulosum (Figure 1.7). Epothilones are anticancer agents 

known to block cell proliferation by stabilizing microtubes and thereby leading to mitotic 

arrest in the G2-M phase. This mode of action is similar to that of the established clinical 

antitumor agent, paclitaxel.56 Studies of the biosynthesis of epothilones revealed that the 

nascent PKS product (i.e., 65, deoxyepothilone B) undergoes oxidative post-PKS 

modifications catalyzed by a P450 enzyme, EpoK, to install the Δ12,13-syn-epoxide.57 

Danishefsky and co-workers developed a chemical synthetic scheme to prepare these two 

natural epothilones as well as a series of their analogues, and studied their SAR.58, 59 

Interestingly, it was found that deoxyepothilone B (65), lacking the epoxide functionality, 

is far more potent in vitro than its progenitors. More importantly, deoxyepothiolone B 

(65) showed greater therapeutic activity and lower toxicity than other known anti-cancer 

agents including paclitaxel and vinblastine in animal studies using adriamycin-resistant 
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MCF-7 (a breast cancer cell-line) xenograft mouse models. This example clearly 

demonstrates the significance of post-PKS modifications in regulating the biological 

activity of the polyketide compounds.59 This information has important practical 

implications, because disruption of a gene responsible for such a post-PKS tailoring step 

rarely affects the upstream biosynthetic pathways (i.e., polyketide synthesis) and thus 

may allow facile production of more potent polyketide analogues. 

 

1.6. DISSERTATION STATEMENT 

As illustrated in this chapter, the study of the biosynthetic logic of the polyketide 

assembly and tailoring in the past two decades has made significant advancement. In 

these efforts, many unusual enzyme reactions have been identified, although there are 

still a lot of yet-to-be-discovered enzyme mechanisms waiting to be excavated. In 

addition, characterizations of the newly emerged enzymatic transformations are, in many 

cases, still far from fully substantiating the proposed chemical mechanisms. In fact, most 

of the available information is merely based on the in vivo genetic study results. Thus, the 

aim of this dissertation is to investigate the detailed mechanistic aspects of a polyketide 

biosynthetic pathway in vitro by taking advantage of modern synthetic chemistry to 

prepare the desired enzyme substrates and their analogues. Specifically, the biosynthesis 

of a polyketide natural product, spinosyn A (1, Figure 1.1), was selected because of the 

intriguing biotransformations involved in the construction of its unique architecture 

featured with a tetracyclic core and two unusual deoxysugars. 

Chapter 2 describes the in vitro characterization of three SAM-dependent 

methyltransferases, SpnH, SpnI, and SpnK, responsible for the permethylation of L-
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rhamnose moiety. A particular focus is to determine the substrate specificity of each 

methyltransferase to understand their coordinate actions in the permethylation process. 

As a part of the on-going program to discover a Diels-Alderase in our lab, elucidation of 

the biosynthetic mechanism for constructing the tetracyclic architecture in spinosyn A (1) 

is the major focus of the rest of this dissertation. Chapter 3 details the effort to chemically 

synthesize the presumed precursor for the [4+2] cycloaddition reaction employing Julia-

Kocienski olefination, Stille cross-coupling, and Yamaguchi macrolactonization as key 

transformations. In vitro characterization of a flavin-dependent oxidase, SpnJ, revealed 

that the role of SpnJ is to oxidatively prime the synthesized precursor for the subsequent 

cross-bridging events. The last chapter is dedicated to study the functions of three 

enzymes, SpnF, SpnL, and SpnM, involved in the spinosyn cross-bridging reactions. 

Their functions were unequivocally verified to be a dehydratase (SpnM) and cyclases 

(SpnF and SpnL) by in vitro activity assays using purified enzymes as well as extensive 

kinetic analysis. The chemical mechanisms of the reactions catalyzed by two cyclases, 

SpnF and SpnL, are reminiscent of Diels-Alder and Rauhut-Currier reactions, 

respectively. These reactions are rare in the biosynthesis of secondary metabolites and 

have not been studied in great details. Therefore, understanding of their chemical 

mechanisms at the molecular level should have significant impact in the fields of 

chemical biology and enzymology. 
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Chapter 2. Studies on the Rhamnose Methylations Catalyzed by SpnH, 

SpnI, and SpnK During Spinosyn Biosynthesis 
 

2.1. INTRODUCTION 

Spinosyns (1~22, Figure 2.1) were isolated from the soil bacterium 

Saccharopolyspora spinosa in early 1990s by research scientists in Eli Lily and 

Company.60 Spinosyns have been shown to exhibit potent insecticidal activity but low 

toxicity toward mammals.53, 61, 62 Currently, the combination of spinosyn A and D is used 

as the main ingredient in several commercial insecticides under the brand name of 

Conserve®. Structurally, spinosyns are characterized by a 12-membered macrolactone 

fused with a perhydro-as-indacene core, which is decorated by two unusual deoxysugars, 

L-rhamnose and D-forosamine at C–9 and C–17, respectively. Such unique structural 

elements of spinosyns have attracted much attention regarding their biosynthesis, not 

only because they are critical for the biological activities of spinosyns,61 but also because 

the investigation of the biosynthetic pathway is anticipated to unravel novel enzyme 

catalysis. 
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Figure 2.1. Chemical structures of spinosyns. The LC50 values represent the biological activity of 
the corresponding spinosyn against tobacco budworm, Heliothis virescens. 
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Figure 2-2. Spinosyn biosynthetic gene cluster. 
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The spinosyn biosynthetic gene cluster was cloned and characterized by Waldron 

and co-workers in 2001 (Figure 2.2).63 It is approximately 74 kbp long and contains 19 

open reading frames (ORFs). BLAST analysis and gene disruption combined with 
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intermediate feeding experiments allowed a tentative assignment of the function of each 

ORF. Briefly, five large ORFs that encode multimodular type I polyketide synthases 

(PKSs) comprise more than 50% of the gene cluster. Located in the upstream region of 

the PKS genes are genes likely involved in forosamine biosynthesis, rhamnose 

methylations, glycosyl transfer reactions, and intramolecular C–C bond formation 

reactions. Based on the preliminary gene function annotations, the overall spinosyn 

biosynthetic pathway was proposed as depicted in Scheme 2.1. The absence of the genes 

to encode nucleotidylyltransferase and NDP-glucose-4,6-dehydratase homologues in the 

cluster is intriguing, because they are essential maturating enzymes for the biosynthesis 

of NDP-6-deoxysugar donors.14 Also absent are the epimerase and the ketoreductase 

genes whose products are responsible for the biosynthesis of TDP-β-L-rhamnose (27) 

from TDP-4-keto-deoxy-D-glucose (25). Madduri and co-workers had located individual 

single copies of those missing genes (gtt, gdh, epi, and kre) in different locations in the S. 

spinosa genome, which indicates that the supply of those TDP-sugar precursors is likely 

shared between primary and secondary metabolism.64 The biosynthesis of TDP-α-D-

forosamine (32) has been extensively investigated by Liu and co-workers. Not only have 

they successfully elucidated the biosynthetic pathway, but they have also characterized 

the chemical mechanisms of several key enzymes in vitro (Scheme 2.1, 25 → 32).65-67 

However, the biosynthetic mechanisms of the spinosyn polyketide tailoring steps are 

unknown. In this chapter, studies to elucidate the rhamnose permethylation events are 

described. In the following chapters, enzymatic maturation of the nascent PKS product to 

the tetracyclic aglycone core is detailed. 
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 Methylations of macrolide sugar moieties are relatively common modifications. 

They are often associated with the biological activity of the parent macrolides and known 

to increase their metabolic stability. Various spinosyn relatives with one or some of those 

methyl groups missing are produced in different S. spinosa mutant strains, and the 

biological assessments of those compounds against Heliothis virescens showed that the 

absence of any of the methyl groups could increase the LC50 value by as much as 260 

fold in the insecticidal activity (e.g., LC50 = 0.3 mg/L for 1 versus LC50 > 80 mg/L for 8, 

see Figure 2.1). These observations clearly demonstrate the importance of the rhamnose 

alkylation status of spinosyns.61 In view of these results and the global market value of 

spinosyns as a general purpose insecticide, a detailed investigation of the biosynthesis of 

spinosyns is warranted. Since the rhamnose is methylated to different extent in various 

spinosyns, the study of how the corresponding methyltransferases are coordinated to 

achieve the desired level of methylation of rhamnose has been the focus of this research.  
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Scheme 2.2. Possible rhamnose methylation pathways. 

 

The analysis of the spinosyn biosynthetic gene cluster suggested that the spnH, 

spnI and spnK genes, all of which show high sequence identity to those encoding S-

adenosyl-L-methionine (SAM) dependent methyltransferases, are likely involved in the 

O-methylation of rhamnose in spinosyns. The first question to be addressed regarding the 

rhamnose methylation events is the sequence of glycosylation and methylation events. 

Gene disruption experiments strongly support that rhamnosylation catalyzed by SpnG is 
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the first step after the formation of the aglycone, and forosaminylation catalyzed by SpnP 

follows. However, it is uncertain when the rhamnose moiety becomes methylated. As 

illustrated in Scheme 2.2, methylations may take place prior to (27 → 35 → 37, route A) 

or after (34 → 36 → 37, route B) the attachment of rhamnose to the aglycone (AGL, 34). 

It is also possible that methylations are the final tailoring steps after both sugars have 

been coupled to the aglycone (34 → 36 → 38 → 1, route C). These methylation reactions 

are not necessarily consecutive and may occur at any stage between/after the 

glycosylation steps catalyzed by SpnG and SpnP. To verify the functions of the 

methyltransferases involved and to distinguish the possible methylation pathways, the 

catalytic properties of the spnH, spnI and spnK gene products were studied and their roles 

in the permethylation process of 1 were validated.    

    

2.2. EXPERIMENTAL PROCEDURES 

2.2.1. Materials and Equipment 

All chemicals including antibiotics were purchased from Sigma-Aldrich (St. 

Louis, MO) or Fisher Scientific (Pittsburgh, PA) and were used without further 

purification unless specified. Escherichia coli DH5α cells were obtained from Bethesda 

Research Laboratories (Muskegon, MI). Vector pET28b(+), KOD DNA polymerase, and 

overexpression host cell E. coli BL21 Rosetta II (DE3) were acquired from Novagen 

(Madison, WI). Luria-Bertani (LB) media was the product of Difco (Detroit, MI). 

Enzymes, PCR primers, pCRBlunt vector, and molecular weight standard used for the 

molecular cloning experiments and E. coli BL21 star (DE3) were purchased from 
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Invitrogen (Carlsbad, CA) or New England Biolabs (Beverly, MA). Ni-NTA agarose and 

kits for DNA gel extraction and spin miniprep were obtained from Qiagen (Valencia, 

CA). All reagents for SDS-PAGE were purchased from Bio-Rad (Hercules, CA), with the 

exception of the pre-stained protein molecular weight marker, which was ordered from 

New England Biolabs.  Amicon YM-10 filter was marketed by Millipore (Billerica, MA). 

Analytical thin layer chromatography (TLC) was carried out on pre-coated TLC glass 

plates (silica gel, grade 60, F254, 0.25 mm layer thickness) obtained from EMD Chemicals 

(Madison, WI). Flash column chromatography was performed on silica gel (230-400 

mesh, grade 60) obtained from Sorbent Technologies (Atlanta, GA). Protein 

concentrations were determined by the Bradford assay using bovine serum albumin as the 

standard. The relative molecular mass and purity of enzyme samples were determined 

using SDS-polyacrylamide gel electrophoresis as described. The general methods and 

protocols for recombinant DNA manipulations were as described by Sambrook et al. 

Genomic DNA of Saccharopolyspora spinosa (NRRL18537), a template for PCR 

amplification of spnG, spnH, spnI, and spnK, was prepared by standard methods. DNA 

sequencing was performed at the Core Facilities of the Institute of Cellular and Molecular 

Biology, the University of Texas at Austin. The mass analysis was conducted at the Mass 

Spectrometry and Proteomics Facility of the Department of Chemistry and Biochemistry, 

the University of Texas at Austin. The NMR spectra were obtained using Varian® Inova 

500 or 600 at the Nuclear Magnetic Resonance Facility of the Department of Chemistry 

and Biochemistry, the University of Texas at Austin. 

2.2.2. PCR Amplification and Cloning of spnH, spnI, spnK, and spnG 



37 

The genes encoding SpnH, SpnI, SpnK, and SpnG were individually amplified 

from the genomic DNA of S. spinosa NRRL18537 using the corresponding primers listed 

in Table 2.1. Typically, the polymer chain reaction (PCR) mixture in a 0.5 mL thin 

walled PCR tube consisted of 31.3 µL of sterile water, 5 µL of 10× KOD buffer, 4 µL of 

a 2 mM dNTP solution, 3 µL of a 25 mM MgSO4 solution, 2.5 µL of DMSO, 1.5 µL of 

each primer (5′ and 3′) at 10 µM, 0.2 µL of template DNA, and 1 µL of KOD polymerase 

(50 µL total volume).  The PCR reaction was carried out according to the protocols 

provided by the manufacturer (Novagen) using an Eppendorf thermocycler with the lid 

temperature set at 105 ºC and an initial polymerase activation step of 2 min at 95 ºC.  The 

program included a denaturing step at 95 ºC for 20 sec, an annealing step at 6 ºC below 

the calculated melting temperature for each primer pair for 10 sec, and an elongation step 

at 70 ºC for 15 sec. The program was repeated thirty times.  Each cycle ended with a 10 

min extension at 70 ºC, and the reaction was then cooled to 4 ºC until the product was 

removed from the thermocycler. The PCR product of each gene was purified using 

agarose gel electrophoresis and the bands corresponding to the appropriate size (bp) were 

excised and purified using the Qiagen gel extraction kit following the manufacturer's 

instructions. The purified product was digested with the corresponding restriction 

enzymes (NdeI/HindIII for spnG or NdeI/XhoI for spnH, spnI, and spnK) and ligated into 

the pET28b(+) (for spnG) or pCRBlunt (for spnH, spnI, and spnK) vectors. The 

recombinant plasmids were used to transform E. coli DH5α cells, which were then plated 

on an LB-agar plate supplemented with kanamycin (50 µg/mL) and grown overnight to 

select for positive transformants. Colonies that grew on the plates were used to inoculate 

3 mL of LB media supplemented with 50 µg/mL kanamycin and grown overnight at 37 
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ºC with shaking. Plasmids were isolated from these cultures using a Qiagen miniprep kit. 

The resulting plasmid pET28/SpnG was used to transform the E. coli BL21 star (DE3). 

The gene fragments spnH, spnI, and spnK were isolated from the corresponding 

pCRBlunt constructs by enzymatic digestion (NdeI and XhoI) and ligated into the 

linearized pET28b(+) vector to yield pET28b/SpnH, pET28b/SpnI, and pET28b/SpnK, 

respectively, after kanamycin-based selection described above. These pET28 constructs 

were then used to transform the E. coli BL21 star (DE3) (SpnI and SpnK) or E. coli BL21 

Rosetta II (DE3) (SpnH). 

Gene Type† Primer sequence§ 

spnH For 5′-GCGCGCGCATATGCCCTCCCAGAACGCGCTGTACCTGGACCTG-3′ 

spnH Rev 5′-GATCTCGAGTCACCAGCTGCGGCGCCAGTAGGCGCCCG-3′ 

spnI For 5′-GCGCGCTCATATGATGAGTGAGATCGCAGTTGCCCCCTGGTCGGTG-3′ 

spnI Rev 5′-GATCTCGAGTCAGCCGCCCTCGACGCCGAGCG-3′ 

spnK For 5′-GCGCGCGCATATGTCCACAACGCACGAGATCGAAACCGTGGAACG-3′ 

spnK Rev 5′-GATCTCGAGTCAGCCGCCCTCGACGCCGAGCG-3′ 

spnG For 5′-AACATATGCGCGTACTCGTCGTTCCCTTGCCCTATCCGACGCATCTCAT-3′ 

spnG Rev 5′-ATTAAGCTTCAGGCACGGATGGCCGCAGTGTTCTCCAGTGT-3′ 

 
Table 2.1. Primer sequences used to amplify spnH, spnI, spnK, and spnG. † For: forward, Rev: 
reverse. § Bold italic portions represent restriction sites. 
 
2.2.3. Overexpression and Purification of SpnH, SpnI, SpnK, and SpnG 

An overnight culture of each E. coli BL21 star (DE3) transformant (or E. coli 

BL21 Rosetta II (DE3) transformant for spnH overexpression) was grown in LB medium 

supplemented with 50 µg/mL kanamycin (plus 35 µg/mL chloramphenicol for SpnH) at 

37 °C. This overnight culture (3 mL) was used to inoculate 1 L of LB culture 

supplemented with 50 µg/mL kanamycin (plus 35 µg/mL chloramphenicol for SpnH). 
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Typically, 6 L were prepared and were incubated at 30 °C until the OD600 reached 

approximately 0.6–0.8, at which time isopropyl-β-D-thiogalactopyranoside (IPTG) (final 

concentration of 0.1 mM for SpnG and 1 mM for SpnH, SpnI, and SpnK) was added to 

induce the corresponding gene expression and then the temperature was reduced to 24 ºC. 

The culture was allowed to grow for an additional 18 h at 24 °C. The cells were then 

harvested by centrifugation at 4500 g for 15 min at 4 °C, and stored at -80 °C. Cells from 

1 L of culture were resuspended in 12 mL of lysis buffer I (50 mM sodium phosphate, 

300 mM NaCl, 10 mM imidazole, pH 8.0 with 10% glycerol), and incubated on ice in the 

presence of 1 mg/mL lysozyme for one hour with occasional mixing. The cells were then 

disrupted by sonication in 10-sec pulses with a 30-sec cooling interval between pulses for 

a total pulse time of 90 sec per liter culture. Cellular debris was removed by 

centrifugation at 25,000g for 30 min, and the soluble supernatant was subjected to Ni-

NTA affinity chromatography. The purification of each protein was performed following 

manufacturer’s instructions (Qiagen). The desired protein fractions, as determined by 

SDS-PAGE, were pooled and desalted by dialyzing against 1 L of dialysis buffer (50 mM 

Tris•HCl, pH 7.5) containing 15% glycerol three times. The protein was then 

concentrated using an Amicon stirred cell system with an YM-10 membrane and frozen 

in liquid nitrogen for storage at -80 ºC.  

2.2.4. Preparation of Putative Substrates for SpnH, SpnI, and SpnK 

A. TDP-β-L-rhamnose (27): The enzymatic preparation of 27 using RfbB, RfbC, 

and RfbD from Salmonella enterica LT2 was accomplished based on a reported 

procedure.16 
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B. Spinosyn A 17-Pseudoaglycone (PSA, 37): Conserve® that contains spinosyn A 

(1) and D (4) was purchased from a seller at http://www.ebay.com. The mixture of 

1 and 4 could be easily isolated from Conserve® by simple ethyl acetate extraction and 

short SiO2 purification (dichloromethane/methanol = 93/7). PSA (37) was prepared from 

the mixture of spinosyn A (1) and D (4) following a literature procedure (Scheme 2.3).68 

Compound 17-pseudoaglycone A (37) could be successfully separated from 17-

pseudoaglycone of spinosyn D by HPLC using a semipreparative C-18 column (Alltec 

Econosil C-18, 10 m, 250 × 10 mm), and was eluted with a linear gradient of 60 → 75% 

of acetonitrile in H2O over 40 min (see Figure 2.3). Compound 37: 1H NMR (acetone-

d6, 600 MHz) δ 6.99 (br t, J = 2.1 Hz, 1H, 13-H), 5.89 (br d, J = 9.8 Hz, 1H, 6-H), 5.86 

(dt, J = 9.8, 2.5 Hz, 1H, 5-H), 4.82 (d, J = 1.8 Hz, 1H, 1′-H), 4.65 (m, 1H, 21-H), 4.32 

(m, 1H, 9-H), 3.47-3.57 (m, 4H, 2′-H, 5′-H, 4-H, 17-H), 3.46 (s, 3H, 4′-OMe), 3.42 (s, 

3H, 2′-OMe), 3.39 (s, 3H, 3′-OMe), 3.38 (dd, J = 9.4, 3.2 Hz, 1H, 3′-H), 3.21 (qd, J = 9.6, 

6.7 Hz, 1H, 16-H), 3.07 (dd, J = 13.3, 4.9 Hz, 1H, 2-H), 3.01 (t, J = 9.4 Hz, 1H, 4′-H), 

2.91-2.96 (m, 1H, 3-H), 2.85 (ddt, J = 11.5, 8.7, 2.6 Hz, 1H, 12-H), 2.43 (dd, J = 13.3, 

3.4 Hz, 1H, 2-H), 2.35 (app dt, J = 12.9, 7.0 Hz, 1H, 10-H), 2.10-2.17 (m, 1H, 7-H), 1.96 

(br dd, J = 13.3, 7.0 Hz, 1H, 8-H), 1.66-1.72 (m, 1H, 19-H), 1.37-1.64 (m, 6H, 18-H, 20-

H, 22-H), 1.32-1.36 (m, 2H, 8-H, 10-H), 1.19-1.26 (m, 1H, 19-H), 1.17 (d, J = 6.2 Hz, 

3H, 6′-H), 1.15 (d, J = 6.8 Hz, 3H, 16-Me), 0.92 (tdd, J = 11.8, 10.5, 6.4 Hz, 1H, 11-H), 

0.79 (t, J = 7.4 Hz, 3H, 23-H); 13C NMR (acetone-d6, 150 MHz) δ 203.5 (15-C), 172.7 

(1-C), 147.9 (13-C), 145.1 (14-C), 130.2 (6-C), 129.7 (5-C), 96.9 (1′-C), 83.0 (4′-C), 82.4 

(3′-C), 78.2 (2′-C), 77.0 (21-C), 76.9 (9-C), 72.6 (17-C), 68.6 (5′-C), 60.7 (4′-MeO), 59.0 
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(2′-MeO), 57.2 (3′-MeO), 50.3 (12-C), 48.9 (16-C), 48.8 (3-C), 47.0 (11-C), 42.2 (4-C), 

42.1 (7-C), 38.2 (10-C), 37.1 (8-C), 36.2 (18-C), 34.4 (2-C), 30.7 (20-C), 29.1 (22-C), 

22.6 (19-C), 18.2 (6′-C), 16.3 (16-Me), 9.57 (23-C). HR-MS (ESI+) m/z for C33H50O9Na 

[M+Na]+, calc. 613.3347, found 613.3352. 

 

Scheme 2-3. Preparation of AGL (34) from the mixture of spinosyn A (1) and D (4). 

 

Figure 2-3. HPLC separation of PSA (37) from spinosyn D 17-pseudoaglycone using a reverse 
phase (C18) column. 
 

C. Spinosyn A Aglycone (AGL, 34): AGL (34) was prepared from PSA (37) 

following a literature procedure.68 Alternatively, AGL could also be obtained by direct 

hydrolysis of two sugar groups together under highly acidic conditions (Scheme 2.3). 

Specifically, to the mixture of 1 and 4 (3.00 g, 4.10 mmol) in methanol (50 mL) was 
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added 50 mL of 7.2 N H2SO4 generating a dark solution. The reaction mixture was heated 

under reflux for 4 hr. After cooling down to 0 ºC, a large amount of solid sodium 

bicarbonate (~30 g) was added slowly. The pH did not reach ~1.0. The mixture was then 

extracted with ethyl ether three times. The combined organic layers were washed with 

brine, dried over anhydrous potassium carbonate, and concentrated under reduced 

pressure. The crude residue was purified by SiO2 column chromatography (hexanes/ethyl 

acetate = 1/1) to afford compound 34 (460 mg, 1.15 mmol) in 28% yield. Compound 34: 

1H NMR (acetone-d6, 600 MHz) δ 6.97 (br s, 1H, 13-H), 5.88 (br d, J = 9.8 Hz, 1H, 6-H), 

5.84 (dt, J = 9.8, 2.7 Hz, 1H, 5-H), 4.65 (dtd, J = 10.0, 6.1, 2.4 Hz, 1H, 21-H), 4.30-4.36 

(m, 1H, 9-H), 3.74 (d, 1H, J = 6.1 Hz, 17-OH), 3.66 (d, J = 4.4 Hz, 1H, 9-OH), 3.54 (dtd, 

J = 9.4, 6.2, 3.2 Hz, 1H, 17-H), 3.46-3.51 (m, 1H, 4-H), 3.22 (dq, J = 9.5, 6.7 Hz, 1H, 16-

H), 3.07 (dd, J = 13.3, 4.9 Hz, 1H, 2-H), 2.90-2.95 (m, 1H, 3-H), 2.82-2.85 (m, 1H, 12-

H), 2.43 (dd, J = 13.3, 3.4 Hz, 1H, 2-H), 2.32 (app dt, J = 12.8, 7.0 Hz, 1H, 8-H), 2.19-

2.26 (m, 1H, 7-H), 1.82 (br d, J = 12. 9, 6.8 Hz, 1H, 10-H), 1.65-1.74 (m, 1H, 19-H), 

1.43-1.61 (m, 6H, 18-H, 20-H, 22-H), 1.36-1.43 (m, 2H, 8-H, 10-H), 1.25 (td, J = 12.4, 

4.8 Hz, 1H, 19-H), 1.15 (d, J = 6.7 Hz, 3H, 16-Me), 0.91 (tdd, J = 11.7, 11.2, 6.7, 1H, 11-

H), 0.79 (t, J = 7.5 Hz, 3H, 23-H); 13C NMR (acetone-d6, 150 MHz) δ 203.5 (15-C), 

172.7 (1-C), 148.1, (13-C), 145.0 (14-C), 130.7 (6-C), 129.5 (5-C), 77.0 (21-C), 72.6 (14-

C), 72.0 (9-C), 50.5 (12-C), 48.9 (16-C), 48.8 (2-C), 47.6 (11-C), 42.2 (4-C), 42.0 (7-C), 

41.5 (10-C), 40.7 (8-C), 36.2 (18-C), 34.4 (2-C), 30.7 (20-C), 29.1 (22-C), 22.6 (19-C), 

16.3 (17-Me), 9.56 (23-C). HR-MS (ESI+) m/z for C24H34O5Na [M+Na]+, calc. 425.2299, 

found 425.2306. 
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D. Rhamnosyl Aglycone (R-AGL, 36): The general procedure to produce R-AGL 

(36) was modified from a literature procedure.69 The crude TDP-R (27) solution 

(typically 0.3 mole) was obtained by removing RfbB, RfbC, and RfbD from a reaction 

mixture (vide supra) with an Amicon Ultra Centrifugal Filter (10k molecular weight cut-

off, Millipore).  To the mixture (~30 mL) were added 0.5 eq of AGL (34, 100 mM 

solution in DMSO) and 0.001 eq of SpnG to initiate the rhamnosyl transfer reaction. 

After incubation for ~24 h, the mixture was extracted with ethyl acetate four times. The 

combined organic layers were washed with brine, dried over anhydrous magnesium 

sulfate, and then concentrated under reduced pressure. The crude residue was subjected to 

column chromatography (SiO2, 10% MeOH/CH2Cl2) to afford R-AGL (36) in 25~40% 

yield. Compound 36: 1H NMR (acetone-d6, 600 MHz) δ 7.00 (br s, 1H, 13-H), 5.90 (br 

d, J = 9.8 Hz, 1H, 6-H), 5.86 (dt, J = 9.8, 2.6 Hz, 1H, 5-H), 4.73 (d, J = 1.3 Hz, 1H, 1′-

H), 4.65 (m, 1H, 21-H), 4.34 (m, 1H, 9-H), 3.73 (br d, J = 1.8 Hz, 1H, 2′-H), 3.56-3.61 

(m, 2H, 3′-H, 5′-H), 3.52-3.56 (m, 1H, 17-H), 3.47-3.51 (m, 1H, 4-H), 3.37 (t, J = 9.3 Hz, 

1H, 4′-H), 3.22 (dq, J = 9.6, 6.7 Hz, 1H, 16-H), 3.07 (dd, J = 13.4, 4.9 Hz, 1H, 2-H), 2.93 

(m, 1H, 3-H), 2.85 (m, 1H, 12-H), 2.44 (dd, J = 13.3, 3.4 Hz, 1H, 2-H), 2.35 (app dt, J = 

12.9, 7.0 Hz, 1H, 10-H), 2.10-2.17 (m, 1H, 7-H), 1.94 (br dd, J = 13.3, 7.0 Hz, 1H, 8-H), 

1.66-1.72 (m, 1H, 19-H), 1.41-1.62 (m, 6H, 18-H, 20-H, 22-H), 1.32-1.41 (m, 2H, 8-H, 

10-H), 1.19-1.26 (m, 1H, 19-H), 1.20 (d, J = 6.2 Hz, 3H, 6′-H), 1.15 (d, J = 6.8 Hz, 3H, 

16-Me), 0.93 (tdd, J = 11.8, 10.5, 6.3 Hz, 1H, 11-H), 0.79 (t, J = 7.4 Hz, 3H, 23-H); 13C 

NMR (acetone-d6, 150 MHz) δ 203.6 (15-C), 172.7 (1-C), 148.0 (13-C), 145.1 (14-C), 

130.3 (6-C), 129.7 (5-C), 99.8 (1′-C), 77.1 (21-C), 76.6 (9-C), 73.9 (4′-C), 72.6 (17-C), 
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72.5 (3′-C), 69.3 (5′-C), 50.3 (12-C), 48.9 (16-C), 48.8 (3-C), 47.0 (11-C), 42.2 (4-C), 

42.1 (7-C), 38.3 (10-C), 37.1 (8-C), 36.2 (18-C), 34.4 (2-C), 30.7 (20-C), 29.1 (22-C), 

22.6 (19-C), 18.1 (6′-C), 16.3 (16-Me), 9.56 (23-C). HR-MS (ESI+) m/z for C30H44O9Na 

[M+Na]+, calc. 571.2878, found 571.2877. 

2.2.5. In vitro Activity Assay Using SpnH, SpnI, and SpnK 

A. With TDP-β-L-rhamnose as a Substrate: To a solution containing 20 µM of the 

enzyme of interest and 1 mM of TDP-R (27) in 100 µL of Tris•HCl buffer (50 mM, pH 

7.5) at 30 °C was added 5 mM of SAM to initiate the enzymatic reaction (the total 

volume was 100 µL). After incubation for 20 h, the enzyme was removed by filtration 

using an Amicon Ultra Centrifugal Filter (10k molecular weight cut, Millipore). The 

filtrate was analyzed by HPLC using a Dionex CarboPacTM PA1 250 × 40 mm column. 

The column was eluted with a linear gradient of 2.5 → 15% of solvent B over 20 min and 

then 15 → 20% of solvent B over another 20 min (solvent A: H2O, solvent B: 1.5 M 

NH4OAc). Under this condition, the substrate 27 has a retention time of 24 min. As 

shown in Figure 2-7, none of these enzymes was able to convert TDP-R (27) to the 

methylated products.  

B. With Rhamnosyl Aglycone As a Substrate: To a solution containing 20 µM of 

the enzyme of interest and 1 mM of R-AGL (36) in 100 µL of Tris•HCl buffer (50 mM, 

pH 7.5) at 30 °C was added 5 mM of SAM to initiate the enzymatic reaction (the total 

volume was 100 µL). After incubation for 20 h, the reaction mixture was extracted with 

200 µL of ethyl acetate. The ethyl acetate extract was concentrated under reduced 

pressure. The resulting residue was redissolved in 200 µL of ethanol and subjected to 
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HPLC analysis using a reverse phase column (Varian Microsorb-MV 100-5 C18 250 × 4.6 

mm) and eluted with a linear gradient of 31→ 60% of acetonitrile in H2O over 60 min. 

C. Investigation of the Effect of MgCl2 on the Activity of SpnH, SpnI, and SpnK: 

To evaluate the effect of Mg2+ on the methylation reaction, 1 mM (final concentration) of 

MgCl2 was introduced to each assay mixture and production of the product was 

monitored over time.  Typically, to a solution containing 20 µM of the enzyme of interest 

and 1 mM of R-AGL (36) in 100 µL of Tris•HCl buffer (50 mM, pH 7.5) with or without 

1 mM of MgCl2 at 30 °C was added 5 mM of SAM to initiate the enzymatic reaction (the 

total volume was 200 µL). At appropriate time points, aliquot of the reaction mixture (25 

µL) was taken and mixed with 175 µL of ethanol. After centrifugation, the supernatant 

was subjected to HPLC analysis using a reverse phase column (Varian Microsorb-MV 

100-5 C18, 250 × 4.6 mm).  The column was eluted with a linear gradient of 31 → 60% of 

acetonitrile in H2O over 60 min.  

D. Isolation and Characterization of 39, 40, and 41: To characterize the chemical 

structure of each enzyme product, preparative-scale incubations were performed. To a 

solution containing 20 µM of the enzyme of interest and 1 mM of R-AGL (36) in 

Tris•HCl buffer (50 mM, pH 7.5) at 30 °C was added 5 mM of SAM to initiate the 

enzymatic reaction (the total volume was 20 mL). After incubation for 20 h, the reaction 

mixture was extracted with 50 mL of ethyl acetate three times. The combined ethyl 

acetate extracts were dried over anhydrous magnesium sulfate and concentrated under 

reduced pressure. The crude residue was subjected to preparative TLC (CH2Cl2:CH3OH = 

95:5) to obtain the desired product in high purity. The isolation yield was typically 
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between 40% and 50% in all cases.  Each enzyme product was then subjected to NMR 

and MS analysis. 

Compound 39: 1H NMR (acetone-d6, 600 MHz) δ 7.00 (br s, 1H, 13-H), 5.89 (br d, J = 

9.8 Hz, 1H- 6-H), 5.86 (dt, J = 9.8, 2.5 Hz, 1H, 5-H), 4.70 (d, J = 1.2 Hz, 1H, 1′-H), 4.65 

(m, 1H, 21-H), 4.32 (m, 1H, 9-H), 3.70 (br s, 1H, 2′-H), 3.67-3.70 (m, 1H, 3′-H), 3.46-

3.56 (m, 3H, 5′-H, 4-H, 17-H), 3.50 (s, 3H, 4′-MeO), 3.22 (qd, J = 9.6, 6.7 Hz, 1H, 16-

H), 3.07 (dd, J = 13.3, 4.9 Hz, 1H, 2-H), 3.01 (t, J = 9.0 Hz, 1H, 4′-H), 2.90-2.96 (m, 1H, 

3-H), 2.84 (ddt, J = 11.5, 8.7, 2.6 Hz, 1H, 12-H), 2.44 (dd, J = 13.3, 3.4 Hz, 1H, 2-H), 

2.34 (app dt, J = 12.9, 7.0 Hz, 1H, 10-H), 2.10-2.17 (m, 1H, 7-H), 1.93 (br dd, J = 13.3, 

7.0 Hz, 1H, 8-H), 1.65-1.74 (m, 1H, 19-H), 1.40-1.62 (m, 6H, 18-H, 20-H, 22-H), 1.30-

1.40 (m, 2H, 8-H, 10-H), 1.19-1.28 (m, 1H, 19-H), 1.19 (d, J = 6.3 Hz, 3H, 6′-H), 1.50 

(d, J = 6.8 Hz, 3H, 16-Me), 0.92 (tdd, J = 11.8, 10.5, 6.4 Hz, 1H, 11-H), 0.79 (t, J = 7.5 

Hz, 3H, 23-H); 13C NMR (acetone-d6, 150 MHz) δ 203.6 (15-C), 172.7 (1-C), 148.0 (13-

C), 145.1 (14-C), 130.3 (6-C), 129.7 (5-C), 99.5 (1′-C), 84.2 (4′-C), 77.1 (21-C), 76.6 (9-

C), 72.47 (2′- or 3′- or 17-C), 72.45 (2′- or 3′- or 17-C), 72.42 (2′- or 3′- or 17-C), 68.3 

(5′-C), 60.7 (4′-MeO), 50.3 (12-C), 48.9 (16-C), 48.8 (3-C), 47.0 (11-C), 42.2 (4-C), 42.1 

(7-C), 38.2 (10-C), 37.1 (8-C), 36.2 (18-C), 34.4 (2-C), 30.7 (20-C), 29.1 (22-C), 22.6 

(19-C), 18.3 (6′-C), 16.3 (16-Me), 9.56 (23-C). HR-MS (ESI+) m/z for C31H46O9Na 

[M+Na]+, calc. 585.3034, found 585.3033. 

Compound 40: 1H NMR (acetone-d6, 600 MHz) δ 7.00 (br s, 1H, 13-H), 5.89 (br d, J = 

9.8 Hz, 1H, 6-H), 5.86 (dt, J = 9.8, 2.5 Hz, 1H, 5-H), 4.85 (d, J = 1.5 Hz, 1H, 1′-H), 4.65 

(dtd, J = 10.0, 6.0, 2.4 Hz, 1H, 21-H), 4.34 (m, 1H, 9-H), 3.59-3.64 (m, 1H, 3′-H), 3.51-
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3.56 (m, 2H, 5′-H, 17-H), 3.46-3.51 (m, 1H, 4-H), 3.42 (s, 3H, 2′-MeO), 3.33 (dd, J = 

3.5, 1.6 Hz, 1H, 2′-H), 3.29 (app t, J = 9.2 Hz, 4′-H), 3.22 (qd, J = 9.6, 6.7 Hz, 1H, 16-

H), 3.07 (dd, J = 13.3, 4.9 Hz, 1H, 2-H), 2.91-3.00 (m, 1H, 3-H), 2.85 (ddt, J = 11.5, 8.7, 

2.6 Hz, 1H, 12-H), 2.43 (dd, J = 13.3, 3.4 Hz, 1H, 2-H), 2.36 (app dt, J = 12.9, 7.0 Hz, 

1H, 10-H), 2.09-2.19 (m, 1H, 7-H), 1.96 (br dd, J = 13.3, 7.0 Hz, 1H, 8-H), 1.64-1.73 (m, 

1H, 19-H), 1.40-1.62 (m, 6H, 18-H, 20-H, 22-H), 1.32-1.40 (m, 2H, 8-H, 10-H), 1.18-

1.26 (m, 1H, 19-H), 1.18 (d, J = 6.2 Hz, 3H, 6′-H), 1.15 (d, J = 6.7 Hz, 3H, 16-Me), 0.93 

(tdd, J = 11.8, 10.5, 6.4 Hz, 1H, 11-H), 0.79 (t, J = 7.4 Hz, 3H, 23-H); 13C NMR 

(acetone-d6, 150 MHz) δ 203.6 (15-C), 172.7 (1-C), 147.9 (13-C), 145.1 (14-C), 130.3 

(6-C), 129.7 (5-C), 96.7 (1′-C), 82.1 (2′-C), 77.1 (21-C), 76.9 (9-C), 74.4 (4′-C), 72.6 

(17-C), 72.5 (3′-C), 69.4 (5′-C), 59.1 (2′-MeO), 50.3 (12-C), 48.9 (16-C), 48.8 (3-C), 47.0 

(11-C), 42.4 (4-C), 42.1 (7-C), 38.3 (10-C), 37.2 (8-C), 36.2 (18-C), 34.4 (2-C), 30.7 (20-

C), 29.1 (22-C), 22.6 (19-C), 18.2 (6′-C), 16.3 (16-Me), 9.56 (23-C). HR-MS (ESI+) m/z 

for C31H46O9Na [M+Na]+, calc. 585.3034, found 585.3032. 

Compound 41: 1H NMR (acetone-d6, 600 MHz) δ 7.01 (br s, 1H, 13-H), 5.90 (br d, J = 

9.8 Hz, 1H, 6-H), 5.87 (dt, J = 9.8, 2.5 Hz, 1H, 5-H), 4.75 (d, J = 1.6 Hz, 1H, 1′-H), 4.65 

(m, 1H, 21-H), 4.35 (m, 1H, 9-H), 3.93 (br s, 1H, 2′-H), 3.88 (d, J = 4.0 Hz, 1H, 4′-OH), 

3.74 (d, J = 6.1 Hz, 1H, 17-OH), 3.57-3.62 (m, 1H, 5′-H), 3.51-3.57 (m, 1H, 17-H), 3.47-

3.52 (m, 1H, 4-H), 3.41-3.46 (m, 1H, 4′-H), 3.37 (s, 3H, 3′-MeO), 3.25 (dd, J = 9.2, 3.3 

Hz, 1H, 3′-H), 3.20-3.25 (m, 1H, 16-H), 3.07 (dd, J = 13.3, 4.9 Hz, 1H, 2-H), 2.92-2.96 

(m, 1H, 3-H), 2.86 (ddt, J = 11.5, 8.7, 2.6 Hz, 1H, 12-H), 2.44 (dd, J = 13.3, 3.4 Hz, 1H, 

2-H), 2.37 (app dt, J = 12.9, 7.0 Hz, 1H, 10-H), 2.08-2.18 (m, 1H, 7-H), 1.96 (br dd, J = 
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13.3, 7.0 Hz, 1H, 8-H), 1.65-1.74 (m, 1H, 19-H), 1.42-1.60 (m, 6H, 18-H, 20-H, 22-H), 

1.32-1.42 (m, 2H, 8-H, 10-H), 1.20-1.26 (m, 1H, 19-H), 1.19 (d, J = 6.2 Hz, 3H, 6′-H), 

1.15 (d, J = 6.8 Hz, 3H, 16-Me), 0.93 (tdd, J = 11.8, 10.3, 6.4 Hz, 1H, 11-H), 0.79 (t, J = 

7.4 Hz, 3H, 23-H); 13C NMR (acetone-d6, 150 MHz) δ 203.6 (15-C), 172.7 (1-C), 147.9 

(13-C), 145.1 (14-C), 130.3 (6-C), 129.7 (5-C), 99.8 (1′-C), 82.3 (3′-C), 77.1 (21-C), 76.7 

(9-C), 72.6 (17-C), 72.4 (4′-C), 69.4 (5′-C), 68.2 (2′-C), 57.0 (3′-MeO), 50.3 (12-C), 48.9 

(16-C), 48.8 (3-C), 47.0 (11-C), 42.2 (4-C), 42.1 (7-C), 38.3 (10-C), 37.1 (8-C), 36.2 (18-

C), 34.4 (2-C), 30.7 (20-C), 29.1 (22-C), 22.6 (19-C), 18.2 (6′-C), 16.3 (16-Me), 9.56 

(23-C). HR-MS (ESI+) m/z for C31H46O9Na [M+Na]+, calc. 585.3034, found 585.3036. 

E. Activity Assays With Monomethylated R-AGLs: To a solution containing 20 

µM of the enzyme of interest and 1 mM of substrate (39 or 40 or 41) in 100 µL of 

Tris•HCl buffer (50 mM, pH 7.5) with or without 1 mM of MgCl2 at 30 °C was added 5 

mM of SAM to initiate the enzymatic reaction (the total volume was 100 µL). After 

incubation for 20 h, the reaction mixture was extracted with 200 µL of ethyl acetate, and 

the ethyl acetate extract was concentrated under reduced pressure. The resulting residue 

was redissolved in 200 µL of ethanol and subjected to HPLC analysis using a reverse 

phase column (Varian Microsorb-MV 100-5 C18, 250 × 4.6 mm). The column was eluted 

with a linear gradient of 31 → 60% of acetonitrile in H2O over 60 min. 

F. Preparation of Dimethylated R-AGLs: To a solution containing 20 µM of the 

enzyme of interest and 1 mM of substrate (39 or 40 or 41) in Tris•HCl buffer (50 mM, 

pH 7.5) at 30 °C was added 5 mM of SAM to initiate the enzymatic reaction (the total 

volume was 5 mL). After incubation for 20 h, the reaction mixture was extracted with 10 
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mL of ethyl acetate three times. The combined ethyl acetate extracts were dried over 

anhydrous magnesium sulfate and concentrated under reduced pressure. The crude 

residue was subjected to preparative TLC (CH2Cl2:CH3OH = 95:5) to afford the desired 

product in high purity. The isolation yield was typically between 40% and 50% in all 

cases.  Each enzyme product was then submitted for MS analysis. 

Compound 42: HR-MS (ESI+) m/z for C32H48O9Na [M+Na]+, calc. 599.3191, found 

599.3191. 

Compound 43: HR-MS (ESI+) m/z for C32H48O9Na [M+Na]+, calc. 599.3191, found 

599.3191. 

Compound 44: HR-MS (ESI+) m/z for C32H48O9Na [M+Na]+, calc. 599.3191, found 

599.3190. 

G. Activity Assays with Dimethylated R-AGLs: To a solution containing 20 µM of 

the enzyme of interest and 1 mM of substrate (42, 43, or 44) in 100 µL of Tris•HCl 

buffer (50 mM, pH 7.5) with or without 1 mM of MgCl2 at 30 °C was added 5 mM of 

SAM to initiate the enzymatic reaction (the total volume was 100 µL). After incubation 

for 20 h, the reaction mixture was extracted with 200 µL of ethyl acetate. The ethyl 

acetate extract was then concentrated under reduced pressure. The resulting residue was 

redissolved in 200 µL of ethanol and subjected to HPLC analysis using a reverse phase 

column (Varian Microsorb-MV 100-5 C18, 250 × 4.6 mm) and eluted with a linear 

gradient 31 → 60% of acetonitrile in H2O over 60 min. 
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2.2.6. In vitro Test of the Substrate Specificity of SpnH, SpnI, and SpnK Using 

Rhamnosyl 10-Deoxymethynolide (R-10dME, 49) and Rhamnosyl Narbonolide (R-Narb, 

51) 

R-10dME (49) and R-Narb (51) were generated as described in the literature.[ref] 

To a solution of 2 mM of 10-deoxymethynolide (48) or narbonolide (50), 6 mM of TDP-

R (27), 6 mM of SAM, and 15 µM of SpnH, SpnI, or SpnK in 50 mM Tris•HCl (pH 8) 

was added DesVII/VIII (60 µM) at 30 ºC to initiate the reaction (total volume was 50 

µL). After incubation for 20 hr, each reaction mixture was extracted with 200 µL of ethyl 

acetate. The ethyl acetate extract was then concentrated under reduced pressure. The 

resulting residue was redissolved in 200 µL of ethanol and subjected to HPLC analysis 

using a reverse phase column (Varian Microsorb-MV 100-5 C18, 250 × 4.6 mm) and 

eluted with a linear gradient 31 → 60% of acetonitrile in H2O over 60 min. The peaks 

corresponding to mono-methylated products were pooled and analyzed by HR-MS 

spectrometry. 

2′-O-methylrhamnosyl 10-deoxymethynolide (52): HR-MS (ESI+) m/z for C24H40O8Na 

[M+Na]+, calc. 479.2615, found 479.2619. 

3′-O-methylrhamnosyl 10-deoxymethynolide (53): HR-MS (ESI+) m/z for C24H40O8Na 

[M+Na]+, calc. 479.2615, found 479.2619. 

2′-O-methylrhamnosyl narbonolide (54): HR-MS (ESI+) m/z for C27H44O9Na 

[M+Na]+, calc. 535.2878, found 535.2883. 

3′-O-methylrhamnosyl narbonolide (55): HR-MS (ESI+) m/z for C27H44O9Na 

[M+Na]+, calc. 535.2878, found 535.2879. 
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2.2.7. Competition Assays with R-AGL (36) Using SpnH, SpnI, and SpnK 

To a solution containing the enzyme of interest having the concentration indicated 

in Figure 2.11 (see Section 2.3.4) and 1 mM of R-AGL (36) in 100 µL of Tris•HCl buffer 

(50 mM, pH 7.5) with 1 mM of MgCl2 at 30 °C was added 10 mM of SAM to initiate the 

enzymatic reaction (the total volume was 100 µL). After incubation for 20 h, the reaction 

mixture was extracted with 200 µL of ethyl acetate. The ethyl acetate extract was 

concentrated under reduced pressure. The resulting residue was redissolved in 200 µL of 

ethanol and subjected to HPLC analysis using a reverse phase column (Varian 

Microsorb-MV 100-5 C18, 250 × 4.6 mm) and eluted with a linear gradient 31 → 60% of 

acetonitrile in H2O over 60 min. The results are shown in Figure 2.4.  Each experiment 

was done in triplicate. 

 

Figure 2-4. HPLC analysis showing the conversion of R-AGL (36) to methylated products in the 
presence of varied concentration of SpnH, SpnI, and SpnK. (1) 20 µM SpnH, 20 µM SpnI, 20 µM 
SpnK, (2) 5 µM SpnH, 20 µM SpnI, 20 µM SpnK, (3) 2 µM SpnH, 40 µM SpnI, 40 µM SpnK, (4) 
20 µM SpnH, 5 µM SpnI, 20 µM SpnK, (5) 40 µM SpnH, 2 µM SpnI, 40 µM SpnK, (6) 2 µM SpnH, 
2 µM SpnI, 40 µM SpnK, (7) 42, 43, 44, PSA (37) reference standards. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Preparation of Methyltransferases (SpnH, SpnI, and SpnK) and Their Putative 

Substrates (TDP-β-L-rhamnose and Rhamnosyl Aglycone) 

In order to study the functions of the putative methyltransferases, SpnH, SpnI, and 

SpnK, it is essential to obtain these proteins in pure form. To this end, the corresponding 

genes, spnH, spnI, and spnK were amplified from S. spinosa genomic DNA by the PCR 

reactions and individually cloned into the pET28b(+) expression vector. Each was 

subsequently heterologously over-expressed in the Escherichia coli BL21 star (DE3) or 

the Rosetta II (DE3) host cells in the presence of appropriate concentrations of IPTG as 

the inducer. After lysis by sonication, each enzyme was purified as an N-terminal His6-

tagged protein by affinity chromatography using Ni-NTA resin (Figure 2.5). 

 

  Figure 2.5. SDS-PAGE analysis of purified SpnH, SpnI, SpnK, and SpnG. 
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Based on the possible timing of rhamnose methylations, two likely substrates for 

the methyltransferases (TDP-R and R-AGL) were chemoenzymatically synthesized. For 

the preparation of TDP-R (27), an important consideration was to ensure the correct 

stereochemistry at the anomeric center. Stereoselective glycosidation has been a major 

challenge in sugar chemical synthesis. In general, 1,2-trans-O-glycosides can be readily 

prepared based on the principle of “anchimeric assistance”, where a carbonyl group 

placed at the 2-position could stabilize the oxocarbenium cation intermediate, often 

generated in the presence of a Lewis acid, to form a bicyclic intermediate. In this case, 

the subsequent attack of a nucleophile at the anomeric center is only possible from the 

opposite side of the neighboring group at C-2 so that the trans-orientation between the 

substituents at the C-1 and C-2 is secured.70 In contrast, the generation of 1,2-cis-O-

glycosides such as β-mannosides, α-glucosides, and α-galactosides has proven to be less 

straightforward.71, 72 Indeed, there is no general strategy to make these types of 

compounds, and in many cases the stereoselectivity of the glycosidation reactions is 

determined by the conformational geometry of the individual oxocarbenium cation 

intermediate involved. Particularly, β-mannosides and β-rhamnosides have been known 

to be extremely difficult to synthesize, because the corresponding oxocarbenium 

intermediates thermodynamically favor conformations directing α-glycosidations. In fact, 

chemical synthesis of NDP-β-mannose or NDP-β-rhamnose has yet to be established. 

Thorson and co-workers once described a chemical synthesis of TDP-R (27), where the 

β-glycosidic bond could be reportedly introduced by an SN2 type substitution of 2,3,4-tri-

O-acetyl-α-L-rhamnose with dibenzyl phosphopate in the presence of silver triflate and 
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2,4,6-collidine.73 However, this result, especially regarding the stereochemistry at the 

anomeric carbon of the resulting L-rhamnose-1-phosphate, was questioned by several 

research groups including us.74 Taken these discussions into consideration, it seems that 

currently the only way to prepare TDP-R (27) in a stereoselective manner is to use 

enzymatic synthesis. TDP-R (27) serves as a rhamnose donor that is used to constitute the 

outer cell membrane of many bacterial organisms such as Mycobacterium tuberculosis. 

Early studies by Liu and co-workers had successfully cloned the genes involved in the 

biosynthesis of TDP-R (27) from Salmonella enterica LT2 and established the 

biosynthetic pathway of 27.75 The reaction is initiated by RfbB, a 4,6-dehydratase, which 

catalyzes the dehydration of the 6-hydroxyl group of TDP-α-D-glucose in a cryptic redox 

cycle mediated by a NAD+ cofactor. The 5-methyl and 3-hydroxyl groups of the resulting 

TDP-4-keto-6-deoxy-D-glucose are then epimerized by the action of RfbC. The 

completion of TDP-R biosynthesis is achieved by a ketoreductase, RfbD, to reduce the 

carbonyl group at C-4 to a hydroxyl group using NADPH. Indeed, RfbB, RfbC, and 

RfbD are homologous to Gdh, Epi, and Kre, respectively, which are responsible for TDP-

R biosynthesis in S. spinosa. By taking advantage of these early findings, TDP-R (27) 

was synthesized enzymatically from TDP-α-D-glucose in one pot, where RfbB, RfbC, 

and RfbD were incubated together at 37 ºC (50 mM Tris•HCl buffer, pH 8).  

Preparation of the other possible substrate, R-AGL (36), involved enzymatic 

transfer of the L-rhamnose moiety from TDP-R to AGL (34) using the 

glycosyltransferase, SpnG. A known two-step hydrolysis to strip D-forosamine and tri-O-

methylated-L-rhamnose moieties in sequence from SPA (1) under acidic conditions was 

used to prepare AGL (34) (Scheme 2.3).76 In this way, the authentic sample of PSA (37) 
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could also be isolated. Alternatively, AGL could be obtained from a mixture of spinosyn 

A and D in a single step under highly acidic alcoholysis conditions, where spinosyn D 

aglycone (or its 17-pseudoaglycone) was completely decomposed presumably due to the 

presence of an additional methyl group at C-6 position. The electron donating property of 

the C-6 methyl group likely contributes to a facile lytic decomposition of the perhydro-

as-indacene core by increasing the basicity of the Δ5,6-double bond. Thus, the latter 

procedure is advantageous since it renders the tedious HPLC separation process 

unnecessary. Accordingly, the desired R-AGL (36) could be enzymatically prepared by 

incubating AGL (34) and TDP-R (27) with SpnG in the Tris•HCl buffer (50 mM, pH 8) 

at 37 ºC for ~24 hr, followed by ethyl acetate extraction and SiO2 column 

chromatography (Figure 2.6, see section 2.2.4.D for the detailed procedure). 

 

Figure 2.6. Preparation of R-AGL (36). A. Scheme representing the enzymatic reaction from AGL 
(34) to R-AGL (36) using TDP-R (27) and SpnG. B. HPLC trace showing the conversion from 
AGL to R-AGL. 
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2.3.2. In vitro Methylation Assays of SpnH, SpnI, and SpnK Using TDP-β-L-rhamnose 

(27) and Rhamnosyl Aglycone (36) as Substrates 

 

Figure 2.7. HPLC analysis of in vitro assay to test whether SpnH, SpnI, and SpnK are capable of 
converting TDP-R (27) to the corresponding methylated products; (1) control experiment, TDP-R 
+ SAM; (2) TDP-R + SAM + SpnH; (3) TDP-R + SAM + SpnI; (4) TDP-R + SAM + SpnK. The 
identity of the peak at near 24 min in each sample was verified by MS analysis to be TDP-R, 
indicating no methylation occurred in all cases.  
 

With two likely substrates in hand, the in vitro methylation assays were carried 

out to distinguish the proposed pathways. In the first proposed route (route A), 

methylations occur on the rhamnose donor, TDP-R (27), prior to the glycosylation step. 

This possibility was tested by incubating the purified SpnH, SpnI or SpnK (20 µM each) 

individually with 1 mM of TDP-R (27) and 5 mM of SAM in 50 mM Tris•HCl buffer 

(pH 7.5) at 30 oC. After 20 hr, each reaction was quenched by removing the enzyme from 

the reaction mixture with a YM-10 membrane filter, and the filtrate was analyzed by 

anion-exchange HPLC to check whether a methylation occurred. As shown in Figure 2.7, 

no obvious change of the substrate was observed in all HPLC traces. To rule out the 
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possibility that the retention time of a methylated product is coincidentally identical to 

that of the substrate, the peaks near 24 min were pooled and analyzed by MS 

spectrometry. It was found that all samples had the same molecular weight as the 

substrate. These results clearly demonstrate that route A is an unlikely pathway. 

 

Figure 2.8. Analysis of in vitro assay using R-AGL (34) with SpnH, SpnI, and SpnK. A. HPLC 
analysis showing formation of compounds 39, 40 and 41 in the incubation of (1) R-AGL (34) with 
(2) SpnH, (3) SpnI, and (4) SpnK. B. The pertinent chemical shifts of 39, 40 and 41 are shown 
with arrow denoting the heteronuclear long-range correlation between the methyl carbon and the 
nearest O-methine proton. 
 

To check the viability of the alternative pathway (route B), the activity of SpnH, 

SpnI, and SpnK on R-AGL (36) was evaluated under the aforementioned assay 

conditions. In contrast to the assay with TDP-R (27), all three methyltransferases were 

able to convert R-AGL to new products that are seemingly different from each other 

based on the retention times observed in the reverse phase HPLC analysis (Figure 2.8A). 

To characterize the chemical structures of the products (39, 40, 41), preparative scale 

assays were carried out. Those three compounds could be purified by ethyl acetate 
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extraction followed by SiO2 column chromatography. The purified compounds were 

analyzed by 1-D and 2-D NMR spectroscopy (1H, 13C) along with high resolution mass 

spectrometry. Extensive spectral analysis revealed that these products are all mono-

methylated, but at different positions, suggesting that SpnH, SpnI, and SpnK 

regiospecifically transfer methyl groups at 4′-, 2′-, and 3′-positions, respectively, as 

depicted in Figure 2.8B. The regiochemistry was unambiguously assigned by analyzing 

chemical shift changes and heteronuclear long-range correlations between the newly 

introduced methyl carbon and the nearest O-methine proton (Figure 2.8B). It is worthy of 

mentioning that a number of deoxysugar modifying methyltransferases (e.g. SpnS, 

MycE) often require divalent metal ions to gain or optimize the activity, although their 

exact functions are uncertain. To test whether a divalent metal ion could also enhance the 

rate of SpnH, SpnI, and SpnK and/or affect their regiospecificity, in vitro methylation 

reactions were performed in the presence of Mg2+ cation (final concentration of 1 mM). 

Time course analysis of the product formation in each enzyme reaction shown in Figure 

2.9 clearly shows that the inclusion of Mg2+ increases the rates of the reactions in all 

cases, albeit to different extents, but does not alter the regiospecificity. These results 

unambiguously demonstrate that R-AGL (36) is a competent substrate for SpnH, SpnI, 

and SpnK, and, therefore, strongly support route B as a viable pathway.  

 

Figure 2.9. HPLC time course analysis showing the effect of Mg2+ on the rate of reaction with (a) 
SpnH, (b) SpnI, (c) SpnK.   
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2.3.3. In vitro Methylation Assays of SpnH, SpnI, and SpnK Using Mono- and Di-

methylated Rhamnosyl Aglycones as Substrates: Elucidation of the Sequence of the 

Methylation Events 

 

Figure 2.10. HPLC analysis of methyl transfer reactions using monomethylated (39, 40 and 41) 
and dimethylated (42, 43, and 44) substrates. A. Incubation of 39: (1) 39 standard, with (2) SpnI, 
and (3) SpnK; B. incubation of 40: (1) 40 standard, with (2) SpnH, and (3) SpnK; C. incubation of 
41: (1) 41 standard, with (2) SpnH, and (3) SpnI; D. incubation of 42: (1) 42 standard, with (2) 
SpnK; E. incubation of 43: (1) 43standard, with (2) SpnH; F. incubation of 44: (1) 44 standard, 
with (2) SpnI. 
 

The observation that SpnH, SpnI, and SpnK can recognize and methylate R-AGL 

(36) in a regiospecific manner raises a question regarding the sequence of the methylation 
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events, namely, whether it is a random or a strictly ordered event. The answer will also 

shed light on the scope of substrate specificity of these methyltransferases. To gain 

insights into this question, the activity of each enzyme on the monomethylated 

intermediates was investigated (Figure 2.10A~C). Under the typical assay condition, 

SpnH was able to modify intermediate 40 and 41 to produce 2′,4′- and 3′,4′-dimethylated 

products (42 and 44), respectively. The identity of both products was confirmed by MS 

analysis. However, to our surprise, SpnI was only able to methylate 39 to produce 42, but 

not 41. Similarly, SpnK could methylate 40 to produce the 2′,3′-dimethylated product 

(43), but it failed to modify 39. Identical results were obtained even in the presence of 

Mg2+, suggesting that SpnI and SpnK are intolerant to the methoxy moiety at O-3′ and O-

4′ positions, respectively. Although two possible routes (39 → 44, 41 → 43) are impeded 

due to such substrate intolerance, formations of all three possible doubly methylated 

products (42, 43, 44) are not compromised. To explore whether compounds 42, 43 and 44 

can all be converted to the permethylated product, PSA (37), by an appropriate 

methyltransferase, further in vitro assay experiments were performed using dimethylated 

intermediates as substrates. If the intolerance of the methoxy group at the respective 3′- 

and 4′-position on SpnI and SpnK persist regardless of other substituents, the completion 

of PSA (37) formation should only be achieved by SpnH through intermediate 43. To test 

this possibility, substrates, 42, 43, and 44, were individually incubated with SpnK, SpnH, 

and SpnI, respectively, under the typical assay conditions. Consistent with the assay 

using monomethylated intermediates, SpnI and SpnK were found to be incapable of 

processing the substrates having a methoxy group at O-3′ or O-4′ positions, respectively, 
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while SpnH succeeded in transferring the methyl group to O-4′ position of intermediate 

43 leading to the formation of PSA (37) (Figure 2.10D~F). 

 

Scheme 2.4. Spinosyn rhamnose methylation pathways established by in vitro assays using 
SpnH, SpnI, and SpnK. 
 

Scheme 2.4 summarizes all six possible biosynthetic sequences of rhamnose 

permethylation of R-AGL (36). Because two doubly methylated intermediates, 42 and 44, 

cannot be processed by SpnK and SpnI, respectively, and the monomethylated 

intermediate 41 is not a substrate of SpnI, completion of rhamnose permethylation can 

only be accomplished when SpnI acts first, followed by SpnK, and lastly by SpnH (36 → 

40 → 43 → 37). Other pathways instead lead to accumulation of dead-end products, 42 

and 44. Interestingly, the most abundant spinosyns from S. spinosa fermentation broth are 

spinosyn A and D, which together comprise the majority (>95%) of the extracted 
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metabolites and both bear permethylated rhamnose. The amount of minor analogues 

lacking one or more of methyl groups on rhamnose is negligible. Accordingly, during 

biosynthesis of spinosyns in vivo, rhamnose methylations are likely following the 

biosynthetic sequence established in this in vitro study, to maximize the flux toward the 

permethylated 17-pseudoaglycones by suppressing the formation of dead-end 

intermediates such as 42 and 44. 

2.3.4. In vitro Assessment of In vivo Rhamnose Permethylation Event: Possible 

Regulation Mechanism of SpnH, SpnI, and SpnK Activity 

 

Figure 2.11. Product distribution change on variation of each enzyme concentration. Experiments 
were performed in duplicate (error bars represent standard deviations). In all cases, the 
substrate, R-AGL (34) was completely consumed and only negligible amounts (< 0.5%) of 
monomethylated products (39, 40, 41) were detected. 
 

With the sequence of the rhamnose permethylation in the biosynthesis of spinosyn 

A established, a question arises with regard to how the spinosyn producing organism 

ensures the permethylation of spinosyns in vivo, because the pathways leading to 
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accumulation of dead-end intermediates are intact. Namely, the modification of R-AGL 

(36) by SpnH or SpnK ahead of SpnI would lead to the accumulation of 42 and 44, 

respectively, and a preemptive action of SpnH on 40 would result in the formation of 42 

(see Scheme 2.4). The location of these methyltransferase genes (spnH, spnI, spnK) in 

different operons (see Figure 2.2) suggests that tight regulation of the expression of these 

genes may be a mechanism to suppress the production of dead-end intermediates. This 

hypothesis could be tested by an in vitro model study where the concentration of each 

methyltransferase was systematically varied to monitor how such alternations affect the 

product distribution. The results are summarized in Figure 2.11. In all cases, no 

accumulation of intermediary products (39, 40, 41, or 43) was detected indicating that 

reactions were well conditioned. Several observations are notable. First, when the 

concentrations of three methyltransferases were adjusted to be equal, PSA (75%) was 

detected as the major product along with a significant amount of 42 (25%) [Figure 

2.11(1)]. The absence of the other dead-end product, 44, is interesting. Because 

production of 44 is only achieved when R-AGL (36) is methylated first by SpnK and then 

by SpnH in sequence (36 → 41 → 44), the blockage of this pathway is likely due to low 

substrate preference of SpnK toward R-AGL as compared to SpnH, SpnI, or both. 

Formation of 42 can be accomplished via two routes involving either 39 or 40 as the 

intermediate, when the substrate preference of SpnH is at least comparable to that of SpnI 

toward R-AGL or that of SpnK toward 40, respectively. Since SpnH plays a crucial role 

in the production of 42, it is conceivable that the reduction of SpnH concentration could 

suppress the formation of 42 by decreasing the flux of 36 → 39 → 42 and 40 → 42. As 

predicted, almost exclusive production of PSA was achieved simply by lowering the 
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concentration of SpnH to 2 µM while the concentrations of SpnI and SpnK were raised to 

40 µM [Figure 2.11(2) and (3)].  

The substrate preference of SpnI toward R-AGL is clearly critical for the success 

of permethylation, because preemptive methylation of R-AGL (36) by the other 

methyltransferase, SpnH and SpnK, eventually leads to incompletion of permethylation 

(36 → 39 → 42 or 36 → 41 → 44). To gain support for this contention that SpnI is a key 

player in the flux reprogramming in vivo, the following experiments were performed.  

Interestingly, when the concentration of SpnI was reduced by 4-fold as compared to those 

of SpnH and SpnK, no apparent effect was observed on the product distribution [Figure 

2.11(4)]. This result indicates that the substrate preference of SpnI toward R-AGL is 

greater than those of the other two MTs. However, when a more dramatic change was 

made where the concentration of SpnI was adjusted 20-fold lower than those of SpnH and 

SpnK, the substrate preference of SpnI became significantly compromised so that not 

only the reduction of PSA formation (64%) was observed, but the formation of 42 (16%) 

along with the other dead-end product, 44 (20%), was also detected [Figure 2.11(5)]. The 

observation that near equal amounts of 42 and 44 are formed suggests that the 

preferences of SpnH and SpnK toward rhamnosyl aglycone are likely to be comparable. 

Hence, the majority of 42 produced in the presence of sufficient amount of SpnI [Figure 

2.11(1)] must be derived via the route involving 40 (36 → 40 → 42). In that case, it 

would be also possible to suppress the formation of 42 by increasing the concentration of 

SpnK to embolden the flux from 40 to 43. Indeed, when SpnK concentration was 

increased to 40 µM while SpnH and SpnI concentrations were kept low at 2 µM, almost 

exclusive formation of PSA was observed [Figure 2.11(6)]. Collectively, these in vitro 
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experiments provide important insights into how the actual methylation events in vivo are 

controlled. It is very likely that tight regulation of the expression level of the 

methyltransfer genes involved is essential for the success of rhamnose permethylation. 

Specifically, it was demonstrated in vitro that the production of PSA could be enhanced 

by reducing the cellular concentration of SpnH and/or by increasing the SpnK 

concentration in vivo. 

2.3.5. Substrate Flexibility of SpnH, SpnI, and SpnK 

 

 

Scheme 2-5. In vivo modification of 3-O-rhamnosyl-erythronolide B (45) to 3-O-(2′,3′-O-
dimethylrhamnosyl)-erythronolide B (47). 
 

In an effort to generate new erythromycin derivatives, Leadlay and co-workers 

transformed the Saccharopolyspora erythraea SGT2 strain77 with the expression 

plasmids containing the spnH, spnI, and spnK genes, anticipating to obtain sugar-

modified erythromycin derivatives (Scheme 2.5). When 3-O-rhamnosyl-erythronolide B 

(45) was fed to the culture mixture of each transformant, it was found that the engineered 

S. erythraea strain harboring spnI gene was able to effectively convert 45 to 3-O-(2-O′-

methylrhamnosyl)-erythronolide B (46) (Scheme 2-5). They also found that when 46 was 

fed into a culture of the spnK-expressing transformant, 46 can be further derivatized to 3-
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O-(2′,3′-O-dimethylrhamnosyl)-erythronolide B (47). Even though a modification 

catalyzed by SpnH was not detected in their work, these results strongly suggested that 

spinosyn rhamnose methyltransferases are tolerant to the variation of the macrolide 

aglycone. To gain further support of this possibility in vitro, other unnatural substrates 

decorated with rhamnose were used to test the substrate specificity of SpnH, SpnI, and 

SpnK. Specifically, rhamnosyl 10-deoxymethynolide (R-10dME, 49, see Figure 2.12) 

and rhamnosyl narbonolide (R-Narb, 51) were chosen, because these molecules could be 

readily prepared using a glycosyltransferase complex, DesVII/DesVIII, which had been 

experimentally demonstrated by Liu and co-workers (Scheme 2.12A and B).16, 78 R-

10dME and R-Narb (2 mM each) generated in situ were individually incubated with 15 

µM of SpnH, SpnI, or SpnK with SAM (6 mM) in 50 mM Tris•HCl buffer (pH 7.5) at 30 

ºC for >20 hr. As shown in Figure 2.12C and D, SpnI and SpnK were capable of 

processing both unnatural substrates, albeit with lower apparent rates. However, SpnH 

could not methylate any of these compounds. The chemical identities of the products 

were confirmed by MS spectrometry and it was assumed that the regioselectivities of 

SpnI and SpnK are not altered. The results shown herein are consistent with the in vivo 

study reported by Leadlay and co-workers and, therefore, corroborates the relaxed 

substrate specificity of SpnI and SpnK, at least toward the macrolide aglycone.  
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Figure 2.12. Investigation of the substrate specificity of SpnH, SpnI, and SpnK. A. Enzymatic 
reaction to convert 10-deoxymethynolide (48) to R-10dME (49) using TDP-R (27) and DesVII/VIII. 
B. Enzymatic reaction to convert narbonolide (50) to R-Narb (51) using TDP-R (27) and 
DesVII/VIII. C. HPLC analysis of methyl transfer reactions using R-10dME (49). (1) 48 standard, 
(2) 48 and 27 with DesVII/VIII. R-10dME (49), generated in situ as in (2), incubated with (3) 
SpnH, (4) SpnI, (5) SpnK. D. HPLC analysis of methyl transfer reactions using R-Narb (51). (1) 
50 standard, (2) 50 and 27 with DesVII/VIII. R-Narb (51), generated in situ as in (2), incubated 
with (3) SpnH, (4) SpnI, (5) SpnK. 
 

 

Figure 2.13. Polyketide natural products whose glycosyl groups are modified by 
methyltransferases indicated.  
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2.3.6. Other Methyltransferases Modifying Polyketide-associated Sugars 

A number of SAM-dependent N- and O-methyltransferases that catalyze the 

modification of the sugars associated with polyketide natural products have been studied. 

Listed in Figure 2.13 are methyltransferases whose functions and/or substrate specificity 

have been characterized in vitro.79-83 They can be categorized into two classes based on 

the timing of the methyl transfer event: prior to or after the glycosyl transfer reaction. 

Namely, the methylation can occur when the sugar group is still attached to the NDP 

moiety or after the sugar has been transferred to the corresponding aglycone. 

Interestingly, all N-methyltransferases listed in Figure 2.13 belong to the former group, 

whereas most O-methyltransferases, including SpnH, SpnI, and SpnK, fit into the latter 

category. One exception is AvrH, an O-methyltransferase found in the avermectin (59) 

biosynthetic gene cluster in Streptomyces avermitilis.84 Hutchinson and co-workers 

demonstrated that AvrH catalyzes the O-methylation during TDP-β-L-oleandrose 

biosynthesis, while the sugar intermediate is still tethered to the TDP moiety. This is in 

constrast to the case of oleandomycin (58) biosynthesis in S. antibioticus, where the 3-O-

methylation of L-oleandrose catalyzed by OleY takes place when the sugar substrate has 

already been transferred the aglycone.85 In order to probe the existence of any conserved 

motif responsible for specific selection of the NDP-moiety, the primary sequences of the 

above N-methyltransferases along with AvrH were analyzed using a multiple sequence 

alignment program, ClustalW. The alignment result reveals that the primary structure of 

AvrH shows no apparent similarity other than the conserved SAM-binding motifs to the 
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N-methyltransferases examined. In contrast, the sequence homology between DesVI, 

TylM1, and SpnS is notably high (>40% sequence identities). The crystal structure of 

DesVI complexed with a substrate mimetic, UDP-benzene, provides important 

information about the roles of key residues in the active site of N-methyltransferases, 

particularly for NDP recognition.86 As shown in Figure 2.14, a number of amino acid 

residues found near the UDP moiety are likely to contribute to the substrate selection. For 

instance, the binding of the uracil ring seems to be stabilized by the π-π interactions with 

two flanking aromatic residues, Trp150 and Trp141. In addition, cationic arginine 

residues, Arg17, Arg165, and Arg229, are placed close enough to have strong 

electrostatic interactions with the anionic pyrophosphate bond. Those key residues are 

found to be well conserved among DesVI, TylM1, and SpnS, suggesting that they can be 

used to predict the substrate specificity of an unknown methyltransferase. In addition, the 

fact that the sequence of AvrH shows little similarity to known N-methyltransferases 

indicates that NDP-sugar modifying O-methyltransferases are likely to have a different 

ancestor. Interestingly, the primary structure of AvrH is not very different from other O-

methyltransferases, and, indeed, their overall sequences other than SAM-binding motifs 

are quite different especially near their N-termini, which are known to be responsible for 

substrate recognition. Therefore, without structural information, it is currently difficult to 

predict based solely on the sequence information whether a certain unknown sugar-

modifying O-methyltrasferase will use an NDP-sugar or a glycosylated aglycone as the 

substrate. 
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Figure 2.14. TDP-binding site found in the crystal structure of DesVI complexed with UDP-
benzene and sequence alignment between DesVI, SpnS, TylM1, and AvrH.  
 

The rhamnose moiety of spinosyns has perhaps the most complex methylation 

pattern as compared to other methylated deoxysugars associated with polyketide natural 

products. The enzymes involved in the rhamnose modification, SpnH, SpnI, and SpnK 

are found to be regiospecific 4-, 2-, and 3-O-methyltransferases, respectively. 

Interestingly, the sequence of methylations to produce permethylated rhamnose is strictly 

ordered as described in Section 2.3.3. Methyl transfer events during tylosin (60) and 

mycinamicin (60) biosynthesis catalyzed by TylE/F and MycE/F, respectively, involve 

two consecutive reactions to modify two different hydroxyl groups in the corresponding 

sugar substrates. As in the case of spinosyn biosynthesis, TylE/F and MycE/F were also 

found to catalyze highly regiospecific methyl transfer reactions in a defined sequence.79, 
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87 In these cases, however, the order is, instead, established by the strict substrate 

specificity of each enzyme pair (TylE vs TylF, MycE vs MycF). For instance, MycE does 

not modify the MycF substrate and vice versa. In contrast, SpnH, SpnI, and SpnK can all 

process R-AGL (36), which potentially can cause the accumulation of dead-end 

intermediates such as 42 and 44. Hence, it is proposed that the methylation sequence is 

likely regulated by the differential expression levels of the corresponding genes during 

spinosyn production. In addition, the kinetic behaviors of these three methyltransferases 

could also play a critical role in the control of the reaction flux. Therefore, if kinetic 

parameters of these enzymes are available, it may be possible to rationally reprogram the 

methylation patterning of the spinosyn rhamnose moiety. 

Previously, the permethylation of rhamnose had been investigated during the 

study of elloramycin (56) biosynthesis.83 Salas and co-workers showed that the three 

methyltrasferases (ElmMI, ElmMII, and ElmMIII) regiospecifically methylate the O-2′, 

O-3′, and O-4′-position of rhamnose, respectively, based on in vitro cell-free-extracts 

assays and in vivo deletion/complementation assays. Although the order of the 

methylation events (ElmMI → ElmMII → ElmMIII) was also proposed, it remained to be 

biochemically validated. The protein sequences of SpnH, SpnI, and SpnK are highly 

homologous to those of ElmMIII (65% identity to SpnH), ElmMI (39% identity to SpnI), 

and ElmMII (38% identity to SpnK), respectively, indicating that they may share 

common ancestors. Considering the sequence similarity, it would be interesting to 

investigate whether the order of methylations catalyzed by ElmMI, ElmMII, and 

ElmMIII is also ensured in an analogous fashion to that found in the spinosyn 

biosynthesis. 
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2.4. CONCLUSION 

Herein, SpnH, SpnI, and SpnK have been demonstrated as methyltransferases 

responsible for rhamnose permethylation during spinosyn biosynthesis. In addition, the 

detailed in vitro assays using all mono- and di-methylated intermediates as well as TDP-

β-L-rhamnose as substrates unequivocally confirmed that proposed the route B (Scheme 

2.2) is operative while route A is not. It should be mentioned that recently Huang and co-

workers reported the capability of the heterologously expressed SpnH to convert 4′-O-

desmethyl-spinosyn A (spinosyn K, 9) to spinosyn A (1),88 suggesting that route C is also 

feasible. Careful investigation of the order of rhamose methylation events revealed that 

only one route is allowed for permethylation of the spinosyn rhamnose moiety due to the 

incapability of SpnI and SpnK to process dimethylated substrates. Since routes leading to 

dead-end intermediates are still intact, based on the competition assay results described in 

Section 2.3.4, it is conceivable that the success of rhamnose permethylation may be 

ascribed to tight control of the expression levels of the spnH, spnI, and spnK genes in a 

cellular context. Such a complex pattern of rhamonose methylation events can only be 

elucidated by reconstituting the entire pathway with purified enzymes, as this information 

is inaccessible by genetic or bioinformatic approaches. Thus, this study not only provides 

valuable insight into rhamnose methylation events during spinosyn biosynthesis, but also 

clearly highlights the significance of a biochemical approach in deciphering natural 

product biosynthetic pathways. Furthermore, the detailed information described herein, 

including the substrate specificity of SpnH, SpnI, and SpnK, is anticipated to be useful 

for rational engineering of the spinosyn producing strain to generate new spinosyn 

derivatives.  
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Chapter 3. Investigation of the Spinosyn “Cross-bridging” Reactions 

Part I: Total Synthesis of the Presumed Cross-bridging Precursors and 

Characterization of a Flavin-Dependent Oxidase, SpnJ 

 

3.1. INTRODUCTION 

 

Figure 3.1. Polyketide natural products having fused cyclic rings. 

Fused polycarbocyclic systems are found in a number of natural products 

biosynthesized by polyketide synthases (PKSs). In the case of type II PKSs, it has been 

shown that there are dedicated cyclases to catalyze the formation of intramolecular C–C 

bonds within the nascent polyketide chains to generate fused polyhydroxycarbocycles, 

which are eventually aromatized by aromatases to produce aromatic polycyclic products.3 

In contrast, the biosynthetic logic used to form a “cross-linkage” within non-aromatic 
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polyketide natural products, whose formations are catalyzed by type I PKSs, is not well 

understood. Figure 3.1 shows the chemical structures of a number of polyketide 

molecules which have a fused carbocyclic moiety. Among them, the biosyntheses of 

three natural products, solanapyrone (2), lovastatin (3), and coronatine (4), have been 

investigated with the specific aim to decipher the mechanism of fused cyclic ring 

formation.7, 89, 90 In the case of solanapyrone and lovastatin biosynthesis, the involvement 

of an enzyme-catalyzed intramolecular Diels-Alder reaction has been proposed to be 

responsible for the formation of their dehydrodecalin moieties.7, 89 In both cases, linear 

polyketide chains (i.e., 15 and 16, see Scheme 3.1A and B) are considered to be 

substrates for the putative cyclases, solanapyrone synthase and lovastatin nonaketide 

synthase (lovB), respectively. The Oikawa and Vederas groups independently 

demonstrated the capability of these enzymes to influence the stereochemical outcome of 

the corresponding cyclization events, although experimental evidence supporting the 

hypothesized mechanism, the Diels-Alder reaction, is not available (detailed discussions 

can be found in Chapter 4). Recently, Walsh and co-workers investigated the biogenesis 

of the dehydrohydrindane ring system within coronatine (4) and revealed that one of the 

type I PKSs found in the biosynthetic gene cluster, Cfa7, is indeed capable of catalyzing 

not only the canonical polyketide elogation and modifications, but also the cyclization of 

a polyketide intermediate tethered to the corresponding template domain (Scheme 

3.1C).90 Based on the in vitro study using a surrogate substrate mimicking the structure of 

18, they proposed a Claisen-type conjugate addition as the mechanism for the 

intramolecular C–C bond formation. 
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Scheme 3.1. Examples of intramolecular C–C bond formations during polyketide natural products 
biosynthesis and proposed chemical mechanisms for the cyclization steps. A. Solanapyrone. B. 
Lovastatin. C. Coronatine. 
 

Spinosyn A (SPA, 1) possesses a characteristic tetracyclic core consisting of a 12-

membered macrolactone ring fused to a perhydro-as-indacene moiety. The unique 

structure of SPA has inspired a number of research groups to develop novel strategies to 

synthetically construct such a sophisticated carbon skeleton architecture. Indeed, three 

research groups independently succeeded in total synthesis of spinosyn A by engaging 

different approaches. In particular, stereoselective elaboration of the perhydro-as-

indacene core, which has been considered to be a central challenge, could be 

accomplished by employing chiral auxiliary mediated asymmetric intermolecular Diels-

Alder reaction (Evans),91 stereocontrolled anionic oxy-Cope rearrangement (Paquette),92, 

93 or substrate-directed asymmetric transannular Diels-Alder reaction (Roush).94 
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Scheme 3.2. Proposed spinosyn “cross-bridging” pathway. 
 

Even though significant advances have been made in developing synthetic 

methodologies to forge the spinosyn tetracyclic core, the biogenesis of this fused ring 

system is only at the speculative level. The perhydro-as-indacene moiety is also present 

in another polyketide natural product, ikarugamycin (5, Figure 3.1), found in 

Streptomyces No. 8603 strain, albeit with different stereochemistry. Its biosynthesis has 

yet to be studied, either. Analysis of the spinosyn biosynthetic gene cluster (see Figure 

2.2) has led to a hypothesis that three intramolecular C–C bonds (C3–C14, C4–C12, and 

C7–C11) are likely formed from the monomacrolactone 22 (for the assignment of the 

stereochemistry, see Section 3.3.1) immediately after its release from the PKS, SpnE, but 

prior to the glycosyl transfer steps (Scheme 3.2, 21→22→20).63 Waldron and co-workers 

also proposed that the gene products of spnF, spnJ, spnL, and spnM might be involved in 

the “cross-bridging” reactions based on their gene disruption study coupled with 
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intermediate feeding experiments. BLAST search indicates that SpnJ and SpnM are 

homologous to flavin-dependent dehydrogenases (e.g., 55% identity to a dehydrogenase 

in Streptomyces steffisburgensis) and lipases (e.g., 44% identity to a triacylglycerol lipase 

in Thermomonospora curvata), respectively. SpnF and SpnL have 34% sequence identity 

to each other, and both enzymes show significant similarity to SAM-dependent 

methyltransferases (e.g., 36% and 39% identity, respectively to a methyltransferase, 

StaMA, in Streptomyces clavuligerus). However, when comparing the structural 

differences between the “cross-bridging” precursor 22 and the end product, AGL (20), it 

is not immediately apparent what are the catalytic roles of those enzymes, since the 

cyclization requires neither hydrolysis of an ester nor methyl group incorporation, which 

are the canonical reactions catalyzed by lipases and SAM-dependent methyltransferases, 

respectively. The only exception is SpnJ, which may be responsible for the oxidation of 

the C–15 hydroxyl group. Indeed, Leadlay and co-workers had proposed that the 

oxidation of the C–15 hydroxyl group of 22 is the first obligatory step to set the stage for 

the cross-bridging reactions by lowering the pKa of the C–14 methylene hydrogens.95 

Alternatively, it is also conceivable that the intramolecular C–C bond formations may be 

reminiscent of the decalin and hydrindane formation steps during lovastatin and 

coronatine biosynthesis, respectively (see Scheme 3.1B and C), where generation of the 

perhydro-as-indacene moiety initiated by SpnJ catalysis may occur while the polyketide 

backbone is still tethered to a PKS, most likely SpnE (Scheme 3.2, 21→23→20). Another 

possibility that cannot be ignored is that SpnJ may possess a dual function to catalyze not 

only an oxidation, but also a cyclization reaction as proposed for other aforementioned 

putative cyclases (e.g., solanapyrone synthase). To test these possibilities, it is essential to 
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prepare the presumed substrates such as 21 and 22, as well as the putative oxidase, SpnJ. 

Since efforts to isolate 22 by fermentation of an S. spinosa spnJ knock-out strain were 

reported to be fruitless,63 the most viable approach to secure 21 and 22 would be to 

chemically synthesize those molecules. Detailed in this chapter are the chemical 

syntheses of 22 and 24 (a surrogate of 21 bearing N-acetylcysteamine (NAC) instead of 

the whole SpnE module 10). In addition, an in vitro study using SpnJ with these two 

possible substrates to distinguish the two hypothesized biosynthetic pathways is also 

described.  

 

3.2. EXPERIMENTAL PROCEDURES 

3.2.1. Materials and Equipment 

All chemicals were products of Sigma-Aldrich or Fisher Scientific or Acros 

Chemical and were used without further purification unless specified. Genomic DNA of 

Saccharopolyspora spinosa (NRRL18537), a PCR template for amplification of spnJ, 

was prepared by using standard methods.[ref] Echerichia coli DH5α cells were 

purchased from Bethesda Research Laboratories (Muskegon, MI). Vector pET28b(+) and 

overexpression host cell E. coli BL21(DE3) were obtained from Novagen (Madison, WI). 

Luria-Bertani (LB) medum was a product of Difco (Detroit, MI) as the dehydrated form. 

pfu DNA polymerase was ordered from Invitrogen (Carlsbad, CA). Analytical thin layer 

chromatography (TLC) was carried out on pre-coated TLC glass plates (Silica gel, grade 

60, F254, 0.25mm layer thickness) obtained from EMD chemicals (Madison, WI). Flash 

column chromatography was performed on Silica Gel (230-400 mesh, grade 60) acquired 

from Sorbent Technologies (Atlanta, GA) by elution with the specified solvents. 
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Polymerase chain reactions (PCRs) were performed using an Eppendorf Mastercycler 

Gradient. High-performance liquid chromatography (HPLC) applications were performed 

on a Beckman Coulter HPLC instrument equipped with a UV detector. The NMR spectra 

were acquired on a Varian Unity 500 or 300 spectrometer housed in the NMR Facility of 

the Department of Chemistry and Biochemistry, University of Texas at Austin. The mass 

spectroscopic analysis was done at the Mass Spectrometry and Proteomics Facility within 

the Department of Chemistry and Biochemistry and the Institute for Cellular and 

Molecular Biology, University of Texas at Austin.  

3.2.2. Synthesis of Fragment A (26) 

(S)-5-Hydroxy-N-methoxy-N-methylheptanamide (35): To a mixture of aldehyde 33 

(2.61 g, 16.4 mmol) in 50 mL anhydrous hexanes at room temperature was added (-)-

(1S,2R)-N,N-dibutylnorephedrine (0.273 mL, 0.984 mmol) and the reaction was stirred at 

room temperature for 30 min. Then, the reaction was cooled to 0 ºC and diethyl zinc (1.1 

M in toluene, 37 mL, 41 mmol) was added. After 24 hr, the reaction was quenched by 

adding a saturated ammonium chloride solution (30 mL) and the mixture was extracted 

with dichloromethane (30 mL x 5), dried over anhydrous sodium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 1/3) to afford alcohol 35 (2.05 g, 10.8 mmol, 

66%). 1H NMR (CDCl3, 500 MHz) δ 3.65 (s, 3H, OMe), 3.48 (ddd, J = 12, 7.9, 4.5 Hz, 

1H, 5-H), 3.15 (s, 3H, NMe), 2.43 (br t, J = 5.5 Hz, 2H, 2-H), 1.77-1.67 (m, 2H, 3-H), 

1.53-1.37 (m, 4H, 4-H, 6-H), 0.91 (t, J = 7.5 Hz, 3H, 7-H); 13C NMR (CDCl3, 125 MHz) 

δ 174.7. 72.6, 61.2, 36.5, 32.2, 31.6, 30.1, 20.3, 9.90; HRMS (CI+) m/z for C9H10NO3 

[M+H]+, calc. 190.1443, found 190.1447. 
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(S)-5-(Triethylsilyloxy)heptanal (36): To a clear solution of alcohol 35 (0.238 g, 1.25 

mmol) in 5 mL anhydrous dichloromethane at -78 ºC was added 2,6-lutidine (0.290 mL, 

2.50 mmol) followed by triethylsilyl trifluromethanesulfonate (TESOTf, 0.339 mL, 1.50 

mmol). After stirred for 3 hr while the temperature was maintained at -78 ºC, the reaction 

mixture was poured into a saturated ammonium chloride solution (20 mL), extracted with 

dichloromethane (20 mL x 3), dried over anhydrous magnesium sulfate, and concentrated 

under reduced pressure. The residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 1/1) to afford a silyl ether (0.310 g, 1.03 mmol). To a solution of 

the silyl ether in toluene (4 mL) at -78°C was added DIBAL-H (1 M in hexanes, 2.06 

mL, 2.06 mmol). After 2 hr stirring at -78 ºC, the reaction was quenched by adding 

methanol (2 mL) followed by a saturated Rochelle’s salt solution (3 mL). The mixture 

was stirred at room temperature for an additional 30 min. The reaction mixture was 

extracted with ethyl acetate (20 mL x 3), dried over anhydrous sodium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 19/1) to afford aldehyde 36 (0.237 g, 0.970 

mmol, 2 steps 78%). 1H NMR (CDCl3, 500 MHz) δ 9.74 (t, J = 1.5 Hz, 1H, 1-H), 3.58 (t, 

J = 5.5 Hz, 1H, 5-H), 2.40 (ddd, J = 7.5, 7.0, 1.5 Hz, 2H, 2-H), 1.73-1.56 (m, 2H, 3-H), 

1.48-1.36 (m, 4H, 4-H, 6-H), 0.937 (t, J = 8 Hz, 9H, TES), 0.85 (t, J = 7.5 Hz, 3H, 7-H), 

0.58 (q, J = 8 Hz, 6H, TES); 13C NMR (CDCl3, 125 MHz) δ 202.6, 73.1, 44.0, 35.9, 29.8, 

18.0, 9.55, 6.92, 5.08; HRMS (CI+) m/z for C13H29O2Si [M+H]+, calc. 245.1937, found 

245.1925. 
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(2R,3S,7S)-1-((R)-4′-Benzyl-2′-thioxooxazolidin-3′-yl)-3-hydroxy-2-methyl-7-

(triethylsilyloxy)nonan-1-one (38): To a clear solution of oxazolidino-2-thione 37 

(0.528 g, 2.12 mmol) in 14 mL anhydrous dichloromethane at 0 ºC was added 

titanium(IV) chloride (0.243 mL, 2.22 mmol) producing a yellow suspension. After 5 min 

of stirring, (-)-sparteine (1.20 mL, 5.30 mmol) was added to the suspension to produce a 

dark red solution. The reaction continued at 0 ºC for 20 min for complete enolization, and 

then a precooled solution of aldehyde 36 (0.780 g, 3.19 mmol) in 3 mL anhydrous 

dichloromethane was slowly transferred to the reaction mixture at 0 ºC via cannula, 

turning the reaction to a lighter shade of red. After 1 hr, the mixture was poured into a 

brine solution (100 mL), extracted with dichloromethane (25 mL x 5), dried over 

anhydrous sodium sulfate, and concentrated under reduced pressure. The crude residue 

was subjected to flash column chromatography (hexanes/ethyl acetate = 4/1) to afford 

syn-aldol adduct 38 (0.848 g, 1.72 mmol, 84%). 1H NMR (CDCl3, 500 MHz) δ 7.23-7.29 

(m, 2H, Ph), 7.27-7.24 (m, 1H, Ph), 7.20-7.18 (m, 2H, Ph), 4.96-4.91 (m, 1H, 4'-H), 4.67 

(dq, J = 7, 2.7 Hz, 1H, 2-H), 4.32-4.26 (m, 2H, 5'-H), 3.98-3.96 (m, 1H, 3-H), 3.57 

(quint, J = 5.5 Hz, 1H, 7-H), 3.22 (dd, J = 15, 3.5 Hz, 1H, PhCH2), 2.74 (dd, J = 13.5, 10 

Hz, 1H, PhCH2), 1.58-1.28 (m, 8H, 4-H, 5-H, 6-H, 8-H), 1.27 (d, J = 7 Hz, 3H, 2-Me), 

0.937 (t, J = 8 Hz, 9H, TES), 0.849 (t, J = 7.5 Hz, 3H, 9-H), 0.574 (q, J = 8 Hz, 6H, 

TES); 13C NMR (CDCl3, 125 MHz) δ 185.0, 178.4, 135.1, 129.4, 129.0, 127.5, 73.4, 

71.6, 70.2, 59.9, 42.0, 37.6, 36.5, 34.3, 29.8, 21.7, 10.3, 9.62, 6.96, 5.12; HRMS (CI+) 

m/z for C26H44N1O4Si1S1 [M+H]+, calc. 494.2760, found 494.2784. 

(2R,3S,7S)-3-hydroxy-N-methoxy-N,2-dimethyl-7-(triethylsilyloxy)nonanamide (39): 

To a suspension of N,O-dimethylhydroxylamine hydrochloride salt  (62 mg, 0.64 mmol) 
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in tetrahydrofuran (1 mL) at 0 ºC was slowly added trimethylaluminum (2 M in hexanes, 

0.319 mL, 0.639 mmol). After 15 min stirring at 0 ºC, the homogeneous solution was 

warmed to room temperature for 15 min, at which time the reaction was cooled to -15 ºC 

and a solution of aldol adduct 38 (105 mg, 0.213 mmol) in tetrahydrofuran (1 mL) was 

added. The mixture was stirred for 4 hr at 0 ºC. The reaction was then quenched by 

adding cold 1 N hydrochloric acid solution (5 mL) and cold dichloromethane (5 mL). The 

resulting mixture was stirred for 30 min, extracted with dichloromethane (10 mL x 3), 

washed with 15% sodium hydroxide solution (20 mL x 4) and a brine solution (20 mL), 

dried over anhydrous sodium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 2/1) to 

afford Weinreb amide 39 (63 mg, 17 mmol, 82%). 1H NMR (CDCl3, 500 MHz) δ 3.85 

(m, 1H, 3-H), 3.68 (s, 3H, MeONMe-CO), 3.58 (m, 1H, 7-H), 3.18 (s, 3H, MeONMe-

CO), 2.86 (app br s, 1H, 2-H), 1.57-1.26 (m, 8H, 4-H 5-H, 6-H, 8-H), 1.14 (d, J = 7 Hz, 

1H, 2-Me), 0.94 (t, J = 8 Hz, 9H, TES), 0.85 (t, J = 7.5 Hz, 3H, 9-H), 0.57 (q, J = 8 Hz, 

6H, TES); 13C NMR (CDCl3, 125 MHz) δ 178.4, 73.4, 71.4, 61.5, 38.5, 36.5, 34.0, 31.9, 

30.0, 21.7, 9.9, 9.6, 6.9, 5.1; HRMS (CI+) m/z for C18H40NO4Si [M+H]+, calc. 362.2721, 

found 362.2724. 

(5R,6S,10S)-6-(tert-butyldimethylsilyloxy)-5-methyl-10-(triethylsilyloxy)dodec-1-en-

4-one (40): To a solution of secondary alcohol 39 (150 mg, 0.415 mmol) and 2,6-lutidine 

(96 µL, 0.830 mmol) in dichloromethane (3 mL) at -78 ºC was added tert-

butyldimethylsilyl trifluoromethanesulfonate (114 µL, 0.498 mmol). After 1 hr of 

stirring, the reaction mixture was poured into a saturated sodium bicarbonate solution (10 

mL) and extracted with dichloromethane (10 mL x 3). The combined organic extracts 
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were dried over anhydrous magnesium sulfate and concentrated under reduced pressure. 

The crude residue was subjected to flash column chromatorgraphy (hexanes/ethyl acetate 

= 9/1) to afford the corresponding silyl ether (179 mg, 0.376 mmol, 91%). 1H NMR 

(CDCl3, 500 MHz) δ 3.91 (m, 1H, 3-H), 3.66 (s, 3H, MeONMe-CO), 3.54 (m, 1H, 7-H), 

3.15 (s, 3H, MeONMe-CO), 2.95 (app br s, 1H, 2-H), 1.49-1.26 (m, 8H, 4-H 5-H, 6-H, 8-

H), 1.12 (d, J = 7 Hz, 1H, 2-Me), 0.93 (t, J = 8 Hz, 9H, TES), 0.88 (s, 9H, TBS), 0.85 (t, 

J = 7.5 Hz, 3H, 9-H), 0.56 (q, J = 8 Hz, 6H, TES), 0.034 (s, 3H, TBS), 0.032 (s, 3H, 

TBS); 13C NMR (CDCl3, 125 MHz) δ 176.6, 73.5, 61.3, 37.1, 36.0, 29.6, 25.9, 20.1, 18.1, 

14.3, 9.6, 6.9, 5.1, -4.2, -4.5; HRMS (CI+) m/z for C24H54NO4Si2 [M+H]+, calc. 

476.3591, found 476.3602. To a solution of the product obtained from the previous step 

(173 mg, 0.363 mmol) in ethyl ether (8 mL) at -78 ºC was added allyl magnesium 

bromide (1 M solution in ethyl ether, 0.472 mL, 0.472 mmol). After 2 hr stirring, the 

reaction was quenched by adding 10% citric acid (15 mL). The resulting mixture was 

then extracted with ethyl acetate (15 mL x 3). The combined organic extracts were 

washed with a saturated sodium bicarbonate solution (15 mL), dried over anhydrous 

magnesium sulfate, and concentrated under reduced pressure. The crude product (40, 152 

mg, 0.333 mmol, 92%) was used for the next step without further purification.  

(4R,5S,6S,10S)-6-(tert-butyldimethylsilyloxy)-5-methyl-10-(triethylsilyloxy)dodec-1-

en-4-ol (41 from 40): To a solution of ketone 40  (1.43 g, 3.13 mmol) in ethyl ether (100 

mL) at -78 ºC was added lithium aluminum hydride (237 mg, 6.26 mmol). After 2 hr 

stirring, the reaction was carefully quenched by adding Rochelle’s salt solution (1 M, 50 

mL). The resulting mixture was stirred for 2 hr at room temperature and extracted with 

ethyl acetate (50 mL x 3). The combined organic extracts were dried over anhydrous 
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sodium sulfate and concentrated under reduced pressure. The crude residue was subjected 

to flash column chromatography (hexanes/ethyl acetate = 50/1) to afford alcohol 41 (860 

mg, 1.87 mmol, 60%) along with the other isomer (287 mg, 0.626 mmol, 20%). 1H NMR 

(CDCl3, 500 MHz) δ 5.83-5.75 (m, 1H, 2-H), 5.11-5.03 (m, 2H, 1-H), 3.82-3.76 (m, 2H, 

6-H, 10-H), 3.55 (app quint, 1H, J = 6 Hz, 4-H), 2.72 (br s, 1H, 4-OH), 2.30-2.24 (m, 1H, 

3-H), 2.22-2.16 (m, 1H, 3-H), 1.61-1.17 (m, 9H, 5-H, 7-H, 8-H, 9-H, 11-H), 0.94 (t, J = 8 

Hz, 9H, TES), 0.87 (app s, 11H, TBS, 2-Me), 0.85 (t, J = 7.4 Hz, 3H, 12-H), 0.57 (q, J = 

8.5 Hz, 6H, TES), 0.074 (s, 3H, TBS), 0.069 (s, 3H, TBS); 13C NMR (CDCl3, 125 MHz) 

δ 135.4, 117.1, 77.5, 74.3, 73.4, 39.8, 39.0, 36.7, 35.0, 29.9, 25.9, 21.3, 18.0, 9.7, 6.9, 5.7, 

5.1, -3.6, -4.5; HRMS (CI+) m/z for C25H53O3Si2 [M+H]+, calc. 457.3533, found 

457.3531. 

(2S,3S,7S)-3-(tert-butyldimethylsilyloxy)-2-methyl-7-(triethylsilyloxy)nonan-1-ol 

(43): To a clear solution of syn-aldol adduct 38 (3.51 g, 7.12 mmol) in 50 mL anhydrous 

dichloromethane was added 2,6-lutidine (1.70 mL, 14.2 mmol) followed by tert-

butyldimethylsilyl trifluoromethanesulfonate (TBSOTf, 1.96 mL, 8.54 mmol) at -78 ºC 

and the reaction continued with the temperature maintained at -78 °C for 2 hr. Then, the 

reaction mixture was poured into a saturated sodium bicarbonate solution (50 mL), 

extracted with dichloromethane (100 mL x 3), dried over anhydrous magnesium sulfate, 

and concentrated under reduced pressure. The residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 19/1) to afford silyl ether 42 (3.99 g, 6.58 

mmol, 92%). To a solution of 42 in anhydrous diethyl ether (40 mL) with methanol 

(0.340 mL) at 0 ºC was added lithium borohydride (2 M in tetrahydrofuran, 4.23 mL, 

8.47 mmol), where immediate evolution of a gas, presumably molecular hydrogen, was 
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detected. After 15 min stirring at 0 ºC, the reaction mixture was warmed to room 

temperature over 1 hr, at which time 15% sodium hydroxide (40 mL) was added and the 

reaction mixture was stirred for additional 30 min. The mixture was then extracted with 

ethyl acetate (40 mL x 3), dried over anhydrous magnesium sulfate, and concentrated 

under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 19/1) to afford the primary alcohol 43 (2.24 g, 

5.28 mmol, 81%). 1H NMR (CDCl3, 500 MHz) δ 3.76-3.71 (m, 1H, 3-H or 7-H), 3.68-

3.64 (m, 1H, 1-H), 3.59-3.55 (m, 1H, 3-H or 7-H), 3.49 (dd, J = 10.5, 5 Hz, 1H, 1-H), 

1.95-1.91 (m, 1H, 2-H), 1.57-1.39 (m, 7H, 4-H, 5-H, 6-H, 8-H), 1.28-1.22 (m, 1H, 5-H), 

0.94 (t, J = 8 Hz, 6H, TES), 0.88 (s, 9H, TBS), 0.85 (t, J = 7.4 Hz, 3H, 9-H), 0.79 (d, J = 

6.9 Hz, 3H, 2-Me), 0.58 (q, J = 8 Hz, 6H, TES), 0.07 (s, 3H, TBS), 0.05 (s, 3H, TBS); 

13C NMR (CDCl3, 125 MHz) δ 75.9, 73.3, 66.1, 39.5, 36.8, 32.6, 29.8, 25.8, 22.0, 18.0, 

11.9, 9.66, 6.95, 6.57, 5.79, 5.12, -4.40, -4.49; HRMS (CI+) m/z for C22H51O3Si2 [M+H]+, 

calc. 419.3377, found 419.3374. 

(4R,5S,6S,10S)-6-(tert-Butyldimethylsilyloxy)-5-methyl-10-(triethylsilyloxy)dodec-1-

en-4-ol (41 from 43): To a solution of primary alcohol 43 (0.870 g, 2.05 mmol) in 

anhydrous dichloromethane (20 mL) at room temperature was added activated 4 Å 

molecular sieve (MS) and the resulting suspension was stirred at ambient temperature for 

10 min to get rid of moisture. To the suspension, N-methylmorpholine oxide (NMO) 

(0.480 g, 4.10 mmol) and tetrapropylammonium perruthenate (TPAP) (0.036 g, 0.103 

mmol) were added in sequence. After 30 min stirring at room temperature, 10% sodium 

thiosulfate (Na2S2O3) solution (20 mL) was added to quench the excess amount of 

oxidants, and then the reaction mixture was extracted with dichloromethane (20 mL x 3), 
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washed with a brine solution (20 mL), dried over anhydrous sodium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 50/1) to afford aldehyde 44 (0.742 mg, 1.76 

mmol, 86%). For application of Brown’s asymmetric allylation, (+)-B-

allyldiisopinocampheylborane [(+)-Ipc2B(allyl)] reagent was prepared as follows. To a 

solution of (+)-B-methoxydiisopinocampheylborane [(+)-Ipc2BOMe] (0.164 g, 0.519 

mmol) in anhydrous ethyl ether (2 mL) at room temperature was added allylmagnesium 

bromide (1 M in ethyl ether, 0.472 mL, 0.472 mmol) and the resulting white suspension 

continued stirring for 1 hr. After the suspension mixture was cooled to -78 ºC, a solution 

of aldehyde 44 (0.100 g, 0.236 mmol) in anhydrous ethyl ether (1 mL) was added to the 

solution containing (+)-Ipc2B(allyl) and the mixture was stirred at -78°C for an additional 

30 min. To quench the reaction, methanol (1 mL) was added followed by 1 N sodium 

hydroxide (1 mL) and 30% hydrogen peroxide solution (0.340 mL, 0.944 mmol). After 

overnight stirring at room temperature, the reaction mixture was poured into a saturated 

sodium bicarbonate solution (10 mL), extracted with ethyl acetate (10 mL x 3), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 50/1) to 

afford homoallylic alcohol 41 (0.070 g, 1.53 mmol, 70%). 1H NMR (CDCl3, 500 MHz) δ 

5.83-5.75 (m, 1H, 2-H), 5.11-5.03 (m, 2H, 1-H), 3.82-3.76 (m, 2H, 6-H, 10-H), 3.55 (app 

quint, 1H, J = 6 Hz, 4-H), 2.72 (br s, 1H, 4-OH), 2.30-2.24 (m, 1H, 3-H), 2.22-2.16 (m, 

1H, 3-H), 1.61-1.17 (m, 9H, 5-H, 7-H, 8-H, 9-H, 11-H), 0.94 (t, J = 8 Hz, 9H, TES), 0.87 

(app s, 11H, TBS, 2-Me), 0.85 (t, J = 7.4 Hz, 3H, 12-H), 0.57 (q, J = 8.5 Hz, 6H, TES), 

0.074 (s, 3H, TBS), 0.069 (s, 3H, TBS); 13C NMR (CDCl3, 125 MHz) δ 135.4, 117.1, 
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77.5, 74.3, 73.4, 39.8, 39.0, 36.7, 35.0, 29.9, 25.9, 21.3, 18.0, 9.7, 6.9, 5.7, 5.1, -3.6, -4.5; 

HRMS (CI+) m/z for C25H53O3Si2 [M+H]+, calc. 457.3533, found 457.3531. 

(S)-6-((4′S,5′R,6′R)-6′-allyl-2′ ,2′ ,5′-trimethyl-1′ ,3′-dioxan-4′-yl)hexan-3-ol (45): To 

a solution of compound 41 (79 mg, 0.17 mmol) in tetrahydrofuran (2 mL) at 0 ºC was 

added tetrabutylammonium fluoride (1 M solution in tetrahydrofuran, 0.378 mL, 0.378 

mmol). After 30 min stirring, the reaction mixture was warmed to room temperature and 

stirred for an additional 1 hr. The mixture was then poured into a saturated ammonium 

chloride solution (10 mL) and extracted with dichloromethane (10 mL x 3). The 

combined organic extracts were dried over anhydrous sodium sulfate and concentrated 

under reduced pressure. The crude product, a triol, was used for the next step without 

further purification. To a solution of the triol obtained in the previous step (~40 mg, 0.17 

mmol) in a mixture of 2,2-dimethoxypropane (1 mL) and dichloromethane (1 mL) were 

added several crystals of pyridinium p-toluenesulfonate (PPTS). The reaction mixture 

was stirred for 1.5 hr, then poured into a saturated sodium bicarbonate solution (10 mL), 

and extracted with dichloromethane (10 mL x 3). The combined organic extracts were 

dried over anhydrous magnesium sulfate and concentrated under reduced pressure. The 

crude residue was subjected to flash column chromatography (hexanes/ethyl acetate = 

4/1) to afford acetonide 45 (33 mg, 0.122, 72% for 2 steps). 1H NMR (CDCl3, 500 MHz) 

δ 5.74 (m, 1H, allyl 2′′-H), 5.08 (m, 1H, allyl 1′′-H), 5.02 (m, 1H, 1′′-H), 3.88 (td, J = 

7.1, 2.3 Hz, 1H, 6′-H), 3.82 (m, 1H, 4′-H), 3.51 (m, 1H, 3-H), 2.26 (m, 1H, allyl 3′′-H), 

2.11 (m, 1H, allyl 3′′-H), 1.53-1.26 (m, 9H, 2-H, 4-H, 5-H, 6-H, 5′-H), 1.39 (s, 3H, 2′-

Me), 1.36 (s, 3H, 2′-Me), 0.91 (t, J = 7 Hz, 3H, 1-H), 0.83 (d, J = 6.8 Hz, 3H, 5′-Me); 13C 
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NMR (CDCl3, 125 MHz) δ 134.5, 116.8, 98.8, 73.3, 73.1, 73.0, 37.2, 36.7, 34.1, 32.7, 

30.1, 30.0 (2′-Me), 21.5, 19.6 (2′-Me), 9.8, 4.5. 

(4R,5S,6S,10S)-4,6-Bis(tert-Butyldimethylsilyloxy)-5-methyl-10-

(triethylsilyloxy)dodec-1-ene (46): To a solution of alcohol 41 (3.78 g, 8.24 mmol) in 

anhydrous dichloromethane (50 mL) at -78 ºC was added 2,6-lutidine (2.87 mL, 24.7 

mmol) followed by tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf, 2.82 mL, 

12.3 mmol). After 2 hr of stirring at -78 ºC, the reaction mixture was warmed to room 

temperature over 2 hr and then quenched by addition of a saturated sodium bicarbonate 

solution (50 mL). The reaction mixture was extracted with dichloromethane (50 mL x 3), 

dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. The 

crude residue was subjected to flash column chromatography (hexanes/ethyl acetate = 

50/1) to afford silyl ether 46 (4.11 g, 7.17 mmol, 87%). 1H NMR (CDCl3, 500 MHz) δ 

5.81-5.73 (m, 1H, 2-H), 5.12-5.00 (m, 2H, 1-H), 3.74 (q, J = 5.5 Hz, 1H, 6-H or 10-H), 

3.67 (q, J = 5.5 Hz, 1H, 6-H or 10-H), 3.54 (quint, J = 5.8 Hz, 1H, 4-H), 2.28-2.26 (m, 

2H, 3-H), 1.62-1.18 (m, 9H, 5-H, 7-H, 8-H, 9-H, 11-H), 0.94 (t, 9H, J = 8 Hz, TES), 0.87 

(d, J = 4 Hz, 18H, TBS), 0.85 (t, 3H, 12-H), 0.84 (d, J = 7.5 Hz, 3H, 2-Me), 0.57 (q, J = 8 

Hz, 6H, TES), 0.01-0.03 (m, 12H, TBS); 13C NMR (CDCl3, 125 MHz) δ 135.0, 116.7, 

73.5, 72.7, 72.2, 40.5, 39.7, 37.2, 35.1, 29.8, 26.0, 20.7, 18.2, 9.6, 9.3, 6.9, 5.1, -3.9, -

4.47, -4.52; HRMS (CI+) m/z for C31H69O3Si3 [M+H]+, calc. 573.4555, found 573.4557. 

(3R,4R,5S,9S)-3,5-Bis(tert-butyldimethylsilyloxy)-4-methyl-9-

(triethylsilyloxy)undecan-1-ol (47): To a solution of olefin 46 (4.11 g, 7.17 mmol) in 

tetrahydrofuran (13 mL), acetone (13 mL), and pH 7 buffer (13 mL) at room temperature 
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was added N-methylmorpholine oxide (NMO, 1.25 g, 10.7 mmol) followed by osmium 

tetroxide (0.090 g, 0.358 mmol) and then the reaction was stirred overnight. The reaction 

mixture was poured into 10% sodium thiosulfate (Na2S2O3) solution (50 mL) and stirred 

for an additional 1 hr to reduce residual oxidants. Then, the mixture was extracted with 

ethyl acetate (50 mL x 5), washed with a brine solution (50 mL), dried over anhydrous 

sodium sulfate, concentrated under reduced pressure, and used without further 

purification. To a clear solution of the crude diol (4.6 g) in tetrahydrofuran (120 mL) and 

pH 7 buffer (40 mL) at room temperature was added sodium periodate (4.8 g, 22.7 mmol) 

in three portions at 10 min intervals. After 3 hr stirring, the reaction mixture was poured 

into a saturated sodium bicarbonate solution (50 mL), extracted with ethyl acetate (50 mL 

x 3), dried over anhydrous sodium sulfate, concentrated under reduced pressure, and was 

used without further purification. To a solution of the crude aldehyde (4.35 g) in ethyl 

alcohol (70 mL) at room temperature was added sodium borohydride (0.427 g, 11.3 

mmol). After 1 hr stirring, the reaction mixture was poured into a saturated ammonium 

chloride solution (50 mL), extracted with ethyl acetate (50 mL x 3), washed with a brine 

solution (50 mL), dried over anhydrous magnesium sulfate, and concentrated under 

reduced pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 19/1) to afford alcohol 47 (2.30 g, 3.99 mmol, 3 steps 67%). 1H 

NMR (CDCl3, 500 MHz) δ 3.88-3.85 (m, 1H, 5-H or 9-H), 3.83-3.78 (m, 1H, 5-H or 9-

H), 3.69-3.64 (m, 2H, 1-H), 3.55 (quint, J = 6 Hz, 1H, 3-H), 1.89-1.83 (m, 1H), 1.81-1.70 

(m, 3H), 1,52-1.33 (m, 6H), 1.29-1.19 (m, 3H), 0.94 (t, J = 8 Hz, 9H, TES), 0.88 (s, 9H, 

TBS), 0.86 (s, 9H, TBS), 0.89-0.85 (app m, 5H, 2-Me, 11-H), 0.58 (q, J = 7.5 Hz, 6H, 

TES), 0.08-0.06 (m, 12H, TBS); 13C NMR (CDCl3, 125 MHz) δ 73.4, 72.8, 72.4, 59.8, 
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40.4, 37.0, 35.6, 35.5, 29.8, 25.9, 25.8, 21.1, 18.1, 18.0, 9.8, 9.6, 6.9, 5.2, -3.7, -4.1, -4.5; 

HRMS (CI+) m/z for C30H69O4Si3 [M+H]+, calc. 577.4504, found 577.4483. 

5-((3R,4R,5S,9S)-3,5-Bis(tert-butyldimethylsilyloxy)-4-methyl-9-

(triethylsilyloxy)undecylthio)-1-phenyl-1H-tetrazole (48) : To a solution of alcohol 47 

(0.184 g, 0.318 mmol) in anhydrous tetrahydrofuran (6 mL) at 0 ºC was added 1-phenyl-

1H-tetrazole-5-thiol (0.085 g, 0.477 mmol) followed by triphenylphosphine (PPh3, 0.125 

g, 0.477 mmol) and diisopropyl azodicarboxylate (DIAD, 0.094 mL, 0.477 mmol), and 

the resulting yellow suspension was stirred at 0 °C for 1 hr, at which time the reaction 

was warmed to room temperature over 1 hr. The reaction mixture was then concentrated 

under reduced pressure and directly subjected to flash column chromatography 

(hexanes/ethyl acetate = 50/1) to afford thioether 48 (0.202 g, 0.274 mmol, 86%). 1H 

NMR (CDCl3, 500 MHz) δ 7.54-7.49 (m, 5H, Ph), 3.84-3.78 (m, 2H, 9-H, 3-H), 3.56 

(app quint, J = 5.5 Hz, 1H, 5-H), 3.38-3.30 (m, 2H, 1-H), 2.18-2.11 (m, 1H, 2-H), 2.00-

1.93 (m, 1H, 2-H), 1.62-1.68(m, 1H, 4-H), 1.35-1.54 (m, 6H), 1.19-1.32 (m, 2H), 0.92 (t, 

J = 8 Hz, 9H, TES), 0.88-0.83 (app m, 6 H, 4-Me, 11-H), 0.87 (s, 9H, TBS), 0.85 (s, 9H, 

TBS), 0.57 (q, J = 8 Hz, 6H, TES), 0.04-0.02 (m, 12H, TBS); 13C NMR (CDCl3, 125 

MHz) δ 154.3, 133.8, 130.0, 129.7, 123.8, 73.4, 72.5, 72.1, 40.8, 37.0, 35.5, 33.9, 29.7, 

29.0, 26.0, 25.9, 21.1, 18.1, 18.0, 9.77, 9.62, 6.95, 6.56, 5.80, 5.12, -3.7, -4.1, -4.37, -

4.40, -4.44; HRMS (CI+) m/z for C37H73N4O3Si3S1 [M+H]+, calc. 737.4711, found 

737.4689. 

(3S,7S,8R,9R)-7,9-Bis(tert-butyldimethylsilyloxy)-8-methyl-11-(1-phenyl-1H-

tetrazol-5-ylsulfonyl)undecan-3-ol (26) : To a solution of thioether 48 (2.43 g, 3.30 

mmol) in ethyl alcohol (10 mL) at 0 ºC was added a premixed oxidant (2 mL, ammonium 
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molybdate/30% H2O2 = 2.4 g/10 mL), and the reaction was stirred at 0°C for 18 hr. Then, 

the reaction mixture was poured into water (30 mL), extracted with ethyl acetate (30 mL 

x 3), washed with a brine solution (30 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 19/1) to afford a sulfone with its triethylsilyl 

protecting group cleaved (2.04 g, 3.11 mmol, 95%). To a solution of the resulting alcohol 

(0.056 g, 0.0853 mmol) in dichloromethane (3 mL) at -78 ºC was added 2,6-lutidine 

(0.015 mL, 0.128 mmol) followed by addition of triethylsilyl trifluromethanesulfonate 

(TESOTf, 0.023 mL, 0.128 mmol). After 1 hr stirring at -78 ºC, the reaction was 

quenched by adding a saturated ammonium chloride solution (1 mL). The mixture was 

extracted with dichloromethane (5 mL x 3), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexane/ethyl acetate = 49/1) to afford fragment A (26) (62.7 mg, 

0.0815 mmol, 96%). 1H NMR (CDCl3, 500 MHz) δ 7.67-7.69 (m, 2H, Ph), 7.57-7.60 (m, 

3H, Ph), 3.88-3.85 (app quint, J = 4 Hz, 1H, 3-H), 3.93-3.79 (m, 1H, 9-H), 3.77-3.73 (m, 

2H, 1-H), 3.57 (app quint, J = 6 Hz, 1H, 5-H), 2.31-2.24 (m, 1H, 2-H), 2.17-2.10 (m, 1H, 

2-H), 1.61-1.36 (m, 7H), 1.33-1.17 (m, 2H), 0.93 (t, J = 8 Hz, 9H, TES), 0.91-0.83 (app 

m, 6H, 11-H, 4-Me), 0.89 (s, 9H, TBS), 0.83 (s, 9H, TBS), 0.57 (q, J = 8 Hz, 6H, TES), 

0.001-007 (m, 12H, TBS); 13C NMR (CDCl3, 125 MHz) δ 153.5, 133.1, 131.4, 129.7, 

125.0, 73.3, 71.7, 71.6, 52.2, 40.7, 36.8, 35.6, 29.8, 26.4, 25.9, 25.9, 21.2, 18.1, 18.05, 

9.62, 6.94, 5.12, -3.6, -4.3, -4.48, -4.51; HRMS (CI+) m/z for C37H73N4O5Si3S1 [M+H]+, 

calc. 769.4610, found 769.4613. 

3.2.3. Synthesis of Fragment B (27) 
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(R)-3-Hydroxy-N-methoxy-4-(4′-methoxybenzyloxy)-N-methylbutanamide (52): To 

a suspension of N,O-dimethylhydroxylamine (hydrochloric acid salt form, 4.15 g, 42.6 

mmol) in tetrahydrofuran (100 mL) at 0 ºC was added trimethylaluminum (2 M solution 

in hexanes, 21.3 mL, 42.6 mmol) slowly (evolution of a gas was detected). When the 

solution became clear (approximately 20 min later), a solution of the aldol adduct 5196 in 

tetrahydrofuran (20 mL) was transferred to the mixture via cannula over 10 min and then 

the temperature was slowly elevated to room temperature. After 3 hr stirring, the reaction 

mixture was transferred to a mixture of 1 N sodium potassium tartrate solution and ethyl 

acetate (150 mL total) via cannula. After separation from the ethyl acetate solution, the 

aqueous layer was extracted with ethyl acetate (60 mL x 3). The combined organic 

extracts were washed with a brine solution (100 mL), dried over anhydrous magnesium 

sulfate, and concentrated under reduced pressure. The crude residue was subjected to 

flash column chromatography (CH2Cl2/CH3OH = 98.5:1.5→97:3) to afford Weinreb 

amide 52 (3.02 g, 10.7 mmol, 88%). 1H NMR (CDCl3, 300 MHz) δ 7.27 (app d, J = 8.7 

Hz, 2H, PMB), 6.88 (app d, J = 8.7 Hz, 2H, PMB), 4.51 (s, 2H, PMB), 4.26 (dq, J = 7.4, 

5.4 Hz, 1H, 3-H), 3.81 (s, 3H, PMB), 3.68 (s, 3H, MeONMe-CO), 3.51 (d, 5.4 Hz, 2H, 4-

H), 3.19 (s, 3H, MeONMe-CO), 2.66 (br m, 2H, 2-H); 13C NMR (CDCl3, 75 MHz) δ 

173.1, 159.2, 130.1, 129.3, 113.7, 72.95, 72.93, 67.1, 61.2, 55.2, 35.0, 31.8; HRMS (CI+) 

m/z for C14H22NO5 [M+1]+, calc. 284.1498, found 284.1497. 

(R)-6-Hydroxy-7-(4′-methoxybenzyloxy)hept-1-en-4-one (53): A solution of allyl 

magnesium bromide (1.0 M solution in ethyl ether, 10.1 mL, 10.1 mmol) was pre-cooled 

to 0 ºC (white precipitate was observed). To this solution was transferred Weinreb amide 
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52 (950 mg, 3.35 mmol) in tetrahydrofuran (5 mL) via cannula over 5 min. The solution 

became clear. After the solution was gradually warmed up to room temperature, the 

reaction mixture was slowly transferred to a mixture of ethyl ether (30 mL) and 0.33 M 

hydrochloric acid solution (80 mL) at 0 ºC. After 15 min stirring, the mixture was 

extracted with ethyl ether (20 mL x 3), washed with a brine solution (30 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 2/1) to 

afford ketone 53 (776 mg, 2.94 mmol, 88%). 1H NMR (CDCl3, 300 MHz) δ 7.27 (app d, 

J = 8.7 Hz, 2H, PMB), 6.89 (app d, J = 8.7 Hz, 2H, PMB), 5.91 (m, 1H, 2-H), 5.24-5.11 

(m, 2H, 1-H), 4.49 (s, 2H, PMB), 4.27 (m, 1H, 6-H), 3.82 (s, 3H, PMB), 3.50-3.40 (m, 

2H, 7-H), 3.22 (dt, J = 7.2, 1.3 Hz, 2H, 3-H), 2.69-2.65 (m, 2H, 5-H); 13C NMR (CDCl3, 

75 MHz) δ 208.4, 159.3, 130.0, 129.9, 129.4, 119.2, 113.8, 73.0, 72.8, 66.7, 55.2, 48.4, 

45.3; HRMS (CI+) m/z for C15H21O4 [M+1]+, calc. 265.1440, found 265.1439. 

(2R,4R)-1-(4′-Methoxybenzyloxy)hept-6-ene-2,4-diol (54): To a pre-cooled solution of 

triethylboron (1.0 M in tetrahydrofuran, 9.57 mL, 9.57 mmol) in a mixture of 

tetrahydrofuran (80 mL) and methanol (20 mL) at -78 ºC was added a solution of ketone 

53 (2.30 g , 8.70 mmol) slowly, to which mixture was added sodium borohydride (364 

mg, 10.4 mmol) at -78 ºC. After 2 hr, the reaction was quenched by adding a saturated 

ammonium chloride solution (30 mL). The mixture was extracted with ethyl acetate (50 

mL x 3), washed with a brine solution (100 mL), dried over anhydrous magnesium 

sulfate, and concentrated under reduced pressure. The crude residue was subjected to 

flash column chromatography (hexanes/ethyl acetate = 1/1) to afford 1,3-diol 54 (1.67 g, 
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6.28 mmol, 70%). 1H NMR (CDCl3, 300 MHz) δ 7.24 (app d, J = 8.7 Hz, 2H, PMB), 

6.86 (app d, J = 8.7 Hz, 2H, PMB), 5.86-5.73 (m, 1H, 6-H), 5.12-5.05 (m, 2H, 7-H), 4.46 

(s, 2H, PMB), 4.01 (m, 1H, 2-H or 4-H), 3.90 (m, 1H, 2-H or 4-H), 3.79 (s, 3H, PMB), 

3.41 (dd, J = 9, 4 Hz, 1H, 1-H), 3.33 (dd, J = 9, 7 Hz, 1H, 1-H), 2.22 (m, 2H, 5-H), 1.67-

1.47 (m, 2H, 3-H); 13C NMR (CDCl3, 75 MHz) δ 159.3, 134.5, 129.9, 129.4, 117.9, 

113.8, 74.0, 73.0, 71.2, 71.0, 55.3, 42.2, 38.6; HRMS (CI+) m/z for C15H23O4 [M+1]+, 

calc. 267.1591, found 267.1590. To confirm the relative stereochemistry between C-9 

and C-11, diol 54 was derivatized to the corresponding acetonide as follows. (4R,6R)-4-

Allyl-6-((p-methoxybenzyloxy)methyl)-2,2-dimethyl-1,3-dioxane: To a solution of 54 

(25.8 mg, 96.9 µmol) in dichloromethane (5 mL) was added 2,2-dimethoxypropane (60 

µL, 485 µmol) and a catalytic amount of pyridinium p-toluenesulfonate (PPTS) at room 

temperature. After 2 hr, the reaction mixture was concentrated under reduced pressure 

and subjected to flash column chromatography (hexanes/ethyl acetate = 9/1) to afford the 

desired acetonide product. 1H NMR (CDCl3, 300 MHz) δ 7.24 (app d, J = 8.7 Hz, 2H, 

PMB), 6.85 (app d, J = 8.7 Hz, 2H, PMB), 5.77 (m, 1H, 2′′-H), 5.10-5.01 (m, 2H, 1′′-H), 

4.48 (q, J = 12 Hz, 2H, PMB), 4.05 (m, 1H, 4-H, or 6-H), 3.87 (m, 1H, 4-H or 6-H), 3.45 

(dd, J = 10, 6 Hz, 1H, 1′-H), 3.31 (dd, J = 10, 5 Hz, 1H, 1′-H), 2.29 (m, 1H, 3′′-H), 2.14 

(m, 1H, 3′′-H), 1.52 (dt, J = 13, 2.6 Hz, 1H, 5-H), 1.43 (s, 3H, 2-Me), 1.39 (s, 3H, 2-Me), 

1.16 (app q, J = 12 Hz, 1H, 5-H); 13C NMR (CDCl3, 75 MHz) δ 159.2, 134.1, 130.3, 

129.4, 117.1, 113.7, 98.6, 73.3, 73.1, 68.5, 68.3, 55.3, 40.8, 33.3, 30.1 (2-Me), 19.8 (2-

Me). 
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(2R,4R)-1-(4-Methoxybenzyloxy)-2,4-bis(tert-butyldimethylsilyloxy)hept-6-ene (55, 

from 54):  To a solution of diol 54 (1.67 g, 6.28 mmol) and 2,6-lutidine (2.53 mL, 22.0 

mmol) in dichloromethane (10 mL) at -78 ºC was added tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBSOTf, 3.61 mL, 15.7 mmol). After 1.5 hr, the mixture was 

poured into a saturated sodium bicarbonate solution (20 mL) at room temperature and 

extracted with dichloromethane (20 mL x 3). The combined organic extracts were 

washed with a brine solution (30 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 29/1) to afford protected diol 55. 1H NMR 

(CDCl3, 300 MHz) δ 7.26 (d, J = 8.7Hz, 2H, PMB-aromatic H), 6.89 (d, J = 8.5Hz, 2H, 

PMB-aromatic H), 5.81 (m, 1H, 6-H), 5.05 (app d, J = 14 Hz, 2H, 7-H), 4.46 (s, 2H, 

PMB-CH2), 3.97-3.83 (m, 2H, 2-H, 4-H), 3.80 (s, 3H, PMB-Me), 3.38 (d, J = 4.9 Hz, 2H, 

1-H), 2.34-2.12 (m, 2H, 5-H), 1.78-1.58 (m, 2H, 3-H), 0.91 (s, 9H, TBS), 0.90 (s, 9H, 

TBS), 0.08 (s, 3H, TBS), 0.07 (s, 3H, TBS), 0.05 (s, 3H, TBS), 0.04 (s, 3H, TBS); 13C 

NMR (CDCl3, 75 MHz) δ 159.0, 135.1, 130.5, 129.2, 116.9, 113.6, 74.6, 72.8, 69.1, 68.8, 

55.2, 42.1, 41.6, 25.9, 25.9, 18.1, 18.0, -4.23, -4.41, -4.54, -4.82; HRMS (CI+) m/z for 

C27H49O4Si2 [M-H]+, calc. 493.3169, found 493.3149. 

(3S,5R)-3,5-Bis(tert-butyldimethylsilyloxy)-6-(4-methoxybenzyloxy)hexanal (56): To 

a solution of olefin 55 (2.45 g, 6.63 mmol) in dioxane/H2O = 3/1 (60 mL) was added 2,6-

lutidine (1.17 mL, 10.0 mmol), osmium tetroxide (40 mg, 0.16 mmol), and sodium 

periodate (4.28 g, 20.0 mmol) in sequence at room temperature. After 5 hr of stirring, the 

solution was mixed with H2O (50 mL) and dichloromethane (100 mL). The separated 

aqueous layer was extracted with dichloromethane (50 mL x 3) and the combined organic 
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extracts were washed with a brine solution (100 mL), dried over anhydrous magnesium 

sulfate, and concentrated under reduced pressure. The crude residue was subjected to 

flash column chromatography (hexanes/ethyl acetate = 19/1) to afford aldehyde 56 (2.73 

g, 5.50 mmol, 83%). 1H NMR (CDCl3, 300 MHz) δ 9.77 (t, J = 2.4 Hz, 1H, 1-H), 7.22 (d, 

J = 9.6 Hz, 2H, PMB-aromatic H), 6.85 (d, J = 8.4 Hz, 2H, PMB-aromatic H), 4.42 (s, 

2H, PMB-CH2), 4.34 (m, 1H, 3-H), 3.84 (m, 1H, 5-H), 3.79 (s, 3H, PMB-Me), 3.34 (m, 

2H, 6-H), 2.50 (m, 2H, 2-H), 1.74 (t, J = 6.3 Hz, 2H, 4-H), 0.85 (s, 9H, TBS), 0.84 (s, 

9H, TBS), 0.03-0.02 (m, 12H, TBS); 13C NMR (CDCl3, 75 MHz) δ 202.2, 159.1, 130.25, 

129.2, 113.7, 74.3, 72.9, 68.7, 65.5, 55.2, 50.4, 42.7, 25.8, 25.7, 18.1, 17.9, -4.23, -4.41, -

4.82, -4.87; HRMS (CI+) m/z for C26H47O5Si2 [M-H]+, calc. 495.2962, found 495.2970. 

(2R,4R,E)-1-((4-Methoxybenzyloxy)methyl)-2,4-bis(tert-butyldimethylsilyloxy)-7-

iodohept-6-ene (57): To a stirred suspension of chromium(II) chloride (2.89 g, 23.6 

mmol) in anhydrous dioxane/tetrahydrofuran = 6/1 (60 mL) was added a solution of 

aldehyde 56 (2.34 g, 4.71 mmol) and iodoform (3.70 g, 9.42 mmol) in anhydrous 

dioxane/tetrahydrofuran = 6/1 (5 mL) at 0 ºC. The solution was protected from light and 

allowed to warm to room temperature over 20 hr. The resulting green solution was 

quenched with H2O (50 mL), and the separated aqueous layer was extracted with ethyl 

acetate (50 mL x 3). The combined organic extracts were washed with a saturated sodium 

thiosulfate solution (100 mL) and a brine solution (100 mL), dried over anhydrous 

magnesium sulfate, and concentrated under reduced pressure. The crude residue was 

subjected to flash column chromatography (hexanes/ethyl acetate = 97/3) to afford vinyl 

iodide 57 (2.53 g, 4.08 mmol, 87%). 1H NMR (CDCl3, 300 MHz) δ 7.23 (d, J = 8.7 Hz, 

2H, PMB-aromatic H), 6.86 (d, J = 8.7 Hz, 2H, PMB-aromatic H), 6.53-6.43 (m, 1H, 6-
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H), 5.99 (d, J = 14 Hz, 1H, 7-H), 4.42 (s, 2H, PMB-CH2), 3.87-3.81 (m, 2H, 2-H, 4-H), 

3.79 (s, 3H, PMB-Me), 3.37-3.27 (m, 2H, 1-H), 2.28-2.20 (m, 1H, 5-H), 2.14-2.04 (m, 

1H, 5-H), 1.72-1.54 (m, 2H, 3-H), 0.86 (s, 9H, TBS), 0.85 (s, 9H, TBS), 0.03-0.00 (m, 

12H, TBS); 13C NMR (CDCl3, 75 MHz) δ 159.0, 143.2, 130.4, 129.2, 113.7, 74.5, 72.9, 

68.9, 68.0, 55.3, 43.4, 42.3, 25.9, 25.8, 18.1, 18.0, -4.20, -4.48, -4.56, -4.79; HRMS (CI+) 

m/z for C27H48IO4Si2 [M-H]+, calc. 619.2136, found 619.2136. 

(2R,4R,E)-2,4-Bis(tert-butyldimethylsilyloxy)-7-iodohept-6-enal (27): To a solution of 

PMB ether 57 (3.10 g, 4.99 mmol) in CH2Cl2/H2O = 10/1 (150 mL) was added 2,3-

dichloro-5,6-dicyano-p-benzoquinone (DDQ, 1.36 g, 5.99 mmol) at room temperature. 

After 1 hr of stirring, the solution was treated with a saturated sodium bicarbonate 

solution (100 mL). The separated aqueous layer was extracted with dichloromethane (50 

mL x 3) and the combined organic extracts were dried over anhydrous magnesium sulfate 

and concentrated under reduced pressure. The crude residue was subjected to flash 

column chromatography (hexanes/ethyl acetate = 19/1) to afford a primary alcohol (2.35 

g, 4.69 mmol, 94%). 1H NMR (CDCl3, 300 MHz) δ 6.46 (dt, J = 14.4, 7.5 Hz, 1H, 6-H), 

5.99 (dt, J = 14.7, 1.2 Hz, 1H, 7-H), 3.89-3.76 (m, 2H, 2-H, 4-H), 3.58-3.51 (m, 1H, 1-

H), 3.48-3.40 (m, 1H, 1-H), 2.30-2.12 (m, 2H, 3-H), 1.73-1.58 (m, 2H, 5-H), 0.87 (s, 9H, 

TBS), 0.86 (s, 9H, TBS), 0.06-0.03 (m, 12H, TBS); 13C NMR (CDCl3, 75 MHz) δ 142.6, 

77.0, 69.8, 68.2, 66.1, 43.7, 41.3, 25.79, 25.77, 18.0, 17.9, -4.36, -4.55, -4.64; HRMS 

(CI+) m/z for C19H42IO3Si2 [M+H]+, calc. 501.1717, found 501.1713. To a solution of the 

resulting alcohol (1.00 g, 2.0 mmol) in dichloromethane (25 mL) was added Dess-Martin 

periodinane (890 mg, 2.10 mmol) at 0 ºC. After stirring at room temperature for 1 hr, the 

solution was diluted with ethyl ether (50 mL). The resulting mixture was washed with a 
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saturated sodium bicarbonate solution (50 mL), a saturated sodium thisulfate solution (50 

mL), and a brine solution (50 mL). The dichloromethane solution was then dried over 

anhydrous magnesium sulfate and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes only to remove 

iodoform → hexanes/ethyl acetate = 29/1) to afford fragment B (27) (891 mg, 1.79 

mmol, 89%). 1H NMR (CDCl3, 300 MHz) δ 9.57 (d, J = 1.2 Hz, 1H, 1-H), 6.46 (dt, J = 

14.4, 7.5 Hz, 1H, 6-H), 6.04 (d, J = 14.7 Hz, 1H, 7-H), 4.08-4.03 (m, 1H, 2-H), 3.95 (m, 

1H, 4-H), 2.26-2.18 (m, 2H, 5-H), 1.81-1.76 (m, 2H, 3-H), 0.90 (s, 9H, TBS), 0.85 (s, 

9H, TBS), 0.07-0.04 (m, 12H, TBS); 13C NMR (CDCl3, 75 MHz) δ 203.4, 142.3, 77.1, 

74.7, 66.8, 43.5, 40.2, 25.8, 25.7, 18.1, 17.9, -4.36, -4.51, -4.64, -4.95; HRMS (CI+) m/z 

for C19H40IO3Si2 [M+H]+, calc. 499.1561, found 499.1572. 

(4R,6R,7S,8S,9R,11R)-7,8-Dihydroxytetradeca-1,13-diene-4,6,9,11-tetrayl 

tetrabenzoate (62): To a stirred solution of (+)-Ipc2BCl (15.4 g, 48.0 mmol) in 

anhydrous ethyl ether (25 0mL) was added 1.0 M allyl magnesium bromide (48.0 mL, 

48.0 mmol) at -78 ºC. After 30 min, the resulting white suspension was warmed to room 

temperature and stirred for an additional 4 hr. The solution was then cooled to -78 ºC and 

treated dropwise with a solution of dialdehyde 61 (7.30 g, 16.1 mmol) in anhydrous ethyl 

ether (20 mL). After stirring at -78 ºC for 2 hr, the reaction was quenched by adding 

methanol (5 mL) followed by an alkaline hydrogen peroxide solution and stirred at room 

temperature for an additional 2 hr. The solution was diluted with ethyl ether (200 mL), 

washed with a brine solution (50 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 9/1) to afford the corresponding homoallylic 
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alcohol (7.52 g, 14.0 mmol, 87%). 1H NMR (CDCl3, 300 MHz) δ 7.91-7.87 (m, 4H, Bz), 

7.55-7.49 (m, 2H, Bz), 7.39-7.34 (m, 4H, Bz), 5.78-5.64 (m, 2H, 2-H, 13-H), 5.45-5.40 

(m, 2H, 6-H, 9-H), 5.07-5.01 (m, 4H, 1-H, 14-H), 4.30 (m, 2H, 7-H, 8-H), 3.83-3.80 (m, 

2H, 4-H, 11-H), 2.28-1.92 (m, 8H, 3-H, 5-H, 10-H, 12-H), 1.39 (s, 6H, gem-dimethyl); 

13C NMR (CDCl3, 75MHz) δ 166.0, 134.1, 133.2, 129.8, 128.4, 118.5, 110.8, 79.9, 72.5, 

68.0, 41.8, 37.6, 27.6; HRMS (CI+) m/z for C31H40O8 [M+H]+, calc. 539.2645, found 

539.2651. To a stirred solution of the resulting secondary alcohol (5.50 g, 10.3 mmol) in 

pyridine (80 mL) was added benzoyl chloride (2.50 mL, 21.5 mmol) dropwise at room 

temperature. After completion of the reaction was confirmed by TLC analysis, the 

reaction mixture was concentrated under reduced pressure. The residue was diluted with 

ethyl acetate (300 mL), washed with H2O (150 mL), dried over anhydrous magnesium 

sulfate, and concentrated under reduced pressure. The crude residue was subjected to 

flash column chromatography (hexanes/ethyl acetate = 29/1) to afford the corresponding 

benzoate (6.70 g, 8.97 mmol, 87%). 1H NMR (CDCl3, 300 MHz) δ 7.91-7.87 (m, 8H, 

Bz), 7.48-7.40 (m, 4H, Bz), 7.32-7.22 (m, 8H, Bz), 5.80-5.66 (m, 2H, 2-H, 13-H), 5.46 

(m, 2H, 6-H, 9-H), 5.31-5.23 (m, 2H, 4-H, 11-H), 5.08-5.01 (m, 4H, 1-H, 14-H), 4.60 

(dd, J = 4.5, 1.2 Hz, 2H, 7-H, 8-H), 2.49-2.08 (m, 8H, 3-H, 5-H, 10-H, 12-H), 1.34 (s, 

6H, gem-dimethyl); 13C NMR (CDCl3, 75 MHz) δ 165.8, 165.7, 133.0, 132.8, 132.7, 

130.18, 129.7, 129.5, 128.2, 128.1, 118.5, 110.9, 79.9, 71.6, 71.2, 38.1, 34.4, 27.5; 

HRMS (CI+) m/z for C45H47O10 [M+H]+, calc. 747.3169, found 747.3159. To a solution 

of the product from the previous operation (6.91 g, 9.28 mmol) in dichloromethane (60 

mL) was added trifluoroacetic acid (60 mL) at 0 ºC. After 90 min, the reaction mixture 

was diluted with H2O (120 mL) and extracted with dichloromethane (60 mL x 3). The 
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combined organic extracts were washed with H2O (60 mL), a saturated sodium 

bicarbonate solution (60 mL), and a brine solution (60 mL), dried over anhydrous 

magnesium sulfate, and concentrated under reduced pressure. The crude residue was 

subjected to flash column chromatography (hexanes/ethyl acetate = 19/1) to afford 

vicinal diol 62 (6.00 g, 8.49 mmol, 92%). 1H NMR (CDCl3, 300 MHz) δ 7.91-7.82 (m, 

8H, Bz), 7.52-7.39 (m, 4H, Bz), 7.33-7.21 (m, 8H, Bz), 5.84-5.71 (m, 2H, 2-H, 13-H), 

5.36-5.29 (m, 4H, 4-H, 6-H, 9-H, 11-H), 5.10-5.01 (m, 4H, 1-H, 14-H), 3.63 (app t, J = 

7.5 Hz, 2H, 7-H, 8-H), 3.40 (app d, J  = 7.2 Hz, 2H, 7-OH, 8-OH), 2.52-2.17 (m, 8H, 3-

H, 5-H, 10-H, 12-H); 13C NMR (CDCl3, 75 MHz) δ 166.6, 165.9, 133.2, 132.9, 132.6, 

130.0, 129.7, 129.4, 129.1, 128.3, 128.0, 118.4, 110.9, 71.8, 70.5, 38.7, 35.1; HRMS 

(CI+) m/z for C42H43O10 [M+H]+, calc. 707.2856, found 707.2845.  

(2R,4R)-1-Hydroxyhept-6-ene-2,4-diyl dibenzoate (63): To a solution of vicinal diol 62 

(5.68 g, 8.04 mmol) in dichloromethane (100 mL) was added lead tetraacetate (3.92 g, 

8.84 mmol) at room temperature. After stirring for 1 hr, the reaction mixture was filtered 

over Celite and the filtrate was concentrated under reduced pressure to afford a crude oil. 

Without further purification, the oil was dissolved in anhydrous tetrahydrofuran (100 mL) 

and treated portionwise with sodium borohydride (595 mg, 15.7 mmol) at room 

temperature. After stirring for 2 hr, the reaction was carefully quenched with H2O (50 

mL). The separated aqueous layer was extracted with ethyl acetate (50 mL x 3) and the 

combined organic extracts were washed with a brine solution (100 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 9/1) to 

afford primary alcohol 63 (4.90 g, 13.8 mmol, 86%). 1H NMR (CDCl3, 300 MHz) δ 7.98-
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7.93 (m, 4H, Bz), 7.51-7.46 (m, 2H, Bz), 7.37-7.31 (m, 4H, Bz), 5.77 (m, 1H, 6-H), 5.34-

5.26 (m, 2H, 2-H, 4-H), 5.12-5.04 (m, 2H, 5-H), 3.87-3.75 (m, 2H, 1-H), 2.50-2.46 (m, 

2H, 3-H), 2.27 (m, 2H, 5-H); 13C NMR (CDCl3, 75 MHz) δ 166.4, 166.0, 133.1, 132.9, 

132.8, 130.1, 129.8, 129.7, 128.3, 128.3, 118.6, 73.2, 71.0, 64.3, 38.8, 34.3; HRMS (CI+) 

m/z for C21H23O5 [M+H]+, calc. 355.1545, found 355.1543.  

(2R,4R)-1-(4-Methoxybenzyloxy)-2,4-bis(tert-butyldimethylsilyloxy)hept-6-ene (55, 

from 61): To a suspension of 60% sodium hydride (550 mg, 13.8 mmol) in anhydrous 

ethyl ether (100 mL) was slowly added p-methoxybenzyl (PMB) alcohol at 0 ºC. The 

mixture was stirred at room temperature for 1 hr, then cooled to 0°C, and treated 

dropwise with trichloroacetonitrile (10.5 mL, 105 mmol). After stirring at 0 ºC for 4 hr, 

the reaction mixture was warmed to room temperature and stirred overnight. The solution 

was concentrated under reduced pressure, and the residue was suspended in hexanes (150 

mL) and methanol (0.5 mL). The resulting solid was filtered through a pad of Celite, and 

the filtrate was concentrated to afford a yellow oil. The oil was dissolved in 

dichloromethane (100 mL) with alcohol 63 (4.90 g, 13.8 mmol) and treated with a 

catalytic amount of pyridinium p-toluenesulfonate (PPTS, 174 mg, 0.69 mmol) at room 

temperature. After stirring for 4 hr, the reaction was quenched by adding H2O (50 mL). 

The separated aqueous layer was extracted with dichloromethane (50 mL x 3) and the 

combined organic extracts were washed with a brine solution (50 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 19/1) to 

afford the corresponding benzyl ether (6.09 g, 12.8 mmol, 93%). 1H NMR (CDCl3, 300 

MHz) δ 8.01-7.97 (m, 4H, Bz), 7.54-7.48 (m, 2H, Bz), 7.40-7.34 (m, 4H, Bz), 7.19 (d, J 
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= 8.7 Hz, 2H, PMB-aromatic H), 6.80 (d, J = 8.7 Hz, 2H, PMB-aromatic H), 5.81 (m, 

1H, 6-H), 5.41 (m, 1H, 2-H or 4-H), 5.32 (m, 1H, 2-H or 4-H), 5.14-5.05 (m, 2H, 7-H), 

4.46 (q, J = 18, 12 Hz, 2H, PMB-CH2), 3.76 (s, 3H, PMB-Me), 3.71-3.60 (m, 2H, 1-H), 

2.52-2.48 (m, 2H, 5-H), 2.30-2.16 (m, 2H, 3-H); 13C NMR (CDCl3, 75 MHz) δ 165.9, 

159.1, 132.9, 132.9, 132.8, 130.2, 130.1, 129.9, 129.6, 129.5, 129.2, 128.2, 118.4, 113.7, 

72.8, 71.1, 70.8, 70.3, 55.1, 38.7, 34.6; HRMS (CI+) m/z for C29H30O6 [M]+, calc. 

474.2042, found 474.2022. To a solution of the product from the previous step (6.09 g, 

12.8 mmol) in anhydrous methanol (100 mL) was added sodium methoxide (1.49 g, 27.6 

mmol) at 0 ºC. After stirring at room temperature for 4 hr, the mixture was cooled to 0 ºC 

and treated with a solution of acetic acid (1.66 g, 27.6 mmol) in methanol (10 mL). The 

volatile solvents were then removed under reduced pressure, and the residue was filtered 

through a short silica gel column to afford a crude 1,3-diol. This diol was dissolved in 

anhydrous dimethylformamide (60 mL) and treated with tert-butyldimethylsilyl (TBS) 

chloride (3.65 g, 24.2 mmol) and imidazole (3.90 g, 57.0 mmol) at room temperature. 

After stirring overnight, the solution was concentrated under reduced pressure, diluted 

with ethyl acetate (150 mL), washed with a brine solution (100 mL), dried over 

anhydrous magnesium sulfate, and again concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 19/1) to 

give compound 55 (5.30 g, 10.7 mmol, 84%). 1H NMR (CDCl3, 300 MHz) δ 7.26 (d, J = 

8.7Hz, 2H, PMB-aromatic H), 6.89 (d, J = 8.5Hz, 2H, PMB-aromatic H), 5.81 (m, 1H, 6-

H), 5.05 (app d, J = 14 Hz, 2H, 7-H), 4.46 (s, 2H, PMB-CH2), 3.97-3.83 (m, 2H, 2-H, 4-

H), 3.80 (s, 3H, PMB-Me), 3.38 (d, J = 4.9 Hz, 2H, 1-H), 2.34-2.12 (m, 2H, 5-H), 1.78-

1.58 (m, 2H, 3-H), 0.91 (s, 9H, TBS), 0.90 (s, 9H, TBS), 0.08 (s, 3H, TBS), 0.07 (s, 3H, 
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TBS), 0.05 (s, 3H, TBS), 0.04 (s, 3H, TBS); 13C NMR (CDCl3, 75 MHz) δ 159.0, 135.1, 

130.5, 129.2, 116.9, 113.6, 74.6, 72.8, 69.1, 68.8, 55.2, 42.1, 41.6, 25.9, 25.9, 18.1, 18.0, 

-4.23, -4.41, -4.54, -4.82; HRMS (CI+) m/z for C27H49O4Si2 [M-H]+, calc. 493.3169, 

found 493.3149. 

(R)-1-(1′ ,3′-Dithian-2-yl)-3-(4′ ′-methoxybenzyloxy)propan-2-ol (65): To a solution of 

1,3-dithiane (1.44 g, 11.9 mmol) in tetrahydrofuran (10 mL) at -30 ºC was added n-butyl 

lithium (2.5 M solution in hexanes, 4.95 mL, 12.4 mmol), and the mixture was stirred for 

2 hr while the temperature was maintained lower than -10 ºC. To this solution, after 

warmed to 0 ºC, was added epoxide 64 (1.66 g, 8.53 mmol). After 2 h of stirring, the 

reaction was quenched by adding a half-saturated ammonium chloride solution (20 mL) 

at room temperature, and the resulting mixture was extracted with ethyl acetate (30 mL x 

3). The combined organic extracts were washed with a brine solution (50 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 5/2) to 

afford secondary alcohol 65 (2.51 g, 7.98 mmol, 94%). 1H NMR (CDCl3, 400 MHz) δ 

7.25 (m, 2H, PMB), 6.88 (m, 2H, PMB), 4.48 (d, J = 1.7 Hz, 2H, PMB), 4.25 (dd, J = 

9.6, 4.9 Hz, 1H, 2-H), 4.10 (m, 1H, 2′-H), 3.80 (s, 3H, PMB), 3.48 (dd, J = 9.5, 3.4 Hz, 

1H, 3-H), 3.34 (dd, J = 9.5, 6.9 Hz, 1H, 3-H), 2.94-2.79 (m, 4H, 3′-H, 5′-H), 2.50 (d, J = 

4.2 Hz, 1H, OH), 2.14-1.78 (m, 4H, 1-H, 4′-H); 13C NMR (CDCl3, 100 MHz) δ 159.3, 

129.8, 129.3, 113.8, 73.6, 73.0, 67.1, 55.2, 43.7, 38.9, 30.3, 30.0, 25.9; HRMS (CI+) m/z 

for C15H22NaO3S2 [M+Na]+, calc. 337.0904, found 337.0903. 
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(R)-(1-(1′ ,3′-Dithian-2′-yl)-3-(4′ ′-methoxybenzyloxy)propan-2-yloxy)(tert-

butyl)dimethylsilane (66): To a solution of the secondary alcohol 65 (75.4 mg, 0.239 

mmol) and 2,6-lutidine (39 µL, 0.334 mmol) at -78 ºC was added tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBSOTf, 66 µL, 0.287 mmol). After 5 hr of stirring, the 

mixture was poured into a 1 N hydrochloric acid solution and extracted with 

dichloromethane (5 mL x 3). The combined organic extracts were washed with a brine 

solution (20 mL), dried over anhydrous magnesium sulfate, and concentrated under 

reduced pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 19/1) to afford silyl ether 66 (96.9 mg, 0.226 mmol, 95%). 1H 

NMR (CDCl3, 400 MHz) δ 7.28 (m, 2H, PMB), 6.89 (m, 2H, PMB), 4.47 (s, 2H, PMB), 

4.17-4.09 (m, 2H, 2-H, 2′-H), 3.83 (s, 3H, PMB), 3.30 (m, 1H, 3-H), 2.89-2.75 (m, 4H, 

4′′-H, 6′′−H), 2.15-1.62 (m, 4H, 1-H, 5′′-H), 0.91 (s, 9H, TBS), 0.13 (s, 3H, TBS), 0.09 

(s, 3H, TBS); 13C NMR (CDCl3, 100 MHz) δ 159.1, 130.32, 129.2, 113.7, 74.3, 72.9, 

67.9, 55.3, 43.6, 40.3, 30.5, 29.9, 26.0, 25.9, 18.1, -4.4, -4.8; HRMS (CI+) m/z for 

C21H37O3S2Si [M+H]+, calc. 429.1955, found 429.1948. 

(R)-3-(tert-Butyldimethylsilyloxy)-4-(4′-methoxybenzyloxy)butanal (67): To a 

solution of dithiane 66 (41.4 mg, 96.5 µmol) in a mixture of acetonitrile (4 mL) and water 

(1 mL) at room temperature was added iodomethane (0.1 mL, excess) and calcium 

carbonate (35 mg, excess), and the reaction mixture was heated under reflux for 6 hr. 

Then, the mixture was diluted with water (10 mL) and extracted with ethyl acetate (5 mL 

x 3). The combined organic extracts were washed with a brine solution (10 mL), dried 

over anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 
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residue was subjected to flash column chromatography (hexanes/ethyl acetate = 9/1) to 

afford aldehyde 67 (30 mg, 97 µmol, quantitative). 1H NMR (CDCl3, 400 MHz) δ 9.72 (t, 

J = 2.4 Hz, 1H, 1-H), 7.17 (m, 2H, PMB), 6.82 (m, 2H, PMB), 4.39 (s, 2H, PMB), 4.28 

(tt, J = 6.5, 5.1 Hz, 1H, 3-H), 3.75 (s, 3H, PMB), 3.41 (dd, J = 9.5, 5.1 Hz, 1H, 4-H), 3.30 

(dd, J = 9.5, 6.4 Hz, 1H, 4-H), 2.58 (ddd, J = 15.9, 5.1, 2.1 Hz, 1H, 2-H), 2.50 (ddd, J = 

15.9, 6.7, 2.7 Hz, 1H, 2-H), 0.8 (s, 9H, TBS), 0.0 (s, 6H, TBS); 13C NMR (CDCl3, 100 

MHz) δ 201.5, 159.2, 123.0, 129.3, 113.8, 73.7, 73.0, 67.3, 55.3, 49.0, 25.7, 18.0, -4.5, -

5.0; HRMS (CI+) m/z for C18H31O4Si [M+H]+, calc. 339.1986, found 339.1984. 

(2R,4R)-1-(4-Methoxybenzyloxy)-2,4-bis(tert-butyldimethylsilyloxy)hept-6-ene (55, 

from 67): To a stirred solution of (+)-Ipc2BCl (1.74 g, 5.43 mmol) in anhydrous 

tetrahydrofuran (20 mL) was added 1.0 M allyl magnesium bromide (5.43 mL, 5.43 

mmol) at -78 ºC. After 30 min, the resulting white suspension was warmed to room 

temperature and stirred for an additional 4 hr. The solution was then cooled to -78 ºC and 

treated dropwise with a solution of aldehyde 67 (1.42 g, 4.19 mmol) in anhydrous 

tetrahydrofuran (5 mL). After stirring at -78 ºC for 2 hr, the reaction was quenched by 

adding methanol (5 mL) followed by an alkaline hydrogen peroxide solution and stirred 

at room temperature for an additional 2 hr. The solution was diluted with ethyl ether (50 

mL), washed with a brine solution (40 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 19/1) to afford the corresponding homoallylic 

alcohol (1.39 g, 3.65 mmol, 87%). To a solution of the resulting alcohol (1.39 g, 3.65 

mmol) and 2,6-lutidine (0.55 mL, 4.75 mmol) in dichloromethane (25 mL) at -78 ºC was 

added tert-butyldimethylsilyl trifluoromethanesulfonate (1.00 mL, 4.38 mmol). After 1 
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hr, the reaction mixture was poured into a saturated sodium bicarbonate solution (40 mL) 

and extracted with dichloromethane (25 mL x 3). The combined organic extracts were 

washed with a brine solution (30 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexnase/ethyl acetate = 29/1) to afford compound 55 (1.39 g, 2.81 

mmol, 77%). 1H NMR (CDCl3, 300 MHz) δ 7.26 (d, J = 8.7Hz, 2H, PMB-aromatic H), 

6.89 (d, J = 8.5Hz, 2H, PMB-aromatic H), 5.81 (m, 1H, 6-H), 5.05 (app d, J = 14 Hz, 2H, 

7-H), 4.46 (s, 2H, PMB-CH2), 3.97-3.83 (m, 2H, 2-H, 4-H), 3.80 (s, 3H, PMB-Me), 3.38 

(d, J = 4.9 Hz, 2H, 1-H), 2.34-2.12 (m, 2H, 5-H), 1.78-1.58 (m, 2H, 3-H), 0.91 (s, 9H, 

TBS), 0.90 (s, 9H, TBS), 0.08 (s, 3H, TBS), 0.07 (s, 3H, TBS), 0.05 (s, 3H, TBS), 0.04 

(s, 3H, TBS); 13C NMR (CDCl3, 75 MHz) δ 159.0, 135.1, 130.5, 129.2, 116.9, 113.6, 

74.6, 72.8, 69.1, 68.8, 55.2, 42.1, 41.6, 25.9, 25.9, 18.1, 18.0, -4.23, -4.41, -4.54, -4.82; 

HRMS (CI+) m/z for C27H49O4Si2 [M-H]+, calc. 493.3169, found 493.3149. 

3.2.4. Synthesis of Fragment C (28, 29, and 30) 

(E)-Ethyl pent-2-en-4-ynoate (69): To a solution of ethyl iodoacrylate (68, 6.31 g, 27.6 

mmol) in triethylamine (100 mL) at room temperature was added copper (I) iodide (52.6 

mg, 276 µmol) and bis(triphenylphosphine)palladium (II) chloride (38.7 mg, 552 µmol) 

and the temperature was elevated to 55 ºC. When complete dissolution of the palladium 

catalyst in the solvent was confirmed, acetylenic trimethylsilane was added at 55 ºC. 

After 2 hr of stirring, all insoluble residues were removed by filtration over a pad of 

Celite including several cycles of washing with ethyl ether. The combined organic 

filtrates were washed with a brine solution (200 mL), dried over anhydrous magnesium 

sulfate, and concentrated under reduced pressure. The crude residue was subjected to 
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flash column chromatography (hexanes/ethyl acetate = 49/1) to afford a silyl-protected 

enynoate (4.68 g, 23.8 mmol, 86%), whose trimethylsilyl group was removed 

immediately as follows. To a solution of the product obtained from the previous step 

(1.55 g, 7.88 mmol) in ethanol (10 mL) at room temperature was added potassium 

fluoride (915 mg, 15.8 mmol). After 3 hr of stirring, the mixture was poured into a 

saturated ammonium chloride solution and extracted with ethyl ether (30 mL x 3). The 

combined organic extracts were washed with a brine solution (100 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl ether = 49/1) to 

afford enynoate 69 (847 mg, 6.82 mmol, 87%). 1H NMR (CDCl3, 500 MHz) δ 6.69 (dd, J 

= 16.0, 2.4 Hz, 1H, 3-H), 6.28 (dd, J = 16.0, 0.7 Hz, 1H, 2-H), 4.19 (q, J = 7.1 Hz, 2H, 

CH3CH2O), 3.31 (dd, J = 2.5, 0.7 Hz, 1H, 5-H), 1.27 (t, J = 7.1 Hz, 3H, CH3CH2O); 13C 

NMR (CDCl3, 125 MHz) δ 165.4, 132.5, 123.9, 85.8, 80.2, 60.9, 14.1. 

(2E,4E)-Ethyl 5-(4′ ,4′ ,5′ ,5′-tetramethyl-1′ ,3′ ,2′-dioxaborolan-2-yl)penta-2,4-

dienoate (28): To a solution of borane•dimethylsulfide complex (0.720 mL, 7.60 mmol) 

in tetrahydrofuran (2 mL) at 0 ºC was added (+)-α-pinene (2.41 mL, 15.2 mmol) over 5 

min. After the temperature was elevated to room temperature, the mixture was stirred for 

an additional 2 hr, during which the clear solution slowly became turbid due to formation 

of precipitates. After the reaction mixture was cooled to -40 ºC, a solution of enynoate 69 

(943 mg, 7.60 mmol) in tetrahydrofuran (2 mL) was added dropwise and then the 

temperature was slowly elevated to room temperature. After 4 hr of stirring, the clear 

solution was cooled to 0 ºC, at which time acetaldehyde (5 mL) was added. Then, the 
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reaction mixture was warmed to 45 ºC and stirred overnight. To quench the reaction, 

water (15 mL) was added to the mixture at room temperature. The resulting organic layer 

was separated from the aqueous layer which was then extracted with ethyl ether (15 mL x 

3). The combined organic extracts were triturated with cold hexanes to produce yellow 

precipitates. The resulting solid was collected by filtration to afford a boric acid (989 mg, 

5.82 mmol, 77%). The resulting boric acid (980 mg, 5.77 mmol) was dissolved in 

tetrahydrofuran (10 mL), where pinacol (recrystallized in dichloromethane, 681 mg, 5.77 

mmol) was added at room temperature. After 2.5 hr of stirring, the solvent was removed 

under reduced pressure. The crude residue was subjected to flash column 

chromatography  (hexanes/ethyl acetate = 4/1) to afford pinacoloborate 28 (900 mg, 3.57 

mmol, 47%). 1H NMR (CD3OD, 300 MHz) δ 7.25 (ddd, J = 15, 11, 0.8 Hz, 1H, 3-H), 

7.05 (br dd, J = 17.7, 11 Hz, 1H, 5-H), 6.05 (d, J = 15 Hz, 1H, 2-H), 5.92 (d, J = 17.7 Hz, 

1H, 4-H), 4.19 (q, J = 7 Hz, 2H, CH3CH2O), 1.28 (t, J = 7 Hz, 3H, CH3CH2O), 1.26 (s, 

6H, Me), 1.19 (s, 6H, Me); 13C NMR (CDCl3, 75 MHz) δ 168.2, 147.6, 146.4, 125.5, 

84.9, 75.7, 61.7, 25.1, 14.5. HRMS (CI+) m/z for C13H22BO4 [M+H]+, calc. 253.1606, 

found 253.1602. 

(E)-Ethyl penta-2,4-dienoate (29): Fragment C for the Heck reaction (29) was prepared 

following the literature procedure.97 

(E)-3-(Tributylstannyl)prop-2-en-1-ol (72): Propargylic alcohol (71, 1.50 g, 26.7 

mmol) was mixed with tributyltin hydride (9.21 mL, 34.7 mmol), to which was added 

2,2′-azobis(2-methylpropionitrile) (AIBN, 43.8 mg, 0.267 mmol) at room temperature. 

The reaction was gradually heated up to 80 ºC over 1 hr and continued overnight under 

reflux. After completion of the reaction was confirmed by TLC analysis, the crude 
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product was directly subjected to flash column chromatography (hexanes) to afford vinyl 

tin 72 (4.55 g, 13.1 mmol, 50%). 1H NMR (CDCl3, 400 MHz) δ 6.24-6.11 (m, 2H, 1-H, 

2-H), 4.15 (br d, J = 3.1 Hz, 2H, 3-H), 1.58-1.43 (m, 6H, Bu3Sn), 1.40-1.1.26 (m, 6H, 

Bu3Sn), 0.98-0.80 (m, 15H, Bu3Sn); 13C NMR (CDCl3, 100 MHz) δ 147.0, 128.3, 66.4, 

29.1, 27.3, 13.7, 9.4; HRMS (CI+) m/z for C15H33OSn [M+H]+, calc. 349.1548, found 

139.1550. 

(2E,4Z)-Ethyl 5-(tributylstannyl)penta-2,4-dienoate (30): To a solution of alcohol 72 

(1.54 g, 4.43 mmol) in acetone (50 mL) at room temperature was added activated 

manganese oxide (3.85 g, 44.3 mmol). After stirring overnight, the reaction mixture was 

filtered over a pad of Celite to remove manganese oxide. The filtrate was then 

concentrated under reduced pressure. The crude residue was briefly purified by flash 

column chromatography (hexanes only) to afford aldehyde 73 (1.29 g, 3.75 mmol, 85%). 

The resulting aldehyde was immediately used for the next step, a Horner-Wadsworth-

Emmons reaction. To a solution of triethyl phosphonoacetate (1.08 mL, 5.45 mmol) in 

tetrahydrofuran (15 mL) at 0 ºC was slowly added sodium hydride (60% in mineral oil, 

327 mg, 5.45 mmol). To the resulting suspension was added aldehyde 73 (1.26 g, 3.64 

mmol). After 4 hr, the reaction was quenched by adding a saturated ammonium chloride 

solution (15 mL), and the mixture was extracted with ethyl acetate (20 mL x 3). The 

combined organic extracts were washed with a brine solution (30 mL), dried over 

anhydrous magnesium sulfate, and concentrated under reduced pressure. The crude 

residue was subjected to flash column chromatography (hexanes/ethyl acetate = 39/1) to 

afford fragment C for the Stille coupling (30, 1.10 g, 2.65 mmol, 74%). 1H NMR (CDCl3, 

400 MHz) δ 7.18 (dd, J = 15.4, 10.2 Hz, 1H, 3-H), 6.81 (d, J = 18.7 Hz, 1H, 1-H), 6.64 
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(dd, J = 10.2 Hz, 1H, 2-H), 5.79 (d, J = 15.4 Hz, 1H, 4-H), 4.20 (q, J = 7.1 Hz, 1H, 

CH3CH2OCO), 1.56-1.41 (m, 6H, Bu3Sn), 1.30-1.26 (m, 9H, Bu3Sn), 0.95-0.78 (m, 15H, 

Bu3Sn, CH3CH2OCO); 13C NMR (CDCl3, 100 MHz) δ 167.4, 147.2, 146.3, 144.2, 119.9, 

60.2, 29.0, 27.2, 13.7, 9.6; HRMS (CI+) m/z for C19H37O2Sn [M+H]+, calc. 417.1816, 

found 417.1821. 

3.2.5. Completion of the Syntheses of the Presumed Substrates for SpnJ (22 and 24) 

(1E,4R,6R,7E,10R,11R,12S,16S)-4,6,10,12-Tetrakis(tert-butyldimethylsilyloxy)-11-

methyl-16-(triethylsilyloxy)octadeca-1,7-diene (74): To a solution of fragment A (26) 

(0.594 g, 0.772 mmol) in tetrahydrofuran (5 mL) at -78 ºC was added potassium 

hexamethyldisilazide (KHMDS, 0.5 M in toluene, 1.85 mL, 0.927 mmol) dropwise over 

10 min, and the mixture was stirred at -78 ºC for 1 hr, at which time fragment B (27) 

(0.413 g, 0.849 mmol) was added to the resulting yellow solution at -78 ºC. After 4 hr, 

the temperature was slowly raised to room temperature over 1 hr, and then the reaction 

mixture was poured into a saturated sodium bicarbonate solution (10 mL). The resulting 

mixture was extracted with ethyl acetate (20 mL x 3), washed with a brine solution (20 

mL), dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. 

The residue was subjected to short column chromatography (hexanes only) to afford the 

vinyliodide 74 (663 mg, 0.636 mmol, 82%). 1H NMR (CDCl3, 500 MHz) δ 6.49 (ddd, J = 

14.4, 8, 7 Hz, 1H, 2-H), 5.99 (d, J = 14.4 Hz, 1H, 1-H), 5.51 (dd, J = 15.5, 7.2 Hz, 1H, 8-

H), 5.38 (dd, J = 15.5, 6.8 Hz, 1H, 7-H), 4.08 (br q, J = 12.6, 7.1 Hz, 1H, 6-H), 3.80 (br 

quint, J = 17.0, 11.8, 6.6 Hz, 1H, 4-H), 3.74 (q, J = 11.0, 5.5 Hz, 1H, 10-H), 3.66 (q, J = 

10.5, 5.5 Hz, 1H, 11-H), 3.56 (quint, J = 17.4, 11.6, 5.8 Hz, 1H, 16-H), 2.30-2.22 (m, 3H, 

3-H, 9-H), 2.08-2.14 (m, 1H, 3-H), 1.70 (ddd, J = 13.5, 7.7, 5.5 Hz, 1H, 5-H), 1.59-1.20 
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(m, 10H, 5-H, 11-H, 13-H, 14-H, 15-H, 17-H), 0.94 (t, J = 7 Hz, 9H, TES), 0.87-0.83 (m, 

42H, TBS, 11-Me, 18-H), 0.57 (q, J = 7 Hz, 6H, TES), 0.04-(-0.01) (m, 24H, TBS); 13C 

NMR (CDCl3, 125 MHz) δ 143.3, 135.5, 126.8, 76.4, 73.3, 73.0, 72.2, 70.8, 68.2, 46.0, 

43.5, 41.3, 38.0, 37.3, 35.5, 29.5, 26.0, 25.9, 25.8, 21.0, 18.2, 18.14, 18.11, 18.0, 9.7, 9.5, 

7.0, 5.1, -3.7, -3.8, -3.9, -4.3, -4.35, -4.4, -4.5, -4.7; LRMS (CI+) m/z for C49H104O5Si5I 

[M+1]+, calc. 1041, found 1041. 

(2E,4E,6E,9R,11R,12E,15R,16R,17S,21S)-Ethyl 9,11,15,17-tetrakis(tert-

butyldimethylsilyloxy)-16-methyl-21-(triethylsilyloxy)tricosa-2,4,6,12-tetraenoate 

(25 with 30): To a solution of vinyliodide 74 (485 mg, 0.466 mmol) and vinyl tin 30 (165 

mg, 1.31 mmol) in dimethylformamide (5 mL) at room temperature was added 

tris(dibenzylideneacetone)dipalladium(0) (21 mg, 0.023 mmol) and triphenylarsine (19 

mg, 0.060 mmol). After 3 hr stirring, the reaction mixture was concentrated under 

reduced pressure and diluted with water (10 mL). The suspension mixture was extracted 

with ethyl acetate (10 mL x 3). Then, the combined organic extracts were washed with a 

brine solution (20 mL), dried over anhydrous magnesium sulfate, and concentrated under 

reduced pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 49/1) to afford (E)-triene 25 (339 mg, 0.326 mmol, 70%) as a 

single product. 1H NMR (CDCl3, 500 MHz) δ 7.27 (dd, J = 15.3, 11.3 Hz, 1H, 3-H), 6.50 

(dd, J = 14.8, 10.5 Hz, 1H, 5-H), 6.19 (dd, J = 14.8, 11.3 Hz, 1H, 4-H), 6.12 (dd, J = 

15.3, 10.5 Hz, 1H, 6-H), 5.88 (dt, J = 15.5, 7.2 Hz, 1H, 7-H), 5.82 (d, J = 15.5, 6.8 Hz, 

1H, 2-H), 5.51 (dt, J = 15.5, 7.2 Hz, 1H, 13-H), 5.38 (dd, J = 15.5, 6.8 Hz, 1H, 12-H), 

4.18 (q, J = 7 Hz, 2H, CH3CH2OC(O)), 4.08 (br q, J = 12.6, 7.1 Hz, 1H, 11-H), 3.80 (br 

quint, J = 17.0, 11.8, 6.6 Hz, 1H, 9-H), 3.74 (q, J = 11.0, 5.5 Hz, 1H, 15-H), 3.66 (q, J = 
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10.5, 5.5 Hz, 1H, 17-H), 3.56 (quint, J = 17.4, 11.6, 5.8 Hz, 1H, 21-H), 2.39-2.34 (m, 1H, 

8-H), 2.24-2.18 (m, 3H, 14-H, 8-H), 1.70 (ddd, J = 13.5, 7.7, 5.5 Hz, 1H, 10-H), 1.61-

1.35 (m, 10H, 10-H, 16-H, 18-H, 19-H, 20-H, 22-H), 1.27 (t, J = 7 Hz, 3H, 

CH3CH2OC(O)), 0.94 (t, J = 7.5 Hz, 9H, TES), 0.87-0.83 (m, 42H, TBS, 16-Me, 23-H), 

0.57 (q,  J = 7 Hz, 6H, TES), -0.01-0.04 (m, 24H, TBS); 13C NMR (CDCl3, 125 MHz) δ 

167.2, 144.7, 140.9, 136.6, 135.6, 132.0, 128.1, 126.8, 120.3, 73.3, 73.0, 72.3, 70.8, 69.0, 

60.2, 46.2, 41.3, 40.8, 38.0, 37.3, 35.5, 29.5, 26.0, 25.9, 25.8, 21.0, 18.2, 18.1, 18.0, 14.3, 

9.65, 9.51, 6.97, 5.13, -3.74, -3.80, -3.93, -4.27, -4.32, -4.37, -4.53, -4.73; HRMS (CI−) 

m/z for C56H114O7Si5 [M]−, calc. 1038.7411, found 1038.7416. 

(2E,4E,6E,9R,11R,12E,15R,16R,17S,21S)-9,11,15,17-Tetrakis(tert-

butyldimethylsilyloxy)-21-hydroxy-16-methyltricosa-2,4,6,12-tetraenoic acid (75): 

To a solution of triene 25 (101 mg, 0.0971 mmol) in ethanol (2 mL) at 0 ºC was added 

pyridinium p-toluenesulfonate (PPTS, 2.4 mg, 0.0097 mmol). After 2 hr stirring at 0 ºC, 

the reaction mixture was poured into a brine solution (5 mL), extracted with ethyl acetate 

(10 mL x 3), dried over anhydrous magnesium sulfate, and concentrated under reduced 

pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 19/1) to afford the corresponding secondary alcohol (70.2 mg, 

0.0758 mmol, 78%). 1H NMR (CDCl3, 500 MHz) δ 7.28 (dd, J = 15.0, 11.4 Hz, 1H, 3-

H), 6.51 (dd, J = 14.9, 10.7 Hz, 1H, 5-H), 6.19 (dd, J = 15.0, 11.4 Hz, 1H, 4-H), 6.12 (dd, 

J = 15.2, 10.9 Hz, 1H, 6-H), 5.89 (dt, J = 15.2, 7.6 Hz, 1H, 7-H), 5.82 (d, J = 15.2 Hz, 

1H, 2-H), 5.54 (dt, J = 15.5, 7.2 Hz, 1H, 13-H), 5.40 (dd, J = 15.5, 6.9 Hz, 1H, 12-H), 

4.18 (q, J = 7 Hz, 2H, CH3CH2OC(O)), 4.12 (br q, J = 13.1, 6.5 Hz, 1H, 11-H), 3.80 (br 



113 

quint, J = 17.0, 11.8, 6.6 Hz, 1H, 9-H), 3.73 (app q, J = 5.5 Hz, 1H, 15-H), 3.67 (app q, J 

= 5.5 Hz, 1H, 17-H), 3.48 (m, 1H, 21-H), 2.39-2.34 (m, 1H, 8-H), 2.24-2.18 (m, 3H, 8-H, 

14-H), 1.70 (ddd, J = 13.5, 7.7, 5.5 Hz, 1H, 10-H), 1.61-1.35 (m, 11H, 10-H, 16-H, 18-H, 

19-H, 20-H, 22-H), 1.27 (t, J = 7 Hz, 3H, CH3CH2OC(O)), 0.94 (t, J = 7.5 Hz, 3H, 23-H), 

0.83-0.87 (m, 39H, TBS, 16-Me), 0.04-(-0.01) (m, 24H, TBS); 13C NMR (CDCl3, 125 

MHz) δ 167.2, 144.7, 140.9, 136.4, 135.7, 132.1, 128.2, 126.8, 120.3, 73.0, 72.6, 72.2, 

70.8, 69.0, 60.2, 46.2, 40.8, 40.7, 37.7, 37.4, 35.1, 30.1, 29.7, 25.9, 25.7, 21.3, 18.2, 

18.16, 18.13, 18.0, 14.3, 9.9, 9.3, -3.77, -3.82, -3.99, -4.28, -4.38, -4.59, -4.71; HRMS 

(CI−) m/z for C50H100O7Si4 [M]−, calc. 924.6546, found 924.6544. To a solution of the 

alcohol obtained from the previous step (176 mg, 0.190 mmol) in tetrahydrofuran (4 mL) 

and methanol (4 mL) at room temperature was added 0.5 N lithium hydroxide solution (4 

mL), and the mixture was stirred under reflux for 3 hr, at which time volatile solvents 

were evaporated under reduced pressure. The pH of the aqueous solution was adjusted to 

around 6, and the mixture was extracted with dichloromethane (10 mL x 3), washed with 

a brine solution (10 mL), dried over magnesium sulfate, and concentrated under reduced 

pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 4/1 to 2/1) to afford seco-acid 75 (135 mg, 0.150 mmol, 79%). 

1H NMR (CDCl3, 500 MHz) δ 7.36 (dd, J = 15.3, 11.3 Hz, 1H, 3-H), 6.55 (dd, J = 14.8, 

10.5 Hz, 1H, 5-H), 6.22 (dd, J = 14.8, 11.3 Hz, 1H, 4-H), 6.14 (dd, J = 15.3, 10.5 Hz, 1H, 

6-H), 5.94 (dt, J = 15.3, 7.4 Hz, 1H, 7-H), 5.82 (d, J = 15.1 Hz, 1H, 2-H), 5.54 (dt, J = 

15.5, 7.2 Hz, 1H, 13-H), 5.39 (dd, J = 15.5, 6.8 Hz, 1H, 12-H), 4.12 (br q, J = 12.6, 7.1 

Hz, 1H, 11-H), 3.81 (br quint, J = 17.0, 11.8, 6.6 Hz, 1H, 9-H), 3.73 (q, J = 11.0, 5.5 Hz, 

1H, 15-H), 3.67 (q, J = 10.5, 5.5 Hz, 1H, 17-H), 3.48 (m, 1H, 21-H), 2.39-2.34 (m, 1H, 8-
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H), 2.24-2.18 (m, 3H, 8-H, 14-H), 1.70 (ddd, J = 13.5, 7.7, 5.5 Hz, 1H, 10-H), 1.61-1.18 

(m, 10H, 10-H, 16-H, 18-H, 19-H, 20-H, 22-H), 0.92 (t, J = 7.5 Hz, 3H, 23-H), 0.87-0.83 

(m, 36H, TBS), 0.83 (d, J = 7 Hz, 3H, 16-Me) 0.04-(-0.01) (m, 24H, TBS); 13C NMR 

(CDCl3, 125 MHz) δ 171.3, 147.0, 142.0, 137.4, 135.76, 132.0, 127.9, 126.9, 120.0, 73.1, 

72.6, 72.2, 70.9, 69.0, 60.2, 46.2, 40.8, 40.6, 37.7, 37.4, 35.1, 30.1, 25.95, 25.93, 25.87, 

21.3, 18.2, 18.16, 18.13, 18.0, 9.9, 9.3, -3.77, -3.82, -3.99, -4.28, -4.370, -4.378 -4.59, -

4.71; HRMS (CI−) m/z for C48H96O7Si4 [M]−, calc. 896.6233, found 896.6230. 

9,11,15,17-Tetrakis(tert-butyldimethylsilyloxy)-macrolactone (76): A solution of 

triethylamine (0.04 M in tetrahydrofuran, 7.5 mL, 0.30 mmol) was mixed with seco-acid 

75 (135 mg, 0.150 mmol). To that mixture at room temperature was added 2,4,6-

trichlorobenzoyl chloride solution (0.04 M in tetrahydrofuran, 4.1 mL, 0.165 mmol). The 

reaction continued with stirring at room temperature for 1.5 hr, at which time the mixture 

was filtered over a pad of Celite, and the filtrate was concentrated under reduced pressure 

to afford a crude mixed anhydride. To a solution of N,N-dimethylaminopyridine (DMAP, 

36.7 mg, 0.300 mmol) was added a solution of the obtained mixed anhydride in toluene 

(0.01 M, 15 mL) using a syringe pump over 2 hr, after which the syringe was rinsed with 

an additional 1 mL of toluene. After stirred for an additional 1 hr, the mixture was poured 

into a saturated sodium bicarbonate solution (15 mL), extracted with ethyl acetate (15 mL 

x 3), washed with a brine solution (15 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (hexanes/ethyl acetate = 49/1) to afford macrolactone 76 (99.2 mg, 

0.113 mmol, 75%). 1H NMR (CDCl3, 500 MHz) δ 7.24 (dd, J = 15.3, 11.3 Hz, 1H, 3-H), 

6.47 (dd, J = 14.8, 10.5 Hz, 1H, 5-H), 6.21 (dd, J = 14.8, 11.3 Hz, 1H, 4-H), 6.11 (dd, J = 
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15.3, 10.5 Hz, 1H, 6-H), 5.79 (d, J = 15.1 Hz, 1H, 2-H), 5.77 (dt, J = 15.3, 7.4 Hz, 1H, 7-

H), 5.38 (dt, J = 15.5, 7.2 Hz, 1H, 13-H), 5.27 (dd, J = 15.5, 6.8 Hz, 1H, 12-H), 4.85 (m, 

1H, 21-H), 4.01 (br dd, J = 13.4, 6.7 Hz, 1H, 11-H), 3.75 (br ddd, J = 13, 9, 5 Hz, 1H, 9-

H), 3.67 (br dd,  J = 9, 5.5 Hz,1H, 15-H), 3.57 (br dd, J = 10, 6 Hz, 1H, 17-H), 2.46-2.42 

(m, 1H, 8-H), 2.24-2.18 (m, 2H, 14-H, 8-H), 2.12-2.08 (m, 1H, 14-H), 1.42-1.17 (m, 

11H, 10-H, 16-H, 18-H, 19-H, 20-H, 22-H), 0.91 (t, J = 7.5 Hz, 3H, 23-H), 0.874 (s, 9H, 

TBS), 0.867 (s, 9H, TBS), 0.85 (s, 9H, TBS), 0.83 (s, 9H, TBS), 0.74 (d, 3H, J = 7 Hz, 

16-Me) 0.04-(-0.01) (m, 24H, TBS); 13C NMR (CDCl3, 125 MHz) δ 167.0, 144.8, 140.9, 

136.0, 135.2, 132.0, 128.0, 127.0, 120.8, 75.2, 73.2, 72.1, 71.1, 69.1, 46.6, 42.3, 42.1, 

38.4, 34.4, 33.4, 29.7, 27.8, 26.04, 25.99, 25.91, 25.8, 21.1, 18.18, 18.14, 18.08, 18.02, 

10.2, 9.9, -3.47, -3.87, -3.97, -4.33, -4.41, -4.53 -4.62; HRMS (CI−) m/z for C48H94O6Si4 

[M]−, calc. 878.6128, found 878.6128.  

Monomacrolactone (22), a putative substrate for SpnJ: To a solution of protected 

macrolactone 76 (31.2 mg, 35.4 µmol) in ethanol (3 mL) was added hydrogen fluoride 

pyridine complex (0.3 mL) at 0 ºC. The reaction was stirred for 4 days while the 

temperature was maintained at 4 ºC. After completion of the reaction was confirmed by 

TLC analysis, the reaction was quenched by carefully adding a saturated sodium 

bicarbonate solution at 0 °C. The mixture was then extracted with chloroform (20 mL x 

3), and the combined organic extracts were dried over anhydrous magnesium sulfate and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (CH2Cl2/CH3OH = 93/7) to afford macrolactone 22 (9.6 mg, 22 µmol, 

64%). 1H NMR (DMSO-d6, 500 MHz) δ 7.25 (dd, J = 15.2, 11.3 Hz, 1H, 3-H), 6.70 (dd, 
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J = 14.9, 10.9 Hz, 1H, 5-H), 6.35 (dd, J = 14.9, 11.3 Hz, 1H, 4-H), 6.18 (dd, J = 15.2, 

10.9 Hz, 1H, 6-H), 5.89 (ddd, J = 15.2, 10.3, 5.4 Hz, 1H, 7-H), 5.85 (d, J = 15.2 Hz, 1H, 

2-H), 5.29 (app dd, J = 15.4, 7.2 Hz, 1H, 12-H), 5.18 (ddd, J = 15.4, 7.6, 5.9 Hz, 1H, 13-

H), 4.75 (quint, J = 6.2 Hz, 1H, 21-H), 4.64 (br s, 1H, OH), 4.51 (br s, 1H, OH), 4.38 (br 

m, 2H, OH), 3.78 (br s, 1H, 11-H), 3.69 (br s, 1H, 9-H), 3.50 (br s, 1H, 15-H), 3.45 (br s, 

1H, 17-H), 2.52-2.50 (m, 1H, 8-H), 2.08-1.86 (m, 3H, 8-H, 14-H), 1.60-1.45 (m, 5H, 10-

H, 19-H, 22-H), 1.40-1.21 (m, 5H, 10-H, 18-H, 20-H), 1.19-1.54 (m, 1H, 16-H), 0.84 (t, J 

= 7.3 Hz, 3H, 23-H), 0.67 (d, J = 7.1 Hz, 3H, 16-Me); 13C NMR (DMSO-d6, 125 MHz) δ 

165.9, 144.7, 141.5, 137.0, 136.2, 131.7, 127.8, 126.0, 120.2, 74.7, 74.4, 73.3, 69.4, 66.9, 

54.9, 45.8, 42.8, 38.4, 33.8, 32.8, 27.3, 21.3, 9.72, 6.06, ; HRMS (CI−) m/z for C24H38O6 

[M]−, calc. 422.2668, found 422.2664. 

(2E,4E,6E,9R,11R,12E,15R,16R,17S,21S)-9,11,15,17-Tetrakis(tert-

butyldimethylsilyloxy)-16-methyl-21-(triethylsilyloxy)tricosa-2,4,6,12-tetraenoic acid 

(77): To a solution of ester 25 (214 mg, 0.231 mmol) in tetrahydrofuran (4 mL) and 

methanol (4 mL) at room temperature was added 0.5 N lithium hydroxide solution (4 

mL), and the mixture was stirred under reflux for 3 hr, at which time volatile solvents 

were evaporated under reduced pressure. The pH of the aqueous solution was adjusted to 

around 6, and the mixture was extracted with dichloromethane (10 mL x 3), washed with 

a brine solution (10 mL), dried over magnesium sulfate, and concentrated under reduced 

pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 4/1 to 2/1) to afford acid 77 (120 mg, 0.120 mmol, 54%). 1H 

NMR (CDCl3, 500 MHz) δ 7.36 (dd, J = 14.7, 11.3 Hz, 1H, 3-H), 6.55 (dd, J = 14.8, 10.8 

Hz, 1H, 5-H), 6.22 (dd, J = 14.8, 11.3 Hz, 1H, 4-H), 6.14 (dd, J = 15.0, 10.8 Hz, 1H, 6-
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H), 5.94 (dt, J = 15.0, 7.4 Hz, 1H, 7-H), 5.83 (d, J = 15.3 Hz, 1H, 2-H), 5.51 (dt, J = 15.3, 

7.2 Hz, 1H, 13-H), 5.38 (dd, J = 15.4, 6.8 Hz, 1H, 12-H), 4.13-4.08 (m, 1H, 11-H), 3.83 

(app quint, J = 5.8 Hz, 1H, 9-H), 3.73 (br q, J = 5.5 Hz, 1H, 15-H), 3.66 (br q, J = 5.5 

Hz, 1H, 17-H), 3.56 (app quint, J = 5.9 Hz, 1H, 21-H), 2.40-2.32 (m, 1H, 8-H), 2.26-2.18 

(m, 3H, 14-H, 8-H), 1.75-1.65 (m, 1H, 10-H), 1.59-1.11 (m, 10H, 22-H, 20-H, 19-H, 18-

H, 16-H, 10-H), 0.94 (t, J = 7.8 Hz, 9H, TES), 0.87 (s, 18H, TBS), 0.86 (s, 18H, TBS), 

0.85 (overlapped d, 3H, 16-Me), 0.84 (t, J = 6.9 Hz, 3H, 23-H), 0.57 (q, J = 7.8 Hz, 6H, 

TES), 0.02-0.00 (m, 24H, TBS); 13C NMR (CDCl3, 125 MHz) δ 171.9, 147.1, 142.1, 

137.6, 135.6, 131.9, 127.9, 126.8, 119.1, 73.3, 72.9, 72.2, 70.8, 68.9, 46.1, 41.3, 40.8, 

38.0, 37.3, 35.5, 29.5, 26.0, 25.89, 25.85, 21.0, 18.17, 18.13, 18.0, 9.66, 9.51, 6.97, 5.12, 

-3.74, -3.80, -3.93, -4.27, -4.33, -4.38, -4.53, -4.74; HRMS (CI−) m/z for C54H109O7Si5 

[M]−, calc. 1009.7025, found 1009.7023.  

(2E,4E,6E,9R,11R,12E,15R,16R,17S,21S)-S-2-Acetamidoethyl 9,11,15,17-

tetrakis(tert-butyldimethylsilyloxy)-16-methyl-21-(triethylsilyloxy)tricosa-2,4,6,12-

tetraenethioate (78): A solution of triethylamine (18.7 µL, 0.134 mmol) in 

tetrahydrofuran (12 mL) was mixed with acid 77 (67.6 mg, 66.8 µmol). To that mixture 

at room temperature was added 2,4,6-trichlorobenzoyl chloride solution (13.6 µL, 86.8 

µmol). The reaction continued with stirring at room temperature for 1.5 hr, at which time 

the mixture was filtered over a pad of Celite, and the filtrate was concentrated under 

reduced pressure to afford a crude mixed anhydride. The crude residue was diluted in 

toluene (12 mL) with N-acetylcysteamine (10.6 µL, 100 µL), to which was added N,N-

dimethylaminopyridine (DMAP, 9.8 mg, 80 µmol) to initiate a thioesterification. After 3 

hr of stirring, the reaction mixture was poured into a saturated sodium bicarbonate 
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solution (20 mL), extracted with ethyl acetate (10 mL x 3), washed with a brine solution 

(20 mL), dried over anhydrous magnesium sulfate, and concentrated under reduced 

pressure. The crude residue was subjected to flash column chromatography 

(hexanes/ethyl acetate = 5/2) to afford linear polyketide 78 (55 mg, 49.4 µmol, 74%). 1H 

NMR (CDCl3, 500 MHz) δ 7.24 (overlapped q, 1H, 3-H), 6.60 (q, J = 14.8 11.0 Hz, 1H, 

5-H), 6.20-6.11 (m, 2H, 6-H, 4-H), 6.14 (d, J = 15.0 Hz, 1H, 2-H), 5.96 (dt, J = 15.2, 7.6 

Hz, 1H, 7-H), 5.51 (dt, J = 15.0, 6.5 Hz, 1H, 13-H), 5.38 (dd, J = 15.4, 6.8 Hz, 1H, 12-

H), 4.10 (app q, J = 6.5 Hz, 1H, 11-H), 3.83 (app quint, J = 6.2 Hz, 1H, 9-H), 3.73 (app 

q, J = 5.5 Hz, 1H, 15-H), 3.65 (app q, J = 5.5 Hz, 1H, 17-H), 3.55 (app quint, J = 5.8 Hz, 

1H, 21-H), 3.45 (dt, J = 6.4, 5.9 Hz, 2H, 2’-H), 3.10 (t, J = 6.4 Hz, 2H, 1’-H), 2.41-2.33 

(m, 1H, 8-H), 2.22-2.15 (m, 3H, 14-H, 8-H), 1.94 (s, 3H, CH3CONH), 1.74-1.66 (m, 1H, 

10-H), 1.59-1.10 (m, 10H, 22-H, 20-H, 19-H, 18-H, 16-H, 10-H), 0.94 (t, J = 7.8 Hz, 9H, 

TES), 0.864 (s, 18H, TBS), 0.858 (s, 18H, TBS), 0.85 (overlapped d, 3H, 16-Me), 0.83 (t, 

J = 6.9 Hz, 3H, 23-H), 0.57 (q, J = 7.8 Hz, 6H, TES), 0.02-0.00 (m, 24H, TBS); 13C 

NMR (CDCl3, 125 MHz) δ 190.1, 170.3, 143.2, 141.7, 137.9, 135.6, 132.0, 127.7, 126.8, 

126.6, 73.3, 72.9, 72.2, 70.8, 68.9, 46.1, 41.3, 40.8, 40.0, 37.9, 37.3, 35.5, 29.5, 28.4, 

26.0, 25.9, 25.8, 23.2, 21.0, 18.16, 18.134, 18.125, 18.0, 9.65, 9.51, 6.97, 5.12, -3.74, -

3.80, -3.93, -4.28, -4.34, -4.37, -4.54, -4.75; HRMS (CI+) m/z for C58H118NO7Si5S 

[M+1]+, calc. 1112.7475, found 1112.7471. 

Linear polyketide (24), a putative substrate for SpnJ: To a solution of the protected 

linear polyketide 78 (37 mg, 36.6 µmol) in ethanol (3 mL) was added hydrogen fluoride 

pyridine complex (0.3 mL) at 0 ºC. The reaction was stirred for 3 days while the 

temperature was maintained at 4 ºC. After completion of the reaction was confirmed by 
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TLC analysis, the reaction was quenched by carefully adding a saturated sodium 

bicarbonate solution at 0 °C. The mixture was then extracted with chloroform (20 mL x 

3), and the combined organic extracts were dried over anhydrous magnesium sulfate and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (dichloromethane/methanol = 90/10) to afford linear polyketide 24 (8.0 

mg, 15 µmol, 40%). 1H NMR (DMSO, 500 MHz) δ 8.05 (t, J = 5.6, 1H, NH), 7.22 (q, J = 

14.9, 11.3, 1H, 3-H), 6.79 (q, J = 14.9, 10.9, 1H, 5-H), 6.32 (q, J = 14.8, 11.3, 1H, 4-H), 

6.29 (d, J = 14.9, 1H, 2-H), 6.21 (q, J = 14.9, 10.9, 1H, 6-H), 6.03 (dt, J = 15.1, 7.3, 1H, 

7-H), 5.51 (dt, J = 15.3, 7.2, 1H, 13-H), 5.37 (q, J = 15.4, 6.5, 1H, 12-H), 4.66 (d, J = 4.2, 

1H, 11-OH), 4.61 (d, J = 4.9, 1H, 9-OH), 4.38 (d, J = 4.4, 1H, 15-OH), 4.29 (d, J = 4.8, 

1H, 17-OH), 4.23 (d, J = 5.2, 1H, 21-OH), 4.07-4.02 (m, 1H, 11-H), 3.61-3.54 (m, 2H, 9-

H, 15-H), 3.53-3.46 (m, 1H, 17-H), 3.30-3.24 (m, 1H, 21-H), 3.18 (app q, J = 6.6, 2H, 2’-

H), 2.96 (t, J = 6.6, 2H, 1’-H), 2.28-2.16 (m, 2H, 8-H), 2.09 (br t, J = 6.6, 2H, 14-H), 

1.78 (s, 3H, NHCOCH3), 1.54-1.41 (m, 2H, 10-H), 1.38-1.28 (m, 1H, 16-H), 1.40-1.10 

(m, 8H, 18-H, 19-H, 20-H, 22-H), 0.82 (t, J = 7.4, 3H, 23-H), 0.78 (d, J = 6.9, 3H, 16-

Me); 13C NMR (DMSO, 125 MHz) δ 188.4, 169.5, 143.4, 141.3, 138.5, 135.6, 131.6, 

127.8, 126.8, 126.7, 72.93, 72.89, 71.1, 69.3, 67.7, 44.5, 41.1, 40.9, 38.3, 37.9, 36.8, 29.8, 

28.0, 22.5, 21.9, 10.1, 7.08; HRMS (CI+) m/z for C28H48NO7S [M+1]+, calc. 542.3152, 

found 542.3149. 

3.2.6. PCR Amplification and Cloning of spnJ 

Two oligonucleotide primers were used to amplify the spnJ gene: forward primer 

5’-GGGAATTCCATATGATCTCGGCTGCGGGCG-3’ containing an NdeI restriction 

site (in bold and italic) and reverse primer 5’-



120 

CCGCTCGAGTTATGGCTGACCGGGTGAAGCC-3’ containing an XhoI restriction 

site (in bold and italic). The PCR reaction was carried out in 0.5 mL thin-walled PCR 

tubes. To the reaction mixture were added 30.5 µL of deionized H2O, 5.0 µL of pfu 

polymerase buffer (10x), 2 µL of 40% glycerol, 2 µL of DMSO, 5.0 µL of 

deoxyribonucleotidyltriphosphate mix (2.5 mM each), 1.5 µL of each primer (10 µM), 

1.5 µL of genomic DNA (112.5 ng/mL) from S. spinosa as the amplification template, 

and 1.0 µL of cloned pfu polymerase (2.5 units). The reaction mixture was then overlaid 

with a layer of mineral oil and subjected to the following thermal cycles: (1) 1 

denaturation cycle of incubation at 95 °C for 3 min; (2) 30 amplification cycles of 

incubation at 95 °C for 30 s, 61 °C for 30 s and 72 °C for 3 min; (3) 1 extension cycle of 

incubation at 72 °C for 10 min. The tube was held at 4 °C prior to being removed from 

the thermal cycler. The PCR product was separated from the mineral oil and 

electrophoresed on a 0.8% agarose gel. The DNA fragment of the correct size was 

purified with the QIAquick Spin Kit (Qiagen, Valencia, CA). The cleaned product was 

digested with restriction enzymes, NdeI and XhoI, and ligated into the pET28b(+) vector. 

The recombinant plasmid was used to transform E. coli DH5α host cells, which were 

then plated on an LB-agar plate supplemented with kanamycin (50 µg/mL) and grown 

overnight to select for positive transformants. Colonies that grew on the plates were used 

to inoculate 3 mL of LB media supplemented with 50 µg/mL kanamycin and grown 

overnight at 37 ºC with shaking. The plasmid containing spnJ was isolated from these 

cultures using a Qiagen miniprep kit. The resulting plasmid pET28/SpnJ was used to 

transform E. coli BL21(DE3). 
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3.2.7. Overexpression of spnJ and Purification of the Gene Product Thereof 

An overnight culture of E. coli BL21(DE3), grown in LB medium supplemented 

with kanamycin (50 µg/mL) at 37 °C, was diluted 250-fold by addition of 4 mL of the 

overnight culture to each of six 1 L flasks of the same medium and incubated at 37 °C 

until the OD600 reached 0.3~0.4. The incubation temperature was then lowered to 16 °C, 

and the incubation was continued for one more hour before the OD600 reached 0.5. The 

culture was then induced with isopropyl-β-D-thiogalactopyranoside (IPTG) to a final 

concentration of 0.025 mM and allowed to grow for an additional 48 hr at 16 °C. The 

cells were then harvested by centrifugation at 3500 g for 15 min at 4 °C and stored at -80 

°C. The cells were resuspended in 100 mL of lysis buffer (50 mM sodium phosphate, 300 

mM NaCl, 5 mM imidazole, 15% glycerol, pH 8.0), and disrupted with eight 30 sec 

sonication bursts, with 1.5 min cooling intervals between bursts. Cellular debris was 

removed by centrifugation at 35000 g for 30 min at 4 °C. The supernatant was subjected 

to Ni-NTA affinity chromatography. The purification of SpnJ was performed following 

manufacturer’s instructions (Qiagen). The fractions containing SpnJ (60.6 kDa) were 

combined, transferred into a dialysis bag, and dialyzed against two portions of 1 L 

dialysis buffer (50 mM Tris•HCl, 15% glycerol, pH 8.0) for a total of 12 hr. The dialyzed 

protein was concentrated by ultrafiltration in an Amicon concentrator using a YM-10 

membrane (Millipore, Billerica, MA) and stored at -80 °C. The concentrated SpnJ had 

slight yellow color, charateristic of flavin-bound protein.  

3.2.8. In vitro Activity Assay for SpnJ 
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A typical assay mixture of 100 µL contained 20 µM of SpnJ and 2 mM of 22 or 

24 in Tris•HCl buffer (50 mM, pH 8.0). The control reaction was prepared with the same 

ingredients excluding the substrate. The reaction was initiated by the addition of the 

substrate. The mixtures were then incubated at 29 °C for 4 hr in the open air and then 

extracted with 100 µL of ethyl acetate. The composition of the ethyl acetate extract was 

analyzed by thin layer chromatography (TLC). A solvent system of 

dichloromethane:methanol (93:7) was used and compounds on the TLC plate were 

visualized by exposure to a vanillin stain (0.75% vanillin, 1.5% H2SO4 in methanol). The 

ethyl acetate extract was concentrated under reduced pressure and re-dissolved in 

acetonitrile. Insoluble components were pelleted by centrifugation and the supernatant 

was analyzed using high performance liquid chromatography (HPLC) Microsorb-MV 

C18 column (4.5 x 250 mm, 5 µm, Varian). For the analysis of the samples, the detector 

was set at 254 nm and the compounds were eluted at 1 mL/min with a linear gradient (A: 

2% NH4OAc aqueous solution, B: acetonitrile, 0 min → 120 min: 30% B → 80% B).  

3.2.9. Purification and Characterization of the SpnJ Product (79) 

For the preparation of SpnJ product 79, a large-scale assay was carried out. The 

assay mixture contained 20 µM of SpnJ and 2 mM of 22 in 8 mL of Tris•HCl buffer (50 

mM, pH 8.0) and was incubated at 29 °C for 4 hr. Then, the mixture was extracted with 

10 mL of chloroform three times. The combined organic layer was dried over anhydrous 

magnesium sulfate and concentrated under reduced pressure. The crude residue was 

subject to flash column chromatography on silica and eluted with 

dichloromethane/methanol (93/7). The fractions containing SpnJ product 79 were 
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collected and concentrated under reduced pressure. The product yield was 41% and the 

structure of 79 was confirmed by NMR and high resolution MS analysis. 

SpnJ product (79): 1H NMR (DMSO-d6, 500 MHz) δ 7.24 (dd, J = 15.1, 11.2 Hz, 1H, 3-

H), 6.70 (dd, J = 14.8, 10.7 Hz, 1H, 5-H), 6.34 (dd, J = 14.8, 11.2 Hz, 1H, 4-H), 6.19 (dd, 

J = 15.0, 10.9 Hz, 1H, 6-H), 5.86 (app q, J = 15.1 Hz, 1H, 7-H), 5.85 (d, J = 15.1 Hz, 1H, 

2-H), 5.42 (ddd, J = 15.5, 7.4, 5.8 Hz, 1H, 13-H), 5.29 (dd, J = 15.5, 6.9 Hz, 1H, 12-H), 

4.78-4.69 (m, 1H, 21-H), 4.67 (d, J = 4.7 Hz, 1H, OH), 4.61 (d, J = 4.8 Hz, 1H, OH), 

4.50 (d, J = 5.9 Hz, 1H, OH), 3.86 (app quint, J = 6.1 Hz, 1H, 11-H), 3.62-3.54 (m, 1H, 

9-H, 17-H), 3.14 (dd, J = 18.3, 7.6 Hz, 1H, 14-H), 3.03 (dd, J = 18.3, 6.9 Hz, 1H, 14-H), 

2.48-2.36 (m, 2H, 8-H, 16-H), 2.11 (dt, J = 13.1, 8.3 Hz, 1H, 8-H), 1.61-1.16 (m, 10H, 

10-H, 18-H, 19-H, 20-H, 22-H), 0.89 (d, J = 7.1 Hz, 16-Me), 0.83 (t, J = 7.5 Hz, 23-H); 

13C NMR* (DMSO-d6, 125MHz) δ 210.7 (15-C), 166.0 (1-C), 144.8 (3-C), 141.5 (5-C), 

137.2 (12-C), 136.6 (7-C), 132.3 (6-C), 127.9 (4-C), 121.7 (13-C), 120.3 (2-C), 75.3 (21-

C), 71.3 (17-C), 69.0 (11-C), 67.2 (9-C), 51.0 (16-C), 45.0 (14-C), 44.8 (10-C), 41.6 (8-

C), 34.0 (ND**), 32.3 (ND**), 26.9 (22-C), 22.0 (ND**), 11.0 (16-Me), 9.71 (3-C), ; 

HRMS (CI−) m/z for C24H36O6 [M]−, calc. 420.2512, found 420.2510.  

* 13C NMR was assigned from HSQC and HMBC spectra. 

** ND : Not determined (among 18-C, 19-C, and 20-C) due to signal overlap in 1H NMR 

 



124 

3.3. RESULTS AND DISCUSSION 

3.3.1. Retrosynthetic Analysis 

 

Figure 3.2. Assignment of the stereochemistry of C-9, C-11, C-15, C-17, and C-21 hydroxyl 
groups. A. Domain organization of the spinosyn polyketide synthases. B. Sequence alignment of 
the ketoreductase (KR) domains in the spinosyn PKSs and comparison with the KR domains in 
the erythromycin PKSs (DEBSs). Residues highlighted in square represent key conserved motifs. 
C. Correlation of KR domain motifs with the stereospecifity of ketoreduction. D. Predicted 
stereochemistry of ACP-bound polyketide.  
 

The colinearity rule of PKS illustrated in Chapter 1 can be applied to predict the 

overall skeletal frameworks of the presumed precursors 21 and 22 based on the sequence 

analysis of SpnA~E (Figure 3.2A). However, caution needs to be taken, particularly 

when the stereochemistry of various chiral centers is considered. Since all known 

dehydratase domains within canonical PKSs have been shown to produce only (E)-

olefins,98 a prediction that all olefins within the precursors (Δ2,3, Δ4,5, Δ6,7, and Δ12,13) 

would possess (E)-stereochemistry is legitimate. Stereochemistries of exo-alkyl groups 
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(e.g., C-16) are, in general, considered hard to predict, because they could be governed by 

two different sets of catalytic domains, ketosynthase (KS) or ketoreductase (KR),99-101 

depending on the biosynthetic systems. Moreover, an empirical rule based on conserved 

sequence motif(s) to predict the stereochemical outcome remains to be established for 

both catalytic domains. Yet, the stereochemistry of the C-16 exo-methyl group can be 

assigned to be (R) as in the aglycone (20), because an enzyme-catalyzed epimerization is 

unlikely  throughout the “cross-bridging” process. Among the five hydroxyl groups in 21 

and 22, the stereochemistries of C-9, C-17, and C-21 hydroxyl groups can be assigned in 

an analogous manner, while those of C-11 and C-15 hydroxyl groups are obscure because 

they are later transformed to a double bond and a ketone, respectively, during the cross-

bridging event. In the context of PKS logic, the stereochemistry of the β-hydroxyl group 

of a growing polyketide chain is governed by the action of the corresponding KR domain. 

In a recent publication, Patrick Caffrey investigated protein sequences of KR domains in 

various PKS systems to identify key amino acid residues that control the stereochemical 

outcome of a ketoreduction event.102 (This rule was not only supported by experimental 

data by Leadlay and coworkers, but also further refined based on structural analysis of a 

series of ketoreductase domains by Keatinge-Clay.99, 103) It was concluded that the KR 

domains can be divided into two groups, A type and B type, characterized by two 

conserved motifs, W at position 141 and LDD at positions 93 to 95, respectively (the 

numberings follow those of DEBS1 KR domain. Figure 3.2B).  Interestingly, reductions 

catalyzed by these two different types of KR domains produce the corresponding alcohol 

products with opposite stereochemistry (Figure 3.2C).  Since all five KR domains in the 

spinosyn PKS assembly (see Figure 3.2A) are type A KRs, the stereochemistries at C-9, 
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C-11, C-15, C-17, and C-21 are predicted as shown in Figure 3.2D. The observed 

configurations at C-9 and C-17 in spinosyns are consistent with the prediction, 

corroborating the validity of this bioinformatic rule. It should be pointed out that the 

anticipated (R)-configuration at C-15 position had been also confirmed by Leadlay and 

co-workers in their truncated spinosyn PKS study.95  

The schemes for the chemical syntheses of 21 and 22 were designed under a 

strategic consideration of the following two key criteria. First, the synthesis should be 

concise and readily scalable to deliver the final products in sufficient quantity to be used 

in biochemical characterization of enzymes involved in the cross-bridging reactions. 

Second, the synthetic scheme needs to be highly flexible to allow facile generation of a 

variety of their analogues, which will be used for probing the chemical mechanisms of 

enzymes. To best fulfill the criteria, a synthetic scheme for the preparation of 21 and 22 

was conceived as outlined in Scheme 3.3. In this scheme, two central C–C bond 

formation reactions were envisioned: a Julia-Kocieński olefination104 of sulfone 26 with 

aldehyde 27 to establish the (E)-alkene geometry of the olefin Δ12,13, and a palladium-

mediated cross-coupling reaction to connect the C–C bond between C-5 and C-6 with 28, 

29, or 30. Since it was not certain at the early outset which cross-coupling reactions 

would be most suitable to constitute the presumed polyketide backbone, three compounds 

with different chemical warheads, hydrogen, tributyltin, and pinacoloboronate, were 

taken into consideration to be used for three foremost coupling reactions, Heck 

reaction,105 Stille coupling,106 and Suzuki-Miyaura coupling,107 respectively. Once the 

linear polyketide 25 is constructed, a Yamaguchi macrolactonization108 to form the ester 
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linkage at C-1 is anticipated to afford 22. The preparation of 24, likewise, involves a 

thioesterification using NAC under the Yamaguchi conditions. 

 

Scheme 3.3. Retrosynthetic analysis. 
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3.3.2. Preparation of Fragment A (26) 

Central to the successful synthesis of fragment A (26) is the stereoselective 

establishment of four chiral centers at C-15, C-16, C-17, and C-21 (the numberings 

follow those of the final products, 22 and 24). In preparation for the pending asymmetric 

ethylation to first introduce the correct stereochemistry at C-21, the synthesis of the 

precursor 33 from δ-valerolactone (31) was achieved by a Weinreb amidation followed 

by a Swern oxidation of 32 (Scheme 3.4) according to a known procedure.109 The 

stereochemistry at C-21 was secured by employing Soai’s asymmetric ethylation reaction 

using a norephedrine-based chiral ligand, (−)-(1S,2R)-N,N-dibutylnorephedrine (34), as a 

catalyst along with diethyl zinc.110 The reaction proceeded stereoselectively without 

incident, where the enantiomeric excess of 92% and the configuration of (S) were 

determined based on Mosher ester analysis.111 It is worth mentioning that the 

stereoselectivity of the asymmetric ethylation step was not compromised even in a ~100 

g scale preparation to furnish a decent quantity of the early intermediate 35, which 

importantly enables further multi-step elaborations. The hydroxyl group of 35 was 

protected with a triethylsilyl group and subsequent exposure of the resulting product to 

diisobutylaluminum hydride at -78 ºC afforded aldehyde 36 in a decent yield (80% for 

two steps). Aldol reaction between 36 and Crimmins’ oxazolidine-2-thione auxiliary 37 

furnished the syn-aldol adduct 38.112 The configurations at C-16 and C-17 were deduced 

based on the Zimmerman−Traxler transition state model as well as analysis of the J16,17 

values (see Scheme 3.4).113  
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Scheme 3.5 
 

The initial foray to incorporate the correct stereochemistry at C-15 relied on a 

substrate-directed diastereoselective reduction of the ketone moiety in the advanced 

intermediate 40 (Scheme 3.5). Ketone 40 was prepared from 38 by a series of reactions 

involving cleavage of the chiral auxiliary under Weinreb amidation condition, silyl 

protection of the C-17 hydroxyl group, and introduction of an allyl group using allyl 

magnesium bromide reagent. Treatment of 40 with lithium aluminum hydride at -78 ºC 

succeeded in providing the desired homoallylic alcohol 41 as a major product in good 

yield (80% combining α and β isomers). However, this result was not near optimal due to 

substantial production of the undesired isomer (d.r. ~ 3:1, determined by isolation). To 

overcome the selectivity issue observed in the initial attempt, another tactic utilizing 

Brown’s asymmetric allylation was undertaken (Scheme 3.5). After formation of silyl 

ether 42 from 38, the chiral auxiliary was reductively cleaved to afford alcohol 43.112 
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Subjection of 43 to Ley oxidation conditions114 afforded aldehyde 44 and set the stage for 

Brown’s allylation. In the original literature, Brown and co-workers indicated that the 

stereoselectivity of allylation can be significantly increased by carrying out the reaction at 

-100 ºC.115, 116 However, the caveat is the need to completely remove magnesium 

methoxide [Mg(OMe)2] salt generated during the in situ preparation of B-

allyldiisopinocampheylborane [Ipc2B(allyl)] reagent with allyl magnesium bromide and 

B-methoxydiisopinocampheylborane (Ipc2BOMe). This is because the presence of 

Mg(OMe)2 would make the reaction sluggish at -100 ºC, leading to the incomplete 

conversion of the starting material. Nonetheless, addition of 44 to a solution (+)-

Ipc2B(allyl) generated in situ containing Mg(OMe)2 salt at -78 ºC afforded 41 exclusively 

without a trace of the other isomer. This result could be rationalized by applying the 

Felkin-Anh model to deduce the favored attack of (+)-Ipc2B(allyl) on the Si-face of the 

carbonyl group in 44, whose stereoselectivity is further reinforced by the chiral 

environment of the allylating reagent. The relative stereochemistry between the hydroxyl 

groups at C-15 and C-17, which could also provide indirect evidence for the C-15 

configuration assignment, was verified by derivatizing 41 to the corresponding 1,3-

acetonide 45 to apply Rychnovsky’s method based on the NMR analysis.117 The chemical 

shifts of the gem-dimethyl groups (19.6 and 30.0 ppm) determined by 13C NMR 

spectroscopy were found to be in accordance with those of 1,3-syn-diols that are likely to 

adopt a chair-like conformation, rather than a twisted boat-like conformation found in 

1,3-trans-diols (see the inset in Scheme 3.5).  
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Scheme 3.6 
 

The installment of the 1H-phenyl-tetrazolyl-5-sulfone moiety was left to be the 

final task for the synthesis of fragment A (26). Towards this goal, the hydroxyl group of 

41 was protected as a silyl ether to give 46 (Scheme 3.6). For the oxidative cleavage of 

the terminal olefin of 46, the use of a pH 7 buffer solution was a precautionary measure 

against possible liberation of the acid-labile triethylsiyl moiety at C-21. Indeed, a two-

step Lemieux-Johnson oxidation,118 involving the use of a catalytic amount of osmium 

tetraoxide along with N-methylmorpholine oxide (NMM) as a co-oxidant to afford a 

vicinal diol and the subsequent cleavage promoted with sodium periodate, proceeded 

smoothly under buffered conditions at pH 7 to provide an aldehyde product. This 

compound was immediately treated with sodium borohydride, leading to formation of 47. 

The introduction of a 1H-phenyltetrazolyl-5-thioether functionality was accomplished 

under the Mitsunobu conditions (47→48).119 Oxidation of 48 to sulfone 26 was sought 
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first by employing m-chloroperbenzoic acid (see the table in Scheme 3.6). Although 

generation of the sulfone moiety was successful in a small-scale setup (<1 g), the 

application to a large-scale reaction unfortunately failed. The use of other oxidants gave 

equally frustrating results affording either a partially oxidized sulfoxide or no product at 

all. Gratifyingly, a breakthrough was made when an ammonium molybdate catalyst with 

hydrogen peroxide as a co-oxidant was used119, 120: the desired sulfone was obtained in 

91% yield after overnight incubation at 4 ºC. Although a concomitant cleavage of the 

triethylsilyl group at C-21 was also observed, it could be effortlessly re-introduced in 

near quantitative yield to complete the stereoselective synthesis of fragment A (26) (total 

17 steps in an overall 5.6% yield). 

3.3.3. Preparation of Fragment B (27) 

Fragment B (27) bears two chiral centers at C-9 and C-11 whose installments 

were the major focuses of its preparation. In the initial attempt, it was surmised that an 

asymmetric aldol reaction with aldehyde 49 might provide not only the correct 

configuration at C-11, but also masked aldehyde functionality for further elaborations 

(Scheme 3.7). This consideration led to a synthetic scheme where the asymmetric acetate 

aldol reaction of 49 is a key transformation in the early stage. In contrast to the 

asymmetric propionate aldol reactions pioneered by Evans’ seminal work, acetal aldol 

reactions using classical Evans’ auxiliaries based on oxazolidin-2-ones have been shown 

to proceed in reduced diastereoselectivity.121 Hence, a variety of alternative approaches 

had been developed,96, 122-126 although each method suffers to some extent in terms of the 

availability and/or economical concern of the transition metals used or the extreme 

reaction conditions (i.e., extremely low temperature) for securing satisfactory 
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diastereoselectivity, and the scope of compatible substrates. Thus, none of them can be 

considered as a general method-of-choice for an asymmetric acetate aldol reaction.122 

 

Scheme 3.7  

Among them, an oxazolidinothione auxiliary 50 developed by Phillips and co-

workers96 was tested for fragment B synthesis, due to the ease of its preparation as well 

as the simplicity of the reaction condition, which is analogous to that of Crimmins’ aldol 

reaction used in the synthesis of fragment A (vide supra). Gratifyingly, the reaction 

between aldehyde 49 and Ti-enolate generated from 50 by treatment of TiCl4 followed by 

(-)-sparteine and N-methylpyrrolidinone afforded aldol adduct 51 in high 

diastereoselectivity (>20:1), albeit in modest yield (57%), as reported. The absolute 

configuration of 51 was confirmed by converting it to (R)-(+)-1,2,4-butanetriol of which 

optical rotation and NMR spectrum were consistent with the commercially available 

authentic sample. Next, it was envisioned that the C-9 stereochemistry could be 
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introduced by utilizing the chirality of the neighboring C-11 hydroxyl group. This task 

was accomplished by carrying out a reaction with 53, derived from aldol adduct 51 by 

Weinreb amidation and allyl addition in sequence, using sodium borohydride along with 

triethylboron as a chelating agent at -78 ºC.123 In this case, the only desired 1,3-syn-diol 

product was obtained. This result can be rationalized in consideration of an axial hydride 

attack to an energetically favored conformer 58, which is free of pseudo-1,3-diaxial 

interaction as depicted in Scheme 3.7 (see the inset). For the incorporation of the vinyl 

iodide group at the terminus, the terminal olefin moiety of the protected intermediate 55 

was oxidatively cleaved following Jin’s protocol124 to yield aldehyde 56, which was then 

subjected to a Takai iodoolefination reaction125 to afford 57 in decent stereoselectivity 

((E):(Z) = >9:1). Finally, the synthesis of fragment B (27) was completed with oxidative 

deprotection of the p-methoxybenzyl ether followed by oxidation using Dess-Martin 

periodinane (Scheme 3.7). Even though the established scheme, where the usage of 

protecting groups is deliberately restricted, is concise (total 9 steps) as well as productive 

(overall 15% yield), it turns out to be disadvantageous in a large-scale setup primarily 

due to the limited solubility of auxiliary 50 and the aldol adduct 51 in some of common 

organic solvents. Moreover, a recent shortage of (-)-sparteine supply called for an 

alternative route to prepare 27. 
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Scheme 3.8 
 

As an alternative approach, the use of a chiral building block instead of 

employing asymmetric aldol chemistry to establish the stereochemistry at C-11 was 

considered. To this aim, an inexpensive chiral molecule, D-mannitol, was converted to 

dialdehyde intermediate 61, bearing the C-11 stereocenter of 27, as described in the 

literature (Scheme 3-8A).126 Successful application of Brown’s asymmetric allylation 

reaction to install the C-9 stereocenter preceded a benzoyl protection of the resulting 

secondary hydroxyl group followed by acidic removal of the isopropylidene protecting 

group to afford diol 62 in excellent overall yield. Oxidative cleavage of the vicinal diol in 

62 facilitated by lead tetraacetate followed by sodium borohydride reduction of the 

ensuing aldehyde afforded primary alcohol 63. Next, protection of the alcohol 

functionality in 63 as the corresponding p-methoxybenzyl ether127 followed by exchange 

of the benzoate protecting groups for silyl ethers provided 55. Subsequent functional 
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group elaborations to complete the synthesis of fragment B (27) including the 

introduction of a vinyl iodide moiety proceeded as delineated in Scheme 3.7. Although 

all reaction conditions were easy to manipulate and the product yield of each step was 

reasonably high, this approach was tainted by its lengthy reaction sequence (total 19 

steps), obviously violating the “step-economy” principle and thereby causing a laborious 

preparation process and generation of a large amount of chemical wastes. 

Preparation of fragment B (27) that best satisfies the criteria set at the outset (see 

Section 3.3.1) was realized when it took off with another chiral building block, a 

protected (S)-glycidol 64, as the starting point (Scheme 3-8B).128 A regioselective 

nucleophilic attack of lithium 1,3-dithiane to 64 opened up the epoxide ring to release the 

hydroxyl group as in 65, which was then protected as a silyl ether. The 1,3-dithiane 

moiety was removed hydrolytically with treatment of iodomethane (66→67). The 

resulting aldehyde 67 was subjected to Brown’s asymmetric allylation condition to install 

the C-9 hydroxyl group with the correct stereochemistry (d.r. > 20:1), followed by a silyl 

protection step to afford 55 in 67% yield for the two-step reactions. The later stage 

elaborations were identical as described in Scheme 3.7. The benefit of this approach is 

apparent: the use of a chiral building block 64, readily available from commercial sources 

or by simple transformation from (S)-(+)-1,2-isopropylideneglycerol or D-mannitol 

allows not only the number of steps to be minimized, but also avoids the use of 

cumbersome chiral auxiliaries such as 50 to establish the stereochemistry at C-11.  
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3.3.4. Preparation of Fragment C (28, 29, and 30) 

 

Scheme 3.9 
 

As described in the retrosynthetic analysis, preparations of three different 

compounds, 28, 29, and 30, were envisioned for the cross-coupling step to incorporate 

the C1–C5 unit of the targeted polyketide intermediates 22 and 24 (see Section 3.3.1). The 

pinacoloborate group in 28 for Suzuki-Miyaura coupling was introduced by 

hydroboration on the terminal triple bond of 69 to afford the corresponding vinylic boric 

acid, followed by the treatment with pinacol (Scheme 3.9A).129 Enyne ester 69 was 

derived from ethyl iodoacrylate 68 by a palladium-catalyzed Sonogashira coupling130, 131 

with acetylenic trimethylsilane and a disilylation promoted by potassium fluoride in 

sequence. Ethyl dienoate 29, projected to be used for a Heck reaction, was easily 

constructed in a single step by a decarboxylative condensation reaction between mono-

ethyl malonate 70 and acroleine (Scheme 3.9B).97 A Stille coupling precursor (30) could 

be elaborated from propargylic alcohol (71) as illustrated in Scheme 3.9C. Briefly, a 

stereoselective addition of tributyltin radical generated in situ in the presence of a 

catalytic amount of 2,2′-azobis(2-isobutyronitrile) (AIBN) at high temperature (~80 ºC) 

yielded (E)-olefin 72.132 The hydroxyl group of 72 was advanced to the corresponding 
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ethyl ester 30 by mediating aldehyde 73, which was generated by treatment of 72 with 

manganese oxide,132 which was then subjected to a Horner-Wadsworth-Emmons reaction 

with triethyl phosphonoacetate.  

3.3.5. Union of Fragment A, B, and C 

 

Scheme 3.10 
 

With all three fragments in hand, their union was sought to complete the synthesis 

of 22 and 24. First, coupling of 26 and 27 was effected by treatment with potassium 

hexamethyldisilazide (KHMDS) at low temperature (-78 ºC) to provide the desired 

product 74 (Scheme 3-10A). The configuration of the newly generate olefin of the major 
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product was determined to be (E) by analyzing the coupling constant between C-12 and 

C-13 (J12,13 = 14.5 Hz) in the 1H NMR spectrum. The successful construction of 74 set 

the stage for the next step to connect C-5 and C-6 by cross-coupling reactions. The initial 

attempt using pinacoloborate 28 for a Suzuki-Miyaura coupling133 failed to afford the 

desired product, instead resulting in decomposition or self-oligomerization of 28. In 

contrast, a palladium-catalyzed Heck reaction using dienoate 29 in the presence of a 

phase-transfer catalyst, tetrabutylammonium chloride,134 successfully afforded the 

elongated polyketide chain 25 in a decent yield (68% including both (E) and (Z) isomer). 

However, this reaction condition gave only modest stereoselectivity ((E):(Z) = 6:1, 

determined by NMR analysis of the crude product), which might simply reflect the 

difference in thermodynamic stability of the two isomers, due to the lack of a directing 

group in 29 at the reaction juncture. This stereoselectivity issue was circumvented when a 

Stille coupling was pursued using 30,135 where the terminal tin group was already poised 

to have (E)-configuration (see the table in Scheme 3.10A). With the synthesis of 25 

secured, its advancement to the target compounds, 22 and 24, was undertaken as 

illustrated in Scheme 3.10A and B. A prelude to the completion of the synthesis of 22 

commenced with the preparation of seco-acid 75 by chemoselective deprotection of the 

triethylsilyl group at C-21 and subsequent hydrolysis of the ethyl ester moiety. The key 

cyclization step to yield monomacrolactone 76 was realized under the conditions 

originally developed by Yamaguchi and co-workers,108 leaving global deprotection of the 

t-butyldimethylsilyl (TBS) groups as the only remaining step. Surprisingly, this 

seemingly simple operation to cleave silyl ethers proved more adventurous than 

anticipated. For instance, treatment of 76 with HF•pyridine complex in tetrahydrofuran at 
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4 ºC allowed the cleavage of only two TBS groups, and elevation of the reaction 

temperature to room temperature resulted in complete decomposition of the intermediate. 

Gratifyingly, this predicament could be overcome when the solvent was replaced with 

ethanol and the reaction was performed at 4 ºC for a prolonged period (~ 4 days), 

yielding the desired compound 22 in a satisfactory yield (64%). The elaboration of linear 

polyketide 24 could be accomplished in an analogous manner (Scheme 3.10B). 

Hydrolysis of the ester group in 25 followed by thioesterification with N-

acetylcysteamine afforded 78. At last, global deprotection of all five silyl ether groups 

under the aforementioned condition completed the synthesis of 24. 

3.3.6. Purification of SpnJ and in vitro Activity Assay with 22 and 24 

 

 
Figure 3.3. SDS-PAGE analysis of purified SpnJ. 

 

With sufficient quantities of 22 and 24 available, the attention was turned to the 

purification of the putative oxidase, SpnJ. The spnJ gene amplified from S. spinosa 

genomic DNA was cloned into a pET28b(+) vector, and the resulting construct was 

expressed in E. coli BL21(DE3) cells. After induction under 25 mM isopropyl β-D-
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thiogalactopyranoside (IPTG), the N-terminal His6-tagged SpnJ protein (60.6 kDa) was 

purified to near homogeneity using Ni-NTA resin (Figure 3.3). The purified protein 

shows slightly yellow color, typical for a flavoprotein. The activity and function of SpnJ 

were evaluated by incubating 2 mM 22 or 24 with 20 µM SpnJ in 50 mM Tris•HCl buffer 

(pH 8) at 29 ºC. Due to the lack of knowledge on the chemical nature of the flavin 

cofactor (FAD or FMN) of SpnJ, both of them (40 µM) were tested in the enzyme 

reaction. The results showed that the reaction could proceed even without 

supplementation of any flavin cofactor. This observation suggests that either the as-

purified SpnJ already contains a tightly bound flavin cofactor or the flavin cofactor is 

covalently bound to SpnJ. Each reaction mixture was extracted with an organic solvent 

such as ethyl acetate or dichloromethane after a 4 hr incubation to analyze the reaction 

progress. While SpnJ was unable to convert linear polyketide 24 to a new product, 

monomacrolactone 22 could be processed near quantitatively by SpnJ to afford a new 

compound (Figure 3.4). The SpnJ product was isolated and then analyzed by 1H and 13C 

NMR spectroscopy as well as high-resolution mass spectrometry. Spectral data showed 

that it is the C-15 ketone derivative 79 (Scheme 3.11). This result is in accordance with 

the proposal made by Leadlay and co-workers, suggesting that the “cross-bridging” 

process is a post-PKS modification and it is initiated by the oxidation at C-15.95 The fact 

that no trace of cross-bridged products was detected indicates that SpnJ is a 

monofunctional oxidase. In addition, the inability of SpnJ to process linear polyketide 24 

argues against a possible mid-PKS cross-bridging process as observed in solanapyrone, 

lovastatin, and coronatine biosynthesis (see Section 3.1).  
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Figure 3.4. A. TLC and B. HPLC analysis of the SpnJ reaction. (1) Authentic standard 22, (2) 
Incubation of 2 mM 22 and 20 µM SpnJ in Tris•HCl buffer (50 mM, pH 8) at 29 ºC for 4 hr.  
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3.4. CONCLUSION 

In summary, the results reported herein unambiguously identify the catalytic 

function of SpnJ as an oxidase and confirm the intermediacy of monomacrolactone 22 in 

the biosynthesis of spinosyns, particularly the “cross-bridging” process therein. The 

observation that 22, but not 24, is converted to the corresponding ketone 79 by SpnJ 

strongly supports a biosynthetic proposal that the spinosyn cross-bridging process is 

indeed a post-PKS modification event, preceded by macrolactonization catalyzed by the 

thioesterase domain in SpnE. Furthermore, it provides valuable insight into how the 

intramolecular C–C bonds in spinosyns are enzymatically elaborated. Namely, generation 

of a ketone moiety at C-15 could lower the pKa of the neighboring positions (C-14 and C-

16), at which deprotonations are thereby facilitated. Particularly, deprotonation at C-14 

leading to formation of a reactive anionic intermediate is conceived to promote the 

initiation of the cross-bridging event (for more discussions, see Chapter 4). This 

important information became available mainly due to the successful demonstration of 

SpnJ activity, which was in turn based on the successful construction of the presumed 

SpnJ substrate by application of advanced synthetic methodologies, thus surmounting a 

significant challenge hitherto intractable by other means such as genetic manipulation. 

Hence, the works described in this chapter clearly exemplify the significance of an 

interdisciplinary approach in studying the biosynthesis of natural products. Taking 

advantage of the versatility of synthetic chemistry to prepare enzyme substrates and 

mechanistic probes is anticipated to facilitate the progress of biosynthetic research and, in 

particular, further advance our understanding of molecular details and chemical 

mechanisms of how biosynthetic machineries operate.  



144 

Chapter 4. Investigation of the Spinosyn “Cross-bridging” Reactions 

Part II: Complete in vitro Reconstitution of the Spinosyn Cross-bridging 

Reactions and Characterization of the Enzymes Involved Therein, 

SpnM, SpnF, and SpnL 
 

4.1. INTRODUCTION 

The Diels-Alder reaction136 is a prototypical [4+2] cycloaddition (often 

misconceived as an “equivalent” to the [4+2] cycloaddition137), where a cyclohexene ring 

is formed between a 1,3-conjugated diene and an alkene, or dienophile, in a pericyclic 

and concerted fashion.138 It has been the method-of-choice in numerous synthetic 

applications,139, 140 because it allows ready access to the formation of two σ-bonds in a 

single operation. The true power of the Diels-Alder reaction originates from its 

predictable regio- and stereoselectivity based on the well-elucidated stereoelectronic 

nature.141 Indeed, this attribute, enabling one to control the stereochemistry of up to four 

newly-generated stereogenic carbon centers, has been realized as a key strategic choice in 

the total synthesis of many natural products. The presence of a cyclohexene ring, a 

hallmark of a Diels-Alder reaction, in a number of natural products (see Figure 3.1) has 

also led to a hypothesis proposing the implication of an enzyme-catalyzed Diels-Alder 

reaction during their biosynthesis.44, 45, 142 Despite extensive efforts to discover an 

enzyme that catalyzes a Diels-Alder reaction (or “Diels-Alderase”), thus far only a 

handful of putative Diels-Alderases have been identified (for detailed discussion, see 

Section 4.3.8). However, convincing evidence to support the Diels-Alder reaction 

mechanism has yet to be presented. 
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Scheme 4.1. Proposed spinosyn “cross-bridging” pathway. 

Biogenesis of the perhydro-as-indacene core in spinosyn A (1, Scheme 4-1) has 

been of much interest due to its structural complexity as well as a potential involvement 

of an enzyme-catalyzed Diels-Alder reaction. Therefore, full elucidation of its 

biosynthetic pathway is anticipated to lead to new discovery of reactions/mechanisms in 

enzyme catalysis. To achieve this goal, one needs to establish the exact biosynthetic 

sequence from the nascent PKS product (2) to the tetracyclic aglycone (4), as well as the 

underlying chemical mechanisms of each enzymatic reaction involved. Analysis of the 

spinosyn biosynthetic gene cluster, in conjunction with gene disruption and intermediate 

feeding experiments, have led to the identification of four enzyme candidates, SpnJ, 

SpnM, SpnF, and SpnL, responsible for the intramolecular C–C bond formations (or the 

“cross-bridging” process).63 However, their predicted functions based on homology 

comparison using BLAST fail to give much insight into the biosynthesis of the perhydro-

as-indacene core (for details, see Chapter 3.1). The only exception is SpnJ, a flavin-

dependent dehydrogenase homolog, which likely participates in the redox change at C-

15. This prediction had been experimentally confirmed in the in vitro study using the 

presumed precursor 2 and the purified SpnJ as described in Chapter 3 (Scheme 4.1). It is 
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noteworthy that Oikawa once hypothesized that SpnJ would promote a cascade of 

cationic cyclizations, reminiscent of terpene biosynthesis, to afford the spinosyn 

carbocyclic array via an oxidative modification of a polyolefin intermediate.143 However, 

the successful characterization of SpnJ as a monofunctional oxidase unequivocally 

excludes this biosynthetic possibility.  

 

Scheme 4.2. Three possible scenarios (A, B, and C) for formations of three intramolecular C–C 
bonds during spinosyn biosynthesis. 

 

Disclosure of the intermediacy of 3 not only indicates the completion of 

polyketide synthesis precedes the cross-bridging events, but also lays a logical foundation 

for envisioning subsequent biotransformations. Namely, the effective drop in pKa at C-14 

due to the presence of the ketone moiety at C-15 is expected to facilitate deprotonation at 

C-14, leading to the generation of a reactive enolate intermediate 5. When considering 

the [4+2] cycloaddition reaction as a key chemical reaction to cast the cyclohexene 

moiety within spinosyn A, one can envision the necessity of a π-bond rearrangement 

from  Δ12,13 to Δ11,12 to yield a dienophile for the cycloaddition reaction with a conjugated 
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diene located between C-4 and C-7. Blending of these two central postulates gives rise to 

three likely scenarios outlined in Scheme 4.2. In scenario A, the biogenesis of the 

perhydro-as-indacene moiety commences with a conjugate addition of the enolate moiety 

of 5 to C-3 to build the cross-linkage between C-3 and C-14 (5 → 6). The removal of the 

other proton at C-14 then promotes elimination of the C-11 hydroxyl group that 

accompanies the rearrangement of electrons to generate two π-bonds (Δ11,12 and Δ13,14, 6 

→ 7). Lastly, a [4+2] cycloaddition between the dienophile (Δ11,12) and the conjugated 

diene (C4=C5–C6=C7) completes the formation of the spinosyn tetracyclic core (7 → 4). 

In scenario B and C, the initiation step differs from that in scenario A, where dehydration 

occurs first instead of a Michael addition (5 → 8). At this point, a [4+2] addition can 

proceed to afford a tricyclic intermediate 11 (scenario B, 8 → 11). The final C–C bond 

formation between C-3 and C-14 is an unusual biotransformation whose precedent has 

yet to be documented. As one possibility, it may be an unprecedented enzymatic Rauhut-

Currier reaction (or vinylogous Bayliss-Morita-Hillman reaction), where a small 

molecule or an enzyme nucleophile attacks C-13 of 11 to generate an enolate species 

such as 12. Subsequent Michael-type addition of the enolate to C-3 builds the final 

carbon bridge (12 → 13). To complete the catalytic cycle, the bound nucleophile need to 

be eliminated, presumably by the action of a catalytic base, to restore the Δ13,14-olefin 

moiety (13 → 4). The reversal of the timing of the final two processes is also conceivable 

as in scenario C (8 → 9 → 10 → 7 → 4).  

As illustrated, studies of the biosynthesis of the spinosyn aglycone core is 

anticipated to unveil several unique facets of enzyme catalysis (i.e., Diels-Alder reaction 
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and Rauhut-Currier reaction). This chapter details the functional characterization of three 

enzymes, SpnF, SpnL, and SpnM, leading to full elucidation of the spinosyn cross-

bridging events. Also described herein are a number of preliminary observations that 

provide important mechanistic insight into such unusual enzyme catalysis. 

 

4.2. EXPERIMENTAL PROCEDURES 

4.2.1. Materials and Equipment 

All chemicals and antibiotics were purchased from Sigma-Aldrich (St. Louis, 

MO) or Fisher Scientific (Pittsburgh, PA) and used without further purification unless 

otherwise specified. Genomic DNA of Saccharopolyspora spinosa (NRRL18537) used as 

PCR (polymerase chain reaction) template for the amplification of spnF, spnL, and spnM 

genes, was prepared using standard methods. Escherichia coli DH5α cells were obtained 

from Bethesda Research Laboratories (Muskegon, MI). The vector pET28b(+) and the 

enzyme KOD DNA polymerase were purchased from Novagen (Madison, WI). DNA 

modifying enzymes (for restriction digestion and ligation), PCR primers, and the 

overexpression host E. coli BL21 star (DE3) were acquired from Invitrogen (Carlsbad, 

CA) and New England Biolabs (Beverly, MA). LB media were products of Difco 

(Detroit, MI) or Fisher Scientific, and the molecular weight marker was a product of 

GenDEPOT (Barker, TX). Ni-NTA agarose and kits for DNA gel extraction and spin 

miniprep were obtained from Qiagen (Valencia, CA). All reagents for SDS-PAGE and 

Amicon YM-10 filtration products were purchased from Bio-Rad (Hercules, CA) and 

Millipore (Billerica, MA), respectively. Analytical thin layer chromatography (TLC) was 

carried out on precoated TLC glass plates (Silica gel, grade 60, F254, 0.25mm layer 
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thickness) obtained from EMD chemicals (Madison, WI). Flash column chromatography 

was performed on Silica Gel (230-400 mesh, grade 60) from Sorbent Technologies 

(Atlanta, GA) by elution with the specified solvents.  Protein concentrations were 

determined by Bradford assay using bovine serum albumin as the standard. The relative 

molecular mass and purity of enzyme samples were determined using SDS-

polyacrylamide gel electrophoresis as described. The general methods and protocols for 

recombinant DNA manipulations were as described by Sambrook and Russell.144 DNA 

sequencing was performed by the Core Facilities in the Institute of Cellular and 

Molecular Biology, University of Texas at Austin. The NMR spectra were acquired on a 

Varian Unity Inova 500 or 600 MHz spectrometer housed in the NMR Facility of the 

Department of Chemistry and Biochemistry, University of Texas at Austin. The MS 

analyses were carried out at the Mass Spectrometry and Proteomics Facility of the 

Department of Chemistry and Biochemistry, University of Texas at Austin.  

4.2.2. Purification of SpnL 

The gene encoding SpnL was amplified from the genomic DNA of S. spinosa and 

cloned into the digested pET28b(+) vector using 5′-

GGGGGTCCATATGGTGGAGTCCATCTTCGATG-3′ as the forward primer and 5′-

CCGCTCGAGTTAGGACTGCTTCTTTCGAGC-3′ as the reverse primer (where the 

NdeI and XhoI restriction sites, respectively, are shown in bold). Each PCR reaction (50 

µL total reaction volume) consisted of 31.3 µL sterile water, 5 µL 10× KOD buffer, 4 µL 

of a 2 mM dNTP solution, 3 µL of a 25 mM MgSO4 solution, 2.5 µL DMSO, 1.5 µL of 

each primer (forward and reverse) at 10 µM, 0.2 µL template DNA, and 1 µL KOD 
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polymerase. The reaction was carried out using an Eppendorf thermocycler with the lid 

temperature set at 105 ºC and an initial polymerase activation step of 2 min at 95 ºC.  The 

amplification included a 20 sec denaturing step at 95 ºC, an annealing step at 59 ºC for 45 

sec, and an elongation step at 72 ºC for 2 min. The programmed steps were repeated 35 

times. The cycle ended with a 10 min extension at 72 ºC, and the temperature was 

reduced to 4 ºC until the product was removed from the thermocycler. The PCR product 

of the spnL gene was purified using agarose gel electrophoresis, and the bands 

corresponding to the appropriate size were excised and purified using the Qiagen gel 

extraction kit following the manufacturer’s instructions. The purified spnL PCR product 

was digested with the restriction enzymes NdeI and XhoI and ligated into pre-digested 

pET28b(+) vector. The ligation mixture was used to transform E. coli DH5α host cells, 

and the desired construct was selected by growing the recombinant cells in LB medium 

supplemented with kanamycin (final concentration, 50 µg/mL). The selected plasmid, 

pET28b(+)/spnL, was then used to transform the host E. coli BL21(DE3)*. 

An overnight culture of E. coli BL21(DE3)* containing pET28b(+)/spnL was 

grown in LB medium supplemented with kanamycin (50 µg/mL) at 37 °C. Aliquots of 

the overnight culture (5 mL each) were used to inoculate 6 × 1 L of LB medium 

supplemented with kanamycin (50 µg/mL).  Incubation was carried out at 37 °C until the 

OD600 reached approximately 0.6-0.8. Overexpression was induced by the addition of 

IPTG (isopropyl-β-D-thiogalactopyranoside) to a final concentration of 0.1 mM. The 

culture was allowed to grow for an additional 20 hr at 18 °C. The cells were harvested by 

centrifugation at 4500g for 15 min at 4 °C, and stored at -80 °C. The frozen cells were 
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resuspended in 3 mL/cell pellet weight (g) lysis buffer (50 mM sodium phosphate, 300 

mM NaCl, 5 mM imidazole, pH 8.0 with 15% glycerol) and subjected to 8 × 30 s 

ultrasonic bursts, with a 90 s cooling interval between each blast. Cellular debris was 

removed by centrifugation at 25,000g for 30 min, and the soluble supernatant was then 

purified by Ni-NTA affinity chromatography. To the crude extract, 10 mL of prepared 

Ni-NTA resin was added, and the resulting mixture was incubated for 1 hr with gentle 

shaking at 4 °C. The resin slurry was then loaded into an empty column (1 × 25 cm). The 

resulting column was washed with 10-column volumes (60 mL) of wash buffer (50 mM 

sodium phosphate, 300 mM NaCl, 20 mM imidazole, pH 8.0 with 15% glycerol), and the 

SpnL protein was then eluted from the column using 15 mL of elution buffer (50 mM 

sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8.0 with 15% glycerol). The 

desired protein fractions, determined by SDS-PAGE analysis, were pooled and desalted 

by dialyzing against 1 L of the dialysis buffer (50 mM Tris·•HCl, pH 8.0 with 15% 

glycerol) three times. After dialysis, the protein was concentrated using an Amicon 

stirred cell system equipped with a YM-10 membrane under N2, aliquoted, flash frozen in 

liquid nitrogen, and stored at -80º C until use. A typical yield was ~30 mg/L. 

4.2.3. Purification of SpnF 

The gene encoding SpnF was amplified in a similar manner as described in the 

previous section for spnL. The forward primer, 5′-

GGAATTCCATATGGTGTTGCCAGGTGGCGCAC-3′, and the reverse primer, 5′-

TATAAGCTTTTAGCCGACCGGCTTCCGCGCCGTC-3′, were used (where the NdeI 

and HindIII restriction sites, respectively, are shown in bold). The PCR program was 
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essentially the same except for an annealing temperature of 61 °C. The purified spnF 

PCR product was digested with restriction enzymes NdeI and HindIII and ligated into 

pre-digested pET28b(+) vector. The ligation mixture was used to transform E. coli DH5α 

host cells, and the desired pET28b(+)/spnF construct was selected by growing the 

recombinant cells in LB medium supplemented with kanamycin (final concentration of 

50 µg/mL). The resulting plasmid pET28b(+)/spnF was then used to transform the host 

E. coli BL21(DE3)*. 

Initially, overexpression of spnF was carried out using the same conditions 

described for the expression of spnL. However, no soluble SpnF was obtained. Attempts 

to improve the production of soluble protein by varying the temperature and the 

concentration of IPTG during cell growth, and by adding non-ionic detergents such as 

Triton X-100 during sonication were futile. The solubility issue was eventually resolved 

when spnF was overexpressed in the presence of an excess amount of the chaperone 

proteins, GroEL/ES.  Specifically, the E. coli BL21(DE3)* cells were transformed with 

both pET28b(+)/spnF and the pGro7 plasmid, which harbors genes encoding GroEL/ES 

(Takara Bio Inc., Shiga, Japan). An overnight culture of the resulting transformant was 

grown in LB medium supplemented with kanamycin (50 µg/mL) and chloroamphenicol 

(35 µg/mL) at 37 °C. An aliquot of the overnight culture (5 mL) was used to inoculate 6 

× 1 L of LB medium supplemented with kanamycin (50 µg/mL), chloroamphenicol (35 

µg/mL), and L-arabinose (0.5 mg/mL, for overexpression of groEL/ES).  Incubation was 

carried out at 37 °C until the OD600 reached approximately 0.6-0.8. IPTG was then added 

to a final concentration of 0.3 mM, and the culture was incubated for an additional 20 hr 
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at 18 °C. The cells were harvested by centrifugation at 4500g for 15 min at 4 °C and 

stored at -80 °C. The lysis of the frozen cells and purification of SpnF were performed as 

described for the purification of SpnL in Section 4.2.2. A typical yield was ~14 mg/L. 

4.2.4. Purification of SpnM 

As with SpnF, various attempts to express spnM in soluble form were 

unsuccessful. However, re-examination of the sequence of the spnM gene and the 

flanking regions led to reassignment of the open reading frame for spnM (for details, see 

Section 4.3.1). The revised spnM gene was amplified in a manner similar to that 

described for spnL, using the forward primer, 5′-AAACATATGGCCTCCGAGCAC-3′, 

and the reverse primer, 5′-ATTAAGCTTCACCTGGCATCTCG-3′ (where the NdeI and 

HindIII restriction sites, respectively, are shown in bold). The PCR program was 

essentially the same except the annealing temperature was set at 50 °C. The purified 

spnM PCR product was digested with NdeI and HindIII and ligated into pre-digested 

pET28b(+) vector. The ligation mixture was used to transform E. coli DH5α host cells, 

and the desired pET28b(+)/spnM construct was selected by growing the recombinant 

cells in LB medium supplemented with kanamycin (final concentration of 50 µg/mL). 

The resulting plasmid pET28b(+)/spnM was then used to transform the host E. coli 

BL21(DE3)*. 

An overnight culture of E. coli BL21(DE3)* containing pET28b(+)/spnM was 

grown in LB medium supplemented with kanamycin (50 µg/mL) at 37 °C. Aliquots of 

the overnight culture (5 mL each) were used to inoculate 6 × 1 L of LB medium 

supplemented with kanamycin (50 µg/mL). Incubation was carried out at 37 °C until the 
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OD600 reached approximately 0.6-0.8. IPTG was added to a final concentration of 0.1 

mM, and the culture was incubated for an additional 20 hr at 18 °C. The cells were 

harvested by centrifugation at 4500g for 15 min at 4 °C, and stored at -80 °C. The lysis of 

the frozen cells and purification of SpnM were performed as described for the 

purification of SpnL (see Section 4.2.2). A typical production yield was ~13 mg/L. The 

purified SpnM was confirmed to catalyze the conversion of 3 to 8 as described in Section 

4.3.2. 

4.2.5. Preparation of the SpnJ product (3), Aglycone (4), TDP-β-L-rhamnose (16), and 9-

Rhamnosylaglycone (18) 

Compound 3 was enzymatically prepared from 2 using SpnJ as illustrated in 

Chapter 3. Chemoenzymatic syntheses of compound 4, 16, and 18 were performed as 

described in Chapter 2. 

4.2.6. In vitro Activity Assays 

A. Activity Assay of SpnF, SpnL, and SpnM Using Compound 3 as a Substrate: To 

each assay solution containing 2 mM of compound 3 in Tris·•HCl buffer (50 mM, pH 8) 

at 30 °C was added 1.25 µM of the enzyme of interest to initiate the reaction (total 

volume was 50 µL). After a 2 hr incubation, a 20 µL aliquot of the reaction mixture was 

taken and quenched by mixing with 80 µL of cold ethanol. After centrifugation, the 

supernatant was subjected to HPLC analysis using a reverse phase column (Varian 

Microsorb-MV 100-5 C18 250 × 4.6 mm). A 31 → 36% linear gradient of H2O in 

CH3CN over 70 min was used for compound elution. 
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B. Structural Characterization of the Tricyclic Intermediate (11): Isolation of 

compound 11 followed by structural characterization was conducted as follows. To a 

solution containing 2 mM of compound 2 in Tris·•HCl buffer (50 mM, pH 8) at 30 °C 

was added 20 µM SpnJ and 20 µM SpnM to initiate the enzymatic reaction (total volume 

was 50 mL). After incubation for 2.5 hr, the reaction mixture was extracted four times 

with 50 mL of chloroform. The combined organic layers were dried over anhydrous 

magnesium sulfate and concentrated under reduced pressure. The crude residue was 

purified using preparative TLC (EMD chemicals) with 5% methanol in dichloromethane 

as the developing solvent to afford 14 mg of 11 (35% yield).  The structure of 11 was 

determined by 1D- and 2D-NMR techniques along with high resolution mass 

spectrometry (HR-MS) analysis. Compound 11: 1H NMR (DMSO-d6, 600 MHz) δ 6.76 

(dd, J = 16.6, 4.9 Hz, 1H, 13-H), 6.46 (dd, J = 15.6, 9.5 Hz, 1H, 3-H), 6.10 (dd, J = 16.6, 

1.8 Hz, 1H, 14-H), 5.93 (app d, J = 9.6 Hz, 1H, 6-H), 5.73 (dd, J = 15.6, 0.8 Hz, 1H, 2-

H), 5.36 (ddd, J = 9.6, 3.8, 3.1 Hz, 1H, 5-H), 4.73 (m, 1H, 21-H), 4.65 (d, J = 6.5 Hz, 1H, 

17-OH), 4.55 (d, J = 4.3 Hz, 1H, 9-OH), 4.26 (m, 1H, 9-H), 3.41 (m, 1H, 4-H), 3.35 (m, 

1H, 17-H), 2.79 (m, 1H, 12-H), 2.65 (dq, J = 8.9, 6.8 Hz, 1H, 16-H), 2.41 (m, 1H, 10-

Hpro-(R)), 2.23 (m, 1H, 7-H), 1.68 (app dd, J = 12.5, 6.7 Hz, 1H, 8-Hpro-(R)), 1.46-1.56 (m, 

4H, 20-H, 22-H), ~1.50 (m, 1H, 11-H), 1.39-1.44 (m, 1H, 8-Hpro-(S)), 1.34-1.38 (m, 1H, 

19-H), 1.24-1.30 (m, 1H, 19-H), 1.17-1.23 (m, 1H, 18-H), 1.10-1.15 (m, 1H, 18-H), 1.05 

(d, J  = 6.8 Hz, 3H, 16-CH3), 1.00 (td, J = 12.1, 4.6 Hz, 1H, 10-Hpro-(S)), 0.78 (t, J = 7.4 

Hz, 3H, 23-H); 13C NMR (DMSO-d6, 150 MHz) δ 202.6 (15-C), 164.8 (1-C), 148.3 (3-

C), 147.6 (13-C), 131.1 (6-C), 129.0 (14-C), 127.8 (5-C), 121.9 (2-C), 75.8 (21-C), 72.6 
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(17-C), 69.5 (9-C), 49.9 (16-C), 43.7 (12-C), 42.0 (4-C), 41.7 (7-C), 39.8 (8-C), 39.6 (10-

C), 36.0 (18-C), 31.8 (22-C), 26.6 (20-C), 21.7 (19-C), 14.5 (16-CH3), 9.80 (23-C); HR-

MS (ESI-) m/z for C24H33O5 [M-H]- calc. 401.2328, found 401.2329. 

C. Time Course Analysis of the SpnM Reaction: To a solution containing 2 mM of 

compound 3 in Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added 1.25 µM of SpnM to 

initiate the enzymatic reaction (total volume was 200 µL). At each given time (2, 5, 10, 

20, 60 and 120 min), a 20 µL aliquot of the reaction mixture was taken and quenched by 

mixing with 80 µL of cold ethanol. After centrifugation, the supernatant (40 µL) was 

subjected to HPLC analysis using a reverse phase column (Varian Microsorb-MV 100-5 

C18 250 × 4.6 mm). A 31 → 36% linear gradient of H2O in CH3CN over 70 min was 

used to elute the product.  

D. Structural Characterization of the SpnM Product 8: Isolation of compound 8 

followed by spectral analysis was conducted as follows. To a solution containing 4 mM 

of compound 3 in Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added 40 µM SpnM to 

initiate the enzymatic reaction (total volume was 7 mL). After incubation for 2 min, the 

reaction mixture was extracted four times with 20 mL of ethyl acetate. The combined 

organic layers were washed with brine, dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was subjected to flash column 

chromatography (SiO2, eluent: hexanes/ethyl acetate = 1/3) to afford 7 mg of 8 (35% 

yield). Due to the instability of 8 at room temperature, only 1H- and 1H-1H-COSY NMR 

and HR-MS spectra were collected. Compound 8: 1H NMR (DMSO-d6, 600 MHz) δ 

7.04 (dd, J = 15.2, 11.2 Hz, 1H, 3-H), 6.99 (dd, J = 15.1, 11.0 Hz, 1H, 13-H), 6.42 (dd, J 
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= 14.8, 10.7 Hz, 1H, 5-H), 6.26 (dd, J = 14.9, 11.1 Hz, 1H, 4-H), 6.11-6.15 (m, 1H, 6-H), 

6.07-6.11 (m, 1H, 11-H), 6.01 (d, J = 15.1 Hz, 1H, 14-H), 5.95 (br dd, J = 15.1, 10.9 Hz, 

1H, 12-H), 5.78 (d, J = 15.3 Hz, 1H, 2-H), 5.70 (ddd, J = 15.1, 6.1, 4.5 Hz, 1H, 7-H), 

4.90 (d, J = 4.4 Hz, 1H, 9-OH), 4.71 (m, 1H, 21-H), 4.37 (d, J = 5.9 Hz, 1H, 17-OH), 

3.77 (m, 1H, 9-H), 3.56 (m, 1H, 17-H), 2.60 (m, 1H, 8-H), 2.40-2.48 (m, 2H, 10-H, 16-

H), 2.28 (dt, J = 14.4, 9.7 Hz, 1H, 10-H), 2.17 (dt, J = 13.4, 10.5 Hz, 1H, 8-H), 1.55-1.65 

(m, 1H, 20-H), 1.45-1.55 (m, 3H, 20-H, 22-H), 1.20-1.40 (m, 3H, 18-H, 19-H), 0.96 (d, J 

= 7.1 Hz, 3H, 16-CH3), 0.85 (m, 1H, 18-H or 19-H), 0.81 (t, J = 7.5 Hz, 3H, 23-H); HR-

MS (CI+) m/z for C24H35O5 [M+H]+ calc. 403.2484, found 403.2484. 

E. Activity Assay of SpnF and SpnL Using In situ Generated Compound 11 as a 

Substrate: To a solution containing 2 mM of compound 11 in Tris·•HCl buffer (50 mM, 

pH 8) at 30 °C was added 1.25 µM of SpnM and 15 µM of SpnF or SpnL (total volume 

was 50 µL).  After incubation for 2 hr, a 20 µL aliquot of the reaction mixture was taken 

and quenched by mixing with 80 µL of cold ethanol. After centrifugation, the supernatant 

(40 µL) was subjected to HPLC analysis as described above. 

F. Time Course Analysis of the SpnM/SpnF Reaction: To a solution containing 2 

mM of compound 3 and 10 µM of SpnF in Tris·•HCl buffer (50 mM, pH 8) at 30 °C was 

added 1.25 µM of SpnM to initiate the enzymatic reaction (total volume was 200 µL).  At 

each given time (2, 5, 10, 20, 60 and 120 min), a 20 µL aliquot of the reaction mixture 

was taken and quenched by mixing with 80 µL of cold ethanol. After centrifugation, the 

supernatant (40 µL) was subjected to HPLC analysis as descried above. 
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G. Activity Assay of SpnG Using Compound 11 as Substrate: To a solution 

containing 1 mM of compound 11 and 2 mM of TDP-β-L-rhamnose (16) in Tris·•HCl 

buffer (50 mM, pH 8) at 30 °C was added 20 µM of SpnG to initiate the glycosyl transfer 

reaction (total volume was 50 µL). After incubation for 2 hr, a 20 µL aliquot of the 

reaction mixture was removed and quenched by mixing it with 80 µL of cold ethanol. 

After centrifugation, the supernatant (40 µL) was subjected to HPLC analysis as 

described above.  

F. Structural Characterization of compound 17: To a solution containing 2 mM 

of compound 3, 15 µM SpnF, 20 µM SpnG, and 2.5 mM of TDP-β-L-rhamnose (16) in 

Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added 1.25 µM of SpnM to initiate a series 

of reactions to produce 17 (total volume was 10 mL). After completion of the reaction 

was confirmed by TLC analysis, the reaction mixture was extracted with ethyl acetate (10 

mL x 4). The combined organic extracts were washed with a brine solution (20 mL), 

dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. The 

crude residue was subjected to flash column chromatography (SiO2, 10% methanol in 

dichloromethane) to afford compound 17 (5.3 mg, 9.6 µmol, 49% from 3). Compound 

17:  1H-NMR (600 MHz, DMSO-d6) δ 6.76 (dd, J = 16.6, 4.9 Hz, 1H, 13-H), 6.47 (dd, J 

= 15.6, 9.5 Hz, 1H, 3-H), 6.12 (dd, J = 16.6, 1.8 Hz, 1H, 14-H), 5.93 (app d, J = 9.6 Hz, 

1H, 6-H), 5.74 (dd, J = 15.6, 0.8 Hz, 1H, 2-H), 5.37 (ddd, J = 9.6, 3.8, 3.1 Hz, 1H, 5-H), 

4.73 (m, 1H, 21-H), 4.57 (d, J = 1.5 Hz, 1H, 1′-H), 4.29 (m, 1H, 9-H), 3.52 (m, 1H, 2′-

H), 3.42 (m, 1H, 4-H), 3.39-3.35 (m, 3H, 17-H, 3′-H, 5′-H), 3.16 (app td, J = 9.3, 5.6 Hz, 

1H, 4′-H), 2.83 (m, 1H, 12-H), 2.66 (dq, J = 8.9, 6.8 Hz, 1H, 16-H), 2.46 (m, 1H, 10-H), 



159 

2.15 (m, 1H, 7-H), 1.82 (app dd, J = 12.5, 6.7 Hz, 1H, 8-H), 1.61-1.54 (m, 1H, 11-H), 

1.54-1.43 (m, 4H, 20-H, 22-H), 1.41-1.34 (m, 2H, 8-H, 19-H), 1.30-1.26 (m, 1H, 19-H), 

1.23-1.17 (m, 1H, 18-H), 1.14-1.10 (m, 2H, 10-H, 18-H), 1.11 (d, J = 6.2 Hz, 3H, 5′-Me), 

1.05 (d, J = 6.8 Hz, 3H, 16-Me), 0.78 (t, J = 7.4 Hz, 3H, 23-H); 13C-NMR (125 MHz, 

DMSO-d6) δ 202.7 (1-C), 164.7 (15-C), 148.2 (3-C), 147.4 (13-C), 130.7 (6-C), 129.0 

(14-C), 128.0 (5-C), 122.0 (2-C), 98.6 (1′-C), 75.8 (21-C), 74.5 (9-C), 72.5 (17-C), 72.0 

(4′-C), 70.8 (2′-C), 70.6 (3′-C), 68.5 (5′-C), 49.7 (16-C), 43.5 (12-C), 41.9 (4-C), 41.8 (7-

C), 40.0 (11-C), 37.1 (10-C), 36.0 (18-C), 35.4 (8-C), 31.8 (20-C), 26.6 (22-C), 21.7 (19-

C), 17.8 (5′-Me), 14.5 (16-Me), 9.8 (23-C); HR-MS (ESI+) m/z for C30H44O9Na [M+Na]+ 

calc. 571.2883, found 571.2875. 

G. Activity Assay of SpnL Using in situ Generation of Compound 17 as Substrate: 

To a solution containing 1 mM of compound 11, 2 mM of TDP-β-L-rhamnose (16), and 

20 µM SpnL in Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added 20 µM of SpnG to 

initiate the glycosyl transfer reaction (total volume was 50 µL). After incubation for 2 hr, 

a 20 µL aliquot of the reaction mixture was removed and quenched by mixing it with 80 

µL of cold ethanol. After centrifugation, the supernatant (40 µL) was subjected to HPLC 

analysis as described above. The peak that appears near 30 min on the HPLC trace was 

collected and subjected to HR-MS analysis. The result was consistent with the assigned 

structure of 18. The assignment was further confirmed by its co-elution with an authentic 

standard of 18 by HPLC. Compound 18: HR-MS (ESI+) m/z for C30H44O9Na [M+Na]+ 

calc. 571.2883, found 571.2873. 

4.2.7. Investigation of Time-dependent Progress of SpnM and SpnM/SpnF Reactions  
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Figure 4.1. UV/visible spectra of compounds 3, 8, and 11. A. compound 3; B. compound 8; and 
C. compound 11. Each was obtained by a diode array detector (Shimazu SPD-M20A), which is 
connected to a Shimazu HPLC (LC-20AD). 

 

A. General consideration: The reaction kinetics of the SpnM and SpnM/SpnF 

catalyzed reactions were studied by an HPLC-based discontinuous assay. Due to the lack 

of information regarding the extinction coefficients of substrate 3, intermediate 8, and 

product 11, the progress of the reaction cannot be quantitatively analyzed by direct 

comparison of HPLC-peak integrations corresponding to these compounds. Hence, 1 mM 

p-methoxyacetophenone (pMAP) was added to each reaction mixture as an internal 

standard. In this study, the production and consumption of 8 were monitored. The 

detector was set at 280 nm, which is near the λmax of compound 8 (Figure 4.1), to 

increase the sensitivity of detection and reduce the amount of the substrate required in the 

assays. At 280 nm, the product (11) is almost undetectable. 
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Figure 4.2. Time course analysis of the spontaneous consumption of compound 8 in ethanol 
at -80 ºC. The peak integration corresponding to 8 (13 min) was normalized with respect to 
that of pMAP (5.9 min). The figure represents duplicate results. 

 

B. Chemical Stability Check of Compound 8: Because compound 8 can undergo 

non-enzyme catalyzed cyclization to give 11 as demonstrated in the preliminary time 

course analyses (see Section 4.2.6.C and F), it is important to evaluate the chemical 

stability of 8 in the quenching solvent, ethanol, at low temperature prior to HPLC 

analysis. Compound 8 was prepared by adding 1.25 µM SpnM to the reaction solution 

containing 2 mM 3 and 1 mM pMAP in Tris·•HCl buffer (50 mM, pH 8) at 30 °C (total 

volume 50 µL). After incubation for 5 min, the reaction was quenched by mixing with 

950 µL of cold ethanol. After centrifugation, the solution was aliquoted into 1.5 mL tubes 

(100 µL each) and stored at -80 °C until HPLC analysis. At appropriate time intervals, a 

20 µL aliquot of the stored solution was removed and subjected to HPLC analysis 

(Varian Microsorb-MV 100-5 C18 250 × 4.6 mm, and eluted with a 55% → 75% linear 

gradient of H2O in CH3CN/MeOH (1/1) over 16 min). As shown in Figure 4.2, 
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cyclization of 8 in 95% EtOH at -80 °C was less than 1% over a 10 hr period. 

Considering that HPLC analysis for each set of experiments is completed in 8 hr, such a 

change is negligible and thus should not affect the quantitative determination of SpnM 

and SpnM/SpnF reaction kinetics.  

C. Time Course Analysis of the SpnM and SpnM/SpnF Reactions: To a solution 

containing 2 mM of compound 3, 1 mM pMAP, and the indicated amount of SpnF in 

Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added the indicated amount of SpnM to 

initiate the enzymatic reaction (total volume was 200 µL, see Figure 4.8 and 4.13). At 

each given time, a 10 µL aliquot of the reaction mixture was taken and quenched by 

mixing with 190 µL of cold ethanol. After centrifugation, the supernatant (50 µL) was 

subjected to HPLC analysis (Varian Microsorb-MV 100-5 C18 250 × 4.6 mm). A 55 → 

75% gradient of H2O in CH3CN/MeOH (1/1) over 16 min was used to elute the 

compounds. All samples were stored at -80 °C until analysis. The variation of the 

concentration of 8 during the reaction was quantitated as described in Section 4.2.7.A.  

D. Control experiments for the SpnF-catalyzed cycloaddtion reaction: To validate 

the specific effect of SpnF in the rate enhancement of the cycloaddtion step (8 → 11), 

several control experiments were performed to investigate a possible, albeit less likely, 

accelerating effect of salt components present in the SpnF solution and a trace amount of 

the GroEL contaminant. To a solution of 2 mM of compound 3 in Tris•HCl buffer (50 

mM, pH 8) at 30 ºC was added 1.5 µM SpnM and one of the followings: 20 µM SpnF, 20 

µM denatured SpnF (by boiling for 20 min), or 20 µM GroEL (purchased from Takara 

Bio Inc.) (total volume was 20 µL). After 25 min, each reaction was quenched by adding 
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40 µL of cold ethanol. After centrifugation, the supernatant (40 µL) was subjected to 

HPLC analysis (Varian Microsorb-MV 100-5 C18 250 × 4.6 mm). A 31 → 36% gradient 

of H2O in CH3CN over 60 min was used to elute the compounds. The relative amounts of 

8 and 11 were quantified by integrating the corresponding peaks (see Figure 4.12, 

percentages were calculated directly from the peak areas and approach the actual percent 

compositions as the extinction coefficients of 5 and 8 become more similar). 

E. Quantitative fitting: Numerical integration of equations (1) and (2) in Figures 

4.8 and 4.13, respectively, employed the fourth order Runge-Kutta algorithm145 following 

non-dimensionalization of substrate concentration. The resulting simulated progress 

curves were fit using steepest descent146 directly to full time courses of normalized 

substrate concentration obtained via the HPLC discontinuous assay to provide the kinetic 

parameters and a concentration normalization factor. Further detail regarding 

experimental procedures as well as data fitting and analysis is described in the Appendix 

A1. 

4.2.8. Preliminary Mechanistic Studies to Probe the SpnL Reaction 

A. Isotope trace experiment: A solution containing 1 mM 17 and 20 µM SpnL in 

Tris•DCl buffer (50 mM, pD 8.4) was incubated at 30 ºC for 2 hr (total volume 50 µL). 

Then, the products were extracted with ethyl acetate (100 µL) and directly subjected to 

mass analysis. As a control, 1 mM 18 was also incubated in Tris•DCl buffer (50 mM, pD 

8.4) at 30 ºC for 2 hr (total volume 50 µL). The sample was prepared and subjected to 

analysis in the same way.  

B. Reaction of compound 17 with L-glutathione: To investigate the susceptibility 

of 17 toward a nucleophilic attack, a reaction between L-glutatione and 17 under a 
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buffered condition was tested. To a solution of 2 mM 17 (prepared in situ as described in 

Section 4.2.6.G) in Tris·•HCl buffer (50 mM, pH 8) at 30 °C was added L-glutathione 

(final concentration 3 mM, total volume 100 µL). After incubation overnight, the enzyme 

was precipitated by addition of 900 µL of cold ethanol and removed by centrifugation. 

The supernatant was subjected to ESI-MS to analyze the products. Spectral data of a 

conjugate between 17 and L-Glutathione: LR-MS (ESI-) m/z for C40H60N3O15S [M-H]- 

calc. 854.4, found 854.4.  

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Purification of SpnF, SpnL, and SpnM 

 

Figure 4.3. SDS-PAGE analysis of purified SpnF (32.0 kDa), SpnL (32.9 kDa), and SpnM (43.4 
kDa). 
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Figure 4.4. Revision of the spnM gene sequence. Arrows of blue, black, and tan colors represent 
spnL, spnM(ori) (originally assigned spnM), and spnN, respectively. A new start codon for 
spnM(rev) (revised spnM, the arrow in red color) was found at -204 position from the originally 
assigned start codon for spnM(ori).  
 

To investigate the functions of SpnF, SpnL, and SpnM, the genes encoding these 

proteins were amplified from Saccharopolyspora spinosa genomic DNA by PCR 

reactions and individually cloned into the pET28b(+) expression vector. SpnL was easily 

prepared by overexpressing the corresponding gene in Escherichia coli BL21 star (DE3) 

host cells in the presence of 0.1 mM IPTG as an inducer, followed by Ni-NTA affinity 

chromatography (Figure 4.3). Unfortunately, the same procedure failed to afford SpnF 

and SpnM due to their insolubility. This issue was resolved in the case of the former 

enzyme by expressing the corresponding gene in the presence of excess amounts of the 

chaperone proteins, GroEL/ES (Figure 4.3); however, this approach was ineffective with 

SpnM. Careful re-examination of the spnM gene sequence (963 bp) as well as the 
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flanking regions indicated that the actual start codon of spnM may reside further 

upstream than originally assigned (Figure 4.4). Overexpression of this extended open 

reading frame (ORF) produced a dramatic increase in the yield of purified SpnM (Figure 

4.3). This new ORF possesses 204 additional base pairs (1167 bp total) and its gene 

product is still homologous to lipases as much as the original sequence. 

4.3.2. In vitro Activity Assays Using the SpnJ Product (3) with SpnF, SpnL, or SpnM 

 

Figure 4.5. HPLC analysis of the reactions with 3 using SpnF, SpnL, and SpnM. (1) 3 standard. 
Incubation of 2 mM 3 in Tris•HCl (50 mM, pH 8) at 30 ºC for 2 hr with (2) 1.25 µM SpnF, (3) 1.25 
µM SpnL, and (4) 1.25 µM SpnM. 
 

Following purification of the three enzymes, each was tested individually for 

activity with compound 3, the SpnJ product. As shown in Figure 4.5, neither SpnF nor 

SpnL accept 3 as a substrate. In contrast, following a 2 hr incubation of SpnM with 3, 

complete consumption is observed by HPLC along with the appearance of a new peak 

with a slightly longer retention time in the HPLC trace. This new product could be 

isolated from a preparative scale reaction. NMR and MS analysis revealed the new 

species to be the 15,6,5-tricyclic compound 11. In addition, the stereochemical 
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configurations of the newly generated chiral centers were determined by a 1H−1H 

NOESY experiment (Figure 4.6). Careful monitoring of the reaction time course led to 

the discovery that the transformation of 3 to 11 involves an intermediate as shown in 

Figure 4.7. Isolation of this intermediate from a preparative scale reaction and subsequent 

spectral analysis disclosed its structure as the monocyclic macrolactone 8 possessing a 

high degree of unsaturation. 

 

Figure 4.6. NOESY analysis of compound 11. 

 

Figure 4.7. HPLC time-course traces of the SpnM reaction to reveal the intermediacy of 8. 
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4.3.3. Mechanistic Consideration And Quantitative Assessment of the SpnM Reaction  

The structure of 8 suggested that the conversion of 3 to 11 is likely to proceed via 

the two-step reaction illustrated in scenario B in Scheme 4.2. First, 8 is formed via a 1,4-

dehydration initiated by deprotonation at C-14, where elimination of the hydroxyl group 

at C-11 yields a double bond shift from Δ12,13 to Δ13,14. The cyclohexene moiety of 11 

would then be generated by intramolecular C−C bond formations likely facilitated by the 

double bond shift and conjugated π-system between C11 and C15. If the latter [4+2] 

cycloaddition step follows the Diels-Alder reaction mechanism, it can be regarded as an 

endo-mode syn-addition to account for the observed stereochemistry of the resulting 

tricyclic core.  

 

Figure 4.8. Kinetic measurements of the SpnM reactions. Time points and fits of 8 based on the 
equation (1), where the concentration of SpnM was varied from 0.25 µM to 2.5 µM to investigate 
the dependency of both formation and consumption of 5 on SpnM. The actual concentrations of 8 
([8]) are shown for clarity and obtained using a scaling factor based on the extinction coefficients 
of the standard (ε280 = 15993 M-1cm-1) and that of 8, the latter being estimated from the fitted data. 

 

This mechanistic possibility raised a question as to whether SpnM is involved in 

either one or both of the dehydration and cyclization reactions. Insight into this question 

was gained by investigating how the rate of each step depends on the concentration of 
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SpnM. In this kinetic experiment the formation and consumption of 8, which respectively 

reflect the dehydration and cyclization steps, is monitored by HPLC as a function of time. 

As shown in Figure 4.8, rate enhancement of the dehydration step appeared to be 

positively correlated with the increase in SpnM concentration, while the rate of 

cyclization seemingly did not change. In an attempt to obtain a more quantitative 

assessment of how dehydration and cyclization depend on SpnM concentration, the full 

time courses of 8 were fit using numerically integrated coupled rate equations based on 

different kinetic models (for details, see Appendix A1).147 The observed data was fit best 

using the coupled rate equations in (1), which model Michaelis-Menton kinetics for the 

dehydration step and a first order cycloaddition step, and all three parameters, as well as 

the initial concentration of 3, were allowed to float (for details on the numerical 

integration and fitting, see Appendix A1). Weighted linear regression of the fitted 

parameters VSpnM and knon versus the concentration of SpnM (Figure 4.9) demonstrates a 

significant dependence of VSpnM but not knon on SpnM concentration based on evaluation 

of the respective slopes with regard to a 95% confidence interval. This implies that SpnM 

is indeed a monofunctional dehydratase, and its product (8) can be cyclized 

spontaneously without the assistance of an enzyme, albeit slowly at a rate of ~ 0.03 min-1.  
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Figure 4.9. Correlation of the fitted parameters VSpnM and knon versus [SpnM]. The measured 
turnover number for SpnM, kcat,SpnM, is 1020 ± 57 min-1 while the first order rate constant for 
nonenzymatic cyclization of 5,  knon, is 0.0288 ± 0.00041 min-1. Due to potential product inhibition, 
the parameter KSpnM represents an upper limit for the Michaelis constant of SpnM having a value 
of 380 ± 51 µM.  
 
 

 

Figure 4.10. HPLC analysis of the reaction with compound 11 and SpnL or SpnF. (1) Incubation 
of 2 mM 3 and 1.25 µM SpnM for 2 hr in 50 mM Tris•HCl buffer (pH 8) at 30 ºC, and with either 
(2) 1.25 µM SpnL, or (3) 1.25 µM SpnF. (4) Authentic standard of 4.  
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4.3.4. In vitro Activity Assays Using the Tricyclic Intermediate (11) with SpnF and SpnL 

Revealing Apparent Acceleration of the Cycloaddition Step by SpnF 

 
Having established that SpnM functions as a dehydratase whereas the [4+2] 

cycloaddition is a spontaneous reaction, it was next considered whether one or both of the 

two remaining gene products, SpnF and SpnL, are involved in the final C–C bond 

formation between C-3 and C-14. However, incubation of SpnF or SpnL with 11, 

generated in situ, failed to afford the aglycone 4 (Figure 4.10). Nevertheless, upon closer 

examination of the HPLC traces, it was noted that the residual amount of 8 near 52 min 

completely disappeared when SpnF was added to the assay mixture (Figure 4.10, trace 

(3)). Based on this observation, a second time course for the conversion of 3 to 11 was 

monitored in the presence of both SpnM and SpnF. As shown in Figure 4.11, the 

consumption of 8 with concomitant formation of a product whose retention time is 

consistent with 11 was completed within 20 min in the presence of 10 µM SpnF, while 

requiring more than two hours in its absence (see Figure 4.7). The structure of the 

product under this condition was confirmed to be 11 by analysis of the NMR spectrum of 

the isolated compound, suggesting that SpnF does not affect the structure of the 

cyclization product, but only the rate of the reaction. To exclude the possibility that 

contaminants in the SpnF stock solution or other minor components (i.e., GroEL or 

protein contaminants from E. coli BL21(DE3)*) are responsible for catalyzing the 

cycloaddition, the effect of denatured SpnF or GroEL on the reaction was assessed. As 

shown in Figure 4.12, no rate enhancement was observed by these two control elements 
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(see Figure 4.12A, trace (3) and (4)). This observation validates that the conversion of 8 

to 11 is catalyzed specifically by SpnF, not by others. 

 

Figure 4.11. HPLC time-course traces of the conversion of 3 to 11 in the presence of SpnM and 
SpnF.  
 
 
 
 
 

 
 
Figure 4.12. Control experiments to validate the rate accelerating effect of SpnF for the [4+2] 
cycloaddition step. A. HPLC analysis. Incubation of 2 mM 3 in Tris•HCl (50 mM, pH 8) for 25 min 
with (a) 1.5 µM SpnM, (b) 20 µM SpnF with (a), (c) 20 µM denatured SpnF with (a), and (d) 20 
µM GroEL with (a). B. Graph showing the percentage ratio of the peak integrations of 8 and 11, 
reflecting the relative amount of each compound remaining in the reaction mixture.  
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4.3.5. Quantitative Assessment of the Effect of SpnF on the [4+2] Cycloaddition Step and 

Mechanistic Consideration of the SpnF Reaction 

 

Figure 4.13. Time course and fits of [8] based on rate equations (2) where the concentration of 
SpnF ranged from 0 to 15 µM at a fixed concentration of SpnM (1.25 µM).  
 

In order to quantitate the effect of SpnF on the rate of the cyclization step, the 

concentration of SpnF was varied between 3 µM and 15 µM, while that of SpnM was 

fixed at 1.25 µM, and the production and consumption of 8 was monitored by HPLC. As 

shown in Figure 4.13, the rate of conversion of 8 to 11 appears to be enhanced as the 

concentration of SpnF is increased. Likewise, the data was fit best to the numerically 

integrated rate equations in (2), where the cyclization event is modeled as the sum of a 

first order and a Michaelis-Menton kinetic processes (details are provided in the 

Appendix A1). In these fits, all parameters, including the initial concentration of 3, were 

allowed to float except for knon, which was fixed at the fitted value obtained with 1.25 µM 

SpnM and no SpnF. Weighted linear regression of the fitted parameters VSpnM and VSpnF 

versus concentration of SpnF are shown in Figure 4.14. Evaluation of the slopes based on 

a 95% confidence interval indicates a significant dependence of VSpnF on SpnF 

concentration, while this is not true for the VSpnM parameter. Furthermore, the plot of 
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VSpnF versus SpnF concentration also demonstrates no significant difference of the 

intercept from zero based a 95% confidence interval and implies that the nonenzymatic 

consumption of 8 has been properly accounted for. These data firmly establish that SpnF 

is a cyclase catalyzing the conversion of 8 to 11 with an apparent kcat of 14 ± 1.6 min-1. 

The estimated rate enhancement by SpnF (kcat,spnF versus knon) is determined to be ~ 500-

fold.  

 

Figure 4.14. Correlation of VSpnM and VSpnF versus [SpnF]. The turnover number for SpnF, 
kcat,SpnF, is 14 ± 1.6 min-1. The apparent Michaelis-Menton constant for SpnF, KSpnF, which is 
independent of SpnF concentration, is 120 ± 46 µM.   
 
 
 

Mechanistically, the [4+2] cycloaddition reaction catalyzed by SpnF is consistent 

with the typical Diels-Alder reaction profile in several aspects (Scheme 4.3): The 

production of a cyclohexene ring is characteristic for a Diels-Alder reaction and can be 

considered as a cycloaddition reaction between a diene (C4=C5−C6=C7) and a 

dienophile (C11=C12) through a pericyclic transition state like 14. Moreover, the 

stereochemistry of the product indicates the occurrence of a stereospecific endo-mode 
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syn-addition as well. Alternatively, the [4+2] cycloaddition via a series of cationic 

rearrangements, a process akin to those involved in terpenoid biosynthesis, can be 

regarded as another possibility. 

 
 

Scheme 4.3. Proposed mechanism of the [4+2] cycloaddition reaction catalyzed by SpnF. 
 

4.3.6. Characterization of the Second Cyclase, SpnL 

 
Scheme 4-4. Two possible routes for the final cross-bridging reaction differing in the timing of 
rhamnosylation. 
 

The C-3/C-14 coupling is the last step to be characterized, and spnL is the only 

gene without an assigned function. Hence, it is reasonable to predict that SpnL plays a 
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role in this cross-bridging reaction. However, the observed inability of SpnL to convert 

11 to the anticipated aglycone 4 in vitro (see Figure 4.10, trace (2)) led to reconsideration 

of the sequence of events of the proposed biosynthetic pathway in Scheme 4.1. 

Previously, glycosylations had been proposed to occur on the aglycone 4 (Scheme 4-4, 11 

→ 4 → 18) and, indeed, transfer of the rhamnose moiety from TDP-β-L-rhamnose (16) to 

the C-9 hydroxyl group group of 4 by the rhamnosyltransferase, SpnG, had recently been 

demonstrated.69, 148 However, this observation did not necessarily rule out an alternative 

pathway in which rhamnosylation of 11 precedes C-3/C-14 cross-bridging (11 → 17 → 

18) because glycosyltransferases involved in the biosynthesis of secondary metabolites 

are known to be promiscuous with regard to their substrate specificity, and, moreover, the 

environment near the C-9 hydroxyl group in 4 and 11 is structurally similar. 

 

Figure 4.15. HPLC analysis of the final cross-bridging reaction. Incubation of 1 mM 11 in Tris•HCl 
buffer (50 mM, pH 8) at 30 ºC for 2 hr either (1) alone, (2) with both 20 µM SpnG and 1.5 mM 16, 
or (3) with 15 µM SpnL, 20 µM SpnG, and 1.5 mM 16. (4) Authentic standard 18. 
 

To address this possibility, the ability of SpnG to accept 11 as a substrate was 

investigated. As shown in the Figure 4.15 (trace (2)), incubation of 11 and 16 with SpnG 
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resulted in the disappearance of 8 with the concomitant appearance of a new peak 

(retention time of 17 min).  This new product was identified as 17 by 1H-NMR and high-

resolution MS analysis (Scheme 4.4). Upon addition of SpnL to this reaction mixture, the 

peak at 17 min disappeared and a new peak appeared at 27 min (Figure 4.15, trace (3)). 

Both transformations were highly efficient with the overall conversion completed in 2 hr. 

The identity of the new product as 18 was confirmed by high-resolution MS analysis and 

its co-elution with an authentic sample of 18 by HPLC. These results strongly suggest 

that 17 rather than 11 is the biologically relevant substrate for SpnL, and the in vivo 

transformation of 11 to 18 proceeds by way of the glycosylated tricyclic intermediate 17 

rather than the tetracyclic aglycone 4.  

4.3.7. Possible Chemical Mechanisms for the SpnL Reaction and Preliminary 

Mechanistic Study 

 

Scheme 4.5. Proposed mechanism of the cross-linkage reaction between C-3 and C-14 
catalyzed by SpnL. 
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Regarding the mechanism of the SpnL reaction, two possibilities are conceivable. 

One is the involvement of a Rauhut-Currier reaction (Scheme 4.5),149 in which the 

reaction is initiated by a nucleophilic attack at C-13 with a catalytic residue (i.e., 

cysteine), which leads to the generation of an enolate, 19. The resulting enolate can 

perform a conjugate addition to the C-3 position to form an intramolecular C−C bond (19 

→ 20). Then, an elimination of the nucleophile, prompted by deprotonation at C-14, 

completes the transformation from 17 to 18. Alternatively, the generation of an enolate 

can be initiated by simple deprotonation at C-12 (17 → 21). After a C−C bond formation 

similarly to the Rauhut-Currier pathway (21 → 22), an isomerization of a double bond 

from Δ12,13 to Δ13,14 leads to the formation of 18. 

 

Figure 4.16. Mass analysis of the SpnL reaction in D2O buffer. A. Incubation of 1 mM 18 in 
Tris•DCl D2O buffer (50 mM, pD 8.4) for 2 hr. B. Incubation of 1 mM 17 and 20 µM SpnL in 
Tris•DCl D2O buffer (50 mM, pD 8.4) 
 



179 

To gain the insight into the mechanism of SpnL, several experiments were 

performed. First, deuterium incorporation pattern during the reaction in D2O buffer was 

investigated. If the Rauhut-Currier pathway is operative, one can expect  +1 increase in 

mass spectrum because incorporation of a deuterium at C-2 is likely to occur during 

tautomerization after conjugate addition of the enolate to C-3 (19 → 20). In contrast, if 

the deprotonation/conjugate addition/isomerization pathway is the mechanism of SpnL, 

maximally two deuteriums may be integrated into the product (17) at C-2 and C-12, 

during tautomerization of Δ1,2-enolate to the corresponding ester (21 → 22) and 

isomerization of the Δ12,13-olefin to Δ13,14 (22 → 18), respectively. In fact, when 17 was 

incubated in Tris•HCl D2O buffer (50 mM, pD 8.4) in the presence of SpnL, mass 

increase by +1 rather than by +2 in the product (18) was observed (Figure 4.16B). 

It was also tested whether 17 is susceptible for a nucleophilic addition to afford a 

covalent adduct (i.e., 19), which is required to initiate a Rauhut-Currier reaction. Indeed, 

incubation of 2 mM 17 with 3 mM L-glutathione in 50 mM Tris•HCl buffer (pH 8) 

overnight resulted in a covalent adduct, verified by mass analysis (for details, see Section 

4.2.8.B). The site of L-glutathione addition between two possible positions, C-3 and C-

13, was not experimentally defined at this stage. However, addition at C-13 leading to 

formation of an intermediate resembling 19 is preferred based on the observation by 

Krische and co-workers that an enone moiety is more susceptible to a conjugate addition 

than an enoate in the case of intramolecular Rauhut-Currier reactions.149 Moreover, 

Roush and co-workers demonstrated in their total synthesis of spinosyn A that treatment 

of an intermediate, structurally similar to 12 (see Scheme 4.2), with trimethylphosphine 
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led to formation of the tetracyclic core, which could be realized only by a preferential 

nucleophilic attack at C-13.94 

Although these two preliminary studies regarding the SpnL reaction mechanism 

are apparently consistent with the Rauhut-Currier pathway, they do not necessarily 

exclude the other possibility. For instance, the increase of mass by +1 in the isotope chase 

experiment can be also accounted for in the deprotonation/conjugate 

addition/isomerization pathway if the proton abstraction at C-12 during the initiation as 

well as the protonation at C-12 during the isomerization are mediated by the same 

catalytic residue, and there is no exchange of that particular proton with the solvent 

throughout the catalysis. Also, non-enzymatic covalent adduct formation between 17 and 

L-glutathione, at best, provides circumstantial support for covalent catalysis. Hence, it is 

still premature to conclude the chemical mechanism of SpnL catalysis to be a Rauhut-

Currier reaction. 

4.3.8. Discussion and Future Directions 

Thus far, only four putative Diels-Alderases have been purified and studied. 

These enzymes are solanapyrone synthase,89 LovB (lovastatin nonaketide synthase),7 

macrophomate synthase,150, 151 and riboflavin synthase,152 which are involved in the 

biosynthesis of solanapyrone, lovastatin, macrophomate, and riboflavin, respectively. As 

briefly discussed in Chapter 3, Oikawa and Vederas groups independently demonstrated 

that the presence of solanapyrone synthase or LovB affects the stereo-outcomes of the 

corresponding [4+2] cycloaddition reactions, where dehydrodecalin moieties are 

produced from the linear polyketide chain intermediates (Scheme 4.6). Although these 

results in part support their functions to chaperone the substrate conformation to direct 
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the stereo-outcome of a cycloaddition, it is uncertain whether they indeed affect the rate 

of the cyclization steps (or “catalyze” that particular step) and which chemical 

mechanism is operative (e.g., Diels-Alder reaction vs. step-wise [4+2] cycloaddition). 

Therefore, the designation of these enzymes as “Diels-Alderases” is, at this time, 

premature and calls for further thorough and quantitative mechanistic evaluation.  

 

Scheme 4.6. Putative Diels-Alderases. A. Proposed functions of solanapyrone synthase and the 
change in the stereo-outcome of the product in the presence of partially purified enzyme. B. 
Proposed functions of LovB. When the surrogate substrate 30 was tested, stereoisomer 33 was 
observed only in the presence of LovB.  
 

Another putative Diels-Alderase, macrophomate synthase, has been demonstrated 

to catalyze multi-step transformations converting two substrates, 2-pyrone (34) and 

oxaloacetate (35), to macrophomate (39) (Scheme 4.7A). Initiated by decarboxylative 
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generation of pyruvate enolate from oxaloacetate, the reaction has been proposed to 

proceed to a penultimate intermediate 38 via either a concerted Diels-Alder reaction 

pathway (34/35 → 36 → 38) or a two-step Michael/aldol reaction cascade (34/35 → 37 

→ 38).150 The support for the former mechanism was claimed in the investigation of the 

crystal structure of macrophomate synthase complexed with pyruvate and Mg2+, where 

the orientation and positional geometry of two substrates, when 2-pyrone was modeled in 

the enzyme active site, appeared to mimic the transition state of the Diels-Alder reaction 

well.153 However, this structural information does neither exclude an alternative step-wise 

mechanism nor prove the concertedness of the reaction. In fact, computational analysis of 

the reaction progress indicated that the activational barrier is significantly higher (up to 

17.7 kcal/mol) in the Diels-Alder reaction pathway than in the Michael/aldol sequence.154 

Furthermore, demonstrated aldolase activity of macrophomate synthase by Hilvert and 

co-workers may also be considered as evidence arguaing against the Diels-Alder reaction 

mechanism.155 The involvement of a Diels-Alder reaction in the reaction catalyzed by 

riboflavin synthase was very recently proposed by Bacher and co-workers (Scheme 4.7B) 

in their NMR study to disclose the capability of riboflavin synthase to stabilize the exo-

methylene anion moiety of 41.152 While their finding effectively refutes the previous 

ionic reaction mechanism by eliminating the necessity of an exogenous nucleophile for 

covalent catalysis, the ionic nature of the reaction is not necessarily abrogated, so the new 

mechanistic concept involving a concerted [4+2] cycloaddition (42/44 → 45) is still 

hypothetical. 
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Scheme 4.7. Putative Diels-Alderases. A. Proposed mechanisms of macrophomate synthase. B. 
A proposed mechanism of riboflavin synthase (R = D-ribityl).  
 

As a resort to gain insight into the question regarding the existence of a natural 

“Diels-Alderase”, biosynthesis of spinosyn A, particularly, the biochemical steps to forge 

the perhydro-as-indacene moiety, has been extensively investigated. As described in the 

previous sections, the biosynthetic pathway for spinosyn A is now fully established to be 

in line with the proposed scenario B (Scheme 4.2). The specific biochemical functions of 

a lipase homologue, SpnM, serving as a dehydratase, as well as two SAM-dependent 

methyltransferase homologues, SpnF and SpnL, acting as cyclases in the cross-bridging 

steps were unequivocally determined. The stark discrepancy between the predicted and 
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confirmed activities of these enzymes indicates that caution must be taken when 

annotating enzyme functions based solely on sequence analysis.  

The SpnF-catalyzed [4+2] cycloaddition reaction is consistent with a Diels-Alder 

reaction, where production of the cyclohexene ring may involve a pericyclic transition 

state resembling 14 (see Scheme 4.3). But, this still needs further experimental support. 

The demonstrated ability of SpnF to specifically enhance the rate of cycloaddition from 8 

to 11 is significant, because this is the first example that the catalytic proficiency of a 

putative Diels-Alderase is experimentally quantified. SpnF is unique among 

aforementioned putative Diels-Alderases as its function is exclusively committed to 

catalyze a [4+2] cycloaddition reaction, while others appear to be involved in more than 

two chemical processes. For instance, solanapyrone synthase carries out an oxidation of 

the nascent polyketide intermediate 23 to afford the cycloaddition precursor 24. 

Likewise, LovB is a polyketide synthase whose primary function is to construct the 

lovastatin polyketide backbone. Indeed, this multifunctional nature has arguably 

hampered in-depth investigation of the cyclization mechanism of these putative Diels-

Alderases, because of the difficulty to distinguish the corresponding cycloaddition 

element from other reactions that they catalyze. In this regard, identification of SpnF as a 

monofunctional cyclase certainly confers significant benefit in deciphering its chemical 

mechanism (Diels-Alder reaction vs. cationic rearrangements, see Scheme 4.3).  

The chemical mechanism of the Diels-Alder reaction has been debated over the 

last several decades, particularly regarding the nature of its transition state, whether two 

σ-bonds are formed in a concerted or step-wise fashion. Various computational studies 

have reached an agreement supporting the concerted pericyclic nature of the transition 
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state,156 and this theoretical consideration was experimentally substantiated by the 

Singleton group in their kinetic isotope effect (KIE) study, demonstrating the 

concerted/asynchronous formation of two σ-bonds during a Diels-Alder reaction between 

isoprene and maleic anhydride.157-159 Does SpnF catalyze a Diels-Alder reaction? The 

answer to this key question should be sought in the context of these decade-long efforts 

to understand the mechanism of the Diels-Alder reaction. More specifically, the 

concertedness of the σ-bond formation event, which is the prime characteristic of a Diels-

Alder reaction, should be addressed, which probably can be probed by a KIE study as 

illustrated in Singleton’s investigations. In addition, the mode of catalysis is another point 

of interest. A number of small molecule catalysts have been shown to accelerate the 

Diels-Alder reaction either by lowering the LUMO (Lowest Unoccupied Molecular 

Orbital) energy of the dienophile (in the case of normal electron-demanding Diels-Alder 

reactions) or by effectively “freezing out” the conformation of the substrate more 

conducive to reaction (or providing “entropy trap”). The former catalysis is often 

achieved by use of Lewis acids,160 while the latter has served as a basis in generating 

catalytic antibody- or ribozyme-based Diels-Alderases.161, 162 The reality in the catalysis 

of a natural Diels-Alderase is likely a combination of these effects. SpnF offers an 

exceptional system to interrogate this series of questions because of its mechanistic 

ambiguity, the unimolecular nature of the reaction that it catalyzes, and its mono-

functionality. Moreover, a modular and convergent scheme to synthesize the cross-

bridging precursor 2 (see Scheme 4.1 and Chapter 3 for details regarding its chemical 

synthesis) would allow facile preparation of various substrate analogues for the KIE 

experiments as well as other mechanistic studies. Therefore, ongoing investigation of the 
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SpnF reaction will be focused on elucidating its chemical mechanism and, ultimately, 

securing evidence for the existence of a Diels-Alderase in Nature. 

 

Scheme 4.8. Proposed mechanism of the reaction catalyzed by thymidylate synthase (R = 2′-
deoxyribose-5′-monophosphate, R′ = (p-aminobenzoyl)-glutamate).  
 

The reaction catalyzed by SpnL is also mechanistically intriguing as it may be a 

biological mimic of the Rauhut-Currier reaction. Even though covalent catalysis is 

prevalent in enzyme chemistry, its implication in generating an enolate to form a new C–

C bond is rare. The closest example might be a thymidylate synthase (Scheme 4.8), 

where a nucleophilic addition of a cysteine residue in the enzyme to the C-6 position of 

dUMP (2′-deoxyuridine-5′-monophosphate, 48) promotes generation of an enolate 

(49).163 The resulting enolate then attacks N5,N10-methylene-5,6,7,8-tetrahydrofolate 

(CH2H4folate, 50) to abstract a methyl group to eventually produce TMP (2′-

deoxythymidine-5′-monophosphate, 54). This reaction can be regarded as a Bayliss-

Morita-Hillman reaction (a cousin of the Rauhut-Currier reaction). Herein, two sets of 

preliminary mechanistic studies, isotope trace experiment and test of susceptibility of 17 

toward a nucleophilic addition of a sulfhydryl group, to support the Rauhut-Currier 

reaction hypothesis were described. However, they do not necessarily rule out another 

possibility involving a cascade of deprotonation at C-12, conjugate addition to C-3, and 
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olefin isomerization (see Scheme 4.5). Hence, the desigination of SpnL as a bona fide 

“Rauhut-Currierase” still awaits experimental evidence such as identification of an 

enzyme-substrate covalent conjugate (i.e., 19 or 20).  

 

4.4. CONCLUSION 

The enzymatic steps involved in the biosynthesis of the polycarbocyclic moiety of 

spinosyn A described herein represents some of the most complex post-PKS modification 

reactions characterized to date. Particularly, disclosure of two cyclases, SpnF and SpnL, 

are intriguing as their proposed mechanisms, respective Diels-Alder and Rauhut-Currier 

reactions, are rarely found in the inventory of enzyme catalysis. Interestingly, the 

biosynthetic logic uncovered in this study has been exploited by Roush and co-workers in 

their total synthesis of spinosyn A in which the construction of the tetracyclic core also 

involves a transannular Diels-Alder cycloaddition followed by a Rauhut-Currier cross-

bridging reaction. As epitomized in the current study, the secondary metabolite 

biosynthetic pathways are a rich source of novel enzyme chemistry, and in this regard 

they will continue to challenge and inspire the ingenuity of chemical biologists. 
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Appendix 

 

A.1. PROGRESS CURVE ANALYSIS OF THE SPNM AND SPNF REACTIONS 

This section describes how progressive curves of the SpnM and SpnF reactions 

are analyzed (see Figure 4.8, 4.9, 4.13, and 4.14). Experimental details can be found in 

Chapter 4. All compound numberings and annotations follows those used in Chapter 4. 

The copyright of this section belongs to Dr. Mark W. Ruszczycky. 

A.1.1. General Consideration 

Equation numbering follows that in the primary text. All programs were written 

and implemented using GNU Octave version 3.0.5,
1
 which is available as freeware from 

the website http://www.octave.org. For investigators who are interested in applying 

similar kinetic analyses but do not wish to develop their own simulation and fitting 

programs, a number of commercial and free software packages are available and can be 

found in the accompanying references and references therein.
2-4

 

A.1.2. Rate Equations 

The conversion of 3 to 11 via intermediate 8 has two degrees of freedom, because 

the sum of the concentrations of the three species is a constant under the experimental 

conditions of the kinetic assay and the concentrations of enzyme intermediate complexes 

are insignificant. This system can therefore be described by two coupled differential 

equations corresponding to d[3]/dt and d[8]/dt. Inspection of the time courses indicated 

that both the 3  8 and 8  11 transformations are not significantly reversible. 

Therefore, the coupled rate equations in the presence of SpnM alone are given by (1): 
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d[3]/dt = –VSpnM [3] / (KSpnM + [3])  (1a) 

d[8]/dt = VSpnM [3] / (KSpnM + [3]) – knon [8] (1b) 

 

and the coupled rate equations in the presence of SpnM and SpnF are given by (2): 

 

d[3]/dt = –VSpnM [3] / (KSpnM + [3])     (2a) 

d[8]/dt = VSpnM [3] / (KSpnM + [3]) – knon [8] – VSpnF [8] / (KSpnF + [8]) (2b) 

 

Kinetic models were also considered that employed first order kinetics for both formation 

and decomposition of 8 with and without SpnF. However, these models provided inferior 

fits compared to those described by (1) and (2) as discussed below. 

Time courses were monitored by HPLC, and the peak integrations corresponding 

to 8 were normalized versus the internal standard pMAP, the concentration of which was 

fixed and constant. The absolute concentration of 8 is therefore directly proportional to 

the normalized HPLC peak integrations according to 

 

[5] =  x  (3) 

 

where x is the relative peak integration of 8 versus pMAP. The constant of 

proportionality, , is given by 

 

 = pMAP [pMAP] / 5  (4) 
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where pMAP and 5 are the respective extinction coefficients of pMAP and 8 at 280 nm, 

and [pMAP] denotes the fixed concentration of pMAP in the reaction mixture (1 mM). 

The extinction coefficient 5 was initially unknown and was estimated from the 

fitted progress curves. To do so, the concentrations of 3 and 8 in equations (1) and (2) 

were nondimensionalized with the following scaling, 

 

y = [3] /  (5a) 

x = [8] /   (5b) 

 

The corresponding, scaled rate equations for the experiments with SpnM alone then 

become 

 

dy/dt = – (VSpnM / ) y / [(KSpnM / ) + y]   (6a) 

dx/dt = (VSpnM / ) y / [(KSpnM / ) + y] – knon x  (6b) 

 

and applied to the rate equations for experiments with both SpnM and SpnF, 

 

dy/dt = – (VSpnM / ) y / [(KSpnM / ) + y]     (7a) 

dx/dt = (VSpnM / ) y / [(KSpnM / ) + y] – knon x – (VSpnF / ) x / [(KSpnF / ) + x] (7b) 
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This scaling permitted the simulated time course of x from integration of the rate 

equations in either (6) or (7) to be fit directly using the normalized HPLC peak 

integrations of 8. 

Though the first order rate constant knon is unaffected by the scaling, the fitted 

Michaelian kinetic parameters correspond to (VSpnM / ), (KSpnM / ), (VSpnF / ) and (KSpnF 

/ ), which are nondimensionalized in terms of substrate concentration. Therefore, the 

initial value of y, denoted yi, was also allowed to float during the fitting process in order 

to determine . From the overall best estimate of yi, the scaling parameter  could be 

obtained according to 

 

 = [3]i / yi (8) 

 

where [3]i is the initial concentration of 3 used in all of the experiments (2 mM). The 

scaling factor  was then used to redimensionalize the fitted parameters to standard units 

of substrate concentration as reported in the primary text. The extinction coefficient 5 

was obtained from reported values of pMAP and expression (4). 

A.1.3. Numerical Integration and Fitting.  

Depending on the experimental system, the coupled systems of differential 

equations in either (6) or (7) were integrated numerically over the full time interval in the 

individual experiments using the fourth order Runge-Kutta algorithm.
5
 While time 

courses for both y and x are obtained from the numerical integration of either (6) or (7), 

only x was fit to the data in order to obtain  and 5 as described above. 
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Experimental progress curves were obtained in duplicate for each set of enzyme 

concentrations. Fitting and error analysis was performed on each pair of unaveraged 

duplicate time courses to facilitate hypothesis testing as described below. Duplicate 

measurements have been averaged in the progress curves of Figure 4.8 and 4.13 only for 

clarity of presentation. In experiments with SpnM alone the four parameters knon, (VSpnM / 

), (KSpnM / ) and yi were allowed to float. In experiments with both SpnM and SpnF, the 

five parameters (VSpnM / ), (KSpnM / ), (VSpnF / ), (KSpnF / ) and yi were allowed to float. 

In these latter experiments knon was fixed at 0.0304 min
–1

, which was obtained from the 

corresponding fit in the absence of SpnF. In all cases the initial value of x was fixed at 0. 

Fitting employed the method of steepest descent
6
 with parameter step sizes 

proportional to the estimated gradient. For this reason, convergence was judged on the 

basis of minimal change (< 1%) in the sum square residual (SSR) following at least 100 

additional parameter steps. The importance of initial parameter estimates as well as 

thorough searching of parameter space during nonlinear regression analysis has been 

emphasized by several authors.
6-8

 Therefore, these initial estimates were based on 

simplified models including double exponentials, first order approximations for 

production and consumption of 8 as well as fits using (6) and (7) with different 

combinations of floating and fixed parameters in order to facilitate exploration of 

parameter space. Significant discretization error during the numerical integrations
9
 was 

ruled out by demonstrating less than 0.5% change in the SSR when a 10-fold reduction in 

the time steps was employed with the final fitted parameter sets. For each fit a covariance 

matrix was computed according to a linear approximation.
8
 Standard errors and nominal 

confidence intervals for the parameter estimates were obtained for each fit from the 
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covariance matrices; however, due to recognized deficiencies in error estimates from 

nonlinear regression and progress curve analysis, the standard errors should be 

considered lower limits.
7
 

A.1.4. Quality of the Fits  

Quality of the fits was judged primarily by inspection of the residuals. Because 

time courses were run in duplicate, an analysis of variance for significance of lack of fit
8
 

was also performed, from which p-values were computed based on a one-tailed F-

distribution. It should be noted, however, that the error between duplicate time points is 

correlated along the entire progress curve, because it is the progress curves that are 

duplicated rather than the individual time points.
10

 Therefore, the p-values for 

significance of lack of fit are likely to be biased towards larger values such that a poor fit 

is less likely to be rejected. For this reason, they should be considered a guide to 

assessing the fit rather than a rigorous means of evaluation. 

Residuals for the fits to the data from the four experiments with SpnM alone using 

the kinetic model in equations (6) are shown in Figure A.1.1A~D. Residual plots 

obtained when the 3  8 transformation is also treated as a first order (V / K) process, 

rather than a Michaelian (hyperbolic) one, are shown in Figure A.1.1E~H. In the case of 

fits using (6), p-values for significance of lack of fit were all greater than 10% except for 

the experiment with 0.25 μM SpnM. In contrast, modeling first order kinetics for the 3  

8 transformation demonstrated p-values < 2% in all cases. Comparison of the residuals in 

Figure A.1.1, SSRs and the p-values implied significant improvement in the fit when the 

3  8 reaction was modeled as a Michaelian rather than a simple first order process. 

Nevertheless, fits with the Michaelian model (6) did show evidence of an oscillating 
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pattern in the residuals in the 0.25 and 0.60 μM SpnM experiments. There was also 

evidence for increased random variance at early time points. These inadequacies in the 

Michaelian model may be the result of product inhibition. However, further testing of 

additional models to take this into account was deemed unreliable due to poor 

conditioning of the data: only one experiment demonstrated significant lack of fit, none 

of the SpnF experiments demonstrated significant lack of fit and preliminary attempts to 

introduce competitive product inhibition into the kinetic models did not provide unique 

best estimates of the Michaelis constants. 

 
 

Figure A.1.1. Plots of residuals versus time for experiments with SpnM in the absence of SpnF. 
A–D correspond to fits using the integrated rate equations in (6), whereas E–H correspond to a 
model in which the 3  8 transformation is considered a first order (V / K) process. A & E. 0.25 
μM SpnM; B & F. 0.60 μM SpnM; C & G. 1.25 μM SpnM; D & H. 2.50 μM SpnM. Ordinates 
represent the residual (res) in terms of nondimensionalized [8] (see expression (5b)). 
Unaveraged and averaged residuals at each time point along the duplicate progress curves are 
represented by open and closed circles, respectively. 

 

In the four experiments where SpnF was varied and SpnM was fixed at 1.25 μM, the 

model represented by (7) was employed in the fitting. Analysis of variance for 

significance of lack of fit yielded p-values of > 35% in all cases. Likewise, examination 
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of the residuals suggested random fluctuations in all cases as demonstrated in Figure 

A.1.2. This is consistent with the hypothesis of product inhibition for SpnM as SpnF 

effectively clears product (8) from the reaction mixture. In the experiment with 3.0 μM 

SpnF, both replicates at 9 min were removed as outliers because they were noted to 

adversely affect the fit. This is the only instance in which data was excluded from the 

fitting process. 

 
 

Figure A.1.2. Plots of residuals versus time for experiments with SpnM in the presence of SpnF. 
SpnM was fixed at 1.25 μM in all experiments. A. 3.0 μM SpnF; B. 6.5 μM SpnF; C. 10.0 μM 
SpnF; D. 15.0 μM SpnF. Ordinates represent the residual (res) in terms of of nondimensionalized 
[8] (see expression (5b)). Unaveraged and averaged residuals at each time point along the 
duplicate progress curves are represented by open and closed circles, respectively. 

 

A.1.5. Hypothesis Testing 

Parameter estimates based on fits using the numerically integrated rate equations 

in (6) and (7) were analyzed for dependence on enzyme concentration (SpnM and SpnF) 

by fitting each parameter estimate (P) using weighted, least squares linear regression to 

both the zero order structural relation 

 

P = avg  (9) 

 

which is identical to a weighted average, as well as to the first order structural relation 
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P = 1 [Enz] + 0  (10) 

 

where [Enz] denotes the concentration of SpnM or SpnF, depending on the parameter-

enzyme correlation being considered. Weights in both cases are equal to the normalized, 

reciprocal, estimated variance of each fitted parameter, and the variance in fitted avg, 1 

and 0 were determined according to conventional means for weighted averages and fits.
6, 

11
 Significant correlations of a parameter with enzyme concentration were identified 

when the nominal 95% confidence interval of 1 from a two-tailed t-distribution did not 

contain 0. Significant correlations were identified only with (VSpnM / ) versus [SpnM] (p 

= 0.3%) and (VSpnF / ) versus [SpnF] (p = 1%), in which case the corresponding values 

of 1 represent estimates of (kcat,SpnM / ) and (kcat,SpnF / ), respectively (see below for 

further analysis). 

When 1 was not significantly different from 0, the final parameter estimate and 

its variance are reported according to the weighted average avg described by (9). 

Homogeneity of the parameter means in these cases was judged by considering the 95% 

confidence intervals of the parameter from each fit using a two-tailed t-distribution. Only 

in the case of yi did all of the 95% confidence intervals not overlap one another 

suggesting potential heterogeneity. This may be a consequence of variations in the initial 

concentration of 3, for which the fitting is a more precise assay, or inadequacies in the 

models represented by (1) and (2), for which the data is otherwise not well conditioned 

enough to reveal. Due to the potential heterogeneity, the final best estimate of yi is based 
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on an arithmetic mean from the eight duplicated time courses with variance and standard 

error determined accordingly. 

A.1.6. Quality of the Fitted Parameters  

In all cases parameters are reported ± standard error. The final estimates of the 

fitted Michaelian kinetic constants V and K are scaled by . This scaling factor was 

determined from the overall estimate of yi, 2.11 ± 0.031 (nondimensional), according to 

expression (8), and was found to be 950 ± 14 μM. Using this factor, the final apparent 

kinetic constants for SpnM and SpnF could be dimensionalized to standard units, and 

these are provided in Table A.1.1. Likewise, the value of 5 was determined to be 16900 

± 240 M
–1

cm
–1

 according to expression (4). The value of pMAP was obtained from the 

absorbance of pMAP at 280 nm and literature values for the extinction coefficients of 

pMAP at 271.5 and 217 nm (16596 and 11749 M
–1

cm
–1

, respectively)
12

 to normalize the 

concentration. 

It was noted that based on a two-tailed t-distribution, the final 95%, confidence 

interval for knon did not include the value of knon fixed during the fits of the SpnF data. 

While this was not true for the 99% confidence interval, the experiment with 1.25 μM 

SpnM and 15 μM SpnF was refit using the final best estimate of knon reported in Table 

A.1.1. In this control, the maximum change in the parameter estimates was less than 3% 

with values of the Michaelis constants being affected most, and the change in the sum 

square residual was less than 1%. As this was less than the percent error of the estimates 

themselves, the discrepancy was not judged significant. 

The reactions proposed for SpnM and SpnF are both uni uni such that product 

inhibition in each case is expected to be competitive. For this reason, the reported values 
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of KSpnM and KSpnF, and by extension the specificity constants (kcat / K)SpnM and (kcat / 

K)SpnF, are apparent Michaelis constants due to the potential for product inhibition. 

Competitive product inhibition will tend to make an apparent Michaelis constant appear 

larger than the true value. Therefore, the Michaelis constants reported in Table A.1.1 are 

best considered upper limits while the specificity constants are best regarded as lower 

limits. 

  It is worth noting that the apparent Michaelis constant for SpnF is much smaller 

than the concentrations of 8 observed among the majority of the observed time points. 

This has a number of consequences. First, the fitted value of kcat,SpnF should be a much 

better estimate of the true value compared to KSpnF, due to the apparent saturation kinetics 

along the majority of the progress curve. Second, the apparent zero order region of the 

data for consumption of 8 can be fit using a straight line to estimate VSpnF in the 

experiments with 10.0 and 15.0 μM SpnF. Comparison of the VSpnF estimates from fits 

using (7) versus linear fits to the apparent zero order regions demonstrated differences in 

both the 10.0 and 15.0 μM SpnF cases that were not significant by a two-tailed t-test at 

the 95% confidence level. Furthermore, the percent differences in VSpnF between the two 

methods of estimation were approximately 13% and 5% for the 10.0 and 15.0 μM SpnF 

time courses, respectively. This is indicative of the better approximation by a linear fit to 

the zero order region as SpnF saturation kinetics significantly outpaces nonenzymatic 

cyclization. Finally, the discrepancy between the observed concentrations of 8 (and 3) 

and the apparent Michaelis constants is reflected by the increased relative standard error 

in these fitted parameters, and by extension (kcat / K)SpnM and (kcat / K)SpnF, compared to 

the turnover numbers. 
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Parameter Value ± Standard Error Units 

 Nonenzymatic conversion of 8  11  

knon 0.0288 ± 0.00041 min
–1

 

 Turnover numbers  

kcat,SpnM 1020 ± 57 min
–1

 

kcat,SpnF 14 ± 1.6 min
–1

 

 Michaelis constants  

KSpnM 380 ± 51 μM 

KSpnF 120 ± 46 μM 

 Specificity constants  

(kcat / K)SpnM 2.6 ± 0.42 μM
–1

 min
–1

 

(kcat / K)SpnF 0.12 ± 0.058 μM
–1

 min
–1

 

 

Table A.1.1. Final parameter estimates based on the individual fits and the analysis described in 
the text. Kinetic parameters for SpnM are based on all eight fits. The specificity constants were 
determined for each individual fit using the variance and covariance of V /  and K / , and then 
treated as additional parameter estimates. 
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A.2. SPECTRAL DATA FOR CHAPTER 2 

 
All compound numberings and annotations follows those used in Chapter 2. 



 202 

 



 203 

 



 204 

 



 205 

 



 206 

 



 207 

 



 208 

 



 209 

 



 210 

 



 211 

 



 212 

 



 213 

A.3. SPECTRAL DATA FOR CHAPTER 3 

 
All compound numberings and annotations follows those used in Chapter 3. 
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A.4. SPECTRAL DATA FOR CHAPTER 4 
 

All compound numberings and annotations follows those used in Chapter 4. 
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