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ABSTRACT OF THE DISSERTATION 

 

 

 
Investigations into the biosynthesis of salinosporamide A: new insights on PKS 

extender units and the origin of a nonproteinogenic amino acid 

 

 

by 

 

 

Yuan Liu 

 

Doctor of Philosophy in Oceanography 

 

University of California, San Diego, 2010 

 

Professor Bradley S. Moore, Chair 

 

 

 

 

           Salinosporamide A, a highly bioactive β-lactone from the marine bacterium 

Salinispora tropica, originates from three biosynthetic building blocks, namely 

acetate, chloroethylmalonyl-CoA, and the nonproteinogenic amino acid 

cyclohexenylalanine. The unexpected and unprecedented pathway to 

chloroethylmalonyl-CoA was illuminated by a multidisciplinary approach involving 

genetics, organic synthesis, and protein biochemistry, where S-adenosyl-L-methionine 

(SAM) is converted to chloroethylmalonyl-CoA in a series of reactions catalyzed by 

pathway-specific enzymes evolved from primary metabolic homologs. Besides the 



xxii 

 

discovery of the first functionalized polyketide synthase (PKS) extender unit 

chloroethylmalonyl-CoA, three new PKS building blocks were identified, namely 

propylmalonyl-CoA, bromoethylmalonyl-CoA, and fluoroethylmalonyl-CoA, which 

are involved in the biosynthesis of different members of the salinosporamide family of 

potent anticancer agents. This discovery doubles the number of coenzyme A-based 

PKS extender units from four to eight that give rise to the polyketide family that 

number in the thousands. Moreover it also suggests a new paradigm in PKS 

biochemistry employing α, β-unsaturated carboxylic acid substrates. The partial 

characterized pathway to cyclohexenylalanine, another building block of 

salinosporamide A, not only represents a new branch in the phenylalanine pathway, 

but also affords ready access to new fermentation-based salinosporamide A variants 

for SAR studies through rational metabolic engineering.  
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CHAPTER ONE 

 

 

Introduction  

 

 

1.1 Natural products as a source of therapeutic agents 

 

1.1.1 The history of natural products as drugs  

 

 A chemical compound or substance which has a pharmacological or 

biological activity for use in pharmaceutical drug discovery and drug design and is 

derived from natural sources, e.g., plants, animals and microorganisms, is defined as 

a natural product.1 Although our scientific knowledge of natural products has only 

developed over the last 100 years or so, the practical application of antibiotics 

existed for a long time before the term was even known.2 Since ancient times the 

age-old convention of using plants as the therapeutic agents has been in existence for 

over 4000 years.3 Evidence of this exists in the written records that date from 

approximately 2600 BC describing oils, herbs and juices from plants, many of which, 

to this day remain in use to treat a variety of ailments.3 The bones from the ancient 

Sudanese–Nubian civilization (350 AD) had traces of tetracyclines at therapeutic 



 

 

2

levels, affording another evidence for exposure to antibiotics in an archaeological 

population.4  

Traditional Chinese Medicine (TCM) is another example. It has been around 

for thousands of years.5,6 Although the first recorded history of TCM dates back over 

2,000 years, it is believed that the origin of TCM goes back more than 4,000 years.6. 

The first written documentation on traditional Chinese medicine is The Yellow 

Emperor's Inner Classic (Hung Di Nei Jing), back to between 475 B.C. and A. D. 

220.6 Another medical masterpiece entitled Shang Han Lun or "Treatise on Febrile 

Diseases"5 was written by Zhang Zhongjing (A.D. 150-219), the most famous of 

China's ancient herbal doctors to live during the Eastern Han dynasty. To date Zhang 

Zhongjing's theory and prescriptions are still of great practical value. It is still used as 

a standard reference work for traditional Chinese medicine, including moxibustion, 

needling and herbal medicine. Li Shizhen (A.D. 1518-1593) was a great physician 

and pharmacologist whose major contribution to medicine was his forty-year work, 

which is found in his epic book Compendium of Materia Medica (Ben Cao Gang 

Mu), also called Grand Materia Medica. It records 1,892 medicinal substrances, 

including more than 1,000 illustrations and 10,000 prescriptions. This book was one 

of the greatest contributions to the development of pharmacology both in China and 

throughout the world.6  

 

 

 

 



 

 

3

1.1.2 Natural products as clinical agents 

 

Although natural products have used for millennia, the general principles of 

their action were not understood until the twentieth century. Just over 200 years ago, 

the first pharmacologically active pure compound from a plant, morphine from 

opium produced by cut seed pods of the poppy Papaver somniferum was isolated by 

a 21-year-old pharmacist’s apprentice named Friedrich Sertürner.7 This initiated an 

era wherein drugs from plants could be purified, studied, and administered in precise 

dosages that did not vary with the source or age of the material.8 Then an effective 

vaccine that protected against anthrax was developed by Toussaint, Greenfield, and 

Pasteur in 1880 and 1881.9 This whole-cell vaccine (although not an antibiotic) 

demonstrated the medicinal potential of bacteria. When Alexander Fleming noticed a 

halo of inhibition of bacterial growth around a contaminant mold on a 

Staphylococcus plate culture in 1928, he ushered in a new era. With the further 

development of penicillin into a medicine by Florey and Chain in the 1940s and its 

mass production and success, the golden age of antibiotics had begun.2 

 During the following sixty years, pharmaceutical research expanded to 

include massive screening of microorganisms for new antibiotics by the detection of 

bioactivity in extracts from natural sources and purification of the corresponding 

compounds.2 By 1990, about 80% of drugs were either natural products or analogs 

inspired by them.8 Antibiotics (e.g. penicillin, cephamycin, tetracycline, 

erythromycin), antiparasitics (e.g. avermectin), antimalarials (e.g., quinine, 



 

 

4

artemisinin), lipid control agents (e.g., lovastatin and analogs), immunosuppressants 

for organ transplants (e.g., cyclosporine, rapamycins) and anticancer drugs (e.g., 

taxol, doxorubicin) revolutionized medicine (Fig. 1.1). Life expectancy in much of 

the world lengthened from about 40 years early in the 20th century to more than 77 

years today.8 
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Figure 1.1 Examples of natural product drugs 
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Although the expansion of synthetic medicinal chemistry in the 1990s caused 

the proportion of new drugs based on natural products to drop to ~50%, 13 natural 

product–derived drugs were approved in the United States between 2005 and 2007, 

with five of them being the first members of new classes.10 Given that natural 

products have historically provided numerous novel drug leads, it would be assumed 

that natural products continue to play a pivotal role in the drug discovery. However, 

most large pharmaceutical companies are no longer seriously engaged in the search 

for new drug leads from natural sources.1,2,8,11 This decline can be attributed to (1) 

the introduction of high-throughput screening (HTS) against defined molecular 

targets, which motivated many companies to move from natural product extract 

libraries to a more screen-friendly synthetic chemical approach; (2) the development 

of combinatorial chemistry, which afforded the possibilities to rapidly deliver a very 

large number of novel compounds which could be readily screened by HTS  for the 

drug leads; and (3) advances in modern molecular biology, which increased the 

number of rational targets for therapeutic intervention and prompted a shorter drug 

discovery timeline. So between 2001 and 2008, the number of natural product–based 

drugs in clinical studies dropped 30% to be around 100. 8 

However, combinatorial chemistry has failed to deliver leads that form the 

basis for development of successful new drugs.11 Some of the early combinatorial 

libraries, in some instances containing more than one million compounds, were 

synthesized only to find disappointing low hit rates, and no truly successful leads. 

These libraries were primarily designed for chemical accessibility and maximum 

achievable size instead of biologically relevant properties. Now there is a growing 
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recognition that it was premature to abandon natural products in drug discovery1,2,8,11 

since their structures have the characteristic properties that make them favorable lead 

structures for drug discovery and differentiate them from synthetic compounds. 

Natural products have privileged structures selected by evolutionary pressure to 

interact with a broad range of proteins and other biological targets for specific 

purposes, conferring direct ecological benefit to the producing organism in 

competition for resources or avoiding predation.  

While natural product discovery suffers from lack of broader pharmaceutical 

industry support, several technological developments over the past several years are 

reducing the complexity of working and building the extracts from the natural 

source, making the field of natural product discovery more attractive.1 These 

includes the improvements in handling microbial fermentation extracts, 

miniaturization of small-scale fermentations, development of disposable sensors for 

fermenters, large-scale fermentation and process development for natural product 

production, and improvements of purification and characterization processes. 

 

1.1.3 Genome mining for natural products discovery 

 

Besides the intrinsic structure of natural products and recent technological 

development, new possibilities in natural product drug discovery have been opened 

up by the genomic age.12,13 The genomics field has resulted in the deposition of a 

huge quantity of DNA sequence data from a wide variety of organisms in publicly 

accessible databases. Genome mining is the term to describe the exploitation of 
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genomic information for the discovery of new chemical entities (NCEs) from natural 

sources, which may form the basis for new drug leads.11 

The concept of exploiting genomic sequence data for the discovery of new 

natural products has grown out of the rapid expansion in the knowledge of genetic 

and biochemical basis for secondary metabolite biosynthesis, particularly in 

microorganisms, in the 1980s and 1990s.14 As large quantities of genomic sequence 

data began to accumulate in public databases at the turn of the century, it quickly 

became apparent that many genomes, in particular those of plants and 

microorganisms, contain numerous genes encoding proteins likely to participate in 

the assembly of structurally complex bioactive natural products but not associated 

with the production of known metabolites. In the microbial arena, this phenomenon 

was first recognized during analysis of the complete genome sequences of the model 

actinomycete Streptomyces coelicolor A3(2) and the industrial actinomycete 

Streptomyces avermitilis.15-17 Similar observations have since been made for other 

microbial genomes, e.g., Pseudomonas fluorescens Pf-5, Saccharopolyspora 

erythraea NRRL2338, and Aspergillus species, as well as some plant genomes.18-23 

Moreover, access to rapid and inexpensive genome sequencing methods24,25 

will fully enable metagenomics for unculturable organisms and uncover “silent 

pathways” in plants25 to afford access to a large collection of new products and 

biocatalysts. The total number of living species was estimated from 2 million to 100 

million, based on one claim of 30 million species just for insects.8 Hence, the number 

of biosynthetic products and enzymes remaining to be examined is huge. Systems 

biology could eventually map the likely metabolism for most species. Such a library 
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of biochemical transformations could be a magnificent tool for the discovery of new 

products.8 It is likely that the coming years will see an explosion of interest in the 

field of genome mining for new natural product discovery. Genome mining 

approaches are likely to be incorporated into the drug discovery process of 

biotechnology companies and may also provide the stimuli needed to catalyze the re-

entry of big pharmaceutical companies into natural product drug discovery.11 

In conclusion, natural product research continues to provide significant value 

in the discovery of novel chemical structures and bioactive lead molecules for 

clinical development.1  That new compounds were isolated every year indicates that 

there is not a lack of new chemical diversity in this field. Technological advances 

accelerate lead identification and natural product structural elucidation, as well as 

scale-up and manufacture of final drug products. The large number of compounds 

derived from natural product sources that are currently undergoing evaluation in 

clinical trials26
 is another positive indicator that natural product discovery provides 

good value for human medicine. Likewise, the increase in unmet medical needs 

arising from both a better understanding of disease via the human genome project, as 

well as from the development of resistance among many of the disease pathogens 

that historically have been controlled (e.g., Staphylococcus. aureus, tuberculosis, 

malaria, etc.) provides ample opportunity to rationalize drug discovery from natural 

products within the pharmaceutical industry.1 

 

 



 

 

9

1.2 Polyketide and nonribosomal peptide natural products 

 

Polyketides (PK), nonribosomal peptides (NRP), and hybrids (PK-NRP) 

comprise many thousands of small molecule natural products that are of considerable 

pharmaceutical relevance and are thought to cover diverse biological functions in 

their ecosystems.14 Examples include the polyketide antibiotics erythromycin27 and 

tetracycline,28 the nonribosomal peptide antibiotics of the penicillin families,29 as 

well as the glycopeptides of the vancomycin family.30 Medicinally relevant PK-NRP 

hybrids include the immunosuppressant drug FK50631,32 and rapamycin,33,34 and the 

antitumor agents of the bleomycin35 and epothilone36 families (Fig. 1.2). 

Polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) 

are both giant multifunctional enzymes containing numerous enzymatic domains 

organized into functional units termed modules, usually distributed over one or a few 

giant polypeptides.14 In the modular PKS and NRPS systems, there is a logical 

correspondence between (i) the number of modules in the biosynthetic system and 

the number of building blocks incorporated into the natural product and (ii) the 

occurrence of different kinds of optional domains (Fig. 1.3) within modules and 

structural features of the natural product. Such “colinearity” is exemplified by the 6-

deoxyerythronolide B modular PKS,37 which uses seven modules to incorporate 

seven propionate-derived building blocks into the erythromycin macrolactone, and 

the tyrocidine A NRPS,38 which uses 10 modules to incorporate 10 amino acids 

(DPhe-Pro-Phe-DPhe-Asn-Gln-Tyr-Val-Orn-Leu) into a cyclic decapeptide 
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antibiotic. In both these systems, each domain appears to be used once in the overall 

assembly process. Every module in these systems contains a domain that specifically 

recognizes the substrate of the module and covalently tethers it to an adjacent carrier 

protein domain. 11 
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Figure 1.2 Examples of PK, NRP, and PK-NRP hybrid natural products 
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In modular PKSs, the acyltransferase (AT) domain selects an acyl-CoA unit 

and catalyzes its transfer to an acyl carrier protein (ACP) domain, whereas in NRPSs 

the adenylation (A) domain recognizes a specific amino, aryl, or other acid from 

among the cellular pool and catalyzes its covalent attachment via a thioester linkage 

to a peptidyl carrier protein (PCP) domain (Figure 1.3).14 Sequence comparisons of 

large numbers of AT and A domains with known substrate specificity allowed 

conserved motifs associated with domains that recognize particular substrates to be 

identified.39-41
 Such conserved sequence motifs have proven to be of significant 

value for predicting the substrates incorporated by “cryptic” modular PKSs and 

NRPSs, uncovered by genomics, into their structurally uncharacterized products.11 

 

 

Figure 1.3 Domain structures of PKS and NRPS. A) PKS module. The AT and ACP 
domains (blue) are present in all modules. AT domains select substituted malonyl-
CoA from the cellular pool and tether it to adjacent carrier protein domain ACP. The 
KS domain (green) is present in all chain extension modules. The other yellow 
domains (DH, ER and KR) are optional, but modify the structural features. B) NRPS 
module. The A and PCP domains (blue) are present in all modules. The A domain 
selects and tethers an amino acid to adjacent carrier protein (PCP). The C domain 
(green) is present in all chain extension modules. The E and MT domains (yellow) 
are optional.  
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The genetic information of the sequenced genes for hundreds of PKS, NRPS, 

and hybrid PKS-NRPS has also revealed that PKS and NRPS genes are organized in 

clusters.19 The clustering of biosynthetic genes facilitates the cloning of complete 

pathways. These genetic characters, coupled with biochemical studies on purified 

and/or reconstituted enzymatic components, have deciphered the logic, machinery, 

and mechanisms of the PKS and NRPS enzymatic assembly lines over the past 20 

years. This basic knowledge of PKS and NRPS systems will facilitate the 

combinatorial biosynthesis to create collections of natural product variants with 

novel structure and function.14  

Our studies on the biosynthesis of marine natural product salinosporamide A 

(Fig. 1.9) as the hybrid of PKS-NRPS biosynthesis beautifully exemplify this 

scenario. Before the detailed discussion on these biosynthetic studies, the mechanism 

of action of salinosporamide A as a 20S proteasome inhibitor will be delineated in 

the next section. 
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1.3 Proteasome and its inhibitors 

 

Since the FDA approval of Velcade™ (Fig. 1.6) for the treatment of multiple 

myeloma in 2003, the 20S proteasome has represented a validated target for the 

treatment of cancer.42 The proteasome is responsible for the non-lysosomal ATP-

dependent proteolysis of most cellular proteins and is regulated by the ubiquitin-

proteasome degradation pathway,43 which plays a primary role in the degradation of 

the bulk of proteins in mammalian cells, as well as the degradation of potentially 

toxic misfolded proteins, and proteins containing oxidized or abnormal amino acids. 

It is also involved in the controlled proteolysis for regulatory proteins such as those 

involved in cell cycle progression and apoptosis where tumor suppressor occurs.44,45  

 

1.3.1 Structure and function of the proteasome 

 

In eukaryotes, the 20S proteasome core particle is capped at each end by a 

regulatory component known as the 19S regulatory complex, composing the 26S 

proteasome (Fig. 1.4).46,47 The 26S proteasome complex is a multifunctional, 2,500 

kDa intracellular proteolytic molecular machine, in which several enzymatic 

(proteolytic, ATPase, de-ubiquitinating) activities function together with the ultimate 

goal of protein degradation.48 The 19S regulatory complex is responsible for 

recognition, unfolding, and translocation of the ubiquitin-tagged protein into the 

lumen of the 20S proteasome, where proteolytic cleavage occurs.49   
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The 20S complex is a large, cylinder-shaped protease with a molecular 

weight of about 700,000 Da. It plays the crucial roles in cellular protein turnover and 

is found in all three kingdoms of life. It is formed by 28 protein subunits which are 

arranged in four stacked rings, two α-rings and two β-rings, each comprising seven 

subunits in an arrangement of α7β7β7α7 (Fig. 1.4).50  The two inner β-ring subunits 

contain the proteolytic active sites. While archaebacterial proteasomes have 14 

identical and thus 14 proteolytically active sites, eukaryotic proteasomes contain only 

three proteolytically active β-subunits per β-ring (subunits β1, β2, and β5), whereas 

the other β-subunits are inactive (Fig. 1.4).  Each active β-subunit has different 

proteolytic activity, designated caspase-, tryptic- and chymotryptic like active sites 

(subunits β1, β2, and β5 respectively), which describes its affinity for proteolytic 

cleavage after certain types of amino acids.51,52 
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Figure 1.4 Typical structures of the 20S proteasome53 and 26S proteasome54 A) 
Archaeobacterial 20S proteasome. B) Eukaryotic 20S proteasome. C) 26S 
Proteasome is composed of 20S proteasome core particle capped by 19S regulatory 
complexes. The identical β type subunits of archaeobacterial proteasome are each 
shown in two different shades of blue. The identical α subunits of the 
archaeobacterial proteasome are shown in different shades of green. The 14 
individual subunits of the eukaryotic proteasomes are displayed in distinct colors. 
Shown are top (upper panels) and side views (lower panels) of the particles. Images 
were taken from references 53 and 54. 
 

 Specifically, the N-terminal threonine (Thr1)  of the proteolytically active β-

subunits and water are presumably involved in the mechanism of peptide hydrolysis 

via the proteasome (Fig. 1.5).55,56 The water molecule serves as a hydrogen bonding 

bridge to activate the Thr1 β-hydroxyl group (Thr1Oγ)  for nucleophilic attack to the 

peptide chain.  A tetrahedral intermediate will be generated from the attack of 

Thr1Oγ on a carbonyl belonging to an amide of the peptide chain.  This tetrahedral 
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intermediate can collapse to cleave the peptide chain and afford an acyl ester 

intermediate linked with Thr1Oγ. Then the same water molecule can facilitate the 

cleavage of the acyl ester bond to regenerate the free Thr1 as well as releasing the 

peptide carboxylate. 

 

 
 

Figure 1.5 Mechanism of peptide hydrolysis by 20S proteasome 

 

1.3.2 Proteasome inhibitors 

 

Ubiquitin-proteasome pathway is involved in more than 90% of cell protein 

degradation.57 Regulation of its core component 20S proteasome is particularly 

important for the vast amount of essential biological processes. Thus small molecules 

inhibiting or modulating proteasome activity has great biological significance. These 

molecules can be either as the tools to study this pathway or as the lead structures for 
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design of proteasome inhibitors for possible drug development. So varied natural and 

synthetic molecules were tested for their ability to inhibit proteasomal proteolytic 

activities. Classification of proteasome inhibitors is based on their characteristic 

binding mode to the proteolytically active sites, specificity, and reversibility of 

binding.57   

 

1.3.2.1 Synthetic inhibitors: peptide aldehydes, vinyl sulfones, and 

boronates 

 

Peptide aldehydes were the first discovered inhibitors of the 20S proteasome, 

and they are still being actively investigated.58  One example of this class of 

proteasome inhibitor is calpain inhibitor I (Ac-Leu-Leu-nLeu-al, Fig. 1.6).55  It was 

covalently bound to the β-hydroxy group of Thr1 (Thr1Oγ) of the active proteasomal 

β-subunits (β1, β2, β5) to form a hemiacetal. Although the mechanism of proteolysis 

of all the active sites are identical, calpain inhibitor I binds with the highest affinity 

(IC50 of 2.1 µM) to subunit β5, carrying the chymotryptic-like active site, and has a 

low effect (IC50 > 100 µM) on tryptic- and caspase-like activities (subunits β2 and 

β1, respectively).  Due to the high reactivity of the aldehyde functional group, 

calpain inhibitors lack specificity and also inhibit a broad range of different serine 

and cysteine proteases.59 

Another class of proteasome inhibitors comprises peptides which possess a 

vinyl sulfone moiety like Ac-Pro-Arg-Leu-Asn-vs (Fig. 1.6).60 They bind to 
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proteasomes irreversibly but are less reactive than peptide aldehydes. Vinyl sulfones 

act as Michael acceptors for soft nucleophiles such as thiols, leading to the formation 

of a covalent bond (Fig. 1.6). They do not inhibit the activity of serine proteases, but 

they do show high specificity for intracellular cysteine proteases, which applies 

certain restrictions to their application in vivo, similar to peptide aldehydes.  Vinyl 

sulfones are easier to synthesize than other irreversible inhibitors of the 

proteasome,61 but the main advantage of these covalent inhibitors is that they can be 

used as sensitive active site probes for mechanistic studies of proteasomes in 

different tissues and cells.62 

Peptide boronates, which are much more potent inhibitors than aldehydes and 

vinyl sulfones, represent the next class of inhibitors. They have much slower 

dissociation rates than proteasome aldehyde adducts. Peptide boronate derivatives 

are bioavailable and stable under physiological conditions, being suitable for 

applications in vivo.63  Furthermore, boronic acid peptides have been shown to 

inhibit some serine proteases but unlike aldehydes and sulfones, boronates are poor 

inhibitors of cysteine proteases, due to the weak interaction between sulfur and boron 

atoms.64  So the high inhibition efficiency, selectivity and low dissociation rate of 

these compounds lead them to be the potential candidates for drug development. The 

boronic acid dipeptide derivative, PS-341 (Fig. 1.6), later named bortezomib 

(Velcade, Millennium Pharmaceuticals), demonstrates a high degree of selectivity for 

the proteasome (Ki < 0.6 nM).65 In 2003, it was approved by FDA for the treatment 

of multiple myeloma. 
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Figure 1.6 Synthetic peptide proteasome inhibitors and the mechanism of the 
inhibition via the covalent bond to β-hydroxy group of Thr1 (Thr1Oγ) of the active 
proteasomal β-subunits. A) Peptide aldehyde calpain inhibitor I and its covalent bond 
with Thr1Oγ of β1,2,5 subunits. B) Peptide vinyl sulfone Ac-Pro-Arg-Leu-Asn-vs and 
its covalent bond with Thr1Oγ of β2 subunits. C) Peptide boronates PS 341, its 
covalent bond with Thr1Oγ of β5 subunits, and being stabilized by hydrogen bonding 
of the two acidic boronate hydroxyl moieties with the N-terminal threonine amine 
atom and Gly47N.   
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1.3.2.2 Natural product inhibitors 

 

Besides the above synthetic peptide inhibitors a variety of natural products 

block proteasome activity. These include α’,β’-epoxyketones, TMC-95s, and β-

lactones.  

 

1.3.2.2.1 α’, β’-epoxyketones and TMC-95s 

 

Epoxomicin (Fig. 1.7), a natural peptidyl α’,β’-epoxyketone, was isolated 

from the actinomycete strain Q966-17 and characterized based on its activity as an 

antitumor agent against B16 murine melanoma.66  It was found to bind covalently to 

the proteolytically active subunits of the proteasome and form a unique six-

membered morpholino ring system, primarily to the β5 (chymotryptic- like) subunit, 

consequently inhibiting its activity.67,68  The tryptic- and caspase- like activities are 

inhibited at 100- and 1000- fold slower rates, respectively.69  Unlike most other 

proteasome inhibitors, epoxomicin is highly specific for the proteasome and does not 

inhibit other proteases.67  
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Figure 1.7 Natural product proteasome inhibitors. A) Peptidyl α’,β’-epoxyketone 
epoxomicin and its covalent bond with Thr1Oγ with the formation of the unique 
morpholino ring. B) Proteasome inhibition of TMC-95A via noncovalently linking to 
all of proteolytically active β-subunits. 
 

All of the previously described proteasome inhibitors form a covalent bond 

with the active site Thr1Oγ of the β-subunits.  Application of these inhibitors in vivo 

often induces apoptosis and causes cell death.70-72 Natural product TMC-95A (Figure 

1.7), isolated from Apiospora montagnei, selectively and competitively block the 
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proteolytic activity of the proteasome in the low nanomolar range via the 

noncovalently linking to all of the proteolytically active β-subunits, not modifying 

their N-terminal threonines.73,74 Furthermore, it was reported that TMC-95A does not 

inhibit other proteases.74 

 

1.3.2.2.2 β-lactones 

 

Another class of natural product proteasome inhibitors are compounds 

possessing a β-lactone residue which includes belactonsines, lactacystin and 

salinosporamide A. Homobelactonsin C is a derivative of natural product belactosin 

C from Streptomyces sp. UCK14 by acetylation of the free amino group and 

esterification of the carboxyl group, as well as replacement of the ornithine moiety in 

belactonsin C with lysine to furnish bis-benzyl-protected homobelactosin C (Fig. 

1.8).75,76 It shows IC50 values against human pancreoma and colon cancer cells at the 

low nanomolar level,77  attributing to proteasome inhibition. 

Lactacystin (Figure 1.8), consisting of an N-acetyl-cysteine and a novel 

pyroglutamic acid derivative, is a natural compound isolated from Streptomyces 

lactacystinaeus by Omura in 1991.78 It was the first identified natural proteasome 

inhibitor, effectively inhibiting the chymotryptic-like activity by binding to the 

proteasomal subunit β5 and also blocking to a lower extent tryptic-like and the 

caspase-like activities. Surprisingly, subsequent in vitro studies revealed that 

lactacystin itself is not active against proteasomes.  Further experiments showed that 
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in aqueous solutions at pH 8, lactacystin is spontaneously converted into clasto-

lactacystin β-lactone (Figure 1.8), later named omuralide, which is the active 

proteasome inhibitor.79,80  

  An X-ray crystal structure of the yeast proteasome-omuralide complex 

demonstrated that Thr1Oγ in the 20S proteasome is covalently bound as an ester to 

omuralide,81 which is presumably formed from reaction of Thr1Oγ with the β-lactone 

(Fig. 1.8). The generated hydroxyl group at C-3 occupies the position formerly taken 

by the nucleophilic water molecule, which is responsible for hydrolysis of the ester 

intermediate during normal peptide hydrolysis, resulting in inefficient deacylation of 

the Thr1Oγ.81,82 The γ-lactam in omuralide prevents free rotation around the C-3/C-4 

bond, helping to maintain C3-OH in this position. Furthermore, the isopropyl at C-5 

interacts with Met45 of subunit β5 S1 binding pocket, which is part of 20S 

proteasome substrate binding channels composed of about eight amino acids in 

length (denoted as S1-S8), and is involved in key enzyme-substrate interactions 

during hydrolysis of peptide bonds containing hydrophobic amino acid 

(chymotryptic-like activity). This hydrophobic interaction allows sufficient residence 

time in the binding pocket for covalent addition by Thr1Oγ to occur, explaining the 

selectivity of this inhibitor for the chymotryptic-like active site. Thus both the 

functional head group β-lactone and side chain residue (C-5 isopropyl) of omuralide 

play a significant role in its selective and specific binding to single proteolyically 

active subunit (β5) of the proteasome.57 
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Figure 1.8 Structures of β-lactone inhibitors, their inhibition mechanism, and β5 
subunit of 20S proteasome in complex with omuralide.57 A) Homobelactosin C. B) 
Lactacystin and omuralide. C) Active site of the yeast proteasome (β5 Thr1 in black) 
covalently linked with omuralide (blue) through ester bond (red). Met45 depicted in 
orange is the characteristic for ligand specificity. D) Surface representation of the 
chymotryptic-like active site (β5 Thr1 in black) in complex with omuralide (brown). 
The covalent linkage via ester bond is depicted in red. Images in C and D were taken 
from reference 57. 
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1.4 Salinosporamide A: a potent anticancer agent 

 

Another example of β-lactone proteasome inhibitors is marine natural product 

salinosporamide A, which was discovered by Professor William Fenical and co-

workers in 2003 from the marine actinomycete Salinispora tropica.85Though 

structurally related to omuralide, salinosporamide A contains several unique 

substituents, including a cyclohexene ring at C-5 in place of the isopropyl group and 

a chloroethyl group at C-2 in place of a methyl group (Fig. 1.9) These changes 

collectively enhance its potency as a proteasome inhibitor (IC50 values of 57 nM 

versus 2.6 nM, respectively, against purified rabbit 20S proteasome).83 As a 

consequence, salinosporamide A is currently undergoing clinical studies as a 

potential drug for cancer treatment.84 85 

 

1.4.1 Salinosporamide A producer Salinispora 

 

The marine sediment-inhabiting genus Salinispora belongs to the order 

Actinomycetales,86 a group of Actinobacteria commonly referred to as 

actinomycetes, and was originally discovered in Bahamian sediments in 1991 by 

Professor William Fenical and co-workers.87 These organisms were later found to 

have a cosmopolitan distribution.88 Unlike many other bacteria that can be retrieved 

from near-shore locations, Salinispora has an obligate requirement of seawater for 

growth. Phylogenetic analyses and subsequent morphological studies revealed that 
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Salinispora strains form a distinct monophyletic clade and share a number of 

phenotypic peculiarities.88 In 2005, the genus was described along with the two 

cultivated species: Salinispora tropica (the producer of salinosporamide A) and 

Salinispora arenicola.
89 Later a  third species Salinispora pacifica was proposed 

under the genus Salinispora.90 Since their first isolation in the early 1990s, 

Salinispora actinomycetes have been shown to produce a great variety of secondary 

metabolites. One of them is the potent 20S proteasome inhibitor salinosporamide A, 

which is currently in human clinical trials for the treatment of multiple 

myeloma.84,85,91,92 

 
 

Figure 1.9 Structures and mechanism of action of salinosporamide A, B, and 
omuralide against 20S proteasome. A) Structures. B) Inhibition mechanism of action. 
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1.4.2 The mechanism of action against the 20S proteasome 

 

The crystal structures of the yeast 20S proteasome catalytic core in complex 

with omuralide81,93 and salinosporamides A and B (deschloro analogue, Fig. 1.9 and 

1.10)94 revealed that in contrast to omuralide which are found to occupy only the two 

β5 subunits, salinosporamide A was bound to all six catalytic subunits. These 

structural data have also beautifully illuminated the mechanism of this family of β-

lactone inhibitors in which the drug is linked through an ester bond to Thr1Oγ. In the 

case of salinosporamide A, however, further chemistry ensues in which the newly 

created C-3 hydroxyl adds to the C-2 chloroethyl group to give a tetrahydrofuran 

ring (Fig. 1.9 and 1.10). This intramolecular nucleophilic addition is unique to 

salinosporamide A and was first observed with salinosporamide A in aqueous 

solution.83,95 The formation of this ring renders the ligand irreversibly bound to the 

enzyme, as the C-3 oxygen atom occupies the position formally taken by the 

hydrolytic water molecule in the unligated enzyme, thereby hindering deacylation.94 

The unreactive C-2 methyl and ethyl groups in omuralide and salinosporamide B, 

respectively, prevent the subsequent formation of such a ring and results in a slowly 

reversible enzyme–ligand complex. It was recently reported that full recovery of 

blood 20S proteasome activity was restored within 24 hours upon treatment with a 

synthetic analogue of omuralide,96 whereas it was only partially restored in mice 

after 7 days upon treatment with salinosporamide A (possibly due to red blood cell 

turnover).92 In lieu of the chloro leaving group, the C-3 hydroxyl group in the ligated 
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omuralide and salinosporamide B complexes may either reform the β-lactone ring or 

alternatively allow a water molecule to bind for hydrolysis. Hence depending on the 

reactivity of the C-2 substituent, Nature has evolved potent reversible and 

irreversible inhibitors of the proteasome around the γ-lactam-β-lactone nucleus. 

 

 

Figure 1.10 The crystal structures of salinosporamide A in complex with 20S 
proteasome. A) Chymotryptic-like active site (subunit β5, white) of the yeast 20S 
proteasome (subunit β6, gray) in complex with salinosporamide A (cyan). Covalent 
linkage of inhibitors with Thr1 is drawn in magneta. Met45 (orange) of subunit β5 
specifically interacts with cyclohexene ring at C-5 of salinosporamide A. Electron 
density map (green) is contoured. B) The surface mode of salinosporamide A bound 
to subunit β5. Thr1 (white) is covalently linked to the inhibitor. C) The superposition 
of the salinosporamide A (green), salinosporamide B (blue), and omuralide (orange) 
covalently linked with Thr1 (black). Note the similar binding mode of all three 
compounds but different architecture of the S1 pocket due to the relative position of 
Met45 (color coded according to various inhibitors). Images were taken from 
reference 94. 
 

In addition to the formation of the tetrahedrofuran ring, the improved potency 

of salinosporamide A may be further attributed to the impact of increasing the size of 

C-5 substituents from an isopropyl group in omuralide to a cyclohexenyl ring in 

salinosporamides A and B. These substituents interact with Met45 of the β5 S1 

binding pocket, which is involved in key enzyme-substrate interactions during 

hydrolysis of peptide bonds containing hydrophobic amino acids (chymotryptic-like 
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activity). To accommodate the larger cyclohexenyl ring of salinosporamide A and B, 

Met45 is rearranged by 2.7 Å in the proteasome-salinosporamide complexes 

compared with proteasome-omuralide complex (Fig. 1.10). The structural data 

indicate that additional hydrophobic interactions are found between the cyclohexenyl 

ring and residues of the subunit β5 S1 pocket, thus corresponding to the enhanced 

potency of salinosporamides A and B over omuralide (IC50 2.6 nM, 27 nM, and 57 

nM, respectively).83,94 Even though salinosporamide A, B, and omuralide are smaller 

molecules compared to the typical proteasome inhibitors which usually bind to 

several substrate binding pockets within the proteasome (S1, S3, and S4), they still 

show excellent inhibitory activity, implying that hydrophobic interactions between 

the C-5 substituents and the S1 site allow sufficient residence time in the binding 

pocket for covalent addition by the N-terminal threonine residue to occur.94   

The unique structure of salinosporamide A may represent the ultimate in 

efficiency among proteasome inhibitors. Its C-5 cyclohexenyl ring offers additional 

hydrophobic interactions at the S1 binding site that are not available in omuralide. 

The unique chloroethyl at C-2 position of salinosporamide A provides favorable 

enthalpic and entropic binding energy, with the formation of a cyclic ether form. In 

this form, salinosporamide A is irreversibly bound by virtue of the C-3O blocking 

the penetration of water and being engaged in the cycloether ring, thus unable to 

reform back to the lactone. So Mother Nature elegantly designed and provided for 

the streamlined binding, reactivity, and irreversible inhibition in a densely yet 

minimally functionalized inhibitor. 
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1.5 Total synthesis of salinosporamide A 

 

The identification of salinosporamide A as a novel chemical entity, which 

includes five contiguous stereocenters within a fused β-lactone-γ-lactam ring system 

decorated with chloroethyl, methyl, and cyclohexenylcarbinol substituents, and its 

known mechanism of action against a validated molecular target have attracted the 

attention of the synthetic community. One year after reporting this marine natural 

product by Fenical and associates at the Scripps Institution of Oceanography in 

2003,85 the Corey group first achieved the stereoselective total synthesis in 2004.97 

Then Danishefsky,98 Pattenden (Nottingham),99 Romo (Texas A & M),100 Marchela 

(Nereus Pharmaceuticals, Inc.),101 and Hatakeyama (Nagasaki)102 published their 

sequences to the total synthesis of this fascinating molecule.   

 

1.5.1 Corey’s first total synthesis 

 

The first enantiospecific total synthesis of salinosporamide A was reported by 

Corey and co-workers (Fig. 1.11).97 It utilized alkylation of the enolate of fully 

protected threonine 1 to afford the required tertiary stereocenter at C-4 of 2. Keto 

amide ester 3 was subjected to the conditions of internal Baylis-Hillman-aldol 

reaction. It proceeded slowly (7 days) but with high steroselectivity (9:1), and the 

desired γ-lactam 4 was obtained after silylation. The following radical reaction 

generated cis-fused-γ-lactam, masking the functionalities of C-2 and C-3 and 
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affording the desired stereocenter at C-2. After deprotecting the primary alcohol and 

ensuing oxidation to the aldehyde at C-4, the generated 5 was coupled with 2-

cyclohexenyl zinc chloride in excellent diastereoselectivity to afford 6, thus 

constructing two contiguous stereogenic centers at C-5 and C-6. A few more steps 

including the oxidation, deprotection, saponification, lactone formation and 

chlorination completed the total synthesis of salinosporamide A with a total yield of 

13.7% over 17 steps. This synthetic efficiency was later improved by using the 

Kukinkovich reaction which proceeds 5 hours to obtain lactam 4 as the only 

detectable stereoisomer after silylation.103 
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Figure 1. 11 Corey’s total synthesis of salinosporamide A 
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1.5.2  Second total synthesis by Danishefsky 

 

One year later the second synthetic route to salinosporamide A (Fig. 1.12) 

was reported by Danishefsky and co-workers,98 which exploits the strong facial bias 

of the pyroglutamate derivative 7 to direct attack at C-3 by 1,4-addition of a vinyl 

cooperate nucleophile from its α-face. The subsequent alkylation at C-2 proceeds 

with high selectivity from its β-face, establishing the desired stereocenter at C-2 of 8. 

With the functionality of lactam being masked, imidate 9 then underwent exclusive 

anion formation at C-4 to enable the strategic C-acylation to form the lactone. The 

following nucleophilic ring opening with phenylselenium anion, and the resultant 

carboxylic acid was benzylated to afford a structurally differentiated malonate 

moiety with complete sterochemical definition in 10. Subsequent selenide oxidation 

elimination gave exo-methylene group at C-3 whose faces was determined by the 

acetaldehyde at C-2 of 11. Upon treatment with phenylselenenyl bromide and AgBF4 

in the presence of benzyl alocohol, a key acetal-mediated cationic cyclization 

afforded benzyl glycoside 12 for storing and unveiling C-2 and C-3 functionality, 

and introduced the quaternary center at C-3 with complete stereoselectivity. 

Following Corey’s solution to the stereochemical control of C-5 and C-6, the 

coupling reaction of C-4 aldehyde with cyclohexenyl zinc chloride afforded 13, 

where all stereocenters are present as desired. Then removal of the PMB group, 

reductive opening of the benzyl glycoside, acidic cleavage of the tert-butyl ester, and 
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the lactonization-chlorination provides salinosporamide A with a total yield of 1.4% 

over 28 steps.  
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Figure 1.12 Second total synthesis of salinosporamide A by Danishefsky 
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1.5.3 Pattenden’s racemic total synthesis 

 

In 2006, Pattenden et al. reported a concise and straightforward 14-step total 

synthesis of (±)-salinosporamide A with a total yield of 12.5% (Fig. 1.13),99  which 

used a strategy based, in part, on speculation of the origin of the pyrrolidinone ring in 

the metabolite in vivo. A stereoselective aldol-type cyclization of the substituted 

amide 14 led to pyrrolidinone 15, where the relative stereochemistry at C-2 and C-3 

was defined at this stage. A regioselective reduction of the methyl ester at C-4 

afforded the aldehyde 16, thus generating the desired stereocenter at this quantanary 

carbon. Then coupling with cyclohexenyl zinc chloride generated the required 

stereocenters at C-5 and C-6 of 17, which was converted into salinosporamide A. 
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Figure 1.13 Pattenden’s racemic synthesis 
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1.5.4 Romo’s racemic synthesis via a bis-cyclization process 

 

One year after Pattenden’s biomimetic synthesis was published, Romo and 

coworkers reported another synthetic strategy, implying a biosynthetic pathway to 

salinosporamide A.100 This strategy is unique in enabling simultaneous construction 

of both γ-lactam and fused-β-lactone via a bis-cyclization of keto ester 20 via the 

stepwise aldo-lactonization and/or [2+2] cycloaddition mechanism through an 

intermediate ketene. Compound 20 was prepared from the coupling of racemic 

ketene dimer 19 with the protected serine 18. The following deprotection of benzyl 

ether of racemic 21 increased the desired diastereomer ration from 2.3:1 to 10:1 in 

racemic 22. The lactone and chloroethyl at C-2 of 22 were tolerant to the Corey 

strategy to install C-5 substitution by the coupling of aldehyde, which is derived 

from modified Moffat oxidation of C-5 primary alcohol of 22, with cyclohexenyl 

zinc chloride and the subsequent manipulations, attributing the brevity of this 

sequence (9 steps, 2.5% of total yield). 
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Figure 1.14 Romo’s racemic total synthesis 

 

1.5.5 Macherla’s enantioselective total synthesis 

 

At the same time when Romo published his synthesis, Macherla et al. from 

the Nereus Pharmaceutical company who licensed salinosporamide A and is 

undergoing the clinical trials of this pro-drug, reported a novel synthetic strategy.101 

It featured intramolecular aldol cyclization to simultaneously generate the three 

chiral centers (C-2, 3, and 4) of intermediate 23. Cyclohexene ring addition to 24 was 
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accomplished by the coupling with B-2-cyclohexen-1-yl-9-BBN instead of Corey`s 

method (cyclohexenyl zinc chloride), distinguishing the oxazalidine-protected 24 

from the PMB-protected γ-lactam used in previous routes. The resultant undesired 

stereochemistry of the secondary alcohol at the C-5 position of 25 was resolved at 

the very end of the synthetic sequence by oxidation of 26 and subsequent 

enantionselective enzymatic reduction. So salinosporamide A was obtained with a 

total yield of 0.6% over 20 steps. 

 

 

Figure 1.15 Macherla’s route to enantioselectively synthesize salinosporamide A 
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1.5.6 Hatakeyama’s asymmetric synthesis 

 

In 2008, Hatakeyama group reported the application of indium-catalyzed 

Conia-Ene reactions (cf. 30-31) to the enantioselective synthesis of salinosporamide 

A.102 Their synthetic methodology study showed that In(OTf)3 was the most effective 

catalyst and the cyclization proceeded with complete E selectivity and without 

racemization (cf. 30-31). This method was found to be applicable to the synthesis of 

five- to seven-membered heterocycles. 

The synthesis of salinosporamide A started with the preparation of amide 30, 

a precursor of the key In(OTf)3-catalyzed cyclization, from the chiral  propargyl 

alcohol 27, which was first activated as the mesylate, then treated with (tert-

butyldimethylsilyloxy)acetaldehyde via the allenylzinc species to give 28 as a 90:10 

mixture of epimers (Fig. 1.16). After removal of the PMB group, selective 

acetylation, and desilylation, the resulted 29 was oxidized to carboxylic acid which 

was condensed with dimethyl 2-(4-methoxylbenzylamino)malonate via the acid 

chloride. During column chromatography on silica gel, amide 30 partially underwent 

cyclization to give an inseparable 72:28 mixture of 30 and 31. Treatment of this 

mixture with a catalytic amount of In(OTf)3 in toluene at reflux led to complete 

stereoselective conversion of 30 to 31.  With desired lactam in hand, following the 

previous reported procedures98,99,103 in the synthesis of salinosporamide A, which 

include the addition of the cyclohexene ring, lactone formation, and chlorination, 

afforded the natural product with a total yield of 3.4% over 21 steps.  
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Figure 1.16 Hatakeyama’s asymmetric synthesis via indium-catalyzed Conia-Ene 
reaction 

 

Compared to the above sequences to synthesize salinosporamide A, Corey`s 

route is the most efficient and economic (13.7% total yield over 17 steps). A 

remarkable enabling feature of this synthesis was the solution it offered to what 

might otherwise have been the most difficult problem, to provide sterochemical 

control at C-5 and C-6 by the coupling of a cyclohexenyl zinc agent with an 

appropriately presented aldehyde function corresponding to C-5 of salinosporamide 

A. This strategy was employed by all of the following syntheses to stereoselectively 

introduce the cyclohexene unit. The general order of constructing this β-lactone-γ-

lactam was also established by Corey’s synthesis  and adopted by the following 

design. It was first to construct the γ-lactam, followed by introduction of cyclohexene 
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ring at C-5, then generate lactone and chlorination on the ethanol in C-2 to finish the 

whole sequence. Danishefsky`s approach is a long sequence with a low yield (1.4% 

over 28 steps). The starting material 7 already has the desired lactam ring and the 

strong facial bias of this chiral molecule really directed the installation of the 

required stereocenter at C-2 and C-3 of 8. But the following long sequence of 

installation of the required functionality at C-3 and C-4 attributed to the low yields 

and longer steps of this design compared to Corey’s approach. Biomimetic design 

gave a new direction of the synthesis. Cyclization of β-keto-amide ester to γ-lactam 

15 in Pattenden racemic synthesis and to lactam 23 in Marchela enantioselective 

synthesis exemplified a new strategy to construct the highly functional γ-lactam. 

Romo`s racemic synthesis is unique in enabling simultaneous construction of both 

the γ-lactam and fused β-lactone through the bis-cyclization, which was designed 

based on the similar biosynthetic pathway104 to construct this bicycle. Employing the 

indium-catalyzed Conia-Ene reactions to construct γ-lactam ring exemplified the key 

reaction oriented design of the total synthesis of natural product.  

Overall, to synthesize this fascinating marine natural product and its 

analogues, is still challenging and the interest grows with the potential of developing 

salinosporamide A into a commercial drug. Given the fact that salinosporamide A is 

manufactured by fermentation and not total synthesis, to study how Nature assembles 

this small but densely functional molecule may produce new opportunities to develop 

natural products and their derivatives. 
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CHAPTER TWO 

 

 

Characterization of an unexpected and unprecedented chlorination 

pathway in the biosynthesis of salinosporamide A 

 

 

2.1 Introduction 

 

Salinosporamides comprise a group of potent anticancer agents produced by 

the obligate marine actinomycete Salinispora tropica. They share the common 

bicyclic β-lactone-γ-lactam pharmacophore with a cyclohexenylcarbinol residue at 

C-4. The different substitutions in the C-3 and C-2 positions contribute to the 

structural variety observed in this natural product family (Fig. 2.1)
1-4

 and their 

different potency against the validated molecular target 20S proteasome. Due to the 

irreversibly binding mechanism to the 20S proteasome through the active chloroethyl 

side chain at C-2, salinosporamide A is the most potent proteasome inhibitor among 

salinosporamides and is now in human clinical trials for the treatment of multiple 

myeloma.
5-7

 

 Despite its clinical promise and its novel chemical structure, there are no 

reports on how this fermented drug is naturally made. So the elucidation of the 

biosynthetic pathway to salinosporamide A,  and in particular the mechanistically 
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important C-2 chloroethyl unit, may impact its commercial production, afford access 

to new chemical variants for SAR studies, and provide the opportunity to discover 

new biosynthetic processes. 

 Inspection of the structures of the salinosporamides suggested that they 

originate from three biosynthetic building blocks, namely two variable small chain 

carboxylic acids (green and red) and an amino acid (blue) (Fig. 2.1). This hypothesis 

was largely based on the observation that this structural family had two carbon 

skeletal differences at C-2 (methyl, ethyl, propyl, and chloroethyl) and C-3 (methyl 

and ethyl) (Fig. 2.1). Although the related lactacystin and its cyclization product 

omuralide were shown through feeding experiments to originate from valine-derived 

isobutyrate (red) and leucine (blue),
8,9

 this pathway was not compatible for the 

salinosporamides due to the variable nature of the lower half of the molecule (Fig. 

2.1). 

 

 

Figure 2.1 Structures of the salinosporamides, omuralide and lactacystin 
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2.1.1 Feeding experiments with stable isotopes 

 

To elucidate the identity of the salinosporamide building blocks, a large 

series of feeding experiments with stable isotopes ([U-
13

C6]glucose, [1,2-

13
C2]acetate, [1-

13
C]butyrate, [1-

13
C]phenylalanine, and [1,7-

13
C2]shikimate) were 

conducted.
10

 These isotope tracer experiments confirmed that the salinosporamides 

are biosynthesized from three metabolic building blocks and suggested an 

unprecedented hybrid polyketide synthase-nonribosomal peptide synthetase (PKS-

NRPS) pathway. The formation of a novel amino acid unit via a new shunt in the 

phenylalanine pathway was established, as well as the differential origins of the 

chloroethyl and ethyl side chains in salinosporamides A and B, respectively (Fig. 

2.2). The original hypothesis that salinosporamide B is a precursor of 

salinosporamide A and that chlorination of the aliphatic butyrate-derived methyl 

carbon was catalyzed by a non-heme iron halogenase was thus incorrect. While the 

ethyl side chain at C-2 of salinosporamide B is indeed derived from butyrate, the C-2 

substitution chloroethyl in salinosporamide A is not. Instead it is derived from a 

sugar intermediate, as NMR analysis of [U-
13

C6]glucose-enriched salinosporamide A 

confirmed two labeling patterns indicative of a tetrose molecule of unknown origin.  
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Figure 2.2 Observed 
13

C-labeling patterns in the salinosporamides. The bold lines in 

salinosporamide A and B represent biosynthetic building blocks derived from [U-
13

C6]glucose. In the case of salinosporamide A, two labeling patterns emerged in the 

cyclohexene ring and the chloroethyl substituted γ-lactam consisting of an intact 4-

carbon unit (three bold lines) and a fragment (two bold lines and a dot) in a ≈3:1 

ration. In salinosporamide B, this labeling pattern was just evident in the 

cyclohexene ring and completely replaced with a 2+2 unit derived from two acetate 

molecules in the ethyl substituted γ-lactam. 

 

Together these incorporation experiments suggested a biosynthetic pathway 

in which acetyl-CoA and a substituted malonyl-CoA are condensed by a PKS to 

generate a β-ketothioesters, which then reacts with the nonproteinogenic amino acid 

β-hydroxycyclohexenylalanine to give the hybrid PKS-NRPS product (Fig. 2.3). 

This linear product then undergoes a novel series of reactions to yield the bicyclic γ-

lactam-β-lactone core structure. 

 

 
Figure 2.3 Proposed biosynthesis of the salinosporamides via a hybrid PKS-NRPS 

pathway. Abbreviations: ACP, acyl carrier protein; PCP, peptidyl carrier protein; TE, 

thioesterase. 
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2.1.2 Analysis of  the sal gene cluster 

 

The entire genome of salinosporamide-producing marine actinomycete 

Salinispora tropica strain CNB-440 was sequenced through a collaboration with the 

DOE Joint Genome Institute. It comprises a single circular chromosome composed 

of 5,183,331 bp, with no plasmids, and average G+C content of 69.5%.
11

 

Biosynthetic gene clusters were initially identified from a draft genome sequence and 

checked against a single contiguous sequence provided in advance of public release. 

These analyses revealed 17 natural product biosynthetic gene clusters, presumably 

involved in siderophore, melanin, polyketide, nonribosomal peptide, terpenoid, and 

aminocyclitol production. The combined length of these gene clusters is estimated at 

518 kb which equals to 9.9% of the genome.
11

   

Bioinformatic analysis of all clusters revealed that the sal locus was the only 

logical biosynthetic gene cluster involved in salinosporamide biosynthesis (Fig. 2.4) 

based on the isotope experiments described above. The sequence was largely 

consistent with the scheme outlined in Figure 2.3.
10,11

 Central to the sal cluster is the 

salA gene that codes for a bimodular PKS of unusual domain organization harboring 

contiguous acyltransferase loading (ATL) and extender (AT1) domains (Fig. 2.4)
12

 

rather than the standard ATL-ACPL-KS1-AT1-ACP1 assembly as observed in 

prototypical PKSs such as 6-deoxyerythronolide B synthase 1.
13

 Stable isotope 

feeding studies showed that salinosporamide A is biosynthesized from three building 

blocks, namely nonproteinogenic amino acid β–hydroxycyclohexenylalanine, the 
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acetate and a sugar-derived chlorinated molecule that was hypothesized to be 

chloroethylmalonyl-CoA, an unknown PKS extender unit.
10

 

The hexa-domained SalA is putatively involved in the selection, attachment 

and condensation of acetyl-CoA and chloroethylmalonyl-CoA to generate a β-

ketothioester intermediate. The loading module is of the ACPL/ATL-type that 

recognizes monocarboxylic acids (e.g. acetyl-CoA) as starter units
12

 rather than the 

KSQ-type that accept dicarboxylic acids (e.g. malonyl-CoA).
14

 The novelty of 

chloroethylmalonyl-CoA as an extender unit implied the distinct phylogeny of AT1, 

as AT domain divergence is a critical factor in the evolution of polyketide structural 

diversity.
15

 Malonyl-CoA- and methylmalonyl-CoA-specific AT domains share a 

common ancestor, diverging at some point of evolution to form two distinct groups, 

while the relatively rare ethylmalonyl and methoxymalonyl ATs appear to have 

evolved more than once since the known sequences can fall into either clade.
15

 The 

analysis using representative AT domains reconstructs that scenario and shows 

SalA_AT1 in the methylmalonyl-CoA clade, more closely related to some 

myxobacterial ATs although forming its own subclade.
12

 In addition, the distinct 

signature motifs
13

 apparent from sequence alignments are also in agreement with 

AT1 accepting a new extender unit. 

Furthermore, the detection of salinosporamide analogs with different side 

chains at C2 (methyl, ethyl, and propyl), points to the promiscuity of AT1 in 

accepting not only chloroethylmalonyl-CoA (salinosporamide A), but also other 

substituted malonyl-CoA extender units such as methylmalonyl-CoA 

(salinosporamide D), ethylmalonyl-CoA (salinosporamide B), and propylmalonyl-
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CoA (salinosporamide E). Gene inactivation of salA led to the abolishment of all 

salinosporamides, thereby confirming that this family of β-lactones is indeed derived 

from a PKS pathway.
12

 

A NRPS extension module resides on two proteins, SalA (C-terminal C 

domain) and SalB (A-PCP didomain). The nonproteinogenic amino acid 

cyclohexenylalanine is putatively activated by the A domain, attached to the PCP 

domain of SalB and hydroxylated by SalD, which belongs to a family of amino acyl-

PCP-β-hydroxylases
16-18

 (Fig. 2.4).  The following condensation with the SalA β-

ketothioester by the action of the SalA C domain generates the SalB-bound linear 

product that undergoes the intramolecular condensation of α-carbon with ketone to 

form the γ-lactam intermediate. This unprecedented PKS-NRPS chemistry may be 

catalyzed by the type II PKS homologous cyclase SalO and/or the KS SalC. The 

thioesterase SalF is postulated to offload the SalB-bound product directly as the β-

lactone product (Fig. 2.4).  
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Figure 2.4 Organization of the sal biosynthetic gene cluster from S. tropica and the 

proposed biosynthesis of salinosporamide A. Genes putatively involved in the 

chloroethylmalonyl-CoA pathway (red), construction of the core γ-lactam-β-lactone 

ring system (gray), assembly of the nonproteinogenic amino acid 

cyclohexenylalanine (blue), regulation and resistance (yellow), unknown (white), and 

two partial transposases (black) are color-coded. 
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2.2 Results 

 

2.2.1 Feeding experiments with 4-chlorobutyric acid-d6 and its thioester 

in the wild type 

 

The previous isotope experiments revealed that the C-2 substitution ethyl in 

the salinosporamide B is derived from the butyryl-CoA via the common PKS 

extender unit ethylmalonyl-CoA.
10

 Salinosporamide A, the chlorinated analog of 

salinosporamide B, would similarly be assembled through a novel PKS extender unit 

chloroethylmalonyl-CoA which may be derived from the carboxylation of 4-

chlorobutyryl-CoA. As mentioned before, the origin of 4-chlorobutyrate was initially 

proposed from the chlorination of butyrate, implying that salinosporamide B would 

be the precursor of salinosporamide A. But the isotope experiments excluded this 

possibility and revealed that 4-chlorobutyrate building block of salinosporamide A 

would be converted from a chlorinated tetrose.
10

 

 Then the first logical step to identify this tetrose unit would be to probe the 

authenticity of 4-chlorobutyrate as a biosynthetic intermediate. So feeding 

experiments with deuterium-enriched 4-chlorobutyric acid and the corresponding N-

acetylcysteamine analog as a mimic of 4-chlorobutyrl-CoA were designed.  4-

Chlorobutyric acid-d6 was synthesized via refluxing commercially available γ-

butyrolactone–d6 in concentrated hydrochloric acid (Fig. 2.5).
19

 The low yields of 4-

chlorobutyric acid-d6 were possibly due to the interconversion between the lactone 

and 4-chlorobutyric acid. The N-acetylcysteamine (NAC) thioester of 4-
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chlorobutyric acid-d6 was synthesized from the condensation of the acid with N-

acetylcysteamine (HSNAC) catalyzed by the addition of dicyclohexylcarbodiimide 

(DCC) and 4-(dimethylamino)-pyridine (DMAP).
20

 With the synthesized 4-

chlorobutyric acid-d6 and its NAC thioester in hand, each was fed separately to the 

salinosporamides-producing bacterium S. tropica. Unfortunately, neither of these 

deuterated compounds was incorporated into the natural product salinosporamide A 

as evident by LC-MS analysis. These experiments suggested that the 4-

chlorobutyrate building block in salinosporamide A is not derived from the 4-

chlorobutyrate (Fig. 2.5). So the subtle differences in substitution at C-2 in 

salinosporamide A and salinosporamide B originate from totally different 

biosynthetic pathways.   

 

 

Figure 2.5 Synthesis of 4-chlorobutyric acid-d6 and its corresponding N-acetylcyste- 

amine thioester analog 

 

2.2.2 The chloroethylmalonyl-CoA pathway 

 

In addition to the stable isotope approach to the biosynthesis of 

salinosporamide A, the bioinformatic analysis of the identified sal gene cluster was 

instrumental in shedding light on the origin of the chlorinated unit. 
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None of the typical oxygen-based chlorinating enzymes, such as heme- and 

vanadium-dependent haloperoxidases,
21-23

 are encoded in the sal cluster. The direct 

nucleophilic attack of halides upon carbon electrophiles is rare in nature. The 

recently discovered enzyme fluorinase FlA from Streptomyces cattleya uses fluoride 

ion to displace methionine from S-adenosyl-L-methionine (SAM) to generate 5’-

fluoro-5’-deoxyadenosine (5’-FDA) as the first step in the biosynthesis of 4-

fluorothreonine and fluoroacetate (Fig. 2.6).
24,25

 This fluorinase enzyme also accepts 

in vitro chloride to undergo the SN2 nucleophilic substitution, albeit with 120:1 rate 

preference for F
- 
over Cl.

26
 Within the sal gene cluster, salL shares 35% sequence 

identity to flA. Dr. Alessandra Eustaquio in our lab biochemically and genetically 

characterized the SalL chlorinase and confirmed its role in salinosporamide A 

biosynthesis. High-resolution crystal structures of SalL and active site mutants in 

complex with substrates and products support the SN2 nucleophilic substitution 

mechanism where chloride displace the methionine from SAM to generate 5’-chloro-

5’-deoxyadenosine (5’-ClDA). So SalL is a novel chlorinase (Fig. 2.6).
27

 Earlier 

studies using 
13

C-labeled glucose
10

 showed an incorporation pattern in the 

chlorobutyrate moiety of salinosporamide A, consistent with the ribose unit of SAM 

being the ultimate precursor. Interestingly, the sal cluster also harbors the FlB 

homolog SalT. FlB is the second enzyme in the pathway to 4-fluorothreonine in S. 

cattleya, catalyzing the phosphorolytic cleavage of 5’-FDA to produce 5-fluoro-5-

deoxy-D-ribose-1-phosphate (5-FRP) (Fig. 2.6).
28

 While SalT likely catalyzes the 

analogous conversion of 5’-ClDA to 5-chloro-5-deoxy-D-ribose-1-phosphate (5-
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ClRP) (Fig. 2.6), the two pathways appear to diverge at this point as no other 

structurally homologous genes could be detected between the sal and fl clusters.
12

 

For fluorometabolites it has been speculated that an  isomerase (not present in 

the fl locus) could catalyze the ring opening of 5-FRP to 5-fluoro-5-deoxy-D-

ribulose-1-phosphate (Fig. 2.6), in analogy to the known metabolism of 5’-

methylthioadenosine.
24

 Indeed, the in vitro reconstitution of 4-fluorothreonine 

biosynthesis has been recently achieved by using besides FIA and FIB, three 

enzymes not encoded in the fl cluster, an isomerase, a surrogate aldolase and a 

pyridoxal (PLP)-dependent transaldolase (Fig. 2.6).
29

 However, the sal cluster does 

not contain an obvious isomerase gene. Instead, there is a phosphatase homolog SalN 

and a dehydrogenase/reductase SalM that may catalyze the dephosphorylation of 5-

ClRP to 5-chloro-5-deoxy-D-ribose (5-ClR) followed by oxidization to 5-chloro-5-

deoxy-D-ribono-1,4-lactone (5-ClRL). Subsequent hydrolysis would generate 5-

chlororibonate (5-ClRI) (Fig. 2.6). 
12

 

5-ClRI is then postulated to undergo the dehydration to 5-chloro-4-hydroxy-

2-oxopentanoate by the dihydroxyacid dehydratase homolog SalH.
12

 SalQ shows 

strong sequence identity to α-oxoacid ferredoxin oxidoreductases known to catalyze 

the oxidative decarboxylation of acyl (or aryl) compounds with reduction of 

ferredoxin (Fd) to the corresponding CoA derivative, the prototype of which is 

pyruvate ferredoxin oxoreductase (pyruvate + CoA + Fd(ox) → CO2 + acetyl-CoA + 

Fd(red)).
30

 In analogy, the SalQ-catalyzed oxidative decarboxylation is anticipated to 

yield 4-chloro-3-hydroxybutyryl-CoA, which importantly results in a four-carbon 
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chlorometabolite consistent with the C1/C2/C12/C13 salinosporamide A fragment 

(Fig. 2.6).
12

  

Domain analysis of the next biosynthetic enzyme SalS suggests that it 

belongs to the hotdog fold superfamily, originally identified in the E. coli β-

hydroxydecanoyl-ACP dehydratase-isomerase FabA,
31

 an enzyme of limited 

bacterial distribution and with the unique ability of isomerizing trans-2 to cis-3-

decenoyl-ACP during unsaturated type II fatty acid synthesis. The ubiquitous FabZ, 

on the other hand, lacks the isomerase activity and is the only β-hydroxyacyl-ACP 

dehydratase found in most bacteria.
32

  

SalS’s closest characterized homolog (47% end-to-end identity on the amino 

acid level) is Rv0130 (recently renamed HtdZ) of Mycobacterium tuberculosis, a 16-

kDa protein shown to catalyze the reversible hydration of crotonyl-CoA to 

hydroxybutyryl-CoA in vitro.
33

 However, it has been shown that these enzymes 

function as dehydratases in vivo when coupled to a reductase.
34

 Hence, it was 

proposed that SalS catalyzes the reversible dehydration of 4-chloro-3-

hydroxybutyryl-CoA to 4-chlorocrotonyl-CoA. 

The final reaction to chloroethylmalonyl-CoA from chlorocrotonyl-CoA is 

putatively catalyzed by SalG, which shows high sequence identity (>60%) to 

crotonyl-CoA carboxylase/reductase (CCR). The biological function of CCR was 

recently revised to catalyze the last step of ethylmalonyl-CoA biosynthesis,
35,36

 and 

similarly SalG is proposed to catalyze the reductive carboxylation of 4-

chlorocrotonyl-CoA to chloroethylmalonyl-CoA (Fig. 2.6).
12

 So the anticipated 

pathway intermediate is the unsaturated 4-chlorocrotonyl-CoA which presumably is 
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not generated from synthetic 4-chlorobutyrate via its CoA thioester, thus explaining 

why 4-chlorobutyric acid and its SNAC thioester were not incorporated. This is 

contrary to butyrate that is metabolized to crotonyl-CoA and then to salinosporamide 

B. We thus set out to explore this new pathway hypothesis by mutagenesis and 

chemical complementation experiments. 
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Figure 2.6 Comparison of 4-fluorothreonine and chloroethylmalonyl-CoA 

biosynthetic pathways. A) The pathway to 4-fluorothreonine from SAM. B) 

Proposed chlorination pathway to chloroethylmalonyl-CoA as a PKS extender unit in 

salinosporamide A biosynthesis. 
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2.2.3 Gene inactivation and chemical complementation 

 

To functionally identify the chloroethylmalonyl-CoA pathway, each 

postulated gene was inactivated. This experiment led to the selective loss of 

salinosporamide A production in relation to salinosporamide B in the case of the first 

and last committed pathway enzymes encoded by the chlorinase salL and 4-

chlorocrotonyl-CoA carboxylase/reductase (Cl-CCR) salG. The remaining six 

mutants, however, all resulted in reductions in salinosporamide A yields from 50% to 

98%, suggesting partial complementation by housekeeping enzymes.
12

    

These experiments not only confirmed the authentic roles of these genes 

involved in the chloroethylmalonyl-CoA pathway, but also provided the platform for 

the feeding experiments to explore this proposed pathway. The chemical 

complementation of salinosporamide A biosynthesis in the specific salinosporamide 

A-abolished or -reduced mutants would suggest that these molecules are 

intermediates either directly or indirectly in the chlorination pathway to the 

biosynthesis of chloroethylmalonyl-CoA. Since most of these putative intermediates 

are not commercially available, they had to be synthesized. 

 

2.2.3.1 Synthesis of putative intermediates  

 

Based on the proposed biosynthetic scheme in Fig. 2.6, the following 

compounds were synthesized: 5-chloro-5-deoxy-D-ribose (5-ClR), 5-chloro-5-dexoy-
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D-ribono-1,4-lactone (5-ClRL), 5-chlororibonate (5-ClRI), ethyl (±) 4-chloro-3-

hydroxybutyrate (EtClHB), and 4-chlorocrotonic acid (ClCA). The first approach to 

generate 5-ClR was inspired by the biotransformation of 5’-chloro-5’-

dexoyadenosine (5’-ClDA) to 5-ClR via 5-chloro-5-deoxy-D-ribose-1-phosphate (5-

ClRP) in the proposed chlorination pathway. Similarly the hydrolysis of 

commercially available 5’-ClDA would generate 5-ClR in one step. 5’-ClDA was 

refluxed in 1.2 M HCl for 2 hours to generate 5-ClR quantitatively (Fig. 2.7).  As 

expected, the resulting 5-ClR complemented the salL mutant to reproduce 

salinosporamide A. The starting material 5’-ClDA also complemented the salL 

mutant,
27

 and thus a trace amount of unreacted 5’-ClDA could account for the 

production of salinosporamide A. So another approach directly from ribose was 

designed (Fig. 2.7) with all of the reactions proceeding in moderate to good yield 

(38%-93%).
12

 The anomeric hydroxyl group of the starting material D-ribose was 

first protected as a methoxyl group via the reaction with methanol in the presence of 

an acidic resin (Amberlyst® 15, ion-exchange resin). The following treatment with 

copper sulfate and the resin in acetone protected another two secondary hydroxyl 

group to generate 2,3-O-isopropylidene-1-O-methyl-D-ribofuranoside. While direct 

chlorination of the primary hydroxyl group in C-5 was unsuccessful by using 

SOCl2/DMF or Ph3P/CCl4, activation of it to the corresponding tosylate followed by 

chlorine displacement with LiCl generated the fully protected 5-ClR. Deprotection 

via acidic hydrolysis afforded the target compound 5-ClR (Fig. 2.7). 
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Figure 2.7 Two synthetic routes to 5-ClR 

Another target molecule 5-ClRL was synthesized via the halogenation of D-

ribono-1,4-lactone by using SOCl2/DMF (Fig. 2.8).
12

 The regioselective chlorination 

at the primary hydroxyl group was ascribed to the bulky structure of the iminium salt 

Vilsmeier reagent formed in situ between SOCl2 and DMF. Then the ring opening of 

5-ClRL under weak basic conditions afforded 5-ClRI quantitatively  (Fig. 2.8).
12
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 Figure 2.8 The synthesis of 5-ClRL and 5-ClRI 
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The racemic mixture of EtClHB was obtained by the hydride reduction of the 

commercially available ethyl 4-chloro-3-oxobutanoate (Fig. 2.9).
12

 Hydrolysis would 

presumably generate the free acid, which would then be converted to the N-

acetylcysteamine thioester as a structural mimic of 4-chloro-3-hydroxylbutyryl-CoA 

in the proposed pathway. But attempts to hydrolyze the ester EtClHB to the free acid 

4-chloro-3-hydroxylbutyric acid were not successful. Even the weak basic hydrolysis 

using LiOH, enzymatic hydrolysis by lipase, and mild hydrolysis with trimethyltin 

hydroxide did not cleave the ester bond to generate the free acid. Rather the 

dehydration product was produced in the presence of LiOH. Lastly the selective 

selenocatalytic allylic chlorination of β,γ–unsaturated butyric acid afforded the 4-

chlorocrotonic acid (ClCA) whose coenzyme A ester was the penultimate 

intermediate in the proposed pathway (Fig. 2.9).
12
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Figure 2.9 Synthesis of EtClHB, attempted synthesis of the corresponding acid and 

thioester, and synthesis of 4-chlorocrotonic acid. 

 

 



70 

 

2.2.3.2 Chemical complementation 

 

With the putative biosynthetic intermediates and salinosporamide A-

abolished and -reduced mutants in hand, the administration of these compounds to 

the specific mutants was implemented. The compounds that restore the 

salinosporamide A production would be directly or indirectly involved in this 

chlorination pathway. To the S. tropica salL mutant, which is devoid of 

salinosporamide A due to the inactivated 5`-ClDA synthase SalL, were separately 

fed commercially available 5`-ClDA, synthesized 5-ClR, 5-ClRL, 5-ClRI, EtClHB, 

and ClCA (Fig. 2.10).
12

  

 

 

Figure 2.10 Feeding experiments with postulated intermediate (or their counterparts) 

in chloroethylmalonyl-CoA pathway restore salinosporamide A production in the 

salL mutant. 
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The restoration of salinosporamide A was observed in all of these feeding 

experiments except that with 5-ClRI. It is likely to result from issues regarding the 

uptake of the free acid 5-ClRI into the bacterial cell. The more lipophilic 5-ClRL is 

expected to be transported through the cell wall. Subsequent hydrolysis inside the 

cell would generate 5-ClRI which is then diverted into the pathway. Furthermore, in 

the feeding experiments of the salM mutant which produces a trace amount of 

salinosporamide A at 2% that of the wild type, the administration of 5-ClR did not 

affect salinosporamide A production as expected. Feeding 5-ClRL did increase the 

yields of salinosporamide A (Table 2.1). But it is not the case when feeding 5-ClRI, 

implying the same uptake issues as encountered in salL mutant feeding experiment.  

 

Table 2.1 Administration of 5-ClRL to S. tropica salM mutant in the concentration 

of 0.32 Mm increases the production of salinosporamide A 

 Wild-type salM mutant
 

salM mutant + 

 5-ClRL 

Salinosporamide 

A (%)* 

100 ± 5 4.0 ± 1.1 12.6 ± 1.3 

*Values are average of at least two independent experiments ± deviation. 

 

Together these chemical complementation experiments confirmed the first 

half of the proposed chlorination pathway where SAM is converted to 5’-ClDA by 

novel chlorinase SalL, followed by the phosphorylation and dephosphorylation by 

purine nucleoside phosphorylase SalT and phosphatase SalN. The resulting 5-ClR is 

oxidized to 5-ClRI via the intermediate 5-ClRL by the dehydrogenase/reductase 

SalM.   
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The inactivation of the next enzyme SalH, a dihydroxyacid dehydratase 

homolog which presumably catalyzes dehydration of 5-ClRI to 5-chloro-4-hydroxy-

2-oxopentanoate, leads to the significant reduction of salinosporamide A production. 

In the salH mutant feeding experiments the administration of EtClHB increased the 

salinosporamide A yields (Table 2.2), implying it being diverted into the pathway via 

the conversion to 4-chloro-3-hydroxybutyryl-CoA. It is proposed in the chlorination 

pathway to be derived from the 5-ClRI via 5-chloro-4-hydroxy-2-oxopentanoate by 

dihydroxyacid dehydratase SalH and α–ketoacid decarboxylase SalQ. 

 

Table 2.2 Administration of EtClHB to S. tropica salH mutant in the concentration 

of 0.32 mM increases the production of salinosporamide A 

 Wild-type salH mutant
 

salH mutant + 

 EtClHB* 

Salinosporamide 

A (%) 

100 6.0  21.1 ± 1.4 

*Values are average of two independent experiments ± deviation. 

 

 Addition of 5-ClR, 5-ClRL, and 5-ClRI to the salH mutant did not affect the 

production of salinosporamide A, confirming these compound intermediates are 

upstream of the pathway block. Together with the previous result of the reproduction 

of salinosporamide A in the salL mutant feeding experiment with EtClHB (Fig. 

2.10),  these salH mutant feeding experiments confirmed the proposed 

biotransformation from 5-ClRI to 4-chloro-3-hydroxybutyryl-CoA (Fig. 2.6).  

The next enzyme SalS, an acyl dehydratase, putatively catalyzes the 

conversion of 4-chloro-3-hydroxybutyryl-CoA to 4-chlorocrotonyl-CoA, which was 

then postulated to be reduced by SalG to 4-chlorobutyryl-CoA. The ensuing 
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carboxylation to generate chloroethylmalonyl-CoA as the last step of this pathway 

was proposed to be catalyzed by a primary metabolic enzyme, since no gene 

encoding a carboxylase was initially annotated in the sal cluster. But feeding 

commercially available 4-chlorobutyric acid (ClBA) and its N-acetylcysteamine 

thioester analog, which was synthesized in their deuterated forms (Fig. 2.5), 

separately to salinosporamide A-devoid salL mutant did not restore the production of 

salinosporamide A (Fig. 2.10). This is consistent with the results of the previous 

isotope experiments where no deuterium was incorporated into the salinosporamide 

A, thus eliminating any possibility of involvement of 4-chlorobutyryl-CoA in 

chlorination pathway (Fig. 2.6).          

            Recently, the biochemistry of crotonyl-CoA reductase was revised. While in 

vitro it does indeed reduce the substrate to butyryl-CoA, its main function is rather as 

a crotonyl-CoA carboxylase/reductase (CCR), catalyzing crotonyl-CoA + CO2 + 

NADPH → (2S)-ethylmalonyl-CoA
-
 + NADP

+
.
35,36

 SalG, belonging to the family of 

crotonyl-CoA reductases, could be the chlorocrotonyl-CoA carboxylase/reductase 

(Cl-CCR) homolog converting chlorocrotonyl-CoA to chloroethyl-malonyl-CoA. 

Feeding synthetic chlorocrotonic acid (ClCA) to the salinosporamide A-devoid salL 

mutant restored the production of salinosporamide A (Fig. 2.10).
12

 The feeding 

experiments in salinosporamide A-abolished salG mutant with the putative 

intermediates did not restore salinosporamide A as expected. Therefore SalG is 

indeed a novel chlorocrotonyl-CoA carboxylase/reductase that catalyzes the 

conversion of 4-chlorocrotonyl-CoA to (2S)-chloroethylmalonyl-CoA as the last step 

of this novel chlorination pathway. 
12
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2.2.4 Accumulation of 5-ClR in S. tropica salM mutant 

 

Besides the above chemical complementation experiments to, the detection of 

accumulated biosynthetic intermediates in specific mutants would also strongly 

support our proposed pathway. The S. tropica salM mutant causes a substantial loss 

in salinosporamide A production to approximately 2% wild-type levels. This low 

level of residual biosynthesis may result from biochemical cross-talk with 

homologous dehydrogenases such as Strop_2799 (35% sequence identity). 

Therefore, the absence of SalM may lead to the accumulation of its putative substrate 

5-ClR. To probe whether 5-ClR is indeed accumulated in the blocked mutant, the 

extract of the supernatant was derivatized with 2,4-dinitrophenyl hydrazine (DNP)
37

 

and analyzed by LC/MS. The corresponding hydrazone of 5-ClR was detected in the 

salM mutant but not in the salL mutant as expected (Fig. 2.11),
12

 further confirming 

the authenticity of 5-ClR as a biosynthetic intermediate in the chlorination pathway.  

Taken together, these studies illuminated an unexpected and unprecedented 

chlorination pathway. The novel chlorinase SalL catalyzes the direct nucleophilic 

attack of chloride on the electrophile carbon of SAM to generate 5’-ClDA, which is 

then converted in a series of reactions catalyzed by pathway-specific enzymes 

evolved from primary metabolic homologs to chlorocrotonyl-CoA in which the 

purine is eliminated from 5’-ClDA to yield 5’-ClRP and C-1 of pentose is eventually 

lost to yield the tetrose-derived unit. Then the last pathway-committed enzyme SalG 
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catalyzes the reductive carboxylation of chlorocrotonyl-CoA to chloroethylmalonyl-

CoA at the end of the pathway. 

 

 

Figure 2.11 HPLC analysis of derivatized 5-ClR and water extracts of 100 mL 

cultures of S.  tropica salL and salM mutant (lower). Scheme of the method
37

 used to 

derivatize 5-ClR and the water extract of salL and salM mutant for UV detection 

(352nm) (upper) 
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2.3 Discussion 

 

This long journey to map out the biosynthetic pathway to the 

“chlorobutyrate” building block in salinosporamide A clearly exemplified the power 

of combining chemistry and biology to address the biological issues which are hard 

to be resolved by either approach alone. The early isotope experiments provided the 

first hint of the biosynthesis of salinosporamide A. Surprisingly its “chlorobutyrate 

unit” is derived from a totally different pathway than the butyrate building block of 

deschloro salinosporamide B, even though these two modules are both incorporated 

into the respective natural product via the corresponding branched malonyl-CoA by 

the PKS-NRPS pathway. 

Bioinformatics on the sequenced genome of the salinosporamide-producing 

bacterium S. tropica was the driving force behind this study. It first led to the 

identification of the sal cluster committed to salinosporamide biosynthesis. The 

analysis of this gene cluster allowed us to refine our biosynthetic proposal that was 

initially based on the isotope experiments and led us to propose this unprecedented 

and unexpected pathway to the novel PKS extender unit chloroethylmalonyl-CoA 

which gives rise to the 4-chlorobutyrate module in salinosporamide A.  Then the 

experiments of inactivating the putative genes involved in this pathway not only 

confirmed their roles, but also provided a platform to further interrogate this pathway 

via a chemical approach. So putative intermediates were synthesized and used as 

chemical probes to confirm the proposed pathway. Furthermore the identification of 
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the accumulated product 5-ClR from the salM mutant provided compelling evidence 

to support our proposal. This study clearly manifests the prowess of a 

multidisciplinary approach to resolve complicated biological questions.  

In particular we discovered a new pathway to a new halogenated PKS 

building block composed of eight enzymes in total. While two of them (SalL and 

SalG) can’t be complimented by the primary metabolic counterparts, others can be 

replaced by primary metabolic counterparts (Table 2.3). For instance, another purine 

nucleoside phosphorylase involved in nucleotide metabolism,
38

 i.e. 5’-

methylthioadenosine phosphorylase (Strop_0986, 69% identity to SalT), is encoded 

by the S. tropica genome and is likely to be the enzyme complementing the salT 

mutation. Similarly, S. tropica’s chromosome codes for several short-chain 

dehydrogenases/reductases and dihydroxyacid dehydratases with sequence similarity 

to SalM and SalH, respectively (Table 2.3).
12

 

On the other hand, SalN and SalS have no clear homologs (sequence identity 

to Strop genes < 23%, Table 2.3). In the case of SalS, primary metabolic enoyl 

thioester dehydratases, e.g. FabZ-like Strop_2797, and the enzyme involved in the 

uncharacterized step in the ethylmalonyl-CoA pathway, i.e. conversion of 3-

hydroxybutyryl-CoA to crotonyl-CoA, include possible candidates to replace its 

function. It’s noteworthy that FabZ enzymes, in spite of having a preference for 

ACP-bound substrates, also accept CoA analogs at lower rates, with crotonyl-CoA 

often used as a substrate to test FabZ activity.
34,39,40

 Likewise, other phosphatases 

present in the S. tropica chromosome, e.g. Strop_2394, a putative alkaline 

phosphatase, could account for salN mutant’s phenotype, since such enzymes have 
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broad substrate specificity.
41

 Indeed a commercial alkaline phosphatase (EC3.1.3.1; 

Sigma Chemical Co. A2356) catalyzes the phosphorylic cleavage of chemo-

enzymatically prepared 5-ClRP to 5-ClR.  

 

Table 2.3 Salinosporamide production by S. tropica mutants compared to the wild 

type. 

Strain Protein function 
Salinosporamid

e A (%)* 

Salinosporamid

e B (%)* 

Strop 

homolog, 

sequence 

identity 

wild-

type 
--- 100 ± 10 100 ± 13 --- 

salA¯  PKS n.d. n.d. --- 

salL¯  Chlorinase n.d. 90 ± 20 
Strop_1405, 

35% 

salT¯  
Purine nucleoside 

phosphorylase 
50 ± 8 91 ± 10 

Strop_0986, 
69% 

salN¯  Phosphatase 16 ± 3 92 ± 9 --- 

salM¯  
Dehydrogenase/reduct

ase 
2.2 ± 0.2 120 ± 20 

Strop_2799, 

35% 

salH¯  
Dihydroxyacid 

dehydratase 
3.8 ± 0.7 70 ± 15 

Strop_1231, 

36% 

salQ¯  
α-ketoacid 

decarboxylase 
25 ± 6 98 ± 16 Strop_1050

#
 

salS¯  Acyl dehydratase 39 ± 14 95 ± 30 --- 

salG¯  Cl-CCR --- 94 ± 30 
Strop_3612, 

53% 

Strop_36

12¯  
CCR 112 ± 8 52 ± 6 salG, 53% 

n.d., not detected (<0.2%). 

*Values are average of at least two independent experiments ± deviation. 
#
Strop_1050 represents a partial duplication of salQ (894 of 3,450 nt). 

 

Although the α-keto acid ferredoxin oxidoreductase SalQ is partially 

duplicated in the S.  tropica genome (Strop_1050, corresponding to 298 out of 1149 

amino acids, Table 2.3), this can`t explain the salinosporamide A levels observed in 
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this mutant, as the C-terminal catalytic domain is not complete and the thiamine 

pyrophosphate binding site is missing in Stop_1050.
42

 Alternatively, oxidative 

decarboxylation of pyruvate to acyl-CoA is mediated by 2-oxo acid dehydrogenases 

(OADH), multienzyme complexes consisting of three components, decarboxylase 

(E1), transacetylase (E2) and dehydrogenase (E3). The S. tropica genome codes for 

several OADHs, i.e. Strop_2097 (E1) to Strop_2099 (E3), Strop_0109 to 

Strop_0107and Strop_3690 (E1-E3), putatively coding for pyruvate or branched-

chain oxoacid and 2-oxoglutarate dehydrogenase complexes, respectively. The 

relaxed substrate specificity of OADHs
43

 is a possible explanation for salQ’s mutant 

phenotype. 

While the activities of the six pathway-committed enzymes (SalT, SalN, 

SalM, SalH, SalQ, and SalS) can be replaced to varying levels by primary metabolic 

counterparts, SalL and SalG seem to be unparalleled and can’t be complemented by 

their primary metabolic counterparts (Table 2.3). Inactivation of the chlorinase gene 

salL abolishes salinosporamide A biosynthesis,
27

 despite the presence of a salL 

homolog in S. tropica’s genome (Strop_1405, containing a domain of unknown 

function DUF62, Table 2.3). The DUF62 ortholog from Salinispora arenicola (86% 

identity to Stop_1405) has SAM hydrolase but no halogenase activity in vitro,
44

 and 

it is reasonable to expect the same for Strop_1405. Deng et al also demonstrated that 

an archaeal DUF62 member from this large family of SAM-binding proteins also 

functions as a SAM hydrolase.
45

 Together with in silico analysis, these data suggest a 

divergent evolution of SAM-dependent halogenases from SAM hydrolases
44

, 

explaining the phenotype of the salL mutant. 
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Inactivation of the 4-chlorocrotonyl-CoA carboxylase/reductase (Cl-CCR) 

SalG abolished the production of salinosporamide A, despite the presence of the 

housekeeping crotonyl-CoA carboxylase/reductase gene (Strop_3612, Table 2.3). So 

Strop_3612 is apparently unable to complement the function of SalG in vivo, 

suggesting that the former is specific for crotonyl-CoA and the substrate 

discrimination of SalG may be unique.
12

 

 To demonstrate the function of SalG as Cl-CCR and establish the 

authenticity of chloroethylmalonyl-CoA as an intermediate, the recombinant SalG, 

which was expressed as an octahistidyl-tagged protein in Escherichia coli, was 

biochemically characterized.
12

 The protein indeed catalyzes the conversion of 

chlorocrotonyl-CoA to chloroethylmalonyl-CoA in a NADPH-dependent reductive 

carboxylation reaction as detected by LC/MS. The apparent kinetic constants (Table 

2.4) support a preference for the chlorinated substrate, while the enzyme also accepts 

crotonyl-CoA at increased Km. Moreover, the turnover (kcat) for the reductive 

carboxylation reaction is ≈10-fold faster than for the reductive reaction in the 

absence of bicarbonate,
12

 in accordance with data obtained for Rhodobacter 

sphaeroides crotonyl-CoA carboxylase/reductase (CCR).
35

 Furthermore, while 

chlorocrotonic acid is able to restore salinosporamide A production in the salL 

mutant (Fig. 2.10), chlorobutyric acid is not, in agreement with Cl-CCR SalG 

catalyzing a reductive carboxylation rather than only a reductive reaction in vivo. 

SalG seems to have singularly evolved from a common CCR ancestor to accept a 

halogenated substrate.
12

 Its relaxed substrate discrimination, evident from the kinetic 

data presented and also from the fact that fluorinated
46

 and brominated
3
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salinosporamide analogs can be generated in vivo, is useful when attempting to 

engineer structural analogs. 

 

Table 2.4     Apparent kinetic constants of SalG 

Reaction Reductive carboxylation
a
 Reduction only

b
 

Substrate 
Crotonyl- 

CoA 

Chloro- 

crotonylCoA 

Crotonyl- 

CoA 

Chloro- 

crotonyl-CoA 

kcat (min
-1

) 15.4 ± 0.9 23.1 ± 2.6 4.7 ± 0.2 2.2 ± 0.2 

Km (µM) 20.7 ± 4.2 4.4 ± 1.8 9.8 ± 1.4 1.9 ± 0.7 

kcat/Km (min
-1

 µM
-1

) 0.75 5.3 0.48 1.1 

Relative catalytic 

efficiency (%) 
14 100 44 100 

a
Reductive carboxylation, (chloro)crotonyl-CoA + CO2 + NADPH → (chloro)ethylmalonyl-

CoA + NADP
+
 

b
Reduction only, (chloro)crotonyl-CoA + NADPH → (chloro)butyryl-CoA + NADP

+
 

 

To the best of our knowledge, the salinosporamide system is at present the 

only PKS machinery known to employ chloroethylmalonyl-CoA as an extender unit. 

In concert with the availability of new PKS building blocks, the divergence of AT 

domains is an important factor to the evolution of structural diversity in 

polyketides.
15

 Therefore, chloroethylmalonyl-CoA and SalA_AT1 extend the 

repertoire of tools to be used in polyketide assembly, significantly impacting our 

ability to generate new polyketide scaffolds and possibly improve biological activity. 

While the number of known extender units has expanded in recent years, a true 

increase in available building blocks, according to a recent review,
47

 may come from 

those biosynthesized by a CCR-like route, which could possibly lead to previously 

unknown extender units through conversion of a variety of α,β-unsaturated acyl-CoA 

thioesters. The chloroethylmalonyl-CoA pathway presented here and SalG in 
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particular is clearly representative of this scenario. In conclusion, understanding the 

biosynthesis of chloroethylmalonyl-CoA paved the way towards the application of 

this new pathway for generating interesting structural diversity in polyketides. 
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2.5     Experimental 

 

2.5.1 Materials and methods 

 

   All reagents were commercially obtained (Aldrich, Fisher) and used without 

further purification except where noted. Labeled precursors and NMR solvents were 

purchased from Cambridge Isotope Laboratories, Inc. Yields refer to 

chromatographically and spectroscopically (
1
H NMR, 

13
C NMR) homogeneous 
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materials, unless otherwise stated.  Reactions were monitored by thin-layer 

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) 

using UV light and cerium molybdate solution with heat as visualizing agents.  E. 

Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography. Preparative thin-layer chromatography separations were carried out 

on 0.50 mm E. Merck silica gel plates (60F-254).  NMR spectra were recorded on 

Varian Mercury 300, 400 and/or Unity 500 MHz instruments and calibrated using the 

residual undeuterated solvent as an internal reference.  Chemical shifts (δ) are 

reported in parts per million (ppm) and coupling constants (J) are reported in hertz 

(Hz).  The following abbreviations were used to designate multiplicities: s = singlet, 

d = doublet, t = triplet, q = quartet, quint.= quintet, sp = septet, m= multiplet, br= 

broad. Low-resolution LC-MS data was acquired on a Hewlett Packard 1100 series 

high performance liquid chromatography system linked to an Agilent ESI-1100 MSD 

mass spectrometer in positive mode (gas flow set to 13 mL/min, drying temperature 

set to 350 °C, capillary voltage set to 4500 V, and nebulizing pressure set to 40 

pounds/square inch). A Luna 4.6 x 100 mm C18 column was used at a flow rate of 

0.7 mL/min with a linear solvent gradient of 10–100% MeCN:H2O over a period of 

41 min. High resolution mass spectra (HRMS) were recorded on a Finnigan 

LCQDECA mass spectrometer under electrospray ionization (ESI) or atmospheric 

pressure chemical ionization (APCI) conditions, or on a Thermofinnigan Mat900XL 

mass spectrometer under electron impact (EI), chemical ionization (CI), or fast atom 

bombardment (FAB) conditions.   
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2.5.2 Feeding experiment methods 

 

          General procedure for the feeding experiments: The strain S. tropica CNB-

440
27

 was cultured at 27 °C for 5-7 days in shaked Fernbach flasks containing a 

seawater-based medium [28 g Instant Ocean, 10 g starch, 4 g yeast extract, 2 g 

peptone, 5 ml Fe2(SO4)3·4H2O (8 g/L in deionized water), 5 ml KBr (20 g/L in 

deionized water)]. After 24 h of growth, the precursors were added aseptically with 

0.5 g Amberlite XAD-7 resins to the 50 mL cultures in the concentration of 0.32 

mM. The crude extracts were obtained by acetone elution from the polymer resin and 

analyzed by HPLC-MS with detection at 210 nm, using an acetonitrile (MeCN) - 

water gradient: 0% MeCN for 1 min, 0-35% MeCN over 7 min, isocratic 35% MeCN 

over 11 min, 35-100% MeCN over 8 min, isocratic 100% MeCN over 9 min, 100%-

0% MeCN over 1 min, and 0% MeCN for 4 min. 

 

2.5.3 Synthetic methods 

 

 

4-chlorobutyric acid-d6: γ-butyrolactone-d6 (308 mg, 3.35 mmol) was refluxed in 

the concentrated HCl (8 mL). After 45 min, water was evaporated off in the reduced 

pressure. The reaction mixture was completely dried to afford 4-chlorobutyric acid-

d6 (45 mg, 9.4%). 
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 N-acetylcysteamine thioester of 4-chlorobutyric acid-d6: Chlorobutyric acid-d6 

(45 mg, 0.32 mmol), N-acetylcysteamine (95%, 58 mg, 0.46 mmol, 1.5 eq.), and 4-

dimethylaminopyridine (99%, 5 mg, 0.04 eq.) were mixed in 5 mL of dry CH2Cl2. 

Dicyclohexylcarbodiimide (99%, 98 mg, 0.47 mmol, 1.5 eq.) was added thereto in an 

ice bath under N2.  After stirring at room temperature for 2.5 h, the reaction mixture 

was diluted with EtOAc (20 mL), washed with water (1 x 7 mL) and saturated 

aqueous NaHCO3 (1 x 7 mL). The washed organic layer was dried over anhydrous 

Na2SO4 and concentrated. After the purification though the column chromatography, 

33 mg of the thioester (75% yield) was obtained. MS (ESI negative mode) m/z found 

[M + Na]: [M + Na + 2] = 3:1. 

 

O

HO
O

O O

 

2,3-O-Isopropylidene-1-O-methyl-D-ribofuranoside. To D-ribose (98%, 6090 mg, 

39.75 mmol) in the 100 mL of MeOH, acidic resin (Amberlyst® 15, ion-exchange 

resin) was added. After stirred at 60 
o
C for 6 h, the resin was filterer off and the 

solvent was evaporated off to afford 1-O-methyl-D-ribofuranoside. Without further 

purification, the crude product was mixed with copper sulfate (6140 mg, 38.47 
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mmol, 0.97 eq.) and acid resin in 125 mL of acetone. After stirred for 15 h at room 

temperature, the resin was filtered off and the reaction mixture was concentrated. 

Column chromatography using the mixture of hexane and EtOAc (1:1) afforded 2494 

mg of the target compound in the yield of 31% in two steps. 
1
H NMR (300 MHz, 

CDCl3) δ 1.32 (s, 3H), 1.49 (s, 3H), 3.26 (dd, J = 10.5, 3 Hz, 1H), 3.44 (s, 3H), 3.61-

3.73 (m, 1H), 4.43 (m, 1H), 4.59 (d, J = 6 Hz, 1H), 4.84 (d, J = 6 Hz, 1H), 4.97 (s, 

1H). MS (ESI positive mode) m/z found [M + K]. 

 

O

TsO
O

O O

 

5-O-Tosyl-2,3-O-isopropylidene-1-O-methyl-ββββ-D-ribofuranoside. Under N2, 4-

toluene-sulfonyl chloride (3073 mg, 16.12 mmol, 2.1 eq.) was added to 2,3-O-

isopropylidene-1-O-methyl-β-D-ribofuranoside in pyridine (10 mL) at 0 
o
C. After 

stirred at room temperature for 18 h, the reaction mixture was poured into the ice 

water. Then it was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers 

were washed with water, brine, dried over anhydrous Na2SO4, and concentrated. The 

residue was purified by column chromatography using the mixture of hexane and 

EtOAc (2:1) to afford the tosylate (1664 mg, 60%) as the white solid. 
1
H NMR (400 

MHz, CDCl3) δ 1.29 (s, 3H), 1.45 (s, 3H), 2.46 (s, 3H), 3.23 (s, 3H), 4.01 (m, 2H), 

4.31 (t, J = 7.2 Hz, 1H), 4.53 (d, J = 6 Hz, 1H), 4.60 (d, J = 6 Hz, 1H), 4.93 (s, 1H), 

7.36 (d, J = 8 Hz, 2H), 7.80 (d, J = 8 Hz, 2H). 
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5-Chloro-5-deoxy-2,3-O-isopropylidene-1-O-methyl-ββββ-D-ribofuranoside. The 

tosyl ester (438 mg, 1.22 mmol), LiCl (673 mg, 15.88 mmol, 13.0 eq.) and DMF (10 

mL) were refluxed for 40 min. Then the reaction mixture was concentrated and 

diluted with CH2Cl2 and water. After the water layer was extracted with CH2Cl2, the 

combined organic layers was washed with brine, dried over anhydrous Na2SO4, and 

concentrated. The residue was purified by column chromatography using the mixture 

of hexane and EtOAc (4:1) to afford the chlorinated compound (254 mg, 93%). 
1
H 

NMR (300 MHz, CDCl3) δ 1.33 (s, 3H), 1.49 (s, 3H), 3.34 (s, 3H), 3.43-3.59 (m, 

2H), 4.32 (dd, J = 9.6, 6 Hz, 1H), 4.60 (d, J = 6 Hz, 1H), 4.74 (d, J = 6 Hz, 1H), 4.99 

(s, 1H). 

 

 

5-Chloro-5-deoxy-D-ribofuranoside (5-ClR): To the methyl 5-chloro-5-deoxy-2,3-

O-isopropylidene-D-ribofuranoside (250 mg, 1.12 mmol) was added 0.04 M HCl (5 

mL), and the emulsion that formed upon stirring was refluxed for 20 min. After 

cooled to room temperature, Dowex
 
Monosphere

 
ion exchange resin, 550A-OH

- 

form, was added to the mixture until a pH of 7 was reached. The resin was removed 

by filtration and washed with water (30 mL). After evaporation of the solvents, the 
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residue was purified by column chromatography using EtOAc to give 5-ClR (72 mg, 

38%) as transparent syrup. At equilibrium in D2O the product was an approximately 

2:1 mixture of α- and β-anomers. α-anomer 
1
H NMR (400 MHz, D2O and acetone- 

d6) δ 3.63-3.79 (m, 2H), 3.96 (dd, J = 4.8, 1.6 Hz, 1H), 4.06-4.10 (m, 1H), 4.21-4.24 

(m, 1H), 5.19 (d, J = 1.6Hz, 1H). 
13

C NMR (100 MHz, D2O, reference acetone-d6 

δ 29.92) δ 45.7 (CH2), 71.9 (CH), 75.6 (CH), 81.7 (CH), 101.5 (CH). β-anomer 
1
H 

NMR (400 MHz, D2O and acetone-d6) δ 3.63-3.79 (m, 2H), 4.06-4.10 (m, 2H), 4.21-

4.24 (m, 1H), 5.34 (d, J = 4.4Hz, 1H). 
13

C NMR (100 MHz, D2O, reference acetone-

d6 δ 29.92) δ 45.0 (CH2), 71.1 (CH), 71.4 (CH), 82.0(CH), 97.0 (CH). MS (ESI 

negative mode) m/z found [M-H]: [M-H+2] = 3:1. 

5-Chloro-5-deoxy-D-ribofuranoside (5-ClR): 5’-chloro-5’-deoxyadenosine (211 

mg, 0.74 mmol) was refluxed in 0.6 M HCl (10 mL) for 2 hours. Then it was 

extracted with EtOAc (6 x 60 mL), dried over anhydrous Na2SO4, and concentrated. 

The column chromatography using the mixture of hexane and EtOAc (1:10) afforded 

123 mg of 5-ClR (100% yield). 

 

 

5-Chloro-5-dexoy-D-ribono-1, 4-lactone (5-ClRL): To D-ribono-1,4-lactone (207 

mg, 1.40 mmol) in 2 ml of anhydrous DMF was added fresh SOCl2 (221 mg, 1.86 

mmol, 1.3 eq.) dropwise at 0 
o
C under N2. After stirring at room temperature for 10 
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min, 5 ml of MeOH was added to the reaction mixture.  Then it was stirred for 10 

more minutes and concentrated. Column chromatography using the mixture of 

EtOAc and petroleum ether (1:1) afforded 5-ClRL (181 mg, 78%) as colorless oil. 
1
H 

NMR (400 MHz, CDCl3) δ 3.84-3.95 (m, 2H), 4.11 (t, J = 4.4 Hz, 1H), 4.42 (t, J = 6 

Hz, 1H), 4.49 (t, J = 6 Hz, 1H), 5.66 (d, J = 4.4 Hz, 1H), 5.95 (d, J = 8 Hz, 1H). MS 

(APCI negative mode) m/z found [M-H]: [M-H+2] = 3:1. 

 

 

5-Chlororibonic acid (5-ClRI): To the 5-chloro-5-deoxy-D-ribono-1,4-lactone (39 

mg, 0.23 mmol) was added  K2CO3 (99 mg, 0.72 mmol, 3.0 eq.) in 5 mL of H2O. 

After stirring at room temperature for 5 min, acidic resin (Amberlyst® 15, ion-

exchange resin) was added to the reaction mixture until pH = 5-6. Then filtering off 

resin, evaporating the solvent in vacuum, and drying completely in the high vacuum 

afforded  54 mg of 5-ClRI as white solid in 100% yield. 
1
H NMR (400 MHz, D2O 

and acetone- d6) δ 3.71 (dd, J = 12, 4.8 Hz, 1H), 3.79 (dd, J = 12, 2.4 Hz, 1H), 3.97-

4.05 (m, 2H), 4.42 (d, J = 2.0 Hz, 1H). 
13

C NMR (100 MHz, D2O, reference acetone-

d6 δ 29.92) δ 48.0 (CH2), 69.6 (CH), 72.2 (CH), 73.1(CH), 175.6 (C=O). HRMS 

calcd. for [C5H9ClO5 - H]: 183.0055, found: 183.0060. 
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Ethyl (±)-4-chloro-3-hydroxybutyrate. To ethyl 4-chloroacetoacetate (98%, 2040 

mg, 11.93 mmol) in 25 mL of reagent alcohol was added NaBH4 at 0 
o
C. After 

stirring for 3 h at room temperature, 0.1 M HCl (8 mL) was added to quench the 

reaction. The generated solid was filtered off and the filtrate was concentrated. Then 

it was extracted with EtOAc (1 x 50 mL), washed with brine (2 x 50 mL), dried over 

anhydrous NaSO4, and concentrated. The column chromatography using the mixture 

of hexane and EtOAc (2:1) afforded 982 mg of target compound as colorless liquid 

with the yield of 49%. 
1
H NMR (400 MHz, CDCl3) δ 1.27 (t, J = 8 Hz, 3H), 2.62 (m, 

2H), 3.60 (dd, J = 5.6, 2.8 Hz, 2H), 4.17 (q, J = 7.2 Hz, 2H), 4.25 (m, 1H). 

 

 

4-Chlorocrotonic acid: Phenyl selenium chloride (98%, 225 mg, 1.15 mmol, 0.1 

eq.) was dissolved in MeCN (150 mL), producing an orange solution. MS4A were 

added followed by addition of the β,γ-unsaturated butyric acid (97%, 1038 mg, 11.70 

mmol), observing immediate color change to pale yellow.  A solution of N-

chlorosuccinimide (NCS, 1856 mg, 13.90 mmol, 1.2 eq.) in 50 ml of MeCN was 

added in portions in 50 min. After stirring at room temperature for 24 h, the crashed 

MS4A was filtered off and concentrated. Then it was diluted with ether (200 mL), 

washed with H2O (2 x 60 mL), dried over NaSO4, and concentrated. Column 

chromatography using the mixture of hexane and EtOAc (3:1) afforded the target 
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compound as white solid (1126 mg, 80% yield). 
1
H NMR (400 MHz, CDCl3) δ 4.20 

(dd, J = 8, 2 Hz, 2H), 6.14 (dt, J = 20.4, 2 Hz, 1H), 7.10 (dt, J = 20.4, 8 Hz, 1H). MS 

(ESI negative mode) m/z found [M-H]: [M-H+2] = 3:1. 

 

 

General methods to the derivatization by 2,4-dinitrophenylhydrazine (DNP). To 

10 µL of aqueous sample or sugar standard containing 1.5-100 nmol sugar, 100 µL 

of TFA solution in methanol (2% TFA, v/v) and 100 µL of DNP solution in 1,2-

dimethoxyethane (1.5% DNP, w/v) were added. The mixture was heated at 65 
o
C for 

90 min, then cooled to room temperature and 200 µL of acetone were added. After 

evaporation to dryness, the residue was dissolved in 40 µL of 1,2-dimethoxyethyane. 

To the clear solution, 210-260 µL of water were added and the resultant suspension 

was left at 4 
o
C for 10 min. After centrifugation at 10000 rpm for 5 min, aliquotos of 

no more than 15 µL of the supernatant were injected directly for the LC-MS with 

detection at 352 nm, using an acetonitrile (MeCN) – water gradient: 0-100% MeCN 

over 30 min, isocratic 100% MeCN over 3 min, 100%-0% MeCN over 5 min, 0% 

MeCN for 10 min.  
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Negative control titled as “DNP”. 100 µL of TFA solution in methanol (2% TFA, 

v/v) and 100 µL of DNP solution in 1,2-dimethoxyethane (1.5% DNP, w/v) were 

mixed and the general procedure was followed. 

 

The derivatization of S. tropica salL mutant. 50 mL of salL mutant was cultured as 

described in the general procedure for the feeding experiments except no precursor 

was added along with the resin 1 day after innoculation. The cell free fraction of 50 

mL of salL mutant culture, where the cells were broken by the sonication and the 

solids was filtered off by using the cheese cloth, was concentrated to 10 mL. Then to 

50 µL of this aqueous sample was added TFA and DNP as described above and the 

general procedure was followed. 

 

The derivatization of 5-ClR. To 10 µL of 5-ClR in water (1 mg/mL) was added 

TFA and DNP as described above and the general procedure was followed. 

 

The derivatization of S. tropica salM mutant. The cell free fraction of 50 mL of 

salM mutant cultures, which was prepared as that of the above salL mutant, was 

concentrated to 10 mL. Then to 50 µL of this aqueous sample was added to TFA and 

DNP as described above and the general procedure was followed. 
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APPENDIX ONE 

 

 

 

Appendix Figure 2.1 
1
H NMR spectrum of 5-ClR 
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Appendix Figure 2.2 
13

C NMR spectrum of 5-ClR 
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Appendix Figure 2.3 
1
H NMR spectrum of 5-ClRI 
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Appendix Figure 2.4 
13

C NMR spectrum of 5-ClRI 
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CHAPTER THREE 

 

 

Biosynthesis of the salinosporamides: four new PKS extender units 

 

 

3.1 Introduction 

 

Polyketides are produced by polyketide synthases (PKSs) which dictate a 

number of programmed events involving the selection of starter and extender units, 

carbon chain length, cyclization pattern, oxidation state of β-keto carbonyl group, 

and termination.
1-4

 Post PKS tailoring reactions such as glycosylation, acylation, 

methylation and prenylation further add to the polyketide structural diversity, which 

often provide vital biological features to the molecule.
5
 So far, over 10,000 

polyketides have been characterized from nature.
4
Despite the large number of 

polyketide natural products, PKS enzymes tend to accept a limited set of PKS 

extender units.These include CoA-linked extender units (malonyl-CoA, (2S)-

methylmalonyl-CoA and (2S)-ethylmalonyl-CoA) and ACP-linked extender units 

((2R)-methoxymalonyl-ACP, (2R)-hydroxymalonyl-ACP, and (2S)-aminomalonyl-

ACP) (Fig. 3.1),
6
 leaving few opportunities for further elaboration.  

In contrast, the salinosporamide PKS accepts varied substrates, including the 

first functionalized CoA-linked novel PKS extender unit: (2S)-chloroethylmalonyl-
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CoA. It is derived from S-adenosyl-L-methionine through an unprecedented 

chlorination pathway
7
 involved in the biosynthesis of salinosporamide A as 

discussed in the previous chapter.  

Other naturally occurred salinosporamides like D, B, and E are distinguished 

from salinosporamide A by the varied substituents at  C-2 bearing methyl, ethyl, and 

propyl, respectively (Fig. 3.1). Based on the knowledge of the origin of C-2 

substituent in salinosporamide A, we proposed that salinosporamide D and B would 

incorporate C3 and C4 fatty acids through the known PKS extender units: (2S)-

methylmalonyl-CoA and (2S)-ethylmalonyl-CoA (Fig. 3.1). Furthermore, in the case 

of salinosporamide E, a C5 fatty acid would be incorporated into the natural product 

via the novel PKS extender unit (2S)-propylmalonyl-CoA (Fig. 3.1). The  

replacement of synthetic sea salt with sodium bromide in the S. tropica fermentation 

medium resulted in vivo production of bromosalinosporamide
8
 with bromoethyl at C-

2, implying another new PKS extender unit (2S)-bromoethylmalonyl-CoA (Fig. 3.1). 

The mutasynthesized fluorosalinosporamide
9
 with the fluoroethyl substituent at C-2 

would be assembled from a new PKS extender unit (2S)-fluoroethylmalonyl-CoA 

(Fig. 3.1). 

Overall, salinosporamide PKS accepts an array of extender units, including 

two known substrates ((2S)-methylmalonyl-CoA and (2S)-ethylmalonyl-CoA) and 

four novel molecules ((2S)-propylmalonyl-CoA, (2S)-chloroethylmalonyl-CoA, (2S)-

bromoethylmalonyl-CoA, and (2S)-fluoroethylmalonyl-CoA). This discovery 

expands the current knowledge of known PKS extender units and more significantly 

represents the first functionalized CoA-tethered malonyl extender units. It also points 
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the way toward the genetic engineering of new polyketide scaffolds with strategically 

placed halogens that may serve key mechanistic roles or provide functional handles 

in the semisynthesis of derivatives.    

 

  
Figure 3.1 Six known PKS extender units and four novel PKS extender units                                       

associated with salinosporamide biosynthesis        
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3.1.1 Biosynthesis of salinosporamide B from (2S)-ethylmalonyl-CoA  

 

Salinosporamide B is the second most abundant salinosporamide derivative 

produced by S. tropica.
10

 The subtle structure difference in the C-2 substituents (Fig. 

3.1) (ethyl in salinosporamide B and chloroethyl in salinosporamide A) greatly 

impacts the drug potency of theses proteasome inhibitors. Even though IC50 value of 

salinosporamide B is as low as 26 nM against chymotrypsin-like (CT-L) activity of 

rabbit 20S proteasome, it is 10-fold less potent than that of salinosporamide A (IC50 = 

2.6 nM).
8
 This decreased potency of salinosporamide B is due to the unreactivity of 

the ethyl side chain at C-2, which results in the reversible binding mechanism against 

the 20S proteasome.
11,12

 In the case of salinosporamide A, its reactive chloroethyl 

side chain at C-2 ensures the irreversible inhibition of the proteasome, explaining the 

fact that salinosporamide A is the most potent proteasome inhibitor among the 

salinosporamides family (Fig. 1.9).
11-13

  

Since C-2 substituents play a vital role on the salinosporamides potency 

against proteasome activity,
11,12

 a series of feeding experiments with stable isotopes 

were carried out to probe their biosynthetic origins by former group member Laura 

L. Beer.
14

 In one of the isotope experiments, [1,2-
13

C2]acetate was administered to a 

culture of S. tropica. 
13

C NMR analysis of [1,2-
13

C2]acetate-enriched 

salinosporamide B revealed the intact incorporation of three acetate units at C-3/C-

14, C-1/C-2 and C-12/C-13, implying the ethyl side chain at C-2 derived from the 

acetate via butyrate (Fig. 3.2).  
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The feeding experiment of sodium [U-
13

C4]butyrate  to the culture of  S. 

tropica was administered by the scientists from Nereus Pharmaceuticals.
15

 LC-MS 

analysis of the crude extract indicated that butyrate was incorporated as a contiguous 

four-carbon unit into salinosporamide B. Observed 
13

C-labeling pattern of 

salinosporamide B further confirmed the incorporation of butyrate into the natural 

product (Fig. 3.1.1). 

As the contiguous four carbon unit C-1, C-2, C-12, and C-13 of 

salinosporamide B is derived from butyric acid, Nereus scientists also examined the 

effect of different concentrations of sodium butyrate on the production of 

salinosporamide B by S. tropica.
15

 They observed that butyrate significantly 

enhanced the production of salinosporamide B, with the maximal production at 1 

mg/ml of butyrate representing a 319% increase in titer compared with the control 

(no butyrate). Even at the lowest butyrate concentration tested at 0.25 mg/ml, the 

production of salinosporamide B improved 175% over the control. These results 

suggested that C4 substrate is limiting for the salinosporamide B biosynthesis. In 

conclusion, the ethyl side chain at C-2 of salinosporamide B is derived from butyrate 

via the known PKS extender unit (2S)-ethylmalonyl-CoA (Fig. 3.2). 
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Figure 3.2 Observed 
13

C-labeling patterns in the salinosporamide B produced from                          

S. tropica supplemented with [1,2-
13

C2]acetate and [U-
13

C4]butyrate separatel 

 

 

 

3.2 Results 

 

3.2.1 Biosynthesis of salinosporamide D from (2S)-methylmalonyl-CoA 

 

Salinosporamide D was isolated along with the salinosporamide A and B 

from the S. tropica as the minor metabolite.
8
 It is distinguished from 

salinosporamides A and B through the methyl substituent at C-2. This unreactive 

methyl side chain determined salinosporamide D`s reversible binding mechanism 

against the proteasome, with the lower potency against CT-L activity of rabbit 20S 

proteasome (IC50 = 7.7 nm) than the irreversible proteasome inhibitor 

salinosporamide A (IC50 = 2.6 nm).
13

  

Based on the biosynthetic assembly of salinosporamide B from a butyrate 

building block via (2S)-ethylmalonyl-CoA, we reasoned that the methyl analogue 

salinosporamide D would be similarly assembled from a propionate unit via the 
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common PKS substrate (2S)-methylmalonyl-CoA (Fig. 3.3). We explored this 

assumption by administering [1-
13

C]propionate to the salL mutant, where the major 

metabolite salinosporamide A was abolished due to inactivated 5’-chloro-5’-

deoxyadenosine synthase SalL.
16

 Isolation and characterization of the resultant 

salinosporamide D by NMR revealed the specific 
13

C-enrichment (5%) at C-1 (Fig. 

3.3), thereby confirming its assembly from propionate via the known PKS extender 

unit: (2S)-methylmalonyl-CoA.
17

   

  

 

 

Figure 3.3 Biosynthesis of salinosporamide D and its PKS building block (2S)-

methylmalonyl-CoA      

                            

3.2.2 Biosynthesis of salinosporamide E from a novel PKS extender 

unit (2S)-propylmalonyl-CoA 

 

Another minor metabolite isolated from S. tropica is the propyl analogue 

salinosporamide E.
8
 Like the previously mentioned ethyl analogue (salinosporamide 

B) and the methyl analogue (salinosporamide D), the unreactive nature of propyl side 

chain on C-2 results in the reversible binding mechanism against proteasome, 

therefore lower potency (IC50 = 24 nm) than chlorinated salinosporamide A. 
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Based on previous studies on the biosynthetic origins of C-2 substituents in 

salinosporamides A, B, and D, we reasoned that the propyl group at C-2 of 

salinosporamide E would derive from a pentanoate building block. If so, this would 

imply the prospect of a new PKS building block, namely (2S)-propylmalonyl-CoA. 

Salinosporamide E was similarly isolated from the [1-
13

C]propionate feeding 

experiment along with the [1-
13

C]salinosporamide D as mentioned above. The NMR 

analysis confirmed 
13

C-enrichment (40%) at C-12, thereby suggesting the origin 

from pentanoate derived from propionate and acetate precursors (Fig. 3.4).
17

 While 

the administration of pentanoic acid to the salL mutant resulted in a significant 

increase (~500%) in salinosporamide E titers, unsaturated trans-2-pentenoic acid had 

an even greater effect in enhancing its production at ~1500%. These observations 

suggested that the C5 substrate is limiting and that the α,β-unsaturated carboxylic 

acid is a more advanced biosynthetic intermediate (Fig. 3.4).
17

 

 
 

Figure 3.4 Biosynthesis of salinosporamide E from a novel PKS extender unit (2S)-

propylmalonyl-CoA 
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3.2.3 Biosynthesis of  bromosalinosporamide from a novel PKS 

extender unit (2S)-bromoethylmalonyl-CoA 

 

Bromoethyl analogue bromosalinosporamide was naturally produced by S. 

tropica, when the fermentation culture medium containing synthetic sea salt was 

replaced with NaBr.
8
 With functionalized bromoethyl at C-2, bromosalinosporamide 

has the same potency against the proteasome activity as the chloroethyl analogue 

salinosporamide A through the irreversible binding mechanism to the proteasome.
13

 

Since chloroethyl at C-2 of salinosporamide A is derived from the 4-

chlorocrotonic acid via (2S)-chloroethylmalonyl-CoA,
7
 bromosalinosporamide 

would presumably be similarly assembled from 4-bromocrotonic acid via (2S)-

bromoethylmalonyl-CoA, which would be another functionalized CoA-tethered PKS 

extender unit new to biology. This also implied an alternative way to generate 

bromosalinosporamide by feeding 4-bromocrotonic acid to the microbe. Even though 

4-bromocrotonic acid is commercial available, it was also synthesized from 

selenocatalytic allylic chlorination of β,γ-unsaturated butyric acid  followed by 

transhalogenation with NaBr (Fig. 3.5).
17

 

 

 

Figure 3.5 Synthesis of 4-bromocrotonic acid 
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With synthetic 4-bromocrotonic acid in hand, it was administered to the salL 

mutant, where the production of the major metabolite salinosporamide A was 

abolished. HPLC analysis of the crude extract showed that bromosalinosporamide 

was indeed produced (Fig. 3.6).
17

 And the chlorinated salinosporamide A was also 

observed as the minor product. Incubation of 4-bromocrotonic acid in the 

fermentation culture medium for four days afforded the 100% conversion to 4-

chlorocrotonic acid, suggesting the origin of salinosporamide A in the 4-

bromocrotonic acid feeding experiment in salL mutant is from the tanschlorination of 

the substrate in the seawater-based medium (Fig. 3.6). So bromosalinosporamide was 

biosynthesized from a novel functionalized PKS extender unit, (2S)-

bromoethylmalonyl-CoA. 

 

 
 

Figure 3.6 Feeding experiment of 4-bromocrotonic acid to the S. tropica salL mutant 

generates bromosalinosporamide. 
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3.2.4 Biosynthesis of  fluorosalinosporamide from a novel PKS 

extender unit (2S)-fluoroethylmalonyl-CoA 

  

 Approximately 20% of all drugs in the market are fluorinated compounds, 

reflecting the favorable effect of fluorine substitution on pharmacological and 

pharmacokinetic properties of lead compounds.
18

 But natural organofluorides are the 

least abundant of all halogenated natural products and are exceedingly rare.
19

 

Fluorine substituents are rather generally introduced by chemical synthesis.
18

 In the 

attempt to generate fluorinated salinosporamide analogue, with fluoroethyl at C-2, 

the Nereus scientists obtained very small quantities of the target 

fluorosalinosporamide only after repeated rounds of purification of the product from 

the treatment of AgF and iodosalinosporamide, which is synthesized from the 

transhalogenation of bromosalinosporamide (Fig. 3.7).
12
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Figure 3.7 Synthesis of fluorosalinosporamide from bromosalinosporamide 

 

 Alternatively our group member Alessandra S. Eustaquio implemented a 

rational combination of genetic engineering and precursor-directed biosynthesis to 
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generate fluorosalinosporamide.
9
 Based on the previous discovery of the novel 

chlorinase SalL, which halogenates S-adenosyl-L-methionine (SAM) to generate 5’-

chloro-5’-deoxyladenosine (5’-ClDA) as the first step in the biosynthesis of the 

salinosporamide A PKS substrate (2S)-chloroethylmalonyl-CoA,
16

 she administered 

5’-fluoro-5’-deoxyladenosine (5’-FDA) to the salL mutant devoid of 

salinosporamide A to effectively generate fluorosalinosporamide (Figure 3.8).
9
 

 

 

Figure 3.8 Production of fluorosalinosporamide from the 5`-FDA feeding 

experiment to S. tropica salL mutant, where the production of salinosporamide A 

was abolished due to the inactive 5`-ClDA synthase SalL. 

 

Fluorosalinosporamide exhibited an intermediate proteasome inhibition 

profile against the chymotrypsin-like (CT-L) activity of yeast 20S proteasome 

compared to chlorinated salinosporamide A (reduced by a factor of 2) and deschloro 

salinosporamide (increased 3 fold), with only partial recovery of CT-L activity after 

dialysis.
9
 Attenuating the leaving group potential of the ligand by replacement of 

chlorine (salinosporamide A) with fluorine (fluorosalinosporamide) modulates the 
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proteasome inhibition profile from that of a true irreversible inhibitor to a partially 

reversible inhibitor.
20

 

Since salinosporamide A and bromosalinosporamide`s corresponding 

chloroethyl and bromoethyl substituents in the C-2 position are derived from the 

respective 4-halocrotonic acid via the corresponding haloethylmalonyl-CoA,
7,17

 

fluorosalinosporamide would be similarly assembled from 4-fluorocrotonic acid via 

(2S)-fluoroethylmalonyl-CoA. If so, it would be another functionalized CoA-tethered 

PKS extender unit. This also implied an alternative way to generate 

fluorosalinosporamide by feeding 4-fluorocrotonic acid to the microbe. 

As 4-fluorocrotonic acid is not commercial available, it was synthesized from 

epifluorohydrin in four steps involving nucleophilic attack of cyanide ion upon the 

epoxide followed by the ethanolysis and dehydration to generate the α,β-unsaturated 

ester. The last step is the hydrolysis of the ester to the target acid (Fig. 3.9).
17

 The 

low yield in the last two steps was caused by the ineffective dehydration step to ethyl 

4-fluorocrotonate. Additionally the volatility of these small molecules, the repeated 

base-acid wash, column chromatography, and the distillation inevitably lower the 

production yields. The synthetic 4-fluorocrotonic acid was then fed to the salL 

mutant, where the production of the major metabolite salinosporamide A was 

abolished. HPLC analysis of the crude extract showed that fluorosalinosporamide 

was indeed produced in much higher levels than that of salinosporamide B and that it 

was the major metabolite produced by the microbe (Fig. 3.9). So, 

fluorosalinosporamide was biosynthesized from a novel functionalized PKS extender 

unit: (2S)-fluoroethylmalonyl-CoA.
17
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Figure 3.9 Synthesis of 4-fluorocrotonic acid and its transformation in the S. tropica 

salL mutant to fluorosalinosporamide 
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3.3 Discussion 

 

I present in vivo studies on the biosynthesis of salinosporamides, suggesting 

the varied C-2 substituents are originated from the corresponding fatty acid via the 

respective substituted malonyl-CoA. In the case of methyl analog salinosporamide D, 

the propionyl-CoA carboxylase likely converts saturated propionyl-CoA to (2S)-

methylmalonyl-CoA for the incorporation into the natural product (Fig. 3.10).
17

 By 

contrast,   the  biosynthesis  of salinosporamide A employes SalG, a chlorocrotonyl-

CoA reductase/carboxylase (Cl-CCR), to convert the unsaturated 4-chlorocrotonyl-

CoA, instead of saturated 4-chlorobutyryl-CoA, to (2S)-chloroethylmalonyl-CoA 

(Fig. 3.10) at the end of  chlorination pathway, as discussed in chapter 2.
7
  

In the case of propyl analog salinosporamide E, while both saturated and 

unsaturated pentanoates were incorporated to the salinosporamide E, the α,β-

unsaturated analog was a more advanced intermediate based on its higher 

incorporation level. The recent functional revision of crotonyl-CoA reductase (CCR) 

as a carboxylase that catalyzes the reductive carboxylation of crotonyl-CoA to (2S)-

ethylmalonyl-CoA
21,22

 suggests the possibility of an analogous pathway to (2S)-

propylmalonyl-CoA in S. tropica from 2-pentenyl-CoA (Fig. 3.10). 
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Figure 3.10 Biosynthesis of salinosporamide PKS building blocks (boxed) and their 

incorporation into different salinosporamide molecules 

 

 In the whole genome of S. tropica, there are two CCR-encoding genes, the 

housekeeping CCR strop_3612  and the Cl-CCR salG.  Inactivation of strop_3612 

leads in turn to 50% reduction in salinosporamide B production but has no significant 

effect on the yields of salinosporamide A, D and E (Fig. 3.11). The residual 

biosynthesis of salinosporamide B from ethylmalonyl-CoA in the strop_3612 mutant 

may derive from SalG-catalyzed reductive carboxylation of crotonyl-CoA. 

Alternatively, an orthogonal pathway for acetate assimilation may function in S. 

tropica
6,23

 as suspected in Streptomyces cinnamonensis in which genetic inactivation 
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of its CCR likewise resulted in reduced production of the ethylmalonyl-CoA-derived 

polyketide monensin A, rather than abolishing it completely.
24

 Inactivation of salG 

abolishes the production of salinosporamide A and E, but has no significant effect on 

the production of salinosporamide B and D (Fig. 3.11). 

 

 

Figure. 3.11 HPLC analysis at 210 nm of organic fractions of wild-type S. tropica, 

strop_ 3612 mutant, and salG mutant. The derivatives of salinosporamide A are 

marked with an asterisk. 

 

 These in vivo experiments revealed that the biosynthesis of salinosporamide 

D doesn`t involve CCR-coding genes (Strop_3612 and SalG), supporting the 

hypothesis of the involvement of propionyl-CoA carboxylase to transform propionyl-

CoA to methylmalonyl-CoA for the incorporation into salinosporamide D. While the 

activity of Strop_3612, which encodes a primary CCR involved in salinosporamide 

B biosynthesis, can be replaced by the homologue SalG (Figure 3.10), it can`t 

complement the function of SalG involved in the biosynthesis of salinosporamide A 
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and E.  It was further suggested that SalG has relaxed substrate specificity towards 2-

alkenyl-CoAs and is able to also reductively carboxylate 2-pentenyl-CoA besides 4-

chlorocrotonyl-CoA (Figure 3.10). The in vitro analysis of recombinant octahistidyl-

tagged SalG confirmed that it is able to reductively carboxylate 2-pentenyl-CoA (kcat 

25.5 ± 0.7 min
-1

; Km 4.3 ± 0.5 µM) at comparable efficiency to 4-chlorocrotonyl-CoA 

(kcat 23.1 ± 2.6 min
-1

; Km 4.4 ± 1.8 µM), which is more efficient than that with 

crotonyl-CoA (kcat 15.4 ± 0.9 min
-1

; Km 20.7 ± 4.2 µM).
25 

 Presumably, the CCR encoded by strop_3612 is more specific toward 

crotonyl-CoA, although attempts to verify this hypothesis were unsuccessful due to 

difficulty in expressing the soluble protein. However, we did observe in parallel 

experiments that the CCR originally isolated from Streptomyces collinus
26

 uses 

crotonyl-CoA and not 2-pentenyl-CoA as a substrate for reductive carboxylation. 

Thus this CCR and SalG have markedly different substrate specificities yet likely 

have the same 2S-sterochemical outcome as in other homologous CCRs and 

medium-chain dehydrogenase/reductases (Fig. 3.10).
17,21,22

  

Given the relaxed in vitro and in vivo substrate specificity of SalG, we 

explored other substrates including 4-bromo- and 4-fluorocrotonate, which are 

anticipated substrates of bromosalinosporamide and fluorosalinosporamide, 

respectively. Administration of the 4-halocrotonic acid to the salL mutant resulted in 

the production of bromosalinosporamide and fluorosalinosporamide as anticipated, 

thereby establishing bromoethylmalonyl-CoA and fluoroethylmalonyl-CoA as 

additional PKS extender units unique to the salinosporamide biosynthetic pathway 

(Fig. 3.10).
17

 While the 4-halo analogues were accepted as alternative in vivo 
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substrates, elongated 2-alkenoates (C6 to C8) were not converted into new sal 

products as observed by LC-MS analysis.
17

 The capacity of a CCR homologue to 

preferentially accommodate a longer chain 2-alkenyl-CoA, however is strongly 

suggestive in the biosynthesis of terrestrial streptomycete metabolite cinnabaramide 

A,
27

 which harbors a C-2 hexyl chain and would incorporate (2S)-hexylmalonyl-CoA 

derived from the reductive carboxylation of 2-octenyl-CoA based on the 

salinosporamides biosynthetic model (Fig. 3.12).
17

 

 

Figure 3.12 Proposed biosynthesis of cinnabaramide A from terrestrial Streptomyces 

stain JS360 

 

In conclusion, we discovered three new natural PKS extender units: (2S)-

chloroethylmalonyl-CoA, (2S)-bromoethylmalonyl-CoA, and (2S)-propylmalonyl-

CoA. The (2S)-fluoroethylmalonyl-CoA is the first “unnatural” PKS extender unit to 

be engineered to produce the unnatural fluorosalinosporamide. It is the only case, 

that we know so far, that (2S)-haloethylmalonyl-CoAs were incorporated by PKS 

biochemistry unto natural products. It is rare for PKSs to incorporate pentyl building 

blocks in their polyketide products as in the assembly of salinosporamide E from 

(2S)-propylmalonyl-CoA. To our knowledge, this mechanism may be operative in 

the biosynthesis of the macrolide immunosuppressant FK506,
28

 which carries an allyl 
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side chain, and in the acyl depsipeptide dentigerumycin
29

. And polyoxyppeptin A
30

 

isolated from Streptomyces likely represents the novel branched PKS extender unit, 

(S)-2-(2-methylbutyl)malonyl-CoA (Fig. 3.13). 

Overall this discovery exemplifies a new strategy in PKS extender unit 

biochemistry in which α,β-unsaturated acyl-CoA thioesters are reductively 

carboxylated
6
 to give 2-substituted malonyl-CoAs. It furthermore suggests that CCR 

protein engineering may readily afford unnatural malonyl-CoA precursors for the 

bioengineering of novel polyketide molecules. 

 

Figure 3.13 Proposed biosynthesis of dentigerumycin and FK506 from (2S)- 

propylmalonyl-CoA and the biosynthesis of polyoxypeptin A presumably from (2S)-

(2’-methyl)-butyrylmalonyl-CoA     
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3.5 Experimental 

 

3.5.1 Materials and methods 

 

   All reagents were commercially obtained (Aldrich, Fisher) and used without 

further purification except where noted. Labeled precursors and NMR solvents were 

purchased from Cambridge Isotope Laboratories, Inc. Yields refer to 

chromatographically and spectroscopically (
1
H NMR, 

13
C NMR) homogeneous 

materials, unless otherwise stated.  Reactions were monitored by thin-layer 

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) 

using UV light and cerium molybdate solution with heat as visualizing agents.  E. 

Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography. Preparative thin-layer chromatography separations were carried out 

on 0.50 mm E. Merck silica gel plates (60F-254).  NMR spectra were recorded on 
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Varian Mercury 300, 400 and/or Unity 500 MHz instruments and calibrated using the 

residual undeuterated solvent as an internal reference.  Chemical shifts (δ) are 

reported in parts per million (ppm) and coupling constants (J) are reported in hertz 

(Hz).  The following abbreviations were used to designate multiplicities: s = singlet, 

d = doublet, t = triplet, q = quartet, quint. = quintet, sp = septet, m = multiplet, br = 

broad. Low-resolution LC-MS data was acquired on a Hewlett Packard 1100 series 

high performance liquid chromatography system linked to an Agilent ESI-1100 MSD 

mass spectrometer in positive mode (gas flow set to 13 mL/min, drying temperature 

set to 350 °C, capillary voltage set to 4500 V, and nebulizing pressure set to 40 

pounds/square inch). A Luna 4.6 x 100 mm C18 column was used at a flow rate of 

0.7 mL/min with a linear solvent gradient of 10–100% MeCN:H2O over a period of 

41 min. High resolution mass spectra (HRMS) were recorded on a Finnigan 

LCQDECA mass spectrometer under electrospray ionization (ESI) or atmospheric 

pressure chemical ionization (APCI) conditions, or on a Thermofinnigan Mat900XL 

mass spectrometer under electron impact (EI), chemical ionization (CI), or fast atom 

bombardment (FAB) conditions.   

 

3.5.2 Feeding experiment methods 

 

          General procedure for the feeding experiments: The salL mutant strain of S. 

tropica CNB-440
16

 was cultured at 27° C in shaked Fernbach flasks containing a 

seawater-based medium [28 g Instant Ocean, 10 g starch, 4 g yeast extract, 2 g 
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peptone, 5 Ml  Fe2(SO4)3·4H2O (8 g/L in deionized water), 5 mL KBr (20 g/L in 

deionized water)]. The precursors together with XAD-7 resins were added aseptically 

after 24 h of growth. Six days after the inoculation, the crude extracts were obtained 

by acetone elution from the polymer resin and analyzed by HPLC-MS with detection 

at 210 nm, using an acetonitrile (MeCN) - water gradient: 0% MeCN for 1 min, 0-

35% MeCN over 7 min, isocratic 35% MeCN over 11 min, 35-100% MeCN over 8 

min, isocratic 100% MeCN over 9 min, 100%-0% MeCN over 1 min, and 0% MeCN 

for 4 min. 

The feeding experiment of sodium [1-
13

C]propionate to the S. tropica salL 

mutant. Following the general procedure, sodium [1-
13

C]propionate was added as a 

sterilized aqueous solution (100 mg/L) to the mutant together with 20 g/L Amberlite 

XAD-7 resins. [1-
13

C]Salinosporamide D (2.0 mg/L) and [12-
13

C]salinosporamide E 

(4.5 mg/L) were purified via RP HPLC (Luna C-18, 5 µm, 250 x 10 mm, flow rate 

2.5 mL/min, detection at 210 nm) using the gradient method (38% MeCN for 18 min, 

38% → 100% within 22 min). Salinosporamides D and E eluted at 15 and 29 min, 

respectively. 

[1-
13

C]Salinosporamide D: white solid; 
13

C NMR (100 MHz, DMSO-d6): δ 

176.0 (C-1, 5% enriched), 169.0 (C-14), 128.5 (C-7), 127.8 (C-8), 86.1 (C-3), 78.4 

(C-4), 69.1 (C-5), 43.1 (C-2), 37.7 (C-6), 25.3 (C-11), 24.6 (C-9), 21.0 (C-10), 18.7 

(C-13), 7.4 (C-12) (Appendix Figure 1). MS (ESI negative mode) m/z found [M-H]: 

[M-H+1] = 7.5:1. 
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[12-
13

C]Salinosporamide E: white solid; 
13

C NMR (100 MHz, DMSO-d6): δ 

176.0 (C-1), 158.9 (C-16), 128.6 (C-7), 127.7 (C-8), 86.1 (C-3), 78.6 (C-4), 69.1 (C-

5), 47.5 (C-2), 37.7 (C-6), 26.9 (C-12, 40% enriched), 25.3 (C-11), 24.6 (C-9), 21.0 

(C-10), 20.4 (C-13), 20.0 (C-15), 14.1 (C-14) (Appendix Figure 2). MS (ESI 

negative mode) m/z found [M-H]: [M-H+1] = 5:1. 

 Feeding experiments with unlabeled precursors to the S. tropica salL 

mutant. Following the above general procedure, pentanoic acid (8.1 mg per 100 mL 

culture), trans-2-pentenoic acid (8.0 mg per 100 mL culture), and 4-flourocrotonic 

acid (0.8 mg per 50 mL culture) in ethanol solutions were individually added to the 

SalL mutant. Amberlite XAD-7 resins per 50 mL cultures (500 mg per 50 mL culture 

or 700 mg per 100 mL culture) were added together with the precursors. Six days 

after the inoculation, salinosporamides were obtained by acetone elution from the 

polymer resin and analyzed by HPLC-MS as described above. 

Table 3.1 Administration of pentanoic acid and trans-2-pentenoic acid individually 

to S. tropica salL mutant increased the production of salinosporamide E. 

 salL mutant salL mutant+ 

pentanoic acid 

salL mutant + 

trans-2-pentenoic 

acid 

Salinosporamide E %* 100 ± 7 627 ± 100 1388  ± 100 

* Values are average of at least two independent experiments ± deviation. 

Feeding experiments with 4-bromocrotonic acid to the S. tropica salL 

mutant. Following the above general procedure, two days after inoculation 4-

bromocrotonic acid (1.0 mg per 50 mL culture) in ethanol solution together with 500 
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mg of Amberlite XAD-7 resins per 50 ml cultures were added to the salL mutant. Six 

days after the inoculation, salinosporamides were obtained and analyzed as described 

above. 

 

3.5.3 Synthesis of 4-bromocrotonic acid and 4-fluorocrotonic acid 

 

 

(E)-4-Bromocrotonic acid. To a solution of 4-chlorocrotonic acid (410 mg, 3.40 

mmol)
7
 in acetone (180 mL) was added NaBr (24423 mg, 237.35 mmol, 69.8 eq.) 

and stirred at 50 °C for 5 days. After the salt was filtered off, the solution was 

concentrated and purified by column chromatography using the mixture of hexane 

and EtOAc (3:1) to afford the white solid (457 mg, 81%). 
l
H NMR (400 MHz, 

CDCl3): δ 4.03 (dd, J = 7.6 and 1.2 Hz, 2H), 6.05 (dt, J = 15.2 and 1.2 Hz, lH), 7.10 

(dt, J = 15.2 and 7.2 Hz, 1H). MS (ESI negative mode) m/z found [M-H]: [M-H+2] = 

1:1. 

 

 

4-Fluoro-3-hydroxybutyronitrile. Potassium cyanide (97%, 13354 mg, 201.34 

mmol, 8.4 eq.) was dissolved in 60 mL of water, and in an ice bath 46 % sulfuric 
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acid solution (95%, 17940 mg, 80.78 mmol, 3.4 eq.) was added dropwise to it so that 

a pH value of the reaction solution was adjusted to a range of 8 to 10. The resulting 

potassium sulfate (K2SO4) was filtered through a filter paper and an aqueous 

hydrogen cyanide solution having a pH of 8 to 10 was recovered. To the thus-

prepared hydrogen cyanide solution was added dropwise epifluorohydrin (98%, 1876 

mg, 23.92 mmol) in an ice bath. After 15 hours at a temperature of less than 20
o
C, 

the reaction product was extracted with ethyl acetate (4 x 200 mL), washed with 

brine, dried over anhydrous Na2SO4, concentrated, and dried over high vacuum. 94% 

yields of the product were obtained. 
l
H NMR (400 MHz, CDCl3): δ 2.65 (m, 2H and 

-OH), 4.18-4.26 (m, 1H), 4.42-4.55 (dd, J = 48 and 4 Hz, 2H). MS (APCI negative 

mode) m/z found [M-H]. 

 

 

Ethyl 4-fluoro-3-hydroxybutyrate. To 4-fuoro-3-hydroxybutyronitrile (1183 mg, 

11.48 mmol) in 2.8 mL of EtOH (95%) was added dropwise concentrated H2SO4 

(95%, 1.24 mL). After 17 hours at 80-85 
o
C, the reaction mixture was neutralized 

with saturated NaHCO3 (50 mL). Then it was extracted with ethyl acetate (4 x 150 

mL), washed with brine, dried over anhydrous Na2SO4, concentrated, and dried over 

high vaccum. 74% yields of the product (1282 mg) were obtained. 
l
H NMR (400 

MHz, CDCl3): δ 1.28 (t, J = 6.8 Hz, 3H), 2.57 (d, J = 4 Hz, 2H), 4.19 (q, J = 6.8 Hz, 

2H), 4.24-4.52 (m, 3H). MS (ESI negative mode) m/z found [M-H]. 
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Ethyl 4-fluorocrotonate. Under N2. P2O5 (98%, 2100 mg, 14.50 mmol, 0.9 eq.) was 

added in portions to a solution of the ethyl 4-fluoro-3-hydroxybutyrate (2463 mg, 

16.40 mmol) in benzene (8ml). After refluxing for 4.5 hours, solvent was evaporated 

in the reduced pressure. Kugelrohor distillation afforded 6.7% yield of the product 

(145 mg). 
l
H NMR (400 MHz, CDCl3): δ 1.30 (t, J = 7.2 Hz, 3H), 4.22 (q, J = 7.2 

Hz, 2H), 5.00-5.13 (dm, J = 46.4 Hz, 2H), 6.12 (dt, J = 15.6, 1.6 Hz, 1H), 6.96 (ddt, 

J = 22.8, 16, 4 Hz, 1H). 

 

 

4-fluorocrotonic acid. Ethyl 4-fluorocrotonate (20 mg, 0.15 mmol) was stirred in 2 

mL of NaOH solution (4.2 mg, 0.11 mmol, 0.7 eq.) for 10 mins at 70 
o
C. Base wash 

and acid wash afforded 75% yield of the product (12 mg). 
l
H NMR (400 MHz, 

CDCl3): δ 5.03-5.16 (ddd, J = 46, 3.6, 2 Hz, 2H), 6.15 (dq, J = 15.6, 2 Hz, 1H), 7.01-

7.12 (ddt, J = 23.6, 15.6, 3.6 Hz, 1H). MS (ESI negative mode) m/z found [M-H]. 
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APPENDIX TWO 

 

 

Appendix Figure 3.1 
13

C NMR spectrum of salinosporamide D with 
13

C-enrichment 

(5%) at C-1 
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Appendix Figure 3.2 
13

C NMR of salinosporamide E with 
13

C-enrichment (40%) at 

C-12   
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Appendix Figure 3.3 
1
H NMR spectrum of 4-bromocrotonic acid 
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Appendix Figure 3.4 
1
H NMR spectrum of 4-fluorocrotonic acid 
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CHAPTER FOUR 

 

 

Analysis of the novel biosynthetic building block 

cyclohexenylalanine of salinosporamide A 

 

 

4.1 Introduction 

 

As mentioned before, salinosporamide A (32) is assembled via a PKS-NRPS 

pathway from the three building blocks acetyl-CoA, chloroethylmalonyl-CoA and 

cyclohexenylalanine (Fig. 2.4). The previous two chapters delineated the detailed 

studies on the chloroethylmalonyl-CoA biosynthetic pathway. This chapter will 

focus on the biosynthesis of the novel nonproteinogenic amino acid 

cyclohexenylalanine, which provided the cyclohexenyl ring at the C-5 position of the 

nature product. Hydrophobic interactions between the C-5 substituent and the S1 

binding pocket of the 20S proteasome provide the drug sufficient residence time for 

covalent addition of the proteasome’s N-terminal threonine residue to occur.
1
 To 

elucidate its biosynthetic pathway not only expands the current knowledge of amino 

acid biosynthesis, but opens the door to the variant salinosporamides with different 

C-5 side chains via the combination of genetic engineering and precursor-directed 
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biosynthesis. Then these analogs would be used in SAR study for the design of 

second-generation drugs. 

 

4.1.1 Incorporation experiments with 
13

C-labeled precursors 

 

The feeding experiment with [U-
13

C6]glucose
2
 (Fig. 2.2) suggested a pathway 

to the cyclohexenylalanine that paralleled phenylalanine biosynthesis in which the 

cyclohexyl ring does not become symmetrical due to the observed nonsymmetrical 

labeling pattern in the product salinosporamide A. Feeding experiments with [1,7-

13
C2]shikimate

2
 (Fig. 2.2) further revealed that this amino acid was indeed derived 

from chorismate. But it did not originate from phenylalanine since [1-

13
C]phenylalanine was not incorporated.

2
 Hence the pathway illustrated in Figure 4.1 

was proposed,
2
 in which either chorismic acid or prephenic acid is shunted into the 

cyclohexenylalanine pathway by the formal reduction of the pro-R C2’–C3’ double 

bond of prephenate. A prephenate dehydratase homolog would then catalyze the 

decarboxylative dehydration to the diene, which would then be processed to the 

amino acid by further double bond reduction and transamination. Bioinformatic 

analysis of the sal locus corresponding to salinosporamide A biosynthesis showed 

that this cluster harbors many of the desired genes for such a pathway, including a 

copy of the initiating shikimic acid pathway enzyme DAHP synthase (SalU), a 

prephenate dehydratase homolog (SalX), and an aliphatic L-amino acid 

aminotransferase (SalW).
3
 So this pathway represents a new branch in the chorismate 
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pathway. Assimilation of cyclohexenylalanine into salinosporamide A is facilitated 

by NRPS biochemistry as mentioned before (Fig. 4.1).
2,3

 

 

 

 

Figure 4.1 Proposed biosynthesis of the nonproteinogenic amino acid 3-((R)-

cyclohex-2-enyl)-L-alanine via a shunt in the phenylalanine biosynthetic pathway 
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4.1.2 Engineered biosynthesis of salinosporamides with varied C-5 

substituents 

 

The key reaction in the above proposed pathway is the decarboxylative 

dehydration of dihydroprephenic acid to cyclohexadienylpyruvate, putatively 

catalyzed by the prephenate dehydratase-related enzyme SalX (Fig. 4.1). 

Fermentation of the S. tropica salX mutant showed the complete abolishment of 

salinosporamide A and other known salinosporamide derivatives,
3
 confirming the 

central role of SalX in salinosporamide biosynthesis. Further inspection of the salX 

mutant revealed the production of antiprotealide (34),
3
 which is the hybrid of two β-

lactone natural products where the cyclohexenyl ring of salinosporamide A (32) was 

replaced with the isopropyl functional group of omuralide (33) (Fig. 4.2). It was first 

reported by Corey as the synthetic proteasome inhibitor.
4
 Recently Potts from Nereus 

Pharmaceuticals, Inc. isolated this compound along with salinosporamide B as the 

minor compounds, in the large scale fermentation of the S. tropica for the production 

of salinosporamide A clinical trials materials.
5
 

 

 
Figure 4.2 Structures of salinosporamide A (32), omuralide (33), and antiprotealide 

(34). 
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  The production of antiprotealide in the salX mutant can increase 2-fold with 

the yields of ~1 mg/L by the supplementation of the culture with 0.38 nM L-leucine, 

indicating that the gate-keeping biosynthetic enzymes exhibit relaxed substrate 

specificity.
3
 So selected 3-substituted alanine derivatives and branched-chain amino 

acid were fed to the salX mutant to evaluate the effects of ring contraction, oxidation, 

aromatization, or linearization of the C-5 substituents of salinosporamides in terms of 

proteasome inhibition and cytotoxicity and to probe the structural boundaries for the 

in vivo production of salinosporamide analogues.
6
  

Then in total 16 amino acid precursors were independently fed to the salX 

mutant, five of which were incorporated into novel salinosporamides (Table 4.1).
6
 

Increased hydrophobicity favored the recruitment of an amino acid, shown by the 

incorporation of (S)-2-aminohexanoic acid, (S)-2-aminoheptanoic acid, and 3-

cyclobutyl-L-alanine as opposed to (S)-2-aminobutyric acid, (S)-2-aminopentanic 

acid, and 3-cyclopropyl-L-alanine. While the amino acids with the secondary or 

tertiary carbons in the γ position are incorporated into salinosporamide derivatives, 

the substitution in the β position is not accepted as the case of L-valine and L-

isoleucine. It may prevent the installation of the β-hydroxy group at this site by the 

cytochrome P450 SalD. When feeding racemic cyclopentenylalanine, only a single, 

optically pure salinosporamide product (35) was detected, confirming that only L-

configured amino acids were incorporated into the respective products. This clearly 

demonstrates the high stereoselectivity, but relaxed substrate specificity of the 

salinosporamide biosynthesis enzymes.
6
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Table 4.1 Salinosporamides generated by feeding the corresponding amino acids to 

S. tropica salX mutant and their proteasome inhibitory activities compared to 32 and 

34
a, b 

 
compd R amino acids fed to the salX 

mutant
c,d 

CT-LYP 

IC50 [nM] 

HCT-116 IC50 

[nM] 

 

32 
 

 

- 

 

1.9±0.2 

 

16±5.0 

 

35 
 

 

3-((R,S)-cyclopent-2-enyl)-

D,L-alanine (synthesized) 

 

2.2±0.1 

 

5.9±1.6 

 

36 
 

 

3-cyclopentyl-D,L-alanine 

 

9.3±1.6 

 

54±22 

 

37 

 

 

3-cyclohexyl-D,L-alanine 

 

27.5±3.7 

 

176±59 

 

38 
 

 

3-cyclobutyl-D,L-alanine 

(synthesized) 

 

93.4±4.3 

 

188±66 

34 

 

L-leucine 101±15 777±202 

 

39 
 

 

(S)-2-aminoheptanoid acid 

 

132±19 

 

1108±187 

 

40  

 

(S)-2-aminohexanoic acid 

 

245±38 

 

1094±137 

 

41 
 

 

L-phenylalanine 

 

1029±419 

 

6877±156 
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a
 IC50 values represent the mean ± standard deviation of three or more experiments.  

b
 CT-L YP: 20S yeast proteasome fluorimetric kinetic assay of chymotrypsin-like 

activity; HCT-116: cytotoxicity assay against human colon tumor cell line 116. 
c
 Amino acids, which were fed to the mutant but no incorporation was observed, are 

L-alanine, L-valine, L-isoleucine, 3-cyclopropyl-D,L-alanine (synthesized), 2-

aminopentanoic acid, 2-aminobutyric acid, D,L-propargylglycine, and 3-(2-thienyl)-

D,L-alanine. 
d
 All of these amino acids are commercially available except as otherwise noted. 

 

Regarding the potency against 20S yeast proteasome, these C-5 modified 

salinosporamides fall into three distinct groups (Table 4.1).
6
 The most active 

inhibitors are those featuring an alicyclic side chain with 32 ≥ 35 > 36 > 37 > 38, 

followed by the analogues with an aliphatic substituents with 34 > 39 > 40. While the 

~2 fold increase in activity from 40 to 39 is likely ascribed to growing van der Waals 

forces within the S1 binding site of 20S proteasome, the less lipophilic isopropyl 

group in 34 may serve as an anchor prolonging the residence time in the binding 

pocket, resulting in the enhanced activity of 34 than 39 and 40. The negligible 

increase of proteasome inhibition from 34 to 38 compared with the abrupt rise in 

activity from 38 to 37 or 36 indicates that both isopropyl and cyclobutyl residues are 

too small to fill the binding pocket, thus unable to establish persistent interactions as 

happened in 37, 36, 35, and 32. Insertion of a double bond into cyclohexyl ring in 37 

and cyclopentyl ring in 36 vanished the difference in proteasome inhibition observed 

in 37 and 36, but enhanced the potency of the corresponding salinosporamide 

derivative 32 and 35 as the most potent inhibitors in this class of compounds. It may 

derive from the altered bond lengths as well as bond angles while introducing a new 

stereocenter by adding double bonds to the saturated five- and six-member ring. Thus 
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both 32 and 35 are oriented in a position, which perfectly meets the structural 

requirements for proteasome binding. On the contrary, 41 with phenyl ring 

significantly attenuated proteasome inhibition, presumptively because of unfavored 

accommodation of the aromatic ring as the lack of flexibility impairs hydrophobic 

interactions between the ligand and proteasome.
6
  

All compounds were also tested against the human cell line HCT-116 to 

further evaluate the effects on cell viability and proliferation (Table 4.1). The rank 

order of proteasome inhibition and cellular potency was almost identical, except that 

35 was nearly three times more potent than 32 in the cell-based assay. This may be 

due to the increased uptake of 35 into the cell. It is worthy of note that the series of 

analogues featuring an aliphatic side chain were only weakly cytotoxic, albeit being 

nanomolar inhibitors of the proteasome.
6
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4.2 Results 

 

The above precursor-directed biosynthesis using a cyloclohex-2-enylalanine-

deficient salX mutant of S. tropica quickly generated a library of C-5 modified 

salinosporamide analogues. It expanded the structural diversity of this natural 

product family, provided a handle to introduce the S1 recognition domain, allowed 

further insight into binding of β-lactone proteasome inhibitors, and led to the 

invention of the first salinosporamide-based proteasome inhibitor, the cyclopentenyl 

substituted derivative 35, with improved potency compared to the natural product 

32.
6
  

The salX mutant of S. tropica not only served as a vehicle to introduce 

alternative amino acids for the engineering of new salinosporamide analogues, but 

also provided an opportunity to characterize the proposed biosynthetic pathway to 

cyclohexenylalanine (Fig. 4.1). The attempts to synthesize 3-hydroxy-3-(cyclohex-2-

enyl)alanine and  3-(cyclohex-2-enyl)alanine are delineated below. 

These syntheses are not designed to provide stereospecific products, but 

rather to yield a mixture of isomers. If restoration of salinosporamide biosynthesis 

upon feeding these unlabeled compounds to the salX mutant was observed, then the 

further effort to separate the isomers will be extended or new stereocontrolled 

syntheses will be designed. However, the isomeric mixture with some of the 

unnatural isomers may indeed serve as substrates nonetheless and give rise to new 

salinosporamide derivatives. 
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4.2.1 To synthesize 3-hydroxy-3-(cyclohex-2-enyl)alanine  

 

4.2.1.1 Coupling reaction with 2-cyclohexenyl zinc chloride  

 

 Inspired by the Corey`s total synthesis of salinosporamide A, where 2-

cyclohexenyl zinc chloride (43) was used to install the C-5 substituent in 

salinosporamide A, 3-hydroxy-3-(cyclohex-2-enyl)alanine (42) would also be 

accessed by the coupling reaction of 43 with the appropriated aldehyde 44 (Fig. 4.3).  

Then 43 was successfully obtained from the sequential transmetalation of 2-

cyclohexenyl-tri-n-butyltin, which was derived from Pd (0)-catalyzed 1,4-addition of 

tributyltin hydrid to 1,3-cyclohexadiene.
7
 But the synthesis of 44 was unsuccessful. 

Several conditions were tried, which included the condensation of protected glycine 

with t-butyl formate and oxidation of protected serine via Swern and Dess-Martin 

conditions. This may be due to the nucleophilicity of the secondary amine in the 

protected glycine and serine. 

 

Figure 4.3 Attempted synthesis of 42 via cyclohexenyl zinc chloride 
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4.2.1.2 Ugi reaction approach 

 

In 1959, Ugi introduced a novel and general one-pot four-component 

reaction, referred to as the Ugi reaction (U-4CR) since 1962, involving the addition 

of an amine, aldehyde or ketone, carboxylic acid, and isocyanide to give an N-acyl-α-

aminoamide product (45).
8
  The U-4CR has since then received considerable 

attention because the product was recognized as a protected amino acid, therefore, an 

application in the synthesis of natural and unnatural amino acids. The proposed 

mechanism of the U-4CR
9-11

 (Fig. 4.4) consists of equilibriums between all 

intermediate steps until the final trans-acylation step where the product is in practice 

irreversibly formed.  After the formation of imine 48, from the amine 46 and 

carbonyl compound 47, protonation of the imine by the carboxylic acid 49 generates 

an iminium cation 50.  Next, it was proposed that either direct addition of the 

isocyanide 51 to the iminium cation 50 occurs (as shown), and the resulting 

electrophilic nitrilium ion 53 is captured by the carboxylate 52, forming acylimidate 

54, or addition of the generated carboxylate 52 gives a racemic α-amino α-acyloxy 

intermediate, which is then substituted by the isocyanide 51 via an SN2 reaction to 

yield acylimidate derivative 54. Lastly, intramolecular acyl migration occurs from 

acylimidate 54 to yield the stable α-acylaminoamide 45 product via the oxazolidine 

55. 
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Figure 4.4 A) The general pattern of an Ugi reaction, B) its mechanism, and C) the 

restrosynthesis of 42 via the Ugi reaction of amine, carboxylic acid, isocyanide, and 

aldehyde 56. 
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So the application of Ugi reaction would provide an alternative to assemble 

the target compound 42 from the amine, carboxylic acid, isocyanide, and 2-

(cyclohex-2-enyl)-2-hydroxyacetaldehyde 56 (Fig. 4.4). Then the protected aldehyde 

as triethylsilane ether (OTES) 57 was prepared from commercially available (+)-

diethyl L-tartrate 58 in 5 steps with the total yields of 39.3% (Fig. 4.5). The freshly 

prepared ethyl glyoxylate 59 from the oxidation of tartrate 58 was coupled with 

cyclohexene via the FeCl3-meidated Ene reaction.
12

 The desired syn diastereoisomers 

were the major products compared to anti isomers with the diastereoisomer ratio of 4 

to 1 (d.r. = 4:1).
12

 The resulted 2-(cyclohex-2-enyl)-2-hydroxy-ethylacetate 60 was 

reduced to diol 61, followed by the protection step to obtain compound 62. The 

subsequent selective deprotection and oxidation in the Swern condition afforded the 

target compound 57 as single diastereoisomers. The key reaction in this sequence is 

the Ene reaction to construct α-hydroxy-ester 60. Alternatively, the Claisen type 

rearrangement of protected ester 65 would generate α-benzyloxy acid 66 with the 

secondary hydroxy protected as benzyl ether (Fig. 4.5). Unfortunately the conversion 

of 65 to 66 was unsuccessful. The other step that requires comments is the protection 

of secondary alcohol in 60. The protected ester as benzyl ether 68 was indeed 

generated by the coupling reaction of 60 with acetimidate 67
13

 and benzyl bromide 

69 individually but with the yield as low as 15% and 6% respectively (Fig. 4.5). 

Optimization of these coupling reactions was tried and no improvement was 

observed, presumptively due to the steric hindrance of secondary alcohol of 60. So 

reduction of 60 to the less hindered diol 61 indeed facilitated the subsequent 

protection as di-TES compound 62 as shown in Fig. 4.5.  
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Figure 4.5 A) The synthetic route to 57, B) the attempted synthesis of 66, and 

C) the attempted synthesis of 68. 
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With the aldehyde 57 in hand, the isocyanide was chosen to be the 1-

isocyano-2-(2,2-dimethoxyethyl)benzene (70)
14

 which is commonly used in our lab 

as the convertible isocyanide (Fig. 4.6). Three Ugi reactions of 57 and 70 with 

different carboxylic acids and amines were tried as listed in Fig. 4.6. In each 

condition, the corresponding fully protected β-hydroxycyclohexenylalanine (72, 75, 

and 77) was successfully generated.  
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Figure 4.6 Ugi reactions of aldehyde 57 and isocyanide 70 respectively, A) with 

ammonium formate 71 to afford fully protected amino acid 72, B) with formic acid 

73 and paramethoxybenzylamine (PMBNH2) 74 to afford 75, and C) with acetic acid 

76 and PMBNH2 74 to afford 77.  
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Then the deprotection of these fully protected amino acids to the target 

compound 42 was thoroughly studied, establishing the deprotection sequence as 

generation of free β-hydroxy group, then acid-catalyzed indole formation, and 

methanolysis to obtain methyl ester. In the case of 72, deprotection of the β-hydroxy 

group afforded two separable diastereoisomers at the α-carbon of amino acid 78 

which was converted to the methyl ester formamide 80 via the N-acyl indole 79. But 

acidic hydrolysis of 8 mg of 80 to afford 42 was unsuccessful, due to the difficulty to 

isolate the small amount of polar amino acid 42 (Fig. 4.7). Another fully protected 

amino acid 75 was successfully converted to methyl ester N-paramethoxybenzyl 

(PMB) formamide 81 via the general sequence, where two separable 

diastereoisomers at the α-carbon of amino acid were generated in the stage of 

formation of N-acyl indole (Fig. 4.7). But oxidative deprotection of PMB amine of 

formamide was unsuccessful. To deprotect acetamide 77 was also stuck at the stage 

of methyl ester N-paramethoxybenzyl (PMB) acetamide 82 (Fig. 4.7). 

Overall, the Ugi reaction successfully assembled the fully protected β-

hydroxycyclohexenylalanine (72, 75, and 77) from the single diasteroisomers 

aldehyde 57, the isocyanide 70, amine, and carboxylic acid. The convertibility of 

isocyanide 70 allows the facile hydrolysis of amide at C-terminus of amino acid to 

methyl ester via the N-acyl indole intermediate. But the oxidative deprotection of 

PMB amine of formamide was unexpectedly difficult (cf. 81-80). Using the 

ammonium formate as the equivalent of carboxylic acid and amine in the Ugi 

reaction successfully generated 72, even though the yields are the lowest compared 

to that of 75 and 77. But the unprotected secondary amine in the formamide 72 did 
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not affect the hydrolysis of C-terminus amide to methyl ester 80. Furthermore the 

formamide bond of 80 should be much easier to be cleaved than that of acetamide 

82.    
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Figure 4.7 The deprotection of fully protected amino acid. A) Successful 

deprotection 72 to methyl ester formamide 80. B) Deprotection of 75 to N-PMB 

formamide methyl ester 81, but unsuccessful to formamide 80. C) Deprotection of 77 

to N-PMB acetamide methyl ester 82. 
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In the proposed pathway (Fig. 4.1 ), 3-(cyclohex-2-enyl)alanine (83) was 

attached to SalB enzyme, then the followed oxidation by SalD enzyme generated 

PCP bound 3-hydroxy-3-(cyclohex-2-enyl)alanine (42). Then compound 42 may not 

compliment the salX mutant to reproduce salinosporamide A due to the substrate 

specificity of SalB. Furthermore, feeding unnatural substrates like cyclobutyl, 

cyclopentyl, cyclopentenyl, and cyclohexylalanine separately to the salX mutant 

produced the corresponding salinosporamides with varied C-5 substitution.
6
 This 

strongly suggested that 3-(cyclohex-2-enyl)alanine (83) would complement the salX 

mutant to reproduce salinosporamide A, thus confirming the intermediacy of 83 in 

this pathway. Therefore, the racemic synthesis of 83 was designed. 

 

4.2.2 To synthesize 3-(cyclohex-2-enyl)alanine  

 

The target compound 3-(cyclohex-2-enyl)alanine 83 was successfully 

obtained from the cyclohex-2-enol 64 in the total yields of 16% over 6 steps (Fig. 

4.8). First Jonhson-Claisen rearrangement of 64 with triethyl orthoacetate 84 in 175
 

o
C for 10 h afforded the cyclohexenyl ethyl acetate 85,

15
 which was then converted to 

aldehyde 88 via the followed saponification,
15

 reduction,
16

 and oxidation
17

. The 

Strecker-like reaction of aldehyde 88 with ammonium carbonate and potassium 

cyanide afforded the target amino acid 83 via the intermediate hydantoin 89.
18
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Figure 4.8 A) The synthesis of cyclohexenyl alanine 83. B) The attempted synthesis 

of ester 85 via the microwave reaction. C) The attempted synthesis of acid 86 via 

Claisen rearrangement of ester 90. 

 

In this sequence, the first step of Johnson-Claisen rearrangement is the key 

reaction. Besides the conventional approach by heating the reaction mixture for long 

hours, a microwave reactor was also used and indeed lessened the reaction time to 8 

min.
19

 Unfortunately the desired ester 85 was generated along with impurity 90 in the 

ratio of 2.3:1, which can’t be separated from 85 until the reaction mixture was 

subjected to the saponification and the following base-acid wash (Fig. 4.8). Great 

efforts were made to improve the ratio of 85 to 90, by changing the time and heating 
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temperature, using the different catalysts and different microwave reactors. But no 

significant improvement was observed. So conventional heating is more reliable than 

microwave reaction in the conversion of 64 and 84 to 85, even though it took a much 

longer reaction time. Alternatively, Claisen rearrangement 90 would afford free acid 

86. Then 90, generated from the esterification of 64 and acetyl chloride, was 

subjected to the condition of Claisen rearrangement, but no desired conversion being 

observed (Fig. 4.8). 

With the desired cyclohexenyl alanine 83 in hand, it was administered to salX 

mutant. The reproduction of salinosporamide A was indeed observed (Fig. 4.9), thus 

confirming one isomer of 83 is the biosynthetic intermediate, presumable to be 3-

((R)-cyclohex-2-enyl)-L-alanine. So the stereocontrolled synthesis of this isomer 

needs to be designed, as well as the synthesis of another isomer 3-((S)-cyclohex-2-

enyl)-L-alanine of 83, which would presumably generate the C-6 epimer of 

salinosporamide A upon feeding to salX mutant. This epimer would provide a deeper 

insight into the interaction between the drug C-5 substituent with the binding pocket 

of the proteasome, which is important to allow the sufficient residence time for the 

covalent bonding to occur. 
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Figure 4.9 Complementation of S. tropica salX mutant with cyclohexenylalanine 

(83) 

 

In conclusion, this novel pathway to nonproteinogenic amino acid 

cyclohexenyl alanine is a shunt of the phenylalanine biosynthetic pathway. The SalX 

is the gate- keeping enzyme in this pathway and its inactivation mutant served as the 

platform to engineer salinosporamides with varied substituents at C-5 position. This 

salX mutant was also used to further characterize this pathway via feeding 

experiments of the synthetic cyclohexenyl alanine. More work needs to be done on 

the SalX enzyme to elucidate its central role in this pathway. Besides, the study on 

SalB enzyme which assimilates cyclohexenyl alanine for the PKS-NRPS pathway to 

the salinosporamide A, would afford deeper insight into this novel pathway. 
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4.3 Experimental 

 

4.3.1 Materials and methods 

 

All reagents were commercially obtained (Aldrich, Fisher) and used without 

further purification except where noted. Labeled precursors and NMR solvents were 

purchased from Cambridge Isotope Laboratories, Inc. Yields refer to 

chromatographically and spectroscopically (
1
H NMR, 

13
C NMR) homogeneous 

materials, unless otherwise stated.  Reactions were monitored by thin-layer 

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) 

using UV light and cerium molybdate solution with heat as visualizing agents.  E. 

Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography. Preparative thin-layer chromatography separations were carried out 

on 0.50 mm E. Merck silica gel plates (60F-254).  NMR spectra were recorded on 

Varian Mercury 300, 400 and/or Unity 500 MHz instruments and calibrated using the 

residual undeuterated solvent as an internal reference.  Chemical shifts (δ) are 

reported in parts per million (ppm) and coupling constants (J) are reported in hertz 

(Hz).  The following abbreviations were used to designate multiplicities: s = singlet, 

d = doublet, t = triplet, q = quartet, quint. = quintet, sp = septet, m = multiplet, br = 

broad. Low-resolution LC-MS data was acquired on a Hewlett Packard 1100 series 

high performance liquid chromatography system linked to an Agilent ESI-1100 MSD 

mass spectrometer in positive mode (gas flow set to 13 mL/min, drying temperature 
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set to 350  °C, capillary voltage set to 4500 V, and nebulizing pressure set to 40 

pounds/square inch). A Luna 4.6 x 100 mm C18 column was used at a flow rate of 

0.7 mL/min with a linear solvent gradient of 10–100% MeCN:H2O over a period of 

41 min. High resolution mass spectra (HRMS) were recorded on a Finnigan 

LCQDECA mass spectrometer under electrospray ionization (ESI) or atmospheric 

pressure chemical ionization (APCI) conditions, or on a Thermofinnigan Mat900XL 

mass spectrometer under electron impact (EI), chemical ionization (CI), or fast atom 

bombardment (FAB) conditions.   

 

4.3.2 Feeding experiment methods 

 

The procedure for the feeding experiment of cyclohexenylalanine to S. 

tropica salX mutant: The salX mutant strain of S. tropica CNB-440
3
 was cultured at 

27 °C in shaked Fernbach flasks containing 50 mL of a seawater-based medium [28 

g Instant Ocean, 10 g starch, 4 g yeast extract, 2 g peptone, 5 ml Fe2(SO4)3·4H2O (8 

g/L in deionized water), 5 ml KBr (20 g/L in deionized water)]. The 

cyclohexenylalanine 52 (10.8 mg) together with XAD-7 resins (500 mg) was added 

aseptically after 24 h of growth. Six days after the inoculation, the crude extracts 

were obtained by acetone elution from the polymer resin and analyzed by HPLC-MS 

with detection at 210 nm, using an acetonitrile (MeCN) - water gradient: 0% MeCN 

for 1 min, 0-35% MeCN over 7 min, isocratic 35% MeCN over 11 min, 35-100% 
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MeCN over 8 min, isocratic 100% MeCN over 9 min, 100%-0% MeCN over 1 min, 

and 0% MeCN for 4 min. 

 

4.3.3 Synthetic procedures 

  

  

Ethyl glyoxylate 59. To a solution of (+)-diethyl L-tartrate 58 (10.966 g, 53.2 mmol) 

in Et2O (140 mL) in the ice bath was added periodic acid H5IO6 (12.397 g, 54.4 

mmol) under N2. After the reaction mixture was stirred for 0.5 h, the ice bath was 

removed and 2 more hours at room temperature were allowed to complete the 

reaction. The reaction mixture was filtered through the celite. The resulted filtrate 

was dried over anhydrous NaSO4, concentrated and dried over the high vacuum to 

afford 10.85 g of 59 (100% yields) which was directly used for the Ene reaction 

without further purification. 
1
H NMR (400 MHz, CDCl3) δ 1.32 (m, 3H), 4.28 (m, 

2H), 9.39 (s, 1H).  

 

(±) (S)-Ethyl 2-((S)-cyclohex-2-enyl)-2-hydroxyacetate 60. To suspended FeCl3 

(96%, 17.368 g, 105 mmol) in the freshly prepared ethyl glyoxylate 59 (10.60 g, 104 



 159

mmol) in 300 mL of CH2Cl2 was added cyclohexene (36.22g, 441 mmol, 4.2 eq.) at 

0 
o
C under N2. Then the reaction mixture was stirred overnight at room temperature. 

After washed with NaHCO3 and brine, the reaction mixture was dried over 

anhydrous NaSO4 and concentrated in vacuo. The column chromatography using the 

mixture of hexane and EtOAc (20:1) afforded 17.77 g (89%) of the mixture of two 

separable diastereoisomers: syn product 60 and anti product (4:1). syn product 60: 
1
H 

NMR (400 MHz, CDCl3) δ 1.30 (m, 3H), 1.50-1.80 (m, 4H), 1.99 (s, 2H), 2.61 (d, J 

= 7.6 Hz, 2H), 4.07 (dd, J = 6.8, 4 Hz, 1H), 4.26 (t, J = 6.8 Hz, 2H), 5.43 (d, J = 10.6 

Hz, 1H), 5,87 (m, 1H). anti product: 
1
H NMR (400MHz, CDCl3) δ 1.30 (m, 3H), 

1.50-1.80 (m, 4H), 1.99 (s, 2H), 2.67 (d, J = 5.6 Hz, 2H), 4.19 (t, J = 4 Hz, 1H), 4.26 

(t, J = 6.8 Hz, 2H), 5.60 (d, J = 10.8 Hz, 1H), 5.87 (m, 1H). 

OH

OH
H

61  

(±) (S)-1-((S)-Cyclohex-2-enyl)ethane-1,2-diol 61. To suspended LAH (98%, 1.0 g, 

25.82 mmol, 2.8 eq.) in 200 mL of THF was added ester 60 (1.725 g, 9.36 mmol) 

solution in 60 mL of THF. After stirring at room temperature for 25 min, the reaction 

mixture was quenched by dropwising 1 mL of H2O, 1 mL of 15% NaOH solution, 

and 3 mL of H2O. Then reaction mixture was dried over K2CO3 and concentrated in 

vacuo. Column chromatography using the mixture of hexane and EtOAc (1:1 to 1:2) 

afforded 1.237 g of 61 (95% yields). 
1
H NMR (400 MHz, CDCl3) δ 1.50-1.80 (m, 
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4H), 1.99 (m, 2H), 2.27 (m, 1H), 3.56 (m, 2H), 3.72 (s, 1H), 5.72 (dd, J = 10.6, 1.6 

Hz, 1H), 5.86 (m, 1H). 

 

(±) (S)-1-((S)-Cyclohex-2-enyl)ethane-1,2-di-OTES 62. To diol 61 (1.237 g, 8.70 

mmol) in 25 mL of pyridine was added Et3Si-OTf (TESOTf, 99%, 7.019 g, 26.39 

mmol, 3.0 eq.) and DMAP (0.224 g, 1.82 mmol, 0.2 eq.). After stirring at room 

temperature for 1.5 h, the reaction mixture was quenched with H2O and extracted 

with CH2Cl2.  The organic layer was washed with brined, dried over anhydrous 

Na2SO4, and concentrated in vacuo. The column chromatography using the mixture 

of hexane and EtOAc (200:1 to 100:1) afforded 2.796 g of 62 (87% yields). 
1
H NMR 

(400 MHz, CDCl3) δ 0.60 (quint., J = 8 Hz, 12H), 0.95 (t, J = 8 Hz, 18H), 1.56 (s, 

1H), 1.74 (m, 3H), 1.96 (m, 2H), 2.31 (m, 1H), 3.57 (m, 3H), 5.72 (dd, J = 10.6, 1.6 

Hz, 1H), 5,70 (m, 2H). 

 

 

(±) (S)-2-((S)-Cyclohex-2-enyl)-2-OTES-acetaldehyde 57. At -70 
o
C, DMSO 

(6.554 g, 83.89 mmol, 30.9 eq.) solution in 50 mL of CH2Cl2 was drowised to oxalyl 

chloride (5.290 g, 40.84 mmol, 15.0 eq.) solution in 50 mL of CH2Cl2 under N2. 
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After stirring for 10 min, the reaction mixture was added di-TES compound 62 

(1.008 g, 2.72 mmol) under N2 and stirred ten more minutes. Then it was warmed up 

to -50 to -40 
o
C and stirred for 0.5 h, followed by the cooling down to -70

 o
C. Then 

Et3N (14.665 g, 144.93 mmol, 53.3 eq.) was added and stirring for 10 min. After 

removing the cooling bath, the reaction mixture was stirred at room temperature for 1 

more hour to complete the reaction. Reaction mixture was diluted with EtOAc, 

quenched with brine, washed with H2O and brine, dried over Na2SO4, and 

concentrated in vacuo. The column chromatography using the mixture of hexane and 

EtOAc (100:1 to 50:1) afforded 0.501 g of 57 (72% yields). 
1
H NMR (400 MHz, 

CDCl3) δ 0.64 (m, 12H), 0.96 (m, 18H), 1.74 (m, 3H), 1.99 (m, 3H), 2.51 (m, 1H), 

3.80 (dd, J = 6.4, 2.4 Hz, 1H), 5.65 (dd, J = 10.4, 2 Hz, 1H), 5.82 (m, 1H), 9.61 (d, J 

= 2.4 Hz, 1H). MS (ESI positive mode) m/z found [M+H]. 

 

 

(±)(3S)-3-((S)-Cyclohex-2-enyl)-N-(2-(2,2-dimethoxyethyl)phenyl)-2-formamido-

3-OTES-propanamide 72. To aldehyde 57 (500 mg, 1.97 mmol) solution in 25 mL 

of CF3CH2OH was sequentially added ammonium formate 71 (479 mg, 7.37 mmol, 

3.7 eq.) and isocyanide 70 (444 mg, 2.32 mmol, 1.2 eq.). The reaction mixture was 

stirred for 0.5 h and then concentrated in vacuo. The column chromatography using 

the mixture of hexane and EtOAc (1:2) afforded 375 mg of 72 (39% yields). 
1
H 
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NMR (400 MHz, CDCl3) δ 0.62 (m, 6H), 0.90 (m, 9H), 1.50-1.99 (m, 6H), 2.20 (m, 

1H), 2.80-3.00 (m, 2H), 3.40 (m, 6H), 4.41 (m, 2H), 4.78 (m, 1H), 5.62-5.88 (m, 2H), 

7.10 (m, 3H), 7.81 (m, 1H), 9.13 (d, J = 9.6 Hz, 1H), 9.21 (s, 1H). 

 

(±) (3S)-3-((S)-Cyclohex-2-enyl)-N-(2-(2,2-dimethoxyethyl)phenyl)-3-OTES-2-

(N-(4-methoxybenzyl)formamido)propanamide 75. To aldehyde 57 (628 mg, 2.47 

mmol) solution in 50 mL of CF3CH2OH was sequentially added p-

methoxybenzylamine 74 (392 mg, 2.80 mmol, 1.1 eq.), formic acid 73 (88%, 147 

mg, 2.81 mmol, 1.1 eq.) and isocyanide 70 (525 mg, 2.75 mmol, 1.1 eq.) at room 

temperature.  The reaction mixture was stirred overnight and then concentrated in 

vacuo. The column chromatography using the mixture of hexane and EtOAc (5:1 to 

1:1) afforded 888 mg of 75 (59% yields). 
1
H NMR (500 MHz, CDCl3) δ 0.62 (m, 

6H), 0.90 (m, 9H), 1.50-1.99 (m, 6H), 2.22 (m, 1H), 2.60-2.90 (m, 2H), 3.40 (m, 6H), 

3.60-3.90 (m, 4H), 4.30-4.50 (m, 2H), 5.01 (m, 1H), 5.62-5.79 (m, 2H), 6.66-6.86 (m, 

4H), 7.10 (m, 3H), 7.72 (m, 1H) 9.13 (d, J = 9.6 Hz, 1H), 9.21 (s, 1H). 
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(±) (3S)-3-((S)-Cyclohex-2-enyl)-N-(2-(2,2-dimethoxyethyl)phenyl)-3-OTES-2-

(N-(4-methoxybenzyl)acetamido)propanamide 77. To aldehyde 57 (108 mg, 0.42 

mmol) solution in 8 mL of CF3CH2OH was sequentially added p-

methoxybenzylamine 74 (66 mg, 0.48 mmol, 1.1 eq.), acetic acid 76 (28 mg, 0.47 

mmol, 1.1 eq.) and isocyanide 70 (91 mg, 0.47 mmol, 1.1 equiv.) at room 

temperature.  The reaction mixture was stirred for 3 h and heated to 70 
o
C for stirring 

1 more hour. The reaction mixture was concentrated in vacuo. The column 

chromatography using the mixture of hexane and EtOAc (4:1) afforded 129 mg of 77 

(49% yields). 
1
H NMR (500 MHz, CDCl3) δ 0.62 (m, 6H), 0.90 (m, 9H), 1.50-1.99 

(m, 6H), 2.02 (s, 3H), 2.42 (m, 1H), 2.80-3.05 (m, 2H), 3.40 (m, 6H), 3.70-3.80 (m, 

4H), 4.35 (m, 1H), 4.45 (m, 2H), 5.41 (m, 1H), 5.59-5.75 (m, 2H), 6.78 (m, 2H), 

7.05-7.20 (m, 5H), 7.55 (m, 1H), 9.30 (s, 1H). 

 

 

(±)(2S,3S)-3-((S)-Cyclohex-2-enyl)-N-(2-(2,2-dimethoxyethyl)phenyl)-2-

formamido-3-hydroxypropanamide 78. 0.567 mL of TBAF solution in THF (1 M, 
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0.57 mmol) was added to silane ether 72 solution in 20 mL of THF at room 

temperature. After stirring 20 min, the reaction mixture was diluted with EtOAc, 

washed with NH4Cl and brine, dried over Na2SO4, and concentrated in vacuo. The 

column chromatography using the mixture of hexane and EtOAc (1:2) afforded and 

120 mg of 78 (The assignment of sterochemisty of C-2 in 78 was arbitrary.) and 64 

mg of the other epimer at C-2 position. The total yield was 86%. Compound 78: 
1
H 

NMR (500 MHz, CDCl3) δ 1.50-1.99 (m, 6H), 2.20 (s, 1H), 2.81-2.92 (m, 2H), 3.39 

(2s, 6H), 4.01 (m, 1H), 4.37 (m, 1H), 4.81 (d, J =13.3 Hz, 1H), 5.82 (m, 2H), 7.04 (m, 

3H), 7.79 (m, 1H), 8.39 (s, 1H), 9.21 (s, 1H). The other epimer at C-2 position: 
1
H 

NMR (500 MHz, CDCl3) δ 1.50-1.99 (m, 6H), 2.20 (m, 1H), 2.81-2.92 (m, 2H), 3.30 

(s, 3H), 3.40 (s, 3H), 3.94 (m, 1H), 4.41 (m, 1H), 4.61-4.78 (m, 1H), 5.80-5.90 (m, 

2H), 7.07-7.21 (m, 3H), 7.79 (m, 1H), 823 (s, 1H), 9.26 (s, 1H).  

 

 

(±)(S)-2-Formamido-3-((S)-cyclohex-2-enyl)-3-hydroxy-L-alanine-1-N-acyl 

indole 79. The reaction mixture of 78 (64 mg, 0.17 mmol) and CSA (44mg, 0.09 

mmol, 0.5 eq.) was stirred at 70 
o
C for 10 min. Then it was diluted with EtOAc, 

washed with NaHCO3 and brine, dried over Na2SO4, and concentrated in vacuo. The 

column chromatography using the mixture of hexane and EtOAc (1:1) afforded 26 
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mg of 79 (49% yield). 
1
H NMR (500 MHz, CDCl3) δ 1.50-1.99 (m, 6H), 2.28 (s, 1H), 

3.84 (d, J =12.6 Hz, 1H), 5.61 (d, J = 12.6 Hz, 1H), 5.82 (m, 2H), 6.64 (s, 1H), 7.30-

7.70 (m, 5H), 8.34 (s, 1H), 8.41 (d, J = 14.1 Hz, 1H). 

 

N
H

OMe

O

H

O
OH

H

80  

(±) (S)-2-Formamido-3-((S)-cyclohex-2-enyl)-3-hydroxy-L-alanine-methyl ester 

80. The reaction mixture of N-acyl indole 79 (26 mg, 0.08 mmol) and NaOH (0.0025 

mmol, 0.03 eq.) in 4 mL of MeOH was stirred for 20 min in the room temperature. It 

was concentrated in vacuo. Preparative TLC using the mixture of hexane and EtOAc 

(1:1) afforded 10 mg of 80 (53% yield). 
1
H NMR (500 MHz, CDCl3) δ 1.50-1.99 (m, 

6H), 2.19 (s, 1H), 3.78 (s, 3H), 3.84 (d, J =13.3 Hz, 1H), 4.90 (d, J = 13.3 Hz, 1H), 

5.72-5.86 (m, 2H), 8.47 (m, 1H). 

 

 

Ethyl 2-(cyclohex-2-enyl)acetate 85.The reaction mixture of cyclohex-2-enol 64 

(95%, 7.0 g, 67.75 mmol), triethyl orthoacetate 84 (97%, 32.758 g, 195.87 mmol, 

2.89 eq.) and 2-nitrophenol (98%, 317 mg, 2.23 mmol, 0.03 eq.) was refluxed at 175 

o
C for 10 h. The distillation afforded 8.663 g of 85 (76% yield).

 1
H NMR (300 MHz, 
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CDCl3) δ 1.26 (t, J = 7.2 Hz, 3H), 1.50-1.76 (m, 4H), 1.97 (m, 2H), 2.46 (m, 2H), 

2.58 (m, 1H), 4.13 (q, J = 7.2 Hz, 2H), 5.53 (m, 1H), 5.71 (m, 1H). 

 

 

2-(Cyclohex-2-enyl)acetic acid 86. To the ester 85 (12.047 g, 71.61 mmol) 

suspended in the mixture of H2O and MeOH (210 mL/70 mL) was added NaOH 

(5.164 g, 129.1 mmol, 1.80 eq.) at room temperature. After stirred for overnight, the 

reaction mixture was concentrated to remove MeOH and washed with EtOAc. The 

aqueous layer was acidified to pH = 2 and extracted with EtOAc. The organic layer 

was dried over anhydrous Na2SO4, concentrated in vacuo, and dried in high vacuum 

to afford 10.0 g of 86 (100% yield). Without further purification, it was used for the 

next reaction. 
1
H NMR (400 MHz, CDCl3) δ 1.26 (m, 1H), 1.58 (m, 1H), 1.71 (m, 

1H), 1.85 (m, 1H), 1.98 (m, 2H), 2.36 (m, 2H), 2.60 (m, 1H), 5.56 (dd, J = 10, 2.4 Hz, 

1H), 5.73 (m, 1H). 

 

 

2-(Cyclohex-2-enyl)ethanol 87. To suspended LAH (95%, 8.216 g, 205.67 mmol, 

2.67 eq.) in 300 mL of ether was added acid 86 (10.849 g, 77.39 mmol) at 0 
o
C under 

N2.  After removing the ice bath, the reaction mixture was stirred overnight at room 

temperature. Then it was cooled to 0 
o
C and 120 mL of the mixture of ether and 
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MeOH (5:1) and 320 mL of 3 M HCl was added to quench the reaction. After 

warming up to room temperature, the reaction mixture was stirring for a while to 

have two clear layers. The aqueous layer was extracted with ether. The combined 

ether layers was washed with saturated NaHCO3 and brine, dried over anhydrous 

Na2SO4, concentrated in vacuo, and dried in high vacuum to afford 8.627 g of 87 

(90% yield). Without further purification, it was used for the next reaction. 
1
H NMR 

(400 MHz, CDCl3) δ 1.45-1.82 (m, 6H), 1.99 (m, 2H), 2.23 (m, 1H), 3.73 (m, 2H), 

5.57 (m, 1H), 5.69 (m, 1H). 

 

 

2-(Cyclohex-2-enyl)acetaldehyde 88. To pyridinium chlorochromate (PCC, 98%, 

18.428 g, 83.78 mmol, 3.0 eq.) suspended in 90 mL of CH2Cl2 was added alcohol 87 

(3.453 g, 27.85 mmol) solution in 30 mL of CH2Cl2. After stirred at room 

temperature for 1 h, the reaction mixture was diluted with ether and filtered through 

the celite. The filtrate was washed sequentially with 1 M NaOH, 1M HCl, saturated 

NaHCO3, brine, and dried over anhydrous Na2SO4. The solvent was evaporated off 

in vacuo and the left residue was dried in high vacuum to afford 2.0 g of aldehyde 88 

(58% yield). Without further purification, it was used for the next reaction. 
1
H NMR 

(400 MHz, CDCl3) δ 1.29 (m, 1H), 1.59 (m, 1H), 1.71 (m, 1H), 1.84 (m, 1H), 1.97 

(m, 2H), 2.4 (m, 2H), 2.7 (m, 1H), 5.53 (m, 1H), 5.73 (m, 1H), 9.78 (t, J = 5 Hz, 1H). 
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NH
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O

O

89  

Hydantoin 89. To aldehyde 88 (1.966 g, 15.85 mmol) in 50 mL of 50% EtOH was 

added ammonium carbonate (7.617 g, 79.34 mmol, 5.0 eq.) and KCN (2.416 g, 36.05 

mmol, 2.27 eq.). The reaction mixture was heated at 65 
o
C for 4 h. (The precipitate 

appeared in 1 h). Then the reaction mixture was cooled and left in the freeze 

overnight. The resulted crystals were collected by the filter to afford 2.604 g (85% 

yield) of hydantoin 89. 
1
H NMR (400 MHz, DMSO-d6) δ 1.18-1.80 (m, 6H), 1.92 (s, 

2H), 2.26 (m, 1H), 4.06 (m, 1H), 5.43-5.73 (m, 2H), 8.01 (s, 1H), 10.61 (s, 1H). 

 

 

3-(Cyclohex-2-enyl)alanine 83. A mixture of hydantoin 89 (2.604 g, 13.41 mmol) 

and Ba(OH)2.8H2O (8.092 g, 25.65 mmol, 1.91 eq.) in 100 mL of H2O was refluxed 

for 2.5 days. (The reaction mixture was cloudy in less than 1 day.) The insoluble 

material was filtered off from the hot reaction mixture. The filtrate was acidified with 

concentrated H2SO4 to pH = 3~4 and warmed up again. While it is hot, the generated 

precipitate was filtered off again. The resulted filtrate was then concentrated down to 

50 mL. After it was cooled and neutralized, the crystals appeared and was left in the 

freeze overnight. Then the crystals were collected to afford 1.092 g (48% yield) of 

amino acid 83. 
1
H NMR (400 MHz, DMSO-d6 and a few drops of D2O) δ 1.13 (m, 
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1H), 1.48-1.78 (m, 5H), 1.88 (s, 2H), 2.14 (m, 1H), 3.37(m, 1H), 5.49 (m, 1H), 5.63 

(m, 1H). MS (ESI positive mode) m/z found [M+H] and [M+Na]. 

 

4.4 References 

 

 (1) Groll, M.; Huber, R.; Potts, B. C. M. J Am Chem Soc 2006, 128, 

5136-5141. 

 (2) Beer, L. L.; Moore, B. S. Org Lett 2007, 9, 845-848. 

 (3) McGlinchey, R. P.; Nett, M.; Eustaquio, A. S.; Asolkar, R. N.; 

Fenical, W.; Moore, B. S. J Am Chem Soc 2008, 130, 7822-7823. 

 (4) Reddy, L. R.; Fournier, J.-F.; Reddy, B. V. S.; Corey, E. J. J Am 

Chem Soc 2005, 127, 8974-8976. 

 (5) Manam, R. R.; Macherla, V. R.; Tsueng, G.; Dring, C. W.; Weiss, J.; 

Neuteboom, S. T.; Lam, K. S.; Potts, B. C. J Nat Prod 2009, 295-297. 

 (6) Nett, M.; Gulder, T. A.; Kale, A. J.; Hughes, C. C.; Moore, B. S. J 

Med Chem 2009, 52, 6163-6167. 

 (7) Reddy, L. R.; Saravanan, P.; Corey, E. J. J Am Chem Soc 2004, 126, 

6230-6231. 

 (8) Ugi, I. Angew Chem 1962, 74, 9-22. 

 (9) Banfi, L.; Basso, A.; Guanti, G.; Riva, R. Multicompon React 2005, 1-

32. 

 (10) Ugi, I.; Offermann, K.; Herlinger, H.; Marquarding, D. Justus Liebigs 

Ann Chem 1967, 709, 1-10. 



 170

 (11) Ugi, I.; Kaufhold, G. Justus Liebigs Ann Chem 1967, 709, 11-28. 

 (12) Snider, B. B.; Van Straten, J. W. J Org Chem 1979, 44, 3567-3571. 

 (13) Eckenberg, P.; Groth, U.; Huhn, T.; Richter, N.; Schmeck, C. 

Tetrahedron 1993, 49, 1619-1624. 

 (14) Isaacson, J.; Gilley, C. B.; Kobayashi, Y. J Org Chem 2007, 72, 3913-

3916. 

 (15) Fukazawa, T.; Shimoji, Y.; Hashimoto, T. Tetrahedron: Asymmetry 

1996, 7, 1649-1658. 

 (16) Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. J Am Chem Soc 2005, 

127, 17778-17788. 

 (17) Oppolzer, W.; Siles, S.; Snowden, R. L.; Bakker, B. H.; Petrzilka, M. 

Tetrahedron 1985, 41, 3497-3509. 

 (18) Porter, T. H.; Gipson, R. M.; Shive, W. J Med Chem 1968, 11, 263-

266. 

 (19) Jones, G. B.; Huber, R. S.; Chau, S. Tetrahedron 1993, 49, 369-380. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 171

APPENDIX THREE 

 

 

 

 

 

 
 

Appendix Figure 2.1 
1
H NMR spectrum of 3-(cyclohex-2-enyl)alanine 83 
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CHAPTER FIVE 

 

 

Discussion and outlook 

 

 

Salinosporamide A is a potent anticancer agent that entered phase I human 

clinical trials in May 2006 for the treatment of multiple myeloma only three years 

after its reported discovery from the marine obligate bacterium Salinispora tropica.
1
 

This novel marine natural product possesses a densely functionalized γ-lactam-β-

lactone pharmacophore that is responsible for its irreversible binding to the 20S 

proteasome, a new drug target validated in cancer biology. So salinosporamide A is a 

potent (1.3 nM), selective and irreversible inhibitor of the 20S proteasome with a 

novel two-step mechanism involving covalent attachment to the catalytic threonine 

residue and subsequent rearrangement to the tetrahydrofuran that renders the adduct 

irreversibly bound.
2
 Because of its clinical promise and its novel chemical structure, 

salinosporamide A attracted the attention of the synthetic community. Several 

syntheses have already been published individually by Corey (Harvard),
3
 

Danishefsky (Columbia),
4
 Pattenden (Nottingham),

5
 Romo (Texas A&M),

6
  

Marchela (Nereus Pharmaceuticals, Inc.),
7
 and Hatakeyanna (Nagasaki).

8
  

Besides, to understand how this fermented drug is naturally created may 

provide a number of opportunities to impact how salinosporamide A is commercially 
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produced in the long-term and could afford ready access to new fermentation-based 

chemical variants for SAR studies through rational metabolic engineering. In 

addition, its unique chemical structure provides a number of opportunities to 

discover new and unprecedented biosynthetic processes that may have applied value 

as biocatalysts.  

Studies on the biosynthesis of salinosporamide A were first explored with the 

stable isotopes.
9
 These experiments results suggested that salinosporamide A is 

assembled via a novel PKS-NRPS pathway from three building block acetyl-CoA, 

chloroethylmalonyl-CoA, and the novel nonproteinogenic amino acid 

cyclohexenylalanine (Fig. 2.3). In contrast, the related lactacystin and its cyclization 

product omuralide were originated from valine-derived isobutyrate and leucine.
10,11

 

Bioinformatics on the sequenced genome of the salinosporamide-producing 

bacterium S. tropica led to the discovery of the gene cluster responsible for the 

biosynthesis of salinosporamide A
12

 and played a pivotal role in this biosynthesis 

study. For the study of the biosynthesis of chloroethylmalonyl-CoA, the isotope 

experiments and bioinformatics led to propose an unprecedented and unexpected 

pathway (Fig. 2.6). The chlorinase SalL, responsible for the novel nucleophilic 

substitution of SAM to 5’-ClDA with chloride, was biochemically and genetically 

characterized as the first committed enzyme in the pathway. Chemical 

complementation of the unnatural substrate 5’-FDA to the S. tropica salL mutant 

generated the novel unnatural product fluorosalinosporamide with pharmacologically 

and pharmacokinetically favored fluorine substitution (Fig. 3.8), further confirming 

the role of SalL in the pathway. The remainder of the pathway to the 
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chloroethylmalonyl-CoA was mapped out by a multitude of experiments involving 

gene inactivation and chemical complementation (Fig. 2.10), the detection of 5-ClR 

in the salM mutant (Fig. 2.11), and the biochemical and genetic characterization of 

the last committed enzyme SalG as a novel crotonyl-CoA reductase/ carboxylase 

(Table 2.4). Some issues in this novel pathway still need to be resolved, such as the 

determination of the product of the SalM catalyzed reaction and the detection of the 

accumulation of the biosynthetic intermediates in the salH mutant (Fig. 2.6).  

The existence of other salinosporamides with varied C-2 substitutions implied 

that the salinosporamide PKS accepts varied substrates (Fig. 3.1). The new PKS 

extender unit propylmalonyl-CoA was found to be generated from the reductive 

carboxylation of trans-2-pentenyl-CoA catalyzed also by SalG and to be 

incorporated into the biosynthesis of salinosporamide E with propyl substitution at 

C-2 (Fig. 3.4). Exploiting SalG’s relaxed substrate specificity, 4-bromo and 4-

fluorocrotonic acid were individually fed to the salL mutant, resulting in the 

generation of bromo- and fluorosalinosporamide, respectively (Fig. 3.6 and 3.9). 

These experiments not only revealed newly established natural PKS extender units 

propylmalonyl-CoA and bromoethylmalonyl-CoA and the first engineered unnatural 

PKS extender unit fluoroethylmalonyl-CoA, but also exemplified a new strategy in 

PKS extender unit biochemistry where α,β-unsaturated acyl-CoA thioesters are 

reductively carboxylated (Fig. 3.10). Furthermore, engineering the SalG protein to 

expand its capacity to accommodate the longer fatty acid would eventually lead to 

the access to new salinosporamides with longer side chain at C-2, thus expanding the 

salinosporamide structural family for the SAR studies. 
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Bioinformatic analysis of the sal gene cluster supported the proposed 

pathway to the nonproteinogenic amino acid cyclohexenyl alanine based on early 

isotope experiments.
9,13

 One gene in particular, salX encodes a putative prephenate 

dehydratase homolog. Inactivation of salX eliminated the production of 

salinosporamide A 
13

 and served as the vehicle to access new salinosporamide 

derivatives with varied C-5 substituents upon feeding the corresponding amino acid 

precursors.
14

 SAR studies on these analogs revealed that the introduction of a new 

stereocenter by adding double bonds to a five- or six-member ring greatly enhanced 

the potency of the compounds as proteasome inhibitors (cf. compound 32, 35, 36, 

and 37 in chapter 4). So how the positions of double bond and the diene in the five- 

or six-member ring affect the drug inhibition to the proteasome, would provide 

deeper insight on these important hydrophobic interactions between C-5 substituents 

and the proteasome, as they presumably allow sufficient resident time in the binding 

pocket for the covalent addition of the N-terminal threonine residue to occur.
14

 These 

salinosporamide analogs could be presumptively derived from the attempted 

chemical complementation of salX mutant with the corresponding 3-substuitued 

alanine.  

These data also strongly suggested that cyclohexenylalanine is the natural 

substrate of salinosporamide A. Racemic cyclohexenylalanine 83 was successfully 

synthesized and restored salinosporamide A biosynthesis in the salX mutant (Fig. 

4.9).  What remains to be done is to generate a single isomer of L-

cyclohexenylalanine. Feeding of each isomer individually would unequivocally 

identify the natural biosynthetic intermediate for salinosporamide A and also provide 
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an opportunity to generate the epimer of salinosporamide A at C-6. A SAR study on 

this compound would expand our current knowledge on these key interactions 

between C-5 side chains of the drug and the proteasome binding pocket. 

This novel cyclohexenylalanine was proposed to be biosynthesized via a 

shunt in the phenylalanine pathway at the stage of chorismic acid or prephenic acid 

where the reduction of pro-R-C2’-C3’ diverted this primary metabolite into the 

biosynthetic pathway to cyclohexenylalanine. Near the end of pathway, the other 

reduction was putatively involved in the conversion of cyclohexadienylpyruvate to 

the monoene. But the anticipated reductase genes were not found in the sal locus, 

based on the bioinformatics and the fact that inactivation of several unknown genes 

in the cluster didn’t affect salinosporamide production. So, these required reductases 

were likely borrowed from outside the cluster for the above reduction conversions. 

The chemical complementation of salX mutant revealed the gate-keeping role of 

enzyme SalX. The in vitro assay of this enzyme may provide further evidence on its 

central part in the pathway. The access to the putative substrate and product of SalX 

catalyzed decarboxylative dehydration (dihydroprephenic acid and 

cyclohexadienylpyruvate) and recombinant SalX would set the stage for the enzyme 

essay and to generate the crystal structure of the enzyme in complex with the 

substrate or the product. And the attempted chemical complementation of salX 

mutant with dihydroprephenic acid or cyclohexadienylpyruvate could help to further 

probe this pathway. Moreover, the characterization of the adenylation-peptidyl 

carrier protein (A-PCP), a bimodular didomain SalB protein, with the putative 
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substrate cyclohexenylalanine would be another approach to explore the late stage of 

this pathway. 

The attempted synthesis of β-hydroxycyclohexenylalanine via the Ugi 

reaction suggests a plausible biomimetic route to the total synthesis of 

salinosporamide A and B, involving an intramolecular Aldol reaction of N-

acetoacetyl β-lactone amino acid 91 (Fig. 5.1). The enantiomerically pure 2-OTES-

2-cyclohexenylacetaldehyde 57 could be generated from glyoxylate-ene reaction 

catalyzed by enantioselective copper complex
15

, followed by the reduction, the 

protection, and the selective deprotection and oxidation (Fig. 4.5). This aldehyde 

would undergo the stereocontrolled Ugi reaction with PMB-NH2 74, convertible 

isocyanide 70,
16

 and ketal form of ethyl 92 or chloroethyl acetoatectic acid 93.  The 

resultant Ugi product 94 will be converted to the N-acyl indole 95. The subsequent 

deprotection step generates the free β-hydroxy group in 96, which ensures the 

nucleophilic addition to form the β-lactone 91. Then the deprotection of the ketal 

group to the ketone set up a stereocontrolled intramolecular Aldol condensation to 

form the γ-lactam ring 97, involving the α carbon of the amino acid amide. The 

resultant β-hydroxy group would attack the β-lactone from its β-face to generate the 

desired fused bicycle 98. The last deprotection step would generate salinosporamide 

B if ethyl acetoacetic acid was used in the Ugi reaction, whereas in the case of 

chloroethyl acetoacetic acid salinosporamide A would be the anticipated product. 

Thus, salinosporamide A may be synthesized in only 11 steps from commercially 

available cyclohexene if all goes as proposed (Fig 5.1). 
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 Compared to the previous sequences to the synthesis of salinosporamide A, 

this design is unique to use β-hydroxycyclohexenylacetaldehyde 57 instead of 2-

cyclohexenyl zinc chloride 43 to install the stereocenters at salinosporamide C-5 and 

C-6 positions via the Ugi reaction. The other uniqueness of this approach is to 

exploit the facile bias of the β-lactone for the steroselective intra aldo condensation 

to form the spiral γ-lactam-β-lactone bicycle 97. This unstable compound would be 

converted to the desired fused γ-lactam-β-lactone core 98 via the following intra 

nucleophilic addition of newly generated β-hydroxy group to the β-lactone. The 

desired stereochemistry at C-2 and C-3 would be installed in the formation of spiral 

γ-lactam-β-lactone bicycle 97. 

 Overall, these studies on the biosynthesis of salinosporamide A beautifully 

exemplified the power of a multidisciplinary approach, involving genetics, organic 

synthesis, bioinformatics, and biochemistry, to address the complicated biological 

issues which can’t be addressed by any of these approaches alone. Eventually the 

origin of the biosynthetic building block chloroethylmalonyl-CoA of 

salinosporamide A was mapped out, and the biosynthetic pathway to another novel 

precursor cyclohexenylalanine was partially characterized. The discoveries of these 

novel biosynthetic processes afforded new platforms to genetically engineer the 

natural products around the γ-lactam-β-lactone core at C-2 and C-5. The SAR studies 

on these salinosporamide analogues illuminated the important roles of these two 

functional groups around the bicycle for drug potency. Furthermore, combination of 

different side chains at C-2 and C-5 via rational metabolic engineering may generate 
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novel salinosporamides and pave the way to SAR studies for second-generation 

drugs.  
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Figure 5.1 Proposed total synthesis of salinosporamide A and salinosporamide B 
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