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Abstract

Iterative type I polyketide synthases (iPKSs) are large multifunctional enzymes 

that assemble polyketide products by using a single module composed of several 

catalytic domains. Although iPKSs utilize the same repertoire o f catalytic domains as 

fatty acid synthases and modular PKSs, iPKSs are able to use a single set of catalytic 

domains to assemble the chemically and structurally diverse polyketide products in an 

iterative manner. How the iPKSs achieve the chemical and structural diversity by 

“programming” the catalytic domains remains one of the greatest mysteries in 

enzymology today. In this thesis, I describe the results from my studies on two iPKSs 

that aimed to understand the function and mechanism of the multifunctional iPKSs.

The first iPKS under investigation is SgcE, the PKS putatively responsible for the 

biosynthesis of the functional enediyne moiety of the antitumor compound C-1027. 

Naturally occurring enediynes are mostly known for their unique molecular structure 

and remarkable biological activities largely owing to the central bicyclic enediyne 

functionality. Following the recent sequencing of the gene clusters for the synthesis of 

several enediyne natural products, my research work aimed to understand the role of 

SgcE in the biogenesis of the enediyne functionality o f C-1027. Together with the 

putative ancillary enzymes SgcE3 and SgcE10, SgcE were overexpressed in the 

heterologous expression systems that include E. coli and Saccharomyces cerevisiae. 

Several highly conjugated polyene products of SgcE generated by in vitro enzymatic 

reactions and in vivo protein co-expression were characterized to suggest that SgcE is
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likely to be the enzyme responsible for assembling the acetate units of malonyl-CoA 

into the linear precursor of the enediyne structure. Comparative studies with the 

homologous CalE8  and DynE8  were also conducted to investigate a possible 

divergence of the pathways for 9- and 10-membered enediynes at the early stage of 

biosynthesis.

The second system is a functionally unknown iPKS (SACE5532) from 

Saccharopolyspora erythraea. SACE5532 shares sequence homology and domain 

composition with several known bacterial and fungal iPKSs for aromatic polyketide 

biosynthesis. SACE5532 was successfully overexpressed in E. coli as a soluble protein 

after optimization of the expression conditions. Enzymatic reactions and co-expression 

with the SQ) 4’-phosphopantetheinyl transferase (PPTase) were conducted to identify 

the enzymatic product. Structure determination by mass spectrometry and NMR 

spectroscopy suggested that SACE5532 produces mellein, a natural product that was 

previously found in fungi and the mandibular gland of insects. The results establish the 

polyketide origin of mellein and suggest that the compound is likely to be produced by 

the cyclization of a pentaketide intermediate. Given the predicted oxidation state of 

the pentaketide intermediate, the ketoreductase (KR) domain of SACE5522 is likely to 

selectively reduce two of the four keto groups via a programmed mechanism. Domain 

swapping between SACE5532 and another iPKS (NcsB) revealed that the ACP 

domain does not affect product formation, while TH-KR di-domain plays a role in 

controlling the keto-reduction pattern. Importantly, the substrate specificity exhibited 

by the stand-alone KR domains of SACE5532 and NcsB towards diketide analogs
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strongly suggests that the KR domain alone is able to differentiate and selectively 

reduce the polyketide intermediates, which sheds light on the mechanism of the 

programmed keto-reduction for these partially reducing iterative PKSs.
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CHAPTER 1

Background

1.1 Polyketide natural products

Polyketide-derived natural products are a large family of secondary metabolites 

found in bacteria, fungi and plants (Figure 1.1), This family of natural products 

exhibit astonishing structural diversities, ranging from simple aromatic molecules such 

as orsellinic acid to extremely complex structures such as macrocycles (erythromycin 

A), polyenes (amphotericin B), and bicyclic enediynes (ealicheamiein, C-1027). Many 

polyketide natural products also contain multiple functional units with different 

polyketide origins. For instance, calicheamicin contains two moieties with polyketide 

origin: a lO-membered enediyne core and a monocyclic orsellinic acid moiety. With 

the modem nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry 

(MS), more and more polyketides are being identified and characterized with many of 

them exhibiting potential therapeutic properties [1 ].

Some of the structurally diverse polyketide natural products boast unparalleled 

biological activities and have become a rich source of clinically valuable drugs. The 

polyketide-derived drugs include antibiotics (erythromycin A, monensin A, rifamycin 

S), immunosuppressants (rapamycin, FK506), antifungal (amphotericin B),

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



antiparasitic (avermectin) and antitumor (doxorubicin, C1027) drugs. The fungal 

polyketide-derived statins, such as lovastatin, are among the most successful 

cholesterol-lowering agents on the market. Currently, polyketide-derived drugs have 

generated huge revenues for drug developers with an estimated annual sale of 2 0  

billion dollars.

OCH3

r  NMe2

Z j z i Z '

Erythromycin A
macrolide antibiotic

(H3C)2N

C-1027
antitumor antibiotic

^ 7W
OH OH Ov  .

NH2

HO'
,nCOOH

OH

Amphotericin B
polyene antifungal

Lovastatin
cholesterol-lowering

Figure 1.1. Examples of polyketide secondary metabolites. The name of the 
polyketide and its primary biological activity are indicated.
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1.2 Fatty acid biosynthesis

N atoally occurring polyketides are enzymatically synthesized by a common 

mechanism of decarboxylative condensations of simple malonate derivatives by 

polyketide synthases (PKSs). PKSs share a very similar catalytic mechanism with 

bacterial or mammalian fatty acid synthases (FASs) [2-4]. As early as 1953, Birch 

proposed that polyketide biosynthesis is related to fatty acid biosynthesis [5]. Today, it 

is known that FAS and PKS both use acyl CoA substrates and share a similar overall 

strategy using similar catalytic domains for chain extension, reduction, dehydration 

and chain release. Insights into fatty acid biosynthesis from early studies have paved 

the way for the study o f polyketide biosynthesis.

FASs are classified into two types according to the protein architectures. Type I 

FASs are large multifunctional and multidomain proteins, which contain ketosynthase 

(KS), acyl carrier protein (ACP), malonyl-acetyl transferase (MAT), ketoreductase 

(KR), dehydrotase (DH) and enoyl reductase (ER) and thioesterase (TE) domains. This 

type of FAS is usually found in animals and fungi. Type II FASs consist of discrete 

proteins with similar catalytic functions as the type I FAS domains. This type of FAS 

can be found in plants and bacteria.

The multidomain Type I FAS and PKS use the acyl carrier protein (ACP) domain 

to tether the growing acyl chain. The ACP is first modified post-translationally by a 

phosphopantetheinyl transferase (PPTase) through transferring the 

4*-phosphopantetheine moiety derived from Coenzyme A to a conserved serine residue 

in ACP (Figure 1.2). The phosphopantetheine moiety has a terminal thiol group that
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forms a thioester bond with extender unit or the growing acyl chain. The 

phosphopantetheine moiety functions as a flexible arm that shuttles the polyketide 

intermediates between various catalytic domains for chain elongation and processing.

Figure 1.2. The modification of acyl carrier protein (ACP) by phosphopantetheinyl 

transferase (PPTase).

O

x^S-CoA 

Starter unit
“  S 

CoA 0=^

.4 KS

S
0

Condensing
steps

Modifying
steps

0  0  

<M s-C oA  

Extender unit

4

*̂̂
KR

NADPH NADP+

2

MAT

^N
CoA

S

CV-OH

3

KS

H ,0

A
CO2

6

ER:

NADPH NADP+

n rounds of 1-6 0
©

0

" i H f T ^ S - E n z ^ H f T ^ O H Fatty acid

Figure 1.3. Typical reactions catalyzed by various functional domains of FASs. KS, 
ketosynthase; ACP, acyl carrier protein; MAT, malonyl-acetyl transferase; KR, 

ketoreductase; DH, dehydrotase; ER, enoyl reductase; TE, thioesterase.
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In the case of fatty acid biosynthesis in mammals (Figure 1.3), the starter group 

acetyl-CoA is loaded onto the ACP domain as catalyzed by the malonyl-acetyl 

transferase (MAT) domain. The ACP, MAT, ketosynthase (KS), ketoreductase (KR), 

dehydrotase (DH) and enoyl reductase (ER) domains are used in an iterative fashion 

for chain elongation and processing. Each cycle of chain elongation includes the 

following steps: (1) The growing chain is handed over from the ACP domain to the KS 

domain as catalyzed by the KS domain. (2) The extender unit originated from 

malonyl-CoA is loaded onto the ACP domain as catalyzed by the AT domain. (3) The 

ACP-tethered malonyl group undergoes a Claisen condensation with the KS-bound 

polyketide intermediate to yield another intermediate with two additional carbons from 

one acetate unit. (4) The KR domain reduces the 0-keto group to a 0-hydroxy group. (5) 

The DH domain catalyzes a dehydration step to form the carbon-carbon double bond. 

(6 ) The double bond is further reduced to the final saturated product by the ER domain. 

This cycle is repeated to generate the final product with the length determined by the 

thioesterase (TE) domain. Finally, the linear fatty acid product is hydrolytically 

released from FAS by the TE domain.

High-resolution crystal structure of the type I mammalian FAS (mFAS) has been 

determined to reveal an X-shaped dimer that can be divided into two sections (Figure 

1.4) [6 ]. The condensing section consists of KS and MAT domains, while the 

modifying section consists of DH, KR, ER, yME (pseudo-methyltransferase) and 

v/KR (pseudo-KR) domains. yME and yKR domains with unknown function were 

suggested to play an important structural role in the modifying section. The ACP and
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the adjacent TE domains were not observed in the crystal structure presumably due to 

conformational flexibility.

Figure 1.4. (A) The front view of the structure of mammalian FAS (mFAS), colored 

by domains as indicated. (B) Linear sequence organization of mFAS. (Figures are 

adopted from reference [6]).

As PKSs share sequence homology and domain organization with mFAS, the 

mFAS structure serves as an invaluable template for modeling PKS structures. The 

mFAS structure not only helps us to understand the catalysis performed by the 

individual domains, but also enables more accurate and reliable assignment of domain
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boundaries for PKSs, which is critical for elucidating PKS chemistry.

1.3 PoIyketide synthase (PKS) enzymoIogy

The early understanding of polyketide biosynthesis came from sophisticated 

feeding experiments with selectively labeled precursors. It was established that 

polyketides are assembled from acetate precursor through decarboxylative Claisen 

reaction [lJ. During the last decade, numerous gene clusters for polyketide 

biosynthesis have been cloned and sequenced, which significantly speeds up the 

discovery of polyketide synthases from diverse sources.

PKSs are categorized into three classes based on their enzyme architectures (type 

I [l>7], type II [8-10] and type III [11-13]) [14-17]. Type I PKSs are large 

multifunctional enzymes with a set of functional domains. These are further divided 

into multi-modular PKS (mPKS) and single-modular iterative type I PKS (iPKS). 

Each module consists of a set of catalytic enzyme domains, such as KS, AT, KR, DH 

and ACP. Type II PKs are multi-enzyme complexes that carry a single set of iteratively 

acting activities. Type III PKSs have a single KS-Iike domain, which carries out all the 

decarboxylation, condensation and cyclization reactions. This type of PKS does not 

depend on ACP and can use acyl-CoA thioester directly.

PKSs use the same array of chemical reactions as FASs to assemble the polyketide 

products (Figure 1.5). In brief, the starter unit is loaded onto the ACP domain as 

catalyzed by the acyl transferase (AT) domain. During chain elongation, the reactions

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



catalyzed by the ACP, AT, KS, KR, DH and ER domains proceed through just like in 

FAS. The final polyketide product can be finally released from the PKS by hydrolysis 

with or without cyclization. The TE domain or a discrete TE is usually needed to 

off-load the PKS-tethered polyketide from the ACP domain.

Condensing
steps

Modifying
steps

O
jf

R S-CoA

Starter unit CoA 0 = (  
R

0 <

3
~̂>

.;,Ks

A
CO2 =O

=O

NADPH NADP+
=O

-OH

H9O

s,CF
I
S

6

ER

=O

CP

F
S

NADPH NADP+

R

n rounds of 1-3 0  0  0

round 1: 1-3; round 2: 1-3; round 3: 1-4; 9 9 ? H
*  P ^

round 4: 1-5; round 5: 1-6

0

'S-Enz Reduced polyketide

Figure 1.5. Typical reactions catalyzed by various functional domains ofPKSs.

Although FAS and PKS utilize similar catalytic domains and mechanisms for

assembling the products, PKSs can produce structurally diverse products in

comparison to the structurally simple fatty acids produced by FASs. The greater
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structural diversity of PKS products are attributed to several important features of 

PKSs: (1) PKSs are able to control the degree of reduction and dehydration during 

chain elongation. This leads to formation of ketone, hydroxyl, alkene or alkane 

functionality at different positions. (2) For many PKSs, the linear polyketide 

intermediates can be cyclized to form cyclic molecule of different ring sizes. (3) PKSs 

employ a wide variety of starter units and extender units (e.g. methylmalonyl-CoA and 

mthoxymalonyl-CoA) to create structural diversity. (4) In addition to the common KR, 

DH and ER processing domains shared between FAS and PKS, PKSs also use other 

catalytic domains such as methyltransferase domains for structural diversification.

1.4 Iterative type I PKS (iPKS)

Iterative type I PKSs (iPKSs) are PKSs that assemble the polyketide chain by 

using a single module composed of multiple catalytic domains iteratively. This is in 

'sharp contrast to the multi-modular type I PKSs (e.g. DEBS for 6 -deoxyerythronolide 

B biosynthesis) that employ multiple modules to assemble the final products. iPKSs 

are mainly found in fungi and bacteria with various protein sizes and domain 

compositions. The domain compositions o f some representative iPKSs are shown in 

Figure 1.6. How these iPKSs, even sometimes with the same domain composition, 

generate different products by a programmed mechanism remains one of the most 

exciting topics in enzymology today.

2 0
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Fungal iPKS:

Non-reducing SAT KS AT PT ACP TE/CLC Other >

Partially reducing KS AT DH Core KR

Highlyreducing KS AT DH CMeT (ER) KR ACP Other ________ :_______

Bacterial iPKS:

Enediyne PKS KS AT ACP KR DH PPTase>

i O  Ur O  f r t  r  o  r*̂ N Kv̂  o  f  i o
KS AT DH KR ACP^>

irr\o  Tor arornaiic 
Polyketide biosynthesis

KS AT DH AC P >

>

Figure 1.6. Domain organization of iterative type I PKSs from fungi and bacteria. SAT, 

starter unit acyl transferase; KS, ketosynthase; AT, acyl transferase; PT, product 

template; ACP, acyl carrier protein; TE/CLC, thioesterase/Claisen cyclase; DH, 

dehydrase; KR, ketoreductase; CMeT, C-methyltransferase; ER, enoyl reductase; 

PPTase, phosphopantetheinyl transferase.

1.4.1 Fungal iPKSs

Most identified iPKS are found in Fungi. The Fungal iPKSs are divided into three 

types based on the reduction pattern, including non-reducing (NR-PKS), partially 

reducing (PR-PKS) and highly reducing (HR-PKS) [18] (Figure 1.7).
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A Non-reducing (NR)iPKS:Norsolorinicacidsynthase(NSAS)

OH 0  OH 0

(7X)

HO ^ ^  ^  ^ ^  OH

Norsolorinic acid

B  Particially-reducing (PR) iPKS: 6-methylsalcylic acid synthase (6-MSAS)

o
A sS-CoA 

0 0

A A .
(3 X) 

C Highly

6-MSAS

S r» 

^K^>o
S-CoA

OH

HOv̂ O

X r c

6-MSA

o o
■ c A ^ , c„

(9X)

Dihydromonacolin L

Figure 1.7. Three classes of fungal type 1 iterative polyketide synthases (iPKSs). (A) 

Non-reducing iPKS such as norsolorinic acid synthase (NSAS) for norsolorinic acid 

biosynthesis [19]. (B) Partially reducing iPKS such as 6-methylsalicyclic acid synthase 

(6-MSAS) for 6-methylsalicyclic acid biosynthesis [20], (C) Highly reducing iPKS 

such as lovastatin synthase LovB for dihydromonacolin Lbiosynthesis [21].

NR-PKSs do not reduce the keto groups of the polyketide intermediates. The 

linear intermediates are cyclized into aromatic products such as orsellinic acid and 

norsolorinic acid at the end of the biosynthesis process. The N-terminal starter unit 

acyl transferase (SAT) domain is able to load a starter unit derived from a dedicated 

FAS or PKS. For example, the SAT domain of the norsolorinic acid synthase (NSAS) 

loads the hexanoate starter unit synthesized by a dedicated FAS (Figure 1.7A) [22], 

The starter unit loading domain is followed by the KS and AT domains responsible for

reducing (PR) iPKS: Lovastatin synthase LovB
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chain extension and maIonyl extender unit loading. Next to the AT domain is a unique 

product template (PT) domain, which is proposed to be responsible for chain length 

determination [23]. Although some NR-PKSs appear to have the ACP domain as the 

C-terminal domain, others contain extra domains such as thioesterase/Claisen-cyclase 

(TE/CLC), methyltransferase, and reductase domains. Thus, NR-PKSs appear to be 

arranged with an N-terminal loading component, a central chain extension component 

consisting ofKS, AT, PT andACP domains, and a C-terminal processing component.

PR-PKSs perform selective keto-reduction during the process of polyketide chain 

elongation. The domain organizations of PR-PKSs usually resembles that o f mFAS, 

with an N-terminal KS domain and the AT, DH, a so-called ‘core’ domain, KR and 

ACP domains followed. The domain organizations seem to differ considerably from 

that of the NR-PKS, with the striking absence of SAT, PT domains and CLC/TE 

domain. Although a number of PR-PKS genes are known from genome sequencing 

projects, only three PR-PKSs have been characterized so far and all the three PKSs 

produces the same product - 6 -methylsalicylic acid. The first PR-PKS to be 

characterized is the 6 -methylsalicylic acid synthase (6 -MSAS) found in Penicillium 

patulum [20]. Ebizuka and co-workers identified the atX  gene from Aspergillus terreus 

as a 6 -MSAS gene by heterologous expression [24]. Most recently, Tkacz’s group have 

reported that the pks2 gene from Glarea lozoyensis encodes a 6 -MSAS [25].

In contrast to NR- and PR-PKSs, HR-PKSs produce highly reduced molecules 

such as lovastatin, T-toxin, fumonisin B l and squalestatin. This class of fungal PKS 

generally program a complex set of keto-reduction, dehydration and enoyl reduction
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[18,26]. A typical HR-PKS has an N-terminal KS domain, followed by AT, DH, 

C-methyltransferase (CMeT), KR and ACP domains. Some HR-PKSs such as 

lovastatin synthase LovB possess an ER domain. However, the need for a discrete ER 

domain, LovC, suggests that the ER domain within LovB is inactive [27]. HR-PKSs 

have no domain that shares similarity with the PT domain of NR-PKS or the “core” 

domain of PR-PKS; and no N-terminal SAT domain seems to be used by NR-PKSs. 

Although many putative HR-PKS genes are identified from the fungal genome 

sequencing projects, only a few proteins have been characterized with their 

biosynthetic products identified.

1.4.2 Bacterial iPKSs

Because bacterial type I PKSs are mostly found to be multi-modular PKSs, the 

single-modular iterative type I PKSs (iPKSs) were initially thought only present in 

fungi. However, recent genetic and biochemical studies have revealed the unexpected 

presence of iPKSs in bacteria as well [15,28,29].

A few bacterial iPKSs have been identified for aromatic polyketide biosynthesis. 

Because aromatic polyketide biosynthesis in bacteria is usually carried out by the 

iterative type II PKS, the discovery of the iterative type I PKSs with a single module 

for aromatic polyketide biosynthesis is surprising. AviM from Streptomyces 

viridochromogenes is the first bacterial iPKS discovered for orsellinic acid (OSA) 

synthesis [30]. The naphthoate synthase NcsB catalyzing
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2-hydroxyl-5-methylnaphthoic acid involved in neocarzinostatin biosynthesis was 

found in Streptomyces carzinostaticus [31]. To date, seven bacterial iPKSs for 

aromatic polyketide biosynthesis have been reported [31-40]. Two of them, AviM and 

Cal05, catalyze the synthesis of OSA that will be later incorporated into avilamycin 

and calicheamicin. These two iPKS are NR-PKSs without a KR domain for 

keto-reduction; whereas the other five iPKSs display head-to-tail homology to fungal 

6 -MSASs and thus belong to PR-PKSs.

Another important family of bacterial iPKSs is for enediyne biosynthesis. 

Enediyne natural products are known for their unprecedented molecular structure, 

remarkable biological activities, and fascinating mode of action. The structurally 

unique enediyne moiety of enediyne natural products is composed of two acetylenic 

groups conjugated by a double bond within a 9- or lO-membered ring. Recently, the 

gene clusters for three 9-membered enediynes (C-1027 [41], neocarzinostatin [35] and 

maduropeptin [38]) and two lO-membered enediynes (calicheamicin [42] and 

dynemicin [43]) have been sequenced and annotated. The studies revealed a novel 

family of enediyne iPKSs (PKSE) that is putatively the major player responsible for 

the synthesis of the highly reactive enediyne core structure (or ‘Svarhead”). Six 

domains of PKSEs have been predicted based on sequence homology and active site 

mapping [44], We will discuss this family ofbacterial iPKSs in details in chapters 2 

and 3.
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1.4.3 Programmed polyketide synthesis in iPKSs

For bacterial modular type I PKS, the formation of product is pre-determined by 

the number o f module and the domain composition of the modules. In contrast, the 

single module-containing iPKSs only have one set of catalytic domains that must be 

used iteratively. How the chain length is determined in some of the iPKSs is not 

known. Most intriguingly, the processing domains of some of the iterative PKSs, 

particularly the PR-PKSs, are able to selectively act on the polyketide intermediates at 

different stages to generate structural diversity in the final product. How the iPKSs are 

programmed to perform the selective reduction, dehydration or methylation is one of 

the unanswered questions in modem enzymology. Deciphering the programmed 

biosynthesis in iPKS will not only yield insight into these large protein machineries, 

but also open the door for generation of novel bioactive polyketides through rational 

enzyme engineering.

Townsend and co-workers have made great contributions to our understanding of 

fungal NR-PKSs. They characterized the N-terminal starter unit acyl transferase (SAT) 

domain and established that it plays a role in starter unit selection [22]. They also 

showed that the PT domain unique to NR-PKSs controls both chain length and 

cyclization pattern for the non-reduced polyketide biosynthesis by using an active-site 

cleft of defined geometry to fold the growing intermediate [23]. Taking advantage of 

the SAT domain’s ability to control the starter unit selection among NR-PKSs, Wang 

and co-workers engineered a novel polyketide by replacing the SAT domain in AfoE 

(asperfuranone biosynthesis) with the SAT domain from StcA (sterigmatocystin
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biosynthesis) [45].

Meanwhile, Du and co-workers reported the first successful domain swapping in 

fungal HR-PKS and showed that the KS domain ofT-toxin PKSl from Cochliobolus 

heterostrophus does not affect the programmed biosynthesis. [46,47]. Lastly, Cox and 

co-workers performed a series of rational domain swapping between closely related 

synthases to probe the programming mechanism in HR-PKSs. They found that the 

chain length and methylation pattern are controlled by the KR and CMeT-yKR 

domains in tenellin synthase (TENS) and desmethylbassianin synthase (DMBS) [48]. 

The swapping experiments also suggested that the AT, KS and ACP domains play no 

role in programming (Figure 1.8).
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Figure 1.8. Domain swapping between tenellin synthase (TENS) for pretennellin A 

biosynthesis (purple colored) and desmethylbassianin synthase (DMBS) for 
predesmethylbassianin A biosynthesis (pink colored) performed by Cox and 

co-workers. Relative titers of small-molecule products are shown. For TENS and 
DMBS, the HR-PKS is fused to a single module of a nonribosomal peptide synthase 

(NRPS). PKS consists ofketosynthase (KS), acyl transferase (AT), acyl carrier protein 

(ACP), dehydrase (DH), ketoreductase (KR), pseudo-KR (yKR) and 

C-methyltransferase (CMeT) domains. NRPS consists of C, condensation (C), 

adenylation (A), thiolation (T) and Dieckmann cyclase (DKC) domains. (Figures are 

adopted from reference [48]).
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1.5 Organization of the dissertation

This dissertation contains results from my studies on the bacterial type I iterative 

PKSs for enediyne and mellein biosynthesis. The results from the studies on the iPKSs 

CalE8 , SgcE and DynE8  for enediyne biosynthesis are presented in chapter 2 and 

chapter 3; whereas the results from the studies on the iPKS SACE5532 for mellein 

biosynthesis are described in chapter 4.

The study described in Chapter 2 aims to unravel the biosynthetic mechanism of 

the enediyne core of the 9-membered enediyne C-1027. The enediyne PKS SgcE, the 

thioesterase SgcElO and the unknown protein SgcE3 were expressed in E. coli. My 

research work developed an alkaline hydrolysis method to release the PKS-tethered 

intermediate. In vitro enzymatic reactions o f enediyne PKS were performed under 

various conditions to identify the products generated by SgcE in the absence or 

presence of aneillaryproteins. The functions ofSgcE3 and SgcE10 are also discussed.

Chapter 3 describes the comparative study of the PKSs from the biosynthetic 

pathways of 9-membered (C1027) and 10-membered enediynes (calicheamicin and 

dynemicin) to investigate a possible divergence of the pathways at the early stage of 

enediyne biosynthesis. The in vitro and in vivo products of SgcE, CalE8  and DynE8 

were characterized to reveal the different properties of the homologous PKSs.

In Chapter 4, I introduce the iPKS SACE5532 from Saccharopolyspora 

erythraea that shares similar domain organization with several known bacterial iPKSs 

for aromatic polyketide biosynthesis. SACE5532 was successfully cloned and 

expressed in E. coli. Enzymatic assays o f SACE5532 revealed that it generates a
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surprising product (mellein) that is most likely formed by the cyclization of a 

pentaketide intermediate. SACE5532 was further studied by domain swapping with a 

homologous iPKS NcsB to probe the mechanism of programming. To understand the 

programmed keto-reduction, the stand-alone KR domains o f SACE5532 and NcsB 

were cloned, expressed and characterized.

3°
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CHAPTER 2

Study of the iPKS and accessory enzymes in the biosynthesis of the 

enediyne antibiotic C-1027

2.1 Introduction

2.1.1 Enediyne natural products

Enediyne natural products are secondary metabolites produced by a variety of 

Gram-positive bacteria actinomycetes found in both soil and sea sediment. This class 

of natural products is of great interest and value because of their unprecedented 

molecular structure, remarkable biological activities, and fascinating mode of action 

[49-55],

Enediyne natural products exhibit potent antibiotic and antitumor activities[56]

and have spawned considerable interest as anticancer agents in the pharmaceutical

industry. It was hoped that the enediynes can be developed into powerful anticancer

drugs if they can be delivered specifically to tumor cells. A variety of polymer-based

delivery systems or enediyne antibody conjugates have shown great clinical promise in

anticancer chemotherapy [51,53-55,57,58]. Despite the seemingly structural diversity,

the natural enediynes share a remarkable mechanism of action with their potent

cytotoxicity attributed to the bicyclic enediyne core. Upon the triggering by an
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environmental stimulus, the enediyne core undergoes Bergman or Myers-Saito 

cyclization to form a benzenoid diradical. The highly reactive diradical would then 

strip hydrogen atoms from the sugar phosphate backbone of DNA and lead to 

chromosomal DNA cleavage [52,59-62],

9-membered enediynes:

OH OH

(H3C)2N

Maduropeptin (MDP) C-1027

Calicheamicin (CAL) Dynemicin A (DYN)

Figure 2.1. Representative 9- and lO-membered enediynes with the enediyne core 

highlighted in red.

The enediyne family o f antibiotics displays fascinating structures that are highly 

unusual for natural products. All members share a characteristic enediyne core 

containing two acetylenic groups conjugated to a double bond within a nine-membered 

ring (e.g. C-1027) or ten-membered ring (e.g. calicheamicin) (Figure 2.1). To date, 

thirteen enediynes have been structurally elucidated [63-77], all of which can be
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grouped into two categories according to the enediyne core structures. Members of the

9-membered enediyne category, such as C-1027, from a culture filtrate of 

Streptomyces globisporus C-1027 [67,78-81], are the chromoprotein enediynes that 

consist of the enediyne chromophore and an apo-protein for chromophore stabilization. 

C-1027 is a representative 9-membered enediyne natural product isolated from a 

culture filtrate of Streptomyces globisporus C-1027 [67,78-81]. Members of the

10-membered enediyne category, such as dynemicin (DYN) from Micromonospora 

ehersina [6 6 ] and calicheamicin (CAL) from Micromonospora echinospora ssp. 

caliehensis [65], contain the enediyne chromophore without any additional stabilizing 

proteins.

2.1.2 Biosynthesis of the enediyne core

Since the discovery of the first enediyne natural products, they have attracted 

many chemists and microbiologists to study the unparalleled biosynthetic mechanism 

of their unique molecular scaffolds. The study of the biosynthetic mechanism of the 

enediyne core is important not only because the enediyne core displays unprecedented 

structure but also because it is essential for the biological activity of enediynes. 

Biosynthetic studies on the enediyne family have been hindered by many factors, 

including their extreme instability and low production in fermentation that render them 

difficult to carry out in vivo feeding experiments [82,83]. Despite the difficulties, 

feeding experiments with 13C-Iabeled precursors established that both the 9- and 10- 

membered enediyne cores were derived from eight head-to-tail acetate units [84-86],
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though it was unclear until recently whether this the enediynes are derived from a 

polyketide or fatty acid precursor.

C-1027 is a representative 9-membered enediyne natural product isolated from a 

culture filtrate of Streptomyces globisporus C-1027 [67,78-81]. In addition to the 

9-membered enediyne core, C-1027 contains four biosynthetic building blocks that are 

the enediyne core, deoxy aminosugar, 0-amino acid and benzoxazolinate. Shen and 

co-workers cloned, sequenced and characterized the 85-kb C-1027 biosynthesis gene 

cluster and identified genes encoding the four biosynthetic building blocks, including 

SgcE to sgcE ll that putatively encode the proteins for the biosynthesis of the enediyne 

core [41]. SgcE encodes a unique iterative type IPKS and the Aanking genes sgeEl to 

sgcE ll presumably encode accessory proteins for enediyne core biosynthesis.

Recent sequencing of the gene clusters for the production of other two

9-membered enediynes (neocarzinostatin [35] and maduropeptin [38]) and two

10-membered enediynes (calicheamicin [42] and dynemicin [43]) clearly revealed a 

common polyketide pathway for the biosynthesis of both 9- and 10-membered 

enediyne cores. Comparing the putative enediyne core biosynthetic genes of five 

enediyne biosynthetic clusters, a cassette of five genes are the most conserved (Figure 

2.2A) [87], The five genes are predicted to encode a novel enediyne PKS (PKSE), a 

thioesterase (TE) and three additional proteins of unknown function. Interestingly, a 

phylogenetic analysis of PKSs from the five gene clusters, including three from 

9-membered enediynes and two from 10-membered enediynes, reveals a clear 

genotypic distinction between the two structural families (Figure 2.2B).
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Based on the bioinformatic information, a possible mechanism for the C-1027 

enediyne core biosynthesis includes the following steps: (a) the enediyne PKS is 

supposed to catalyze the assembly of a nascent linear polyunsaturated intermediate 

from the acyl CoA precursors in an iterative process, and (b) the nascent intermediate 

is subsequently desaturated to fumish the two yne groups and cyclized by accessory 

enzymes to yield either a 9- or 10-membered enediyne core, (c) the enediyne cores are 

further decorated by modifying enzymes. Such mechanism remains to be validated 

with most of the flanking genes encode proteins are of unknown function.

A

9-membered

C-1027(Sgc) E5 K  E4 K E3

NCS <^K^ZZZEZZK^EK^EZK^ZI

< ^ C = i=MDP E5 K E4 K E3

10-membered
cAL <̂ ZX̂ ZZEZZZK̂ EXyHKyEI

<K=̂ =DYN T3 K U14 K U15

B
SgcE
NcsE
MdpE
CalE8
DynE8

Enediyne PKS: KS AT ACP KR DH PPTase^

Figure 2.2. (A) Highly conserved gene cassettes for enediyne core biosynthesis. pksE 
(enediyne PKS) genes are in yellow, TE (thioesterase) genes are in blue, and U15 
genes are in red. (B) Phylogenetic analysis ofPKSE among the five gene clusters. (C) 
Domain composition of enediyne PKS. From Ieft to right: KS (ketosynthase), AT 

(acyltransferase), ACP (acyl carrier protein), KR (ketoreductase), DH (dehydratase) 

and PPTase (phosphopantetheinyl transferase).
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Enediyne PKSs, such as SgcE, belong to iterative type I PKSs, which performed 

chain extension in an iterative fashion. Shen and co-workers reported that SgcE has six 

predicted domains based on sequence homology and active site mapping [44] (Figure 

2.2C). The six domains include a ketosynthase (KS), an acyltransferase (AT), an acyl 

carrier protein (ACP), a ketoreductase (KR), a dehydratase (DH), and a 

phosphopantetheinyl transferase (PPTase) domain [44]. The ACP domain is first 

modified posttranslationally by covalent tethering of the 4’-phosphopantetheine (4’-PP) 

component of CoA onto a conserved Ser, which is presumably catalyzed by an unusual 

integral C-terminal PPTase domain.

The putative thioesterase SgcElO shares similarity with the TEBC protein family 

as represented by 4-hydroxybenzoyl-CoA thioesterase (4HBT). 4HBT is a 

homotetrameric protein with four active sites and each subunit adopts a so-called 

hot-dog fold [88,89]. Two types of thioesterases are commonly found in natural 

product biosynthetic clusters. Type I thioesterases (TE-Is) are usually integrated at the 

C terminus of the final module of PKS or nonribosomal peptide synthase (NRPS) for 

the removal of the final product through macrocyclization or hydrolysis. Type II 

thioesterases (TE-IIs) are usually discrete proteins that remove aberrant units from 

carrier domains. SgcElO and its homolog are discrete TEs but do not contain the two 

conserved motifs for TE-II. The recent biochemical and structural study of its homolog 

CalE7 in our Iab revealed that CalE7 is a novel hotdog fold protein with thioesterase 

activity [90].

Meanwhile, SgcE3 and its homologs CalU15 and DynU15 belong to a family of
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unknown protein (UNBL). The SgcE3 homologs exhibit no significant homology to 

other known proteins in the public databases. However, SgcE3 shares minimum

sequence homology with a family of diiron cluster-containing desaturases or

acetylenases found in plant and fungi [91,92], The structure model of SgcE3 

(SWISS-MODEL) based on A9 stearoyl-acyl carrier protein desaturase (PDB: lAFR) 

(identity 6.32%, similarity 12.75%) suggests a helical protein structure characteristic 

of a di-iron protein. Although the local features o f the model are not very reliable, the 

predicted global structure of SgcE3 is likely to be meaningful. Multiple sequence 

alignment of SgcE3 and three di-iron cluster-containing desaturases revealed that the 

residues for coordinating the two iron ions are not strictly conserved (Figure 2.3).
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Figure 2.3. Multiple sequence alignment of SgcE3 and three di-iron cluster containing 
desaturases, A9 stearoyl-acyl carrier protein desaturase (IAFR) [93], acyl-ACP 
desaturase DesA2 (1ZA0) [94] and ivy A4-16:0-ACP desaturase (2UW1) [95]. The 
alignment was produced using CLUSTALW2. Strictly identical residues are 
highlighted by white characters in red box. Conserved residues are identified by red 
characters in blue frame. The secondary structure of IAFR is showed according to the 
PDB file. The ligands to the iron cluster in IAFR are indicated by arrows.

Guided by DNA sequencing results, considerable efforts have been made to 

elucidate the biosynthetic pathways of enediyne natural products in recent years. 

While the project is underway, Shen and co-workers reported a conjugated polyene 

l,3,5,7,9,ll,13-pentadecaheptaene extracted from the insoluble debris of the cells 

co-expressing SgcE and SgcE10 [44]. Later on, they isolated the same chemical from 

cell pellets co-expressing PKS-TE pairs from all five enediyne core biosynthetic 

clusters. Guo et al. confirmed that the six double bonds in the conjugated polyene are 

all in the trans configuration [96]. Our group reported that a carbonyl-conjugated 

polyene 3,5,7,9,ll,13-pentadecen-2-one instead of the conjugated polyene can be 

produced by CalE8  and CalE7 from the biosynthetic pathway of the 10-membered 

enediyne calicheamicin [97]. Townsend’s group observed both produced by CalE8  and 

CalE7 without quenching the reactions with trifluoroacetic acid (TFA) [98]. They 

suggested that neither of the reported products is a true intermediate in the enediyne 

core biosynthetic pathway and implied that one or more accessory enzymes may be 

needed for the production of the correct biosynthetic intermediate.

Most of these studies depend on a discrete thioesterase to release the PKS-tethered

intermediate and little work is done in exploring the potential function of other

accessory enzymes. In contrast to the in vivo studies carried out by Shen’s lab, my
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research aims to express and purify the PKS SgcE and its ancillary enzymes for in 

vitro enzymatic assays. In vitro reactions of PKS will be performed under various 

conditions to investigate whether SgcE can synthesize other products with and without 

other ancillary proteins. My research work develops an alkaline hydrolysis method to 

release the PKS-tethered intermediate and characterize the PKS product without 

reliance on the thioesterase. The protein SgcE3 will be studied both in vitro and in vivo 

to probe its function. In the next chapter, the biosynthetic pathways of 9-membered 

enediyne C-1027 will be compared with those of two 10-membered enediynes, 

calicheamicin and dynemicin to investigate a possible divergence of the pathways at 

the early stage of enediyne biosynthesis.
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2.2 Materials and Methods

2.2.1 Strains, plasmids, and chemicals

Vectors pET-28b(+), pCDF-2 Ek/LIC, and LIC Duet™ Minimal Adaptor were 

obtained from Novagen. BL21 (DE3) competent cells were from Novagen. The genes 

that encode SgcE, SgcElO and SgcE3 were provided by GenScript Corporation OsJJ, 

USA) with sequences optimized for protein expression in E. coli. The reported protein 

sequences for SgcE, SgcE10 and SgcE3 have been deposited in Genbank under the 

accession numbers of AAL06699, AAL06692 and AAL06702. The genes were 

synthesized based on the reported protein sequences and were provided as 

pUC57-based plasmids. Xhol and NdeI restriction sites are added to the C-terminus 

and N-terminus respectively. BL21 (DE3) competent cells were from Novagen. 

Acetyl-CoA, malonyl-CoA, NADPH and other chemicals were purchased from 

Sigma-Aldrich and stored at -20 °C.

Yeast strain Saccharomyces cerevisiae 1000M/FY1679-08A (MATa; ura3-52; 

leu2Al; trplA63; his3A200; GAL2) and vectors (Table 2.1) were kindly provided by 

Dr. Thiru’s Iab from the School of Biological Sciences in Nanyang Technological 

University.

Table 2.1. Plasmids used in protein expression in S. cerevisiae

Vector Name Resistance Selective marker Remarks

Y Cplaclll Amp Leu Low copy

YEplacll2 Amp Trp High copy

YEplacl81 Amp Leu High copy
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2.2.2 Cloning, expression and purification of enzymes in E. coli

2.2.2.1 Cloning and mutagenesis

The plasmid pUC57-SgcE was digested with NdeI-XhoI to yield SgcE. The 

5.8-kb SgcE fragment was gel-purified and ligated into the identical sites of 

pET-28b(+) to give pET28-SgcE. The ligation mixture was introduced to E. coli ToplO 

competent cells and cells were plated on LB medium supplemented with 50 ^ig/ml 

kanamycin. The colonies were screened by PCR to confirm the presence of 

pET28-SgcE. Then the plasmid was amplified in E. coli ToplO and purified for 

sequencing.

To generate the SgcE-C211A mutant, the PCR reaction was performed using 

pET28-SgcE as a template with the following primers: C211A (forward) 

5'-CGTGGACGGCGCGGCCTCTTCAAGCCTG-3'/ (reverse)

5'-CAGGCTTGAAGAGGCCGCGCCGTCCACG-3'. Successful reaction mixtures 

consisted of 100 ng of template DNA, 300 nM each primer, 300 mM dNTPs, , Ix 

KAPAHiFi™ Fidelity Buffer, and 0.5 U of KAPAHiFi™ DNA Polymerase in a final 

volume of 25 fd. The PCR program was as follows: initial denaturing at 96°C for 5 

minutes, followed by 18 cycles at 96°C for 50 seconds, 55°C for 50 seconds, and 6 8 °C 

for 6  minutes, and completed by an additional 7 minutes at 6 8 °C. Upon completion, 1 

jnl (10 U) of DpnI was added directly to the PCR mixture and digested at 37°C for 2 

hours. An aliquot (5 îl) of the mixture was directly transformed into E. coli ToplO 

competent cells and plated on LB supplemented with 50 ^ig/ml kanamycin. The mutant 

constructs were confirmed by sequencing to give pET28-SgcE-C211A.
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The genes for SgeElO and SgcE3 were amplified by PCR using pUC-SgcE10 as a 

template for sgcE10 and pUC-SgeE3 for SgcE3. Reactions were performed using the 

following primers: SgcElO (forward)

5'-GACGACGACAAGATTCATATGATGACCGCG-3'/ (reverse)

5*-GAGGAGAAGCCCGGTCTCGAGTTACGCCG-3'; SgcE3 (forward) 

5 ’-GACGACGACAAGATTCATAT GAT GAGCATGCT GCGC-3'/ (reverse)

5*-GAGGAGAAGCCCGGTCTCGAGTTACGCCAC-3'. The gel-purified PCR 

product was treated with T4 DNA polymerase and annealed into pCDF-2 Ek/LIC 

vector as described by Novagen, affording pCDF-SgcE10 and pCDF-SgcE3. The LIC 

annealing reaction was directly transformed into E. coli BL21 (ED3) competent cells 

and cells were plated on LB medium supplemented with 50 jUg/ml streptomycin. The 

colonies were screened by PCR to confirm the presence of pCDF-SgcE10 and 

pCDF-SgcE3. The plasmids were amplified in E. coli BL21 (ED3) and purified for 

sequencing.

2.2.2.2 Protein expression and purification

Expression and purification of the enediyne polyketide synthases SgcE, and 

SgcE-C211A mutant. pET28-SgcE or pET28-SgcE-C211A was introduced into E. 

coli BL21(DE3), and the resultant recombinant strains were plated on LB medium (per 

liter: 10 g NaCl, 10 g tryptone and 5 g yeast extract) supplemented with 50 ^g/ml 

kanamycin. A single colony was used to inoculate 20 ml of LB medium supplemented 

with 50 jig/ml kanamyein and incubated at 37°C for 12 hours. A 5 ml aliquot was
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transferred to 500 ml of LB medium supplemented with 50 ^ig/ml kanamycin and 

grown an additional 3h at 37°C at 210 rpm. The cultures were incubated at 16°C and 

induced with IPTG (final concentration of 0.2 mM) when ODeoo reached ~0.8 (~3 

hours). After incubation at 16°C for additional 18 hours at 160 rpm, cells were 

harvested and spun at 8,000 rpm. The cell pellet was resuspended in lysis buffer [50 

mM NaH2PO4 (pH 8.0), 300 mM NaCl, 20 mM imidazole, 5 mM $-ME and 10% (v/v) 

glycerol] and lysed by sonication. After centrifugation at 20,000 rpm for 30 minutes at 

4°C, the supernatant was filtered by 0.45 ^m membrane and loaded onto HiTrap™ 

Ni2+-NTA column (GE Healthcare). The column was then washed by lysis buffer and 

wash buffer containing 40 mM imidazole before eluted with elution buffer containing 

500 mM imidazole. The eluted protein was further purified by gel filtration using a 

HiLoad™ 16/60 Superdex™200 column (GE Healthcare). Proteins were desalted into 

Tris buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM DTT and 10% (v/v) 

glycerol]. Its purity was determined to be > 90 % by SDS-PAGE. The protein was 

concentrated, flash frozen in liquid nitrogen, and stored in -80°C freezer.

Expression and purification of the thioesterase SgcE10 and the unknown 

protein SgcE3. pCDF-SgcE10 or pCDF-SgcE3 was introduced into E. coli 

BL21(DE3), and the resultant recombinant strains were plated on LB medium (per 

liter: 10 g NaCl, 10 g tryptone and 5 g yeast extract) supplemented with 50 jag/ml 

streptomycin. The purification of these proteins was performed identically to SgcE 

except that cells were grown in LB media supplemented with 50 pg/ml streptomycin.

Co-expression of SgcE and SgcE10. pET28-SgcE and pCDF-SgcE10 were
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co-transformed into E, coli BL21(DE3) for SgcE/E10 co-expression. The cells were 

plated on LB medium supplemented with 50 ^g/ml kanamycin and 50 ng/ml 

streptomycin. The colonies were screened by PCR to confirm the existence of both 

pET28-SgcE and pCDF-SgeE10. A single colony was used to inoculate 20 ml ofLB 

medium supplemented with 50 ^g/ml kanamycin and 50 p,g/ml streptomycin, and 

incubated at 37°C for 12 hours. A 5 ml aliquot was transferred to 500 ml of LB 

medium supplemented with 50 p,g/ml kanamycin and 50 p,g/mI streptomycin, and 

grown an additional 3h at 37°C at 210 rpm. The cultures were incubated at 16°C and 

induced with IPTG (final concentration of 0.4 mM) when OD6oo reached - 0 . 8  (~3 

hows). After incubation at 16°C for an additional 18 hours at 160 rpm, cells were 

harvested and lysed for protein purification using the procedures described above. As 

both SgcE and SgcE10 contain (His)6-tag, the purification by Ni2+-NTA affinity 

chromatography yielded a solution that contains both proteins. The SgcE and SgcE10 

were subsequently separated and purified by size exclusion chromatography using a 

HiLoad™ 16/60 Superdex™200 column. The protein concentration and profile were 

examined by UV-Vis spectrophotometer before the proteins were flash frozen in liquid 

nitrogen and stored in -80°C freezer.

Co-expression of SgcE and SgcE3. pET28-SgcE and pCDF-SgcE3 were 

co-transformed into E. coli BL21(DE3) for SgcE/E3 co-expression. The protein 

purification was carried out following the similar procedures described for 

co-expression ofSgcE/E10.
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2.2.3 Cloning and expression of enzymes in yeast

2.2.3.1 Plasmid constructions for yeast expression

The plasmid YCplaclll-C17 was digested with HindIII-BamHI to yield the 

fragment C17, whieh including GAL promoter. C17 was gel-purif!ed and ligated into 

the identical sites of YEplacll2 and YEplacl81 to give YEplacll2-C17 and 

YEplacl81-C17. The gene sequence o f SgcElO was optimized for yeast expression 

and provided as pUC57-SgcE10yeast. XhoI, (His)6-tag, stop codon, and BamHI were 

sequentially introduced onto the C-terminal of the gene. The plasmid 

pUC57-SgcE10yeast was digested with NdeI-BamHI to yield the fragment 

SgcE10yeast. SgcE10-yeast was gel-purified and ligated into the identical sites of 

YEplacll2-C17 and YEplacl81-C17 to give YEplacll2-C17-SgcE10yeast and 

YEplacl81-C17-SgcE10yeast. The ligation mixture was introduced to E. coli ToplO 

competent cells and cells were plated on LB medium supplemented with 75 p,g/ml 

ampicillin. The colonies were screened by NdeI-XhoI double digestion to confirm the 

existence of YEplacll2-C17-SgeE10yeast and YEplacl81-C17-SgeE10yeast. Then 

the plasmid was amplified in E. coli ToplO and purified for sequencing.

The plasmid pUC57-SgcE was digested with NdeI-XhoI to yield the fragment

SgcE. The 5.8-kb SgcE fragment was gel-purified and ligated into the identical sites of

YEplacll2-C17-SgcE10yeast to give YEplacll2-C17-SgcE. The ligation mixture was 

introduced to E. coli ToplO competent cells and cells were plated on LB medium 

supplemented with 75 ng/ml ampicillin. The colonies were screened by NdeI-XhoI 

double digestion to confirm the existence ofYEplacll2-C17-SgcE. Then the plasmid
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was amplified in E. coli ToplO and purified for sequencing.

2.2.3.2 Co-expression of SgcE and SgeElO in yeast

YEplacl81-C17-SgcE10yeast and YEplacll2-C17-SgcE were co-transformed 

into S. cerevisiae 1000M/FY1679-08A competent cells. The cells were streaked onto 

Synthetic Defined (SD) selective plate lacking both Leu and Trp. Four colonies were 

picked and further maintained on SD plate lacking Leu and Trp and then inoculated on 

YPD (Yeast extract/Peptone/Dextrose) plate. A single colony was inoculated in 20 ml 

YPD medium, and incubated overnight at 30°C at 220 rpm. Transfer 7 ml overnight 

cells to 500 ml YPD medium (final OD6oo is 0.217) in a 2 L flask, and incubate the 

culture at 30°C at 230 rpm. When ODeoo reached 0.746, the cells were spun at 2,000 g 

for 7 minutes. The cell pellet was resuspended in autoclaved distilled water and spun 

at 2,000 g for 5 minutes. The cell pellet was resuspended in 500 ml YPG (Yeast 

extract/Peptone/Galactose) medium, and incubated at 30°C at 220 rpm for 24 hours.

Then cells were harvested and spun at 5,000 rpm. The cell pellet (-25 g) was 

resuspended in 200 ml lysis buffer [50 mM NaH2PO4 (pH 8.0), 300 mM NaCl, 20 mM 

imidazole, 5 mM /3-ME and 10% (v/v) glycerol] and lysed by French Press with gauge 

pressure at 3,000 psi and working pressure at 32,000 psi. After centrifugation at 18,000 

rpm for 30 minutes at 4°C, the supernatant was filtered by 0.45 fim membrane and 

loaded onto HiTrap™ Ni2+-NTA column (GE Healthcare). The column was then 

washed by lysis buffer and wash buffer containing 40 mM imidazole before eluted 

with elution buffer containing 500 mM imidazole. The eluted SgcE and SgcE10 were
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further purified by gel filtration using a Superdex-200 column (GE Healthcare). 

Proteins were desalted into Tris buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 

mM DTT and 10% (v/v) glycerol]. Its purity was determined by SDS-PAGE. The 

protein concentration and profile were examined by UV-Vis spectrometer before the 

proteins were flash frozen in liquid nitrogen and stored in -80°C freezer.

2.2.4 Alkaline hydrolytic release of PKS products

To release the product covalently attached to PKS expressed alone in E. coli, the 

following hydrolysis procedure was used to cleave the thioester bond between the 

product and the phosphopantetheine thiol of ACP domain in PKS. A 200 1̂ 

concentrated protein solution was mixed with 800 1̂ NaOH solution [5 mM NaOH 

(pH 10.8), 100 mM NaCl]. The solution was incubated at 37 0C in water bath for 3 

hours. The products released from the proteins were analyzed by HPLC method.

2.2.5 In vitro enzymatic assays

For enzymatic assay with SgcE, a typical reaction contains 0.25 mM NADPH, 1.0 

mM malonyl CoA, 0.15 mM acetyl CoA and 6.65 jtzM PKS in the reaction buffer [50 

mM Tris (pH 8.5), 150 mM NaCl and 1 mM DTT] in a total volume of 400 jUl. The 

reaction mixture was incubated at 30°C for 2 hours.

For enzymatic assays with SgcE and SgcE10, a typical enzymatic reaction 

contains 0.075 mM NADPH, 1.4 mM malonyl CoA, 3.1 ^M PKS and 62.9 ^M TE in 

the reaction buffer [50 mM Tris (pH 8.5), 150 mM NaCl and 1 mM DTT] in a total
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volume of 200 îl. The reaction mixture was incubated at 37°C for 2 hours. The 

temperature dependent reaction was carried out with the same components at 23°C, 

30°C or 37°C. The malonyl-CoA concentration dependent reaction was carried out 

with the same components, with varying malonyl-CoA concentration of 0.5 mM or 1.4 

mM. The NADPH concentration-dependent reaction was carried out with the same 

components, with varying NADPH concentration of 0.075 mM or 0,35 mM. The pH 

reaction was carried out with the same components at 7.0 or 8.5.

Experimental conditions for the enzymatic assays in Figure 2.9. (A) The 

temperature-dependent product formation for SgcE-SgcE10. Assay conditions: 3.1

AtM SgcE, 62.9 ^M  SgcE10, 0.075mM NADPH, 1.4 mM Malonyl-CoA, 50 mM Tris 

(pH8.5), 300 mM NaCl, 1 mM DTT. (B) The malonyl CoA-dependent product 

formation for SgcE-SgcE10. Assay conditions: 3.1 fxM SgcE, 62.9 ^M SgcE10, 0.075 

mM NADPH5 50 mM Tris (pH 8.5), 300 mM NaCl, 1 mM DTT, 37°C. (C) The 

NADPH-dependent product formation for SgcE-SgcE10. Assay conditions: 3.1 ^M 

SgcE, 62.9 ^M SgcE10,1.4 mM Malonyl-CoA, 50 mM Tris (pH8.5), 300 mM NaCl, 1 

mM DTT, 37°C.

Experimental conditions for the enzymatic assays in Figure 2.10. (A) 

SgcE-SgcE10 reaction. Reaction conditions: 2.88 ^M SgcE, 64.05 ^M SgcE10, 0.25 

mM NADPH, 50 mM Tris (pH8.5), 30°C (B) SgcE-SgeE10-SgcE3 reaction. 

Reaction conditions: 2.88 fiM SgcE, 64.05 juM SgcE10, 4.56 ^M SgcE3, 0.25 mM 

NADPH, 50 mM Tris ^H 8.5), 30°C.

The reactions were conducted in a semi-micro quartz cuvette and monitored with
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a Shimazu UV-Vis 1700 spectrophotometer. The sample chamber was kept at certain 

degree through an external temperature controller. The absorption spectrum of the 

reaction mixture was taken at various time intervals to monitor the progress of product 

formation.

2.2.6 Product extraction

For product extraction from proteins and reactions, an equal volume of ethyl 

acetate was added into the protein solution or reaction mixture and vigorous vortexing 

ensued. Subsequently the mixture was centrifuged at 14,500 rpm for 15 minutes. The 

resulting organic extract was evaporated by using a Speed-Vac. The dried sample was 

re-dissolved in 20 jul methanol for HPLC analysis.

For product extraction from cell pellet, the insoluble cell debris after sonication 

was suspended with 5 ml 0.1 M sodium acetate pH 6.0. An equal volume of ethyl 

acetate was then added into the suspended mixture and vigorous vortexing ensued. 

Subsequently the mixture was centrifuged at 14,500 rpm for 15 minutes. The resulting 

organic extract was evaporated by using a Speed-Vac. The dried sample was 

re-dissolved in 20 jUl methanol for HPLC analysis.

2.2.7 HPLC analysis

For SgcE hydrolysis, SgcE reactions and SgcE/E3 co-expression, the HPLC 

analysis was performed with an analytical eclipse XDB C18 column (4.6 * 150 mm) 

using an Agilent 1200 HPLC. A full gradient was employed from 100% buffer A
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(HPLC grade water with 0.045% TFA) to 100% buffer B (100% acetonitrile with 

0.045% TFA) at 1 ml/min in 60 minutes.

For SgcE-SgcE10 reactions, SgE-SgcE10-SgcE3 reaction and SgcE/E10 

co-expression, the HPLC analysis was performed with an analytical eclipse XDB C18 

column (4.6 x 250 mm) using an Agilent 1200 HPLC. A foll gradient was employed 

from 70% buffer A (HPLC grade water with 0.045% TFA) + 30% buffer B (100% 

acetonitrile with 0.045% TFA) to 100% buffer B at 1 ml/min in 60 minutes.

2.2.8 LC-MSanalysis

The column used for LC-MS analysis was eclipse XDB C18 column with a 

dimension of 1.0 x 150 mm. The gradient employed in the analysis was from 90% 

buffer A (HPLC grade water with 0.01% FA) + 10% buffer B (100% acetonitrile with 

0.01% FA) to 100% buffer B in 60 minutes. The ionization energy was set with ESI or 

APCI ionization source for the Finnigan LTQ Orbitrap mass spectrometer (Thermo 

Electron). The result was analyzed with the software Xcalibur for the determination of 

plausible molecular compositions based on the observed molecular weight and 

fragmentation pattern.
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2.3 Results

2.3.1 Purification and characterization of enzymes

The E. coli cells that contained the over-expressed SgcE appeared bright orange 

after harvest. The pET-28b(+) vector produced an N-terminal (His)6-tagged 

recombinant protein to facilitate the purification of the protein by Ni2 -NTA affinity 

chromatography. The eluted protein solution appeared orange, indicating that it is the 

recombinant protein that contributes to the bright color of the cells. Denaturation of 

the protein did not release the orange pigment from the protein, suggesting that the 

pigment was most likely covalently attached to SgcE.

The protein purified after gel filtration was approximately 95% pure as estimated 

by SDS-PAGE analysis (Figure 2.4A). The theoretical molecular weight of SgcE is

203.4 kDa and gel filtration analysis showed that the elution volume of the protein was 

54.95 ml with an estimated molecular mass of -400 kDa, suggesting that SgcE is 

present as a dimer in solution. The concentrated protein appeared to be stable at -80°C 

for several months and at 4°C for one month.

A B C
kDa kDa kDa 1 2 3 4 5 6 7

51

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 2.4. SDS-PAGE gel images for SgeE, SgcElO and SgcE3 after gel filtration. (A) 
SDS-PAGE for SgcE. (B) SDS-PAGE for SgcE10. (C) SDS-PAGE analysis ofSgcE3. 
Lane 1 -  Uninduced, Lane 2 -  Insoluble, Lane 3 - Soluble, Lane 4 -  Flow through, 
Lane 5 -  Wash, Lane 6  -  Elution, Lane 7 -  After gel filtration.

The UV-Vis spectrum of SgcE exhibits three peaks at 371, 391 and 413 nm 

(Figure 2.5A). When the predieted key catalytic Cys residue of the KS domain (Cys2u) 

was replaced with Ala, the UV-Vis spectrum of the SgcE mutant lacks the absorbance 

in the 300-500 nm range (Figure 2.5B). This further suggests that the orange pigment 

is indeed produced by SgcE and likely derived from a polyketide intermediate.

B

Wavetength (nm)
300 400 500 600 300 400 500 600

Wavelength (nm) Wavetength (nm)

Figure 2.5. (A) UV-Vis spectrum of SgcE. (B) UV-Vis spectrum of the SgcE-C211A 
mutant. (C) UV-Vis spectrum of concentrated SgcE3.

For the recombinant SgcElO protein, an N-terminal (His)6-tag allowed the 

purification of the protein by Ni2+-NTA affmity chromatography. The protein purified 

after gel filtration was approximately 95% pure as estimated by SDS-PAGE analysis 

(Figure 2.4B). The theoretical molecular weight of SgcElO is 17.7 kDa and gel 

filtration analysis suggested that SgcE10 is a tetramer. The purified enzyme was stable 

at -80°C for several months and at 4°C for one month.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



For the recombinant SgeE3 protein, an N-terminal (His)e-tag also allowed the 

purification of the protein by Ni2+-NTA affinity chromatography. Approximately 50% 

of the total SgcE3 produced was found in inclusion body. The protein purified after gel 

filtration was approximately 95% pure as estimated by SDS-PAGE analysis. Progress 

of the expression and purification was monitored by SDS-PAGE gel (Figure 2.4C). 

The theoretical molecular weight of SgcE3 is 35.5 kDa and gel filtration analysis 

suggests that SgcE3 is a dimeric protein. The slightly brownish SgcE3 protein 

appeared to be a rather unstable protein that prone to precipitation at 4°C. The protein 

exhibited broad absorption bands from 300 to 450 nm (Figure 2.5C), reminiscent of 

the diiron-oxo cluster-containing desaturase despite of the lack of other evidence that it 

is a diiron protein [92],

2.3.2 Hydrolytic release of PKS products and in vitro enzymatic assays

2.3.2.1 Hydrolytic release of the SgcE-tethered products

When the denatured SgcE protein solution was extracted with organic solvent, the 

protein layer was yellow and the organic layer looked colorless, indicating that the 

produets were not released. As the intermediate is covalently bound to SgcE, it is 

difficult to reveal the identity of the products. It has been shown that the hydrolysis 

at high pH may be able to cleave the thioester bond between the intermediate and the 

phosphopantetheine thiol of ACP domain of PKSs. We performed alkaline hydrolysis 

on SgcE in an attempt to identify the products (Figure 2.6A).

The protein solution was treated with 5 mM NaOH and incubated at 37 0C and the
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solution was extracted with ethyl acetate. After extraction, the organic solvent layer 

looked yellow and the yellow coloration of protein was diminished, indicating that the 

products were successfully released. HPLC analysis detected compound 1 as the major 

hydrolyzed product of SgcE, which exhibits absorption maximum at 380 nm (Figure 

2.6C). Because the product 1 is such a difficult compound to be ionized by MS-ESI 

ion source that I could not obtain the molecular mass by LC-ESI-MS analysis. When 

we turned to LC-APCI-MS, the signals were too noisy to confirm the true mass o f 1. 

So, further structure determination of 1 was hindered by lack of mass data and 

insufficient compound for NMR analysis.

A
KS AT ACP KR DH

1 R

Yo

B

____I___________________ *______L___ ^i— ~L*_—

i v------------------- 1------------------- 1-------------------- 1—

0 10 20 30 40

Time (min)

Figure 2.6. (A) Schematic illustration of the hydrolysis ofSgcE to release the product. 

(B) HPLC analysis ofhydrolyzed product o f single-expressed SgcE at 400 nm. HPLC 
program: 0-60 min, 100% A (H2O, 0.045% TFA) to 100% B (CH3CN, 0.045% TFA) 

using an eclipse XDB C18 column (4.6 x 150 mm). (C) UV-Vis spectrum o f l .

2.3.2.2 Enzymatic assays with SgcE

The enzymatic activity of SgcE was examined by in vitro activity assay. The
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enzymatic assay was perfomied by incubating SgcE with acetyl CoA, malonyl CoA 

and NADPH under the experimental conditions described in the method section. Later 

on, we found that acetyl CoA is not needed for the reaction. The SgcE used in the in 

vitro reaction was the SgcE purified from SgcE/E3 co-expression. The reaction 

progression was observed by UV-Vis spectroscopy with time. The incubation of 

reaction mixture without malonyl CoA showed no change in the UV-Vis spectrum. As 

soon as malonyl CoA was added into the mixture, product peaks in the 400-450-nm 

range increased, and NADPH peak at 342 nm decreased concurrently (Figure 2.7). As 

the major peaks of the product are within 400-450-nm range, HPLC was performed 

using UV detection at various wavelengths within that range. Product 2 was detected 

with the UV detection at 400 nm and it exhibits absorption maximum at 420 nm 

(Figure 2.8). Surprisingly, SgcE consumed NADPH even without acetyl-CoA, 

indicating that the PKS is able to generate acetyl group from malonyl-CoA through an 

unknown mechanism.

Wavelength (nm)

Figure 2.7. Enzymatic assay of SgcE as monitored by absorption spectroscopy. 
Spectra were taken at 10 minutes interval in a 2-hour time span.
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Figure 2.8. (A) HPLC analysis of the product of SgcE reaction with UV detection at 
400 nm. HPLC conditions: 100% buffer A (H2O, 0.045% TFA) to 100% buffer B 
(CH3CN, 0.045% TFA) at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 
x 150 mm). (B) UV-Vis spectrum of product 2.

Because 2 turned out to be a difficult compound to be ionized by MS-ESI ion 

source, we intially could not obtain the molecular mass by LC-ESI-MS analysis. 

High-resolution LC-APCI-MS was performed to yield a [M+H]+ ion with a m!z of 

241.1202 for 2, which suggests a molecular formula of Ci6Hi6O2 (calculated m!z = 

240.1150) with nine degrees of unsaturation. As the linear structure can only afford 

maximum of eight double bonds for sixteen carbons, we suspect that the compound 

adopts a cyclic structure. Moreover, the MS/MS spectrum exhibits a series of 

fragments to suggest that the cyclic compound is likely an aliphatic, but not aromatic. 

We speculated the 2 to be a highly conjugated molecule with seven double bonds and 

one ring, which is consistent with the long wavelength absorption at 420 nm resulted 

from the highly conjugated system. However, the amount of 2 was not sufficient for 

NMR analysis, so the structure of 2 remains to be determined.
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2.3.2.3 Enzymatic assays with SgcE and SgcElO

To probe the function of SgcE10, the enzymatic activity of the thioesterase 

SgcElO was examined by in vitro activity assays. The enzymatic assays were carried 

out by incubating the recombinant SgcE and SgcElO with malonyl-CoA and NADPH 

under varying conditions described in the method section. The SgcE used in the in 

vitro reaction was the product-free SgcE purified from the SgcE/E10 co-expression 

Since SgcE seems to be able to generate acetyl group from malonyl-CoA, no 

acetyl-CoA was added in the reaction mixture..

The enzymatic assays showed that SgcE and SgcElO produced a series of 

products that include the previously observed 2 and two new products (3 and 4) 

(Figure 2.9A-C). Product 3 exhibits absorbance at 355, 373 and 394 nm and a [M+H]+ 

ion with m/z of 199.15 (Figure 2.9D), consistent with the linear conjugated polyene 

product reported by Shen and co-workers [44]; whereas product 4 exhibits absorbance 

at 395 nm and a [M+H]+ ion with m/z of 215.14, consistent with the carbonyl 

conjugated polyene structure reported by our group previously for the homologous 

CalE8  protein [97]. The comparison of 4 with the synthesized all trans (3E, 5E, lE , 9E, 

WE, 13£)-pentadecen-2-one established that all double bonds of 4 are E  configuration 

as we will discuss in detail in Chapter 3.

The efficient production of 2 observed in the SgcE reaction in the absence of 

SgcE10 reveals that a discrete PKS product can be released by SgcE under certain 

assay conditions. This leads us to suspect that the thioesterase SgcE10 may be a type II 

thioesterase (TE-II), which is not responsible for releasing the final product from PKS
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but for the removal of aberrant acyl units from carrier domains. We cannot rule out the 

possibility that SgcElO functions as type II TE with relaxed substrate specificity. One 

of such example is pikromycin TE-II (pikAV), which exhibits no apparent ACP 

specificity and the high level expression of pikAV in Streptomyces venezuelae leads to 

significant decrease in aglycone production [99].

37'C 
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Figure 2.9. (A-C) HPLC analysis of the products of SgcE-SgcE10 reaction with the 
wavelength set at 400 nm. HPLC program: 70% buffer A (H2O, 0.045% TFA) + 30% 
bufFer B (CH3CN, 0.045% TFA) to 100% bufFer B at 1 ml/min in 60 min using an 
eclipse XDB C18 column (4.6 x 250 mm). (A) The temperature-dependent product 
formation for SgcE-SgcE10. (B) The malonyl CoA-dependent product formation for 
SgcE-SgcE10. (C) The NADPH-dependent product formation for SgcE-SgcE10. (D) 
The structure [44,96] and UV-Vis spectrum of 3. (E) The structure [97] and UV-Vis 
spectrum of 4.
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The condition-dependent reactions show that SgcE and SgElO produce higher 

level of product 2 at higher temperature, higher malonyl CoA concentration and lower 

NADPH concentration (Figure 2.9A-C). It is plausible that when SgcE reaction takes 

place at a high rate under these conditions, there is less chance for SgcE10 to remove 

the products from SgeE. In addition, only product 3 was observed in the SgcE-SgcElO 

reaction at pH 7.0. We speculate that hydrolysis by SgcE10 and self-hydrolysis are 

competing processes. When the production of 2 by alkaline hydrolysis is suppressed at 

lower pH, production of3 by SgcE10 hydrolysis will dominate.

2.3.2.4 Enzymatic assays with SgcE, SgcE10 and SgcE3

To further explore the biosynthetic mechanism, the putative acetylenase SgcE3 

expressed from E. coli was incubated together with SgcE and SgcE10. The progression 

of the enzymatic reaction was observed by absorption spectroscopy at two minutes 

interval in a two-hour reaction. As soon as the reaction started, absorbance in the 

400-450 nm range began to increase and the NADPH absorbance at 342 nm to decrease. 

The absorption spectra of the SgcE-SgcE10-SgcE3 reaction showed clearly the 

presence of an isosbestic point (Figure 2.10A), suggesting a direct relationship 

between NADPH consumption and the product formation.

In contrast to the absorption spectrum of the products of the SgcE-SgcE10 reaction 

that resembles that of the product 3 (Figure 2.10A), the absorption spectrum of the 

products of the SgcE-SgcE10-SgcE3 reaction resembles that of 2 (Figure 2.10B). 

Inspection of the spectra reveals a shift of absorbance of the product of the

59

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



SgcE-SgcE10-SgcE3 reaction to longer wavelengths including the shift from 389 to 

392 nm and the shift from 409 nm to 417 nm. Although there was no novel product 

detected from SgcE-SgcE10-SgcE3 reaction after HPLC analysis at various UV 

detection wavelengths, the yield of 2 is much higher compared to that from 

SgcE-SgcE10 reaction under similar conditions. These observations indicate that that 

SgcE3 may play a regulatory role in controlling the formation of the PKS products. 

Experimental evidence for the interaction between SgcE and SgcE3 will be further 

discussed in section 2.3.3.3.

Products

NADPH

300 350 400 450 500

Wavelength (nm)

Products

NADPH

300 350 400 450 500

Wavelength (nm)

Figure 2.10. (A) UV-Vis spectra of the SgcE-SgcE10 reaction taken at two minutes 

interval for a one-hour reaction. (B) UV-Vis spectra of the SgcE-SgcE10-SgcE3 

reaction taken at two minutes interval for a two-hour reaction.
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2.3.3 Characterization of SgcE products by in vivo protein expression

2.3.3.1 Co-expression of SgcE and SgcElO

The co-expression of SgcE/E10 in E. coli yielded bright yellow cells. Both SgcE 

and SgcElO contain (His)6-tag to allow the purification o f the proteins by Ni2+-NTA 

affinity chromatography. The elution fractions containing SgcE and SgcE10 showed an 

intense yellow coloration. Separation of SgcE and SgcE10 by gel filtration revealed 

that the co-expression strain produced SgcE10 about four times more than SgcE.

The SgcE protein obtained after gel filtration and concentration was slightly 

yellowish in color, whereas the SgcE10 purified was bright yellow. The absorption 

spectra showed that co-expressed SgcE lost the three absorption bands at Xtnax 371, 391, 

and 413 nm compared to the single-expressed SgcE. Meanwhile, SgcE10 from 

SgcE/E10 co-expression exhibited three absorption bands at Xmax 348, 366, and 388 

nm compared to single-expressed SgcE10 (Figure 2.11A, B). This indicates that the 

PKS product of SgcE has been effectively released and transferred onto SgcE10. The 

yellow pigment can be released from SgcE10 when the denatured protein was 

subjected to organic solvent extraction. Hence, investigation of the products 

non-covalently bound by SgcE10 provides an alternative way to analyze the products 

of SgcE.
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Figure 2.11. UV-Vis spectra ofSgcE10. (A) Single-expressed SgcElO in E. coli. (B) 
SgcElO from SgcE/E10 co-expression in E. coli. (C) SgcE10 from SgcE/E10 
co-expression in S. cerevisiae.

To ensure that the function of SgcE10 is not host-dependent, co-expression of 

SgcE and SgcE10 was also performed in S. cerevisiae. The expression level ofboth 

proteins was much lower than that of E. coli. The purified SgcE10 exhibited three 

absorption peaks at Amax 348, 366, and 388 nm (Figure 2.11C), which is identical to 

that for SgcE10 produced from SgcE/E10 co-expression in E. coli. This suggests that 

SgcE10 releases and bind the SgcE-tethered intermediate in a similar way in these two 

types ofheterologous cells.

The yellow pigment on SgcE10 could be readily extracted by organic solvent, 

indicating that the product is non-covalently bound by SgcE10. HPLC analysis of the 

pigment extracted from the colored SgcE10 revealed two major components, which 

were confirmed to be 1 and 3 by comparison with the HPLC chromatogram for in vitro 

reaction products (Figure 2.12). 1 was the hydrolyzed product from single-expressed 

SgcE and 3 was the dominant product in the SgcE-SgcE10 reaction. Binding of 3 by
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SgcElO implies that SgeElO can efficiently release the SgcE-tethered 3 in the cell 

environment. Meanwhile, the observation of 1 suggested that the thioester bond may 

undergo auto-hydrolysis in the cell, presumably facilitated by the binding of the 

PKS-tethered pigment by SgcE10.

1
3

jL. . j ^ _ ^ J k .  ,J>l ,. — *A---------
i--------------------------------1--------------------------------1---------------------------------i--------------------------------1------------------------------------- 1

10 20 30 40 50 60

Time (min)

Figure 2.12. HPLC analysis of the products extracted from SgcE10 in SgcE/E10 
co-expression at 400 nm. HPLC program: 70% buffer A (H2O, 0.045% TFA) + 30% 
buffer B (CH3CN, 0.045% TFA) to 100% buffer B at 1 ml/min in 60 min using an 

eclipse XDB C18 column (4.6 * 250 mm).

In addition, 3 was also found in the bright yellow-colored cell pellet, which was 

first extracted and identified by Shen and co-workers [44]. This means 3 was released 

after being processed by SgcE10. However, product 2 was not detected in the cell 

pellet either in E. coli or S. cerevisiae system. There are two possible explanations for 

this observation. First, in the in vivo co-expression, SgcE10 was cloned into a high 

copy plasmid and was expressed at high level, which makes the probability for 

SgcE10 to remove SgcE-tethered product much higher. In a similar case, Kim and 

coworkers discovered that the pikromycin TEII (pikAV) exhibited no apparent ACP
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specificity and the high level expression of pikAV in Streptomyces venezuelae led to a 

significant decrease in aglycone production [99]. Second, the in vivo environment is 

different from in vitro buffer solution in pH, temperature and substrate concentration, 

which may account for the different product distribution.

2.3.3.2 Co-expression of SgcE and SgcE3

To probe the function of SgcE3, SgcE3 was co-expressed with SgcE in E. coli. 

Both protein were expressed as (His)6-tagged proteins to allow the purification of 

SgcE and SgcE3 by Ni2+ affinity chromatography. SgcE and SgcE3 were separated by 

gel filtration after the elution from the Ni2+-NTA column. When the fractions 

containing SgcE were examined by SDS-PAGE, we found that SgcE and SgcE3 were 

eluted out together in fractions A ll-B 7 (Figure 2.13B). This is very surprising and 

suggests that SgcE3 can directly interact with SgcE to form stable protein complex.
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Figure 2.13. (A) FPLC chromatogram of the proteins eluted from Ni -NTA column
rp»« np» M

from SgeE/SgcE3 co-expression using a HiLoad 16/60 Superdex 200 column. (B) 

SDS-PAGE for fractions collected from A ll-B 7  containing SgcE. (C) SDS-PAGE for 

fractions collected from C7-D11 containing SgcE3.

The fractions C7-D11 containing SgeE3 alone (Figure 2.13C) were collected and

concentrated to characterize SgcE3. The concentrated SgcE3 looked slightly yellow

and the yellow pigment on SgcE3 could be readily extracted by organic solvent,

indicating that the compounds are non-covalently bound by SgcE3. HPLC analysis of

the pigment extracted from the colored SgcE3 showed that it consisted of two major

components that were identified to be 1 and 2 (Figure 2.14A). As previously discussed,

compound 1 is the hydrolytic product from single-expressed SgcE and compound 2 is

the major product of SgcE reaction. Binding of 1 by SgcE3 implies that SgcE3
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contains a substrate binding pocket for it and presumably facilitate the hydrolysis of 

SgcE-tethered products. Meanwhile, the observation of 2 suggests that SgcE3 can 

somehow facilitate the production of the novel product 2. In addition, SgcE3 from 

SgcE/E3 co-expression exhibits greater stability than SgcE3 expressed alone, 

presumably due to the stabilizing effect of the 1 and 3 bound by SgcE3.

To our surprise, 2 was also detected in the insoluble debris of cells co-expressing 

SgcE/E3, which was not found in the cells expressing SgcE alone (Figure 2.14B, C). 

However, we previously observed that SgcE produced 2 without any other accessory 

proteins in the in vitro reaction. Thus, in the in vivo conditions, SgcE3 is somehow 

needed to interact with the SgcE intermediate and facilitate the production of 2.

Figure 2.14. (A-C) HPLC analysis of the products extracted from: (A) SgcE3 in 
SgcE/E3 co-expression; (B) The debris of cells co-expressing SgcE/E3; (C) The debris 
of cells expressing SgcE alone. HPLC program: 100% buffer A (H2O, 0.045% TFA) to 
100% buffer B (CH3CN, 0.045% TFA) at 1 ml/min in 60 min using an eclipse XDB 
C18 column (4.6 x 150 mm).
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2.4 Discussion

My research work succeeded in expressing and purifying SgcE, SgcElO and 

SgcE3 proteins for enzymatic assay and functional studies. In addition to the products 

identified from the in vitro enzymatic assays, we isolated a novel SgcE-tethered 

product after hydrolyzing SgcE by alkali and the product seems to be different from all 

the products we identified in in vitro assay. Although the identity of this compound 

remains to be revealed, the alkaline hydrolysis method will be very useful for study of 

the PKS-tethered intermediates and the biosynthetic mechanism.

From the enzymatic assays, it is surprising that SgcE does not necessarily use 

acetyl-CoA as a starter unit. Instead, SgcE seems to be able to generate the starter 

acetate group by decarboxylating malonyl-CoA. We speculate that the KS domain is 

responsible for the decarboxylation of the the malonate to form acetate as the starter 

unit for polyketide synthesis. Notably, bacterial type IIPKS can also use malonate as a 

starter unit with the KS^ domain catalyzing the decarboxylation prior to chain 

extension [1 0 0 ]

In the presence of SgcE10, SgcE produces conjugated polyene (3) as the major 

product under all assay conditions. Meanwhile, a high level of 2 and a minor product 

carbonyl-conjugated polyene (4) were produced at elevated pH, temperature and 

malonyl-CoA concentration. The possible biosynthetic mechanism for the production 

of 3, 4 and 2 are shown in Figure 2.15. The fifteen carbon-containing 3 and 4 are 

likely to derive from their corresponding octaketide intermediates, with the hydrolytic 

release of the products catalyzed by the thioesterase [44,97,101]. The minor
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production of 4 is due to inefficient keto-reduction by SgcE in the final round of 

iterative chain extension [97], The mechanism has also been proposed for the 

formation of 4 through thioester hydrolysis and facile decarboxylation of the transient 

0-keto acid intermediate [98],

rê 7 
SH

O O
- o A A ,c„

(8X) ^

(6 X) NADPH (8X) CoA 

(6 X) NADP+

Figure 2.15. The proposed mechanism for the production o f2 , 3 and 4. The structure 

of 2 was based on the LC-MS results and need to be further confirmed by NMR 

spectroscopy. Atoms derived from intact acetate are highlighted in red. AT, acyl 

transferase; KS, ketosynthase; ACP, acyl carrier protein; KR, ketoreductase; DH, 

dehydratase; PPT, phosphopantetheinyl transferase; TE, thioesterase.

At this moment, it is not known which product is the real biosynthetic

intermediate en route to the enediyne core. It is possible that neither 3 nor 4 is the real

biosynthetic intermediate as recently suggested by Townsend and co-workers from the

study of the homologous CalE8/E7 system. Interestingly, the in vitro reaction of SgcE
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without SgcElO was carried out and a novel product 2 with unknown structure was 

identified for the first time. Although the structure of 2 remains to be established, 2 is 

speculated to be a highly conjugated cyclic aliphatic molecule based on the high 

resolution MS result. A possible structure of 2 is shown in figure 2.15 with the 

absolute configuration of the double bonds assigned arbitrarily. If the cyclic structure 

of 2  is confirmed, it is more reasonable to believe that the cyclic molecule is likely to 

be the real biosynthetic precursor for the bicyclic enediyne core (Figure 2.15). This 

would also raise the puzzling question ofhow the PKS catalyzes the cyclization of the 

linear product. It is noteworthy that the double bonds of 3 or 4 are not derived from 

intact acetate, while five double bonds of the C-1027 enediyne core are derived from 

intact acetates. Hence, it is hypothetical that the cyclization of any polyene 

intermediate into 2  requires the rearrangement of the conjugated double bonds to 

match the acetate incorporation patterns of the enediyne core. We will focus on the 

determination of the structure of 2  in the next stage.

SgcElO may function as type II thioesterase considering that Type II TEs (TE-IIs) 

are commonly found as a discrete thioesterase within polyketide biosynthetic cluster 

[99,102]. The fact that SgcE can produce the released product 2 in the absence of 

SgcElO indicates that SgcElO is not responsible for polyketide termination and 

cyclization. It has been proposed that TE-II may serve as a “housekeeping” enzyme 

and removes aberrant acyl units from carrier domains. Two models have been 

proposed for the TEII housekeeping function [103]. Li the high specificity model, the 

TE-II scans the PKS-tethered intermediates and efficiently removes only aberrant
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compounds. In the low specificity model, the TE-II removes both correct and incorrect 

PKS-tethered intermediates at an inefficient rate. SgcElO is most likely a TE-II with 

low substrate specificity. It can remove the correct SgcE-tethered intermediate and 

consequently produce the by-product 3 with its decarboxylation activity. When the 

SgcE-SgcElO reaction was carried out at low rate, it provides more opportunity for 

removal by SgcE10, leading to a dominant production of 3.

We discovered that the functionally unknown SgcE3 can not only influence the 

product formation of SgcE but also bind the products. SgcE-SgcE10-SgcE3 reaction 

produces more 2 than SgcE-SgcElO reaction, indicating SgcE3 can somehow facilitate 

the production of the novel product 2. Moreover, the size-exclusion chromatography 

seems to suggest that SgcE3 protein can physically interact with SgcE, further 

supporting a regulatory role of SgcE3 in controlling PKS product formation. The 

absorption between 300 to 450 nm indicated that SgcE3 could be a di-iron protein that 

is potentially capable of catalyzing triple bond formation.

In the future work, we would like to determine the structure of the novel product

2 and continue the exploration of the function of SgcE3 as a potential acetylenase that 

also plays a regulatory role. We will also include other potentially key ancillary 

enzymes in our enzymatic assay in a hope to reconstitute the biosynthesis of bicyclic 

enediyne structure.
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CHAPTER 3

Comparative study of the iPKSs in 9- and 10-membered 

Enediyne Biosynthesis

3.1 Introduction

We discussed the biosynthetic mechanism of the 9-membered enediyne C-1027 in 

the previous chapter. In this chapter, the iPKS from two 10-membered enediynes, 

calicheamicin and dynemicin will be examined to investigate whether the biosynthetic 

pathways of the 9- and 10-membered enediynes diverge at the PKS stage. The in vitro 

and in vivo products of the PKSs CalE8  and DynE8  from the calicheamicin and 

dynemicin biosynthetic pathways will be characterized.

As introduced previously, C-1027 is a representative 9-membered enediyne

natural product isolated from a culture filtrate of Streptomyces globisporus C-1027

[67,78-81]; whereas calicheamicin y /  from Micromonospora echinospora ssp.

calichensis [65] and dynemicin from Micromonospora ehersina [6 6 ] are the two most

well-known 10-membered enediyne natural products. 13C-isotope feeding experiments

revealed different isotope incorporation patterns between 9- and 10-membered

enediyne cores, suggesting the pathways may involve different precursors or folding

patterns (Figure 3.1A) [15,84-86]. More intriguingly, the acetate units were
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incorporated into different positions in the enediyne moiety for dynemicin and 

calicheamicin [85,86] (Figure 3.1B).

Dynemicin
10-membered enediyne 9-membered enediyne

Figure 3.1. Three 9- and 10-membered enediyne natural products. (A) Structures of 

three enediyne natural products with the 9- or 10-membered enediyne cores 

highlighted. (B) Acetate incorporation patterns for the enediyne cores with the atoms 

and bonds derived from intact acetate highlighted in red.

The recent cloning, sequencing, and characterization of the gene clusters

responsible for the biosynthesis of three 9-membered enediynes (C-1027 [41],

neocarzinostatin [35] and maduropeptin [38]) and two 10-membered enediynes

(calicheamicin [42] and dynemicin [43]) suggested that the biosynthesis of the highly

reactive enediyne core structure (or “warhead”) is initiated by a unique enediyne iPKS

(PKSE) [41,42]. Further comparison of the five biosynthetic clusters revealed the

minimal warhead cassette of five genes encoding a PKSE, a thioesterase (TE) and

three proteins of unknown function highly conserved among the 9- and 10-membered
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enediyne families (Figure 2,2A) [87].

Although the high sequence homology and identical domain organization among 

PKSEs suggest that all the enediyne pathways may share a common intermediate that 

diverge at a late stage to fumish 9- or 10- membered enediyne core, phylogenetic 

analysis of PKSEs (Figure 2.2B) reveals that they are grouped into two distinct 

genotypic clades according to the enediyne core structure (9- versus 10-membered). 

Given the increasing understanding of the programmed synthesis o f polyketide by 

iterative PKSs, the bioinformatic analysis raises the intriguing possibility that the 9- 

and 10-membered enediyne PKSs may be programmed to generate structurally 

different biosynthetic intermediates.

In 2010, Shen and co-workers reported that co-expression of all five cognate 

PKSE-TE pairs in E. coli commonly produced a conjugated polyene 

l,3,5,7,9,ll,13-pentadecaheptaene (3) extracted from the cell pellets [104]. Meanwhile, 

studies on SgcE and SgcElO in our Iab have shown the production o f other products in 

addition to 3 by SgcE (see Chapter 2). In this chapter, we performed comparative in 

vitro enzymatic assays with three PKSEs from the C-1027, calicheamicin and 

dynemicin pathways to gain insight into the function of the PKSEs.
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3.2 Materials and Methods

3.2.1 Strains, plasmids, and chemicals

BL21 (DE3) competent cells were from Novagen. Expressing vectors 

CalE8-pET28, CalU15-pCDF2, DynE8-pET28 and DynE7-pCDF2 were directly 

obtained from Iab colleagues Liew Chongwai, Kong Rong and Ji Qiang. Acetyl-CoA, 

malonyl-CoA, NADPH and other chemicals were purchased from Sigma-Aldrich and 

stored at -20 °C.

3.2.2 Protein expression and purification

Expression and purification of CalE8  and DynE8  were carried out following the 

similar procedures described for SgcE in chapter 2. Expression and purification of 

CalE7 and DynE7 were carried out following the similar procedures described for 

SgcElO in chapter 2. Co-expression ofD ynE 8  and CalE7 was carried out following 

the similar procedures described for the co-expression of SgcE and SgcElO described 

in chapter 2. Co-expression of CalE8  and CalU15 was carried out following the 

similar procedures described for the co-expression ofSgcE and SgcE3 in chapter 2.

3.2.3 In vitro enzymatic assays

For enzymatic reaction with PKS, a typical reaction contained 0.25 mM NADPH,

1.0 mM malonyl CoA, 0.15 mM acetyl CoA and 6.65 ^M PKS in the reaction buffer 

[50 mM Tris (pH 8.5), 150 mM NaCl and 1 mM DTT] in a total volume of400 tfi. The 

reaction mixture was incubated at 30°C for 2 hours.
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For the enzymatic reaction with PKS and TE, a typical reaction contained 0.075 

mM NADPH, 1.4 mM malonyl CoA, 0.15 mM acetyl CoA, 3.1 juM PKS and 62.9 fiM 

TE in the reaction buffer [50 mM Tris (pH 8.5), 150 mM NaCl and 1 mM DTT] in a 

total volume of 200 pA. The reaction mixture was incubated at 37°C for 2 hours. To test 

pH and temperature effects on the enzyme activities, the reactions were carried out 

with the same components at pH 7.0 and 23°C.

Experimental conditions for the enzymatic assays in Figure 3.5. (A) SgcE-SgcE10 

reaction. Assay conditions: 3.1 ^M SgcE, 62.9 ^M SgcE10, 0.25 mM NADPH, 0.25 

mM malonyl-CoA, 50 mM Tris (pH 7.0), 23°C. (B) SgcE-SgcElO reaction. Assay 

conditions: 3.1 ^M SgcE, 62.9 ^M SgcE10, 0.075 mM NADPH, 1.4 mM 

malonyl-CoA, 50 mM Tris (pH 8.5), 23°C. (C) CalE8-CalE7 reaction. Assay 

conditions: 0.33 ^M CalE8 , 8.7 ^M CalE7,0.25 mM NADPH, 0.25 mM malonyl-CoA, 

50 mM Tris (pH 7.0), 23°C. (D) CalE8-CalE7 reaction. Assay conditions: 0.33 pM  

CalE8 , 8.7 ^M CalE7,0.25 mM NADPH, 2.4 mM malonyl-CoA, 50 mM Tris (pH 8.5) 

37°C. (E) DynE8-DynE7 reaction. Assay conditions: 3.2 ^M DynE8 , 6 6 . 8  ûM DynE7, 

0.35 mM NADPH, 0.25 mM malonyl-CoA, 50 mM Tris (pH 7.0), 23°C. (F) 

DynE8-DynE7 reaction. Assay conditions: 3.2 juM DynE8 , 6 6 . 8  t̂M DynE7, 0.15 mM 

NADPH, 1.4 mM malonyl-CoA, 50 mM Tris (pH 8.5), 37°C.

3.2.4 Product extraction and HPLC analysis

An equal volume of ethyl acetate was added into the protein solution or reaction 

mixture and vigorous vortexing ensued. Subsequently the mixture was centrifuged at
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14,500 rpm for 15 minutes. The resulting organic extract was evaporated by using a 

Speed-Vac. The dried sample was re-dissolved in 20 ^1 methanol for HPLC analysis.

For PKS reactions and PKS/U15 co-expression, the HPLC analysis was 

performed with an analytical eclipse XDB C18 column (4.6 x 150 mm) using an 

Agilent 1200 HPLC. A full gradient was employed from 100% Buffer A (HPLC grade 

water with 0.045% TFA) to 100% Buffer B (100% acetonitrile with 0.045% TFA) in 

60 minutes.

For PKS hydrolysis, PKS-TE reactions and PKS/TE co-expression, the HPLC 

analysis was performed with an analytical eclipse XDB C18 column (4.6 x 250 mm) 

using an Agilent 1200 HPLC. A full gradient was employed firom 70% buffer A (HPLC 

grade water with 0.045% TFA) + 30% buffer B (100% acetonitrile with 0.045% TFA) 

to 100% buffer B in 60 minutes.

3.2.5 Synthesis of the standard for product 4

The all trans (3£',5£',7£',9£,ll£,13£)-pentadeca-3,5,7,9,ll,13-hexaen-2-one was 

synthesized as a standard for product 4. The synthetic experiments were done by our 

collaborator Dr. Zhong Guofu’s Iab from the Division of Chemistry and Biological 

Chemistry in the School of Physical and Mathematical Sciences in Nanyang 

Technological University. The chemical synthesis was designed based on the 

procedures reproted for similar compounds in the literature [105-108],
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(2E,4E,6E)-octa-2,4,6-trien-l-ol (9) [107]. To a suspension of NaH (60% in 

mineral oil, 400 mg, 10 mmol) in THF (50 ml) at 0 0C was slowly added the 

phosphonate (2.24 g, 10 mmol). After the addition, the suspension turned clear. The 

aldehyde (808 mg, 8 mmol) in THF (15 ml) was added. The reaction mixture was 

stirred at 0 0C for 2 h before being quenched by saturated NH4Cl (50 ml). The product 

was extracted with ethyl acetate (3 x 70 ml). The combined extracts were washed with 

brine, dried and concentrated. The white solid (1.32 g) was pure enough and used in 

the next step. To a suspension 0 fL iA lH 4 (608 mg ,16 mmol) in anhydrous THF (100 

ml) at 0 °C, the ester (1.32 g , 8 mmol) in 50 ml ofTHF was added dropwise. After the 

addition, the mixture was allowed to stirred at room temperature for 2  hours, 

monitored with TLC, then quenched by 20 ml of IN NaOH, The mixture was stirred 

for 1 h at room temperature, then the white precipitate was removed by filtration 

through a celite pad and the pad was rinsed with 3 x 30 ml of ethyl acetate (EA). The 

combined organic filtrates were washed with 100  ml of brine, and the aqueous layer 

was extracted with diethyl ether (3 x 30 ml). The combined organic phases were dried
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with anhydrous sodium sulfate and concentrated, the residue was purified by silica gel 

column chromatography to afford 910 mg white solid, yield 91%. IH NMR (CDCl3, 

400 MHz). 51.35 (s, lH), 1.77 (d, J  = 6 . 8  Hz, 3H), 4.18 (d, J  = 6 .8  Hz, 2H), 5.69-5.83 

(m, 2H), 6.05-6.28 (m, 4H) 13C NMR (CDCl3, 100 MHz) 5 18.3, 63.5, 129.3, 130.5, 

131.0, 131.5, 131.9, 133.6.

(2E,4E,6E)-octa-2,4,6-trienal (10) [106]. To a solution of alcohol 9 (500 mg, 4.0 

mmol) in 50 ml of EA was added IBX (3.42 g, 12 mmol) in one portion, the mixture 

was refluxed for 3 hours and then cooled to room temperature, then the white 

precipitate was removed by filtration through a celite pad and the pad was rinsed with 

3 x 20 ml of EA, The combined organic filtrates were concentrated, the residue was 

purified by silica gel column chromatography to afford 418 mg solid, yield 8 6 %. IH 

NMR (CDCl3, 400 MHz). 51.86 (d, J = 6 . 8  Hz, 3H), 6.01-6.17 (m, 3H), 6.30-6.36 (m, 

lH), 6.60-6.64 (m, lH), 7.08-7.26 (m, lH ) , 9.54 (d,J =  8  Hz, lH). 13C NMR (CDCl3, 

100 MHz) 518.7, 127.6, 130.7, 131.2, 137.2, 143.1, 152.5, 193.6.

(2E,4E,6E,8E,10E)-ethyl dodeca-2,4,6,8,10-pentaenoate (11) [108]. To a 

suspension ofNaH (60% in mineral oil, 160 mg, 4 mmol) in THF (30 ml) at 0 0C was 

slowly added the phosphonate (1.0 g, 4.0 mmol). After the addition, the suspension 

turned clear. The aldehyde 10 (244 mg, 2.0 mmol) in THF (15 ml) was added dropwise. 

The reaction mixture was stirred at 0 0C for 2 hours before being quenched by 

saturated NH4Cl (50 ml). The product was extracted with ethyl acetate (3 x 70 ml). 

The combined extracts were washed with brine, dried and concentrated, the residue 

was purified by silica gel column chromatography to afford 418 mg yellowish solid
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313 mg, yield 72% . 1H NMR (CDCl3, 400 MHz). 51.29 (t,J =  7.2 Hz, 3H), 1.83 (dd, 

J\ = 6 .8  Hz, J2= 15.2 Hz, 3H), 4.20 ( q ,J =  7.2 Hz, 2H), 5.78-5.86 (m, lH), 6.09-6.44 

(m, 7H) , 6.55-6.59 (m, lH) 6.60-6.63 (m, lH), 7.26-7.34 (m, lH). 13C NMR (CDCl3, 

100 MHz) 614.3, 18.5, 60.2, 120.3, 129.4, 130.0, 131.0, 131.8, 132.1, 135.9, 137.5, 

140.9, 144.5, 167.2.

(2i?,4is,6ij,8i?,10i^-dodeca-2,4,6,8,10-pentaenal (12) [105]. To a solution of the 

ester 11 (218 mg, 1 mmol) in hexanes (10 ml) at -78 0C was added Dibal-H solution 

(1.0 M in hexanes, 2 ml). The reaction mixture was stirred for 30 minutes at -78 0C 

before being quenched with 5 ml of saturated Rochelle’s salt solution. The resultant 

mixture was stirred at room temperature for 1.5 hours before diethyl ether (20 ml) was 

added. The organic layer was separated, dried and concentrated and used directly in 

the next step. To a solution of alcohol (80 mg, 0.5 mmol) in 20 ml of EA was added 

IBX (427 mg, 1.5 mmol) in one portion, the mixture was refluxed for 1 hour and then 

cooled to room temperature, then the white precipitate was removed by filtration 

through a celite pad and the pad was rinsed with t3 x 20 ml of EA, The combined 

organic filtrates were concentrated, the residue was purified by silica gel column 

chromatography to afford 6 8  mg yellow solid, yield 8 8 %. 1H NMR (CDCl3, 400 MHz). 

51.82 (d, J  = 6 .8  Hz, 3H), 5.83-5.88 (m, lH) ,6.12-6.53 (m, 7H), 6.68-6.74 (m, lH), 

7.11-7.26 (m, lH) ,9.56 (d ,J =  8  Hz, lH). 13C NMR (CDCl3, 100 MHz) 518.6, 129.3,

129.8, 130.7, 130.7, 131.7,133.0, 137.0 139.3, 143.0, 152.0, 193.5.

(3E,5E,lE,9E, 11 E,13E)-pcntadeca-3,5,7,9,1 l,13-hexaen-2-one (4). To a 

solution of KO'Bu (56 mg, 0.5 mmol) in THF (10 ml) at 0 0C was slowly added the
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phosphonate (83 mg, 0.5 mmol). After the addition, the suspension toned clear. The 

aldehyde 12 (43 mg, 0.25 mmol) in THF (1 ml) was added via syringe. The reaction 

mixture was stirred at 0 0C for 15 minutes then heated to 60°C, monitored by TLC, the 

m ixtoe was concentrated and purified by silica gel column chromatography directly, 

afford 35 mg yellowish solid, yield 6 6  % . IR 1676 cm' 1 (C=0), HR-MS (ESI) m/e = 

215.1432 (MH+), 1H NMR (CDCl3, 300 MHz), 61.82 (d ,J =  6 . 8  Hz, 3H), 2.29 (s, 3H), 

5.78-5.85 (m, lH), 6.11-6.72 (m, 10H), 7.15-7.28 (m, lH). 13C NMR (CDCl3, 75 

MHz), 518.5, 27.4, 129.6, 130.1, 130.2, 131.4, 131.6, 131.8, 131.9, 135.3, 136.3, 137.9,

141.8, 143.4, 198.4.
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3.3 Results

3.3.1 Hydrolytic release of the common PKS-tethered product 1

In the previous chapter, the single-expressed SgcE with bright orange color was 

hydrolyzed by NaOH to release the PKS-tethered product. The released product 1 

exhibited absorption maximum at 380 nm. The PKSE CalE8 from the biosynthetic 

pathway of the 1 0 -membered enediyne calicheamicin was expressed and purified 

previously in our lab. Since the single-expressed CalE8  showed a bright yellow color, 

slightly different from the bright orange color of SgcE, I was interested to find out 

whether CalE8  releases the same or different product when treated with alkaline.

Figure 3.2. HPLC analysis ofhydrolyzed product of single-expressed SgcE and CalE8 

at 375 nm. HPLC program: 100% buffer A (H2O, 0.045% TFA) to 100% buffer B 
(CH3CN, 0.045% TFA) at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 
x 150 mm).

Similar to SgcE, extraction of the denatured CalE8  protein by organic solvent 

failed to isolate the yellow pigment, indicating that the pigment was covalently 

attached to CalE8 . Then the alkaline hydrolysis method was employed to cleave the

1

SgcE 
- I ----

CalE8

0 10 20 30 40 50 60

Time (min)
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thioester bond to release the product. Surprisingly, HPLC analysis shows that CalE8  

and SgcE share the same hydrolyzed compound 1 (Figure 3.2). This observation 

implies that 9- and 10-membered enediyne PKSs generate at least one common 

product that is covalently attached to the ACP domain in the absence of the 

thioesterase.

3.3.2 Common products of enediyne PKS and TE

To compare the products of PKSE and TE, the enzymatic reactions of SgcE, 

CalE8  and DynE8  with their paired TEs were carried out under various conditions. 

Once again, SgcE-SgcE10, CalE8-CalE7 and DynE8-DynE7 share the dominant 

product 3 under all conditions (Figure 3.3), suggesting that the conjugated polyene 3 

is a common product for all three enediyne PKSs.

pH 7.0,23° C 
0.25mM malonyl-CoA

3
A

SgcE-SgcE10
-  ■» - ^ -- ■*............ - - ....  '«**1

C

CalE8-CaiE7

E

DynE8-DynE7 J
i- - - *   "***"

« ........— -* * *

20 30 40 50

Time (min)

pH 8.5,37' C 
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B

SgcE-SgcE10

D

x__JL

Ca!E8^aiE7
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J L
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Figure 3.3. (A-F) HPLC analysis of the products of PKS-TE reactions at 400 nm. 
HPLC program: 70% buffer A (H2O5 0.045% TFA) + 30% buffer B (CH3CN, 0.045% 
TFA) to 100% buffer B at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 
x 250 mm).

SgcE and SgcE10 are the PKS and TE for the enediyne core biosynthesis o f the 

9-membered enediyne natural product C1027 from Streptomyces globispus C-1027

[41]. Shen and co-workers reported the product 3 can be extracted from the insoluble 

debris of cells co-expressing SgcE and SgcE10 [44]. To examine the in vitro products 

of SgcE and SgcE10, we carried out the enzymatic assays with SgcE and SgcE10 

under various conditions. The results showed that the enzymes produced a sets of 

products, including 2 (MH+, m/z = 241.12), 3 (MH ' , m/z = 199.15), and 4 (MH+, m/z = 

215.14). Previously, only a small amount of 3 was observed when trifluoric acid (TFA) 

was used to quench the reaction prior to production extraction. A significant amount of

3 could be observed when the reaction was directly extracted by ethyl acetate or HCl 

was used for precipitating the protein. The condition-dependent assays reveal that 3 is 

the single dominant product under the mild assay conditions (pH 7.0, 23 °C, 0.25 mM 

malonyl-CoA) (Figure 3.3A). When the reactions were carried out at higher pH, 

temperature and malonyl-CoA concentration (Figure 3.3B), a comparable amount of 2 

was produced together with 3. Interestingly, only a small amount of 

carbonyl-conjugated polyene (4) was produced by SgcE and SgcE10 under all the 

reaction conditions.

CalE8  and CalE7 are the PKSE and TE for the 10-membered enediyne natural 

product calicheamicin biosynthesis in Micromonospora echinospora ssp. calichensis
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[42]. Previously, our group observed only negligible amount of 3, when TFA was used 

to queneh the reaction prior to production extraction [97]. Given the instability of 3 in 

the presence of TFA as observed in the CalE8-CalE7 assays, the yield of 3 must have 

been underestimated. We carried out the enzymatic assays with CalE8  and CalE7 

under various conditions and quenched the reaction with HC1. The 

condition-dependent assays reveal that 3 is the single dominating product under the 

mild assay conditions (pH 7.0, 23 °C, 0.25 mM malonyl-CoA) (Figure 3.3C). 

However, 4 was produced as a major product at high catalytic rate with elevated pH 

temperature and malonyl-CoA concentration (Figure 3.3D). A very recent study from 

Townsend and co-workers also reported the generation of 3 and 4 by CalE8  and CalE7, 

with the intermediate detected by LC-MS [98]. Production of 4 is due to the “skipping” 

of the keto-reduction step by CalE8  in the final round of iterative chain extension [97].

DynE8  and DynE7 are the PKS and TE for the 10-membered enediyne natural 

product dynemicin biosynthesis in Micromonospora chersina [43] and have not been 

characterized previously. We carried out the enzymatic assays with DynE8  and DynE7 

under various conditions and quenched the reaction with HC1. The 

condition-dependent assays reveal that DynE8  and DynE7 also generated 3 as the 

single dominating product at moderate catalytic rate ^ H  7.0, 23 0C, 0.25 mM 

malonyl-CoA) (Figure 3.3E). When the reactions were carried out at higher pH, 

temperature and malonyl-CoA concentration (Figure 3.3F), DynE8  and DynE7 

produced 4 as minor product.

Although the structure of 3 and 4 have been initially determined by NMR and MS

84

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



[44,97], the geometry of the double bonds was not confirmed due to the significant 

overlapping of the NMR signals in the ethylenic proton region. We previously 

speculated that 4 may contain a cis double bond based on the kinked substrate-binding 

channel in the crystal structure of CalE7 [101]. To validate the configuration of the 

double bonds, we have synthesized al\-trans (3 E, 5 E, lE , 9E, WE, 

13£)-pentadeca-3,5,7,9,11,13-hexaen-2-one as standard. HPLC analysis showed that 

the standard shares identical retention time and absorption spectrum with 4 (Figure 

3.4), indicating that all the double bonds of 4 are E  configuration. The kinked channel 

in apo-CdXEl and the confirmation of the all-trans product suggest that CalE7 may 

undergo significant distortion or conformational change during substrate binding. 

More recently, Guo et al. confirmed that the six double bonds in the conjugated 

polyene (3) are all in the trans configuration as well [96].

40 42 44 46 48
Retention time (min)

Figure 3.4. Comparison of the retention time of 4 and the all-trans standard. HPLC 
program: 100% buffer A (H2O, 0.045% TFA) to 100% buffer B (CH3CN, 0.045% TFA) 
at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 x 150 mm).
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In addition to in vitro reactions, co-expression of SgcE/E10 and DynE8/E7 were 

conducted to further examine whether 3 is commonly produced by enediyne PKS and 

TE in vivo. SgcElO was purified from SgcE/E10 co-expression and DynE7 fi*om 

DynE8/E7 co-expression. The yellow pigment on SgcE10 and DynE7 could be 

extracted by organic solvent, indicating that the compounds are non-covalently bound 

by the TEs. HPLC analysis of the pigment extracted from the colored SgcElO and 

DynE7 shows that they share the two major products, 1 and 3 (Figure 3.5). This 

further supports that same PKS-tethered intermediate is shared among the enediyne 

PKSs.

3

DynE7
•■

i i-------------------------------- 1-------------------------------- 1 i------------------------------------ 1

10 20 30 40 50 60

Time (min)

Figure 3.5. HPLC analysis of the products extracted from SgcE10 in SgcE/E10 
co-expression and DynE7 in DynE8/E7 co-expression at 400 nm. HPLC program: 70% 
buffer A (H2O, 0.045% TFA) + 30% buffer B (CH3CN, 0.045% TFA) to 100% buffer 
B at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 x 250 mm).

1

1

SgcE10

-̂ - -^ r *~̂ *̂i .»^̂ Mt .̂ ^Av̂ .
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3.3.3 Exclusive production of 2 by SgcE

To compare the products of enediyne PKSs, the enzymatic reactions of SgcE, 

CalE8  and DynE8  in the absence of the TEs were performed under identical conditions. 

In contrast to SgcE, CalE8  and DynE8  reactions did not consume NADPH in the 

absence of the TEs according to the UV-Vis spectra. HPLC analysis shows that CalE8 

and DynE8  did not produce any detectable products (Figure 3.6). This observation 

implies that CalE8  and Dyne8  are not able to release the PKS-tethered intermediate 

and consequently cannot load the new substrates onto the thiol group of ACP domain. 

We speculated that while 9-membered enediyne PKSs are able to off-load and 

probably cyclize the PKS-tethered intermediate to form 2, lO-membered enediyne 

PKSs may need the assistance of other accessory proteins to produce a similar product.

SgcE_____________  . . .  ^ L l L j > A _

CatE8

DynE8

20 25 30 35 40 45 50
Time (min)

Figure 3.6. HPLC analysis of the product of SgcE reaction with UV detection at 400 
nm. HPLC program: 100% buffer A (H2O, 0.045% TFA) to 100% buffer B (CH3CN, 
0.045% TFA) at 1 ml/min in 60 min using an eclipse XDB C18 column (4.6 x 150 
mm).
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Co-expression of CalE8  and CalU15 was also conducted to see whether 2 is 

produced by the enediyne PKSs in the cellular environment, It was shown in chapter 2 

that co-expression of SgcE and SgcE3 also produced 2. CalU15 is a protein that shares 

sequence homology with SgcE3 (identity 48%, homology 61%), the putative 

acetylenase. Townsend et al. suggest that a ^rans-acting enzyme may be needed for 

proper functioning of the PKS [98]. It is of great interest to know whether CalU15 is 

the accessory enzyme that acts in concert with CalE8  to generate the real biosynthetic

intermediate.

SgcE3

CalU15

25 30 35 40

Time (min)

45 50

Figure 3.7. HPLC analysis of the products extracted from SgcElO in SgcE/E3 
co-expression and CalU15 in CalE8 /U 15 co-expression at 400 nm. HPLC program: 
100% buffer A (H2O, 0.045% TFA) to 100% buffer B (CH3CN, 0.045% TFA) at 1 
ml/min in 60 min using an eclipse XDB C18 column (4.6 x 150 mm).

During the purification of the co-expressed CalE8  and CalU15 by gel filtration, a 

large amount o f CalU15 protein was observed to elute out with CalE8 , indicating the
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possible interaction between CalU15 and CalE8 -tethered intermediate. The purified 

CalU15 looked bright yellow, similar to SgcE3 from SgcE/E3 co-expression. The 

yellow pigment on CalU15 could be readily extracted by organic solvent, indicating 

that the compounds are non-covalently bound by CalU15. HPLC analysis of the 

pigment extracted from the yellow colored CalU15 showed that 1 was bound by 

CalU15 (Figure 3.7). On the contrary, 2 was not detected for CalU15, indicating that 

CalE8  and CalU15 did not produce 2 in vivo.
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3.4 Discussion

We were hoping the comparison of the PKSs from the biosynthetic pathways of 

three enediyne natural products would unveil the origin o f biosynthetic divergence 

between 9- and 10-membered enediynes. All PKSs generate a common intermediate 

linked to the phosphopantetheine thiol of ACP domtain through thioester bond. The 

PKSE-tethered intermediate is easily cleaved by the TE to yield the conjugated 

polyene 3. However, only SgcE for 9-membered enediyne core biosynthesis is able to 

process the intermediate and release product 2 .

PKSE + TE

O O

M «
(8 X)

3

4
by-products

SgcE

CalE8 
/ DynE8

O O

^ S C O A  
(8 X o r  more?)

(SgcE3)

0 0

t A A ^

(8 X or more?)

Accessory
Enzymes

2 (?)
o Accessory 

•OH Enzymes

9-memberedenediyne core

Cyclized and 

hydrolized 
intermediate

(?)

Accessory
Enzymes

10-membered enediyne core

Figure 3.8. Products of enediyne PKSs. The structure o f2  is only based on the LC-MS 

results and needs to be further confirmed. The carbon atoms of the acetate units are 
highlighted in red.
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Although the production of 3 by SgcE was first reported by Shen and co-workers 

in their in vivo studies [44,104], we found the SgcE can also produce additional 

products (2 and 4). More importantly, we showed that SgcE can generate 2 even in the 

absence of the TE SgcE10. On the contrary, CalE8  and DynE8  were not able to release 

any detectable products without TE. Neither CalE8  nor DynE8  produces 2 under any 

experimental conditions. While SgcE and SgcE3 produced 2 in vivo, co-expression of 

CalE8  and CalU15 did not produce 2, suggesting that CalE8  may need other accessory 

proteins specific for 1 0 -membered enediyne biosynthesis to process and release the 

PKS intermediate. The possible role of CalU15 and SgcE3 as regulatory proteins also 

needs to be fully established. Put together, comparison of the in vitro and in vivo 

products of the three PKSs without reliance on TEs seems to point towards an intrinsic 

catalytic difference between the two PKS families.

The enzymatic assays of PKS and TE described in this chapter established the 

conjugated polyene 3 as the major in vitro product for the three iterative PKSs from 

enediyne biosynthetic pathways. Townsend and co-workers recently proposed that 

neither 3 nor 4 is the biosynthetic intermediate based on the observation that CalE8 

produced multiple products under in vitro conditions. The observation that 3 becomes 

nearly the sole product at moderate catalytic rate with physiologically relevant substrate 

concentrations, however, seems to suggest that 3 could be biologically relevant. 

Nonetheless, considering that iterative PKSs may or may not need the assistance of 

ancillary proteins to generate correct products, the final establishment of 3 or 4 as the 

biosynthetic intermediate still awaits the demonstration of the processing of the putative
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intermediate. The comparison of the three PKSs revealed that CalE8  is the only PKS 

that produces 4 as a major product under the conditions that maintain a high catalytic 

rate. This strongly suggests that CalE8  has a higher propensity to skip the final reduction 

step compared to the other two PKSs. Whether the intrinsic differences among the PKSs 

can be amplified for producing different biosynthetic intermediates with the assistance 

of accessory proteins remains an intriguing possibility.
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CHAPTER 4

Biosynthesis of (R)-Mellein by the iPKS SACE5532 from 

Saccharopolyspora erythraea

4.1 Introduction

Saccharopolyspora erythraea is a mycelium-forming actinomycete that has been 

used for the industrial-scale production of the clinically important macrolide antibiotic 

erythromycin A. The gene clusters for erythromycin biosynthesis (ery) and for a 

second modular PKS of unknown function ipke) have been previously analyzed 

[109,110]. Recently, Leadlay et al. reported the complete genome sequencing of 

Saccharopolyspora erythraea NRRL23338 and revealed further nine uncharacterized 

PKS gene clusters for polyketide biosynthesis [111]. None of the hypothetical 

products of these PKS gene clusters has previously been detected, even extensive 

fermentation experiments using 50 different solid and liquid media were conducted 

[110]. One of the uncharacterized orphan PKS is SACE5532 (or PKS8 ), which is 

predicted to be a single-modular PKS enzyme. Bioinformatic studies show that 

SACE5532 exhibits a head-to-tail homology to several characterized bacterial iterative 

type I PKSs (iPKSs) for aromatic polyketide biosynthesis (Table 4.1 and Figure 4.1).
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Table 4.1. Sequence alignment of SACE5532 and bacterial iPKSs.

Gene Ref Access no. Organism
Identity%/

Homology%

NcsB [31,35] AAM77986
Streptomyces carzinostaticus 

subsp. neocarzinostaticus
51/66

AziB [39] ABY83164 Streptomyces sahachiroi 48/64

PokMl [32] ACN64831
Streptomyces

diastatoehromogenes
49/63

ChlBl [34,37] AAZ77673 Streptomyees antibiotieus 46/61

MdpB [38] ABY66019 Aetinomadura madurae 47/60

Cal05 [1 1 2 ] AAM70355 Micromonospora echinospora 48/62

AviM [30,113] AAK83194
Streptomyees

viridoehromogenes
48/61

Although aromatic polyketide biosynthesis in fungi is catalyzed by type I iPKS

[114], aromatic polyketide biosynthesis in bacteria is usually catalyzed by type II PKS.

The discovery of the bacterial iPKSs for aromatic polyketide biosynthesis listed in

Table 4.1 has revealed bacterial iPKSs that bear great resemblance to fungal iPKSs.

AviM [30,113] and Cal05 [112] catalyze the biosynthesis of the monoyclic orsellinic

acid (OSA) moiety for avilamycin (AVI) and calicheamicin (CAL). ChlBl [34,37],

MdpB [38] and PokMl [32] catalyze the biosynthesis of 6 -methylsalicyclic acid

(6 -MSA) moiety for chlorothricin (CHL), maduropeptin (MDP), polyketomyces (POK)

and pactamycin (PTM). NcsB [31,35] catalyzes the biosynthesis of bicyclic

2-hydroxyl-5-methyl-naphthoic acid (NPA) for neocarzinostatin (NCS); and AziB[39]

catalyzes the biosynthesis ofbicyclic 5-methyl-NPA for Azinomycin B. One of the
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biggest puzzles about these iPKSs is how they are programmed to perform selective 

reduction of the polyketide intermediates to produce different products. Although 

SACE5532 shares sequence homology with these iPKSs, it is not known whether it 

exhibits different reduction pattern and produces a different product.

No. aa: 443 319 159 460 104

ChlB1 (1756 aa) KS AT TH KR ACP '

% ldentity/% Homology: 57/74 52/68 48/64 43/56 40/64

No. aa: 437 318 166 470 90

SACE5532 (1738 aa) KS AT TH KR ACP'

% Identity/% Homology: 63/78 53/68 47/62 47/62 58/73

No. aa: 418 319 164 481 102

NcsB (1753 aa) KS AT TH KR ACP'

Figure 4.1. Domain organization ofSACE5532 and the sequence identity/homology 

of the domains shared with ChlBl and NcsB. KS, ketosynthase; AT, acyltransferase; 

TH, thioester hydrolase; KR, ketoreductase; ACP, acyl carrier protein.

SACE5532 has at least five predicted protein domains based on sequence

homology: a ketosynthase (KS), an acyltransferase (AT), a ketoreductase (KR), a

dehydratase (DH), and an acyl carrier protein (ACP) domain (Figure 4.1). Recently,

Fujii and co-workers revealed that the previously assigned DH domain of ATX, a

6-MSA synthase (6-MSAS) from Aspergillus terreus, is not a dehydratase domain but

a thioester hydrolase (TH) domain that catalyzes the hydrolysis of thioester bond to

release the product 6-MSA from the ACP domain [115]. The finding provides an

explanation on how 6-MSAS releases the final product and why OSA synthase needs a
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DH-Iike domain without catalyzing a dehydration step. Accordingly, the DH-Iike 

domain of SACE5532 may also be a TH domain instead for the release of the final 

product from the ACP domain.

A AviM, Cal05

^ V

OSA

B ChlB1, MdpB, PokM1

oX
S-CoA

+ ---
0  0 

A A ^
(3X)

C NcsB

S-CoA

0  0

• M ™
(5X)

D AziB

HO.___' 0

OH

6-MSA

HO. ^0

2-hydroxyl-5-methyl-NPA

AVI or CAL

CHL, M D P o r POK

NCS

Azinomycin B

Figure 4.2. Bacterial iPKSs for aromatic polyketide biosynthesis [39], (A) AviM and 
Cal05 for orsellinic acid (OSA) biosynthesis. (B) ChlBl, MdpB and PokMl for 

6-methylsalicyclic acid (6-MSA) biosynthesis. (C) NcsB for 

2-hydroxyl-5-methyl-naphthoic acid (NPA) biosynthesis. (D) AziB for 5-methyl-NPA 

biosynthesis. KS, ketosynthase; AT, acyltransferase; TH, thioester hydrolase; KR, 
ketoreductase; ACP, acyl carrier protein.
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Bacterial iPKSs exhibit distinct selective reduction patterns in aromatic 

polyketide biosynthesis, which is likely to be governed by the KR domain. For 

example, the KR domain in AziB selectively reduces the keto groups at C4, C8 , and 

ClO positions, which is distinct from the actions of the KR domain of NcsB that 

reduces the keto groups at C4 and C8  positions. How KR domain selectively reduces 

certain keto groups at certain positions of the polyketide intermediates remains 

unknown. How the final length of the product is controlled for these iPKSs is also an 

unanswered question. We will use SACE5532 as a model system to investigate the 

intriguing programmed biosynthetic mechanism of the iPKSs.

We envision two stages of investigation for the SACE5532 project. First, we wish 

to identify the product of SACE5532 to see whether it produces any novel product. 

This can be achieved by the identification of the product produced through enzymatic 

reactions and structure determination. Second, we wish to elucidate which domain(s) 

controls the chain length and reduction pattern of the biosynthetic product. This can be 

achieved by study of stand-alone KR domains and domain swapping between 

SACE5532 and NcsB. We were also hoping that the collaboration with Prof. Xiong 

Yong’s structural group at Yale University can help us determine the crystal structure 

of the full-length PKS protein or stand-alone domains (e.g. KR domain). The 

structures would gain major insight into the biosynthetic mechanism of these 

fascinating multi-functional iPKSs.
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4.2 Materials and Methods

4.2.1 Strains, plasmids, and chemicals

E. coli TOPlO was used as a general host for sub-cloning. E. coli BL-21(DE3) 

(Novagen) was used as the heterologous host for protein expression. Vectors 

pET-28b(+) and pCDF-2 Ek/LIC were obtained from Novagen. The genes that encode 

SACE5532, MatB, NcsBACP, NcsBTH-KR were provided by GenScript Corporation 

(NJ, USA) with sequences optimized for protein expression in E. coli. The reported 

protein sequences for SACE5532, MatB and NcsB have been deposited in Genbank 

under the accession numbers ofYP_001107644, NP_626687 and AAM77986. The 

genes were synthesized based on the reported protein sequences and were provided as 

pUC57-based plasmids. Xhol and NdeI restriction sites are added to the C-terminus 

and N-terminus respectively. The plasmid that contains the Sfp-encoding gene was 

obtained from Christopher Walsh’s Iab at Harvard Medical School. Coenzyme A, 

acetyl-CoA, malonyl-CoA, NADPH, ATP, malonic acid and other chemicals were 

purchased from Sigma-Aldrich and stored at -20°C. 13C-Iabeled malonic acid (1, 2,

3-13C, 99%) was purchased from Cambridge Isotope.

4.2.2 Cloning, mutagenesis and domain swapping

The plasmid pUC57- SACE5532 was digested with NdeI-XhoI to yield the 

SACE5532. The 5.2-kb SACE5532 fragment was gel-purified and ligated into the 

identical sites of pET-28b(+) to give pET28-SACE5532.

To generate the SACE5532-C184A mutant, the PCR reaction was performed
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using pET28- SACE5532 as a template with the following primers: C184A (forward) 

5'- CCTGACCATTGATACTGCTGCCGCGGGCAGC -3' / (reverse) 5'-

GCTGCCCGCGGCAGCAGTATCAATGGTCAGG -3'. Successful reaction mixtures 

consists of 100 ng of template DNA, 300 nM each primer, 300 mM dNTPs, , Ix 

KAPAHiFi™ Fidelity Buffer, and 0.5 U of KAPAHiFi™ DNA Polymerase in a final 

volume of 25 yl. The PCR program was as following: initial denaturing at 96°C for 5 

minutes, followed by 18 cycles at 96°C for 50 seconds, 54°C for 50 seconds, and 6 8 °C 

for 6  minutes, and completed by an additional 7 minutes at 6 8 °C. Upon completion, 1 

ptl (10 U) of DpnI was added directly to the PCR mixture and digested at 37°C for 2 

hours. An aliquot (5 ^1) of the mixture was directly transformed into E. coli ToplO 

competent cells and plated on LB supplemented with 50 ^tg/ml kanamycin. The mutant 

constructs were confirmed by sequencing to give pET28- SACE5532-C184A.

To replace the ACP domain of SACE5532 (1649 - 1738 aa) with that ofNcsB 

(1652-1753 aa), SACE5532(AACP:ncsB-ACP) was generated. The plasmid 

pUC57-NcsB-ACP and pUC57-SACE5532 was digested with ClaI-XhoI. The 

ncsB-AC? fragment was gel-purified and ligated into the identical sites of 

pUC57-SACE5532 to give pUC57- SACE5532 (AACP:NcsB-ACP). The plasmid was 

sequenced using pUC57 reverse sequence primer. Then the plasmid 

pUC57-SACE5532(AACP:NcsB-ACP) was digested with NdeI-XhoI to yield 

SACE5532(AACP:nas5-ACP). The 5.2-kb SACE5532(AACP:«cs5-ACP) fragment 

was gel-purified and ligated into the identical sites of pET-28b(+) to give pET28- 

pUC57-SACE5532(AACP:NcsB-ACP).
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To replace the KR domain of SACE5532 (1170 -  1638 aa) with that of NcsB 

(1162 -  1641 aa), &4C2s5532(AKR:ncs5-KR) was generated. The synthesized gene 

ncsB-KR was swapped into KR domain of pks8 by GenScript Corporation using 

seamless cloneEZ® cloning technology, leading to the pET-28b(+) plasmid harboring 

pks8(AKR:ncsB-KR).

To replace the TH-KR di-domain of SACE5532 (900 -  1638 aa) with that of 

NcsB ( 8 8 6  -  1641 aa), &4C£5532(ATH-KR:ncs3-TH-KR) was generated. The 

synthesized gene ncsiJ-TH-KR was swapped into TH-KR di-domain of pks8 by 

GenScript Corporation using seamless cloneEZ® cloning technology, leading to the 

pET-28b(+) plasmid harboring £*foS(ATH-KR:«csi?-TH-KR).

To clone the stand-alone KR domain of SACE5532 (1170 - 1638 aa), the PCR 

reaction was performed using pUC57-SACE5532 as a template with the following 

primers: SACE5532-KR (forward) 5'-

TTTCATATGCGCGATCTGGCGTATGAAATCATTTGG -3' / (reverse) 5'-

TTTCTCGAGGCCGGTATCGCCGCTCGCGGTCAGTTC -3'. Successful reaction 

mixtures consisted of 52 ng of template DNA, 300 nM each primer, 300 mM dNTPs,, 

Ix KAPAHiFi™ Fidelity Buffer, and 1.0 U of KAPAHiFi™ DNA Polymerase in a 

final volume of 50 pil. The PCR program was as follows: initial denaturing at 95°C for

5 minutes; 6  cycles at 95°C for 30 seconds, 45°C for 30 seconds, and 72°C for 40 

seconds; 30 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 12°C for 40 

seconds; and an additional 7 minutes at 72°C. The 1.5-kb PCR product was 

gel-purified and digested with NdeI-XhoI. The digested SACE5532-KR fragment was
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gel-purified and ligated into the identical sites of pET-28b(+) to give 

pET28-SACE5532KR. Then the plasmid harboring the SACE5532-KR was sequenced 

and transformed into E. coli strain BL21(DE3) for protein expression.

To clone the stand-alone KR domain ofNcsB (1162 -  1641 aa), the PCR reaction 

was performed using pUC57-NcsB-TH-KR as a template with the following primers: 

NcsB-KR (forward) 5'- TTTCATATGAGCGAACTGGTTCACGAAATCGTCTGG -3' 

/ (reverse) 5'- TTTCTCGAGGCCATCCGTTTCGCCAGACACCGGCAG -3'. 

Successful reaction mixtures consisted of 100 ng of template DNA, 300 nM each 

primer, 300 mM dN TPs,, Ix KAPAHiFi™ Fidelity Buffer, and 1.0 U ofKAPAHiFi™ 

DNA Polymerase in a final volume of 50 fj, 1. The PCR program was as follows: initial 

denaturing at 95°C for 5 minutes; 6  cycles at 95°C for 30 seconds, 45°C for 30 

seconds, and 72°C for 40 seconds; 30 cycles at 95°C for 30 seconds, 55°C for 30 

seconds, and I l 0C for 40 seconds; and an additional 7 minutes at 72°C. The 1.5-kb 

PCR product was gel-purified and digested with NdeI-XhoI. The digested 

SACE5532-KR fragment was gel-purified and ligated into the identical sites of 

pET-28b(+) to give pET28-NcsB-KR. Then the plasmid harboring the NcsB-KR was 

sequenced and transformed into E. coli strain BL21(DE3) for protein expression.

The gene encoding Sfp was from Christopher Walsh’s Iab at Harvard Medical 

School and cloned into pCDF-2 plasmid to give pCDF-Sfp. The plasmid pUC57-MatB 

was digested with NdeI-XhoI to yield the matB. The 1.5-kb matB fragment was 

gel-purified and ligated into the identical sites of pET-28b(+) to give pET28-MatB. 

Then the plasmid harboring the matB was sequenced and transformed into E. coli
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strain BL21(DE3) for protein expression.

4.2.3 Protein expression and purification

Co-expression of SACE5532 and Sfp. pET28-SACE5532 and pCDF-Sfp were 

co-transformed into E. coli BL21(DE3) competent cells. The cells were plated on LB 

medium supplemented with 50 pg/ml kanamycin and 50 pg/ml streptomycin. The 

colonies were screened by PCR to confirm the existence of both pET28-SACE5532 

and pCDF-Sfp. A single colony was used to inoculate 20 ml ofLB medium containing 

both kanamycin (50 p,g/ml) and streptomycin (50 pg/ml), and incubated overnight at 

37°C at 200 rpm. A 5 ml aliquot was transferred to 500 ml ofLB medium (added with 

10% glycerol) containing both kanamycin (50 ^g/ml) and streptomycin (50 pg/ml), 

and grown at 37°C at 200 rpm. When ODgoo reached ~0.5 (~4 hours), the culture was 

cooled down to 16°C, induced with 0.8 mM IPTG. After incubation at 16°C for an 

additional -20 hours at 130 rpm, cells were harvested and spun at 8,000 rpm. The cell 

pellet was re-suspended in lysis buffer [50 mM NaH2PO4 (pH 8.0), 300 mM NaCl, 20 

mM imidazole, 5 mM /3-ME and 10% (v/v) glycerol] and lysed by sonication. After 

centrifugation at 20,000 rpm for 30 minutes at 4°C, the supernatant was filtered by 

0.45 jWm membrane and loaded onto HiTrap™ Ni2+-NTA column (GE Healthcare). The 

column was then washed by lysis buffer and wash buffer containing 40 mM imidazole 

before eluted with elution buffer containing 500 mM imidazole. The eluted SACE5532 

and SQ) were further purified by gel filtration using a HiLoad™ 16/60 Superdex™200 

column (GE Healthcare). Proteins were desalted into Tris buffer [50 mM Tris-HCl (pH
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8.0), 150 mM NaCl, 1 mM DTT and 10% (v/v) glycerol]. The purity was determined 

by SDS-PAGE. The protein concentration and profile were examined by UV-Vis 

spectrometer before the proteins were flash frozen in liquid nitrogen and stored in 

-80°C freezer.

Expression of SACE5532(AACP:NcsB-ACP), SACE5532(AKR:NcsB-KR) 

and SACE5532(ATH-KR:NcsB-TH-KR). SACE5532(AACP:NcsB-ACP), 

SACE5532(AKR:NcsB-KR) and SACE5532(ATH-KR:NcsB-TH-KR) were 

co-expressed with Sfp. The co-expression was carried out following the similar 

procedure described for the co-expression ofSACE5532 and Sfp.

Expression and purification of Sfp. pCDF-Sfp was transformed into E. coli 

BL21(DE3) competent cells. The cells were plated on LB medium supplemented with 

50 ngAnl streptomycin. A single colony was used to inoculate 20 ml of LB medium 

supplemented with 50 ^g/ml streptomycin, and incubated overnight at 37°C at 200 

rpm. A 5 ml aliquot was transferred to 500 ml of LB medium supplemented with 50 

^g/ml streptomycin, and grown at 37°C at 200 rpm. When OD6oo reached ~0.6 (~3 

hours), the culture was cooled down to 16°C and induced with 0.2 mM IPTG. After 

incubation at 16°C for an additional -20 hours at 130 rpm, cells were harvested and 

spun at 8,000 rpm. The cell pellet was re-suspended in lysis buffer [50 mM NaH2PO4 

(pH 8.0), 300 mM NaCl, 20 mM imidazole, 5 mM j3-ME and 10% (v/v) glycerol] and 

lysed by sonication. After centrifugation at 20,000 rpm for 30 minutes at 4°C, the 

supernatant was filtered by 0.45 ^m membrane and loaded onto HiTrap™ Ni2+-NTA 

column. The column was then washed by lysis buffer and wash buffer containing 40
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mM imidazole before eluted with elution buffer containing 500 mM imidazole. The 

eluted protein was further purified by gel filtration using a HiLoad™ 16/60 

Superdex™ 200 column. Proteins were desalted into Tris buffer [50 mM Tris-HCl (pH

8.0), 150 mM NaCl, 1 mM DTT and 10% (v/v) glycerol]. Its purity was determined to 

be >90 % by SDS-PAGE. The protein was concentrated, flash frozen in liquid nitrogen, 

and stored in -80°C freezer.

Expression and purification of MatB, KRsACE5532 and KRNcsB. The expression 

and purification of MatB, KRsACE5532 and KRNcsB were similar to the procedure 

described above for Sfp, except that cells were grown in LB media supplemented with 

50 jig/ml kanamycin.

4.2.4 In vitro enzymatic assays and HPLC analysis

For the enzymatic assays of SACE5532, SACE5532-C184A,

SACE5532(AACP:NcsB-ACP), SACE5532(AKR:NcsB-KR) and

SACE5532(ATH-KR:NcsB-TH-KR), a typical enzymatic reaction contained 3 1̂ of 

MgCl2 (1 M), 8 fx 1 of CoA (50 mM), 70 1̂ ofSACE5532 (11.3 mg/ml), 20 ^l ofSfp 

(27.9 mg/ml) and 93 pX o f reaction buffer [50 mM Tris (pH 8.5), 150 mM NaCl and 1 

mM DTT]. After incubation at 30°C for 20 minutes, the reaction mixture was added 

with 5 ph ofNADPH (10 mM), 1^1 of acetyl CoA (100 mM) and 2 ptl of malonyl CoA 

(100 mM) and incubated at 30°C for 3 hours. The reaction was quenched with 5 ^1 of

6 mM HCl and vortexed to totally precipitate the enzymes. Then the mixture was spun 

at 14,800 rpm for 10 min and the supernatant was loaded for HPLC analysis.
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For the kinetic analysis of SACE5532 reaction, a total volume of 200 ^1 of the 

reaction was carried out under the same conditions as above. 20 ^1 aliquots were taken 

from the reaction mixture at 0, 15, 30, 45, 60, 75, 90 and 120 minute. The aliquot at 

each time point was quenched with 5 ptl of 6 mM HCl and vortexed to totally 

precipitate the enzymes. Then the mixture was spun at 14,800 rpm for 10 minutes and 

the supernatant was loaded for HPLC analysis.

HPLC analysis was performed with an analytical eclipse XDB C18 column (4.6 x 

150 mm) using an Agilent 1200 HPLC. A full gradient was employed from 100% 

buffer A (HPLC grade water with 0.045% TFA) to 40% buffer A + 60% Buffer B (100% 

acetonitrile with 0.045% TFA) at 1 ml/min in 60 minutes.

The in vitro assays of the KR domain activity were conducted by using a 

semi-micro quartz cuvette and a Shimazu UV-Vis 1700 spectrophotometer. When 

*rans-l-decalone was used as the substrate, a typical enzymatic reaction contained 

0.82 mg/ml KRsACE5532 or KRNcsB protein, 0.25 mM NADPH and 10 mM 

trans-1 -decalone in 100 mM Tris buffer (pH 8.0) in a total volume of 200 t̂l. The 

reaction was incubated at 37°C within the sample chamber through an external 

temperature controller. When S-Ethyl acetothioacetate was used as the substrate, a 

typical enzymatic reaction contains 0.02 mg/ml KRsACE5532 or KRNcSB, 0.25 mM 

NADPH and 3.7 mM S-Ethyl acetothioacetate in 100 mM HEPES buffer (pH 8.5) in a 

total volume of 200 ptl. The reaction was incubated at 20°C within the sample chamber 

through an external temperature controller. When acetoacetyl-SNAC was used as the 

substrate, a typical enzymatic reaction contains 1.46 mg/ml KRsACE5532 or KRNcsB,
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0.25 mM NADPH and 3.3 mM acetoacetyl-SNAC in 100 mM HEPES buffer (pH 8.5) 

in a total volume of 200 ^1. The reaction was incubated at 30°C within the sample 

chamber through an external temperature controller. The reaction progress was 

monitored continuously by recording the NADPH absorbance at 340 nm.

4.2.5 In vivo production of SACE5532 product

To produce SACE5532 product in vivo, SACE5532 and SQ> were co-expressed in 

E. coli BL21(DE3) strain under the similar conditions described above for protein 

expression, except that the cells were added with 10 mM MgCl2 after induction.

For SACE5532 product isolation, the cells were centrifuged at 4 0C and 8,000 rpm 

for 10 min. After removal of the cell pellets, the resulting supernatant was extracted 

twice with an equal volume of ethyl acetate. The combined organic extract was 

immediately dried over anhydrous magnesium sulfate, concentrated in vacuum, and 

resolved in methanol for HPLC analysis.

4.2.6 Large scale preparation of SACE5532 product

For the scaled-up reaction, malonyl-CoA was synthesized in vitro by using the 

malonyl-CoA synthase MatB. The MatB reaction was carried out in 60 ml of 100 mM 

HEPES buffer (pH 8.5), containing 20 mM malonic acid, 10 mM MgCl2, 5 mM ATP, 1 

mM CoA and 30 mg MatB. The reaction was incubated at 23°C overnight and 

analyzed by HPLC to ensure formation of malonyl-CoA. The SACE5532 reaction was 

set up by adding 400 ptl of 100 mM acetyl-CoA, 1.5 ml o f l 0 m M  NADPH and 3 ml of
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SACE5532 and Sfp mixture purified together after PD-IO column (~ 60 mg). After 

incubation o f the reaction in 30°C water bath for 2 hours, additional 1.5 ml o f 10 mM 

NADPH was added into the reaction mixture. The reaction was further incubated in 

30°C water bath for 2 hours. The final reaction mixture was extracted twice with ethyl 

acetate (2 x 60 ml). The combined organic extract was immediately dried over 

anhydrous magnesium sulfate and concentrated in vacuum. The compound was 

purified by preparative thin layer chromatography (TLC) with hexane: ethyl acetate (5: 

1). The pure fractions collected from preparative TLC were collected to be analyzed 

by LC-MS and NMR spectroscopy for structure determination.

The preparation of 13C-Iabeled SACE5532 product followed essentially the same 

protocol described above except that 13C-malonic acid was used to replace the normal 

malonic acid. TLC purification of the labeled product was performed the same way 

described above.

4.2.7 LC-MS and NMR speetroscopy

High-resolution LC-MS was carried out on a Michrom R p l8  column (0.1 x 50 

mm). The gradient employed in the analysis was from 99% bufFer A (HPLC grade 

water with 0.1 % FA) + 1 % buffer B (100% acetonitrile with 0.1% FA) to 40% buffer A 

+ 60% buffer B in 30 minutes. The flow rate was set at ljul/min and the UV detector 

was set at 314 nm. The ionization energy was set with Nanospray Ionization source for 

the Finnigan LTQ Orbitrap mass spectrometer (Thermo Electron). The results were 

analyzed with the software Xcalibur for the determination o f plausible molecular
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compositions based on the observed m/z.

ID 1H NMR, ID 13C NMR and 2D NOESY spectra were collected on a Bruker 

400 MHz NMR spectrometer (Bruker DPX 400) using CDCl3 as the solvent and TMS 

as the internal reference. About 0.5 mg of the SACE5532 product was obtained from 

large-scale in vitro reactions for NMR analysis.

4.2.8 Synthesis of acetoacetyl-SNAC.

The compound acetoacetyl-SNAC was prepared according to literature reported 

procedure [116]. Analytical thin layer chromatography (TLC) was performed using 

pre-coated silica gel plate. Visualization was achieved by UV light (254 nm) and/or 

KMnO4 stain. Flash chromatography was performed using silica gel and a gradient 

solvent system (ethyl acetate: hexane as eluent). NMR spectra were recorded at room 

temperature on Bruker DPX 400 spectrometers with CDCl3 as the solvent and TMS as 

the intemal reference. 1H NMR spectrum [CDCl3, 400 MHz]: 5 5.95 (lH, s, NH), 5 

2.27 (3H, s, H-1), 8 3.71 (2H, m, H-3), 5 3.10 (2H, m, H-5), 8 3.46 (2H, m, H-6 ), 8 

1.97 (3H, s, H-8 ). 13C NMR spectrum [CDCl3, 400 MHz]: 199.86, 192.29, 170.47 

58.03, 39.17, 30.29, 29.25, 23.17.
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4.3 Results

4.3.1 Expression and purification of SACE5532

Activation of SACE5532 by phosphopantetheinyl transferase (PPTase) is a 

prerequisite for the function of the PKS. A significant amount of soluble SACE5532 

could be expressed when the protein was co-expressed with the PPTase Sfp in E. coli. 

As found by another graduate student (Lawrence Ho) in our lab, growing the cells in 

the LB medium supplemented with 10% glycerol further improved the protein yield. 

The two proteins eluted from Ni2+-NTA column was approximately 85% pure as 

estimated by SDS-PAGE analysis (Figure 4.3A). SACE5532 was further separated 

from Sfp by size-exclusion gel filtration.

A B
kDa Marker Elute

250 
130 
95

72

55

36 

28

Figure 4.3. (A) SDS-PAGE for SACE5532 and Sfp eluted from Ni2+-NTA column. (B) 

Gel filtration ofSACE5532 and Sfp using a HiLoad™ 16/60 Superdexi vi 200 column.

The theoretical molecular weight of SACE5532 is 188.8 kDa. Gel filtration

analysis showed the elution volume of the protein was 64.3 ml (Figure 4.3B) with an

estimated molecular weight of -190 kDa, suggesting that SACE5532 is present mainly
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as a monomer in solution. The concentrated proteins can be stored at -80°C for at least 

one week before the loss of enzymatic activity.

4.3.2 In vitro enzymatic assays and kinetic analysis

To identify the product of SACE5532, SACE5532 was first examined by in vitro 

activity assay. As mentioned earlier, PPTase is needed to transfer the 

phosphopantetheine component of CoA onto a conserved Ser of ACP domain to 

activate the SACE5532. Although SACE5532 is co-expressed with the PPTase SQ), we 

found a large portion of SACE5532 is still not fully modified in vivo. To increase the 

percentage of activated SACE5532, the protein was further incubated with Sfp and 

CoA before any enzymatic reactions. After that, to the reaction mixture acetyl-CoA, 

malonyl-CoA and NADPH were added to initiate the enzymatic reaction. To our 

delight, real-time UV-Vis spectroscopy showed that the absorbance ofNADPH at 342 

nm decreased immediately after the reaction started, indicating that SACE5532 was 

enzymatically active.

Product analysis was conducted with a HPLC system equipped with a RP-C18 

column and a DAD detector. A new species (5) was detected on the chromagram with 

absorbance at 246 and 314 nm (Figure 4.4). When acetyl-CoAwas not included in the 

reaction mixture, NADPH was not consumed, indicating that SACE5532 uses 

acetyl-CoA as a starter unit.

To confirm that 5 is indeed produced by SACE5532, three control experiments 

were conducted. The first two control reactions were carried out without the extender
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substrate malonyl-CoA or without modifying protein SQ). The third control reaction 

replaced the wild type SACE5532 with the mutant SACE5532-C184A, in which the 

predicted essential residue Cys184 in the KS domain was replaced by Ala. According to 

the HPLC analysis, no 5 was detected for any of these control reactions (Figure 4.4). 

These experiments strongly suggest that 5 is enzymatically generated by SACE5532 

by using the substrates acetyl-CoA and malonyl-CoA.

A 5

SACE5532 W T _______________  |

No malonyl-CoA

NoSfp

SACE5532 mutant

I ml...... .—  I .......1.... --— — — J

20 25 30 35 40

Time (min)

Figure 4.4. (A) HPLC analysis of the product of SACE5532 in vitro reaction along 
with the negative controls with the wavelength of the UV-Vis detector set at 314 nm. 
(B) Absorption spectrum of the product 5.

Kinetic experiment was conducted to examine the time-dependent formation of 5. 

Equal volumes of reaction mixtures incubated for 0, 15, 30, 45, 60, 75, 90, and 120 

minute were quenched by HCl and examined by HPLC. The peak area of 5 at 314 nm 

increased steadily during the first 60 minutes and leveled off after that due to 

substrates exhaustion (Figure 4.5). This is fully consistent with a typical enzymatic

B
5

Wavelength (nm)
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reaction with the rate of product formation. The kinetic experiment further established 

that the recombinant SACE5532 is catalytically active by producing a single 

enzymatic product 5.

Time (min)

Figure 4.5. Time-dependent synthesis of 5 by SACE5532 by using acetyl-CoA, 
malonyl-CoA and NAPDH as substrates.

4.3.3 In vivo generation of SACE5532 product

To find out whether SACE5532 generates the same product in cellular 

environment, the medium of the E. coli cells co-expressing SACE5532 and Sfp was 

extracted with organic solvent. To facilitate the modification of SACE5532 by SQ), the 

cell culture was supplemented with 10 mM MgCl2 after induction. HPLC analysis of 

the medium extract using HPLC showed that 5 was also produced by SACE5532 in E. 

coli cells (Figure 4.6).
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in vitro

5

Time (min)

Figure 4.6. HPLC analysis of the product of SACE5532 produced by in vitro reaction 
and by in vivo co-expression of SACE5532 and SQ) in E. coli.

4.3.4 Structure determination of SACE5532 product

High-resolution LC-MS was performed to yield a [M+H]+ ion with a m/z of 

179.0723 for 5, which suggests a molecular formula of C 10H 10O3 (calculated m/z = 

178.0630) with six degrees of unsaturation. Moreover, the 13C-Iabeled 5 prepared from 

13C-Iabeled malonyl-CoA and unlabeled acetyl-CoA exhibits a [M+H]+ ion with a m/z 

ofl87.0992 (Figure A2). The difference o f 8  a.u. suggests that the eight carbon atoms 

of 13C-Iabeled 5 are from 13C-Iabeled extender unit malonyl-CoA, while the other two 

are from the unlabeled starter unit acetyl-CoA.

The absorption spectrum and molecular weight of the product indicate that the 

product of SACE5532 is different from these of the known bacterial iPKSs (Table 4.1). 

To determine the structure of 5, about 0.5 mg 5 purified by preparative TLC was 

dissolved in CDCl3 and characterized by ID 1H NMR, ID 13C NMR and 2D 1H, 

1H-NOESY NMR. The NMR data together with the MS results allowed us to deduce

113

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



the structure of 5 (8-hydroxy-3-methyl-3,4-dihydroisocoumarin or mellein) (Figure 

4.7). The chemical shifts and coupling constants for the one-dimensional 1H NMR 

spectrum [CDCl3, 400 MHz, appendix figure A3] are: 5 4.73 (lH , m, H-3), 5 2.93 (2H, 

d, J  = 12  Hz, H-4), 8 6.69 ( lH ,J = 7 .2  Hz, H-5), 8 7.41 (lH , t ,J = 7 .8  Hz, H-6 ), 8 

6.89(1H, d, J=  8.4 Hz, H-7),5 1.53 (3H, d ,/= 6 .4  Hz, H-11), 6  11.03 (lH , s, OH-C8 ). 

The chemical shifts for the one-dimensional 13C NMR spectrum [CDCl3, 400 MHz, 

appendix figure A4] are: 8 169.94 (C-1), 8 76.09 (C-3), 8 34.63 (C-4), 8 117.88 (C-5), 

8 136.13 (C-6 ), 8 116.27 (C-7), 8 162.23 (C-8 ), 8 108.32 (C-9), 8 139.38 (C-10), 8 

20.76 (C-11). 2D lH, lH-NOESYNMR [CDCl3, 400 MHz, appendix figure A5]: (H-7, 

H-6 ), (H-6 , H-5), (H-5, H-4), (H-4, H-3), (H-4, H-11), (H-11, H-3). The ID 1H NMR 

and ID 13C NMR are also in excellent agreement with those obtained for a synthesized 

mellein [117]. The optical rotation of the 5 was measured by using a polarimeter as 

[a]o22 = -123° (c 0.43, CHCl3), which is similar to the specific ration measured for the 

synthetic (R)-(-) -mellein ([a]D2 2=-102° (c 0.53, CHCl3) [117].

(R)-mellein (5)
(8  -hydroxy-3 -methyl-3,4-dihydroisocoumarin)

Figure 4.7. Determined structure of product 5 with the arrows indicating the NOE 
efFect (see spectrum in appendix figure A5).
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4.3.5 Domain swapping

Sequence alignments suggest that SACE5532 shares the highest sequence 

homology with NcsB among the known iPKSs. The products of SACE5532 and NcsB 

differ strikingly in chain length and reduction pattern. NcsB produces

2-hydroxyl-5-methyl-NPA by the cyclization of the hexaketide intermediate, while 

SACE5532 generates (R)-mellein (5) via a putative two-step cyclization of the 

pentaketide intermeidate. To find out which domain determines chain length and the 

programmed keto-reduction, we set out to replace ACP domain, KR domain or TH-KR 

di-domain ofSACE5532 with the corresponding domain ofNcsB.

To replace the ACP domain of SACE5532 (1649 - 1738 aa) with that ofNcsB 

(1652-1753 aa), the construct SACE5532(AACP:ncsB-AC?) was generated. The 

resulted SACE5532(AACP:NcsB-ACP) was co-expressed with SQ) in E. coli and 

purified for enzymatic assay. The enzymatic reaction was carried out under the same 

conditions as wild-type SACE5532. Interestingly, HPLC analysis showed that 

SACE5532(AACP:NesB-ACP) produces the same product 5 as wild-type SACE5532 

(Figure 4.8A). The observation that replacement of the ACP domain does not affect 

the formation of 5 indicates that the ACP domain plays little role influencing the chain 

length or reduction pattern.

To replace the KR domain of SACE5532 (1170 -  1638 aa) with that ofNcsB 

(1162 -  1641 aa), the construct SA CE5532(AKR:ncsB-KR) was generated. The 

resulted SACE5532(AKR:NcsB-KR) was co-expressed with SQ) in E. coli and purified 

for enzymatic assay. The enzymatic reaction was carried out under the same conditions
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as wild-type SACE5532. The SACE5532(AKR:NcsB-KR) protein construct was 

enzymatically inactive and did not produce any product (Figure 4.8A). It is plausible 

that KR domain swapping may have disrupted the domain-domain interface between 

the TH and KR domains, which could be critical for maintaining the overall 

architecture of the quaternary PKS structure.

Instead of replacing the KR domain alone, I next replaced the TH-KR di-domain 

of SACE5532 to avoid disrupting the TH-KR domain interface. To replace the TH-KR 

di-domain of SACE5532 (900 -  1638 aa) with that of NcsB ( 8 8 6  -  1641 aa), 

&4CZi5532(ATH-KR:ncs5-TH-KR) was generated. The resulted 

SACE5532(ATH-KR:NcsB-TH-KR) was co-expressed with Sfp in E. coli and purified 

for enzymatic assay. The enzymatic reaction was carried out under the same conditions 

as wild-type SACE5532. HPLC analysis showed that SACE5532(AACP:NcsB-ACP) 

produces a new product 6, instead of 5 by wild-type SACE5532 (Figure 4.8A). 

Intriguingly, the new product 6  shares the same retention time and LfV-Vis spectrum 

with 6 -MSA (Figure 4.8B). 6 -MSA and mellein differs in both reduction pattern and 

chain length, suggesting that TH-KR di-domain plays a role in the programming of the 

iterative PKSs.
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Figure 4.8. (A) HPLC analysis of the product of SACE5532(AACP:NcsB-ACP), 
SACE5532(AKR:NcsB-KR), SACE5532(ATH-KR:NcsB-TH-KR) and wild-type 

SACE5532 with UV detection at 314 nm. HPLC program: 0-60 min, 100% buffer A 
(H2O, 0.045% TFA) to 60% buffer B (CH3CN, 0.045% TFA). (B) Comparison ofthe 

product 6 with 6-MSA standard. HPLC program: 0-5 min, 10% B; 5-25 min, a linear 

gradient from 10% B to 60% B; 25-30 min, a linear gradient from 60% B to 90% B.
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4.3.6 Determination of reduction pattern by the KR domain

Although SACE5532 shares the same domain composition and head-to-tail 

sequence homology with ChlBl, MdpBl, PokMl, NcsB and AziB, the mechanism 

depicted in Figure 4.11 indicates that SACE5532 exhibits a completely different 

keto-reduction pattern from the other iPKSs. As illustrated in Figure 4.12, while the 

other homologous iPKSs reduce the keto group at C4, C8 and ClO positions, 

SACE5532 reduces the keto groups at C2 and C6 positions. In other words, while 

ChlBl, NcsB and AziB reduce the keto group in the tri-, penta- and hexaketide 

intermediates, SACE5532 reduces the keto group in the diketide and tetraketide 

intermediates. To support the proposed mechanism and diketide intermediates in 

mellein synthesis, we show that SACE5532 is able to accept acetoacetyl-CoA or 

j3-hydroxybutyryl-CoA as starter unit to initiate the synthesis of mellein, albeit at lower 

rates (Figure 4.10A). Direct loading of the two acyl groups presumably enables the 

enzyme to bypass the first condensation step. This also provides support for the 

reduction of the diketide intermediate during chain extension.

According to the mechanisms illustrated in Figure 4.11 and Figure 4.12, the keto 

group of the diketide intermediate is reduced by SACE5532, but not by ChlBl, NcsB 

or AziB (Figure 4.10B). How does the mellein synthase achieve such a completely 

different keto-reduction pattern? To test whether the KR domain is solely responsible 

for determining the keto-reduction pattern, we cloned and expressed the stand-alone 

KR domains from SACE5532 (1170 1638 aa) and NcsB (1162 -  1641 aa).

As with the stand-alone KR domains of modular PKSs (e.g. EryKRl and TylKRl
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[118,119]), KRsACE5532 and KRNcsB are composed of two sub-domains. While the 

assumed TH-KR inter-domain linker forms a structural sub-domain, the “KR” region 

and the adjacent ~70 residues form the catalytic sub-domain for NADPH binding and 

substrate reduction. The KRsACE5532 and KRNcsB domain proteins were expressed as 

soluble monomeric proteins (Figure 4.9A).

Multiple sequences alignment of the KR domains of SACE5532, AziB, NcsB, 

MdpB and ChlBl shows that the KR domains all contain the critical catalytic residues 

of Lys, Ser, Gln, Tyr and Asn [120-122] (Figure 4.9B). Based on previous studies 

[118,122], similar to the KR domains of AziB, NcsB, MdpB and ChlBl, the KR 

domain of SACE5532 lacks the His residue at the active site groove and the 

characteristic L-D-D motif. This would suggest that the KR domain of SACE5532 

belongs to the so-called Al type KR family that acts on the keto group to yield 

L-c0 nf1gured hydroxyl exclusively [118].

A kDa Marker Pellet Elute kDa Marker Elute

36
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Figure 4.9. (A) SDS-PAGE for the stand-alone KR domains. (B) Multiple sequences 

alignment of the catalytic KR subdomains of iterative PKSs. The PKSs included 

SACE5532, NcsB, ChlBl, MdpB and AziB, with TrylKRl (PDB ID: 2FR0) from the 

modular type I PKS tylosin PKS. The residues with high consensus value (90%) are in 

red, and the residues with low consensus value (50%) are in blue. The catalytic 

residues K, S, Y and N are labeled with asterisks. The conserved motif (GXGXXG) for 

NADPH binding is underlined. The KR domains of the iterative type I PKSs lack the 

His residue at the active site groove (highlighted with dot) and characteristic L-D-D 

motif (highlighted with yellow shadow).

Both KRsACE5532 and KRNcSB are enzymatically active as demonstrated by the 

reduction of ^raws-l-decalone, a non-specific substrate widely used for assaying the 

activity of KR domains [123,124] (Figure 4.10C). Since the analogs of the tri-, tetra- 

and pentaketide are chemically labile due to their tendency to form lactone [125], only 

two diketide analogs were prepared to test whether the two KR domains exhibit any 

substrate preference. When the analog of the diketide intermediate acetoacetyl-SNAC 

(N-acetylcysteamine thioeter) was used as substrate, KRsACE553 is capable of reducing 

the keto group as evidenced by the depletion ofNADPH. However, no reduction was 

observed by for KRncsB- Remarkably, KRsACE5532 also exhibits enzymatic activity

120

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



towards one of the simplest diketide analogs -  S-ethyl acetothioacetate, indicating that 

the KR domains can differentiate the small acetoacetyl moiety. These results strongly 

suggest that the KR domain alone is able to discriminate the polyketide intermediates, 

leading to the programmed keto-reduction in these iterative PKSs.
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Figure 4.10. (A) HPLC analysis o f the production of mellein by SACE5532 with 

different starter units. (B) Comparison of the reduction of the diketide intermediate by 

SACE5532 and other iterative PKSs. (C) Enzymatic activity of the stand-alone KR 

domains towards /rans-l-decalone and two diketide analogs.
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4.4 Discussion

Mellein and its derivatives are isocoumarin natural products widely distributed in 

bacteria, fungi and higher organisms [126-130]. The isolation of mellein as a trail 

pheromone from ants raised strong interest in the biological activity of mellein [131]. 

Many of the naturally occurring mellein or mellein derivatives exhibit a variety of 

biological activities, such as fungicidal and antibacterial activities [130,132]. The 

(-)-mellein isolated from the fungus Aspergillus ochraceus was reported as a potent 

inhibitor of the hepatitis C virus (HCV) NS3 protease [127]. Despite the fact that the 

naturally occurring mellein and related dihydroisocoumarins have been known for 

many decades, the enzymes responsible for the biosynthesis of these compounds 

remain to be identified. The unknown iPKS SACE5532 from the soil bacterium 

Saccharopolyspora erythraea shares sequence homology with known bacterial iPKSs 

for aromatic polyketide biosynthesis. My study of SACE5532 revealed that it 

synthesizes (R)-mellein (5), a product that is different from those of other known 

bacterial or fugnal iPKSs. Our results also imply that other dihydroisocoumarins are 

likely to share a polyketide origin.

The biosynthetic mechanism of mellein by SACE5532 is proposed in Figure 4.11 

with the assumption that the protein contains a TH domain, rather than a DH domain. 

To activate the PKS, SACE5532 needs a phosphopantetheinyl transferase (PPTase) to 

transfer the 4 ’ -phosphopantetheine (4’-PP) component of CoA onto ACP domain. The 

starter acetate unit originated from acetyl CoA is loaded onto the ACP domain as 

catalyzed by the AT domain. Then the KS, AT, KR and ACP domains will be used
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iteratively during chain elongation through the following steps: (a) The polyketide 

chain is handed over from the ACP domain to the KS domain, catalyzed by the KS 

domain; (b) The extender unit, originated from malonyl-CoA, is loaded onto the ACP 

domain as catalyzed by the AT domain, (c) The ACP-attached malonyl group 

undergoes decarboxylative Claisen condensation with the KS-tethered intermediate to 

elongate the chain, (d) Remarkably, the KR domain selectively reduces the ketone 

group to the hydroxyl group only on the first and third cycles. Chain extension is 

repeated four times to generate a pentaketide intermediate covalently tethered to the 

ACP domain. The hydroxyl group could be retained until the final cyclization step and 

then eliminated to drive the aromatization [115]. An aldol cyclization takes palces to 

furnish the aromatic structure, eliminating the hydroxyl group at C5 position. Finally, 

the TH domain hydrolyzes the thioester bond between the aromatic pentaketide 

intermediate and the phosphopantetheinyl arm of ACP to release the product 5.

In the light of the synthesis of mellein by SACE5532, other mellein derivatives 

could be enzymatically synthesized through rational enzyme engineering of the AT, KS 

or KR domains. Our preliminary assays implied that SACE5532 is able to use 

acetoacetyl-CoA and 0-hydroxybutyryl-CoA as starter units but in a lower catalytic 

rate (Figure 4.10A), indicating that the AT domain could be further engineered to 

expand its substrate specificity.
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apo-SACE5532 holo-SACE5532

Figure 4.11. Proposed biosynthetic mechanism of 5 by SACE5532.
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Figure 4.12. Bacterial iPKSs for aromatic polyketide biosynthesis. Reduction patterns 

are highlighted in yellow. (A) AviM and Cal05 for orsellinic acid (OSA) biosynthesis. 

(B) ChlBl, MdpB and PokMl for 6 -methylsalicyclic acid (6 -MSA) biosynthesis. (C) 

NcsB for 2-hydroxyl-5-methyl-naphthoic acid (NPA) biosynthesis. (D) AziB for

5-methyl-NPAbiosynthesis. (E) SACE5532 for (R)-mellein (5) biosynthesis.
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SACE5532 shares head-to-tail sequence homology with the known bacterial 

iPKSs, including ChlBl, MdpB, PokMl, NcsB and AziB. However, their products 

differ in chain length and reduction pattern (Figure 4.12). A pentaketide is produced 

by SACE5532, which is apparently different from the tetraketides generated by ChlBl, 

MdpB and PokMl, and the hexaketides generated by NesB and AziB. The KR domain 

of SACE5532 selectively reduces the keto groups at C2 and C6 positions, which is 

also different from the reduction patterns of the KR domains of ChlBl, MdpB and 

PokMl (reduction at C4 position), the KR domain ofNcsB (reduction at C4 and ClO 

positions), and the KR domain of AziB (reduction at C4, C8 and ClO positions). How 

iPKSs achieve the programmed polyketide in an iterative manner is one the most 

interesting questions in enzymology and biochemistry. Cox’s group studied the 

programming in fungal iterative HR-PKSs by domain swapping and suggested that the 

KR domain plays a key role in programming. They also showed that the AT, KS, and 

ACP domains are the basic units for chain elongation and the three domains play no 

role in programming [48].

SACE5532 shares the highest sequence homology to NcsB, but their products are 

strikingly different in the reduction pattern and chain length. We previously speculated 

that the ACP domain plays a role in controlling chain length, assuming that ACP 

domain may dock differently onto KS or KR domain when the ACP-tethered 

intermediate reaches the final length. This mechanism is apparently not operative 

because SACE5532 with the ACP domain replaced by the ACP ofNcsB still produces 

a pentaketide but not a hexaketide product (Fig. 4.8A). Interestingly, TH-KR
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di-domain swapping between SACE5532 and NcsB indicates that TH-KR di-domain 

plays a critical role in dictating the keto-reduciton pattern of the iterative PKSs. 

Comparison of the stand-alone KR domains of SACE5532 and NcsB further reveals 

that the KR domain alone is able to recognize and differentiate the polyketide 

intermediates, which provides a mechanistic explanation for the programmed 

keto-reduction in the iterative PKSs.

And lastly, we suggest that the final chain length of the polyketide product could 

be controlled by the KS domain by recognizing the length of the growing polyketide. 

In the case of iterative type II [133] and type III PKSs [134] , crystal structures of the 

KS components revealed the presence of substrate-binding tunnels within the proteins, 

which have been suggested to control the length of the polyketide. Recently, Khosla 

and co-workers reported the crystal structures of the KS-AT fragment of module 3 

[135] of the multi-modular PKS 6-deoxyerthronolide B synthase (DEBS). A detailed 

comparison between the active sites ofDEBS KS3 and KS5 [136] revealed a set of 

residues that are thought to control specificity for their respective triketide and 

pentaketide substrates. In the future, we would like to examine the KS domain of 

SACE5532 to identify critical residues or motifs that control the substrate specificity 

through structure determination and mutagenesis. If we can identify the structural 

determining factors of the chain length and programmed reduction, it will open the 

door for the generation of novel dihydroisocoumarins by protein engineering.

In summary, the results established the polyketide origin of mellein and 

discovered that mellein is synthesized by a bacterial partially reducing iterative PKS
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(PR-PKS). Swapping domains between SACE5532 and another iPKS NcsB revealed 

that the ACP domain does not affect product formation, while TH-KR di-domain plays 

a role in controlling the keto-reduction pattern. The substrate specificity exhibited by 

the stand-alone KR domains towards the diketide analogs strongly suggests that the 

KR domain alone is able to differentiate and selectively reduce the polyketide 

intermediates, which sheds light on the mechanism of the programmed keto-reduction 

for the iterative PKSs.
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Table A l. NMR data for normal compound 5 in CDCl3 at 400 MHz.

OH O

5

Carbon No. 5 1H (ppm) 5 13C (ppm)

1 169.94

3 4.73 (lH , m) 76.09

4 2.93 (2 H ,d ,/= 7 .2  Hz) 34.63

5 6.69(1H, d ,J= 7 .2 H z ) 117.88

6 7.41 (lH , t, J=  7.8 Hz) 136.13

7 6.89(1H, d ,J=  8.4 Hz) 116.27

8 162.23

9 108.32

10 139.38

11 1.53 (3H, d ,J  =6.4H z) 20.76

8-OH 11.03 (lH , s)
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Table A2. Proton chemical shifts for the isolated and synthetic al\-trans 

pentadeca-3,5,7,9,1 l,13-hexaen-2-one.

O

^ v ^ v ^ v ^ ^ ^
15 13 11 9 7 5 3 1

Isolated Synthetic

Proton 5H 5H

Hl 2.30 2.29

H3 6.13 6.13

H4 7.18 7.18

H5 6.34 6.35

H6 6.66 6.67

H7 6.38 6.36

H8-H12 6.2-6.5 6.2-6.5

H13 6.16 6.16

H14 5.80 5.82

H15 1.80 1.82
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Figure A l. (A) Full mass for 2. (B) MS/MS spectrum for 2.
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m/z

m/z

Figure A2. (A) Full mass for 5 produced by unlabeled acetyl-CoA and malonyl-CoA. 

(B) Full mass for 5 produced by unlabeled acetyl-CoA and 13C-Iabled malonyl-CoA.
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Figure A3. ID 1H of product 5 in CDCl3 at 400 MHz.NMR spectrum
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Figure A5. 2D 1H, 1H-NOESY NMR spectrum of product 5 in CDCl3 at 400 MHz.
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Figure A7. ID 13C spectrum o f9 in  CDCl3 at 100 MHz.
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Figure A8 . ID 1H spectrum of 10 in CDCl3 at 400 MHz.
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Figure A9. ID 13C spectrum of 10 in CDCl3 at 100 MHz.
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FigureA10. ID 1H spectrum o f l l  in CDCl3 at 400 MHz.
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F igu reA ll. ID 13C spectrum o f l l  in CDCl3 at 100 MHz.
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FigureA12. ID 1H spectrum o fl2  in CDCl3 at 400 MHz.
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Figure A13. ID 13C spectrum o f l2  in CDCl3 at 100 MHz.
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Figure A14. 1D H spectrum of 3 in CDCl3 at 400 MHz.
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FigureA15. ID 13C spectrum of3 in CDCl3 at 100 MHz.
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