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ABSTRACT OF THE THESIS 

 

 

Investigation of Fungal Iterative Polyketide Synthase Functions Using Partially Assembled 

Intermediates 

 

By 

  

Jingjing Wang 

 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2013 

Professor Yi Tang, Chair 

 

 

Filamentous fungi produce a wide variety of bioactive secondary metabolites, including 

polyketides and polyketide-nonribosomal peptide hybrids. These compounds are synthesized by 

the highly-programmed and iterative multifunctional megasynthases: polyketide synthases 

(PKSs) and polyketide-nonribosomal peptide synthases (PKS-NRPSs). Compared to their well-

studied bacterial counterparts, the biosynthetic programming rules utilized by the fungal PKSs 

remain mostly unknown. To obtain a better understanding of the biosynthetic logic of PKSs and 

to decipher the relationship between protein sequences and the chemical structures of fungal 

secondary metabolites, this dissertation will aim at studying one fungal biosynthetic system 

involving PKSs and probe the enzymatic programming rules in highly reducing PKSs (HR-

PKS). Specifically, the biochemistry of the HR-PKS Hpm8 from a tandem fungal iterative PKS 
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(IPKS) system for the formation of the resorcylic acid lactone hypothemycin will be extensively 

investigated with the help of a series of synthetically-prepared labeled intermediates. 
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1. Introduction 

1.1 Significance of fungal polyketides 

Filamentous fungi represent one of the most abundant resources of natural 

products, among which polyketides comprise a large and diverse class. A majority of 

fungal polyketide compounds and their derivatives play important roles in environmental, 

agricultural and pharmaceutical applications
[1]

. Such examples include the antibiotic 

penicillin from Penicillium notatum
[2]

 , cholesterol-lowering agent lovastatin from 

Aspergllus terreus
[3]

, the nanomolar inhibitor of the chaperone Hsp90 radicicol from 

Pochonia chlamydosporia
[4]  and the potent HIV-1 inhibitor equisetin from Fusarium 

heterosporum
[5]

. Although bacteria are widely accepted as prolific producers of bioactive 

natural products, it is becoming increasingly apparent through fungal genome mining that 

filamentous fungi represent an untapped resource of natural products for drug discovery 

programs
[6]

. The recently sequenced fungal genomes of Aspergillus nidulans
[7]

, 

Aspergillus fumigatus
[8]

 and Aspergillus oryzae
[9]

 revealed that these genomes have 

unprecedented biosynthetic potential and possess more biosynthetic gene clusters than 

isolated and characterized natural products. This indicates that fungal species have the 

ability to produce more natural products with potential novel structures and intriguing 

biological functions.  

Current bioinformatics analysis provides new ways for identifying biosynthetic 

clusters responsible for the production of polyketides
[10]

. However, predicting structures 

of secondary metabolites based on the protein sequence remains the biggest challenge for 

several reasons: a) difficulty in reconstituting these large enzymes and generating soluble 
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protein for characterization assays; b) the hidden programming rules of iterative fungal 

megasynthases in their biosynthetic pathways; c) the number of polyketide compounds 

that remain unknown because they are encoded by cryptic biosynthetic clusters. 

Therefore, a better understanding of these biosynthetic pathways is of significant 

importance in order to revolutionize the drug discovery process. Additionally, 

combinatorial biosynthesis based on developing these enzymes as biocatalysts can 

produce ’unnatural’ polyketide products with novel structural diversity and potent 

activities
[11]

.  

1.2 Fungal PKS and PKS-NRPS 

Although polyketides exhibit diverse chemical structures, they share similar 

biosynthetic strategies
[12]

. Resembling the well-established fatty acid synthases (FASs) 

functional rules, polyketide synthases (PKSs) can be classified into three main categories: 

type I PKSs, type II PKSs and type III PKSs
[12]

. Type I PKSs are large multi-modular 

proteins that functions in an assembly line fashion. Type II PKSs are comprised of 

individual dissociated proteins that synthesize aromatic polyketide compounds. Type III 

PKSs are a class of enzymes with a very simple architecture that are mainly formed by 

homodimeric ketosytnthases, which catalyze the condensation between two acyl-CoA 

substrates. 

Fungal polyketides are typically biosynthesized by fungal iterative type I PKSs 

(some exceptions are type III PKSs) 
[1]

. Based on their different reduction abilities, fungal 

type I iterative PKSs can be further divided into four subgroups: 1) Non-reducing PKSs 

(NR-PKS, Figure 1A), in which no reduction domains exist and the final product contains 
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no reduced features; 2) Partially-reducing PKSs (PR-PKS, Figure 1B), in which limited 

reductions happen during the formation of the polyketide core structure, normally by a 

single ketoreductase (KR) domain and a core domain with unknown function; 3) Highly-

reducing PKSs (HR-PKS, Figure 1C), in which the polyketide backbone can be 

completely reduced by the post-processing domains including KR, dehydratase (DH) and 

enoyl reductase (ER); 4) HRPKS-NRPS hybrids (Figure 1D), in which typically one or 

two modules of NRPSs are fused to the C-terminal end of a HR-PKS.  

 
 

 

Figure 1: Examples of the four subgroups of fungal IPKSs and their corresponding 

products. 

 

Generally, polyketide biosynthesis can be divided into three stages: initiation, 

elongation, and termination, and the catalytic domains of these fungal PKSs are 
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iteratively utilized during the biosynthesis process. A brief summary of known fungal 

IPKS biochemistry is presented below (Figure 2) 
[1]

. Similar to those in bacterial PKSs, 

the minimal catalytic domains of a fungal PKS consist of ketosynthase (KS), malonyl-

CoA:ACP transacylase(MAT) and acyl carrier protein (ACP) domains. The KS domain is 

known to perform decarboxylative Claisen condensations for chain elongation, the MAT 

is used to select and transfer the extender unit in the form of malonic esters, and the ACP 

domain that contains a phosphopantetheine (PPant arm) prosthetic group serves as a 

tether for the extender unit and growing chain.  After the minimal catalytic domains, the 

β-keto thioester can be subjected to further chemical processing while attached to the 

terminal thiol of the ACP PPant arm. First, it can be reduced by a β-ketoacyl reductase 

(KR) domain to a secondary alcohol. This alcohol can then undergo a dehydration 

catalysed by the dehydratase (DH) domain to form an unsaturated thioester. Finally, a 

fully saturated thioester can be produced by using an enoyl reductase (ER) domain. In 

some cases, the chain can also be methylated using the methyl group from S-

adenosylmethionine (SAM) by a methyl transferase (MT) domain. The final reaction is 

hydrolysis of the thioester by a dedicated thiolesterase (TE) domain, which releases the 

compound from the PKS. 
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Figure 2: Basic chemical reactions catalyzed by individual catalytic domains of fungal 

iterative PKSs  
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2. Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified, 

and were used as received. Saccharomyces cerevisiae strain BJ5464-NpgA was used as 

yeast expression host. Liquid Chromatography Mass Spectrometer (LCMS) was 

conducted with a Shimadzu 2010 EV using positive electrospray ionization and a 

Phenomenex Luna 5u 2.0 × 100 mm C18 reverse-phase column.  

All other chemicals were from standard sources. 

3. Research and methods 

3.1 Incorporation of Chain Elongation Intermediates into Dehydrozearalenol 

3.1.1 Background of the intermediates feeding 

Hypothemycin is a resorcylic acid lactone isolated from Hypomyces 

subiculosus
[13]

. It can irreversibly inhibit a subset of protein kinases at nanomolar 

concentration by forming a covalent adduct with a conserved cysteine residue in the ATP 

binding site of the kinase
[14]

. Hypothemycin was demonstrated to be biosynthesized 

through the cooperative functions of HR-PKS Hpm8 and NR-PKS Hpm3
[15]

. This tandem 

HRPKS-NRPKS mechanism is shared by the resorcylic acid lactones (RAL) family, 

which includes zearalenone
[16]

 (estrogen against from Gibberella zeae) and radicicol
[17]

 

(HSP-90 inhibitor from Nectriara dicicola) (Figure 3).  
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Figure 3: Resorcylic acid lactones (RAL) compounds 

Hpm8 assembles a highly reduced hexaketide intermediate. With the assistance of 

a SAT domain (starter unit acyl-carrier protein transacylase), this newly formed 

hexaketide intermediate is then transferred to Hpm3, where the growing polyketide chain 

is further extended three times to form a nonaketide intermediate. The nonaketide 

intermediate undergoes regioselective cyclization, and macrolactonization to yield 

dehydrozearalenol (DHZ), which can be further modified by post-PKS enzymes to yield 

hypothemycin. Both Hpm8 and Hpm3 have been heterologously expressed in the 

engineered yeast host Saccharomyces cerevisiae BJ5464-npgA
[15]

 (Figure 4). 

 

Figure 4: Domain organization and heterologous recontitution of Hpm8 and Hpm3 
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By using purified and reconstituted enzymes, we have the opportunity to 

investigate their enzymatic logic programming in producing DHZ. Thus, we designed 

and conducted in vitro assays with synthesized precursors to explore the mechanisms of 

controlling the reduction reactions during the chain elongation. Over the last two decades, 

the programming rules of NR-PKSs have been extensively studied, highlighted by the 

discovery of the SAT and PT domains
[18]

. On the other hand, due to the unavailability of 

the directly released products, HR-PKSs remain to be as well characterized. Instead of 

developing enzymatic or chemical releasing approaches to study these products, 

precursor feeding has been demonstrated to be an effective alternative. This strategy have 

been applied towards FASs
[19]

 and several known types of PKSs, including bacterial type 

I
[20, 21, 22]

  PKSs and NRPKSs
[18]

, to probe the mechanism of enzymes or generate 

unnatural products. N-acetylcysteamine thioesters (SNACs) were synthesized to mimic 

the intermediates released by the HR-PKSs. It has been demonstrated in vitro that these 

SNAC mimics can be accepted by the NR-PKS partner to produce natural RALs or RAL 

analogs,
[18]

 which suggests that NR-PKSs have broad substrates specificities. To date, no 

studies have shown that intermediates can be incorporated by fungal HR-PKS in vitro.  

To probe the programming rules of HR-PKSs, confirmation of the structures of 

enzyme-bound intermediates and the way they interact with HR-PKSs would be desirable. 

Here we try to demonstrate for the first time that a purified HR-PKS, Hpm8, can accept 

and extend exogenous intermediates to the fully assembled DHZ through the 

collaboration with Hpm3 and all required cofactors in vitro. We decided to feed proposed 

SNAC-precursors to Hpm8 in order to detect their incorporation into DHZ and unveil the 
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programming rules of the HR-PKS. Elucidating the structures of the final products can 

help us confirm the presence of the corresponding proposed intermediates and present a 

snapshot of the biosynthetic process for the first time.  

 
Figure 5: Proposed perturbation of the biosynthetic pathway using a 13C-labeled 

intermediate mimic leads to the formation of 13C-enriched DHZ ( = 13C). 

3.1.2 Protein purification for Hpm8 and Hpm3 

a) Purification method for Hpm8 and Hpm3: The expression plasmids, pZH126 

and pZH74 harboring the Hpm3, Hpm8 were transformed into Saccharomyces cerevisiae 

strain BJ5464-NpgA for expression, respectively 
[23]

. For 1 L yeast culture, the cells were 

grown at 28 °C in YPD media with 1% dextrose for 72 hours. The cells were harvested 

by centrifugation (3750 rpm, 15 minutes, 4 °C), resuspended in 25mL lysis buffer (50 
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mM NaH2PO4, pH = 8.0, 0.15 M NaCl, 10 mM imidazole) and lysed with sonication on 

ice (Sonicate for 1 minute, then cool down for 1 minute. Repeat for 9 to 10 times). 

Cellular debris was removed by centrifugation (17000 g, 1 hour, 4 °C). Ni-NTA agarose 

resin was added to the supernatant (2 mL/L of culture) and the solution was stirred at 4 

°C for at least 6 hours. The protein/resin mixture was loaded into a gravity flow column 

and proteins were purified with increasing concentration of imidazole in Buffer A (50 

mM Tris-HCl, pH = 7.9, 2 mM EDTA, 2 mM DTT). Purified proteins were concentrated 

and buffered exchanged into Buffer A + 20% sucrose concentrated, aliquoted and flash 

frozen. Protein concentrations were determined using the Bradford dye-binding assay 

(Biorad). Purified proteins are run on the SDS gel (Figure 6). 

 

Figure 6:  SDS-PAGE of the purified of Hpm8 (254 kDa) from S.  cerevisiae strain 

BJ5464-NpgA/pZH126 and Hpm3 (223 kDa) from S. cerevisiae strain  BJ5464-

NpgA/pZH74 

SAT

Hpm3 (Mw=223 kDa)

KS AT PTACPTEKS MAT DH core ER KR ACP

Hpm8 (Mw=254 kDa)

220 kDa

120 kDa

70 kDa

Hpm3

223 kDa

Hpm8

245 kDa
Bench 

Marker 

ladder



11 
 

b) Optimized purification method of Hpm8 and Hpm3: The expression plasmids, 

pZH126 and pZH74 harboring the Hpm3, Hpm8 were transformed into Saccharomyces 

cerevisiae strain BJ5464-NpgA for expression, respectively 
[23]

.  For 1 L of yeast culture, 

the cells were grown at 28 °C in YPD media with 1% dextrose for 72 hours. The cells 

were harvested by centrifugation (3750 rpm, 15 minutes, 4 °C), resuspended in 25mL 

lysis buffer (50 mM NaH2PO4, pH = 8.0, 0.15 M NaCl, 10 mM imidazole) and lysed 

with sonication on ice (Sonicate for 1 minute, then cool down for 1 minute. Repeat for 9 

to 10 times). Cellular debris was removed by centrifugation (17000 g, 1 hour, 4 °C) and 

the supernatant was collected into a falcon tube. Then make two columns filled with 5 cm 

height of Ni-NTA agarose resin, which were used for two proteins purification 

separately. Pour the supernatant into the resin column, and the supernatant will slowly 

bind to the resin as well as flow through the resin column. The supernatant was poured 

into a column charged with 5 cm height of Ni-NTA agarose resin and the desired proteins 

will slowly bind to the resin when flow through the resin column. Repeat the binding 

process for at least three times to ensure optimized binding (This binding process usually 

took up to 3 hours). The proteins were purified with increasing concentration of 

imidazole in buffer A (50 mM Tris-HCl, pH = 7.9, 2 mM EDTA, no DTT). Purified 

proteins were concentrated and buffered exchanged into Buffer A + 20% sucrose, 

concentrated, aliquoted and flash frozen. Protein concentrations were determined using 

the Bradford dye-binding assay (Biorad). 

About 600mg Hpm8 and Hpm3 are finally purified and used for the in vitro 

assays.  
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3.1.3 Experimental design for the feeding experiments 

For 100 µL in vitro assays of Hpm8 and Hpm3 using the malonyl-CoA system 

with 
13

C-labeled substrates, 10 μM of Hpm8 was incubated with 0.2 mM substrate in 100 

mM phosphate buffer (pH=7.5) for 15 minutes at room temperature. The system was then 

supplemented with 10 μM of Hpm3, 4 mM NADPH, and 0.4 mM malonyl-CoA. After 1 

hour incubation at room temperature, 0.4 mM malonyl-CoA was added. Additional 

malonyl-CoA was then added every hour for eight hours until the final concentration was 

4 mM. Meanwhile, the substrate was added every two hours until the final concentration 

of was 0.8 mM. After the ten hour reaction was complete, the mixture was quenched and 

extracted once with 99% ethyl acetate (EA)/ 1% acetic acid (AcOH). The resultant 

organic extracts were evaporated to dryness, redissolved in methanol, and analyzed by 

LC-MS. LC-MS was conducted with a Shimadzu 2010EV Liquid Chromatography Mass 

Spectrometer by using both positive and negative electrospray ionization, and a 

Phenomenex Luna 510 μ 2.0 × 100 mm C18 reverse-phase column. Samples were 

separated on a linear gradient of 5 to 95% CH3CN (vol/vol) in H2O supplemented with 

0.05% (vol/vol) formic acid at a flow rate of 0.1 ml/min. This protocol was designed to 

incorporate the 15 minutes incubation with substrates as well as malonyl-CoA supplied 

from time to time, because it is very important to make sure the substrate mimics can 

compete with natural substrates. 
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3.1.4 Purification of 
13

C labeled-DHZ from in vitro assays of the 
13

C labeled 

triketide 

Although LC-MS data including UV pattern (abs @ 290 nm, 230 nm and 180 nm) 

and molecular weight ([m/z]-1=318) already showed the feeding assay gives the peak of 

labeled DHZ, more direct proof is necessary. According to the requirements of NMR 

Spectroscopy, at least 10 µg compound is required. By repeating the triketide feeding 

assays in small scale for hundreds of times, the resultant organic extracts were evaporated 

to dryness and collected before redissolved in methanol to separate in HPLC to obtain the 

assay products. We finally obtained 20 µg labeled DHZ for NMR analysis.  

3.1.5 Preliminary results from a series of labeled SNAC feedings 

Based on the widely accepted mechanism for polyketide biosynthesis
[24]

, 14 acyl 

carrier protein (ACP)-tethered intermediates were proposed en route to hexaketide 

product (7S, 11S, 2E, 8E)-7, 11-dihydroxy-dodeca-2, 8-dienone that is eventually 

transferred to NR-PKS, Hpm3 (detailed biosynthetic pathway is shown in the Figure 5). 

Thus, 14 
13

C-labeled SNAC mimics were proposed to be involved Hpm8 enzyme system. 

Four of them are classified as “ready” precursors because they have the correct 

functionality to proceed to the next round of chain elongation by Claisen condensation. 

The other ten putative intermediates are “unready” precursors because they must be first 

modified by KR, DH, or ER domains before chain extension.  

Our idea was to chemically synthesize (synthesized by Prof Jonh Vederas’s lab) 

all the “ready” precursors with a 
13

C label (2, 4, 6, 8), some “unready” precursors (1, 3, 5, 

7) with 
13

C labels and several unnatural SNAC thioesters (9, 10, 11, 12) (Table 1) and 
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employ these intermediate mimics in enzymatic assays containing purified Hpm8 and 

Hpm3 and all required cofactors to determine whether these compounds could be linked 

to Hpm8 to give corresponding enzyme-bound intermediates that could be elaborated to 

the correct hexaketide and ultimately to 
13

C labeled DHZ. We selectively synthesized the 

“unready” precursors 1, 3, 5, and 7 because they cover the scope of possible oxidation 

states at beta-position of the intermediates. The stereoselecitvity of 3 is based on the 

stereoselectivity of the KR domain of Hpm8
[30]

. The incorporation of 
13

C into the final 

structure of DHZ was detected either by mass spectrometry or NMR.   

Table 1: Summary of incorporation of partially assembled precursors 

 Intermediate 

Analog 

13
C 

enrichment 

Relative RAL 

yield 

 none not observed 1.0 

1 
 

41.4% 0.4 

2 
 

36.6% 1.0 

3 
OH

SNAC

OOH

*  
15.1% 0.6 

4 
 

78.0% 1.0 

5 
 

19.0% 0.4 

6 
 

26.9% 2.0 

7 
 

8.0% 0.9 

8 
 

39.0% 2.6 

 Intermediate  

Analog 

Incorporation ratio Relative RAL 

yield 

9 
 

24.2% 1.3 

10 OH

SNAC

O

 
25.0% 1.5 

11 
 

30% 2.0 

12 
 

0 0.4 
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* indicates the locations of 
13

C label; RAL yield includes DHZ and precursor 

guided DHZ or analog. Ready precursors are labeled as red 

Hpm8 and Hpm3 were heterologously expressed and purified from S. cerevisiae. 

In previous studies
[13]

, in vitro reactions of Hpm8 and Hpm3 were shown to produce the 

DHZ, precursor to hypothemycin. The yield for Hpm8 and Hpm3 were 1.5 mg/L and 2 

mg/L respectively
[13]

. In order to increase the protein yield for more in vitro studies, the 

ammonia sulfate precipitation method and column flow through method were tested 

during the protein purification process. The proteins prepared by the ammonia sulfate 

approach were mostly inactive and only about 70% pure. However, in the column flow 

through method, the proteins maintained their activity as well as an improved yield. By 

using this method, up to 98% pure Hpm3 and Hpm8 can be purified with yields of 

12mg/L and 20mg/L, respectively.  

Substrate 4, 
13

C-1-(S,E)-S-(2-acetamidoethyl) 5-hydroxyhex-3-enethioate (labeled 

triketide, structure shown in Table 1), was the first tested substrate and it was incubated 

with the purified Hpm enzymes , malonyl-CoA and NADPH, which was supplied 

throughout the experiment (Figure 7). The assay was extracted and analyzed using LC-

MS. Based on the observed isotopic ratio, the incorporation of the enriched carbon was 

confirmed by the presence of the 1 nu mass shift in the DHZ compound that appeared to 

be the same retention time and UV absorption (Figure 7).   
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Figure 7: Top: Incorporation of the triketide 4 into DHZ; Bottom: Mass spectrum of 

DHZ from the triketide 4 assay (318) and unlabeled DHZ standard (317). 

Following the incorporation of the “ready” precursor 4, we started to 

systematically investigate the incorporation of intermediates in their biosynthetic order: 

the diketides 1 and 2, triketides 3 and 4, tetraketides 5 and 6, and pentaketides 7 and 8 

(Figure 8). The “ready” precursors 2, 4, 6 and 8 were incorporated efficiently, with 

enrichments of 36.6%, 78%，26.9%, and 39% respectively based on mass spectra 

enrichment calculation. The yields are typically high, almost the same or two fold higher 

compared to none labeled standard based on UV absorbance (Table 1).  

 

a)

b) 

c)

a)

b) 

c)
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Figure 8: HPLC traces of in vitro assays (a) Hpm8+Hpm3 +malonyl-CoA, (b-m) 

Hpm8+Hpm3+malonyl-CoA+ (1-12). In all reactions, 4mM NADPH and 4mM malonyl-

CoA were added to PBS buffer ( = 13C label). 

To probe further the substrate tolerance of the KS domain of Hpm8, the unnatural 

precursors 9-12 were chemically synthesized for use in the same assay condition to see 

whether they would produce DHZ analogues. Compounds 9 and 10 have an epimeric 

distal alcohol, whereas substrate 11 lacks the conjugated double bond. As the functions of 



18 
 

the tailoring domains of PKS enzymes are processive and limited to the two carbons 

adjacent to the thioester carbonyl
[1, 24-29]

, such “incorrect” functionality cannot be 

modified to give the natural DHZ product. Hpm8 is able to accept 9 or 10 to form 10’-

epi-DHZ, but with much lower efficiency (the relative ratio of epi-DHZ to DHZ formed 

directly from malonate was 25:75, Table 1). This is consistent with our in vivo 

observation that Hpm8 showed discrimination toward the stereochemistry of that 

hydroxyl group
[30]

. Compound 11, which represents an over-reduced precursor, was 

similarly incorporated by this system to generate beta-zearalenol (the relative ratio of 

beta-zearalenol to DHZ was 3:7). Compound 12 is a diastereomer of the “unready” 

precursor 3. Our previous work
[30]

 showed that the KR domain of Hpm8 displays strict 

stereospecificity toward beta-keto intermediates that is dependent on the chain length. We 

selected 12, which is not an expected intermediate, to test whether the DH domain is able 

to eliminate a triketide alcohol with unnatural stereo-chemistry. The results showed that 

very little if any 12 was incorporated into DHZ. This demonstrates that the (S)-hydroxyl 

group is not a good substrate in the DH active site, which is consistent with results for 

other PKS and FAS systems
[31]

. The overall decrease in RAL yield suggests that the 

system is inhibited by this unnatural precursor analogue.  

3.1.6 Compound purification and characterization and feeding discussion  

Although LC-MS data including UV profile (abs @ 290 nm, 230 nm and 180 nm) 

and molecular weight ([M-H]
+
: m/z 317) already demonstrated that the feeding assay 

produced labeled DHZ, the position of the 
13

C-enriched carbon had not been verified. 

According to the limitation of the current NMR technique, at least 10 μg of compound is 



19 
 

required to collect enough data for a full 
13

C spectrum. Therefore, the triketide (substrate 

4) feeding assay was run in small scale to maximize enzyme efficiency five hundred 

times. The mixtures were quenched and extracted with 99% ethyl acetate (EA)/ 1% acetic 

acid (AcOH). The resultant organic extracts were evaporated to dryness and combined 

before redissolving in methanol for separation on a HPLC to obtain the pure compound. 

Up to 20 μg of pure labeled DHZ was finally accumulated for NMR analysis (Figure 9). 

The 
13

C-NMR spectrum showed only a single resonance at 72.8 ppm, which 

corresponded to the C6’ position of DHZ. This demonstrates that C6’ of DHZ is 
13

C-

enriched, consistent with the specific incorporation of the triketide portion of 4 and its 

subsequent conversion into the final product. These data illustrate that KS domain of 

Hpm8 can be primed by trans-thioesterification with the “ready” precursor 4 which can 

then be elongated to the hexaketide moiety that is subsequently transformed by the NR-

PKS Hpm3 into DHZ. This represents the first example of the incorporation of a labeled 

advanced intermediate by purified iterative HR-PKS.  
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Figure 9: a) structure of labeled DHZ from feeding of 
13

C-SNAC 5; b) HSQC data; c) 1-

D NMR data 

3.1.7 Discussion and conclusion 

In summary, a series of 
13

C-labeled intermediate SNAC thioesters have been 

chemically synthesized and incorporated into DHZ after incubating with purified Hpm8 

and Hpm3. Our results have shown an interesting pattern for the incorporation of these 

precursors at the HRPKS stage: 1) Ready precursors are easily recognized and taken up 

by Hpm8 with decent yield; 2) “Unready” precursors are discriminated by Hpm8, but 

small levels of incorporation can still be observed. 3) Unnatural precursors may be 

incorporated depending on the nature of the structural changes.  



21 
 

For the incorporation process, we proposed that the labeled substrates are 

incorporated by priming the KS domain of Hpm8 by a transersterfication reaction (i.e. 

replacing the original natural chain in the KS domain). Then by the involvement of the 

ACP of Hpm8, and malonyl-CoA as the building block, the labeled chain can enter chain 

extension cycles and correct modifications to produce the final DHZ product with the 

labeled carbon at the corresponding position. Based on the data in Table 1, labeled 

substrates 2, 4, 6 and 8 are identical to natural intermediates of the biosynthesis pathway 

and are kinetically favored by Hpm8 and Hpm3 to yield DHZ. Additionally, the chain 

exchange process between the SNAC mimics and natural substrates doesn't decrease the 

final DHZ production yield.  

Upon addition of 4 mM NADPH and 4 mM malonyl-CoA to a reaction mixture 

containing both Hpm8 and Hpm3, a new peak with a molecular weight of 316 

(compound 4) with a UV absorbance profile characteristic of resorcyclic acid emerged in 

the organic extract (retention time (RT = 23.8min). We proposed this compound to be a 

DHZ-like structure containing one more double bond and its structure was confirmed by 

LCMS and comparison to a commercial standard.  

In addition, we also added unnatural substrates to the enzyme system along with 

malonyl-CoA. The assays results show that the unnatural intermediates are not 

incorporated into the final structure of DHZ. However, it was observed that some of the 

beta-ketone structures were reduced by the KR domain of Hpm8 and this is consistent 

with our previous studies
[30]

. Pertaining to the  yield of DHZ, some of the substrates did 
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not have much effect, while other substrates gave an obviously lower overall DHZ yield, 

when compared to the malonyl-coA only control and natural substrate feeding. In our 

hypothesis, the unnatural substrates can still be loaded onto the KS domain of Hpm8 (by 

replacing the original natural chain in KS domain), but there are no other affinity 

interactions between other amino acid residue sites in the enzyme and the substrates. 

Therefore, the substrates are quickly replaced back or got hydrolyzed into the original 

natural polyketide chain to produce the natural DHZ product with the normal yield.  

For the “unready” substrates (1, 3, 5 and 7) assays, the results showed that they 

are not efficiently incorporated and the overall DHZ yield is lower, which indicated there 

was an inhibition to the DHZ production.  There are two possibilities to account for this 

in the priming process. The first hypothesis is that the acyl-ACP domain can transfer the 

polyketide chain back to the KS domain and continue the biosynthesis of DHZ. The 

second hypothesis is that KS initiates the point of exchange between the natural and 

unnatural substrates and the ACP functions as the carrier when the reduction reaction 

happens. Therefore, the “unready” intermediates can still be loaded onto the KS domain 

of Hpm8 (by replacing the original natural polyketide chain in this domain), and these 

substrates have extra affinity to the other parts of the enzyme to continue the chain 

extension. However, the KR, DH, ER domains of Hpm8 function much slower than the 

KS and ACP domain and the chain elongation is quite slow compared to the normal chain 

extension. Unfortunately, this observation needs to be better supported through more 

detailed research experiments involving PKS kinetics and more reactions involving 

variety of substrates that inhibit DHZ production. Ultimately, we observed a much lower 
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yield of DHZ with labeled carbon when “unready” substrates were administered to the 

assay system, but the incorporation of these substrates signified that reduction did occur 

in order to produce DHZ; i.e. substrate 1 (
13

C-acetoacetyl-SNAC) was loaded onto the 

KS domain and reduced to the β-hydrozyl-butyrl-SNAC.  

On the other hand, some substrates improved DHZ production compared to the no 

substrate control. Kinetically, the labeled substrates are higher in concentration, so the 

exchange is pushed more in favor of the labeled substrate priming of the KS. Since the 

substrate feeding concentration is much higher than the enzyme concentration, the 

intermediate exchange process is more efficient than the natural substrate exchange, 

which leads to a higher yield of DHZ production.  In other words, this production of DHZ 

could be accelerated if the reaction was initiated with “ready” substrates such as triketide 

(substrate 4) or tetraketide (substrate 6). 

3.1.8 Future feeding studies  

In conclusion, our findings not only further support the processive nature of 

polyketide biosynthesis, but also provide guidelines for precursor-directed biosynthesis to 

generate novel polyketides with improved biological profiles. Further studies on the 

incorporation of unnatural precursors using Hpm8 and Hpm3 will be tested using SNAC 

substrates with varying structural modifications (Figure 10).  
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Figure 10: SNAC substrates to be tested in the Hpm8 and Hpm3 system 

In addition, similar feeding studies will be conducted using LovB from 

Aspergillus terreus, which is involved in the biosynthesis of dihydromonacollin L (DML) 

(Figure 11), to further elucidate HR-PKS programming rules. Currently, labeled diketide 

and triketide substrates (marked red in Figure 9) have been administered on a small scale 

and the labeled triketide feeding yield labeled DML. Future substrates that will be 

synthesized and tested include the diketide, triketide, tetraketide, pentaketide, hexaketide, 

heptaketide, octaketide and nonaketide intermediates shown in Figure 9. Unfortunately, 

the linear hexaketide-SNAC intermediate, which is hypothesized to undergo a 

spontaneous Diels-Alder reaction, may not be stable and prove difficult to synthesize. 

Additionally, more substrates will be evaluated including the natural mimics and 

substrates containing unnatural modifications in order to unveil the substrate preference 

by LovB, which is predicted to be consistent with the Hpm8 system. 
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Figure 11: The LovB and LovC system from A. terreus that produces dihydromonacolin 

L (DML) 
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