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ABSTRACT OF THE DISSERTATION 

 

Finding Diamonds in the Rough: Resistance-Gene-Directed Discovery of Fungal Natural 

Products 

 

 

by 

 

Yan Yan 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2019 

Professor Yi Tang, Chair 

 

Bioactive natural products have evolved to inhibit specific cellular targets and have served as lead 

molecules for health and agricultural applications for the last century.  The post-genomics era has 

brought a renaissance in natural product discovery using synthetic biology tools. However, 

compared to traditional bioactivity-guided approaches, genome mining of natural products with 

specific and potent biological activities remains challenging. Here we proposed a resistance gene 

directed strategy to discover new natural products of desired bioactivity from genomic data. Our 

approach is based on the co-clustering of a self-resistance gene in the natural product biosynthetic 

gene cluster, which serves as a window to potential biological activity of the encoded compound. 

To demonstrate the feasibility, we first successfully located and verified the biosynthetic gene 
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cluster of a glyceraldehyde-3-phosphate dehydrogenase inhibitor heptelidic acid by using a 

resistance gene. We showed the glyceraldehyde-3-phosphate dehydrogenase homolog hepG, co-

localized with biosynthetic genes, is able to confer self-resistance to the producing organism using 

in vitro biochemical analysis. Next we present the discovery and validation of a highly potent 

herbicide lead that targets a critical metabolic enzyme that is required for plant survival. We 

queried dihydroxyacid dehydratase in the branched-chain amino acid biosynthetic pathway in 

plants, which is often targeted for herbicide development. We also showed that the fungal 

sesquiterpenoid aspterric acid discovered using this method is a submicromolar inhibitor of DHAD 

and is effective as an herbicide in spray applications. The self-resistance gene astD was validated 

to be insensitive to aspterric acid and was deployed as a transgene in the establishment of plants 

that are resistant to aspterric acid. This herbicide-resistance gene combination complements urgent 

efforts in overcoming weed resistance. Our discovery demonstrates the potential of using a 

resistance-gene directed approach in the mining of bioactive natural products. 
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1. Introduction 

1.1 Natural products 

         Natural products (NPs) are small molecule chemicals produced by living organisms with 

diverse properties such as toxins, siderophores, pigments, antibiotics, cytostatics, 

immunosuppressants and anticancer agents1-3. As NPs coevolved together with 

biomacromolecules in nature, they possess potent bioactivities allowing the producer to kill 

competitors by inhibiting certain functional enzymes that are essential for survival4-6. NPs are not 

only beneficial to their producers – they can also benefit human beings. The most famous NP, 

penicillin, has saved millions of lives throughout the world since it was discovered in the 1940s7. 

By inhibiting bacterial cell wall formation, this molecule produced by Penicillium is able to 

effectively suppress the growth of bacteria7,8. Since the discovery of this first antibiotic, scientists 

found out that microorganisms are prolific producers of bioactive NPs. Among these potent 

bioactive NPs, some may be developed into important human therapeutics to treat diseases, while 

others can be applied as pesticides to increase crop production by controlling weeds, plant 

pathogens and insects9-11.  

         Between 1981 and 2010, 34% of small molecule agents approved by the US Food and Drug 

Administration (FDA) for treating infectious diseases, cancer, lipid disorders and 

immunomodulation were NPs or their direct derivatives3 (Fig. 1). For example, vancomycin is 

used to treat Gram-positive bacterial infections by inhibiting cell wall biosynthesis12. Taxol, which 

blocks microtubule assembly, is a chemotherapy agent used to treat different types of cancers13. 

Through inhibition of a specific phosphatidylinositol 3-kinase-related kinase known as mTOR, 

rapamycin is used as an immunosuppressant in organ transplantation14. From 1997 to 2010, NPs 

and their derivatives comprise more than 35% of all new registered pesticide ingredients9. For 
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example, the natural insecticide spinosyns and avermectins produced by Saccharopolyspora 

spinose and Streptomyces avermitilis respectively can effectively paralyze insects by 

hyperexcitation of their nervous system15,16. By targeting glutamine synthetase, glufosinate is able 

to kill plants due to a buildup of ammonia in the thylakoid lumen, which leads to decoupling of 

photophosphorylation17 (Fig. 1). The antimycin related commercialized fungicide fenpicoxamid is 

an inhibitor of cellular respiration18 (Fig. 1). Phosphinothricin, also known as glufosinate, 

produced by Streptomyces has been commercialized as an herbicide under the tradename of 

Finale® by Bayer19 (Fig. 1). There are also NPs that possess novel modes of action compare to 

existing pesticides, such as thaxtomin and tentoxin, which are able to disrupt cellulose biosynthesis 

and energy transfer respectively20 (Fig. 1). For some NPs, however, even though their potent 

 

Figure 1. The structures of representative pharmaceuticals and pesticides of natural product 

origin.  

The bioactivities (red) and sources (blue) of natural molecules are listed under their names. 
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bioactivity and critical mode of action have been validated, their unaffordable cost of production 

has limited large scale application in the field. 

1.2 Machinery of natural product biosynthesis  

        Although the structures and bioactivities of secondary metabolites varies dramatically, all of 

them are assembled from a common reservoir of primary metabolite building blocks using 

conserved biosynthetic machineries. These conserved machineries that have been well 

characterized to date include polyketides assembled by polyketide synthases (PKSs), non-

ribosomally synthesized peptides assembled by non-ribosomal peptide synthetases (NRPSs), 

ribosomally synthesized and post-translationally modified peptides (RiPPs) and terpenoids 

assembled by terpene synthases  (TSs)21-25.   

1.2.1 Polyketide synthase 

        Polyketides comprise a large family of natural products in bacteria and fungi, which include 

many important clinical therapeutics such as erythromycin, rapamycin, lovastatin and 

avermectin21,26 (Fig. 1). They are secondary metabolites derived from precursors containing 

multiple carbonyl methylene groups, which are assembled on a PKS using simple C2 units as 

substrates26 (Fig. 2). Very similar to fatty acid synthases, PKSs are a family of multi-domain 

enzymes that need several catalytic domains to work in coordination to condense simple building 

blocks of acyl-CoAs to form a polyketide backbone24,27,28. For example in the biosynthetic 

pathway of erythromycin A, 6-deoxyerythronolide B synthase DEBS1, DEBS2 and DEBS3 work 

in coordination to form the polyketide backbone precursor 6-deoxyerythronolide B using one 

propionyl-CoA as starter unit and 6 methylmalonyl-CoAs as extender units29. PKSs are usually 

above 100 kD, making them very large in size. They can be further divided into modules that 

together are responsible for one complete round of C2 unit extension of the growing polyketide 
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chain. There are multiple catalytic domain within each module, such as an acyl carrier protein 

(ACP), acyltransferase (AT), β-ketoacyl-S-ACP synthase (KS), ketoreductase (KR), dehydratase 

(DH), enoyl reductase (ER), and thioesterase (TE).  

        DEBS has seven ACP domains, one at the N terminus of a loading didomain, and six others 

at the C terminus of each chain-elongation module. The elongating chain is covalently tethered to 

the ACP via a phosphopantetheinyl prosthetic group, which facilitates the accession of the growing 

chain to other catalytic domains within the PKS21,30. Thus the ACP domains must be primed by a 

posttranslational modification of the hydroxyl group of a serine residue with phosphopantetheine 

using a PKS specific 4’-phosphopantetheine transferase (PPTase)31. Besides ACP, there is an AT 

domain on each module, and the loading didomain of the DEBS. The AT domain is responsible 

 

Figure 2. Example of polyketide biosynthesis machinery. 

The polyketide scaffold of 6-deoxyerythronolide was assembled on 6-deoxyerythronolide B 

synthase. Erythromycin A was synthesized through further post PKS assembly line 

modifications.  

 



5 
 

for loading the acyl from the starter unit or extender units to the phosphopantetheinyl-SH group of 

the ACP. The reaction follows a ping-pong mechanism involving covalent catalysis. Besides the 

loading function, AT domains are also the key gatekeepers to selectively load the starter or 

extender units due to the intrinsic structural specificity at the active site32,33.  

        Each module of DEBS also contains a KS domain, which catalyzes a polyketide chain 

elongation reaction21. The cysteine at the active of the KS first attacks the carbonyl of the thioester 

bond between the growing polyketide chain and ACP of the previous module to form a covalent 

acyl-S-cysteine bond between the elongating chain and the KS domain. Then a decarboxylative 

condensation of this thioester with an alkylmalonyl-S-ACP is carried out to produce a 2-alkyl-3-

ketoacyl-S-ACP product. The configuration of C-2 in this 2-alkyl-3-ketoacyl-S-ACP product is 

also controlled by KS domain during the condensation34.  

        In comparison with the ACP, AT and KS domains, the KR domain is not a necessary catalytic 

domain to complete a round of C2 unit elongation. Although each module of DEBS contains a KR 

domain, the KR domain in module 3 is not active. KR domains are NADPH dependent, and 

catalyze a nucleophilic hydride attack of the keto at C-3 of the 2-alkyl-3-ketoacyl-S-ACP product 

formed by the KS. This reduction reaction generates 2-alkyl-3-hydroyl-S-ACP as a resulting 

product, meanwhile the configuration of C-3 is also determined by the specific structural properties 

of the active site21,35.   

        DH domain is a tailoring domain on the polyketide assembly line that functions immediately 

following the KR domain. In DEBS, only module 4 contains this domain, which catalyzes the 

dehydration of the 2-alkyl-3-hydroyl-S-ACP to give the α,β-unsaturated product using a general 

base. The ER domain usually further tailors the α,β-unsaturated product by catalyzing a 
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nucleophilic hydride attack of the α,β-unsaturated double bond to give a saturated product21. 

Similar to the KS and KR domain, the ER domain also controls the configuration of C-2 of the 

saturated product. There are also other tailoring domains involved in PKS machinery, such as the 

methyl transferase (MT) domain, which functions as a C-methyl transferase to catalyze a 

methylation reaction at C-2 position of the growing polyketide chain21.  

        After the assembly of the polyketide backbone is completed, the product needs to be released 

from the enzyme. One of the typical polyketide chain releasing mechanisms is through catalysis 

via the TE domain21. This domain belongs to the α/β-hydrolases family, which contains an active 

site catalytic triad of serine, histidine and aspartate residues36. For example, in erythromycin A 

biosynthesis, the His259 promotes nucleophilic attack by Ser142 on the acyl-ACP thioester to form 

an enzyme bound intermediate, which is followed by another nucleophilic attack by its C-13 

hydroxyl to release the lactonized product 6-deoxyerythronolide B. Besides macrolactonization to 

terminate polyketide assembly, the TE domain may also catalyze product releasing through other 

mechanisms, such as hydrolysis, macrothiolactonization, hydrolysis followed by decarboxylation 

(dehydration), and Claisen condensation29.  

        Based on organization of the catalytic domains and polyketide chain elongation mechanisms, 

PKSs are generally classified into three types37,38. PKSs like DEBS, which are multifunctional and 

organized into distinct linear acting modules are classified as modular type I PKSs. In addition, 

there are also type I PKSs which have iteratively acting catalytic domains: the polyketide chain is 

elongated on one module, and each catalytic domain on this module is used iteratively for chain 

extension38. Type II PKSs are multienzyme complexes that are comprised of a set of individual 

enzymes37. Similar to the catalytic domains in type I PKSs, these enzymes work in coordination 

to assemble the polyketide chain. Typical type II PKSs only contain minimal enzyme units to 
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elongate the polyketide chain, which are two ketosynthase units (KSα and KSβ) and an ACP, and 

the polyketide products are usually aromatic. Instead of using the AT domain to load starter units 

or extender units, the KS is able to directly accept the acyl from CoA for chain elongation. 

Different from type I and type II PKSs, type III PKSs are independent of the ACP; they only have 

individual KSs as catalytic domains38. Instead of using ACP, they directly use CoA as the 

polyketide chain carrier to facilitate chain extension.  

1.2.2 Nonribosomal peptide synthetase 

        Non-ribosomally synthesized peptides (NRPs) are another remarkable family of secondary 

metabolites that are derived from peptide precursors21. NRPs such as penicillin, vancomycin, and 

tentoxin, are produced predominantly by bacteria and fungi; NRPs are assembled by nonribosomal 

 

Figure 3. Example of nonribosomal peptide biosynthesis machinery. 

The vancomycin backbone was assembled on the NRPS. X = domain of unknown function.  
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peptide synthetases (NRPSs), instead of ribosomes, and use amino acids as substrates. Similar to 

type I PKSs, NRPSs are megasynthetases comprised of multiple catalytic domains to work in 

coordination for polypeptide assembly39,40. Typical catalytic domains within an NRPS include the 

adenylation domain (A), thiolation domain (T), condensation domain (C), epimerization domain 

(E) and TE.  

        Similar to the ACP in PKSs, the T domain contains a covalently tethered phosphopantetheinyl 

prosthetic group, which is responsible for carrying the elongating polypeptide chain to facilitate 

the accession of the growing chain to other catalytic domains within the NRPS. Due to its essential 

function, there is also a T domain on every module of the NPRS21 (Fig. 3).  

         In analogy to AT domain in PKSs, the NRPS adenylation domain is responsible for activating 

the amino acid substrates and loading them onto an NRPS assembly line. For example, in 

vancomycin biosynthesis, leucine is first adenylated, and then tethered to the T domain through a 

thioester bond41. Besides recruiting free amino acids, the A domain also acts as the gatekeeper to 

select amino acids due to its conserved structural properties at the active sites. As a result, the 

substrate specificity of A domains can be predicted based on the specificity-conferring residues at 

the active site of a given NRPS42,43. For example in vancomycin biosynthesis, the NRPSs including 

VpsA, VpsB and VpsC contain seven modules in total, all of which have T domains and A domains 

(Fig. 3).  

        Like KS domains in PKSs, C domains are able to catalyze chain-elongating of the 

polypeptide21,44,45. Although the C domain is not necessary on the loading module, it is essential 

within the elongating modules. The peptide bond is formed by attacking of the upstream carbonyl 

of the peptidyl thioester tethered to an upstream T domain using the free amine of the downstream 
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aminoacyl thioester tethered to another downstream T domain21,45. Meanwhile, chain elongation 

by one aminoacyl residue is completed together with the translocation of the polypeptide chain 

from the upstream T domain, to the next downstream T domain. In vancomycin biosynthesis, a 

heptapeptide chain is assembled on the NRPS by six consecutive condensation events catalyzed 

by six C domains on the assembly line41 (Fig. 3).  

        Compared to ribosome dependent peptides, NRPs possess non-proteinogenic amino acids, 

which include D-amino acids, modified proteinogenic amino acids as well as other acid substrates 

that do not have amines on the α-carbon21. One way to generate D-amino acids is by epimerizing 

the α-carbon of aminoacyl group bound to the T domain in the presence of E domain on NRPSs. 

The E domain promoted epimerization is initiated by the generation of a mixture of racemic D and 

L T-tethered aminoacyl, wherein the downstream C domain will only accept the D-aminoacyl at 

the enantioselective donor sites. Like the tailoring domains in PKSs, they are not essential for 

polypeptide chain elongation. For example, only three out of seven modules in the vancomycin 

NRPSs have E domains (Fig. 3). 

         To generate peptides with a greater variety of non-proteinogenic amino acid residues, there 

are also other tailoring domains such as methyltransferase domains (MT), oxidase domains (Ox), 

and cyclization domains (Cy)21,46-48. These tailoring domains work in coordination with the other 

catalytic domains on the polypeptide assembly line to generate diverse structures of NRPs. After 

the chain extension of the polypeptide is completed, NRPSs also use TE domains to release the 

product from the assembly line. Like the machinery of PKS, the active site serine of TE domain 

carries out a nucleophilic attack on the carbonyl of the peptidyl thioester to give a covalent TE-

substrate intermediate49. The peptide chain can be further released by either hydrolysis or 

cyclization through intramolecular peptide bond formation50. Compared to the diversified types of 
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PKSs machinery, all NRPSs are modular and resemble the type I PKS assembly machinery. Like 

the modules on iterative type I PKS, some catalytic domains on NRPSs are also able to be used 

more than once, resulting in the possibility for iterative assembly of peptides on the NRPS51.  

1.2.3 Polyketide synthase and nonribosomal peptide synthetase hybrid 

        Besides PKSs and NRPSs, there is also another type of multi domain enzyme that recruits 

both type I PKS and NRPS assembly machinery, termed PKS-NRPS hybrid assembly lines21. Due 

to high similarity of the assembly machinery of type I PKS and NRPS, it is reasonable to think 

that the growing intermediate chain can be transferred and elongated between a type I PKS and an 

NRPS to make a polyketide-NRP hybrid product. Some hybrid assembly lines recruit additional 

PKS machinery, while others recruit more NRPS machinery. For example, in antimycin 

biosynthesis: AntC is an NRPS, which has two modules in charge of a two-step polypeptide chain 

extension; AntD is PKS, which has only one domain that is responsible for the last step chain 

extension and release of the product52,53 (Fig. 4).  

 

Figure 4. Example of PKS-NRPS hybrid assembly line machinery.  

Antimycin biosynthesis using a PKS-NRPS hybrid machinery. 
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1.2.4 Terpenoid synthase 

        Terpenoids are critical for nearly every single living organism on this planet due to their 

essential role in primary metabolism as vitamins, hormones, and steroids23,54 (Fig. 5). Besides their 

essential role in cell survival, they also belong to a versatile family of natural products produced 

by bacteria, fungi, plants, and insects55,56. Some terpenoids have remarkable therapeutic properties, 

such as the antimalarial agent artemisinin, and the anticancer agents paclitaxel and vinblastine (Fig. 

5)57,58. The diverse structures of these terpenoids provide specific bioactivities, but make them 

challenging to obtain using organic synthesis. They all share a distinct, common structural feature, 

which are the C5 isoprene units in the molecule derived from dimethylallyl diphosphate (DMAPP) 

and isopentenyl diphosphate (IPP) precursors. There are two different primary metabolic pathways 

in different organisms which generate these C5 units for terpenoids biosynthesis, which include 

mevalonate pathway and methylerythritol (MEP) phosphate pathway59,60.  

         The assembly machinery of terpenoids is different from the biosynthesis of polyketides and 

NRPs, which are assembled using modular multi-domain enzyme complexes. Instead, the 

 

Figure 5. Important terpenoid related natural products as pheromones, vitamins and 

pharmaceuticals of natural product origin. 
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biosynthesis of structurally diversified terpenoids share another common assembly machinery 

which involves prenyltransferases and terpene synthases23. Firstly, the C5 building blocks are 

usually coupled using prenyltransferases to form longer linear building blocks such as the C10 unit 

geranyl diphosphate (GPP), C15 unit farnesyl diphosphate (FPP), C20 unit geranylgeranyl 

 

Figure 6. Terpenoid assembly line machinery.  

a. isoprene building blocks. b. examples of isoprene assembly using prenyltransferases. c. 

examples of isoprene cyclization using terpenoid cyclases.  
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diphosphate (GGPP), and C25 unit geranylfarnesyl diphosphate (GFPP). These linear substrates 

are further processed through carbocation rearrangement or carbon-carbon bond formation using 

a terpene synthase (Fig 6).  

        Prenyltransferases are responsible for a head-to-tail connection of the isoprenes61. For 

example, FPP synthase catalyzes the formation of FPP using one DMAPP and two IPPs. The 

distinct feature of all prenyltransferases is a conserved DDXXD amino acid residue motif that is 

able to bind metal cations (mostly Mg2+) at the active site61. Other modes of connection between 

the isoprenes are also reported, however the head-to-tail connection is the most common observed 

in terpenoid biosynthesis62. The reaction is initiated by coordination of the diphosphate group of 

DMAPP to Mg2+, which is followed by cleavage of the diphosphate group to generate an allylic 

carbocation as an intermediate. The electrons on the C-C double bond then attack the carbocation 

to form a new C-C bond between DMAPP and IPP23. Finally, proton extraction is carried out, and 

a new C-C double bond is formed (Fig 6). Besides coupling reactions between linear diphosphate 

substrates, there are also prenyltransferases that can catalyze the connection between linear 

diphosphate substrates to aromatic rings or heteroatoms through a nucleophilic attack of the 

carbocation by electrons on the aromatic ring or lone paired electron of the heteroatoms23,63.  

        To establish more complex isoprenoid scaffold, the linear isoprene diphosphate needs to be 

further processed by terpenoid cyclases. The enzymes of this family catalyze some of the most 

complex naturally occurring reactions and result in changes of bonding, stereochemistry, and 

hybridization of the carbon atoms on the substrates23. Based on the reaction mechanisms, the 

terpenoid cyclases can be grouped into two class. Class I terpenoid cyclases, including the 

prenyltransferases, have a metal cation at the active site to coordinate with the diphosphate group 

of the substrate. This coordination facilitates the leaving of the pyrophosphate anion to generate a 
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carbocation on the substrate, which undergoes a series of carbocation rearrangements to form the 

product64. On the other hand, Class II terpenoid cyclases, such as squalene synthase and ent-

Copalyl diphosphate synthase, initiate the reaction by protonation of a carbon-carbon double bond 

or epoxide to generate a carbocation, which undergoes a series of rearrangement to give the 

product64 (Fig 6). The catalytic general acid of Class II terpenoid cyclases is the central aspartate 

in the characteristic sequence motif DXDD.   
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1.3 Natural products resistance 

         As reviewed in Section 1.1, NPs have a plethora of very potent bioactivity targeting the 

physiology of natural competitors. However, the toxic natural of small-molecules is often a double-

edged sword, as NPs may be potentially harmful to the organisms that produce these compounds, 

especially if the target pathway is also essential to the producers. As a result, producers must 

develop strategies to avoid being affected by the NPs, which are produced and accumulated to kill 

the biological enemies. Organisms have evolved several mechanisms to overcome this problem 

 

Figure 7. Self-resistance mechanism using multidrug resistance transporters.  

a. the structure of enterobactin and bacitracin. b. BGC of enterobactin and bacitracin. c. the 

scheme of self-resistance using multidrug resistance transporters.  
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including employing efflux pumps to pump the toxic compounds out of cells, developing enzymes 

that are able to perform chemical modification to toxic NPs, biosynthesis of NPs as prodrugs which 

are further converted to be active after uptake by the enemies, sequestering the active NPs to avoid 

binding to the biological target, and modification of the biological target to decrease binding 

affinity of the toxic NPs65.  

1.3.1 Efflux pumps 

        Multidrug resistance transporters such as major facilitator superfamily (MFS) and ATP-

Binding-Cassette (ABC) transporters are commonly observed in NP biosynthetic gene clusters 

(BGCs)66. For example, a transporter gene was located in the siderophore enterobactin BGC, 

which is named EntS. It was demonstrated that EntS is responsible for exporting the molecules to 

the periplasmic space, which are then further pumped out of the cell outer membrane using other 

transporters (Fig 7). The bioactivity of enterobactin is to sequester iron from the environment due 

to its high affinity to a ferric cation67.  Using this mechanism, the producers are even capable of 

diverting iron from other competitive organisms, especially in environments in which the 

concentration of ferric ion is extremely low. Similarly, bcrABC genes in the bacitracin BGC 

encode an ABC transporter, which was also demonstrated to protect the producer by transferring 

bacitracin outside the cell68 (Fig 7).  

1.3.2 Chemical modification 

        Another widespread strategy to detoxify the bioactive NPs is chemical modification using 

specific enzymes. The most famous examples of this self-resistance mechanism have been 

developed by scientists and applied as reporter genes to select for genetic transformants, such as 

β-lactamase, chloramphenicol hydrolase and hygromycin B phosphotransferase69-71. β-lactams 

such as penicillins were the first class of antibiotics known to humans. They can effectively target 
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the DD-transpeptidase of the cell wall biosynthesis pathway in gram-negative bacteria through 

opening of the four membered lactam ring which has high ring strain. To avoid being damaged by 

β-lactam antibiotics, some bacteria employ a β-lactamase to survive by hydrolyzing the four 

membered β-lactam ring69 (Fig 8). Chloramphenicol is another antibiotic used to treat bacterial 

infections by blocking protein synthesis. It can effectively bind to the 23S rRNA of the 50S 

ribosomal subunit to prevent the peptidyl transfer in the bacterial ribosome during protein synthesis. 

To survive when high concentration of chloramphenicol is produced, the producing organism 

Streptomyces venezuelae evolved a hydrolase that can catalyze the removal of the dichloroacetyl 

moiety to detoxify this compound70 (Fig 8). Another more common resistance mechanism 

 

Figure 8. Self-resistance mechanism through chemical modifications of NPs.  

a. The β-lactam is hydrolyzed using lactamase. b. chloramphenicol can be deactivated by both 

chloramphenicol hydrolase and chloramphenicol acetyltransferase. c. hygromycin B is 

deactivated using hygromycin B phosphotransferase.  
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employed by other bacteria to survive in the presence of high concentration of chloramphenicol is 

using a chloramphenicol acetyltransferase (CAT) to covalently attach an acetyl group to detoxify 

chloramphenicol72 (Fig 8). Hygromycin B, produced by Streptomyces hygroscopicus, belongs to 

the aminoglycoside antibiotics family; it can effectively kill bacteria, fungi and higher eukaryotic 

organisms through interfering with protein synthesis. Therefore, the gene conferring hygromycin 

B resistance is an ideal selectable reporter gene utilized for gene transfer experiments in both 

prokaryotic and eukaryotic organisms. A hygromycin B phosphotransferase of bacterial origin was 

discovered to confer resistance to hygromycin B, which is capable of performing a 

phosphorylation reaction to detoxify hygromycin B71 (Fig 8).  

1.3.3 Prodrug of active natural products 

         Utilization of a prodrug, as an inactive precursor to a bioactive drug, is a widely adopted 

strategy in modern drug delivery73. This approach can be used to improve the delivery accuracy, 

as well as physiological and physical properties of the drugs. After being delivered to the target, 

the prodrug is further metabolized to become a bioactive pharmaceutical, which can prevent 

 

Figure 9. Example of self-resistance mechanism using a prodrug strategy.  

Didemnin B was first synthesized as its deactivated form didemnin X and Y, which are further 

activated by hydrolysis during exportation out of the producer.  
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undesirable side effects. To avoid toxicity of the NPs, this prodrug strategy is also prevalently 

adopted by NP producers as a self-resistance mechanism: the NPs will not become active until 

uptake by competing organisms74. For instance, the anticancer agent didemnin B isolated from a 

marine tunicate was produced by its symbiotic bacteria Tistrella mobilis75. It was not directly 

assembled by the NRPS and stored in the cell as didemnin B. Instead, other structurally similar 

compounds didemnin X and Y are synthesized as a prodrug first, which are modified with one or 

two glutamine and a β-hydroxyl fatty acid by the NRPS. The cytotoxicity of didemnin X and Y 

are very low compared to the mature compound didemnin B. The prodrug didemnin X and Y was 

demonstrated to be converted to didemnin B after cellular export and ester hydrolysis, revealing 

the potent didemnin B (Fig 9).  

1.3.4 Sequestering the active natural products 

        Sequestering a bioactive compound from accessing its cellular target is another common self-

resistance mechanism. This is usually accomplished by noncovalently but tightly binding to a 

protein, which stabilizes the warhead of the bioactive NPs. One of the most notable examples is 

 

Figure 10. Example of self-resistance mechanism using a sequestering strategy. 

The nine-membered ring enediyne C-1027 is stabilized using apo-protein to prevent the 

producer.  
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the self-resistance mechanism of NPs from nine-membered ring enediyne family76. For example, 

the enediyne moiety with two acetylenic groups conjugated to a double bond of C-1027 is in 

equilibrium with its benzenoid diradical form at physiological conditions77. However, the diradical 

is very unstable, and readily abstracts hydrogen from deoxyribose of DNA when binding to the 

minor grooves of DNA. The newly formed carbon radicals of deoxyribose further react with O2 

and lead to DNA double strand breaks, which will eventually cause cell death. Scientists were 

curious about how the producing strain is able to survive in the presence of this highly reactive 

NPs since its mode of action was figured out. It was then demonstrated that a constitutively 

expressed apo-protein is required for production of C-1027, which is capable of noncovalently 

binding to C-1027 to stabilize its enediyne form76. As a result, the apo-protein prevents the 

transformation of C-1027 into its active form to protect the producing strain (Fig 10).  

1.3.5 Modification of targets 

        Alternatively, in order to acquire self-resistance of NPs, the targets within the producing 

organisms could be mutated to prevent NP binding. The self-resistance enzymes (SREs) are 

capable of performing the same function as the NP targeted housekeeping enzyme, however, it is 

sufficiently mutated to be not affected by the NP. Because the self-resistance gene is required for 

survival at the time of NP production, the gene encoding its SRE is frequently co-localized in the 

NP BGC. A well-known example is the lovastatin self-resistance mechanism: a 3-hydroxy-3-

methylglutaryl-coenzyme A reductase (HMGR), which is also the biomolecular target, was found 

to be encoded by ORF8 in the BGC of lovastation78 (Fig 11).  
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        Recently, in the post genomic era, various self-resistance mechanisms have caught the 

attention of natural product researchers. For instance, the BGC of the fatty acid synthase inhibitor 

thiolactomycin from Salinispora pacifica was successfully located within the genome of the 

producing organism using a second copy of fatty acid synthase, which was later proven to be a 

SRE79 (Fig 11). The antituberculosis agent griselimycin was found to target DNA polymerase, 

hinted by the presence of a self-resistance gene that encodes DNA polymerase in its BGC80 (Fig 

11).  Deep insights of the self-resistance mechanism not only provides the potential for application 

(such as developing self-resistance genes as markers for selection of recombinant DNA 

transformation) but can also provide insight in treating multi-drug resistance pathogens65. 

  

 

Figure 11. Example of self-resistance mechanism via target alternation. 

a, the function of self-resistance enzymes to confer resistance of the host in the presence of 

bioactive NPs. b, co-localization of the resistance genes (red) and the NP biosynthetic genes 

(blue). c, structure of NPs using target alternation strategy as self-resistance mechanisms.  
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1.4 Approaches to discover novel natural products  

1.4.1 Activity and structure guided natural products discovery         

        The application of NPs precedes recorded human history by thousands years, and our earliest 

ancestors were able to use medicinal plants to treat wounds or diseases81. Traditional Chinese 

medicine is one of the well-known example of the extensive use of natural products as medicines 

since ancient times for more than 2000~3000 years82. However, it was not until the 19th century, 

during which the development of organic chemistry, analytical chemistry, biology, and 

biochemistry paved the way to the golden era of NPs. Using modern technologies, scientists are 

able to isolate NPs, and determine their chemical structures, biological activities and medicinal 

properties83. In 1805, pure morphine was isolated from opium and became the first pure NP 

medicine commercialized by Merck in 182681. Subsequently, many famous NPs drugs were 

isolated from medicinal plant extracts such as quinine from Cinchona ledgeriana, caffeine from 

Coffea arabica, and nicotine from Nicotiana tobacum81,84,85.  

        The discovery of the first microbe-derived antibiotic penicillin is considered to be a 

significant milestone in modern NP research86. In 1928, Alexander Fleming observed a zone of 

inhibition near Penillium colonies on a petri dish growing Staphylococcus. He found this mold can 

secrete something that was capable of killing many harmful bacteria species. Ten years later, 

scientists confirmed that penicillin was the bioactive component, and started clinical trials. This 

bioactivity guided approach to discover bioactive NPs led scientists to effectively find many new 

and valuable NPs, which include some of the most famous pesticides or pesticide leads such as 

spinosyns, avermectins, glufosinate and antimycins9 (Fig 1).  
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        In a brief summary of NP discovery history, bioactivity-guided compound purification has 

been the used as a widespread strategy for the development of new drugs. The process can be 

simplified as follows: first, a biomass with excellent medicinal properties is subjected to 

fractionation based on the physical properties; then, the bioactivity of each fraction is determined 

and those without the desired bioactivity are discarded; and last, the first two steps are performed 

iteratively until the pure bioactive compound is obtained (Fig 12)83. Since an increasing number 

of bioactive NPs have developed into new drugs, scientists and pharmaceutical companies have 

focused on NP research87.  

        Later on, with the development of purification technologies, more and more structurally 

diversified NPs were isolated prior to any knowledge of their bioactivity88. These compounds may 

then be subjected to high throughput screening of bioactivities and then developed into new 

therapeutics or agricultural agents3,9 (Fig 12). The explanation of why so many NPs have very 

promising medicinal properties is: NPs have co-evolved together with large biomolecules 

 

Figure 12. Traditional strategies of natural product discovery. 

a. the scheme of bioactivity guided NP discovery, in which, the NPs are screened using 

bioactivity assay. b. the scheme of structure guided NP discovery, in which, the structure of 

all the pure NPs was determined using model analytical techniques.  
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including proteins and DNA, which results in high proximity in influencing the physiology of 

relating organisms by interaction with specific biomolecules.  These strategies can be summarized 

as the structure guided NP discovery approach, which has proven fruitful in leading NP research 

to its golden age5.  

1.4.2 Genome guided natural products discovery         

        Due to increasing drug resistance to existing molecules and a dwindling pipeline of new drug 

leads, the need to discover novel NPs and generate chemical diversity is increasingly critical89,90. 

Besides plants, microbes such as bacteria and filamentous fungi are considered to be rich sources 

of NPs. Therefore, as the amount of microbial genome information becomes increasingly abundant 

through next generation sequencing, genome-guided mining of new NPs for therapeutic 

application is emerging as a potentially powerful approach to discover new NPs91.  

        Genomics has revolutionized every aspect of biology, and has also revitalized NP research. 

Rapid development of DNA sequencing technologies has ushered in a new golden age of NP 

research, with an ever-increasing number of whole genome sequencing data available91-93. Genes 

encoding NP biosynthetic enzymes are frequently colocalized to facilitate expression and 

regulation in microorganisms. These NP biosynthetic genes are physically colocalized and 

typically referred to as BGCs94. Bioinformatic analysis has revealed that many microbes in fact 

encode far more BGCs than the NPs that are produced under growth conditions used for pesticide 

screening95. A majority of BGCs remain silent due to the complex regulation of BGCs in nature 

and our inability to reproduce the natural environmental cues that are needed to turn them on. As 

a result, more than 90% of BGCs have therefore remained as genomic “dark matter” and encode 

secondary metabolites that have been elusive as opportunities for NPs discovery95. It is tantalizing 
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to imagine the quantity and impact of bioactive compounds that could be accessible to humans if 

all of the microbial biosynthetic capabilities were realized96.  

        The first biosynthetic gene was characterized to be responsible of actinorhodin biosynthesis 

in 1980 with the establishment of Streptomyces genetics97. After this, researchers started to 

understand the biosynthetic logic and genetic basis for the production of these compounds. In the 

post-genomic era, detecting and analyzing secondary metabolite BGCs within a gigantic collection 

of microbial genomic databases are well established using existing bioinformatics tools90. To date, 

thousands of BGCs have been characterized and deposited in the database known as “minimum 

information for biosynthetic gene clusters” (MIBiG). Although the structures and bioactivities of 

these secondary metabolites vary dramatically, all of them are assembled from a common reservoir 

 

Figure 13. Workflow of genome guided NP discovery.  

This approach starts from the genomic sequence of organisms of interests, which are used to 

identify BGCs of putative NPs. The BGCs of interests are then activated using synthetic 

biology tools, which is followed by metabolic analysis, compound purification and structure 

elucidation.  
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of primary metabolite building blocks using conserved biosynthetic machineries98. Such conserved 

machineries that have been well characterized to date include polyketides assembled by polyketide 

synthetases (PKSs), non-ribosomally synthesized peptides assembled by non-ribosomal peptide 

synthetases (NRPSs), ribosomally synthesized and post-translationally modified peptides (RiPPs) 

and terpenoids assembled by terpene synthase (TS).  Besides shedding light on the sophisticated 

biosynthetic mechanisms of NPs, these conserved biosynthetic enzymes also provide us a window 

to discover new NPs21-23.  

        The knowledge of NP biosynthesis enables a genome guided strategy to facilitate NP 

discovery, which is to predict and isolate natural products based on genomic sequences without 

knowing the structure and bioactivity beforehand91,95. Genome mining of highly conserved NP 

biosynthetic core enzymes such as PKSs, NRPSs and TSs that have not been characterized to be 

related to any known NPs is a typical approach to find new BGCs (Fig 13). Meanwhile, focusing 

on the tailoring enzymes that are able to modify the precursors also provides scientists with another 

way to identify new BGCs96.  

         A more sophisticated approach to carry out genome mining is based on the phylogeny tree 

of biosynthetic genes96. The idea is to compare a homologous biosynthetic gene that is diversified 

within different organisms. Like the evolution of organisms, biosynthetic genes also gradually 

diversified in function as genomic sequences altered among different hosts. Therefore, a 

phylogenetic study of how the function is diversified as the DNA sequence alters provides hints 

for the discovery of new biosynthetic enzymes, which may further relate to the biosynthesis of 

novel NPs.  
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         Based on Darwin’s theory of evolution, the NPs are also subjected to gradual natural 

selection and evolution. Natural selection preserves and accumulates minor advantageous genetic 

mutations: "Natural selection acts only by taking advantage of slight successive variations; she can 

never take a great and sudden leap, but must advance by short and sure, though slow steps." Thus 

it is not difficult to imagine the huge number of BGCs that exist with slight variations. One random 

BGC may not produce NPs with desired bioactivity and medicinal properties. As a result, 

characterizing all of the orphan BGCs one by one is labor intensive and time consuming; thus, 

prioritizing these orphan BGCs according to a proposed mode of action provides a strategy to 

address this challenge96. 
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2. Results and discussions 

2.1 Genome mining of heptelidic acid biosynthetic gene cluster 

2.1.1 Introduction 

Bioinformatic analysis has revealed that many microbes in fact encode far more BGCs than 

the NPs that are produced under growth conditions used for drug screening99. More than 90% of 

BGCs have therefore remained as genomic “dark matter” and encode NPs that have been elusive 

as opportunities for drug discovery. It is tantalizing to imagine the quantity and impact of 

therapeutic compounds that could be accessible to humans if all of the microbial biosynthetic 

capabilities were realized. Consequently, developing new strategies and tools to explore this 

 

Figure 14. The relationship between natural product biosynthetic core gene, resistance gene 

and housekeeping gene in the natural product producing host.  

The housekeeping gene shown in yellow encodes a critical metabolic enzyme (yellow sphere) 

for the survival of the host, and this enzyme can bind to the produced natural product tightly 

to abolish its function. The resistance gene shown red encodes a self-resistance enzyme, 

which has the same function of housekeeping gene, however, the natural product is not able 

to bind to this enzyme due to some mutations at the active site. Thus the cell is still able to 

survival when producing the toxic natural product.  
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hidden biosynthetic potential in nature, and to reinvigorate NP drug discovery are highly 

significant100-102.  

        In my research project, we developed an innovative resistance gene directed NP discovery 

approach to effectively and efficiently translate microbial genome information into bioactive 

compounds103. The rationale of this approach is that a host organism producing NPs must have a 

method of self-protection; this self-protection is frequently achieved through the coexpression of 

an alternative homolog of the target enzyme that is insensitive to the NP (Fig 14). Therefore, a 

resistance gene directed approach has proven to be an effective strategy to bridge the gap between 

orphan BGCs and bioactivities in the search for new NPs65.  

        The co-localization of a self-resistance enzyme in the BGCs of NPs offers a unique and 

exciting way to bridge bioactivity guided NP discovery and genome guided NP discovery, and to 

predict biological activity of the NPs produced by a sequenced organisms103. For example, a 

second copy of HMGR, the target of lovastatin, is also encoded in the lovastatin BGC as ORF8 in 

 

Figure 15. Workflow of resistance gene guided genome mining of the biosynthetic gene cluster 

of thiolactomycin. 

The BGC of a fatty acid synthase (FASII) inhibitor thiolactomycin is successfully located in 

the genome of producing host Salinispora tropica using FASII. This FASII is a second copy in 

the genome, which is proved to be not sensitive to thiolactomycin. Heterologous expression of 

this cluster further also proved that it is responsible of producing thiolactomycin.  
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Aspergillus terreus78 (Fig 11). From a reverse-engineering perspective, if the lovastatin BGC was 

silent, as 90% of the BGCs in Aspergillus terreus are, then by locating the second copy of HMGR 

as an SRE, we would have been able to predict HMGR as the target of the NP produced by the 

BGC.  

        This self-resistance mechanism has also inspired scientists in NP research recently. Tang and 

coworkers were able to successfully locate the BGC of thiotetronic acid in Salinispora tropica in 

2015 (Fig 15)79. Although thiotetronic acid was isolated about 30 years ago and is known to be a 

fatty acid synthase inhibitor when the project was established, scientists had no clue about its 

biosynthesis104,105. They proposed a fatty acid synthase that is insensitive to the NP inhibitor could 

be encoded in the BGC to confer resistance when thiolactomycin is produced by Salinispora 

tropica. Thus, they first searched through the genome to look for fatty acid synthase (FASII) as 

putative antibiotic resistance gene. Then they found one FASII homolog was close to a hybrid 

PKS-NRPS, which had not been characterized in the biosynthesis of any known NPs. To 

 

Figure 16. Workflow of resistance-gene guided molecular target discovery of griselimycin.  

Molecular target of griselimycin is determined by the hint of a dnaN gene within its BGC, 

which was further proved to be the self-resistance gene.  
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demonstrate this BGC is actually able to produce a FASII inhibitor, they expressed the gene cluster 

in a heterologous host Streptomyces coelicolor M1152 and identified a new product as 

thiolactomycin. This thiotetronic acid was isolated from other organisms and demonstrated to be 

a FASII inhibitor105. This research indicates it is practical to find a BGC related to NP of desired 

bioactivity using resistance gene as a guide.  

        Besides locating the BGCs of a NP of known bioactivity, the resistance gene in the BGCs 

may also shed lights to the bioactivity of its related NP. Griselimycin is a cyclic peptide isolated 

from Strepotmyces strains in 1960s106. Although it has excellent broad spectrum antibacterial 

activity including Mycobacterium tuberculosis (TB), further developing of this NP to human 

therapeutics as anti-TB drugs was impeded because of poor pharmacokinetics properties80. The 

analogs of griselimycin have been made and tested, however, efforts were abandoned when 

rifampin became available to treat TB107. Understanding the mode of action of bioactive NPs is 

critical to drug development and improvement. Recently, Kling et al. discovered the molecular 

 

Figure 17. Workflow of resistance-gene guided genome mining strategy to discover NPs of 

desired bioactivities. 
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target of antibiotic griselimycins is DNA polymerase sliding clamp DnaN, which was hinted by a 

DnaN homolog encoded in the BGC that was demonstrated to be the SRE80 (Fig 16). This 

discovery unveiled the novel mode of action of griselimycin, and its promising potential to be 

developed into new anti-TB drugs. This research outcome again indicated that the BGCs of NPs 

contain much more information, which is not just limited to how a NP is made, but also how that 

NP functions.  

        All the above examples illustrate the feasibility of using the resistance gene as a window to 

predict the function of NPs “a priori,” without any prior knowledge of structure. The only 

information we need is the genomic sequence and the bioactivity to query. In other words, our goal 

is to find gene clusters that contain both biosynthetic core genes and a resistance gene, and then 

we activate the cluster to check whether a bioactive NP can be produced or not (Fig 17). Here we 

propose a resistance gene guided genome mining approach to discover NPs of desired bioactivities. 

Although it is still alignment based approach to predict BGCs using known biosynthetic core 

enzymes, which means it is not able to discover new biosynthetic enzyme, it is capable of helping 

us to prioritize the increasing number of cryptic and silent biosynthetic gene clusters to direct us 

to tap into bioactive NPs with desired mode of action.  
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2.1.2 Results and discussions 

        To test our hypothesis, we first used a NP for which the bioactivity was known but the BGC 

remained unknown. We wanted to check if we could identify the right BGC when using the known 

bioactivity as an input for resistance gene guided genome mining. After that, we will move onto 

discovery of NPs of a desired function using our proposed approach. 

        Heptelidic acid (1), also known as avocettin or koningic acid, was initially isolated from 

Trichoderma virens in the 1980s108,109  (Fig 18). It was reported to have multiple bioactivities such 

as antibacterial, antimalarial and apoptosis regulator activity110-112. Heptelidic acid was further 

identified to be an inhibitor of a potent anticancer therapeutic target glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH)113. Similar to its structural analog pentalenolactone, the electrophilic 

epoxide moiety covalently blocks the active-site cysteine of GAPDH, which results in irreversible 

inactivation114,115. Isotopic acetate incorporation experiments indicated that heptelidic acid is 

derived from a cadalene type sequiterpene precursor, followed by an enzymatic Baeyer-Villiger 

type oxygen insertion occurring afterwards to form the lactone116 (Fig 18). However, the gene 

 

Figure 18. Biosynthesis of heptelidic acid study using isotope labeling. 
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cluster and biosynthetic pathway of heptelidic acid remained unknown at the onset of this project 

in 2014, despite a recent report of the BGC117. 

        GAPDH, the biomolecular target of heptelidic acid, is in an essential pathway in the 

breakdown of glucose to obtain energy118. It catalyzes the sixth step of glycolysis to convert 

glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate using the cofactor nicotinamide 

adenine dinucleotide (NAD+) as an oxidizing agent. The reaction is accomplished through covalent 

catalysis followed by general base catalysis. First, the free thiol of the cysteine residue of GAPDH 

attacks the carbonyl of glyceraldehyde 3-phosphate to form a hemithioacetal intermediate that 

covalently binds to GAPDH. Then the oxidation is carried out by NAD+ in the active site, which 

abstracts a hydride to form the thioester intermediate that is covalently bound to GAPDH. Finally, 

a phosphate anion attacks the carbonyl of the thioester to form the final phosphorylated product 

D-glycerate 1,3-bisphosphate (Fig 19). Heptelidic acid is able to covalently bind to the cysteine in 

active sites via epoxide ring opening reaction, blocking the function of GAPDH119. Due to the 

increased aerobic glycolysis metabolism is uniquely observed in cancer cells, instead of normal 

human cells, heptelidic acid is considered a potential anticancer agent120.  

 

 

Figure 19. Reaction and inhibition mechanism of GAPDH. 
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        To validate our proposal, we utilized our proposed resistance-gene guided genome mining 

approach to identify the BGC of heptelidic acid in the producing strain T. virens.  In fungi, there 

is usually only one copy of the gapdh gene in the genome. In comparison, as we expected, 

bioinformatic analysis of the T. virens genomic sequence reveals there are two copies of gapdh in 

the genome (accession number: XP_013949968.1 and XP_013958680.1), which have 73% 

identity to one another. Bioinformatic analysis showed that one of the GAPDH homologs 

XP_013949968.1 has less identity (~70%) to the housekeeping fungal GAPDH across species, 

while the other homolog XP_013958680.1 has higher identity (~80%). So from this result, we 

predicted XP_013949968.1 is the resistance gene, and XP_013958680.1 is the housekeeping gene. 

And as we expected, XP_013949968.1 is co-localized with the natural product biosynthetic core 

gene, which is responsible of terpenoid biosynthesis. This putative terpenoid BGC, with a length 

of 18 kb, encodes a resistance gene (hepG), terpene synthase (hepA), four P450s (hepC, hepD, 

hepE and hepH), antibiotic biosynthesis monooxygenase (hepB) and an MFS transporter (hepF) 

 

Figure 20. Conserved BGC of heptelidic acid among several fungal species.  
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(Table S1). These genes are predicted to be in charge of heptelidic acid biosynthesis, self-resistance 

and transport. In addition, the BGC, including the resistance gene, is also found to be conserved 

within several other fungal species including the reported producing strain Anthostoma avocetta 

and Aspergillus terreus ATCC20516 (Fig 20).  

        Further bioinformatics analysis showed that in addition to T. virens, the hepG presents the 

other two producers A. avocetta and A. terreus is also a second copy of the housekeeping gapdh 

gene which further indicated that the resistance gene is essential to help the host to survive when 

 

Figure 21. HepA is a sesquiterpene cyclase.  

The scheme proposed reaction to generate the sesquiterpene product 5 using HepA, and 

spontaneous reaction to form 7 and 8 (up). S. cerevisiae expressing HepA is able to produce 

compound 5, 6 and 7 (middle). HepA is only able to catalyze the formation of 5 in the in vitro 

assay.  
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heptelidic acid is produced. To validate our hypothesis, we first saught to prove this cluster is 

indeed responsible for heptelidic acid production. The most ideal approach is to knockout the hepA 

gene, however, gene knockout in T. virens failed due to a high rate of non-homologous end joining 

(NHEJ)121. We therefore tried to do heterologous expression of the whole cluster in Aspergillus 

nidulans, however, no product was detected. Thus, we decided to study the function of each gene 

one by one and try to piece together the obtained information to prove this gene cluster is in charge 

of heptelidic acid biosynthesis.  

        First, we cloned the cDNA from T. virens and expressed the terpene synthase HepA in 

Saccharomyces cerevisiae. When HepA was expressed for 3 days, we identified a series of 

sesquiterpenes produced including compounds 5, 6, and 7 (Fig 21). However, if HepA was purified 

from the expressing S. cerevisiae strain, and subjected to in vitro biochemical assay using FPP, 

 

Figure 22. Fermentation of heptelidic acid biosynthetic intermediates. 

Only heptelidic acid can be obtained from fermentation of T. virens at shaking condition. 

However, compound 2-4, which is the biosynthetic intermediates of heptelidic acid can be 

produced when growing T. virens at stationary condition, possibly due to the oxidation steps 

were not completed due to the lack of oxygen in the stationary growing conditions. 
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only compound 5 can be detected as a product. Therefore, compound 5 is the product of HepA, 

compound 6 and compound 7 are metabolites of the yeast endogenous enzymes using compound 

5 as substrates, which are shown in Figure 21. According to the reported isotope labeling results, 

5 is a reasonable terpene precursor to heptelidic acid, which indicated this cluster is in charge of 

heptelidic acid biosynthesis116 (Fig 18).  

        Next we focused on characterization of the cytochrome P450s including HepC, HepD, HepE, 

and HepH in the gene cluster. Fermentation of the wild type T. virens strain at different conditions 

was carried out to optimize the production of heptelidic acid. Compared to incubating the strain in 

the shaker, there were three more structurally related new metabolites generated when the strain 

was incubated at stationary condition. These new compounds 2, 3 and 4 were isolated, and their 

structure were determined by NMR (Fig 22 and S3). Comparing these three new compounds to 

heptelidic acid, all of them are structurally related to each other and possibly biosynthetic 

intermediates of heptelidic acid. Compound 2 can be converted to 3 by epoxidation of the C10-

C12 double bond; then dehydrogenation of hydroxyl group of compound 3 will give compound 4. 

At last, a Baeyer-Villiger oxidation converts compound 4 to heptelidic acid. Although Baeyer-

Villiger oxidation is known to be catalyzed by FAD dependent Baeyer-Villiger monooxygenases 

(BVMO)s, there is no flavoenzyme in the proposed biosynthetic gene cluster of heptelidic acid122. 

On the other hand, cytochrome P450s have also been reported to catalyze the Baeyer-Villiger 

oxidation in the biosynthetic pathway of brassinolide and brassinosteroid in Arabidopsis, which 

indicated that cytochrome P450s also have the potential to function as a BVMO. Therefore, we 

proposed one of the cytochrome P450s instead, is able to perform as a BVMO, because cytochrome 

P450s can activate the molecular oxygen, forming the peroxide anion Fe-OO-, which will attack 

ketone to form Criegee intermediate. This unstable intermediate readily undergoes rearrangement 
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via expulsion of a 4α-hydroxyflavin anion Fe-O- and migration of a carbon-carbon bond to form 

the ester. 

 

Figure 23. Saccharomyces cerevisiae conversion of 2 to 3 and 3 to 4 using hepE.  

Top: compound 2 was fed to S. cerevisiae expressing the cytochrome P450s within the BGC, 

only S. cerevisiae expressing HepE is able to convert 2 to 3, and further conversion of 3 to 4 

was also observed. Bottom: compound 3 was fed to S. cerevisiae expressing the cytochrome 

P450s within the BGC. Consistent with the results observed on top, only S. cerevisiae expressing 

HepE is able to convert compound 3 to compound 4. These results indicated HepE is able to 

convert compound 2 to compound 4 via compound 3.  
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        To validate our prediction, the cDNA of the cytochrome P450 oxidoreductase and all 

cytochrome P450s including hepC, hepD, hepE, hepH, and a cytochrome P450 reductase were 

obtained from the producing strain T. virens. These cytochrome P450s, together with their electron 

transfer partner, were heterologously expressed in S. cerevisiae under the adh2 promoter 

individually by strain ScC, ScD, ScE and ScH respectively. To investigate which cytochrome P450 

could convert the biosynthetic intermediates, compound 2 was fed to cytochrome P450 expressing 

strains. After incubating these strains together with compound 2 for 12 h to carry out the 

bioconversion, each culture was extracted with acetone and subjected to HPLC-MS analysis (Fig 

23). The results showed that only strain ScE is able to compound 2 into compound 3, meanwhile 

ScE can further convert the biosynthetic intermediate compound 3 to compound 4. In consistence, 

when compound 3 was fed to all cytochrome P450 expressing strains, only ScE can convert 

 

Figure 24. Conversion of 4 to heptelidic acid using HepD. 

Microsomes containing HepH, HepD, and HepC respectively together with their reducing 

partner cytochrome P450 reductase were incubated with 4 in the presence of NADPH, 

NADH, FADH2 and FMNH2. Only HepD is able to catalyze the reaction. 
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compound 3 to compound 4. Together, these indicated the function of HepE is to catalyze 

epoxidation of compound 2 to compound 3, and dehydrogenation of compound 3 to compound 4. 

However there is no final product heptelidic acid to be detected within the metabolites of ScE, 

which means the Baeyer-Villiger oxidation is catalyzed by another enzyme (Fig 23).  

        A similar feeding experiment was carried out using compound 4 as the substrate, however, 

no strains showed the ability to accomplish the transformation of compound 4 into heptelidic acid. 

Heptelidic acid is an irreversible inhibitor of GAPDH, which will covalently bind to the active site 

of GAPDH; therefore we proposed that even if there is a small amount of heptelidic acid produced 

by bioconversion, heptelidic acid may be still elusive from LC-MS detection when it covalently 

binds to GAPDH115. In addition, heptelidic acid may also affect the growth and protein expression 

of the yeast cells which may further decrease the conversion efficiency. Thus, we extracted the 

microsomes of the strains that express cytochrome P450s including HepC, HepD and HepH and 

their reducing partner cytochrome P450 reductase, and performed in vitro biochemical enzymatic 

assays (Fig 24). The results indicates that only HepD is able to catalyze a Baeyer-Villiger oxidation 

reaction to convert compound 4 into the final product heptelidic acid. This discovery added another 

example of a cytochrome P450 which functions as a BVMO in secondary metabolism123.   

        To further validate that HepG is the resistance gene, we next investigated the catalytic 

efficiency of the GAPDHs in the presence of heptelidic acid.  In comparison, catalytic performance 

of GAPDHs from representative animal and fungi were also determined in the presence of 

heptelidic acid. All GAPDHs were first incubated with different concentrations of heptelidic acid 

for 10 min, then the reaction was initiated by adding glyceraldehyde-3-phosphate as substrate, and 

the catalytic efficiency was determined by measuring the initial reaction rate. The result showed 

that GAPDHs from human and yeast are very sensitive to heptelidic acid, with IC50s of around 
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0.15 µM and 0.4 µM respectively (Fig 25). On the other hand, the IC50s of the T. virens 

housekeeping GAPDH and HepG are around 100 µM and 1600 µM respectively, which showed 

that both of the GAPDH in the producing strain are more tolerant to heptelidic acid than the 

GAPDH in non-producing organisms. We proposed that HepG is the resistance gene, which has 

around 16-fold greater tolerance to heptelidic acid, however, the catalytic efficiency of HepG is 

around 10-fold lower than the housekeeping GAPDH in fungi. This indicates that HepG originally 

evolved from a normal GAPDH, and sacrificed catalytic efficiency to obtain resistance to 

 

Figure 25. Inhibition assay GAPDHs using heptelidic acid. 

Biochemical analysis of GAPDHs were carried out in 100 µL reaction mixture containing 20 

mM Tris-HCl pH 8.5, 0.2 mM EDTA, 1 mM DTT, 10 mM sodium arsenate, 1 mM NAD+, and. 

The reaction mixtures were first incubate with 0.01 ~ 3200 µL heptelidic acid (1) for 10 min at 

37 ˚C, then 0.01 ~ 1 mM glyceraldehyde-3-phosphate was added to initiate the reaction. The 

reaction rate was monitored by plate reader as the production of NADH, which has UV 

absorption at 340 nm.  
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heptelidic acid. Meanwhile, the housekeeping GAPDH of the producer also evolved to be tolerant 

to heptelidic acid during coexistence with the toxic heptelidic acid. Compared to GAPDHs of yeast 

and human, the housekeeping GAPDH has a higher KM value, which indicates it sacrificed its 

substrate specificity to obtain tolerance to heptelidic acid, which is much higher than GAPDHs’ in 

other species but still lower than the SRE HepG.  
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2.1.3 Conclusions 

        We proposed a resistance gene guided genome mining strategy to discover NPs of desired 

activity. To test our hypothesis, we first tried to locate the BGC of a known GAPDH inhibitor 

heptelidic acid using the resistance gene. We found that there are two copies of gapdh within the 

genome of the producing strain T. virens all together (XP_013949968.1 and XP_013958680.1). 

One of the gapdh (XP_013949968.1) is co-localized with terpenoid biosynthetic genes, which 

were predicted to be involved in heptelidic acid biosynthesis.  

        We demonstrated that this BGC is responsible for the biosynthesis of heptelidic acid using 

both an in vitro biochemical assay and in vivo biotransformation. HepG was also verified to be 

tolerant to heptelidic acid compare to the housekeeping tGAPDH. The validation of the heptelidic 

acid BGC proved our proposed resistance gene guided genome mining approach is feasible to 

identify the BGC of a NP with known bioactivity.  

        At this point we are still curious about the biomolecular mechanism that confers HepG 

tolerance to heptelidic acid, considering the identity of HepG and housekeeping GAPDH is around 

70%. We are planning to elucidate the mechanism of self-resistance at the molecular level using 

structural biology approaches. 
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2.1.4 Materials and Methods 

General materials and methods 

         Biological reagents, chemicals, media and enzymes were purchased from standard 

commercial sources unless stated. Plant, fungal, yeast and bacterial strains, plasmids and primers 

used in this study are summarized in Tables S2 and S3. DNA and RNA manipulations were 

carried out using Zymo ZR Fungal/Bacterial DNA Microprep™ kit and Invitrogen Ribopure™ 

kit respectively. DNA sequencing was performed at Laragen, Inc. The primers and codon 

optimized gblocks were synthesized by IDT, Inc. 

Construction of Saccharomyces cerevisiae strains.  

        Plasmid pXW55 (URA3 marker) digested with NdeI and PmeI was used to introduce the hepA 

gene (XP_013949969.1)124. A 1.2 kb fragment containing hepA obtained from PCR using primers 

HepA-xw55-recomb-F and HepA-xw55-recomb-R was cloned into pXW55 using yeast 

homologous recombination to afford pHepA-xw55. The plasmid pHepA-xw55 was then 

transformed into Saccharomyces cerevisiae RC01 to generate strain TY11124.  

        Plasmid pXW06 (TRP1 marker) digested with NdeI and PmeI was used to introduce the hepH 

gene (XP_013949970.1)124. A 1.6 kb fragment containing hepH obtained from PCR using primers 

HepH-xw06-recomb-F and HepH-xw06-recomb-R were cloned into pXW06 using yeast 

homologous recombination to afford pHepH-xw06. Plasmid pXW55 (URA3 marker) digested with 

NdeI and PmeI was used to introduce the T. virens NADPH-cytochrome P450 reductase gene 

(XP_013956415.1). A 2.1 kb fragment containing T. virens cytochrome P450 reductase obtained 

from PCR using primers TvCPR-xw55-recomb-F and TvCPR-xw55-recomb-R was cloned into 

pXW55 using yeast homologous recombination to afford pTvCPR-xw55. The plasmid pHepH-
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xw06 and pTvCPR-XW55 was then transformed into Saccharomyces cerevisiae RC01 to generate 

strain TY12. 

        Plasmid pXW02 (LEU2 marker) digested with NdeI and PmeI was used to introduce the hepD 

gene (XP_013949971.1)124. A 1.6 kb fragment containing hepD obtained from PCR using primers 

HepD-xw02-recomb-F and HepD-xw02-recomb-R were cloned into pXW02 using yeast 

homologous recombination to afford pHepD-xw02. The plasmid pHepD-xw02 and pTvCPR-

XW55 was then transformed into Saccharomyces cerevisiae RC01 to generate strain TY13. 

        Plasmid pXW06 (TRP1 marker) digested with NdeI and PmeI was used to introduce the hepC 

gene (XP_013949972.1)124. A 1.6 kb fragment containing hepC obtained from PCR using primers 

HepC-xw06-recomb-F and HepC-xw06-recomb-R were cloned into pXW06 using yeast 

homologous recombination to afford pHepC-xw06. The plasmid pHepC-xw06 and pTvCPR-

XW55 was then transformed into Saccharomyces cerevisiae RC01 to generate strain TY14. 

        Plasmid pXW02 (LEU2 marker) digested with NdeI and PmeI was used to introduce the hepE 

gene (XP_013949974.1)124. A 1.6 kb fragment containing hepE obtained from PCR using primers 

HepE-xw02-recomb-F and HepE-xw02-recomb-R were cloned into pXW02 using yeast 

homologous recombination to afford pHepE-xw02. The plasmid pHepE-xw02 and pTvCPR-

XW55 was then transformed into Saccharomyces cerevisiae RC01 to generate strain TY15. 

Fermentation and compound analyses and isolation. 

        Trichoderma virens was maintained on PDA (potato dextrose agar, BD) 7 d for sporulation 

or in liquid PDB medium (potato dextrose broth, BD) for RNA extraction. T. virens was 

maintained in PDB medium for production of heptelidic acid and its biosynthetic intermediates at 

28°C. To isolate heptelidic acid and its biosynthetic intermediates, fermentation broth of T. virens 
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was centrifuged (5000 rpm, 10 min), and supernatant was extracted three times with ethyl acetate. 

The organic phase was dried over sodium sulfate, concentrated to oil form, and subjected to HPLC 

purification. 

        HPLC-MS analyses were performed using a Shimadzu 2020 EVLC-MS (Phenomenex® 

Luna, 5μ, 2.0 × 100 mm, C-18 column) using positive and negative mode electrospray ionization. 

The elution method was a linear gradient of 5-95% (v/v) acetonitrile/water in 15 min, followed by 

95% (v/v) acetonitrile/water for 3 min with a flow rate of 0.3 mL/min. The HPLC buffers were 

supplemented with 0.05% formic acid (v/v). HPLC purifications were performed using a 

Shimadzu Prominence HPLC (Phenomenex® Kinetex, 5μ, 10.0 × 250 mm, C-18 column). The 

elution method was a linear gradient of 65-100% (v/v) acetonitrile/water in 25 min, with a flow 

rate of 2.5 mL/min. GC-MS analyses were performed using Agilent Technologies GC-MS 

6890/5973 equipped with a DB-FFAP column. An inlet temperature of 240°C and constant 

pressure of 4.2 psi were used. The oven temperature was initially at 60°C and then ramped at 

10°C/min for 20 min, followed by a hold at 240°C for 5 min.  

Biotransformation using Saccharomyces cerevisiae strains. 

        To perform biotransformation of heptelidic acid biosynthetic intermediates, strain TY12 and 

TY14 were first grown in 2 mL uracil and L-tryptophan double drop-out medium at 28 °C for 1 d, 

strain TY13 and TY15 were first grown in 2 mL uracil and L-leucine double drop-out medium at 

28 °C for 1 d. 0.3 mL of the culture of each strain was then transferred into 3 mL fresh YPD 

medium (yeast extract 10 g/L, peptone 20 g/L supplement with 2% dextrose), and the cultures 

were shaken at 28 °C at 250 r.p.m. for 2 d. 0.1 mg of heptelidic acid biosynthetic intermediate was 

added to each culture, and then the cultures were shaken at 28 °C at 250 r.p.m., with 1 d to perform 
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biotransformation. For product detection, cell cultures were extracted with 1 mL ethyl acetate. 

After evaporation of the organic phase, the crude extracts were dissolved in 100 μl methanol for 

LC–MS analysis. 

Microsome purification and biochemical assay.  

        Strain TY12 and TY14 were first grown in 2 ml uracil and L-tryptophan double drop-out 

medium at 28 °C for 1 d, strain TY13 and TY15 were first grown in 2 ml uracil and L-leucine 

double drop-out medium at 28 °C for 1 d. The 2 ml culture of each strain was then transferred into 

50 mL fresh YPD medium (yeast extract 10 g/L, peptone 20 g/L supplement with 2% dextrose), 

and the cultures were shaken at 28 °C at 250 r.p.m. for 2 d.  

        The microsomes were prepared according to the protocol. Briefly, the cells were harvested 

by centrifugation (3,750 r.p.m. at 4 °C for 10 min) and the cell pellet was washed with 10 ml of 

TES buffer (50 mM Tris–HCl, pH, 7.5, 1 mM EDTA, 0.6 M sorbitol). The cells were centrifuged 

as above, resuspended in 5 ml of TEG-M (50 mM Tris–HCl, pH, 7.5, 1 mM EDTA, 20% glycerol 

supplemented with 1.5 mM 2-mercaptoethanol), and 25 µL protease inhibitor cocktail (Sigma) 

was added. Zirconia/silica beads (0.5 mm in diameter, BioSpec Products) were added to surface 

of the cell suspension. Cell walls were disrupted manually by hand shaking in a cold room for 10 

min at 30-s intervals separated by 30-s intervals on ice. Cell suspension were aliquoted and 

transferred to a 1.5 mL centrifuge tube. Finally, microsomes were obtained by differential 

centrifugation at 10,000g for 5 min at 4 °C to remove cellular debris (precipitant) followed by 

centrifugation at 100,000g for 30 min at 4 °C and remove the supernatant. The microsomal pellets 

were resuspended in 1.5 mL of TEG-M buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 20% 

glycerol, and 1.5 mM 2-mercaptoethanol) and stored frozen at −80 °C. 
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Assays for microsome bioactivity with 4 in TEG-M buffer were performed at 100 μL scale with 

microsomal cytochrome P450 and the reducing partner, 0.4 mM NADPH, 100 μM FAD, and 100 

μM FMN 28 °C for 10 h.  

Protein expression, purification and biochemical assay. 

        To express and purify HepG (XP_013949968.1), primers HepG-pET-F and HepG-pET-R 

were used to amplify a 1.0 kb DNA fragment containing hepG. The PCR product was cloned into 

pET28a using NdeI and NotI restriction sites. The resulted plasmid HepG-pET was transformed 

into E. coli BL21 (DE3) to obtain TY16. To express and purify tGAPDH (XP_013958680.1), 

primers tGAPDH-pET-F and tGAPDH-pET-R were used to amplify a 1.0 kb DNA fragment 

containing T. virens GAPDH. The PCR product was cloned into pET28a using NdeI and NotI 

restriction sites. The resulted plasmid tGAPDH-pET was transformed into E. coli BL21 (DE3) to 

obtain TY17. To express and purify hGAPDH (AAP36549.1), a 1.0 kb fragment containing codon 

optimized Homo sapiens gapdh was synthesized. The fragment was cloned into pSJ2 (AmpR 

marker) using EcoRI and XhoI restriction sites. The resulting plasmid hGAPDH-pSJ2 was 

transformed into E.coli BL21 (DE3) to give TY18.  

        All GAPDHs fused a 6×His-tag with a molecular weight ~38 kD were expressed at 16°C 220 

rpm for 20 h after 100 µM IPTG induction (IPTG was added when OD600 = 0.8). Cells of 1 L 

culture were then harvested by centrifugation at 5000 rpm at 4°C. Cell pellet was resuspended in 

15 mL Buffer A10 (20 mM Tris-HCl pH 7.5, 50 mM NaCl, 8% glycerol, 10 mM imidazole). The 

cells were lysed by sonication, and the insoluble material was sedimented by centrifugation at 

16000 rpm at 4°C. The protein supernatant was then incubated with 3 mL Ni-NTA for 4 h with 

slow, constant rotation at 4°C. Subsequently the Ni-NTA resin was washed with 10 column 
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volumes of Buffer A50 (Buffer A + 50 mM imidazole). For elution of the target protein, the Ni-

NTA resin was incubated for 10 min with 6 mL Buffer A250 (Buffer A + 250 mM imidazole). 

The supernatant from the elution step was then analyzed by SDS-PAGE together with the 

supernatants from the other purification steps. The elution fraction containing the recombinant 

protein was buffer exchanged into storage buffer (50 mM Tris-HCl pH 8.5, 50 mM NaCl, 10% 

glycerol, 5 mM DTT, 5 mM GSH). 

        In vitro activity assays were carried out in 50 µL reaction mixture containing 20 mM Tris pH 

8.75, 0.2 mM EDTA, 10 mM sodium arsenate, 1 mM DTT, 1 mM NAD+,  and 0.01 µM of purified 

GAPDH enzyme with or without 3200 ~ 0.1 µM heptelidic acid. After 10 min incubation at 30˚C, 

the reaction was initiated by adding 1 ~ 0.008 mM D-glyceraldehyde-3-phosphate hydrate. The 

reaction was monitored by UV absorption at 340 nm to detect the production of NADH.  

        The inhibition percentage of heptelidic acid on GAPDHs determined using in vitro 

biochemical assays are calculated by following equation:  

inhibition percentage = 1 −
initial reaction rate with heptelidic acid 

initial reaction rate without heptelidic acid
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2.2 Discovery of an herbicide with new mode of action 

2.2.1 Introduction 

        After validating our proposal by successfully locating the BGC of heptelidic acid using a 

resistance gene guided method, we wanted to further use this approach to solve a more difficult 

problem. Our ultimate goal is to discovery new NPs with desired bioactivity, rather than find BGCs 

of existing NPs with known bioactivities. Thus we tried to use both pharmaceutical and pesticide 

targets as a query to search for NPs with new modes of action; herein we will show one successful 

example to explain how to perform resistance gene guided genome mining to discover new NPs 

of desired bioactivity. 

        Weeds, one of the major causes of tremendous worldwide crop loss, are effectively controlled 

by herbicides125-127. As herbicides are increasingly applied in crop production worldwide, however, 

 

Figure 26. Number of resistant species for several herbicide sites of action (WSSA codes). 
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the demand of an herbicide with a novel mode of action becomes ever more urgent mainly due to 

continuously emerging weed resistance128-130 (Fig 26). According to an international survey of 

herbicide resistant weeds, there are currently 498 unique cases of herbicide resistant weeds 

globally within 255 species including 148 dicots and 107 monocots131. Weeds have evolved 

resistance to 23 of the 26 known herbicide sites of action and to 166 different herbicides131. It is 

estimated that crop production in the United States would decline by 20% without the application 

of herbicides127. The constant and often heavy usage of herbicides results in many weeds evolving 

herbicide resistance128,129. 

        The evolution of herbicide resistance in weeds has led to an urgent need for new herbicides 

with novel modes of action126,128,132,133. However, there is no herbicide with a new mode of action 

that has been commercialized for more than 30 years129. The BCAAs biosynthetic pathway is 

 

Figure 27. Number of registered herbicides for the major herbicide sites of action (HRAC 

codes). 
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essential for plant growth134,135. It is not present in 

animals and is therefore a validated target for 

highly specific weed control agents134,135 (Fig 27). 

The BCAA biosynthetic pathway in plants is 

carried out by three enzymes: acetolactate 

synthase (ALS), acetohydroxy acid 

isomeroreductase (KARI), and dihydroxy acid 

dehydratase (DHAD) (Fig 28).  Among them, 

ALS has been the target for commercially 

successful herbicides since 1980, and currently is 

the second largest class of active herbicidal 

products in weed control for many non-transgenic 

crops, such as sulfonylureas, imiazolinones and 

triazolopyrimidines135. Although potent and selective inhibitors of KARI and DHAD have also 

been identified, these inhibitors show weak herbicidal activity136-138. Acorrding to the sequence 

comparison studys across species, KARI can be divided into two classes. Class I KARI (a short 

form ~400 amino acid residues) was found in fungi and most bacteria, and Class II KARI (a long 

form ~600 amino acid residues) is in all plants. As a result, KARI is not well conserve among plant 

and fungal species, the identity is only about 30%. Compare to KARI, DHAD is the more 

conserved in both plant and fungi, thus it is resonable to predict fungi may produce NPs to target 

this enzyme in plants (Fig 29). As a result, DHAD was selected as the SRE to carry out resistance 

gene guided genome mining to discover an herbicide with a new mode of action.    

 

Figure 28. Partial branched chain amino 

acid biosynthetic pathway. 
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        Given the success of targeting ALS for herbicide development128, it is surprising that no 

herbicide that targets either of the other two enzymes has been developed.  DHAD is an essential 

and highly conserved enzyme among plant species which catalyzes -dehydration reactions to 

yield -keto acid precursors to isoleucine, valine and leucine (Fig 28 & 29)135-139. Efforts toward 

synthetic DHAD inhibitors resulted in compounds with submicromolar Ki; however, the 

compounds have no in planta activity (Fig 29)136.   

 

  

 

 

Figure 29. Phylogenetic tree of DHAD among bacteria, fungi and plants (top). Representatives 

of small molecules that inhibit DHAD in vitro, but fail to inhibit plant growth (bottom). 

Phylogenetic tree of DHAD among bacteria, fungi and plants. The evolutionary history was 

inferred by using the Neighbor-Joining method (MEGA7). Units represent the number of amino 

acid substitutions per site. 

 

 

Ki (μM) 20 9 5 0.3Ki (μM) 20 9 5 0.3
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2.2.2 Results and discussions 

Filamentous fungi are prolific producers of natural products (NPs), many of which have 

biological activities that aid the fungi in colonizing and killing plants20,140. Therefore, fungal NPs 

represent a promising source of potential leads for herbicide development. The abundance of 

sequenced fungal genomes enables genome mining of new NPs with novel biological activities141-

143. Although no NP inhibitors of DHAD are known to date, we reason that a fungal NP with this 

property might exist, given the indispensable role of BCAA biosynthesis in plants134,135.  

        To identify NP biosynthetic gene clusters that may encode a DHAD inhibitor, we 

hypothesized that such a cluster must contain an additional copy of DHAD that is insensitive to 

 

Figure 30. Resistance gene guided genome mining to discover a natural product inhibitor of 

dihydroxyacid dehydratase.  

A 17 kb gene cluster from A. terreus containing four ORFs, which are also conserved among 

several other fungal species. AstA is homologous to sesquiterpene cyclase; AstB and AstC are 

predicted to be P450 monooxygenases; astD is predicted to encode a DHAD, and is proposed 

to confer self-resistance in the presence of the NP produced in the cluster. 
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the inhibitor, thereby providing the required self-resistance for the producing organism to 

survive79.  The presence of a gene encoding an SRE is frequently found in microbial NP gene 

clusters, as highlighted by the presence of an insensitive copy of HMGR or IMPDH in the gene 

clusters for lovastatin (that targets HMGR) or mycophenolic acid (that targets IMPDH), 

respectively (Fig 11)78,144. This phenomenon has been used to predict molecular targets of NPs, as 

well as to identify gene clusters for NPs of known activities79,80,145.  

 

Figure 31. Reconstitution of ast gene cluster in Saccharomyces cerevisiae.  

HPLC-MS traces of metabolites produced from S. cerevisiae RC01 expressing different ast 

genes under PADH2 promoter control. i: S. cerevisiae without expression plasmids. ii: S. 

cerevisiae transformed with plasmids expressing astA and astB produces 9. iii: S. cerevisiae 

transformed with plasmids expressing astA-C produces AA at a titer of 20 mg/L. The 

experiments were repeated independently with similar results for 3 times. Bottom, Proposed 

biosynthetic pathway of AA. AstA cyclizes farnesyl diphosphate (FPP) into (-)-daucane 1, while 

the P450 enzymes AstB and AstC sequentially transform 8 into 9 and 10 (AA), respectively.    
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        To identify possible self-resistance enzymes, we scanned sequenced fungal genomes to 

search for co-localizations of genes encoding DHAD with biosynthetic core enzymes, such as 

terpene cyclases, polyketide synthases, etc21,23. We identified a well-conserved set of four genes 

across multiple fungal genomes (Fig 30), including the common soil fungus Aspergillus terreus 

that is best known to produce lovastatin146.  The conserved gene cluster include genes that encode 

a sesquiterpene cyclase homolog (astA), two cytochrome P450s (astB and astC), and a homolog 

of DHAD (astD) (Fig S1). Genes outside of this cluster are not conserved across the identified 

genomes and are hence unlikely to be involved in NP biosynthesis. AstD is the second copy of 

DHAD encoded in the genome, and is ~70% similar to the housekeeping copy that is well-

conserved across fungi (Fig S2). Therefore, AstD is potentially a self-resistance enzyme that 

confers resistance to the encoded NP.  Like a majority of biosynthetic gene clusters in sequenced 

fungal genomes, the ast cluster has not been associated with the production of a known NP147,148.   

 

Figure 32. Growth inhibition of plants on agar using aspterric acid. 

Left, 2-week old Arabidopsis thaliana growing on MS media containing no AA (left) or 50 μM 

AA (right). The picture shown is representative of 3 replicates. Right, Same as in left, except 

for 2-week old dicot Solanum lycopersicum and monocot Zea mays. The picture shown is 

representative of 2 replicates. 

A. thaliana
AA 0 μM       50 μM          0 μM      50 μM

Solanum lycopersicum Zea mays  
AA 0 μM            50 μM
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        To identify the NP encoded by the ast cluster, we heterologously expressed astA, astB, and 

astC genes in the host Saccharomyces cerevisiae RC01124. New compounds that emerged were 

purified and their structures were elucidated with NMR spectroscopy (Fig S3 and Table S5). RC01 

expressing only astA produced a new sesquiterpene (8), which was confirmed to be (-)-daucane149 

(Fig S4). RC01 expressing both astA and astB led to the biosynthesis of a new product that was 

 

Figure 33. Inhibition assay of aspterric acid on pDHAD.  

a, Assaying DHAD activities in converting the dihydroxyacid 11 into the α-ketoacid 12. 

Formation of 12 can be detected on HPLC by chemical derivatization using phenylhydrazine 

(PHH) to yield 13. b, LC-MS traces of the biochemical assays of A. thaliana DHAD (pDHAD). 

Extracted ion chromatogram (EIC) of positive ion mass of [M+H]+=207 is shown in black, 

and the negative anion mass of [M+H]-=205 is shown in pink. i. The derivatization reaction 

was validated by using the authentic 12. ii. The bioactivity of pDHAD in converting 11 into 12 

was validated. iii. Addition of DMSO to pDHAD enzymatic reaction mixture has no effect. iv. 

Addition of 10 µM AA to the reaction mixture abolished pDHAD activity. The experiments 

were repeated independently for 3 times with similar results. 
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structurally determined to be the -epoxy carboxylate (9) (Fig 31). When astA, astB and astC were 

expressed together, a new compound (10) became the dominant product (~ 20 mg/L). Full 

structural determination revealed the compound to be the tricyclic aspterric acid (AA), which is a 

previously isolated compound150 (Fig 31). The biosynthetic pathway for AA is therefore concise: 

following cyclization of farnesyl diphosphate by AstA to create the carbon skeleton in 1, AstB 

 

Figure 34. Inhibition kinetics of aspterric acid on DHADs.  

Three DHAD enzymes were assayed, including pDHAD (plant DHAD from A. thaliana), 

fDHAD (fungal housekeeping DHAD from A. terreus) and AstD (DHAD homolog within ast 

cluster). IC50 and Ki values of AA were measured based on inhibition percentage at different 

AA concentrations. Center values are averages, errors bars are s.d.; n = 3 biologically 

independent experiments. a, Plot of the inhibition percentage of 0.5 μM fDHAD as a function 

of AA concentration. b, Plot of the inhibition percentage of 0.5 μM pDHAD as a function of 

AA concentration. c, Plot of the inhibition percentage of 0.5 μM AstD as a function of AA 

concentration. d, Analysis of inhibitory kinetics of AA on pDHAD using the Lineweaver-Burk 

method at different concentrations of AA (left). Linear fitting of apparent Michaelis constant 

(KM,app) as a function of AA concentration yields the inhibition constant (Ki) of AA on pDHAD 

(right).  
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catalyzes oxidation of 8 to yield the epoxide 9. Further oxidation by AstC at carbon 15 yields an 

alcohol, which can undergo intramolecular epoxide opening to create AA (Fig 31). 

        Upon its initial discovery, AA was shown to have inhibitory activity towards Arabidopsis 

thaliana, however, the mode of action was not known151. Our resistance-gene directed approach 

led to rediscovery of this compound with DHAD as a potential target. We first confirmed that AA 

is able to potently inhibit A. thaliana growth in an agar-based assay (Fig 32 & S6). AA was also 

an effective inhibitor of root development and plant growth when applied to a representative 

monocot (Zea mays) and dicot (Solanum lycopersicum) (Fig 31& S6). To test if AA indeed targets 

DHAD, we expressed and purified housekeeping DHAD from both A. terreus (XP_001208445.1, 

fDHAD) and A. thaliana (AT3G23940, pDHAD), as well as the putative self-resistance enzyme 

AstD (Fig S7). Both housekeeping DHAD enzymes converted dihydroxyisovalerate to 

ketoisovalerate (pDHAD: kcat = 1.2 sec-1, KM = 5.7 mM) as expected152,153. The enzyme activities, 

however, were inhibited in the presence of AA (Fig 33 & 34). The IC50 values of AA towards 

fDHAD and pDHAD were 0.31 M and 0.50 M at an enzyme concentration of 0.50 M, 

 

Figure 35. Verification of the self-resistance function of AstD. 

Growth inhibition curve of AA on S. cerevisiae ΔILV3 strains expressing fungal housekeeping 

fDHAD (blue) or AstD (red) in isoleucine, leucine and valine (ILV) dropout media. The plot 

shows mean values ± s.d. (error bars); n = 3 biologically independent experiments. 
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respectively (Fig 34). AA was further determined to be a competitive inhibitor of pDHAD with a 

Ki = 0.30 M (Fig 34). AA displayed no significant cytotoxicity towards human cell lines up to 

500 M concentration, which is consistent with the lack of DHAD in mammalian cells (Fig S8). 

        AstD catalyzes the identical -dehydration reaction as DHAD, albeit with a significantly 

more sluggish turnover rate (kcat = 0.03 sec-1, KM = 5.4 mM). However, the enzyme was not 

inhibited by AA, even at the solubility limit of 8 mM (Fig 34). To determine if AstD can confer 

resistance to AA-sensitive strains, we developed a yeast based assay. The DHAD encoded by ILV3 

was first deleted from Saccharomyces cerevisiae strain DHY ΔURA3, which resulted in an 

auxotroph that requires exogenous addition of Ile, Leu and Val to grow154. We then introduced 

either fDHAD or astD episomally, both of which allowed the strain to grow in the absence of the 

three BCAAs (Fig S5). However, yeast expressing fDHAD was approximately 100 times more 

 

Figure 36. Binding of aspterric acid to DHAD active site.  

Crystal structure of the dimeric holo A. thaliana DHAD (pDHAD) containing the cofactor 2Fe-

2S cluster and a Mg2+ ion with the docked AA in the active site. One of the pDHAD monomers 

is show in cyan, whereas the other one is shown in electrostatic surface representation. The 

docked AA is shown in the inset in spaced-filled model. The hydrophobic portions of AA are 

surrounded by several hydrophobic residues (white spheres) from both monomers. 
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sensitive to AA (IC50 of 2 M) compared to yeast expressing AstD (IC50 of 200 M) (Fig 35).  

Growth inhibition curve of AA on S. cerevisiae ΔILV3 strains expressing fungal housekeeping 

fDHAD (blue) or AstD (red) in isoleucine, leucine and valine (ILV) dropout media showed that 

astD is the resistance gene that can confer AA tolerance to S. cerevisiae. Collectively, the 

biochemical and genetic assays validated AA as the first natural product inhibitor of fungal and 

plant DHAD; and AstD serves as the self-resistance enzyme in the ast biosynthetic gene cluster.    

 

Figure 37. Comparison of the binding mode of AA and native substrate to the active site of 

dihydroxyacid dehydratase.  

The structures comparison of both AA and native substrates, in which the similar structures 

are highlighted in red (top). Shown at the bottom is cross-section electrostatic map of modeled 

holo-pDHAD in the binding site. Red map: the normalized negatively charged regions; blue 

map: the normalized positively charged regions; white map: the hydrophobic regions. The 

docked AA in the active site of pDHAD is shown on the left, while the docked native substrate 

dihydroxyisovalerate is shown on the right. The docking studies suggest the hydrophobic 

entrance to the reaction chamber preferentially binds the bulkier, tricyclic AA.   

 

native substrateAA binding
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The (R)--hydroxyacid and (R)-configured -ether oxygen moieties in AA mimic the (2R, 

3R)-dihydroxyl groups present in natural substrates such as dihydroxyisovalerate. The -ether 

oxygen in AA is in position to coordinate to the 2Fe-2S cluster that is a required cofactor in both 

fungal and plant DHAD152,153. To understand potential AA mechanism of action, we determined 

the crystal structure (2.11 Å) of the pDHAD complexed with 2Fe-2S cluster (holo-pDHAD) (Fig 

36). We identified a binding chamber at the homodimer interface, similar to that found in the holo 

bacterial L-arabinonate dehydratase155 (Fig 36). The interior of the chamber is positively charged 

(2Fe-2S and Mg2+) while the entrance is lined with hydrophobic residues. The modeled binding 

mode of α,-dihydroxyisovalerate and AA predicted by computational docking are shown in Fig 

37. The pocket is sufficiently spacious to accommodate the bulkier AA, and provide stronger 

hydrophobic interactions than the native substrate with a 5.3 ± 0.3 kcal/mol gain in binding energy 

(Fig 37). Based on the holo-pDHAD structure, we constructed a homology model of AstD to 

determine potential mechanism of resistance (Fig 38).  Comparison of pDHAD and the modeled 

AstD structures shows that while most of the residues in the catalytic chamber are conserved, the 

hydrophobic region at the entrance to the reactive chamber in AstD is more constricted as a result 

of two amino acid substitutions (V496L and I177L).  Narrowing of the entrance could therefore 

sterically exclude the bulkier AA from binding in the active site, while the smaller, natural 

substrates are still able to enter the chamber (Fig 38).     

        Superimpositions of the active sites of holo-pDHAD and homology modeled AstD indicate 

the 3D structures are similar. The structure of AstD was constructed by homology modeling based 

on the structure of holo-pDHAD. The structure of holo-pDHAD is in white; the crystal structure 

of AstD is in green (Fig 38). Comparison of the active sites in the crystal structure of pDHAD and 

the modeled structure of AstD showed the main different residues. The cartoon represents 
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superimposed binding sites of pDHAD (white) and AstD (green) (Fig 38). The shift of a loop in 

AstD, where L518 (correspond to V496 in pDHAD) is located, coupled with a larger L198 residue 

(correspond to I177 in pDHAD) lead to a smaller hydrophobic pocket of AstD than that in pDHAD 

 

Figure 38. X-ray Structure of holo-pDHAD and homology model of AstD. 

Top, superimpositions of holo-pDHAD and homology modeled AstD. The structure of AstD 

was constructed by homology modeling based on the structure of holo-pDHAD. The structure 

of holo-pDHAD is in white; the crystal structure of AstD is in green. Bottom left, Comparison 

of the active sites in the crystal structure of pDHAD and the modeled structure of AstD. The 

cartoon represents superimposed binding sites of pDHAD (white) and AstD (green). The shift 

of a loop in AstD, where L518 (correspond to V496 in pDHAD) is located, coupled with a 

larger L198 residue (correspond to I177 in pDHAD) lead to a smaller hydrophobic pocket of 

AstD than that in pDHAD. Bottom right, the surface of binding sites of AstD (left) and pDHAD 

(right). The smaller hydrophobic channel in modeled AstD cannot accommodate the AA 

molecule (yellow balls-and-sticks). 

 

superimpositions of holo-pDHAD (white) and homology modeled AstD (green).

homology model of AstD comparison of the active sites of AstD and pDHAD
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(Fig 38). The surface of binding sites of AstD (left) and pDHAD (right) showed the resistance 

mechanism at biomolecular level. The smaller hydrophobic channel in modeled AstD cannot 

accommodate the AA molecule (yellow balls-and-sticks). 

        As we showed in the introduction section, there are many NP resistance mechanisms to evolve 

which were utilized by the producers or (or targets) to survive in the presence of lethal 

concentration of toxic compounds89,156,157. Some of these resistance mechanisms have been applied 

by scientists to develop “marker” genes for cloning selection, others were used to develop 

herbicide tolerant crops to facilitate agricultural production158,159.   

        To explore the potential of AA as an herbicide in the field, AA first needed to be developed 

into a spray formulation. Afterwards, we performed spray treatment of A. thaliana with AA to 

check if the bioactivity was still retained. There are many commercialized formulations available 

which enhance the effectiveness of herbicides, such as by increasing adherence of the droplet to 

the surface of weeds, improving the adsorption of active ingredients into weeds, and facilitating 

the cuticle penetration of the herbicide to weeds160-163.   

        Therefore we added AA into a commercial glufosinate formulation known as Finale® at a 

final AA concentration of 250 μM17. We then sprayed AA solution onto glufosinate resistant A. 

thaliana. Finale® alone had no observable inhibitory effects on plant growth, but adding AA 

severely inhibited plant growth (Fig 39). This result indicated that the potential of AA on weeds 

could be further improved, considering the formulation of Finale® is optimized for glufosinate 

rather than AA. Further optimization of the adjuvant will help AA to overcome barriers impeding 

the movement of herbicide from leaf surface into interior of cells.   

         In addition, A. thaliana plants treated with AA before flowering failed to form normal pollen, 

which was also observed previously151. We found that the pistil of treated plants could still be 
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successfully pollinated using healthy pollen from the untreated A. thaliana, indicating that AA 

preferentially affects pollen but not egg formation (Fig S10 and S11). This effect was also observed 

with a lower concentration of AA (100 µM). Thus, in addition to its herbicidal properties, AA 

could potentially be used as a chemical hybridization agent for hybrid seed production164-166.  

        We next investigated whether plants expressing astD are resistant to AA (Fig 40). This was 

motivated by the successful combination of glyphosate and genetically modified crops that are 

selectively resistant to glyphosate (Roundup Ready®)167,168. The A. terreus astD gene was codon 

optimized and the N-terminus was fused to a chloroplast localization signal derived from 

pDHAD135,169,170. Wild type or astD transgene-expressing A. thaliana was then grown on media 

 

Figure 39. Spray assay of AA on A. thaliana.  

Glufosinate resistant A. thaliana was treated with (right) or without (left) AA in the solvent, 

which is a commercial glufosinate based herbicide marketed as Finale®. To improve the 

wetting and penetration, AA was firstly dissolved in ethanol and then added to solvent (0.06 

g/L Finale® Bayer Inc. + 20 g/L ethanol) to make 250 µM AA spraying solution. The control 

plants were treated with solvent containing ethanol only. Spraying treatments began upon the 

seeds germination, and were repeated once every two days with approximately 0.4 mL AA 

solution per time per pot for 4 weeks. The picture shown below is taken after one month of 

treatment. The application rate of AA is approximately 1.6 lb/acre, which is comparable to 

the commonly used herbicide glyphosate (0.75~1.5 lb/acre). The experiments were repeated 

independently for 3 times with similar results. 

 

Solvent*                   250 µM AA in solvent*
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that contained 100 μM AA. In the presence of AA, the growth of wild-type plants was strongly 

inhibited, and arrested at the cotyledon stage (Fig. 41a). In contrast, the growth of astD transgenic 

plants was relatively unaffected by AA, as indicated by the normally expanded rosette leaves, 

elongated roots, and whole plant fresh weight (Fig. 41a and b). The expression of AstD was 

verified by western blot (Fig. S12). A spray assay was also performed using T2 astD transgenic A. 

thaliana plants, which showed no observable growth defects under such treatment (Fig. 41c). In 

contrast, the control plants carrying the empty vector showed a strong growth inhibitory phenotype 

when treated with AA (Fig. 41c). Quantitative measurements of plant height showed AstD 

effectively confers AA resistance to A. thaliana (Fig. 41d).  

 

Figure 40. The strategy to construct AA tolerant crops. 

The resistance gene astD fused with a chloroplast targeting sequence at the N-terminus is 

integrated onto the genome of crops to confer the crops AA tolerance. 

 

AstD

DHAD

AA



68 
 

 

  

 

Figure 41. AA-resistance of Arabidopsis plants expressing astD transgenes.  

a, Phenotype of 10-day old A. thaliana with (lower) and without (upper) astD transgene 

growing on media containing 100 μM AA. Control plants were transformed with a vector that 

carries the glufosinate ammonium selection marker but no astD transgene. The picture shown 

is representative of 3 replicates. b, Fresh weight of 3-week old Arabidopsis seedlings growing 

on media with (red box) and without (blue box) 100 μM AA; Box plots show the median and 

extend of the 1st to 3rd quartile range, with individual data points overlaid; n = 21 biologically 

independent experiments. c, glufosinate-resistant Arabidopsis with (lower) and without 

(upper) astD transgene growing in soil were sprayed with glufosinate ammonium with (left) 

and without (right) 250 μM AA. i. control sprayed with 250 μM AA + glufosinate ammonium. 

ii. control sprayed with glufosinate ammonium only. iii. astD transgenic Arabidopsis sprayed 

with 250 μM AA + glufosinate ammonium. iv. astD transgenic Arabidopsis sprayed with 

glufosinate ammonium only. The picture shown is representative of 3 replicates. d, 

Quantification of the height of Arabidopsis treated the same as in c; The plot shows mean 

values ± s.d. (error bars); n = 12 biologically independent experiments. 

AA tolerant Arabidopsis (astD transgenic) growing on agar

AA tolerant Arabidopsis (astD transgenic) growing in soil
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2.2.3 Conclusions 

        In this section, an effective herbicide target, DHAD, was selected to perform resistance 

guided genome mining in order to discover an herbicide with a new mode of action. We first found 

a conserved four-gene-cassette containing DHAD and terpenoid biosynthetic genes. By activating 

this cluster in S. cerevisiae, we identified the product of this cluster as AA. Further biochemical 

analysis indicated AA is indeed a potent inhibitor of DHAD. Excitingly, this result not only 

demonstrated the feasibility of our proposal, but also enabled the identification of NPs with a new 

mode of action.  

        To further prove AA can be applied as an herbicide to kill weeds in the field, we demonstrated 

that AA can be developed into a spray formulation to effectively inhibit the growth of Arabidopsis. 

We also validated that introducing the resistance gene astD as a transgene or editing the sequence 

of the plant DHAD endogenous gene could be used to create AA-resistant crops. Thus, we suggest 

that AA is a promising lead for development as a broad-spectrum commercial herbicide.  
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2.2.4 Materials and Methods 

General materials and methods 

         Biological reagents, chemicals, media and enzymes were purchased from standard 

commercial sources unless stated. Plant, fungal, yeast and bacterial strains, plasmids and primers 

used in this study are summarized in Tables S2 and S3. DNA and RNA manipulations were carried 

out using Zymo ZR Fungal/Bacterial DNA Microprep™ kit and Invitrogen Ribopure™ kit 

respectively. DNA sequencing was performed at Laragen, Inc. The primers and codon optimized 

gblocks were synthesized by IDT, Inc. 

Plasmid and strain construction 

Expression of ast genes in Aspergillus nidulans for cDNA isolation.  

        Plasmids pYTU, pYTP, pYTR digested with PacI and SwaI were used as vectors to insert 

genes171. A gpda promoter was generated by PCR amplification using primers Gpda-pYTU-F and 

Gpda-R with pYTR serving as template. Genes to be expressed were amplified through PCR using 

the genomic DNA of Aspergillus terreus NIH2624 as a template. A 4.5 kb fragment obtained using 

primers AstD-pYTU-recomb-F and AstA-pYTU-recomb-R was cloned into pYTU together with 

a gpda promoter by yeast homologous recombination to obtain pAstD+AstA-pYTU. Yeast 

transformation was performed using Frozen-EZ Yeast Transformation II Kit™ (Zymo Research). 

A 2.4 kb fragment obtained using primers AstB-pYTR-recomb-F and AstB-pYTR-recomb-R was 

cloned into pYTR by yeast homologous recombination to obtain pAstB-pYTR. Similarly, a 2.3 kb 

fragment obtained using primers AstC-pYTP-recomb-F and AstC-pYTP-recomb-R was cloned 

into pYTP by yeast homologous recombination to obtain pAstC-pYTP. 
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        All three plasmids (pAstD+AstA-pYTU, pAstB-pYTR and pAstC-pYTP) were transformed 

into A. nidulans following standard protocols to result in the A. nidulans strain TY01171. TY01 was 

cultured in liquid CD-ST medium (20 g/L starch, 20 g/L peptone, 50 mL/L nitrate salts and 1 mL/L 

trace elements) at 28°C for 3 days. Total RNA of TY01 was extracted with the Invitrogen 

Ribopure™ kit, and total cDNA of TY01 was obtained using the SuperScript III reverse 

transcriptase kit (Thermo Fisher Scientific). The cDNA fragment of astA was PCR amplified using 

primers AstA-xw55-recomb-F and AstA-xw55-recomb-R. The cDNA fragment of astB was PCR 

amplified using primers AstB-xw06-recomb-F and AstB-xw06-recomb-R. The cDNA fragment of 

astC was PCR amplified using primers AstC-xw02-recomb-F and AstC-xw02-recomb-R. The 

cDNA fragment of astD was PCR amplified using primers AstD-pXP318-F and AstD-pXP318-R. 

All the introns were confirmed to be correctly removed by sequencing.  

Construction of Saccharomyces cerevisiae strains.  

        Plasmid pXW55 (URA3 marker) digested with NdeI and PmeI was used to introduce the astA 

gene124. A 1.3 kb fragment containing astA obtained from PCR using primers AstA-xw55-recomb-

F and AstA-xw55-recomb-R was cloned into pXW55 using yeast homologous recombination to 

afford pAstA-xw55. The plasmid pAstA-xw55 was then transformed into Saccharomyces 

cerevisiae RC01 to generate strain TY02124.  

        Plasmid pXW06 (TRP1 marker) digested with NdeI and PmeI was used to introduce the astB 

gene124. A 1.6 kb fragment containing astB obtained from PCR using primers AstB-xw06-recomb-

F and AstB-xw06-recomb-R were cloned into pXW06 using yeast homologous recombination to 

afford pAstB-xw06. The plasmid pAstB-xw06 was then transformed into TY02 to generate strain 

TY03. 
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        Plasmid pXW02 (LEU2 marker) digested with NdeI and PmeI was used to introduce the astC 

gene124. A 1.6 kb fragment containing astC obtained from PCR using primers AstC-xw02-recomb-

F and AstC-xw02-recomb-R were cloned into pXW02 using yeast homologous recombination to 

afford pAstC-xw02. The plasmid pAstC-xw02 was then transformed into TY03 to generate strain 

TY04.  

        URA3 gene was inserted into ilv3 locus of Saccharomyces cerevisiae DHY ΔURA3 strain to 

generate UB01. A 879 bp homologous recombination donor fragment with 35-40 bp homologous 

regions flanking ilv3 ORF was amplified using primers ILV3p-URA3-F and ILV3t-URA3-R using 

yeast gDNA as template. The PCR product was gel purified and transformed into Saccharomyces 

cerevisiae DHY ΔURA3, and selected on uracil dropout media to give UB01. The resulting strain 

was subjected to verification by colony PCR with primers ILV3KO-ck-F and ILV3KO-ck-R and 

the amplified fragment was sequence confirmed. 

         The URA3 gene inserted into ilv3 locus of Saccharomyces cerevisiae DHY ΔURA3 was 

deleted from UB01 using homologous recombination to generate UB02. A 150 bp homologous 

recombination donor fragment with 75 bp homologous regions flanking ilv3 ORF was amplified 

using primers ILV3KO-F and ILV3KO-R, gel purified and transformed into UB01, and 

counterselected on 5-fluoroorotic acid (5-FoA) containing media to give UB02. The resulting 

strain was subjected to verification by colony PCR with primers ILV3KO-ck-F and ILV3KO-ck-

R and the amplified fragment was sequenced confirmed. 

        The empty plasmid pXP318 (URA3 marker) was transformed into UB02 to generate TY05172. 

        Plasmid pXP318 digested with SpeI and XhoI was used as vector to introduce gene encoding 

fDHAD172. The cDNA of Aspergillus terreus NIH 2624 served as template for PCR amplification. 
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A 1.7 kb fragment obtained using primers fDHAD-pXP318-F and fDHAD-pXP318-R were cloned 

into pXP318 using yeast homologous recombination to afford fDHAD-pXP318. Then, fDHAD-

pXP318 was transformed into UB02 to generate TY06. fDHAD was driven by a constitutive 

promoter TEF1. 

        Plasmid pXP318 digested with SpeI and XhoI was used as vector to introduce astD gene172. 

The cDNA isolated from TY01 served as the template for PCR amplification. A 1.8 kb fragment 

obtained using primers AstD-pXP318-F and AstD-pXP318-R were cloned into pXP318 using 

yeast homologous recombination to give AstD-pXP318. A FLAG-tag was also add to the N-

terminal of AstD. Then, AstD-pXP318 was transformed into UB02 to generate TY07. AstD was 

driven by a constitutive promoter TEF1. 

Fermentation and compound analyses and isolation 

        A seed culture of S. cerevisiae strain was grown in 40 mL of synthetic dropout medium for 2 

d at 28°C, 250 rpm. Fermentation of the yeast was carried out using YPD (yeast extract 10 g/L, 

peptone 20 g/L) supplement with 2% dextrose for 3 d at 28°C, 250 rpm.  

        HPLC-MS analyses were performed using a Shimadzu 2020 EVLC-MS (Phenomenex® 

Luna, 5μ, 2.0 × 100 mm, C-18 column) using positive and negative mode electrospray ionization. 

The elution method was a linear gradient of 5-95% (v/v) acetonitrile/water in 15 min, followed by 

95% (v/v) acetonitrile/water for 3 min with a flow rate of 0.3 mL/min. The HPLC buffers were 

supplemented with 0.05% formic acid (v/v). HPLC purifications were performed using a 

Shimadzu Prominence HPLC (Phenomenex® Kinetex, 5μ, 10.0 × 250 mm, C-18 column). The 

elution method was a linear gradient of 65-100% (v/v) acetonitrile/water in 25 min, with a flow 

rate of 2.5 mL/min. GC-MS analyses were performed using Agilent Technologies GC-MS 
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6890/5973 equipped with a DB-FFAP column. An inlet temperature of 240°C and constant 

pressure of 4.2 psi were used. The oven temperature was initially at 60°C and then ramped at 

10°C/min for 20 min, followed by a hold at 240°C for 5 min.  

        To isolate compound 8, the fermentation broth of TY02 was centrifuged (5000 rpm, 10 min), 

and cell pellet was harvested and soaked in acetone. The organic phase was dried over sodium 

sulfate, concentrated to oil form, and subjected to silica column purification with hexane. To 

isolate compound 9, the fermentation broth of TY03 was centrifuged (5000 rpm, 10 min), and 

supernatant was extracted three times with ethyl acetate. The organic phase was dried over sodium 

sulfate, concentrated to oil form, and then and subjected to HPLC purification. To isolate 

compound AA, the fermentation broth of TY04 was centrifuged (5000 rpm, 10 min), and 

supernatant was extracted three times with ethyl acetate. The organic phase was dried over sodium 

sulfate, concentrated to oil form, and subjected to HPLC purification. 

Protein expression, purification and biochemical assay 

        To express and purify pDHAD, primers pDHAD-pET-F and pDHAD-pET-R were used to 

amplify a 1.7 kb DNA fragment containing pdhad (AT3G23940).  The PCR product was cloned 

into pET28a using NheI and NotI restriction sites. The resulting plasmid pDHAD-pET was 

transformed into E.coli BL21 (DE3) to give TY08. To express and purify fDHAD 

(XP_001208445.1), primers fDHAD-pET-F and fDHAD-pET-R were used to amplify a 1.6 kb 

DNA fragment containing fdhad. The PCR product was cloned into pET28a using NdeI and NotI 

restriction sites. The resulted plasmid fDHAD-pET was transformed into E. coli BL21 (DE3) to 

obtain TY09. To express and purify AstD (XP_001213593.1), primers AstD-pET-F and AstD-

pET-R were used to amplify a 1.6 kb DNA fragment containing astD. The PCR product was cloned 

into pET28a using NdeI and NotI restriction sites. The resulted plasmid AstD-pET was 
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transformed into E. coli BL21 (DE3) to obtain TY10. All DHADs fused a 6×His-tag with a 

molecular weight ~62 kD were expressed at 16°C 220 rpm for 20 h after 100 µM IPTG induction 

(IPTG was added when OD600 = 0.8). Cells of 1 L culture were then harvested by centrifugation 

at 5000 rpm at 4°C. Cell pellet was resuspended in 15 mL Buffer A10 (20 mM Tris-HCl pH 7.5, 

50 mM NaCl, 8% glycerol, 10 mM imidazole). The cells were lysed by sonication, and the 

insoluble material was sedimented by centrifugation at 16000 rpm at 4°C. The protein supernatant 

was then incubated with 3 mL Ni-NTA for 4 h with slow, constant rotation at 4°C. Subsequently 

the Ni-NTA resin was washed with 10 column volumes of Buffer A50 (Buffer A + 50 mM 

imidazole). For elution of the target protein, the Ni-NTA resin was incubated for 10 min with 6 

mL Buffer A300 (Buffer A + 300 mM imidazole). The supernatant from the elution step was then 

analyzed by SDS-PAGE together with the supernatants from the other purification steps. The 

elution fraction containing the recombinant protein was buffer exchanged into storage buffer (50 

mM Tris-HCl pH 7.2, 50 mM NaCl, 10 mM MgCl2, 10% glycerol, 5 mM DTT, 5 mM GSH). 

        In vitro activity assays were carried out in 50 µL reaction mixture containing storage buffer, 

10 mM (±)-sodium α,β-dihydroxyisovalerate hydrate (4) and 0.5 µM of purified DHAD enzyme. 

The reaction was initiated by adding the enzyme. After 0.5 h incubation at 30˚C, the reactions were 

stopped by adding equal volume of ethanol. Approximately 0.1 volume of 100 mM 

phenylhydrazine (PHH) was added to derivatize the product 3-methyl-2-oxo-butanoic acid (5) into 

6 at room temperature for 30 min. 20 µL of the reaction mixture was subject to LC-MS analysis. 

The area of the HPLC peak with UV absorption at 350 nm were used to quantify the amount of 6. 

(Fig. 33).  

        The inhibition percentage of AA on DHADs determined using in vitro biochemical assays 

are calculated by following equation:  
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inhibition percentage = 1 −
initial reaction rate with 𝐀𝐀 

initial reaction rate without 𝐀𝐀
 

 

Growth inhibition assay of S. cerevisiae on plates or in the tubes.  

        S. cerevisiae was grown in isoleucine, leucine and valine (ILV) dropout media (20 g/L 

glucose, 0.67 g/L DifcoTM Yeast Nitrogen Base w/o amino acids, 18 mg/L adenine, arginine 76 

mg/L, asparagine 76 mg/L, aspartic acid 76 mg/L, glutamic acid 76 mg/L, histidine 76 mg/L, lysine 

76 mg/L, methionine 76 mg/L, phenylalanine 76 mg/L, serine 76 mg/L, threonine 76 mg/L, 

tryptophan 76 mg/L, tyrosine 76 mg/L) to test growth inhibition of AA on S. cerevisiae.  S. 

cerevisiae was incubated at 28˚C until OD600 of the control strain without AA treatment reached 

about 0.8. The ratio of yeast OD600 in media with AA treatment to yeast OD600 in media without 

AA was calculated as the percentage of growth inhibition. The inhibition curve was plotted as 

percentage of inhibition versus AA concentrations. To further prove AA affects BCAA 

biosynthesis, isoleucine, leucine and valine was also complemented to the media with or without 

treatment of AA. The growth curves of TY05, TY06 and TY07 were also plotted in Fig. S5. The 

OD600 was recorded for every 20 min over a total of 50 h. Percent inhibition. The growth inhibition 

percentage of AA on S. cerevisiae strain is calculated by dividing the cell density (OD600) of the 

AA-treated strain to the corresponding untreated strains when OD600 reaches ~ 0.8 using following 

equation:  

growth inhibition percentage = 1 −
OD600 of 𝐀𝐀 treated strain 

0.8 
 

in which 0.8 is the OD600 of untreated strain.  

Growth inhibition assay of plants on plates or in the tubes.  
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        MS (2.16 g/L Murashige and Skoog basal medium, 8 g/L sucrose, 8 g/L agar) media was used 

to test the growth inhibition of AA on A. thaliana, Solanum lycopersicum, and Zea mays. A. 

thaliana, S. lycopersicum, and Z. mays were grown under long day condition (16/8 h light/dark) 

using cool-white fluorescence bulbs as the light resource at 23˚C. AA was dissolved in ethanol 

and added to the media before inoculating strains or growing plants. The media of control treatment 

contains the same amount of ethanol, but without AA. 

Plant growth inhibition assay by spraying 

        AA was firstly dissolved in ethanol and then added to solvent (0.06 g/L Finale® Bayer Inc. + 

20 g/L EtOH). The control plants were treated with solvent containing ethanol only. A. thaliana 

that are resistant to glufosinate (containing the bar gene) were grown under long day condition 

(16/8 h light/dark) using cool-white fluorescence bulbs as the light resource at 23˚C. Spraying 

treatments began upon the seed germination, and was repeated once every two days with 

approximately 0.4 mL AA solution per time per pot. 

Structure determination of holo-pDHAD  

        The gene encoding pDHAD (residues 35–608) was cloned into pET21a derivative vector 

pSJ2 with an eight histidine (8×His) tag and a TEV protease cleavage site at the N-terminus. The 

following primers were used for cloning: the forward primer DHAD-F and the reverse primer 

DHAD-R. The double mutant K559A/K560A for efficient crystallization was designed using the 

surface entropy reduction prediction (SERp) server173. Mutations were generated by PCR using 

the forward primer K559AK560A-F and reverse primer K559AK560A-R. All constructed 

plasmids were verified by DNA sequencing.  

        pDHAD purified under aerobic conditions was found to contain no iron-sulfur cluster (apo 

form). Hence we performed [2Fe-2S] Cluster reconstitution under the atmosphere of nitrogen in 

an anaerobic box. The protein was incubated with FeCl3 at the ratio of 1:10 for 1 h on ice and then 
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10 equivalents of Na2S per protein was added drop-wise every 30 min for 3 h. The reaction mixture 

was then incubated overnight. Excess FeCl3 and Na2S were removed using a SephadexTM G-25 

Fine column (GE Healthcare)155.  

        The reconstituted holo-pDHAD was crystallized in an anaerobic box. The proteins (at 10 

mg/mL) were mixed in a 1:1 ratio with the reservoir solution in a 50 μL volume of 2 μL and 

equilibrated against the reservoir solution, using the sitting-drop vapor diffusion method at 16°C. 

Crystals for diffraction were observed in 0.1 M sodium acetate pH 5.0, 1.5 M ammonium sulfate 

after 5 d. 

        All crystals were flash-cooled in liquid nitrogen after cryo-protected with solution containing 

25% glycerol, 1.5 M ammonium sulfate, 0.1 M sodium acetate pH 5.0. The data were collected at 

100K and at the Beam Line 19U1 in Shanghai Synchrotron Radiation Facility (SSRF). Diffraction 

data of holo-pDHAD was collected at the wavelength of 0.97774 Å. The best crystals diffracted 

to a resolution of 2.11 Å. The Ramachandran plot favored (%), allowed (%) and outlier (%) are 

98.05, 1.60, and 0.36 respectively. All data sets were indexed, integrated, and scaled using the 

HKL3000 package174. The crystals belonged to space group P42212. The statistics of the data 

collection are summarized in Table S6. 

        The holo-pDHAD structure was solved by the molecular replacement method Phaser 

embedded in the CCP4i suite and the L-arabinonate dehydratase crystal structure (PDB_ID: 5J83) 

as the search model. All the side chains were removed during the molecular replacement 

process175,176. The resulting model were refined against the diffraction data using the REFMAC5 

program of CCP4i177. Based on the improved electron density, the side chains of holo-pDHAD 

protein, iron sulfur cluster, water molecule, acetate ion, sulfate ions, and magnesium ion were 

manually built using the program WinCoot178. The Rwork and Rfree values of the structure are 17.67% 
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and 22.15%, respectively. The detailed refinement statistics are summarized in Table S6. The 

geometry of the model was validated by WinCoot. Structural factor and coordinate of holo-

pDHAD have been deposited in the Protein Bank (PDB code: 5ZE4).  

Homology modelling of AstD and docking of substrate or AA into active site of holo-pDHAD  

        The structure of holo-pDHAD was prepared in Schrodinger suite software under OPLS3 force 

field179. Hydrogen atoms were added to reconstituted crystal structures according to the 

physiological pH (7.0) with the PROPKA tool in Protein Preparation tool in Maestro to optimize 

the hydrogen bond network155,180. Constrained energy minimizations were conducted on the full-

atomic models, with heavy atom coverage to 0.5 Å. The homology model was performed in 

Modeller 9.18181, using the crystal structure of holo-pDHAD solved in this work as a template. 

Sequence alignment in Modeller indicated that AstD and pDHAD shared 56.8% sequence identity 

and 75.0% sequence similarity (Fig. S9). All the highly conserved residues and motifs were 

properly aligned. A total of 2000 models were generated for each target in Modeller with the fully 

annealed protocol. The optimal models were chosen for docking studies according to DOPE 

(Discrete Optimized Protein Energy) score. 

        All ligand structures were built in Schrodinger Maestro software155. The LigPrep module in 

Schrodinger software was introduced for geometric optimization by using OPLS3 force field179. 

The ionization state of ligands were calculated with Epik tool employing Hammett and Taft 

methods in conjunction with ionization and tautomerization tools182. The docking of a ligand to 

the receptor was performed using Glide183. We included cofactors observed in crystal structure 

during the docking. Since both water and SO4
2- occupied the catalytic site, they were excluded 

prior to docking. Cubic boxes centered on the ligand mass center with a radius 8 Å for all ligands 

defined the docking binding regions. Flexible ligand docking was executed for all structures. Ten 
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poses per ligand out of 20,000 were included in the post-docking energy minimization. The best 

scored pose for the ligand was chosen as the initial structure for further study. The MM/GBSA 

method was introduced to evaluate the ligand binding affinity based on the best scored docking 

pose in Schrodinger software. Figures are prepared in PyMOL and Inkscape184,185. Both of native 

substrate α,β-dihydroxyisovalerate and AA were docked into the catalytic site of pDHAD. The 

cross-section electrostatic surface map shows this unique catalytic pocket has a positively charged 

internal and a hydrophobic entrance, which binds to negatively charged “head” and hydrophobic 

“tail” of substrate or AA respectively. Thus the negatively charged “head” can lead both of the 

substrate and AA into the catalytic chamber. The bulky hydrophobic tricyclic moiety of AA, 

however, provides stronger hydrophobic interactions to the entrance and blocks the entrance of 

active site due to the hydrophobic residues at the entrance, including G68, A71, I72, I134, A133, 

M141, V212, F215, M498 and P501. In contrast, the smaller “tail” of native substrate provides 

less interactions to entrance because the smaller size limits efficient hydrophobic contact to nearby 

residues. This implies that once AA binds to pDHAD, it can prevent substrate approaching the 

active site. We also introduced molecular mechanics generalized Born and surface area 

(MM/GBSA) continuum solvation method, an widely used approach for relative binding energy 

calculation, to evaluate the relative binding affinity for both ligands186. The MM/GBSA 

calculations had been done in Prime187 (Schrödinger 2015 suite). The MM/GBSA energy was 

calculated using following equation: 

∆𝐺𝑏𝑖𝑛𝑑 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝐸𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐸𝑙𝑖𝑔𝑎𝑛𝑑 

E denotes energy and includes terms such as protein−ligand van der Waals contacts, electrostatic 

interactions, ligand desolvation, and internal strain (ligand and protein) energies, using VSGB2.0 

implicit solvent model with the OPLS2005 force field.  The solvent entropy is also included in the 
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VSGB2.0 energy model, as it is for other Generalized Born (GB) and Poison−Boltzmann (PB) 

continuum solvent models.  

        MM/GBSA calculation shows that the relative binding energy for AA and α,β-

dihydroxyisovalerate is -18.6 ± 0.3 kcal/mol and -13.3 ± 0.2 kcal/mol respectively, which shows 

the  binding constant of AA to active site is about 6000 times greater than α,β-dihydroxyisovalerate. 

This further confirms that AA is a competitive inhibitor of pDHAD.   

Cytotoxicity assay of AA  

        Cell proliferation experiments were performed in a 96-well format (five replicates per sample) 

using melanoma cell line A375 and SK-MEL-1. AA treatments were initiated 24 h postseeding for 

72 h, and cell survival was quantified using CellTiter-GLO assay (Promega). 

Cross experiment of A. thaliana  

        To make male sterile A. thaliana, AA was added to chemical hybridization agent (CHA) 

formulation (250 μM AA, 2% ethanol, 0.1% Tween-80, 1% corn oil in water), which has less 

inhibition effect on the growth of A. thaliana. Flowers of the AA treated col-0 were selected as the 

female parent. The non-treated A. thaliana containing a glufosinate resistant gene were used as 

male parent to donate pollen. 2-week old F1 progeny resulting from the cross were treated by 

Finale (11.3% glufosinate-ammonium) at 1:2000 dilution. The results are summarized in Fig. S10. 

Construction of the transgenic plants  

        The coding sequence of AstD was codon optimized for A. thaliana. A chloroplast localization 

signal (CLS) of 35-amino acid residues derived from the N-terminal of A. thaliana DHAD 

(MQATIFSPRATLFPCKPLLPSHNVNSRRPSIISCS) was fused to N-terminus of the codon 

optimized AstD. A 3×FLAG-tag was inserted between the CLS and the codon optimized AstD 
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(Supplementary results). The gene block containing CLS, FLAG-tag and astD was synthesized 

and then cloned into pEG202 vector using Gateway LR Clonase II Enzyme Mix (ThermoFisher 

scientific). The original CaMV 35S promoter of pEG202 was substituted by Ubiquitin-10 promoter 

to drive the expression of AstD. The construct was electro-transformed into Agrobacterium 

tumefaciens strain Agl0 followed by A. thaliana transformation using the standard floral dip 

method188. The A. thaliana Col-0 ecotype was transformed. Positive transgenic plants were 

selected using the glufosinate resistance marker, and were tested for survival in presence of AA.  

Protein expression verification with western blot 

        Approximately 0.5 gram of leaf tissue of transgenic A. thaliana was grounded in liquid 

nitrogen. Proteins were homogenized in 2× SDS buffer followed by 5-min centrifuge at 21,000 g 

to remove undissolved debris. The supernatant containing resolved proteins were loaded onto a 4-

12% Bis-Tris gel, and separated using MOPS running buffer. Transfer was conducted using iBlot2 

dry transfer device and PVDF membrane. The total proteins were stained with Ponceau to 

demonstrate equal loading. Western blotting was performed using Sigma monoclonal anti-FLAG 

M2-Peroxidase antibody, followed by detection using Amersham ECL Prime detection reagent.   
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3. Conclusions 

        NPs are naturally occurring small molecule organic compounds produced by living organisms. 

These compounds have coevolved together with biomacromolecular targets in nature, and possess 

potent bioactivities and selectivity to kill or limit the growth of competitors through the inhibition 

of vital metabolic enzymes. NPs are structurally complex, includng multiple stereocenters, 

complex ring systems and rich assemblies of functional groups that serve as warheads, hydrogen 

bond donors/acceptors and target recognition moieties.  Because of their potent inhibitory activities, 

NPs have been used to benefit humans as both pharmaceuticals and agrochemicals.  

        The post-genomics era has brought a renaissance in natural product discovery through 

genomic sequence directed approaches. This allows us to tap into cryptic NP biosynthetic gene 

clusters, which are not turned on under standard laboratory growing conditions. However, the 

bioactivities of NPs discovered using this approach are usually elusive. In this thesis, we proposed 

a resistance gene directed approach to discover novel NPs. The rationale for this approach is that 

the host organism producing NPs targeting housekeeping enzymes must have a self-protection 

mechanism, which includes the use of a self-resistance enzyme, a mutated version of housekeeping 

enzyme which can carry out the same function. We first successfully located the BGC of heptelidic 

acid using a self-resistance GAPDH, meanwhile, we also verified that the SRE encoded in the 

BGC of heptelidic acid has more tolerance than the housekeeping GAPDH. These results indicated 

that resistance gene guided approach is feasible to predict the bioactivity of a NP based on genomic 

sequence. 

        To prove that our approach is not just limited to locating the gene cluster of a NP with a 

known bioactivity, we carried out the resistance-gene directed NP discovery approach using not 

only popular human therapeutic targets, but also potential pesticide targets. To our delight, when 
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an herbicide target dihydroxy acid dehydratase (DHAD) was used as a query, a conserved BGC 

was located among several fungal species. We targeted the third enzyme, DHAD, within the 

branched chain amino acid (BCAA) biosynthesis pathway, which is conserved in fungi, bacteria, 

and plants, but is absent in humans and animals. The first enzyme in this pathway, acetolactate 

synthase (ALS) is the most targeted enzyme for herbicide development with over 50 

commercialized compounds. On the other hand, there is no inhibitor of DHAD that has been 

reported to work in planta.  

        Using the target-guided genome mining approach, we scanned fungal genomes in publicly 

available databases for a BGC that encodes a possible resisting copy of DHAD. The cluster from 

Aspergillus terreus was successfully introduced into Saccharomyces cerevisiae, which led to the 

production of aspterric acid at 20 mg/L. Although this compound was isolated previously, its 

molecular target was not known. We tested the inhibitory properties of this compound on three 

different DHADs. As we hypothesized, aspterric acid is a potent competitive inhibitor of the 

housekeeping DHAD enzyme from A. terreus and the plant DHAD from Arabidopsis thaliana. In 

contrast, the predicted self-resistance DHAD (AstD) was completely insensitive to aspterric acid 

up to the solubility limit. Kinetic analysis showed that AstD is about ~20 fold slower than the 

housekeeping DHADs, indicating that during evolution, nature has sacrificed activity for 

resistance to the NP. Structural analysis of both housekeeping DHAD and AstD revealed the 

molecular basis of aspterric acid inhibition, as well as possible mutations that led to AstD 

insensitivity. Aspterric acid represents the first known NP inhibitor of DHAD, and is discovered 

using the resistance-gene directed genome mining approach.  

        Although an increasing number of weeds have evolved resistance to current herbicides, there 

hasn’t been an herbicide with new mode of action commercialized for more than 30 years. Our 
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discovery could thus lead to the first new class of commercial herbicides in more than 30 years. 

We next addressed the question of how to make this broad-spectrum herbicide useful in 

specifically killing weed but not crops. Inspired by the successful of combination of “Roundup” 

and “Roundup-Ready crops”, which was introduced into the market by Monsanto, we have 

considered the possibility of developing AA tolerant crops. Fortunately, the naturally occurring 

AA resistance gene within its BGC make this a straightforward foal. By introducing the resistance 

gene into the model plant Arabidopsis, we successfully demonstrated that the resistance gene is 

able to confer AA tolerance to plants, which may pave the way to developing AA tolerant crops 

in the future.  

        As it was said by Charles Dickens in his great novel A Tale of Two Cities, “It is the best of 

times, it is the worst of times”189. This exactly described the situation of NP discovery. Although 

we are still unsure whether there are enough bioactive NPs to meet the demand of continuously 

emerging resistance, we indeed have an increasing amount of synthetic biology tools, genomic 

sequencing data and knowledge of secondary metabolism to discover NPs possessing novel 

bioactivities. NP discovery is like mining diamonds in the rough. Ironically, our novel fungal 

treasure had been ignored for 40 years since it was first isolated. Likewise, Mother Nature has 

already come up with a plethora of NPs to solve our current problems. The question is whether or 

not we can find them.  
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4. Appendices 

4.1 Supplementary results 

Structure determination of compounds 

Compound 2, colorless oil readily dissolved in ethyl acetate and chloroform, had a molecular 

formula C15H22O3, as deduced from LC-MS [M+H]+ m/z 251, [M-H]- m/z 249. 1H NMR (500 MHz, 

CDCl3): δ 7.14 (1H, s), 4.88 (2H, d, 35.3), 4.09 (1H, q, 9.3), 2.92 (1H, dd, 17.4, 5.8), 2.41 (1H, d, 

12.0), 2.25~2.15 (2H, m), 2.10~1.85 (3H, m), 1.87 (1H, d, 12.5), 1.44 (1H, m), 1.20 (1H, m), 0.94 

(3H, d, 6.8), 0.77 (3H, d, 6.9). 13C NMR (125 MHz, CDCl3): δ 171.9, 149.5, 141.1, 127.6, 104.8, 

66.7, 51.2, 46.4, 45.9, 36.9, 32.3, 27.3, 26.8, 21.3, 15.1.  

Compound 3, colorless oil readily dissolved in ethyl acetate and chloroform, had a molecular 

formula C15H22O4, as deduced from LC-MS [M+H]+ m/z 267, [M-H]- m/z 265. 1H NMR (500 MHz, 

CDCl3): δ 7.10 (1H, s), 3.75 (1H, m), 3.21 (1H, s), 2.79 (1H, dd, 15.9, 5.4), 2.70 (1H, d, 3.4), 2.23 

(1H, td, 6.9, 3.0), 2.18~1.97 (3H, m), 1.95~1.85 (2H, m), 1.43-1.23 (3H, m), 0.97 (3H, d, 6.9), 

0.81 (3H, d, 6.9). 13C NMR (125 MHz, CDCl3): δ 171.6, 139.5, 128.2, 68.0, 64.6, 49.8, 45.9, 45.5, 

42.9, 34.8, 32.6, 26.7, 23.9, 21.3, 15.1.  

Compound 4, colorless oil readily dissolved in ethyl acetate and chloroform, had a molecular 

formula C15H20O4, as deduced from LC-MS [M+H]+ m/z 265, [M-H]- m/z 263. 1H NMR (500 MHz, 

CDCl3): δ 7.31 (1H, d, 2.0), 3.89 (1H, dd, 5.5, 1.5), 3.27 (1H, dt, 20.2, 2.6), 2.96 (1H, dt, 20.1, 

2.2), 2.89 (1H, d, 12.0), 2.57~2.52 (1H, m), 2.51 (1H, d, 5.7), 2.34~2.22 (1H, m), 1.95~1.80 (2H, 

m), 1.51 (1H, tt, 11.7, 3.1), 1.36~1.23 (2H, m), 1.03 (3H, d, 6.9), 0.83 (3H, d, 6.9). 13C NMR (125 

MHz, CDCl3): δ 204.3, 170.1, 141.9, 127.9, 58.1, 51.4, 51.1, 46.1, 44.2, 41.1, 35.5, 26.9, 23.0, 

21.5, 15.2.  
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Compound 8, colorless oil readily dissolved in hexane and chloroform, had a molecular formula 

C15H24, as deduced from EI-MS [M]+ m/z 204, and showed [𝛼]𝐷
22 = -30° (n-hexane; c = 0.1). GC-

MS 70 eV, m/z (relative intensity): 204 [M]+ (42), 189 (5), 161 (35), 136 (100), 133 (10), 121 (70), 

119 (25), 107 (20), 105 (27), 93 (21), 91 (26), 79 (13), 77 (15), 69 (20), 55 (12), 43 (12), 41 (13), 

38 (21); 1H NMR (500 MHz, CDCl3): δ  5.37 (1H, m), 2.20-2.10 (5H, m), 2.10-2.00 (2H, m), 1.95 

(1H, d, 15.3), 1.75 (3H, s), 1.71 (3H, q, 1.7), 1.61 (3H, brs), 1.44 (1H, dd, 11.4, 7.2), 1.36 (1H, m), 

1.31 (1H, dd, 11.3, 2.6), 0.73 (3H, s); 13C NMR (125 MHz, CDCl3): δ 138.4, 138.3, 122.4, 122.2, 

57.4, 42.6, 41.4, 40.3, 34.5, 29.6, 27.3, 25.0, 23.3, 20.6, 19.2. Both of the NMR and MS spectrums 

are identical to a known compound (+)-daucane, however, the optical rotation is opposite which 

led to the assignment of 8 to be (-)-daucane.  

Compound 9, colorless oil readily dissolved in ethyl acetate and chloroform, had a molecular 

formula C15H22O3, as deduced from LC-MS [M+H]+ m/z 251, [M-H]- m/z 249. 1H NMR (500 MHz, 

CDCl3): δ 8.09 (1H, brs), 3.25 (1H, t, 7.4), 2.71 (1H, dd, 14.6, 6.5), 2.48 (1H, dd, 14.8, 6.3), 2.36 

(1H, dd, 14.0, 6.6), 2.26 (1H, m), 2.15 (1H, dd, 16.3, 8.9), 2.08 (1H, d, 12.0), 1.84 (1H, q, 13.1), 

1.73 (3H, d, 2.3), 1.59 (3H, d, 2.2), 1.48~1.35 (3H, m), 1.31 (1H, td, 11.5, 9.0), 0.86 (3H, s). 13C 

NMR (125 MHz, CDCl3): δ 176.0, 135.8, 123.2, 60.1, 59.8, 59.4, 44.1, 40.5, 38.8, 30.6, 29.3, 24.9, 

23.8, 20.6, 17.8. 

Compound 10 is a colorless oil readily dissolved in acetone and chloroform, had a molecular 

formula C15H22O4, as deduced from LC-MS [M+H]+ m/z 267, [M-H]- m/z 265. 1H NMR (500 MHz, 

CDCl3): δ 4.29 (1H, d, 8.5), 3.92 (1H, d, 8.3), 3.48 (1H, d, 8.3), 2.42 (1H, dd, 14.9, 7.3), 2.37~2.28 

(2H, m), 2.25 (1H, dd, 13.0, 4.4), 2.20~2.17 (1H, m), 2.12 (1H, d, 13.4), 2.01 (1H, m), 1.80~1.65 

(2H, m), 1.71 (3H, s), 1.64~1.54 (1H,m), 1.60 (3H, s), 1.50 (1H, m); 13C NMR (125 MHz, CDCl3): 
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δ 178.2, 134.5, 125.2, 82.9, 76.3, 75.6, 55.4, 53.0, 36.6, 36.2, 33.8, 32.2, 23.6, 23.4, 20.9. 10 is 

identical to aspterric acid (AA) as reported. 
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The codon-optimized sequence of Homo sapiens gapdh for expression in E. coli BL21 (DE3). 
The restriction digestion site of EcoRI and XhoI was underlined at 5’ end and 3’ end respectively.  

 

GAATTCATGGGTAAAGTTAAAGTGGGTGTTAATGGTTTTGGTCGCATCGGTCGTCTG

GTGACACGCGCCGCCTTTAATAGCGGCAAAGTGGATATAGTTGCCATCAATGATCCA

TTTATCGATCTGAATTATATGGTGTATATGTTTCAGTATGATAGTACACATGGCAAAT

TTCATGGTACCGTGAAAGCCGAAAATGGCAAATTAGTTATCAATGGCAATCCTATCA

CGATCTTTCAGGAACGCGATCCGAGTAAAATCAAATGGGGCGATGCGGGTGCGGAA

TATGTGGTTGAATCTACGGGCGTGTTTACGACTATGGAAAAAGCCGGCGCACATCTT

CAGGGCGGTGCCAAGCGGGTTATTATTAGCGCTCCGTCAGCAGATGCTCCTATGTTT

GTTATGGGCGTTAATCATGAAAAATATGATAATAGTCTGAAAATCATCTCTAATGCT

TCTTGCACTACAAATTGCCTCGCCCCGCTGGCTAAAGTGATTCATGATAATTTTGGC

ATCGTGGAAGGCTTAATGACGACAGTGCACGCTATTACAGCGACCCAGAAAACCGT

GGATGGTCCGAGCGGTAAACTGTGGCGCGATGGTCGCGGTGCCTTACAGAATATTAT

CCCAGCTTCTACCGGCGCAGCCAAAGCAGTGGGTAAAGTTATTCCAGAACTGAATG

GTAAACTGACGGGCATGGCCTTTCGCGTTCCTACCGCCAATGTGTCAGTTGTGGATT

TAACCTGTCGCTTAGAAAAACCTGCGAAATATGATGACATTAAAAAAGTTGTGAAA

CAGGCATCTGAAGGTCCACTGAAAGGTATCTTAGGCTATACGGAACATCAGGTTGTC

AGCTCAGATTTTAATTCAGATACACATTCTAGTACGTTTGATGCAGGTGCCGGCATT

GCCCTGAATGATCATTTTGTTAAACTGATTAGCTGGTATGATAATGAATTTGGCTAT

AGCAATCGTGTTGTGGATCTGATGGCACACATGGCGTCTAAAGAATAACTCGAG   
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The codon-optimized sequence of astD for expression in A. thaliana. The pDHAD chloroplast 

localization signal is in blue, and the FLAG-tag is in red.  

ATGCAAGCCACCATCTTCTCTCCACGCGCCACTCTCTTCCCCTGTAAACCTCTCCTCC

CTTCCCACAATGTCAACTCTCGCCGTCCCTCAATCATCTCCTGCTCCGACTACAAAG

ACGATGACGACAAACACATGGACTACAAAGACGATGACGACAAAGACTACAAAGA

CGATGACGACAAATTCGCATCTCGTATCCGATCAAGAGCCCTTGGTCTTCACCCCCG

AGCTCGATTTGAAAACACTCGACTTCCGGCCAGTACTACCGGAAGGAGGTATAAGA

GCGACGAGACCCTGAACAGAATTAGCTCAAAAATCACTCAGCCGAAGTCCCAGGGG

GCATCTCAGGCGATGCTCTATGCTACCGGCTTGACAGAGGAAGACATGTCAAAGCC

GCAGGTCGGAATCTCATCCGTTTGGTTTGAGGGGAATCCATGCAACATGCATCTTCA

CGATTTGTCCGCCATCGTTCGTGACTCTGTTCACCGAGCAGGTCTTGTCCCCATGAGG

TTTAATTCAGTTGGCGTTTCAGACGGGATCTCTATGGGTACGAAGGGGATGAGATAT

TCCCTCCAGTCCAGAGAACTGATAGCTGACGGTATTGAGACCGTAATGAACGCTCAA

TGGTATGATGCCAACGTGTCTCTGCCTGGCTGTGACAAAAATATGCCGGGCGTCCTC

ATGGCGATGGGTAGAACCAATCGTCCTTCCATCATGGTCTACGGAGGTAGCATCAAA

CCCGGTTGCTCTGCCAAGGGACAAAAATTAGATCTGGTATCTGCTTTTCAAAGCTAT

GGACAGTTCATAACGGGTCAGATAGATGAAAAGGAACGATTTGATATAATTAGAAA

CGCATGTCCTGGTCGTGGAGCTTGCGGTGGAATGTACACGGCAAACACACTAGCTAC

CGCTATAGAGACTATGGGTATGACAGTGCCCGGCTCTTCTAGCTGTCCGGCGGATGA

CCCTAAAAAACTAGTGGAGTGCGAGAATATAGGCGAGGTGGTAAAGACGATGCTCC

GAGAAGATATCAAACCGCGAGACGTTCTCACCCGTCAGGCTTTTGAAAATGCGATG

ATTGTGGTCAACATACTAGGGGGTTCTACAAATGCCGTACTCCATCTAATAGCCATA

GCTGATTCCGTAGGGATCAAACTGACGATAGATGATTTCCAAGCCGTATCTGATAAA

ACACCGTTCTTGGCCGATCTAAAACCCTCAGGGAAGTACTTAATGAACGATTTGTAC

AACATCGGCGGCACCCCGGCGCTTTTAAAGTATCTCCTTAAGGAAGGACTTATTGAC

GGAAGTGGCATAACTGTCACTGGTAAAACCATGAAAGAAAACGTGGCCTCTTGGCC

CGATTTTCCCTCAGATCAAGACATAATCCGACCGCTCTCAAACCCGATTAAGCCCTC

CGGCCATTTACAAATTCTCAGGGGGTCTCTAGCGCCGGGAGGGTCAGTAGGTAAGA

TTACGGGTAAGGAGGGGCTCAGATTTGAGGGCACCGCAAAGTGCTATGACTACGAG

GATGCCTTCATAGAGAGTCTTGAGAGAGGTGAGATTAAAAAGGGAGAGAAGACAGT

GGTGATAATAAGGTATGAAGGCCCAAAGGGGGGCCCGGGCATGCCTGAAATGCTCA

AACCAAGCGCCGCGATTATGGGTGCGGGCTTAGGTCAAGACGTTGCACTTCTGACA

GATGGGCGTTTCTCAGGGGGATCACACGGCTTTCTAATAGGTCACATTGTACCAGAG

GCGATGGAGGGGGGTCCCATAGCTTTAGCACGTGACGGGGATCGTATTGTCATCGA

CGCCGAGGAGCGAGTAGTCGATCTTGAGATACCGACCGAAGAGTTGGAGAAACGTC

GAAAGGAGTGGAAAGCCCCCCCACTTCGATACCAAAAGGGCACGCTCAAAAAATAT

TGCACGCTTGTTAGCGATGCATCTCACGGTTGCGTGACAGACGGGCCGATTTAG 
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4.2 Supplementary figures 

Supplementary Figure 1. Alignment of amino acid sequences of DHADs from different plant 

species. The identities of DHAD sequences among flowering plant are ~80%. The lack of identity 

at the N-terminal of these DHAD results from the differences in chloroplast localization signals 

from different species. 
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Supplementary Figure 2. Alignment of amino acid sequences of AstD and housekeeping 

DHAD from different strains.  

 



94 
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Supplementary Figure 3. NMR analyses of the compounds in this study. The experiments were 

repeated independently for 3 times with similar results. 

1H NMR of compound 2 (500 MHz, CDCl3): 

 

13C NMR of compound 2 (125 MHz, CDCl3): 
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HSQC of compound 2 (500 MHz, CDCl3):  

 

HMBC of compound 2 (500 MHz, CDCl3):  
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1H NMR of compound 3 (500 MHz, CDCl3): 

 

13C NMR of compound 3 (125 MHz, CDCl3): 
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HSQC of compound 3 (500 MHz, CDCl3):  

 

HMBC of compound 3 (500 MHz, CDCl3):  
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NOESY of compound 3 (500 MHz, CDCl3):  
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1H NMR of compound 4 (500 MHz, CDCl3): 

 

13C NMR of compound 4 (125 MHz, CDCl3): 
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HSQC of compound 4 (500 MHz, CDCl3):  

 

HMBC of compound 4 (500 MHz, CDCl3):  
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1H NMR of compound 8 (500 MHz, CDCl3): 

 

13C NMR of compound 8 (125 MHz, CDCl3): 
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HSQC of compound 8 (500 MHz, CDCl3):  

 

HMBC of compound 8 (500 MHz, CDCl3):  
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1H NMR of compound 9 (500 MHz, CDCl3): 

 

13C NMR of compound 9 (125 MHz, CDCl3): 

 



105 
 

HSQC of compound 9 (500 MHz, CDCl3): 

 

HMBC of compound 9 (500 MHz, CDCl3): 
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1H NMR of AA (500 MHz, CDCl3):  

 

13C NMR of AA (125 MHz, CDCl3): 
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HSQC of AA (500 MHz, CDCl3): 

 

HMBC of AA (500 MHz, CDCl3): 
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Supplementary Figure 4. EI-MS of compound 8 by GC-MS analysis.  

The structure of compound 8 (top right) and its known enantiomer (+)-Dauca-4(11),8-diene (top 

left). The EI-MS of compound 8 (bottom). The EI-MS spectrum of (+)-Dauca-4(11),8-diene is 

reported as m/z (rel.int): 204 [M]+ (22), 189 [M-Me]+ (2), 161 (18), 148 (3), 136 (100), 133 (10), 

121 (60), 119 (10), 107 (17) 105 (15), 93 (19), 91 (18), 79 (12), 77 (11), 55 (10), 41 (22). The EI-

MS of both compound 8 and (+)-Dauca-4(11),8-diene are identical. The experiment was repeated 

independently with similar results for 7 times.  
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Supplementary Figure 5. Growth curve of S. cerevisiae ILV3 expressing AstD and fDHAD. 

Three DHAD enzymes were assayed, including pDHAD (plant DHAD from A. thaliana), fDHAD 

(fungal housekeeping DHAD from A. terreus) and AstD (DHAD homolog within ast cluster). IC50 

and Ki values of AA were measured based on inhibition percentage at different AA concentrations. 

Center values are averages, errors bars are s.d.; n = 3 biologically independent experiments. a, Plot 

of the inhibition percentage of 0.5 μM fDHAD as a function of AA concentration. b, Plot of the 

inhibition percentage of 0.5 μM pDHAD as a function of AA concentration. c, Plot of the inhibition 

percentage of 0.5 μM AstD as a function of AA concentration. d, Analysis of inhibitory kinetics 

of AA on pDHAD using the Lineweaver-Burk method at different concentrations of AA (left). 

Linear fitting of apparent Michaelis constant (KM,app) as a function of AA concentration yields the 

inhibition constant (Ki) of AA on pDHAD (right).  

 

 



110 
 

Supplementary Figure 6. Root length of AA treated Arabidopsis.  

Wild type A. thaliana was grown on MS media with and without 250 µM AA. The lengths of roots 

were measured at four different time points after seed germination. The plot shows mean values ± 

s.d. (error bars); n=18 biologically independent samples.  

 

Supplementary Figure 7. SDS-PAGE analysis of purified proteins.  

SDS-PAGE analysis of purified pDHAD (a), fDHAD (b) and AstD (c) from E. coli BL21 (DE3). 

The experiments were repeated independently with similar results for 5 times.  
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Supplementary Figure 8. Cytotoxicity assay of AA.  
 

Percent growth inhibition of melanoma cell line A375 (left) and SK-MEL-1 (right) indicate AA 

has no significant cytotoxicity. Treatments of AA was initiated at 24 h postseeding for 72 h, cell 

viability was measured by CellTiter-GLO Luminescence (Promega) following the manufacturer’s 

recommendations. Results are representative data in duplicate from three independent experiments 

(center values are averages, errors bars are s.d., n = 5 biologically independent experiments, error 

bars were determined from independent biological replicates). 
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Supplementary Figure 9. Sequence alignment between pDHAD and AstD. 

The sequence identity between pDHAD and AstD is 56.8%, whereas the similarity between them 

is 75.0%. Residues were colored according to their property and similarity.  
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Supplementary Figure 10. Schematic illustration of results from the cross experiment.  

a, Wild type A. thaliana treated with 250 µM AA was pollinated with pollen from the un-treated 

plant that carries the glufosinate resistant gene. Offspring was obtained, and inherited the 

glufosinate resistance from the pollen donor. b, similar as in a, except that the pollen donor was 

also treated with 250 µM AA. No offspring was obtained from this cross. Similar results were 

obtained with the treatment of AA at 100 µM. 
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Supplementary Figure 11. Specific inhibition of anther development in A. thaliana. 

 

Comparison of flower organs between the AA treated (a-c) and non-treated (d-f) Arabidopsis. a 

compare to d, the AA treated flower shows abnormal pistil elongation due to the lack of pollination. 

b compare to e, the AA treated flower is missing one stamen. c compare to f, the AA treated anther 

is depleted of healthy and mature pollen. The experiments were performed twice with similar 

results. 
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Supplementary Figure 12. Verification of AstD expression in A. thaliana using western blot.  

 

Western blot verification of AstD expression in A. thaliana using anti-FLAG antibody (top); 

Ponceau staining shows equal loading (bottom). Six independent T1 transgenic plants (lane 1 to 

6) and two wild-type plants (lane 8, and 9) were assayed. Lane 7 does not contain any sample. The 

experiment was not repeated. 
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4.3 Supplementary tables 

Supplementary Table 1. Heptelidic acid biosynthetic gene cluster of T. virens. 

 
 

Trichoderma virens Gv29-8, scaffold 92 (NW_014013657.1, 1,831,400-1,858,00), 26.6 kb 

gene accession number size 

(gene/protein) 

BLASTP 

homologs 

identity/similarity 

(%) 

proposed 

function 

hepA XP_013949969.1 1424/377 GAP85091.2 59/72 terpene synthase 

hepH XP_013949970.1 1971/534 EIT74228.1 66/80 cytochrome P450 

hepD XP_013949971.1 1730/512 BAJ04474.1 59/75 cytochrome P450 

hepC XP_013949972.1 1759/438 RAQ59865.1 58/74 cytochrome P450 

hepE XP_013949974.1 1847/528 OOO06875.1 70/83 cytochrome P450 

hepB XP_013949973.1 456/115 OOO06872.1 39/58 antibiotic 

biosynthesis 

monooxygenase 

hepG XP_013949968.1 1147/336 OAA55922.1 78/88 GAPDH 

hepF XP_013949975.1 1572/503 XP_008081852.1 59/75 MFS multidrug 

transporters 
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Proposed functions of genes within the ast cluster in A. terreus 

 

 
 

A. terreus NIH 2624, scaffold 6 (NT_165929.1, 469,00-486,00), 17 kb 

Gene Accession 

number 

Size 

(gene/protein) 

BLASTP 

homologs 

Identity/similarity 

(%) 

Putative 

function 

astA XP_001213594.1 1230/409 XP_001266526.1 94/97 Terpene 

synthase 

astB XP_001213595.1 1760/512 XP_001266527.1 94/96 Cytochrome 

P450 

astC XP_001213596.1 1716/538 CEJ61176.1 84/89 Cytochrome 

P450 

astD XP_001213593.1 1874/598 OJJ72940.1 98/98 Dihydroxy-

acid 

dehydratase 
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Supplementary Table 2. Microbial strains used in this study  

strain genotype source 

Fungi 

Trichoderma virens Gv29-8 wild type NRRL 

Aspergillus terreus NIH2624 wild type FGSC 

Aspergillus nidulans A1145 ΔpyrG, ΔpyroA, ΔriboB 171 

TY01 Aspergillus nidulans A1145 carrying 

AstD+AstA-pYTU, AstB-pYTR, AstC-pYTP 

this study 

Saccharomyces cerevisiae 

RC01 MATα ura3-52 his3-Δ200 leu2-Δ1 trp1 

pep4::HIS3 ura3-52::atCPR prb1 Δ1.6R can1 

GAL 

124 

TY11 RC01 carrying pHepA-xw55 this study 

TY12 RC01 carrying pHepH-xw06 & TvCPR-xw55  this study 

TY13 RC01 carrying pHepD-xw02 & TvCPR-xw55 this study 

TY14 RC01 carrying pHepC-xw06 & TvCPR-xw55 this study 

TY15 RC01 carrying pHepE-xw02 & TvCPR-xw55 this study 

TY16 BL21 (DE3) carrying HepG-pET28a this study 

TY17 BL21 (DE3) carrying tGAPDH-pET28a this study 

TY18 BL21 (DE3) carrying hGAPDH-pSJ2 this study 

TY02 RC01 carrying pAstA-xw55 this study 

TY03 TY02 carrying pAstB-xw06 this study 

TY04 TY03 carrying pAstC-xw02 this study 

DHY ΔURA3 MATα ura3Δ0 this study 

UB01 DHY ΔURA3 ilv3::URA3 this study 

UB02 DHY ΔURA3 ΔILV3 this study 

TY05 UB02 carrying pXP318 this study 

TY06 UB02 carrying fDHAD-pXP318 this study 

TY07 UB02 carrying AstD-pXP318 this study 

Escherichia coli  

DH10β  NEB 

BL21 (DE3)  NEB 

TY08 BL21 (DE3) carrying AstD-pET28a this study 

TY09 BL21 (DE3) carrying pDHAD-pET28a this study 

TY10 BL21 (DE3) carrying fDHAD-pET28a this study 
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Supplementary Table 3. Primers for PCR amplification in this study 

primer sequences of primer (5’→3’) 

HepA-xw55-recomb-F tatggctagcgattataaggatgatgatgataagactagtatggctcaagtccagcgtgc 

HepA-xw55-recomb-R caaatttgtcatttaaattagtgatggtgatggtgatgcacagcagcgtgattcaccacg 

HepH-xw06-recomb-F tcaactatcaactattaactatatcgtaataccatatgatggagcaactcaaaactcggc 

HepH-xw06-recomb-R gtggtggtgactcgcgacctcatacacaagcttctaatccgaaacccacctcttattgtc 

HepD-xw02-recomb-F tatcaactattaactatatcgtaataccatatgatgtcttcgtttacatcccctgacatc 

HepD-xw02-recomb-R gataatgaaaactataaatcgtgaaggcatgtttaaacctaattctttcggggaatcatc 

HepC-xw06-recomb-F actatcaactattaactatatcgtaataccatATGatgctcgcatctgtccaatcccttg 

HepC-xw06-recomb-R tggtggtggtgactcgcgacctcatacacaagctttcagtgtgaaacattccaggtggag 

HepE-xw02-recomb-F caactatcaactattaactatatcgtaataccatatgatggacaccttcaatgccactcc 

HepE-xw02-recomb-R tgataatgaaaactataaatcgtgaaggcatgtttaaactcaccactcatccttccgtcg 

TvCPR-xw55-recomb-F tacaatcaactatcaactattaactatatcgtaataccatatggcggaactggacacg 

TvCPR-xw55-recomb-R aaatttgtcatttaaattagtgatggtgatggtgatgcacttatgaccagacatcctcctgg 

HepG-pET-F catcacagcagcggcctggtgccgcgcggcagccatatggttcccaaagttggcatcaac 

HepG-pET-R tctcagtggtggtggtggtggtgctcgagtgcggccgcttactggccggcatcctttttg 

tGAPDH-pET-F tggtgccgcgcggcagccatatgagtcacaaatcagctacaatggctcccatcaaggtcg 

tGAPDH-pET-R gtgctcgagtgcggccgcatctgatcagatcaaacacttatttggaggcatcgaccttgg 

 

AstD-pYTU-recomb-F gagagcctgagcttcatccccagcatcattacacctcagcaatgttcgcgtcgaggatcc 

AstA-pYTU-recomb-R gactaaccattaccccgccacatagacacatctaaacaatggacatgaataccttccccg 

Gpda-pYTU-F gtggaggacatacccgtaattttctgggcatttaaatactccggtgaattgatttgggtg 

Gpda-R tgtttagatgtgtctatgtggcggg 

AstB-pYTR-recomb-F aaccattaccccgccacatagacacatctaaacaatgctattccaagacctgtcttttcc 

AstB-pYTR-recomb-R gctaaagggtatcatcgaaagggagtcatccaggtactgcttgtattgaatcctagtttg 

AstC-pYTP-recomb-F cccttctctgaacaataaaccccacagaaggcatttatgggagcttctactttctcccag 

AstC-pYTP-recomb-R caacaaccatgataccaggggatttaaatttaattaaggttggggtttcatgcatatagc 

AstA-xw55-recomb-F tggctagcgattataaggatgatgatgataagactagtatggacatgaataccttccccg 

AstA-xw55-recomb-R atttgtcatttaaattagtgatggtgatggtgatgcacgtgttatgcgttgcctagcggg 

AstB-xw06-recomb-F caactatcaactattaactatatcgtaataccatatgctattccaagacctctcgtttcc 

AstB-xw06-recomb-R tacttgataatggaaactataaatcgtgaaggcatctacttgcagagacccataactcgc 

AstC-xw02-recomb-F atcaactatcaactattaactatatcgtaataccatatgggagcttctactttctccctg 

AstC-xw02-recomb-R ttgataatgaaaactataaatcgtgaaggcatgtttaaacctagcctcgtctctttattc 

pDHAD-pET-F atagctagcatgcaagccaccatcttctctcc 

pDHAD-pET-R atagcggccgcttactcgtcagtcacacatccatctg 

fDHAD-pET-F atacatatgcttctctctcagacccgg 

fDHAD-pET-R atagcggccgcttagtcaagagcatcggtgatgcag 

AstD-pET-F atacatatgttcgcgtcgaggatcc 

AstD-pET-R atagcggccgcctagatcggtccgtccgtgac 

fDHAD-pXP318-F gcatagcaatctaatctaagttttaattacaaaactagtatgcttctctctcagacccgg 
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fDHAD-pXP318-R gaatgtaagcgtgacataactaattacatgactcgagttagtcaagagcatcggtgatgc 

AstD-pXP318-F tagcaatctaatctaagttttaattacaaaactagtatggactacaaagacgatgacgac 

AstD-pXP318-R gcgtgaatgtaagcgtgacataactaattacatgactcgagctagatcggtccgtccgtg 

DHAD-F acaggatccgcccaatccgtaaccgc 

DHAD-R cacgtcgacttactcgtcagtcacacatccat 

K559AK560A-F acataggagcagcaagaatagacacacaagtctcacccg 

K559AK560A-R gtctattcttgctgctcctatgtcaatggtgattatgtctc 
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Supplementary Table 4. Plasmids used in this study 

plasmids features source 

pHepA-xw55 pXW55 expressing hepA this study 

pHepH-xw06 pXW06 expressing hepH this study 

pHepD-xw02 pXW02 expressing hepD this study 

pHepC-xw06 pXW06 expressing hepC this study 

pHepE-xw02 pXW02 expressing hepE this study 

pTvCPR-xw55 pXW55 expressing Trichoderma virens cytochrome P450 

reductase 

this study 

HepG-pET pET28a expressing HepG this study 

tGAPDH-pET pET28a expressing Trichoderma virens GAPDH this study 

hGAPDH-pSJ2 pSJ2 expressing homo sapiens GAPDH this study 
 

pYTU protein expression vector in A. nidulans (pyrG marker) 171 

pYTR protein expression vector in A. nidulans (riboB marker) 171 

pYTP protein expression in A. nidulans (pyroA marker) 171 

pAstD+AstA-pYTU pYTU expressing astA and astD this study 

pAstB-pYTR pYTR expressing astB this study 

pAstC-pYTP pYTP expressing astC this study 

pXW55 protein expression vector in S. cerevisiae (URA3 marker) 124 

pXW06 protein expression vector in S. cerevisiae (TRP2 marker) 124 

pXW02 protein expression vector in S. cerevisiae (LEU2 marker) 124 

pAstA-xw55 pXW55 expressing astA  this study 

pAstB-xw06 pXW06 expressing astB this study 

pAstC-xw02 pXW02 expressing astC this study 

pET28a protein expression vector in E. coli BL21 (DE3) Addgene 
pDHAD-pET pET28a expressing pDHAD this study 

fDHAD-pET pET28a expressing fDHAD this study 

AstD-pET pET28a expressing AstD this study 

pXP318 protein expression vector in S. cerevisiae (URA3 marker) Addgene 

fDHAD-pXP318 pXP318 expressing fDHAD this study 

AstD-pXP318 pXP318 expressing AstD this study 

pEG202 protein expression vector in A. thaliana (blpR marker) Addgene 

pAstDo-pEG pEG202 expressing codon optimized AstD this study 
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Supplementary Table 5. NMR data and structure 

1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 2: 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1  1.97 (1H, m) 51.2 CH 149.5, 141.1, 66.7, 46.4, 45.9, 

32.3 

2 4.09 (1H, q, 9.3) 66.7 CH  

3 2.92 (1H, dd, 17.4, 5.8) 32.3 CH2 171.9, 141.1, 127.6, 66.7, 51.2 

3’ 2.15 (1H, m) 141.1, 127.6, 66.7 

4 - 127.6 C - 

5 7.14 (1H, s) 141.1 CH 171.9, 127.6, 51.2, 46.4, 32.3  

6 1.97 (1H, m) 45.9 CH 149.5, 141.1, 127.6, 66.7, 

51.2, 46.4, 27.3 

7 1.44 (1H, m) 46.4 CH  

8 1.87 (1H, d, 12.5) 27.3 CH2 149.5, 45.9 ,36.9 

8’ 1.20 (1H, m) 45.9 ,36.9 

9 2.41 (1H, d, 12.0) 36.9 CH2 149.5, 104.8, 51.2, 46.4, 27.3 

9’ 2.02 (1H, m)  149.5, 104.8, 51.2, 46.4, 27.3  

10 - 149.5 C - 

11 - 171.9 C - 

12 4.88 (2H, d, 35.3) 104.8 CH2 149.5, 51.2, 45.9, 36.9, 27.3 

13 2.20 (1H, m) 26.8 CH 45.9, 27.3, 21.3, 15.1 

14 0.94 (3H, d, 6.8) 21.3 CH3 46.4, 26.8, 15.1 

15 0.77 (3H, d, 6.9) 15.1 CH3 46.4, 26.8, 21.3 
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1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 3: 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1 1.88 (1H, m) 45.9 CH 68.0, 64.6, 49.8, 45.5, 42.9, 

34.8, 32.6 

2 3.75 (1H, m) 68.0 CH 64.6, 42.9 

3 2.79 (1H, dd, 15.9, 5.4) 32.6 CH2 171.6, 139.5, 128.2, 68.0, 45.9 

3’ 2.12 (1H, m) 139.5, 128.2, 68.0, 45.9 

4 - 128.2 C - 

5 7.10 (1H, s) 139.5 CH 171.6, 128.2, 64.6, 45.5, 42.9, 

32.6  

6 2.09 (1H, m) 42.9 CH 45.9, 45.5, 23.9  

7 1.36 (1H, m) 45.5 CH 45.9, 34.8 

8 1.91 (1H, m) 23.9 CH2 64.6, 45.5, 42.9, 34.8 

8’ 1.29 (1H, m) 64.6, 45.5, 42.9, 26.7 

9 2.00 (1H, m) 34.8 CH2 64.6, 49.8, 45.5 

9’ 1.38 (1H, m)  64.6, 45.5, 23.9 

10 - 64.6 C - 

11 - 171.6 C - 

12 3.21 (1H, s) 49.8 CH2 64.6 

12’ 2.70 (1H, d, 3.4) 64.6, 34.8 

13 2.23 (1H, td, 6.9, 3.0) 26.7 CH 45.5, 42.9, 23.9, 21.3, 15.1 

14 0.97 (3H, d, 6.9) 21.3 CH3 45.5, 26.7, 15.1 

15 0.81 (3H, d, 6.9) 15.1 CH3 45.5, 26.7, 21.3 
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1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 4: 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1 2.89 (1H, d, 12.0) 51.1 CH 204.3, 141.9, 58.1, 51.4, 44.2 

2 - 204.3 C - 

3 3.27 (1H, dt, 20.2, 2.6) 41.1 CH2 204.3, 141.9, 127.9 

3’ 2.96 (1H, dt, 20.1, 2.2) 204.3, 141.9, 127.9 

4 - 127.9 C - 

5 7.31 (1H, d, 2.0) 141.9 CH 170.1, 127.9, 51.1, 44.2, 41.1 

6 2.57~2.52 (1H, m) 44.2 CH 141.9, 127.9 

7 1.51 (1H, tt, 11.7, 3.1) 46.1 CH  

8 1.95~1.80 (1H, m) 23.0 CH2 58.1, 46.1 

8’ 1.36~1.23 (1H, m) 58.1, 46.1 

9 1.95~1.80 (1H, m) 35.5 CH2 58.1, 46.1 

9’ 1.36~1.23 (1H, m)  58.1, 46.1 

10 - 58.1 C - 

11 - 170.1 C - 

12 3.89 (1H, dd, 5.5, 1.5) 51.4 CH2 58.1, 35.5 

12’ 2.51 (1H, d, 5.7) 58.1, 35.5 

13 2.34~2.22 (1H, m) 26.9 CH 46.1, 21.5, 15.2 

14 1.03 (3H, d, 6.9) 21.5 CH3 46.1, 26.9, 15.2 

15 0.83 (3H, d, 6.9) 15.2 CH3 46.1, 26.9, 21.5 
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1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 8: 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1 - 42.6 C - 

2 1.44 (1H, dd, 11.4, 7.2) 40.3 CH2 138.4, 57.4, 42.6, 29.6, 19.2 

2’ 1.31 (1H, dd, 11.3, 2.6) 42.6, 41.4, 29.6, 19.2 

3 2.20 (1H, m) 29.6 CH2 138.4, 42.6, 34.5 

3’ 2.15 (1H, m) 138.4, 122.2, 57.4, 42.6, 40.3 

4 - 138.4 C - 

5 2.16 (1H, m) 57.4 CH 138.4, 42.6, 40.3, 34.5, 25.0 

6 2.19 (1H, m) 25.0 CH2 138.4,138.3, 57.4, 42.6, 34.5 

6’ 1.36 (1H, m) 34.5 

7 2.15 (1H, m) 34.5 CH2 138.3, 122.4, 57.4 

7’ 2.07 (1H, m) 138.3, 122.4, 57.4, 27.3, 25.0 

8 - 138.3 C - 

9 5.37 (1H, m) 122.4 CH  

10 2.00 (1H, m) 41.4 CH2 138.3, 122.4, 57.4, 42.6, 40.3, 

19.2 

10’ 1.95 (1H, d, 15.3) 138.3, 122.4, 57.4, 42.6 

11 - 122.2 C - 

12 1.61 (3H, brs) 23.3 CH3 138.4, 122.2, 20.6 

13 1.71 (3H, q, 1.7) 20.6 CH3 138.4, 122.2, 23.3 

14 1.75 (3H, s) 27.3 CH3 138.3, 122.4, 34.5 

15 0.73 (3H, s) 19.2 CH3 57.4, 42.6, 41.4, 40.3 
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1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 9: 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1 - 44.1 C - 

2 1.41 (1H, m) 38.8 CH2 135.8, 60.1, 44.1, 29.3, 17.8 

2’ 1.31 (1H, td, 11.5, 9.0) 44.1, 40.5, 29.3, 17.8 

3 2.26 (1H, m) 29.3 CH2 135.8 

3’ 2.15 (1H, dd, 16.3, 8.9) 135.8, 123.2, 60.1, 44.1, 38.8 

4 - 135.8 C - 

5 2.08 (1H, d, 12.0) 60.1 CH  

6 2.48 (1H, dd, 14.8, 6.3) 24.9 CH2 59.4, 44.1, 30.6 

6’ 1.84 (1H, q, 13.1) 59.4, 30.6 

7 2.71 (1H, dd, 14.6, 6.5) 30.6 CH2 176.0, 60.1, 59.8, 59.4, 24.9 

7’ 1.39 (1H, m) 176.0, 60.1, 59.8, 59.4, 24.9 

8 - 59.4 C - 

9 3.25 (1H, t, 7.4) 59.8 CH 176.0, 59.4, 40.5 

10 2.36 (1H, dd, 14.0, 6.6) 40.5 CH2 60.1, 59.8, 59.4, 44.1, 38.8 

10’ 1.44 (1H, m) 60.1, 59.8, 59.4, 44.1, 17.8 

11 - 123.2 C - 

12 1.59 (3H, d, 2.2) 23.8 CH3 135.8, 123.2, 20.6 

13 1.73 (3H, d, 2.3) 20.6 CH3 135.8, 123.2, 23.8 

14 - 176.0 C - 

15 0.86 (3H, s) 17.8 CH3 59.8, 44.1, 40.5, 38.8 

14-COOH 8.09 (1H, brs) - COOH  
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1H (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) of compound 10 (AA): 

 

no. δH (mult., J in Hz) δC mult. HMBC 

1 - 53.0 C - 

2 1.73 (1H, m) 33.8 CH2 134.5, 76.3, 53.0, 23.6 

2’ 1.50 (1H, m) 134.5, 76.3, 55.4, 53.0, 23.6 

3 2.42 (1H, dd, 14.9, 7.3) 23.6 CH2 76.3, 55.4, 53.0, 33.8 

3’ 1.61 (1H, m) 134.5, 55.4, 53.0, 33.8 

4 - 134.5 C - 

5 2.34 (1H, m) 55.4 CH 134.5, 125.2, 76.3, 53.0, 

33.8, 23.6 

6 2.20 (1H, m) 36.6 CH2 75.6, 55.4, 53.0 

6’ 1.70 (1H, m) 75.6, 53.0 

7 2.32 (1H, m) 32.2 CH2 178.2, 82.9, 75.6, 55.4 

7’ 2.01 (1H, m) 75.6, 55.4 

8 - 75.6 C - 

9 4.29 (1H, d, 8.5) 82.9 CH 76.3, 75.6, 53.0, 36.2 

10 2.26 (1H, m) 36.2 CH2 82.9, 76.3, 75.6, 55.4 

10’ 2.12 (1H, d, 13.4) 76.3, 75.6, 55.4, 53.0 

11 - 125.2 C - 

12 1.71 (3H, s) 20.9 CH3 134.5, 125.2, 23.4 

13 1.60 (3H, s) 23.4 CH3 134.5, 125.2, 20.9 

14 - 178.2 C - 

15 3.92 (1H, d, 8.3) 76.3 CH2 82.9, 55.4, 53.0, 36.2 

15’ 3.48 (1H, d, 8.3) 55.4, 53.0, 33.8 
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Supplementary Table 6. Data collection and refinement statistics (molecular replacement) 
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