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Abstract 

Terpenoids are the largest group of secondary metabolites and can be found in 

organisms ranging from microscopic bacteria to large plant species. These compounds 

are commonly used for signaling and defense against ecological predators/competitors 

and possess many unique and interesting biological activities. Many compounds possess 

enough value that large scale production of terpenoids for biofuel (e.g. farnesene) and 

pharmaceutical (e.g. artemisinin) applications are well underway. The goal of this work 

was and still is to uncover the biological machinery responsible for making the bioactive 

terpenoid compounds. This requires a deep understanding of the underlying biochemistry 

as well as the genetic organization of the organism from which you are trying to extract 

said machinery. In the context of this research the biosynthetic machinery is the enzymes 

(primarily sesquiterpene synthases and P450 monooxygenases) responsible for 

synthesizing the anticancer illudin terpenoids, and the target organism is the fungus 

Omphalotus olearius. To accomplish this goal I identified the first biosynthetic pathway 

enzyme, a protoilludene synthase, and identified putative modifying enzymes that 

catalyze further modification of the first pathway intermediate. Arguably more 

importantly, I chose to use our biochemical data to better understand sesquiterpene 

synthases across many fungal genera. This work provides significant breakthroughs in 

understanding illudin biosynthesis and also provides a predictive framework for further 

examination of terpenoid biosynthesis in many different fungal species. 
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Chapter 1. Overview of terpenoid biosynthesis and genome mining to 

identify novel biosynthetic genes  

 

 

1. Introduction 

 The goal of this thesis was to determine and characterize the biosynthetic genes 

required for the formation of illudin compounds by the fungus Omphalotus olearius. As 

very little was known about terpene biosynthesis in fungi at the onset of this work, the 

foundation was laid through studying another fungus for which a genome sequence was 

available, Coprinus cinereus. This work characterized six sesquiterpene synthases and 

provided me with tools to begin to search for similar enzymes in another fungus. 

 In parallel to my work in O. olearius I chose to assist in enzyme engineering of 

the already characterized sesquiterpene synthases from C. cinereus. I have always had a 

strong interest in understanding the biochemical characteristics of a given enzyme, and 

learning ways in which you can modulate its activity by making changes to its amino acid 

sequence. Additionally, the varying product selectivity of this class of enzymes presented 

a potential problem if we were to find an enzyme whose inherent activity gave us our 

desired compound as a minor product. I hoped to build our knowledge and toolkit to 

address this problem in the future, if needed. 

 While much effort was put into finding the sesquiterpene synthases from O. 

olearius without any genome sequence they were largely unsuccessful. I maintained that 
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the best way to find these genes was to find the resources to sequence the genome of O. 

olearius and I continued to pursue that goal until the revolution in next-generation 

sequencing removed the financial restriction. Upon sequencing the genome I was able to 

identify and characterize all of the terpene synthases from O. olearius and use the 

biochemical data to correlate sequence to function. I built a predictive framework upon 

that correlation and was able to apply that framework to identify hundreds of other 

terpene synthases in other fungi. 

 My current work is focused on the characterization of the biosynthetic cluster 

uncovered in the O. olearius genome. This cluster is responsible for the synthesis of the 

cytotoxic illudin compounds, though nothing is known of the enzymatic order required to 

achieve this synthesis. I believe the P450 monooxygenases present in the cluster are 

responsible for the initial installation of molecular oxygen into the terpene scaffold, 

protoilludene, and have focused my efforts on characterizing them. 

2. Thesis Overview 

Chapter 1. This chapter provides background information and establishes the context for 

the thesis research. This chapter covers the biosynthesis of terpenoids and their precursor 

compounds from primary metabolism, the enzymes required for terpenoid biosynthesis, 

and a review of biosynthetic pathway discovery and genome mining. The last section 

outlines the impetus for the research carried out as part of this thesis, and outlines the 

body of work carried out during the initial two years. 
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Chapter 2. This chapter describes the discovery of illudin biosynthetic genes from the 

fungus Omphalotus olearius. In the latter part of the chapter I establish a predictive 

framework for the discovery of terpenoid biosynthetic genes in other fungi and delineate 

the biosynthetic cluster believed to be responsible for cytotoxic illudin production. 

 

Chapter 3. This chapter summarizes the work currently underway to characterize the 

genes from the biosynthetic cluster identified in Chapter 2. I document the genes that 

have been cloned and the constructs that have been created as well as provide preliminary 

evidence of their activity in three different heterologous hosts. 

 

Chapter 4. This chapter covers the enzyme engineering of sesquiterpene synthases from 

the fungus Coprinus cinereus.  Three of the enzymes were studied in order to identify 

residues important for determining product specificity, and a distinct loop region was 

shown to be involved in sealing of the active site cavity. It should be noted that the work 

described in this section was conceptualized by Fernando Lopez-Gallego, but was an 

integral part of my training during the initial years of the thesis work. I carried out 

mutagenesis experiments and characterized the mutants. I co-authored the manuscript and 

executed manuscript and figure revisions. 
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Chapter 5. This final chapter summarizes the data presented and places it in the context of 

the field of metabolic engineering of terpenoid biosynthetic pathways. Also discussed 

here are future directions for the terpenoid project in the Schmidt-Dannert laboratory. 

3. Isoprenoids 

 In 1953 Leopold Ruzicka published his hypothesis on the isoprene rule and how it 

relates to the biogenesis of terpene compounds. This rule states that the carbon skeleton 

of terpene compounds is composed of isoprene units linked together in a regular or 

irregular fashion [170]. This observation has allowed for the structural elucidation of 

many terpene compounds with varying numbers of carbon atoms. By examining the 

aliphatic precursors to a given terpene product (e.g. farnesyl diphosphate, geranyl 

diphosphate, etc.) one can deduce the mechanistic route through which the compound 

was formed. 

 Biosynthetic pathways leading to isoprenoids can be found in bacteria, plants, 

insects, and marine organisms, in addition to the class of organism which is the focus of 

this thesis, fungi. The term isoprenoid encompasses any compound derived from the 

universal five-carbon building blocks isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP). Prenyldiphosphate synthases then catalyze the head-to-tail 

condensation of two, three or four of these five-carbon units to produce ten-, fifteen- or to 

twenty-carbon (C10, C15, C20) isoprenoid diphosphate molecules which serve as the 

substrates for Class I terpene synthases. The terms terpene/terpenoid typically refer to a 
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compound that has undergone enzymatic modification leading to an ionization of the 

allylic diphosphate to form a reactive carbocation and triggering a cascade of cyclization 

and rearrangement reactions in the enzymes active site [47]. These enzymatically 

processed terpenes can then be further defined by the total number of carbon atoms in the 

long isoprenoid chain before phosphate cleavage. The terms monoterpene (C10), 

sesquiterpene (C15), diterpene (C20), etc. indicate which aliphatic precursor was used in 

the biosynthesis and give an estimate of the total molecule size. The focus of this thesis is 

the biosynthesis of sesquiterpenes from the aliphatic precursor farnesyl diphosphate 

(FPP) and subsequent modification of that sesquiterpene scaffold. Terpenoids with more 

than 20 carbons are typically formed by the head-to-head condensation of two FPP or 

GGPP molecules, yielding longer isoprene chains that are then modified into various C30 

(sterols) and C40 (carotenoids) terpenoid structures. 

 The diversity of structures derived from this isoprenoid secondary metabolism is 

staggering, and accounts for the wide range of biological activities that they possess. 

Examples of the use of terpenoids by humans are widespread and include the 

chemotherapeutic paclitaxel, the antimalarial artemisinin, and the flavor compound 

menthol. While we have assimilated terpenes with varying chemical properties into our 

commercial industry, the use of these compounds in the native host is still largely a 

mystery. In plants, terpenes are largely believed to be compounds involved in defense of 

the host organism. In Grand Fir (Abies grandis) a wound in the bark of the tree resulted in 

up-regulation of terpene synthase activity [187]. Another example shows increased 
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terpene production by Pinus sylvestris in response to egg-laying by the sawfly. These 

terpenes attract sawfly predators to the tissue where the eggs have been laid [84]. Another 

terpene, β-caryophyllene, has been shown to attract predatory nematodes to protect maize 

roots upon attack by beetles [164]. In mammals, isoprenoids lead to the formation of 

steroid compounds such as cholesterol, and in bacteria they are the precursors to 

ubiquinone and meaquinone [108]. 

 The biosynthesis of all these compounds can essentially be broken down into 

three different stages, 1) the primary metabolism leading to the key metabolites IPP and 

DMAPP and the extension of the isoprenoid chain which builds the initial aliphatic 

substrate, 2) cyclization of the aliphatic compounds to form a cyclic terpene scaffold and 

4) modification of the cyclic scaffold through oxidation and reduction to form esters, 

ketones, hydroxylations, and other modifications. The huge amount of diversity between 

compounds derived from the same cyclic scaffold implies an evolutionary conservation 

aimed at increasing the structural diversity and diversifying the biological activity in 

order to achieve a desired function. 

4. Isoprenoid Biosynthesis 

4.1 The mevalonic acid pathway (MVA) and the nonmevalonate pathway (DXP) 

 

 In order to understand the biosynthesis of any secondary metabolite it is important 

to understand from what part of primary metabolism the precursor compounds arise. In 
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the case of isoprenoids there are two independent pathway from which isopentenyl 

diphosphate (IPP) can be generated. In archaebacteria, fungi, and animals, the only route 

for generation of IPP is the mevalonate (or mevalonic acid) pathway. This cytosolic 

pathway originates from acetyl-CoA and was characterized over 50 years ago by a 

number of different groups (reviewed in [42, 125]). The mevalonate pathway converts 

three molecules of acetyl-CoA to mevalonate through the intermediates acetoacetyl-CoA 

and hydroxymethylglutaryl-CoA (HMG-CoA). It should be noted that the last step of this 

process is often times rate-limiting and is the focus of much research engineering to 

improve function [188, 71, 160]. The subsequent phosphorylation of mevalonate, 

followed by decarboxylation yields IPP. For isoprenoids derived from the mevalonate 

pathway it is necessary to include an isomerase capable of converting IPP to DMAPP 

(Figure 1). 
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 The alternative to the mevalonate pathway, present in some Gram-positive and 

nearly all Gram-negative bacteria, is the nonmevalonate (or DXP) pathway. For many 

 
Figure 1 Biosynthetic routes to polyprenyl pyrophosphates isoprenoid biosynthetic pathways 

of Escherichia coli and Saccharomyces cerevisiae. Dxs 1-Deoxy-d-xylulose-5-phosphate 

synthase; IspC 1-deoxy- d-xylulose-5-phosphate reductoisomerase; IspD 4-diphosphocytidyl-2-C-

methyl-d-erythritol synthase; IspE 4-diphosphocytidyl-2-C-methyl-d-erythritol kinase; IspF 2C-methyl-

d-erythritol 2,4-cyclodiphosphate synthase;IspG 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate 

synthase; IspH AtoB, acetoacetyl-CoA thiolase; ERG13, hydroxymethylglutaryl-CoA synthase 

(HMGS); HMG1 hydroxymethylglutaryl-CoA reductase (HMHR); ERG12 mevalonate kinase 

(MK); ERG8 phosphomevalonate kinase (PMK); ERG19 mevalonate pyrophosphate decarboxylase 

(MPD); Idi isopentenyl pyrophosphate isomerase. This figure was adapted from [218]. 
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years after the elucidation of the mevalonate pathway it was believed that only one 

pathway existed for the production of IPP and DMAPP. It wasn’t until the early 1990’s 

that a second route was discovered and accepted [68, 167]. This pathway utilizes the 

primary metabolites pyruvate and glyceraldehyde-3-phosphate and through a 

condensation yields 1-deoxy-D-xylulose-5-phosphate (DXP) [108]. The first committed 

step of the DXP pathway involves the formation of 2C-methyl-D-erythritol-4-phosphate 

(MEP) from DXP and requires both Mn
2+

 and NADPH [189]. MEP is then converted in 

two steps by IspD and IspE (in E. coli) to produce 4-diphosphocytidyl-2C-methyl-D-

erythritol-2-phosphate in an ATP-dependent manner [166, 121]. Subsequent cyclization 

yields the product 2C-methyl-D-erythritol-2,4-cyclodiphosphate which can be processed 

in two more steps to yield IPP and DMAPP in a 5:1 ratio [165] (Figure 1). 

 Interestingly, plants use a combination of both pathways to produce isoprenoids. 

Each pathway is localized to a separate compartment (DXP in plastids and MVA in the 

cytosol) with limited exchange of IPP and pathway intermediates occurring [115, 61]. As 

the DXP pathway is encapsulated in plastids, it is thought that its place in plant 

isoprenoid biosynthesis is of bacterial origin. 

4.2 Prenyltransferases and terpene synthases 

 After a sufficient pool of IPP and DMAPP is generated through the pathways 

discussed in the previous section, a condensation reaction must occur in order to form the 

longer cis or trans allylic diphosphates required for terpenoid biosynthesis. The reaction 
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mechanism involves a head-to-tail condensation of the prenyl diphosphates and is 

electrophilic, with the ionized allylic diphosphate attacking the terminal double bond of 

IPP. This bond formation leaves a tertiary carbocation, and required a deprotonation to 

for the final product [123]. Prenyltransferases typically accept DMAPP as their initial 

substrate, though some will also accept the longer substrates such as GPP or FPP [193]. 

 After the linear isoprenoids are generated the next step is the cyclization by a 

terpene synthase, at which point we begin to generate the overwhelming diversity of 

compounds we see in nature. These enzymes share many similarities with 

prenyltransferases, such as their shared metal binding motifs and the requirement of Mg
2+

 

for catalysis. The complexity of the reaction catalyzed by terpene synthases sets this class 

of enzyme apart. While a single prenyltransferase typically will only generate one or two 

products, a terpene synthase can often times generate as many as 40 different products 

[187]. In order to synthesize new terpenoids the first step is the generation of a 

carbocation through the cleavage of the diphosphate moiety. This is followed by ring 

formation, hydride shifts, methyl migrations, and other rearrangements before ultimate 

deprotonation or quenching by water or another nucleophile [46]. The active site contour 

is critical for controlling the carbocation migration and the subsequent rearrangement of 

the terpene intermediate [77]. 

Monoterpene synthases utilize the ten-carbon substrate geranyl diphosphate 

(GPP) to form monoterpenes, while sesquiterpene synthases utilize farnesyl diphosphate 

(FPP) to generate sesquiterpenes, and diterpene synthases utilize geranylgeranyl 
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diphosphate (GGPP) to form diterpenes. Larger isoprenoid substrates can also be formed, 

which give rise to larger terpenoids (C30 and C40), but this thesis will focus primarily on 

sesquiterpenes as an example of terpene synthase function and biosynthetic cluster 

characterization. Farnesyl diphosphate can be cyclized in a number of ways to form 

sesquiterpenes. An E,E-Farnesyl cation can be cyclized through a 1,10-closure to form 

germacrene-type sesquiterpenes, or through a 1,11-closure to form more structurally 

diverse humulyl cation-derived sesquiterpenes. Additionally, a Z,E-Farnesyl cation can 

be cyclized through a 1,10-closure to form germacrene-type sesquiterpenes, or through a 

1,6-closure to form the often monocyclic bisabolyl cation-derived sesquiterpenes (Figure 

2).  
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 Bacterial, fungal and plant terpene synthases have minimal sequence similarity, 

but all share the same α-helical terpene fold. The hydrophobic active site is surrounded 

by 6-7 helices, with two helices containing aspartate/glutamate-rich (DXDD and 

DD(E)XXD(E)) motifs responsible for FPP binding via chelation of Mg
2+

 ions. Upon 

FPP binding it is believed that the folded FPP is stabilized in a distinct conformation 

before cleavage of the pyrophosphate moiety and carbocation formation [171, 177]. 

While crystal structures have been solved for several microbial and plant sesquiterpene 

synthases, the only two available fungal sesquiterpene synthase structures are those of 

 
Figure 2 Ionization of FPP results in a primary carbocation from (E,E)-FPP that can either undergo two 

different ring closures (1,10 or 1,11) or is isomerized to a secondary carbocation from (3R)-NPP, which 

can undergo four different ring closures (1,6; 1,7; 1,10 or 1,11). The cycloheptenyl and cis-humulyl 

cations are thermodynamically possible, but rarely observed as intermediates in nature [192]. 
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Figure 3 Model of Cop4 from Coprinus cinereus with conserved DDxxD and NSE/DTE shown as 

sticks. Cop4 was modeled with aristolochene synthase from A. terreus (PDB 2E40, chain D), and 

conforms well to the classical terpene synthase fold. 

aristolochene synthase (A. terreus and P. roqueforti) and trichodiene synthase (F. 

sporotrichioides) [37, 171, 179]. All three proteins were overexpressed in E. coli and 

purified using standard techniques. Structural information can also be gleamed through 

molecular models, as described in significantly more detail in chapter four of this thesis 

(Figure 3).  

 An advantage of structural information is the ability to rationally design mutants 

in order to change the product profiles of a terpene synthase. Site-directed mutagenesis 

can be employed to quickly generate a number of mutants and, in the case of 

sesquiterpene synthases, their activities can be quickly screened by solid-phase 
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microextraction (SPME) coupled with GC-MS analysis. Mutational studies with both 

trichodiene synthase [172, 204, 206, 207, 205] and aristolochene synthase [33, 57, 58, 66, 

69, 180] have defined the specific roles of many residues involved in product formation. 

Interestingly, many mutants have resulted in a notable shift in product profiles, 

suggesting that protein engineering guided by structural information is a promising 

avenue for product diversification. With that said, mutations that alter the initial 

cyclization mechanism are very difficult to achieve. Unpublished results from our 

laboratory attempting to change the product profile of a ∆6-protoilludene synthase 

resulted in many inactive proteins. It appears to be much more difficult to change the 

product profile of a very specific terpene synthase, though it remains to be seen why this 

is the case. 

4.3 Cytochrome P450 monooxygenases 

 After generation of a terpene scaffold by a terpene synthase the next step is 

typically oxygenation and activation of the carbon scaffold by cytochrome P450 

monooxygenases. The reactions catalyzed by this class of enzymes varies greatly and 

includes hydroxylation, epoxidation, cyclization, ring coupling, and other rearrangements 

of the carbon skeleton. This diversity of activity accounts for the structural diversity 

observed in the compounds produced, and allows organisms to maintain their competitive 

advantage in nature [150]. P450s are heme-containing proteins which require NADPH 

and oxygen and generally proceed through a six step reaction mechanism: 1) binding of 
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substrate to the active site of the enzyme; 2) reduction of the heme iron and binding of 

molecular oxygen; 3) transfer of an electron and a proton to produce a ferric hydroperoxy 

complex; 4) a second protonation and subsequent cleavage of the O-O bond, resulting in 

the production of water; 5) the abstraction of a hydrogen from the substrate and radical 

recombination to give a hydroxylated product; 6) dissociation of the product from the 

active site [161]. While the mechanistic description above is for one hydroxylation, the 

catalytic process often involves installation of multiple oxygen molecules catalyzed by 

only one P450, as is the case in the biosynthesis of artemisinic acid from amorphadiene in 

Artemisia annua [215]. 

 Many limitations exist to studying P450 function in heterologous hosts. The key 

concern that needs to be addressed is the presence of correct electron shuttling proteins 

that will properly associate with the expressed P450. Since E. coli does not have the 

endogenous machinery to carry this function out, extensive engineering must be done to 

obtain high titers of modified terpenes [41]. Apart from the problem of a proper redox 

environment, there are also the fundamental problems of solubility, protein folding, etc. 

when heterologously expressing a fungal gene in E. coli. For the reason above, significant 

work has been focusing on optimizing eukaryotic hosts such as S. cerevisiae for the 

production of high titers of modified terpenes [155]. Even in the cited example of 

artemisinic acid production, extensive strain engineering requiring significant manpower 

was required, demonstrating the difficulty currently facing groups with the desire to 

produce large quantities of terpenoids. 
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 As stated earlier, most P450s are multifunctional enzymes that can catalyze many 

consecutive steps. Examples of fungal P450s involved in secondary metabolism include 

the enzyme Tri4 from Fusarium graminearum which performs three hydroxylations and 

an epoxidation as part of the pathway to produce trichothecene [101, 197]. The P450 

VerE from Myrothecium verrucaria carries out three oxidations in the biosynthesis of 

verrucarol [161], while a P450 from Fusarium verticillioides produces the fumonisins 

through two hydroxylations [178, 21]. As perhaps the best example of the challenge 

faced when elucidating the biosynthesis of a natural product, the biosynthesis of 

gibberellins in Gibberella fujikuroi requires four multifunctional P450s that are involved 

in 10 of the 15 total steps [168, 201, 202]. 

5. Biosynthetic Pathway Discovery through Genome Mining 

 The physical clustering of biosynthetic genes for a given natural product provides 

an elegant means of elucidating fungal biosynthetic pathways. Unlike in plants, whose 

genomes are more complex and lack clearly-delineated biosynthetic gene clusters [154], 

in fungi, the identification of one biosynthetic gene from a pathway may lead to the other 

required genes. This can be particularly important for the discovery and characterization 

of natural product scaffold-activating cytochrome P450 enzymes. Like in plants, this 

enzyme family has undergone extensive gene duplication in fungi, particularly in 

Basidiomycota [50]. This makes it difficult to determine specific P450 functions based on 

sequence homology alone, especially for novel, multifunctional fungal P450 gene 
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families [94, 161]. The identification of biosynthetic gene clusters has led to the 

characterization of fungal P450s involved in statin [16], PK [13], and alkaloid 

biosynthesis [81, 95]. With the increase of genomic sequence data, initially for 

filamentous fungi and more recently for Basidiomycota, much effort has been invested in 

the development of bioinformatics tools. 

 Traditionally, clusters were identified through molecular genetic techniques. For 

example, the creation and sequencing of a cosmid library led to the identification of the 

first gene cluster responsible for the production of trichothecene, a sesquiterpenoid 

mycotoxin, in Fusarium graminearum F15 [100]. In addition, when the anchor gene was 

cloned and sequenced, fungal biosynthetic gene clusters were identified through 

subsequent genome walking [198-200]. These molecular techniques, however, have only 

allowed for the identification of clusters up to a certain size (up to ~20kb) and with the 

anchor gene fully sequenced. The more recent availability of fungal whole-genome 

sequence data has allowed for the identification of biosynthetic clusters of any size, 

provided the genome assembly data include sufficiently large scaffolds. BLAST searches 

of fungal genome sequences for terpene synthase genes, typically yield several potential 

candidate genes for a target enzyme.  Gene prediction algorithms, such as Augustus 

[184], can then be applied to predict ORFs and encoding cDNAs of the putative anchor 

genes and of upstream and/or downstream located additional biosynthetic genes. Such an 

approach led to the discovery of multiple terpenoid biosynthetic gene clusters in 

Coprinus cinereus and Omphalotus olearius by our group [3, 213]. However, manual 
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gene-prediction and identification of cluster genes is tedious, and cluster boundaries can 

be hard to define. 

 As a result, several tools have been developed to more easily identify putative 

fungal biosynthetic clusters (reviewed in [134, 19, 43]). The most extensive software tool 

available for the identification of biosynthetic gene clusters is antiSMASH [19]. When 

given bacterial or fungal genome sequence data, antiSMASH identifies putative gene 

clusters by comparing all predicted gene products to a hand-curated set of models 

corresponding to gene families common to the two dozen types of secondary metabolic 

pathways it recognizes [19]. Originally released in 2011 [134] and updated in 2013 [19], 

antiSMASH now has the capability to analyze raw contig assemblies of entire genomes, 

although it should be noted that the assemblies must be relatively clean to avoid 

redundant identifications. The output visualizes cluster predictions, shows homologs of 

clusters in other microbial species (i.e. fungi), and allows for easy sequence extraction. 

While antiSMASH is extremely powerful, it has some notable limitations in its 

ability to correctly predict genes and their encoded proteins and identify full biosynthetic 

pathways. First, individual biosynthetic genes may be easily missed by antiSMASH. In 

O. olearius, our group identified 11 terpene synthases through manual BLAST searches, 

while antiSMASH was only able to identify four of those genes. Second, the rules for 

defining the boundaries of secondary metabolic clusters are not, as of yet, entirely clear. 

While the “core” cluster may be predicted with ease, individual biosynthetic genes some 

distance away (10-20 kilobases) that may still be involved in late-pathway modifications 



   Chapter 1 

 19 

are frequently missed. In some cases, satellite clusters of biosynthetic genes are located at 

distinct loci in the genome. For example, while most trichothecene biosynthetic genes in 

F. sporotrichioides and F. graminearum exist in the tri5 core gene cluster, two late 

pathway genes are clustered elsewhere [101]. Finally, accurate structural annotation of 

genome sequences is crucial for the identification of biosynthetic genes; unfortunately, 

common gene prediction algorithms (such as Augustus [184]) trained on other eukaryotic 

genomes typically perform poorly for prediction in Basidiomycota, whose genomes are 

rich with very small introns.  Furthermore, genes may be closely spaced and neighboring 

gene models may or may not be fused together and cryptic alternative splicing is not 

uncommon [140, 111, 53, 139, 70].  

Gene prediction models used by most algorithms can lead to incorrect structural 

gene annotation in Basidiomycota, frequently requiring manual re-annotation using 

protein sequence alignment-guided identification of the most likely correct splice 

isoforms together with tedious attempts at obtaining correctly spliced cDNAs encoding 

functional proteins.  Efforts to uncover the first biosynthetic gene of a biosynthetic 

pathway such as a terpenoid pathway can be arduous [211]. The presence of introns, 

some of which can be unusually small, complicates PCR amplification of transcripts 

encoding active proteins [140]. Many splice variants can be amplified from a given 

cDNA pool, though only one splice variant has ever been confirmed to produce an active 

enzyme after transcription. Even when a good splicing model is predicted, and the 

expected gene is amplified, the resultant protein may still be inactive, as was the case 
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with Cop5, a sesquiterpene synthase our laboratory cloned and attempted to characterize 

from Coprinus cinereus [3]. We appear to be just beginning to understand the complex 

splicing, transcriptional regulation, and possibly posttranslational regulation that leads to 

active secondary metabolic genes. 

In the future, deep RNA sequencing will be a key to improving computational 

prediction of fungal biosynthetic genes and gene clusters. Already, RNAseq data has 

been shown to improve the accuracy of gene prediction models [111, 93, 44, 224] and has 

shed light on differential splicing [126]. In addition, transcriptome data has also been 

useful in the delineation of gene cluster boundaries [32]. Presently only some of the more 

recently sequenced Basidiomycota genomes have associated deep RNA sequence data 

[44, 224] useful for biosynthetic pathway identification. Advances in HT-RNA 

sequencing and continued cost reductions for sequencing now allow affordable rapid and 

deep profiling transcriptome analysis under a variety of conditions or for diverse 

genotypes to collect large data sets for one species. Such data can be used to create gene 

co-expression networks built on physical distance to a seed natural products biosynthetic 

gene (e.g. TPS, NRPS, PKS, and P450s) (guilt-by-association) as a powerful tool for 

pathway discovery. The fact that natural product pathway genes are generally co-

regulated through levels of shared transcriptional control elements (e.g. transcription 

factors and upstream intergenic gene regions) [148]  represents yet another approach for 

network analysis within and also across species. Significant advances have been made in 

understanding the regulatory control elements of natural product pathways in filamentous 



   Chapter 1 

 21 

fungi, including the velvet family of regulatory proteins that are conserved among 

Ascomycota and Basidiomycota [221, 17, 27]. Genome analysis of Ganoderma and 

Schizophyllum [153, 152, 44] suggests high conservation of regulatory networks among 

mushroom forming fungi, which can be exploited for network building. Yet, gene co-

expression network analysis so far has been largely applied for the discovery of natural 

products genes in plants [83, 87]. Guilt-by-association-based analysis based on DNA 

expression arrays was only recently applied to natural product biosynthetic gene cluster 

analysis in A. nidulans [8]. 

 

6. Metabolic Engineering of Terpenoid Biosynthetic Pathways 

While the abundance of putative terpene genes may appear daunting to 

characterize biochemically, we found that when focusing on sesquiterpene synthases in 

Basidiomycota a relationship between sequence and function could be uncovered. 

Specifically, we examined sequence conservation as it relates to the first committed 

bond-forming step in the cyclization of the terpene molecule. We discovered that, despite 

relatively poor automatic gene prediction in the publicly available databases, the 

sesquiterpene synthase genes partitioned to five clades, which appear to segregate based 

on their cyclization mechanism [213]. These clades represent the four initial cyclizations 

of FPP known to be catalyzed by sesquiterpene synthases. With this information it is now 

possible to sort through the large set of terpene synthase sequences based on the initial 

cyclization believed to lead to the desired product. Our group recently carried out a study 
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focused on validating the predictive framework by examining sesquiterpene biosynthesis 

in the crust fungus Stereum hirsutum [162]. Not only did this fungus possess a large 

repertoire of terpene synthases, it also has been studied for its production of bioactive 

natural products. As many of the sesquiterpenoids reported are derived from a humulyl 

cation, we chose to target protoilludene synthase homologs which we expected to go 

through the same cyclization mechanism. Using the framework described above it was 

possible to clone and characterize three novel ∆6-protoilludene synthases. 

 Terpenoid biosynthetic gene clusters may be extremely difficult to characterize 

due to the complex nature of the clusters themselves. Clusters can range in size from only 

two genes (e.g. a terpene synthase and a P450 monooxygenase) to greater than a dozen. 

Complicating the matter further is the propensity for separate biosynthetic clusters to 

work together to form the same types of products. For example, in searching for the 

enzymes responsible for illudin biosynthesis in the Jack-O’-Lantern fungus Omphalotus 

olearius, two protoilludene (the precursor to illudin compounds) synthases were 

identified (Omp6 and Omp7). Both were part of biosynthetic clusters, though one cluster 

contained only three genes [213]. Varying kinetic values for the two terpene synthases 

indicate a possible mechanism for overcoming rate limiting steps in the biosynthesis of 

illudins, though this has yet to be experimentally validated. A parallel example from the 

fungus F. sporotrichioides shows two clusters and an independent gene responsible for 

trichothecene biosynthesis. The larger cluster contains 12 genes, while the second smaller 

cluster and the independent gene are responsible for late-pathway reactions [101]. 
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Additionally, very similar strains may contain orthologous biosynthetic genes, but some 

may be pseudo genes, inactivated by the accumulation of mutations [101, 22]. This sort 

of genomic segregation implies a need for tight transcriptional control on late-pathway 

genes, perhaps to minimize toxicity/reactivity of intermediates. The extensive variation in 

the genetic organization of biosynthetic clusters makes it particularly challenging to find 

all of the genes responsible for any given product.  

After cluster gene identification the next step is to characterize the function of 

individual genes. For a genetically tractable fungus, gene function can be determined in 

part by knockout and complementation studies. Additionally, if the clusters appear to be 

transcriptionally inactive, background mutations can be made to alter the level of 

transcription. In order to study the biosynthesis of botridal in B. cinerea, a knockout 

strain was engineered for the bcg1 gene responsible for down regulation of the pathway 

[159]. In another example studying trichothecene production in F. graminearum the 

expression of the cluster proteins was too low, so a strain was engineered to contain an 

overexpression cassette with the FgTri6 gene responsible for regulating the biosynthetic 

cluster [100]. 

When no genetic tools are available for the cluster’s source organism, the 

biosynthetic cluster must be heterologously characterized. As expected, Escherichia coli 

is often the first prokaryotic chassis used for characterization of biosynthetic genes. 

While some enzymes, such as the terpene synthases discussed previously, express well 

and have high activity in E. coli, many of the other pathway enzymes prove difficult to 
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characterize in this host [101]. This is, in part, due to the prevalence of P450 

monooxygenases in many biosynthetic clusters, which are associated with the cell 

membrane and tend to express poorly in E. coli. Recent work, however, suggests 

different strategies to accommodate these enzymes, though the applicability across many 

different P450 homologs is unknown [194]. Several genes from the trichothecene 

biosynthetic cluster have been successfully characterized in E. coli, despite the 

difficulties described above [101]. 

 A more commonly used chassis for the expression and characterization of late-

pathway biosynthetic enzymes is Saccharomyces cerevisiae. Our laboratory characterized 

a terpene synthase and two associated P450 monooxygenases through standard plasmid-

based expression [3]. While this is feasible for a small number of genes for 

characterization purposes, the assembly of an entire pathway for stable high-level 

production, as shown by Keasling’s group in their efforts to produce artemisinin, is very 

laborious and requires extensive strain engineering [155]. Another consideration when 

producing secondary metabolites is their inherent toxicity and the absence of the 

machinery required to protect the host organism. For this reason and others stated above, 

the development of genetically tractable and easy to manipulate fungal strains is the next 

step in studying biosynthetic pathways. Additionally, many fungal systems have 

developed transporters designed specifically to export or compartmentalize the toxic 

intermediates and products in order to maintain high levels of biosynthesis. Perhaps the 

most well understood system is the “aflatoxisomes” in Aspergillus which are responsible 
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for the compartmentalization of aflatoxin in vesicles before export from the cell [38, 39]. 

Another analogous system in Fusarium graminearum involves the use of toxisomes to 

compartmentalize toxic compounds in trichothecene biosynthesis. Using co-localization 

experiments with GFP/RFP-tagged pathway enzymes, two P450s (P450-Tri1, P450-Tri4) 

and the HMG-CoA reductase (the rate-controlling enzyme of the mevalonate precursor 

pathway) were found to localize to toxisomes that interact with smaller vesicles. The 

smaller vesicles contain the MFS transporter Tri12 and are believed to accumulate toxic 

pathway products that are compartmentalized and then eliminated by fusion with the 

vacuole and plasma membrane. Interestingly, many biosynthetic clusters contain 

transporters believed to be similar in function to Tri12 (Figure 4) [135, 136] . 

 
Figure 4 Secondary metabolic clusters from three different fungi. Shown here are sesquiterpenoid 

biosynthetic cluster from (A) Omphalotus olearius, (B) Stereum hirsutum, and (C) Fusarium 

graminearium. Predicted ORFs are colored according to their putative function, with blue representing 

P450 enzymes, green representing enzymes with a potential role in sesquiterpene scaffold modification, 

orange representing a drug transporter, gray representing transcription factors, and red representing the 

respective STS in each cluster. 
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 With the massive amount of sequence data available we are now limited by the 

speed by which we can biochemically characterize terpenoid biosynthetic genes for their 

function. The next step, after sufficient biochemical data has been collected, is to use this 

secondary metabolic enzyme toolbox to generate products not found in nature. Synthetic 

biology and metabolic engineering provide us with the tools to do something at a much 

faster rate than evolution. By combining interesting enzymes across many different fungi 

we will likely be able to generate terpenoids never seen before in nature. For example, we 

may find multiple clusters in which the first committed step is for the biosynthesis of a 

specific sesquiterpene. While that step shows very little variance, the next step, the 

modification of that terpene scaffold presents an opportunity for metabolic engineering of 

non-natural pathway. The new pathway may contain P450 enzymes from a number of 

different fungi known to produce the precursor compound of interest, and known to 

modify that precursor yielding a final product with interesting biological activity. These 

new compounds may have slightly different biological activities and serve as new starting 

molecules for future pharmaceuticals. 

7. Cytotoxic Illudin Terpenoids in Basidiomycota 

 While mentioned in passing throughout the introduction, this section will focus in 

more detail on the illudin terpenoids and provide context for the research carried out in 

later chapters. The end of this section will discuss some unpublished results obtained 

while transitioning to the body of work carried out in Chapter 2. 
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 The discovery of the first illudin terpenoids, occurred in 1950 at the New York 

Botanical Garden under the supervision of Marjorie Anchel [7]. Compounds were 

isolated from the fungus Omphalotus olearius and found to possess a high level of 

cytotoxicity. O. olearius bears a striking resemblance to edible mushrooms and has been 

reported to cause symptoms including vomiting and diarrhea upon ingestion [147], and 

concentrated extracts of O. olearius can cause severe skin irritation [146]. With the help 

of Trevor McMorris, fungal extracts were characterized for their cytotoxicity and the 

active components were determined to be the compounds illudin S and M [128]. 

 While illudin S and M possess too low a therapeutic index to be pharmaceutically 

relevant, semisynthetic derivatives have been pursued as possible anticancer therapeutics. 

Of the derivatives, the acylfulvenes have shown the most promise, in large part due to 

their decreased overall cytotoxicity and more favorable tumor specificities [219]. Many 

natural illudin compounds and semisynthetic derivatives have been 

 
Figure 5 Examples of illudin compounds from O. olearius. Illudin A and B, illudin C, E 

[10]; dihydroilludin M [181]; 4α-Hydroxydihydroilludin M [26]. 
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identified/synthesized, and their structures and biological activities vary significantly 

(reviewed in [191]). Despite the wide range of structures, most cytotoxic compounds 

possess a strained cyclopropyl ring and an α,β-unsaturated ketone group (Figure 5). The 

mechanism of toxicity for this class of compounds involves the alkylation of DNA and 

the formation of a DNA adduct that prevents DNA and RNA synthesis, and induces 

apoptosis [220]. While the mechanism of cytotoxicity is well-understood, the reason for 

specificity across different tumor cell lines is much more complex. Studies implicate 

some of the possible causes as differential uptake, bioactivation, and subsequent DNA 

adduct repair, but no one cause has been pinpointed [96, 82, 97]. 

8. Thesis Motivation and Preliminary Work 

The aim of this thesis work was to uncover the enzymes required to synthesize 

illudins in the basidiomycete O. olearius. We believe that if the enzymes required to 

create compounds with the two structural moieties mentioned above can be identified, 

novel illudin compounds can be produced, and further derivatization can be done to 

generate new putative anticancer compounds. The Schmidt-Dannert laboratory began this 

work in 2005, and at that time only one basidiomycete genome sequence was available, 

from the fungus Coprinus cinereus. Initial work in the lab focused on the characterization 

of the sesquiterpene synthases from this fungus [3], in the hope of increasing our 

technological expertise as well as working to develop a relationship between function and 

sequence, as has been developed in plants [20].  
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My work began with assisting Fernando Lopez-Gallego in the biochemical 

characterization of three of the terpene synthases from C. cinereus [120]. This work 

served to help us better understand the role of residues near the enzyme active site. While 

interesting, this previous work did little to bring us closer to identifying the enzymes in 

O. olearius required for illudin biosynthesis. Dr. Lopez-Gallego and I spend two years 

attempting a number of different approaches to identify O. olearius biosynthetic genes, 

with little success. We attempted to purify the enzyme from fungal cultures using an 

FPP-based resin, in order to perform peptide sequencing. While a putative terpene 

synthase was identified through this methodology, no amplification product could be 

obtained by using degenerative primers designed from the peptide sequence. I also used a 

 
Figure 6 GC-MS result for the one terpene synthase amplified from O. olearius cDNA using 

degenerative primers. Designated Omp3 in this figure to remain consistent with later parts of this thesis, 

it synthesizes germacrene A as a major product with three other lesser products, selina-4,7-diene, α-

muurolene, and δ-cadinene. The structures for these four compounds are shown below in order of 

appearance. 
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degenerative primer design program, iCODEHOP [25] to design primer sets using the 

terpene synthases Cop 1-3 from C. cinereus. While this approach was successful, it was 

only possible to amplify a germacrene A synthase from O. olearius cDNA (Figure 6).  

As no significant progress towards identifying the first enzyme in the pathway 

was made through the methods mentioned above, it became clear that another approach 

was needed. The problem before me stemmed directly from a lack of sequence 

information and a poor understanding of the relationship between gene sequence and 

protein function. I pushed for sequencing of the O. olearius genome as our most viable 

strategy for discovery of these important genes. While I had this idea immediately upon 

joining the lab, it was not until the genome sequencing revolution and the corresponding 

drop in cost that I was able to carry it out. The work presented in chapters two and three 

and much of the work being carried out currently in the lab is a direct result of the O. 

olearius sequencing initiative spearheaded by myself. 

 

*This chapter contains material from two book chapters (see [211, 212]). Some phrases 

and references were copied verbatim while other material has been adapted for the thesis.
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Chapter 2. Draft genome of Omphalotus olearius provides a predictive 

framework for sesquiterpenoid natural product biosynthesis in 

Basidiomycota  

 

The secondary metabolome of Basidiomycota represents a largely uncharacterized 

source of pharmaceutically relevant natural products. Terpenoids are the primary class of 

bioactive compounds isolated from mushrooms. The Jack O’Lantern mushroom 

Omphalotus olearius was identified 50 years ago as a prolific producer of anticancer 

illudin sesquiterpenoids, however to date there have been exceptionally few studies into 

the biosynthesis of these important compounds. The draft genome sequence of O. 

olearius was assembled and surveyed, revealing a diverse network of sesquiterpene 

synthases and two metabolic gene clusters associated with illudin biosynthesis. Their 

biochemical characterization enabled a comprehensive survey of all currently available 

Basidiomycota genomes, thereby creating a predictive resource for terpenoid natural 

product biosynthesis in these organisms. These results will facilitate discovery and 

biosynthetic production of unique pharmaceutically relevant bioactive compounds from 

Basidiomycota. 

 

*This chapter has been published in Chemistry & Biology. It has been modified for the 

thesis through minor revisions and the inclusion of previously unpublished results in 

section 3.6. The supplementary material was copied directly for inclusion here. 
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1. Introduction 

Current estimates of fungal diversity (3 to 5 million species) exceed that of 

terrestrial plants by an order of magnitude [18]. To date, only a fraction of all fungal 

species have been described (about 100,000), and an even smaller number explored 

(mostly filamentous fungi and yeast: phylum Ascomycota) for the production of 

pharmacologically relevant secondary metabolites, including important drugs such as β-

lactam antibiotics, statins, and cyclosporine [226]. Widely used in traditional medicine, 

mushroom forming fungi (phylum Basidiomycota) are known to be prolific producers of 

secondary metabolites [176, 210]. Despite their rich chemodiversity, very few studies 

have addressed their secondary metabolic pathways, largely due to their complex life 

cycle and frequently poor growth under laboratory conditions [63]. Over the past two 

years there has been a rapid influx of Basidiomycota genomes; these fungi are mostly 

genome sequenced because they are pathogens, parasites, mycorrhiza, or wood-rotting 

lignocellulose degraders. However, their secondary metabolome, unlike that of many 

Ascomycota such as e.g. Aspergillus species, has received virtually no attention thus far. 

Terpenoids are the primary class of secondary metabolites isolated from 

Basidiomycota, and often have unique structures not observed elsewhere in the natural 

world [176]. Examples include the diterpenoid antibiotic pleuromutilin and the 

anticancer, antimicrobial, and immunomodulating triterpenoid compounds from 

Ganoderma species [157, 149]. Mushrooms are particularly adept at producing a wide 

range of structurally diverse sesquiterpenes [2, 106], many of which exhibit antibiotic and 
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cytotoxic activities [225, 176]. Sesquiterpene scaffolds are synthesized from the prenyl 

compound farnesyl diphosphate (FPP) by a class of enzymes known as sesquiterpene 

synthases (STS) [46]. These enzymes catalyze the release of diphosphate and then guide 

migration of the reactive carbocation along the prenyl chain, thereby inducing a series of 

cyclization and rearrangement reactions, until final carbocation quenching. Mechanistic 

studies have provided insight into the different cyclization pathways catalyzed by diverse 

STS [55, 34]; Cane and Ikeda, 2011. Two pathways can be distinguished based on 

whether a synthase catalyzes isomerization of the trans 2,3-double bond of 2E,6E-FPP to 

generate a secondary carbocation from the resulting isomer (3R)-nerolidyl diphosphate 

(NPP). Additionally, sesquiterpenoid structures can be distinguished by the first carbon-

carbon bond forming ring-closure reaction that can be 1,10 or 1,11 with a 2E,6E-FPP 

carbocation or one of four (1,6-, 1,7-, 1,10-, 1,11-) closures with a (3R)-NPP carbocation. 

Biosynthesis of many of the unique sesquiterpene compounds in mushrooms is proposed 

to proceed through a trans-humulyl cation intermediate (1,11-ring closure, 2E,6E-FPP 

carbocation), leading to a product that may be modified further to yield the final 

biologically active compounds [2, 106]. 

In this study we set out to sequence, for the first time, the genome of a mushroom 

species known to be a producer of bioactive terpenoid natural products. By combining 

genomic and biochemical information, we sought to develop a predictive framework that 

will allow researchers to tap into the vast terpenomes of Basidiomycota, and target 

specific biosynthetic genes for heterologous pathway engineering in order to produce 
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natural and novel compounds with potential new bioactivities. As our model organism, 

we chose the Jack O’Lantern mushroom (Omphalotus olearius, taxonomic synonyms: O. 

illudens, Clitocybe illudens), which was identified decades ago as a prolific producer of 

anticancer illudin sesquiterpenoids [141, 127]. Clinical studies showed that illudins are 

effective against several tumors, including metastatic prostate cancer [217, 129, 175].  

Here, we report the draft genome sequence of the O. olearius strain VT-653.13 

which enabled the identification of a diverse network of 11 STS, along with two illudin 

biosynthetic clusters. The O. olearius genome sequence also provides an insight into 

biosynthetic pathways for non-terpenoid secondary metabolites, such as polyketides and 

non-ribosomal peptides. Finally, we present a phylogenetic analysis of the fast growing 

number of available Basidiomycota genome sequences for cross-species analysis of STS 

diversity, thereby providing a resource for further research into fungal enzymes 

producing structurally diverse and therapeutically relevant sesquiterpenoids. 

2. Materials and Methods 

2.1 Chemicals 

(E,E)-FPP was purchased from Sigma-Aldrich (St. Louis, MO). Other chemicals 

were from suppliers as indicated or from Sigma-Aldrich. 

2.2 Fungal strains and growth conditions 

The haploid monokaryotic strain O. olearius (DC.) Singer VT-653.13 and the F. 



   Chapter 2 

 35 

pinicola (Sw.) P. Karst. strain CS-1 (USDA, Forest Mycology Center, Madison, WI) 

were grown on potato dextrose agar (PDA) at room temperature for 2-3 weeks in the dark 

prior to inoculating liquid cultures with an agar plug containing mycelium. Liquid media 

consisted of 1 g L 
-1

 of potassium phosphate (monobasic), 3 g L
-1

 of sodium nitrate, 0.5 g 

L
-1

 of potassium chloride, 0.5 g L
-1

 of magnesium sulfate (heptahydrate), 5 g L
-1

 of corn 

steep powder and 40 g L
-1

 of glucose and was adjusted to pH 4.0. Cultures were grown in 

250 mL flasks containing 100 mL of media at 28 °C and 225 rpm for 2-3 weeks in the 

dark. 

2.3 Preparation of fungal genomic DNA for sequencing 

O. olearius was grown by placing an agar plug containing mycelium on to a 

nitrocellulose membrane covering a PDA plate. After 3 weeks of growth in the conditions 

described above the mycelium was collected from the plate, frozen in liquid N2, and 

ground to a fine powder. Roughly 0.5 g of crushed tissue was placed in an Eppendorf 

tube to which 600 µl of pre-warmed (60 °C) CTAB buffer (2% CTAB, 100 mM TrisHCl 

pH 8.0, 20 mM EDTA, 1.4 M NaCl, 0.1 mg/mL proteinase K) was added, followed by 66 

µl of 20% SDS. The solution was incubated at 65 °C for 2 hrs. The resultant mixture was 

extracted using an equal volume of phenol:chloroform:isoamyl alcohol mix (25:24:1). 

The aqueous layer was treated with RNase A for 2 hrs at 37 °C. Genomic DNA was 

precipitated by adding 0.6 volume of room temperature isopropyl alcohol, pelleted by 

centrifugation, and washed with cold 70% ethanol. DNA was resuspended in 1x TE 
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buffer (pH 8.0) 

2.4 Genome sequencing, assembly, annotation, and data deposition 

De novo genome sequencing, assembly and initial annotation were carried out by 

the Beijing Genomics Institute (BGI) at Shenzhen, China. Paired-end (90 bp reads) 

Illumina sequencing of a 500 bp fragment library yielded 2,500 Mb of clean data that 

were assembled into genomic sequences using SOAPdenovo [114]. The optimal kmer 

length identified after assembly with SOAPdenovo was k = 15 and a pkdepth = 28 after 

processing 836,889,213 15-mers. The assembly yielded 868 scaffolds with a N50 of 

199,357 bp and a N90 of 22,541 bp. The total assembly size was 28.15 Mbp. Genome 

coverage based on kmer analysis is estimated at 94.16 %. Augustus [185] was used for 

gene prediction. Functional annotation was performed using BLAST [6] for alignment of 

gene predictions with the following databases: KEGG, COG, SwissProt, TrEMBL, NR 

and GO.  

2.5 Gas chromatography-mass spectrometry (GC-MS) analysis 

GC-MS analysis was conducted on an HP GC 7890A coupled to an anion-trap 

mass spectrometer HP MSD triple axis detector (Agilent Technologies, Santa Clara, CA). 

Separation of compounds was performed using a HP-5MS capillary column (30 m by 

0.25 mm by 1.0 µm) with an injection port temperature of 250 
o
C and helium for the 

carrier gas. Mass spectra were recorded in electron impact ionization mode. Volatile 
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compounds adsorbed on the fiber were allowed to desorb for 35 min in the injection port. 

The oven temperature started at 60 
o
C and was ramped up 4 

o
C min

-1
 to a final oven 

temperature of 250 
o
C. Mass spectra were scanned in the range of 5 to 300 atomic mass 

units at 1 s intervals. 

2.6 Structural identification of sesquiterpene compounds 

Compounds produced were identified by first calibrating the GC-MS with a C8-

C20 alkane mix. Retention indices and mass spectra of compound peaks were compared to 

the published reference spectra in MassFinder’s (software version 3) terpene library [90] 

and in the National Institute of Standards and Technology (NIST) standard reference 

database 08 (http://www.nist.gov/srd/nist1a.cfm). Major STS products were confirmed, 

when possible, by using essential oils with known terpene compositions and authentic 

standards as described previously [3, 119, 120]. In addition, carrot seed oil was used for 

the identification of daucene 14 and calamus root oil was used for the identification of γ-

cadinene 13.  α-cuprenene was confirmed using the previously characterized Cop6 from 

C. cinereus. No essential oil or standard could be obtained for α-barbatene 5, β-barbatene 

6, trans-dauca-4(11),8-diene 8, selina-4,7-diene 11, or epi-zonarene 12. 

2.7 Cloning of sesquiterpene synthases 

O. olearius or F. pinicola mRNA was extracted using the TRIzol® reagent 

(Invitrogen, Carlsbad, CA) following the manufacturers protocol. The extracted mRNA 
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was used with the Superscript® III First-Strand Synthesis SuperMix kit (Invitrogen, 

Carlsbad, CA) to synthesize cDNA for subsequent amplification of the biosynthetic 

genes. 

A first round of PCR with Taq polymerase (New England Biolabs, Ipswich, MA) 

was carried out with primers designed against the conserved DDxxD motif and the 

NSE/DTE motifs of terpene synthases in conjunction with outside gene-specific primers. 

The two amplification products obtained for each of the putative STS genes were then 

assembled by overlap-extension PCR to the predicted full-length gene sequences. PCR 

products were TA ligated into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA) and 

transformed into E. coli TOP10. Cloned sequences were verified by DNA sequencing. 

Mutations introduced by PCR were repaired by site-directed mutagenesis using the 

QuikChange protocol (Stratagene, La Jolla, CA) and missing 5’ or 3’ sequences were 

added by overlap extension PCR. The chimeric Omp8 gene was synthesized by Life 

Technologies Corporation (previously GeneArt®). The final STS sequences were each 

cloned into our in-house vector pUCBB [208] by ligation-independent cloning [15] for 

expression under the control of a constitutive lac promoter [174] for subsequent analysis 

of recombinant sesquiterpene production in E. coli BL21.  

2.8 Analysis of sesquiterpenes produced by recombinant E. coli cultures 

Omp STS sequences were each cloned into our in-house vector pUCBB [208] for 

expression under the control of a constitutive lac promoter [174]. Single colonies of E. 
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coli BL21 transformants were used to inoculate 4 mL seed cultures of LB supplemented 

with 100 µg/ml ampicillin. These cultures were used to inoculate 50 mL of LB media 

supplemented with 100 µg/ml ampicillin and allowed to grow for 18 hrs. The culture 

headspace was sampled for 15 min by solid phase microextraction (SPME) using a 100 

µm polydimethylsiloxane fiber (Supelco, Bellefonte, PA). The fiber was inserted through 

a tin foil seal into the gas phase of the flask and, after adsorption, inserted into the 

injection port of the GC-MS for thermal desorption. 

2.9 Overexpression and purification of Omp6 and Omp7 

Omp6 and Omp7 were cloned into pET32b(+) (Novagen) using BamHI and NotI 

restriction sites.  Overnight cultures of E. coli BL21 (DE3) cells harboring Omp6-

pET32b and Omp7-pET32b were used to inoculate 0.5 L of LB media supplemented with 

100 µg/ml ampicillin. The cultures were incubated at 30 °C with shaking at 300 rpm until 

an OD600 of 0.6 was reached. Protein overexpression was induced by addition of 1 mM 

IPTG and incubation at 30 
o
C for an additional 4 hours. Cells were harvested by 

centrifugation at 3000 x g for 30 min at 4 
o
C and the resulting pellet was resuspended in 

lysis buffer (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2). The cells were 

lysed by sonication and the slurry was clarified by centrifugation at 10,000 x g for 30 

min. The soluble thioredoxin-tagged proteins were purified metal-affinity 

chromatography, using BD TALON resin (Clontech, Mountain View, CA), by following 

the manufacturer’s procedures. Cleavage of the thioredoxin tag was carried out using 
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enterokinase (Novagen) at 4 
o
C overnight, and the enterokinase was removed from the 

reaction mixture using the agarose spin columns provided by the manufacturer. The 

complete cleavage of the thioredoxin tag was verified by SDS-PAGE, and the cleaved tag 

was separated from Omp6 and Omp7 using Ni-NTA Spin Columns (QIAGEN). The 

proteins were judged to be > 90 % pure by SDS-PAGE, and were subsequently used for 

in vitro enzymatic assays, which were performed as described previously [120]. 

2.10 Kinetic parameters for Omp6 and Omp7 

The Km and kcat of Omp6 and Omp7 were determined by incubation of the 

purified proteins with a range of concentrations of (E,E)-FPP (1 - 100 uM). Terpene 

synthase activity was monitored using an enzyme coupled spectrophotometric assay to 

measure the release of pyrophosphate (PPi) (PiPer™ Pyrophosphate Assay Kit, 

Invitrogen, Carlsbad, CA). Known concentrations of PPi were used to obtain a standard 

curve. Microplate assays were performed as previously described [120].  Control 

reactions without enzyme and without substrate were performed simultaneously, and all 

reactions were carried out in triplicate. The Km and Vmax values were determined by non-

linear regression analysis of the data in SigmaPlot 11. 

2.11 Homology searches, phylogenetic tree construction and biosynthetic cluster 

prediction 

The six fungal STS previously identified from C. cinereus [3] used with the NCBI 
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BLAST [6] software to perform homology searches of the O. olearius assembly. A 

BLAST search with Cop1-3, which share greater than 45 % amino acid sequence 

identity, identified a set of three putative sesquiterpene synthases (STS) from O. olearius, 

Omp1-3. A search using Cop4 returned three more putative STS, Omp4, 5a, and 5b. 

Omp5a and 5b shared very high amino acid sequence identity (89%) and are adjacent to 

one another on the same scaffold. Two full-length putative STS sequences (Omp9 & 10) 

and one partial sequence missing ~100 amino acids from its N-terminal region (Omp8) 

were identified that were most closely related to Cop6. Two additional putative STS from 

O. olearius, Omp6 and Omp7, were identified that were most closely related to Cop5. 

Following the identification of 11 STS sequences from O. olearius, all 17 STS 

protein sequences from both C. cinereus and O. olearius were used to search 

basidiomycete genomes hosted by the Joint Genome Institute under the Fungal Genomics 

Program (http://genome.jgi-psf.org/programs/fungi/index.jsf) [122]. 

Upon identification of putative STS amino acid sequences in other basidiomycete 

genomes, alignments were computed using ClustalW [196] and phylogenetic analyses 

were conducted using MEGA version 5.05 [190] using the default parameters for the 

Neighbor-Joining method [173] with a bootstrap test of phylogeny (500 replicates) [67]. 

Alignments were manually refined by removing STS sequences that did not contain both 

of the well conserved metal-binding motifs characteristic for sesquiterpene synthases 

[46], showed clear mistakes in splicing predictions, or were not a characteristic length 

(250-425 amino acids) for this class of enzyme.  
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For the identification putative sesquiterpene biosynthetic gene clusters, each of 

the scaffolds containing the 11 STS from O. olearius and the scaffold containing Fompi1 

were analyzed for the presence of nearby enzymes implicated in secondary metabolite 

biosynthesis. Gene predictions were repeated using Augustus [185] and nearby genes 

were assigned a putative function based on the presence of conserved domains (CDD). 

2.12 Molecular modeling and conservation mapping 

Sequences for all STS from each clade were extracted from the large 

Basidiomycota phylogram, aligned with ClustalW [196], and a consensus sequence was 

generated using the Weblogo [51] server. Structural models in the open, unliganded 

conformation were built using the structure of pentalenene synthase from Streptomyces 

sp. [177] (PDB # 1hm7, chain B) for clades I, II, and III, and of trichodiene synthase 

from Fusarium sporotrichioides (PDB # 1yj4, chain A) [206] for the clade IV-V 

consensus, which were combined due to similarity. Models were built using the Swiss 

Model homology-modeling server using the automated mode [23]. Protein models were 

visualized using PyMol 0.99 developed by DeLano Scientific LLC (San Francisco, CA), 

and were colored according to conservation at each amino acid position using the 

conservation scores generated with the Consurf server [75, 110, 14]. 

2.13 Quantitative RT-PCR 

Liquid cultures of O. olearius VT-653.13 were inoculated and grown as described 
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above. At different time-points, the culture headspace was assayed for sesquiterpene 

production, and fungal tissue was harvested. O. olearius mRNA and cDNA were 

prepared using the protocols described above. Quantitative real-time PCR (qRT-PCR) 

was conducted on an Applied Biosystems 7900HT Fast Real-Time PCR System, using a 

previously described protocol [107]. cDNAs (100 ng) were added to a 10 µl qRT-PCR 

mix containing 5 µl Power SYBR Green PCR Master Mix (Applied Biosystems) and 150 

nM primers. Each reaction was performed in triplicate, and non-reverse-transcribed 

samples were used as controls. All primer pairs were validated by cDNA template 

titration, and their efficiencies were assessed using the slope of the qRT-PCR standard 

curve. Expression levels of the housekeeping gene beta-tubulin were used to determine 

changes in transcript levels of each gene (n-fold) by comparing mean threshold cycle 

values. 

3. Results 

3.1 O. olearius produces structurally diverse sesquiterpene hydrocarbons  

Almost all of the reported O. olearius sesquiterpenoids appear to be derivatives of 

the ∆-6 protoilludene scaffold [141, 127, 132, 130] (Figure 1). To obtain an estimate of 

the mushroom’s capacity to create other sesquiterpene hydrocarbon scaffolds as well, we 

first determined its product profile of unmodified sesquiterpenes. Volatile metabolites 

produced by liquid cultures of O. olearius were analyzed by Gas Chromatography-Mass 
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Spectrometry (GC-MS). As shown in Figure 2, the illudin precursor ∆-6 protoilludene 2, 

along with the second-most abundant terpene pentalenene 1, accumulated steadily over 

the entire sampling period. The two other major compounds were identified as african-2-

ene 3 and african-3-ene 4 (see Figure S1 for mass spectra of all compounds identified). 

Interestingly, all four of these major products are derived from the same initial trans-

humulyl carbocation, suggesting that O. olearius possesses STS that favor 1,11 ring 

closure of the primary (E,E)-farnesyl cation [192]. Four less prominent products were 

identified as α-barbatene 5, β-barbatene 6, δ-cadinene 7, and trans-dauca-4(11),8-diene 8. 

One major sesquiterpene product and many small terpene peaks could not be 

conclusively identified. While the same major and minor sesquiterpene products were 

detected in multiple cultures, their relative amounts varied, suggesting secondary 

metabolite regulation influenced by minor changes in culture conditions (Figure S2). 
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3.2 The genome and sesquiterpenome of O. olearius 

 
Figure 1 The following sesquiterpenoid compounds have been isolated from O. olearius and are 

proposed to be derived from the ∆-6 protoilludene scaffold: Illudin A and B, illudalenol [11]; illudin 

C,D,E [10]; illudosin [12]; dihydroilludin [181]; 4α-Hydroxyilludin M [26]; neoilludol [145]; 

illudacetalic acid [142]; illudol [133]; illudalic acid and illudinine [144]; illudosone hemiacetal, 

isoomphadione and illudiolone [130], and omphadiol [132].  The sesquiterpene alcohol (+) torreyol 

[143] (in square brackets) is not derived from ∆-6 protoilludene, instead it is proposed to be a 

derivative of α−muurolene. This figure was taken directly from [213]. 
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Figure 2 Time course of sesquiterpene production by O. olearius. Volatile metabolites produced by 

liquid cultures of O. olearius were sampled by solid phase microextraction (SPME) and analyzed by 

Gas Chromatography-Mass Spectrometry (GC-MS). Identified sesquiterpene compounds are numbered 

and structures are shown for each compound (see Figure S1 for compound mass spectra). One major 

sesquiterpene product and many small terpene peaks could not be conclusively identified. See also 

Figure S2. Genome assembly statistics and associated data can be found in  Table S1 and Data S1. 

This figure was taken directly from [213]. 

The production of several different sesquiterpene hydrocarbons by O. olearius 

indicated that this organism expresses a large complement of functional STS, which we 

sought to identify by sequencing the genome of the haploid O. olearius (DC.) Singer 

strain VT-653.13. The obtained final assembly length was estimated at 28.15 Mbp, with 

approximately 89-fold sequencing depth and approximately 94 % genome coverage. 

Contained within the assembly are 8,172 predicted protein-coding ORFs encoding at least 

100 amino acids (Data S1). The genome size and number of predicted genes falls within 

the range of other Basidiomycota genomes [122]. Functional annotation of the predicted 
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genes was carried out using BLAST with the following databases: KEGG, KOG, 

SwissProt, TrEMBL, NR, and GO (Data S1). Additional genome statistics are included 

in Table S1.  

To find putative STS encoding genes, we performed BLAST homology searches 

with six STS (Cop1-6) previously cloned by our group from the model Basidiomycete 

Coprinus cinereus [3, 119, 120]. We identified a total of 11 putative STS genes, which 

were named Omp1-10 (with 5a and 5b denoting two STS genes located adjacent to one 

another on the same scaffold). These were located on 10 different scaffolds, and were 

predicted to contain two to six introns each (Table S2 and Data S2). A preliminary 

phylogenetic analysis showed that the Omp STS clustered with the Cop STS into four 

major groups, suggesting that the enzymes in each cluster may produce related 

sesquiterpenes through conserved cyclization pathways. Since functional data for 

Basidiomycota STS are extremely limited, we sought to clone and individually 

characterize all 11 putative O. olearius STS. 

3.3 Predicted O. olearius sesquiterpene synthases catalyze a wide range of 

cyclization reactions 

To facilitate cloning of functional STS, each individual gene model was manually 

inspected and splicing predictions were confirmed by alignment with the other STS in 

order to compare conserved residues. Cloned putative STS from O. olearius were then 

functionally characterized through heterologous expression in E. coli, followed by GC-
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MS analysis of the sesquiterpene products of the recombinant cultures (Figure 3). 

 

 

 
Figure 3 Sesquiterpenes produced by E. coli expressing STS genes from O. olearius. Volatile 

sesquiterpene compounds in the culture head space were analyzed by GC-MS. Identified major 

compound peaks are labeled by numbers corresponding to structures shown below. Indole (�) 

endogenously produced by E. coli cultures serves as an internal reference point to compare relative 

amounts of sesquiterpene compounds produced (see Figure S1 for compound mass spectra). 

Compounds with retention times between 25 and 35 minutes (x-axis) were analyzed. Omp1 synthesizes 

α-muurolene 9 (84 % of total sesquiterpene products), while Omp3 synthesizes β-elemene 10 (29 %) 

(the heat induced Cope-rearrangement product of germacrene A) [65], selina-4,7-diene 11 (16 %), α-

muurolene 9 (26 %), and δ-cadinene 7 (9 %). Omp4 synthesizes primarily δ-cadinene 7 (41 %), while 

Omp5a and Omp5b both produce β-elemene 10 (17 % and 23 %, respectively) and γ-cadinene 13 (36 % 

and 64 %, respectively) as major products, with Omp5a also producing epi-zonarene 12 (32 %). Omp6 

and Omp7 synthesize the illudin precursor ∆-6 protoilludene 2 as their major products (95 % and 96 %, 

respectively), with Omp7 synthesizing 0.7 % pentalenene 1. Omp9 synthesizes α-barbatene 5 (57 %) 

and β-barbatene 6 (21 %), while Omp10 synthesizes daucene 14 (21 %) and trans-dauca-4(11),8-diene 

8 (71 %). See also Table S2 for gene information for all 11 STS, Figure S3 for expression analysis in 

E. coli, and Data S2 for STS gene sequences. This figure was taken directly from [213]. 
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As shown in Figure 4, the identified Omp STS family includes enzymes that 

catalyze five of the six described ring-closures of the initial (E,E)-farnesyl and secondary 

(3R)-nerolidyl cations to reach their respective major products [56, 192]. 

 

 
Figure 4 Proposed cyclization pathways leading to O. olearius sesquiterpene products. Ionization of 

FPP results in a primary carbocation from (E,E)-FPP that can either undergo two different ring closures 

(1,10 or 1,11) or is isomerized to a secondary carbocation from (3R)-NPP, which can undergo four 

different ring closures (1,6; 1,7; 1,10 or 1,11). Shown are pathways leading to major sesquiterpene 

products identified  in the culture headspace of O. olearius (pentalenene 1, ∆-6 protoilludene 2, african-

2-ene 3, african-3-ene 4, α-barbatene 5, δ-cadinene 7, and trans-dauca-4(11),8-diene 8) and synthesized 

by recombinant Omp sesquiterpene synthases (∆-6 protoilludene 2, α-barbatene 5, δ-cadinene 7, trans-

dauca-4(11),8-diene 8, α-muurolene 9, β-elemene 10, γ-cadinene 13, and daucene 14) (see Figure S1 

for compound mass spectra). Also shown is the cyclization pathway leading to α-cuprenene 15 

synthesized by sesquiterpene synthase Fompi1 cloned from Fomitopsis pinicola. This figure was taken 

directly from [213]. 
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Notably, this first cyclization step is conserved among the Omp and Cop STS in 

each of the four homology groups, supporting our hypothesis that sequence conservation 

among fungal STS is predictive of their activities. Except for the ∆-6 protoilludene 2 

derived illudins and the α-muurolene 9 derived (+)-torreyol (Figure 1), modified 

products of the other cyclization pathways catalyzed by STS have not been described 

from O. olearius.  

Three Omp enzymes (Omp1-3) preferentially catalyzed a 1,10 cyclization of 

(E,E)-FPP to form bicyclic sesquiterpenes with two six-membered rings. Omp1 is a 

selective α-muurolene 9 synthase (Figure 3), while Omp3 produces three additional 

major products. Omp2 was not functional, despite soluble protein expression (Figure 

S3). The Omp4, Omp5a and Omp5b group of STS synthesized major compounds that 

require 1,10 cyclization of (3R)-nerolidyl diphosphate (NPP). Omp4 is a highly 

promiscuous enzyme, synthesizing small amounts of at least 16 different sesquiterpenes 

in addition to its major product, δ-cadinene 7, which is a trend seen in other cadinane-

type sesquiterpene synthases [72, 64]. Both Omp5a and Omp5b synthesize γ-cadinene 13 

as their major product, while Omp5a also synthesizes epi-zonarene 12 (a germacrene D 

rearrangement product [30]). 

Two new cyclization activities for which no dedicated STS are currently known 

were identified for Omp9 and Omp10. Omp9 is highly active and generates two major 

products, α-barbatene 5 and β-barbatene 6, compounds known to be produced by fungi 

and plants [195, 59].  Biosynthesis of these compounds was first proposed to proceed 
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through a bisabolyl cation followed by the formation of a (R)-cuprenyl cation (via 7,11- 

cyclization and subsequent 1,4-hydride shift) that is then rearranged to the tricyclic 

barbatenes [205]. Recent feeding studies with Fusarium strains [59], however, corrobate 

a mechanism shown in Figure 4 that proceeds through a (S)-cuprenyl cation which is 

obtained from a (R)-bisabolyl cation via 1,5-proton transfer followed by 7,11-cyclization 

as proposed earlier by quantum chemical calculations [86].  

Omp10 produces two carotane sesquiterpenes: daucene 14 and trans-dauca-

4(11),8-diene 8, which are antimicrobial terpenes reported to be produced by carrots 

(Daucus carota) and wood-rotting Basidiomycota [74, 169]. Two cyclization pathways 

leading to the carotane skeletons can be envisioned: 1,7- or 1,6-cyclization of (3R)-NPP, 

where in the latter case a subsequent rearrangement yields the cycloheptenyl cation that 

generates the daucene products of Omp10 (Figure 3 and Figure 4). Omp8, another 

Omp9/10 homolog, was located at the end of a scaffold and lacked approximately 100 

amino acids at its N-terminus and was not functional when expressed in E. coli. Creation 

of a chimeric gene with the N-terminal region of Omp9, however, failed to generate a 

functional enzyme. 

Absent from the previously characterized Cop STS [3] was an enzyme capable of 

catalyzing a 1,11 cyclization of (E,E)-FPP leading to major groups of bioactive 

sesquiterpenes in Basidiomycota, including ∆-6 protoilludene and thereof derived 

illudins. When Omp6 and Omp7 were expressed in E. coli, both enzymes proved to be 

very active and synthesized the illudin precursor ∆-6 protoilludene 2; thereby identifying 
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the first step of illudin biosynthesis in O. olearius. Surprisingly, both enzymes were very 

specific in E. coli and only recombinant Omp7 generated minute amounts of the trans-

humulyl derived pentalenene 1. None of the Omp STS generated the africanenes 3, 4 

detected in O. olearius cultures (Figure 2). 

3.4 Omp6 and Omp7 are highly active and specific ∆-6 protoilludene synthases 

To determine whether alternative reactions catalyzed by Omp6 and Omp7 under 

different reaction conditions could account for the synthesis of the africanenes 3, 4 and of 

pentalenene 1 by the fungus; we characterized their activities in vitro. Both ∆-6 

protoilludene synthases, Omp6 and Omp7, were overexpressed and purified from E. coli, 

and the kinetic parameters of the purified proteins were calculated (Figure 5A). The two 

enzymes display similar catalytic turnover rates (kcat) with (E,E)-FPP. However, Omp7 

binds the substrate with ~10-fold greater affinity (Km) resulting in a 10-fold increase in 

catalytic efficiency.  

Purified Omp6 and Omp7 were further characterized by GC-MS analysis of their 

product profiles after in vitro incubation with (E,E)-FPP. Both enzymes maintained their 

selectivity and produced greater than 99 % ∆-6 protoilludene (Figure 5B). We attempted 

to alter the enzymes’ product profiles by varying pH, temperature, and buffer conditions, 

however under all reaction conditions tested the enzymes remained highly selective. 

Therefore, the missing STS activities may either not be included in the genome assembly, 

or different splicing isoforms of Omp6 or Omp7 (alternative splicing is well-documented 
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in fungi [40]) or yet other unknown factors that influence the enzymes’ activity in the 

fungus could be responsible for the synthesis of these compounds. 

 

3.5 Omp1, Omp6, and Omp7 are located in biosynthetic gene clusters 

 In fungi, secondary metabolite biosynthetic genes are typically located in 

contiguous clusters [92]. Anticipating that one or both of the characterized ∆-6 

protoilludene synthases Omp6 and Omp7 are involved in the biosynthesis of the 

cytotoxic illudins, we surveyed the genomic regions surrounding each STS for potential 

biosynthetic genes. Although they share significant amino acid sequence identity (62 %), 

Omp6 and Omp7 are located on two separate scaffolds in the assembly (Table S2). As 

 
Figure 5 Activities of purified ∆-6 protoilludene synthases Omp6 and Omp7. (a) Kinetic 

parameters for Omp6 and Omp7 were determined using (E,E)-FPP as the substrate in a coupled 

spectrophotometric assay. (b) GC-MS analysis of in vitro reactions containing purified Omp6 or 

Omp7 incubated with (E,E)-FPP. Both enzymes produce greater than 99 % ∆-6 protoilludene. 

Omp7 also produces a very small amount of pentalenene 1. This figure was taken directly from 

[213]. 
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shown in Figure 6, Omp6 is located in a well-defined cluster spanning roughly 25 kb, 

and including four P450 enzymes and fourteen additional putative genes that include at 

least five putative oxidoreductases, two putative transferases, a putative multiple drug 

transporter and two seemingly unrelated enzymes, a GATase1 anthranilate synthase and a 

polygalactonurase. Omp7, on the other hand, is within a cluster containing only one P450 

enzyme and a FAD binding protein (Figure 6). The orientation and homology of Omp7 

and the adjacent P450-b to Omp6 and P450-j suggests that a gene duplication event led to 

the formation of the smaller gene cluster.  

Among all the other identified Omp STS, only Omp1 appears to be located within 

a biosynthetic cluster containing a single P450 enzyme, and three genes that may be 

involved in subsequent modification of α-muurolene 9 to its reported alcohol (+)-torreyol 

[143] and other, as yet unreported α-muurolene derivatives (Figure 1 and Figure 6).  

To examine whether our cluster predictions for Omp6 and Omp7 are of functional 

significance, we sought to amplify select genes from each cluster. Five properly spliced 

ORFs from the Omp6 cluster (6-h, 6-i, 6-j, 6-k, 6-l, Figure 6) and one gene from the 

Omp7 (7-b, Figure 6) cluster were readily cloned from O. olearius cDNA, indicating 

expression of the modifying enzymes surrounding Omp6 and Omp7, and confirming 

preliminary splicing predictions (Table S3). Additionally, examination of transcript 

levels by qRT-PCR affirmed the co-regulation of Omp6 and Omp7 with the putative 

modifying genes in their respective clusters (Figure S4). These results showed that both 

clusters are of functional importance in O. olearius, which is further supported by the 
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high activity and exceptional product selectivity of Omp6 and Omp7. The finding that 

Omp7 has a 10-fold higher catalytic efficiency than Omp6 suggests that the small Omp7 

cluster is a gene duplication to boost rate-limiting steps in the biosynthesis of illudin 

compounds. 

 

 
Figure 6 Organization of sesquiterpene biosynthetic gene clusters in O. olearius. Three putative 

biosynthetic clusters surrounding Omp6, Omp7, and Omp1 were identified after manual annotation. 

Predicted ORFs are colored according to their putative function, with blue representing P450 enzymes, 

green representing enzymes with a potential role in sesquiterpene scaffold modification, orange 

representing a drug transporter, and red representing the respective STS in each cluster. Corresponding 

peptide reference numbers (Data S1) are included for each putative gene. The top conserved domain hit 

(CDD) at NCBI is listed in parentheses next to each ORFs putative function. The Omp6 cluster contains 

four putative P450 monooxygenases, five reductases, a FAD-binding protein, a methyltransferase, an 

N-acetyltransferase, and a multiple drug transporter. A GATase1 anthranilate synthase and a 

polygalactonurase were also identified. Omp7 is part of a small gene cluster with a single P450 

monooxygenase located less than 1 kb upstream and a FAD-binding protein approximately 4 kb 

upstream of the STS gene. The biosynthetic cluster containing Omp1 consists of a single P450 enzyme 

and three additional genes with possible roles in the modification of α-muurolene 9. See also Table S3 

for gene information and Figure S4 for transcriptional analysis. Putative PKS and NRPS clusters, and 

overall P450 monooxygenase content were also examined in Table S5 and Table S6, respectively. 

Putative P450 monooxygenase sequences are contained in Data S3. This figure was taken directly from 

[213]. 
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3.6 Analysis of Basidiomycota genomes uncovers an extensive sesquiterpenome  

In order to establish a predictive framework for sesquiterpene natural product 

biosynthesis in Basidiomycota, we used the sequence and functional data gained for O. 

olearius and C. cinereus STS and analyzed the currently available genome data from 40 

Basidiomycota (Table S4). 
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We uncovered a total of 542 putative STS sequences in all inspected genomes. 

Interestingly, genomes without any STS belonged to pathogenic or parasitic fungi. Fungi 

containing STS generally have an average of 16 and a maximum of 41 putative STS 

homologs. The large STS gene complements identified in O. olearius and other 

 
Figure 7 Unrooted Neighbor-Joining phylogram of STS homologs identified in 42 Basidiomycota 

genomes. Five clades are highlighted with colors as in Figure 4. STS from C. cinereus (Cop), O. 

olearius (Omp), F. pinicola (Fompi1), and the single STS described from Armillaria gallica (Armga1) 

[62] are labeled. Refer to the methods for tree construction parameters. Sequences used in the final 

alignment and the resultant phylogram data can be found in Data S2. See also Table S4 for a 

breakdown of total number of putative STS and number of STS sequences used in tree building after 

manual inspection of alignment. See Figure S5 for product analysis of the STS from F. pinicola. This 

figure was taken directly from [213]. 
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Basidiomycota genomes confirms that sesquiterpenoids represent a major class of 

secondary metabolites produced by these fungi.  

For phylogenetic analysis, the Omp amino acid sequences were aligned against 

the other 531 putative STS sequences. The output was manually inspected for erroneous 

protein predictions resulting in incomplete sequences that deviated from the expected 

protein length (~250-425 aa) or were lacking the conserved metal-binding DDxxD and 

NSE/DTE motifs of STS. The final alignment contained 393 putative STS representing 

35 basidiomycota species (Table S4 and Data S2).  

A phylogenetic tree was constructed, revealing five distinct STS clades (Figure 

7). Interestingly, the trans-humulyl-type synthases clustered together (Omp6, Omp7; 

clade III), while STS responsible for 1,6 or 1,7 cyclization (Omp9, Omp10) of (3R)-NPP 

were segregated in another group (clade IV). STS that catalyze the 1,10 cyclization of 

either (E,E)-FPP or (3R)-NPP formed two clades around Omp1-3 (clade I) and Omp4-

5a/b homologs (clade II). One clade (clade V) did not contain any characterized Omp 

STS but possessed significant sequence similarity to clade IV.  

Knowledge of sequence conservation for each distinct clade of STS provides a 

basis for more effective site-directed mutagenesis to modulate activity and develop a 

mechanistic understanding of the distinct cyclization activities exhibited by each STS 

group. As this is the first study of Basidiomycota STS aimed at linking peptide sequence 

and function, we sought to gain further insight to the evolution of this important class of 

enzymes. From the constructed multiple sequence alignment we extracted sequences 
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representing the five distinct clades identified in the phylogenetic tree (Figure 7). 

 These five groups of sequences were separately aligned and conservation scores for each 

amino acid position were generated using the bioinformatics tool ConSurf [14] for 

estimating evolutionary conservation. Conservation of amino acid position obtained for 

 
Figure 8 Analysis of protein sequence conservation of Basidiomycota STS sequence clades. Consensus 

sequences corresponding to the two aspartate-rich metal-binding DDxxD and NSE/DTE motifs are 

shown for: (a) Clade I (b) Clade II (c) Clade III and (d) Clades IV & V which were combined due to 

their sequence similarity. Relative positions in the full consensus sequences are indicated below each 

sequence. Each position in the sequence is depicted as a stack of one or more letters indicating the 

conservation at that position. Polar amino acids are colored green, basic are blue, acidic are red, and 

hydrophobic amino acids are black. Protein models were generated for each of the consensus sequences 

and colored according to conservation scores calculated by Consurf (http://consurf.tau.ac.il/). 

Conservation at specific amino acid positions is shown, with cyan representing positions of high 

variability, white representing positions of average variability, and violet representing positions of low 

variability. The DDxxD and NSE/DTE motifs are drawn as sticks and labeled accordingly.  
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each clade were visualized using the WebLogo server [51]. Structural models in the open, 

unliganded conformation were then constructed from the consensus sequences using the 

structure of pentalenene synthase from Streptomyces sp. [177] for clades I, II, and III, and 

of trichodiene synthase from Fusarium sporotrichioides [206] for the clade IV-V 

consensus, which were combined due to their similarity. Amino acid positions in the 

models were then colored according to conservation scores generated by the ConSurf 

server and the consensus sequences of the canonical DDxxD and NSE/DTE motifs were 

highlighted for each clade (Figure 8).  

As expected, the highest degree of conservation in all four consensus models can 

be seen on the faces of the helices that point towards the active site, likely due to their 

importance in establishing the hydrophobic pocket necessary for harboring the reactive 

carbocation species. However, the conservation pattern of the models are quite distinct. 

To our surprise, clade II, which contains the highly promiscuous Omp4, shows the 

highest sequence conservation (Figure 8B). Conversely, the clades containing the very 

product specific Omp9 and Omp10 (IV and V) show significantly less sequence 

conservation (Figure 8D).  The DDxxD and NSE/DTE motifs of these two clades also 

diverge from those of clades I-III. Most notably, their DDxxD motifs lack strong 

conservation of the third aspartate residue, and their NSE/DTE motifs do not have a 

highly conserved aspartate residue located upstream of the first asparagine in the motifs. 

Knowledge of sequence conservation for each distinct clade of STS provides a basis for 

more effective site-directed mutagenesis to modulate activity and develop a mechanistic 
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understanding of the distinct cyclization activities exhibited by each STS group. 

3.7 Using the predictive framework to uncover a new STS activity in Fomitopsis 

pinicola 

 We next sought to not only validate the use of our framework for identification of 

additional STS from other Basidiomycota, but also assign biochemical data to clade V, 

which contained no STS characterized from O. olearius, but shared high sequence 

similarity with clade IV. Fomitopsis pinicola was chosen because 7 of its 17 STS are 

found in clade V and 2 additional STS cluster with sequences in clade IV. In addition, F. 

pinicola has been reported to produce several volatile sesquiterpenes, including the Omp9 

(Clade IV) products α-barbatene 5 and β-barbatene 6 [169] (Figure 4). Upon examination 

of the genomic region surrounding the seven STS, only one, Fompi84944 (hereby 

referred to as Fompi1), was contained within a small biosynthetic cluster including two 

putative P450 monooxygenases (Figure S5A). This STS was selected for subsequent 

cloning and functional characterization. 

Interestingly, expression of Fompi1 in E. coli revealed  it to be a highly active and 

specific α-cuprenene 15 synthase (Figure S5B), a sesquiterpene synthase activity 

previously reported by us for Cop6 [3] which is present in Clade IV (Figure 7). This 

finding suggests conservation of the 1,6 cyclization mechanism between clades IV and V, 

leading to the barbatene 5, 6 (Omp9), α-cuprenene 15 (Cop6 and Fompi1), and possibly 

carotane 8, 14 (Omp10) sesquiterpenes. By using genomic context and the framework 
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presented above, we successfully identified a new STS activity in F. pinicola, responsible 

for the production of α-cuprenene 15, which has not been reported previously [169].  

3.8 Insights into other secondary metabolic capabilities of O. olearius 

 Non-terpenoid secondary metabolites of O. olearius include the nematicidal 

omphalotins (A-F) [116] and the siderophore ferrichrome A [214]. Omphalotins are 

cyclopeptides that are likely made by a non-ribosomal peptide synthase (NRPS). A set of 

genes including a NRPS (fso1), L-ornithine-N
5
-monoosuxtenase (omo1) and 

acyltransferase (ato1) were previously cloned from O. olearius and presumed to be 

involved in ferrichrome A biosynthesis [214].  To gain further insight into the secondary 

metabolome of O. olearius, SMURF [98] was used to identify metabolic clusters in the 

genome assembly. Five putative polyketide synthase genes (PKS) and eight putative 

NRPS genes, each located on a different scaffold, were identified (Table S5). The 

biosynthetic gene cluster predictions include fso1 and a previously described fatty acid 

synthase [9].  

 Another measure of the metabolic diversity of an organism is its complement of 

P450 enzymes [79] (CYPome).  P450s have undergone extensive diversification in plants 

and in some fungal species [156, 50], where they play roles in biosynthesis and 

detoxification/degradation of xenobiotic compounds, including plant defense compounds 

[109]. We therefore conducted a comparative analysis of the CYPome of O. olearius with 

that of other studied Basidiomycota using the Fungal Cytochrome P450 Database 
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(FCPD) [156] (Table S6 and Data S3).  Notably, many of the pathogenic and parasitic 

Basidiomycota which possess no STS are also significantly lacking in P450 enzymes, 

with the ratio of P450 enzymes to total ORFs not exceeding 0.30 %. Conversely, there is 

strong positive correlation between fungi possessing STS and the number of P450 

enzymes present, with most species surveyed containing a greater than 1.00 % ratio, and 

P. placenta containing the highest ratio at 2.06 %. O. olearius contains 121 putative 

cytochrome P450 enzymes, accounting for 1.48 % of its total ORFs, further 

substantiating its use as a model for the study of secondary metabolism in Basidiomycota. 

4. Discussion 

O. olearius is known for its production of anticancer illudin compounds (Figure 

1), and with this draft genome sequence we have identified two ∆-6 protoilludene 

synthases, Omp6 and Omp7, each located within a gene cluster likely responsible for the 

biosynthesis of these and related illudin compounds (Figure 6). Both STS genes and 

neighboring, putative biosynthetic genes were readily cloned and shown to be co-

regulated during fungal growth (Table S3 and Figure S4), suggesting that the two gene 

clusters are functional and expressed in O. olearius. The purified, recombinant ∆-6 

protoilludene synthases proved to be highly active and possessed exceptional product 

selectivity. Surprisingly, Omp7 has a 10-fold higher catalytic efficiency than Omp6, 

bringing into question their specific roles in illudin biosynthesis. Omp6 and its adjacent 

P450 monooxygenase (Figure 6, 6-i) share high sequence homology with Omp7 and its 
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adjacent P450 monooxygenase (Figure 6, 7-b), which leads us to believe that gene 

duplication occurred, likely in order to boost rate-limiting steps in illudin biosynthesis. 

Common to all of the identified illudin structures shown in Figure 1 is an oxidation at 

position 8 of the six-carbon ring, which may suggest that these monooxygenase enzymes 

are responsible for this reaction. Subsequent oxidation reactions then may lead to a α,β-

unsaturated ketone, which is important for illudin cytotoxicity [131],  and oxidation at 

position 3 and/or 7 may trigger ring contraction, forming the reactive cyclopropyl-ring 

found in the illudins.  

Synthesis of the anticancer illudins M and S appears to involve at least five 

oxidation steps which may be catalyzed by the core group of P450s and oxidoreductases 

surrounding Omp6 (6-h to 6-l) that are all expressed by the fungus (Table S3). 

Additional biosynthetic enzyme present in the Omp6 cluster likely are responsible for the 

synthesis other illudanes made by O.olearius (Figure 1). For example, the putative 

GATase1 anthranilate synthase (6-e) may install the nitrogen in the illudinine ring, while 

the putative O-methyltransferase (6-m) is likely involved in the synthesis of illudacetalic 

acid (Figure 1). Biosynthesis of several other known illudane compounds (i.e. illudalic 

acid, Figure 1) appear to involve a Baeyer-Villiger monooxygenase (BVM) that 

catalyzes lactonization [112]. Two putative enzymes (6-q and 7-a) in the Omp6 and 

Omp7 cluster are pfam01565 family proteins that utilize FAD as co-factor, which 

indicates that they may encode enzymes similar to BVMs [99].  

Unfortunately, O. olearius is not a genetically tractable fungus that allows testing 
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of biosynthetic functions by creating gene knockouts. Delineation of its illudane 

pathways will require stepwise reconstitution of the biosynthetic reaction in another 

fungal host such as S. cerevisae for functional expression of the many P450 enzymes 

present in the Omp6 and Omp7 clusters. Since illudin M and S have poor therapeutic 

indices, the development of semi-synthetic derivatives with better pharmacological 

properties has been pursued [175]. The large set of putative ∆-6 protoilludene tailoring 

enzymes identified in this study will enable the development of combinatorial 

biosynthetic approaches to obtain new illudin derivatives with improved bioactivities.  

In addition to the two ∆-6 protoilludene synthases, O. olearius possesses at least 

nine additional STS. Two of these enzymes, Omp9 and Omp10, encode sesquiterpene 

synthases with new cyclization activities. We found similar or even larger STS gene 

complements in other Basidiomycota genomes, confirming that sesquiterpenoids 

represent a major class of secondary metabolites produced by higher fungi. The number 

of putative terpene synthases (531 putative sequences) identified in only 40 available 

genome sequences from Basidiomycota by far exceeds the number of terpene synthases 

present in bacteria. In fact, a recent study surveying the publicly available genomes of all 

bacteria (presently, 1750 bacterial genomes are listed at MicrobesOnline 

(www.microbesonline.org)) identified only 179 putative terpene synthase genes, mostly 

from actinomycetes [48]. Basidiomycota will soon prove to be a valuable resource for 

genome mining of STS, PKS and NRPS biosynthetic enzymes. The rapid influx of new 

Basidiomycota genomes (12 genomes in the last year alone at the Joint Genome Institute) 
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provides an unmatched opportunity for biosynthetic gene discovery. However, most of 

the recent genome sequencing projects focused on wood-rotting lignocellulose degraders. 

To our knowledge, this is the first published sequencing initiative centered solely on 

biosynthetic gene elucidation in higher fungi. 

Except for the lignolytic white rot fungus Stereum, which is a producer of 

bioactive sesquiterpenoids (many with unique ring-structures derived from ∆-6 

protoilludene [117]), none of the Basidiomycota with sequenced genomes surveyed in 

this work have been studied primarily for their abilities to produce terpenes. Yet, our 

analysis reveals that almost all harbor extensive STS gene families, suggesting that they 

have the ability to produce diverse and potentially novel terpene scaffolds. Moreover, 

many of the STS genes identified here appear to be located in biosynthetic gene clusters, 

thus providing access to a large number of terpene modifying enzymes. Our study shows 

that the genomes of Basidiomycota present an unprecedented opportunity for the 

discovery and heterologous engineering of novel terpene biosynthetic routes leading to 

compounds with new bioactivities. The phylogenetic tree described here presents a road-

map for exploring the exciting and as yet untraversed terpenome of this fascinating class 

of organisms.   

5. Supplemental Tables 

Table S1 Assembly summary for the genome of O. olearius (DC.) Singer strain VT-

653.13. See Figure 2 for in vivo production of sesquiterpenes by O. olearius. 
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Parameter  

Genome size 

Scaffold number 

Scaffold N50 

Scaffold N90 

Estimated genome coverage 

GC% transcript 

GC% intergenic 

Predicted protein coding genes 

       Percent of total genome 

       Mean gene length 

28.15 Mbp 

868 

199,357 bp 

22,541 bp 

94.16 % 

50.08 % 

45.23 % 

8,172 

44.24 % 

1,523 bp 
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Table S2 Sequence details for cloned O. olearius sesquiterpene synthases. Peptide 

reference numbers refer to predicted sequences in Data S1. Gene and transcript length 

listed are measured in base pairs and protein length is measured in amino acids. 

Graphical representations of intron/exon organization were created using GSDS [80]. See 

Figure 3 for sesquiterpenes produced by each gene. 

Gene Peptide reference 

Scaffold 

number 

Gene 

start 

Gene 

stop 

Gene 

length 

# of 

introns 

Transcript 

length 

Protein 

length 

Omp1 MUStwsD_GLEAN_10001317 131 23448 22256 1192 3 999 332 

Omp2 MUStwsD_GLEAN_10002575 63 27510 26270 1240 4 1002 333 

Omp3 MUStwsD_GLEAN_10003938 33 137438 135914 1524 6 1104 367 

Omp4 MUStwsD_GLEAN_10005581 14 149118 150371 1253 4 1035 344 

Omp5a MUStwsD_GLEAN_10000810 182 25829 24552 1277 4 1038 345 

Omp5b MUStwsD_GLEAN_10000811 182 28337 27066 1271 4 1038 345 

Omp6 MUStwsD_GLEAN_10003820 35 114288 113036 1252 3 1074 357 

Omp7 MUStwsD_GLEAN_10000831 179 28809 30073 1264 4 1038 345 

Omp8 MUStwsD_GLEAN_10000534 223 21771 20858 913 2 1044 347 

Omp9 MUStwsD_GLEAN_10000543 223 11690 10443 1247 3 1053 350 

Omp10 MUStwsD_GLEAN_10000292 285 10962 9810 1152 3 987 328 

 

Confirmed intron/exon organization 
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Table S3 Sequence details for cloned putative biosynthetic genes co-located in clusters 

with Omp6 or Omp7. Gene numbers refer to putative protein predictions in Figure 5.  

Peptide reference numbers refer to predicted sequences in Data S1. Gene and transcript 

length listed are measured in base pairs and protein length is measured in amino acids. 

Graphical representations of intron/exon organization were created using GSDS [80]. 

 

Gene Peptide reference 
Scaffold 

number 
Gene 

start 

Gene 

stop 

Gene 

length 
# of 

introns 
Transcrip

t length 

Protein 

length 

Omp6 

6-h 

6-i 

6-j 

MUStwsD_GLEAN_1000381

9 

MUStwsD_GLEAN_1000381

9 

MUStwsD_GLEAN_1000382

1 

35 

35 

35 

107497 

110221 

115022 

109609 

112383 

116998 

2112 

2162 

1976 

6 

9 

7 

1737 

1602 

1599 

579 

534 

533 

6-k 

MUStwsD_GLEAN_1000382

2 35 117853 120355 2502 11 1908 635 

6-l 

MUStwsD_GLEAN_1000382

3 35 121648 120433 1215 3 1050 349 

Omp7 

7-b 

MUStwsD_GLEAN_1000083

0 179 28175 26111 2064 8 1620 539 

 

Confirmed intron/exon organization  
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Table S4 Sesquiterpene synthases (STS) identified in analyzed Basidiomycota genomes. 

Initial BLAST results were aligned and erroneous/incomplete sequences removed. Shown 

are total number of identified, putative STS (initial) and number of eliminated sequences 

lacking conserved active site motifs (NSE/DTE or DDxxDD) or failing to fall in the 250-

425 amino acid length range expected for STS. The sequences removed accounted for 

~28 % of the initial BLAST results. The final set of sequences was used for phylogenetic 

analysis shown in Figure 7. The full phylogram, including STS sequence identifiers, is 

provided in Data S2. Genome abbreviations are those used in the fungal genome 

database at the Joint Genome Institute 

(http://genome.jgipsf.org/programs/fungi/index.jsf). 
Abbreviation Basidiomycota Reference Genome Initial NSE/DTE DDxxD Length 

Agabi_varbisH97_2 Agaricus bisporus var bisporus (H97) v2.0 9 1  3 

Agabi_varbur_1 Agaricus bisporus var. burnettii JB137-S8 9   3 

Aurde1 Auricularia delicata SS-5 v1.0 19 3  1 

Bjead1_1 Bjerkandera adusta v1.0 12  1  

Botbo1 Botryobasidium botryosum v1.0 6    

Cersu1 Ceriporiopsis subvermispora B 27 3 3 3 

Conpu1 Coniophora puteana v1.0 25  2 1 

Cop Coprinopsis cinerea 6    

Cryne_H99_1 Cryptococcus neoformans var. grubii H99 0    

Dacsp1 Dacryopinax sp. DJM 731 SSP-1 v1.0 5 2   

Dicsq1 Dichomitus squalens v1.0 20 2 1 3 

Fomme1 Fomitiporia mediterranea v1.0 18 2   

Fompi1 Fomitopsis pinicola SS1 v1.0 22 1 2 2 

Gansp1 Ganoderma sp. 10597 SS1 v1.0 27 2 1 3 

Glotr1_1 Gloeophyllum trabeum v1.0 14 2 2  

Gymlu1 Gymnopus luxurians v1.0 24 3 4  

Hetan2 Heterobasidion annosum v2.0 16 1   

Hypsu1 Hypholoma sublateritium v1.0 14 1 1 1 

Jaaar1 Jaapia argillacea v1.0 12  1  

Lacbi1 Laccaria bicolor v2.0 27 6 7 5 

Malgl1 Malassezia globosa 0    

Mellp1 Melampsora laricis-populina v1.0 0    

Omp Omphalotus olearius VT-653.13 11    

Paxin1 Paxillus involutus ATCC 200175 v1.0 16 1 4  

Phaca1 Phanerochaete carnosa HHB-10118-Sp v1.0 20 1 2 7 

Phchr1 Phanerochaete chrysosporium v2.0 10 3  2 

Phlbr1 Phlebia brevispora HHB-7030 SS6 v1.0 18 1 3 3 

Phlgi1 Phlebiopsis gigantea v1.0 9  1  

PleosPC15_2 Pleurotus ostreatus PC15 v2.0 16  1  

Pospl1 Postia placenta MAD-698 41 11 3 5 

Pucgr1 Puccinia graminis 0    

Punst1 Punctularia strigosozonata v1.0 12 1   

Rhoba1_1 Rhodotorula graminis strain WP1 v1.1 0    

Schco2 Schizophyllum commune v2.0 4  1  

SerlaS7_3_2 Serpula lacrymans S7.3 v2.0 13 1 3 1 

Sporo1 Sporobolomyces roseus v1.0 0    

Stehi1 Stereum hirsutum FP-91666 SS1 v1.0 18 3 2 1 

Trave1 Trametes versicolor v1.0 20 4 1  

Treme1 Tremella mesenterica Fries v1.0 0    

Ustma1 Ustilago maydis 0    

Walse1 Wallemia sebi v1.0 0    

Wolco1 Wolfiporia cocos MD-104 SS10 v1.0 22 2 2 1 

  542 55 46 44 
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Table S5 Predicted biosynthetic gene clusters in O. olearius using SMURF 

(http://jcvi.org/smurf/index.php). Corresponding peptide reference numbers (Data S1) 

are included for each putative gene. Cluster position is indicated with the putative 

PKS/NRPS with a position of zero. Genes in the window are tagged as domain positive 

(1) if they contain at least one of the secondary metabolite domains recognized by 

SMURF, or domain negative (0) if they do not. The top conserved domain hit (CDD) at 

NCBI is listed in parentheses next to each ORFs putative function. The previously cloned 

O. olearius fso1 [214] and the fatty acid synthase [9]  are indicated. See Figure 6 for the 

illudin biosynthetic cluster. 
Cluster - 

Scaffold # 

Peptide reference sequence Cluster 

Position 

Domain 

score 

Top conserved domain hit 

 

Cluster 1 – 

Scaffold 

192 

    

 MUStwsD_GLEAN_10000751 -3 1 PGDH (cd05288) 

 MUStwsD_GLEAN_10000750 -2 1 P450 (pfam00067) 

 MUStwsD_GLEAN_10000749 -1 1 MFS (cd06174) 

PKS���� MUStwsD_GLEAN_10000748 0 1 PKS (cd00833) 

     

Cluster 2 – 

Scaffold 

172 

    

 MUStwsD_GLEAN_10000886 -3 1 MFS (cd06174) 

 MUStwsD_GLEAN_10000885 -2 0 DUF2461 (pfam09365) 

 MUStwsD_GLEAN_10000884 -1 0 MPP_239FB (cd07379) 

PKS� MUStwsD_GLEAN_10000883 0 0 Macro_Appr_pase_like 

(cd02908) 

     

Cluster 3 – 

Scaffold 

132 

    

NRPS���� MUStwsD_GLEAN_10001307 0 0 SDR_e1 (cd05235) 

 MUStwsD_GLEAN_10001306 1 0 None 

 MUStwsD_GLEAN_10001305 2 0 AXO (cd01150) 

 MUStwsD_GLEAN_10001304 3 0 BBE (pfam08031) 

 MUStwsD_GLEAN_10001303 4 1 17beta-HSD-like_SDR_c 

(cd05374) 

     

Cluster 4 – 

Scaffold 

82 

    

 MUStwsD_GLEAN_10002091 -11 1 PHOX_C (cd02979) 

 MUStwsD_GLEAN_10002090 -10 0 ADIP (pfam11559) 

 MUStwsD_GLEAN_10002089 -9 0 None 

 MUStwsD_GLEAN_10002088 -8 0 None 
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Cluster - 

Scaffold # 

Peptide reference sequence Cluster 

Position 

Domain 

score 

Top conserved domain hit 

 MUStwsD_GLEAN_10002087 -7 0 BRLZ (smart00338) 

 MUStwsD_GLEAN_10002086 -6 0 Retinol-DH_like (cd05327) 

 MUStwsD_GLEAN_10002085 -5 1 AAT_like (cd00609) 

 MUStwsD_GLEAN_10002084 -4 0 Abhydrolase_3 (pfam07859) 

 MUStwsD_GLEAN_10002083 -3 0 Transferase (pfam02458) 

 MUStwsD_GLEAN_10002082 -2 1 MFS (cd06174) 

 MUStwsD_GLEAN_10002081 -1 1 MDR_like_2 (cd05289) 

NRPS���� MUStwsD_GLEAN_10002080 0 0 Peptidase_C19R (cd02674) 

 MUStwsD_GLEAN_10002079 1 0 BAH_fungalPHD (cd04710) 

 MUStwsD_GLEAN_10002078 2 0 HATPase_c (cd00075) 

 MUStwsD_GLEAN_10002077 3 0 RanBD (cd00835) 

 MUStwsD_GLEAN_10002076 4 0 DPG_synthase (cd04188) 

 MUStwsD_GLEAN_10002075 5 1 Salicylate_mono (TIGR03219) 

     

Cluster 5 – 

Scaffold 

74 

    

 MUStwsD_GLEAN_10002282 -5 1 Aldo_ket_red (cd06660) 

 MUStwsD_GLEAN_10002281 -4 0 GMC_oxred_C (pfam05199) 

 MUStwsD_GLEAN_10002280 -3 1 P450 (pfam00067) 

 MUStwsD_GLEAN_10002279 -2 0 ALDH_F1-2_Ald2-like 

(cd07091) 

 MUStwsD_GLEAN_10002278 -1 0 None 

NRPS���� MUStwsD_GLEAN_10002277 0 0 SDR_e1 (cd05235) 

 MUStwsD_GLEAN_10002276 1 1 MFS (cd06174) 

 MUStwsD_GLEAN_10002275 2 1 P450 (pfam00067) 

     

Cluster 6 – 

Scaffold 

58 

    

 MUStwsD_GLEAN_10002754 -7 1 RhlG_SDR_c (cd08942) 

 MUStwsD_GLEAN_10002753 -6 0 GRX_SH3BGR (cd03030) 

 MUStwsD_GLEAN_10002752 -5 0 LMWPc (cd00115) 

 MUStwsD_GLEAN_10002751 -4 0 ALDH_F6_MMSDH 

(cd07085) 

 MUStwsD_GLEAN_10002750 -3 0 None 

 MUStwsD_GLEAN_10002749 -2 0 PTZ00363 (PTZ00363) 

 MUStwsD_GLEAN_10002748 -1 1 PHOX_C (cd02979) 

NRPS���� MUStwsD_GLEAN_10002747 0 0 SDR_e1 (cd05235) 

 MUStwsD_GLEAN_10002746 1 0 AR_SDR_e (cd05227) 

 MUStwsD_GLEAN_10002745 2 1 CAD_like (cd08296) 

 MUStwsD_GLEAN_10002744 3 1 Methyltransf_2 (pfam00891) 

 MUStwsD_GLEAN_10002743 4 0 AP_endonuc_2 (pfam01261) 

 MUStwsD_GLEAN_10002742 5 1 TRAPPC_Trs85 (pfam12739) 

 MUStwsD_GLEAN_10002741 6 0 Mpv17_PMP22 (pfam04117) 

 MUStwsD_GLEAN_10002740 7 0 Mito_carr (pfam00153) 

 MUStwsD_GLEAN_10002739 8 1 SMC_prok_B (TIGR02168) 
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Cluster - 

Scaffold # 

Peptide reference sequence Cluster 

Position 

Domain 

score 

Top conserved domain hit 

     

Cluster 7 – 

Scaffold 

50 

    

 MUStwsD_GLEAN_10003056 -6 1 P450 (pfam00067) 

 MUStwsD_GLEAN_10003055 -5 0 None 

 MUStwsD_GLEAN_10003054 -4 0 Cellulase (pfam00150) 

 MUStwsD_GLEAN_10003053 -3 1 Dnd_assoc_3 (TIGR03238) 

 MUStwsD_GLEAN_10003052 -2 0 lucD (COG3486) 

 MUStwsD_GLEAN_10003051 -1 0 AlcB (smart01006) 

NRPS 

(fso1)���� 

MUStwsD_GLEAN_10003050 0 1 PRK12316 (PRK12316) 

 MUStwsD_GLEAN_10003049 1 0 HAD_like (cd01427) 

 MUStwsD_GLEAN_10003048 2 0 GT1_Glycogen_Phos 

(cd04300) 

 MUStwsD_GLEAN_10003047 3 0 NPD_like (cd04730) 

 MUStwsD_GLEAN_10003046 4 0 PRK06334 (PRK06334) 

 MUStwsD_GLEAN_10003045 5 1 ABCC_MRP_domain2 

(cd03244) 

 MUStwsD_GLEAN_10003044 6 1 MFS (cd06174) 

     

Cluster 8 – 

Scaffold 

39 

    

 MUStwsD_GLEAN_10003602 -2 1 SPD_interacting (pfam08616) 

 MUStwsD_GLEAN_10003601 -1 0 Pepsin_like (cd05471) 

PKS���� MUStwsD_GLEAN_10003600 0 0 PKS (cd00833) 

     

Cluster 9 – 

Scaffold 

18 

    

 MUStwsD_GLEAN_10005128 -1 1 Enoyl_reductase_like 

(cd08249) 

PKS���� MUStwsD_GLEAN_10005127 0 1 PKS (cd00833) 

 MUStwsD_GLEAN_10005126 1 0 PLN02464 (PLN02464) 

 MUStwsD_GLEAN_10005125 2 0 rpsS (PRK00357) 

 MUStwsD_GLEAN_10005124 3 0 None 

 MUStwsD_GLEAN_10005123 4 0 PTZ00096 (PTZ00096) 

 MUStwsD_GLEAN_10005122 5 0 Ribosomal_P2 (cd05833) 

 MUStwsD_GLEAN_10005121 6 1 Fungal_trans (smart00906) 

     

Cluster 10 

– Scaffold 

2 

    

 MUStwsD_GLEAN_10007722 -5 0 ATP_synt_H (pfam05493) 

 MUStwsD_GLEAN_10007721 -4 0 Bacter_Hen1 (TIGR04074) 

 MUStwsD_GLEAN_10007720 -3 0 ispDF (PRK09382) 
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Cluster - 

Scaffold # 

Peptide reference sequence Cluster 

Position 

Domain 

score 

Top conserved domain hit 

 MUStwsD_GLEAN_10007719 -2 0 RhoGAP_fSAC7_BAG7 

(cd04396) 

 MUStwsD_GLEAN_10007718 -1 0 Drf_GBD (pfam06371) 

NRPS 

(FAS)���� 

MUStwsD_GLEAN_10007717 0 0 KR_fFAS_SDR_c_like 

(cd08950) 

 MUStwsD_GLEAN_10007716 1 1 DEADc (cd00268) 

 MUStwsD_GLEAN_10007715 2 0 GH16_Lam16A_gluc 

(cd02181) 

 MUStwsD_GLEAN_10007714 3 0 ALDH_EDX86601 (cd07102) 

 MUStwsD_GLEAN_10007713 4 0 None 

 MUStwsD_GLEAN_10007712 5 0 Gtr1_RagA (pfam04670) 

 MUStwsD_GLEAN_10007711 6 0 PolyPPase_VTC4_like 

(cd07751) 

 MUStwsD_GLEAN_10007710 7 0 DUF3468 (pfam11951) 

 MUStwsD_GLEAN_10007709 8 1 GAL4 (cd00067) 

 MUStwsD_GLEAN_10007708 9 1 PH (cd00821) 
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Table S6 Comparison of the number of predicted cytochrome P450 and sesquiterpene 

synthase (STS) genes in O. olearius with other Basidiomycota genomes in the Fungal 

Cytochrome P450 Database (http://p450.riceblast.snu.ac.kr/index.php?a=view). Shown is 

also the number of total ORFs for each genome sequence as well as the percentage of 

total predicted ORFs that are putative P450 enzymes. See Figure 6 for the illudin 

biosynthetic cluster. 
Basidiomycota reference genome STS  P450  ORF  P450 % 

Agaricus bisporus 6 117 10,438 1.12 % 

Bjerkandera adusta 11 188 15,473 1.22 % 

Coprinus cinereus 6 139 13,410 1.04 % 

Cryptococcus neoformans 0 5 6,475 0.08 % 

Dichomitus squalens 14 175 12,290 1.42 % 

Heterobasidion annosum 15 143 13,405 1.07 % 

Laccaria bicolor 9 91 20,614 0.44 % 

Malassezia globosa 0 6 4,286 0.14 % 

Melampsora larici-populina 98AG31 0 29 16,694 0.17 % 

Omphalotus olearius VT-653.13 11 121 8,172 1.48 % 

Phanerochaete chrysosporium 5 145 10,048 1.44 % 

Pleurotus ostreatus 15 141 11,603 1.22 % 

Postia placenta 22 353 17,173 2.06 % 

Puccinia graminis f. sp. tritici 0 18 20,567 0.09 % 

Schizophyllum commune H4-8 3 115 13,181 0.87 % 

Serpula lacrymans S7.3 8 161 14,495 1.11 % 

Sporobolomyces roseus 0 7 5,536 0.13 % 

Tremella mesenterica 0 8 8,313 0.10 % 

Ustilago maydis FB1 0 21 6,950 0.30 % 
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6. Supplemental Figures 

Figure S1 Mass spectra of identified sesquiterpenoid compounds.  Compound numbers 

correspond to compound names discussed in the main text and shown in figures. See 

Figure 2, Figure 3, and Figure 4 for individual compound occurrences. Values for the 

measured retention index (RI) (top) and the library values (bottom) are listed below each 

compound name.   
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Figure S2 Time course of sesquiterpene production by O. olearius. Volatile metabolites 

produced by liquid cultures of O. olearius were sampled by solid phase microextraction 

(SPME) and analyzed by Gas Chromatography-Mass Spectrometry (GC-MS). Identified 

sesquiterpene compounds are numbered and structures are shown in Figure 2 (see Figure 

S1 for mass spectra for each compound). One major sesquiterpene product and many 

small terpene peaks could not be conclusively identified. Culture conditions between the 

two cultures shown here (a and b) and the culture shown in Figure 2 were identical but 

resulted in significantly different relative sesquiterpene levels. 
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Figure S3 O. olearius sesquiterpene synthase (Omp1-10) expression analysis in E. coli. 

Protein levels for each Omp protein, under constitutive expression in E. coli strain BL21, 

were visualized by SDS-PAGE and Coomassie staining. Total lysate (T) or the soluble 

fraction (S), collected after centrifugation, was analyzed. An empty vector was used as a 

control. Expected sizes in kDa for the analyzed Omp proteins are 38.2 (Omp1), 38.1 

(Omp2), 41.8 (Omp3), 39.1 (Omp4), 39.2 (Omp5a), 39.5 (Omp5b), 41.1 (Omp6), 39.8 

(Omp7), 40.0 (Omp8), 39.5 (Omp9), and 36.6 (Omp10). See Figure 3 for sesquiterpene 

production in E. coli by each sesquiterpene synthase. 
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Figure S4 Expression of Omp6, Omp7 and putative modifying enzymes in O. olearius 

liquid cultures. qRT-PCR analysis of the putative Omp6 biosynthetic cluster showed that 

these adjacent genes displayed analogous expression profiles, suggesting that Omp6, 6-j, 

6-k and 6-l are transcriptionally co-regulated. Comparable expression patterns of Omp7 

and 7-b also suggest that these two genes belong to a functional biosynthetic cluster. 

Levels of ∆-6 protoilludene in culture headspace increased steadily over time, likely due 

to gradual accumulation of ∆-6 protoilludene synthase enzymes. Transcript and ∆-6 

protoilludene levels were normalized in order to have each respective maximum align 

with a value of one. Error bars represent the standard deviation of 3 replicates. See Table 

S3 for gene information and Figure 6 for illudin cluster organization. 
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Figure S5 Identification and characterization of a new STS, Fompi1, from Fomitopsis 

pinicola strain CS-1. (a) Biosynthetic cluster prediction for the genomic region 

surrounding Fompi1. The cluster consists of a STS and two putative P450 enzymes. (b) 

GC-MS analysis of E. coli cultures expressing Fompi1. The major product, α-cuprenene 

15, is labeled and the structure can be found in Figure S1. The second largest peak, with 

a retention time of roughly 26 min, is the endogenous production of indole in E. coli, as 

described previously. α-cuprenene was identified by comparison with α-cuprenene 

produced by Cop6 from C. cinereus [3]. See the phylogram in Figure 7 for information 

on gene homology. 
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Chapter 3. Progress towards the characterization of enzymes from the 

illudin biosynthetic cluster from Omphalotus olearius 

 

 This work is a continuation of the work from the previous chapter, aimed at the 

elucidation illudin biosynthesis. The biosynthetic clusters from the basidiomycete O. 

olearius identified previously were targeted for the amplification of other biosynthetic 

genes for characterization. Upon successful amplification and cloning of target genes, it 

was decided to focus on the characterization of the P450 monooxygenases present in the 

clusters, as they are likely involved in the initial activation of the ∆6-protoilludene 

scaffold produced by the terpene synthases Omp6 and Omp7. In this work the P450s 6i, 

6j, 6h and 7b are tested initially for their activity in E. coli. Upon determination that only 

P450 6i was active under constitutive expression, all four genes and truncation mutants 

were cloned into inducible vectors, and reexamined for their ability to modify ∆6-

protoilludene. The work was repeated in S. cerevisiae and P. pastoris with P450 6i, and 

activity was present in all hosts. Interestingly, 6i appears to be responsible for multiple 

oxygenations of ∆6-protoilludene, possibly leading to the bioactive compounds with the 

contracted cyclopropyl ring discussed previously. 
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1. Introduction 

 Omphalotus olearius was identified 50 years ago as a prolific producer of illudin 

sesquiterpenoids [141, 127]. Preclinical studies and clinical trials have suggested that 

semi-synthetic derivatives of illudin compounds are effective at selectively killing tumor 

cells, including metastatic prostate cancer [217, 129]. In previous work the first enzyme 

of the biosynthetic pathway leading to the pharmaceutically relevant illudins was 

identified as the ∆6-protoilludene synthases Omp6 and Omp7 [213]. Additionally, two 

biosynthetic clusters were delineated and the predicted coding sequences for the genes 

were obtained. Synthesis of the illudin compounds and many other compounds from 

basidiomycota are proposed to proceed through the trans-humulyl cation intermediate 

(the intermediate leading to ∆6-protoilludene), which then leads to a product that may be 

modified by other downstream enzymes to yield a final biologically active compound 

[34]. 

 Modifications of the ∆6-protoilludene skeleton generate a wide range of 

compounds that have been isolated from mushrooms. Many of these compounds are 

biologically active, and span a wide range, including platelet aggregation inhibiting, 

cytotoxic and antimicrobial radulons from Radulomyces confluence [2]. While those 

other biologically active compounds are interesting, the focus of this research is the class 

of compounds that require the contraction of the cyclobutyl ring of ∆6-protoilludene to a 
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strained cyclopropyl ring. This conversion is paramount to the inherent cytotoxicity of 

these compounds. 

 While the mechanism of cyclobutyl ring contraction is unknown, there is evidence 

for the process involving the oxidation of the ∆6-protoilludene scaffold and then 

subsequence protonation and recyclization of the cyclobutyl ring of ∆6-protoilludene. 

The involvement of P450 monooxygenases in ring contraction mechanisms is well 

documented in the biosynthesis of gibberellins and can be insinuated from the 

examination of illudoic acid, illudalic acid and illudaneol produced by O. olearius [31, 

132, 2, 130]. Despite evidence of an oxygenation-mediated ring contraction, the 

mechanism for the contraction of the cyclobutyl ring of ∆6-protoilludene is unknown. 

 The aim of this study is to characterize the biosynthetic genes of the Omp6 and 

Omp7 clusters and determine whether they are capable of acting upon the ∆6-

protoilludene substrate. Specifically, as the second step of the pathway is assumed to be 

mediated by oxygenation of ∆6-protoilludene, the function of the four P450s spanning 

the two cluster is examined. Hypothetically, the installation of an oxygen across the 

double bond of ∆6-protoilludene may facilitate the activation of the otherwise inert 

terpene scaffold, possibly allowing for the conversion of the cyclobutyl ring to a 

cyclopropyl ring. 
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2. Materials and Methods 

2.1 Gas chromatography-mass spectrometry (GC-MS) analysis 

GC-MS analysis was conducted on an HP GC 7890A coupled to an anion-trap 

mass spectrometer HP MSD triple axis detector (Agilent Technologies, Santa Clara, CA). 

Separation of compounds was performed using a HP-5MS capillary column (30 m by 

0.25 mm by 1.0 µm) with an injection port temperature of 250 
o
C and helium for the 

carrier gas. Mass spectra were recorded in electron impact ionization mode. Volatile 

compounds adsorbed on the fiber (for headspace sampling a 100 µm PDMS SPME fiber 

(Supelco, Bellefonte, PA) was used, for liquid sampling a 65 µm PDMS/DVB SPME 

fiber (Supelco, Bellefonte, PA) was used) were allowed to desorb for 10 min in the 

injection port. The oven temperature started at 60 
o
C and was ramped up 4 

o
C min

-1
 to a 

final oven temperature of 250 
o
C. Mass spectra were scanned in the range of 5 to 300 

atomic mass units at 1 s intervals. 

2.2 Structural identification of sesquiterpene compounds 

Compounds produced were identified by first calibrating the GC-MS with a C8-

C20 alkane mix. Retention indices and mass spectra of compound peaks were compared to 

the published reference spectra in MassFinder’s (software version 4) terpene library [90] 

and in the National Institute of Standards and Technology (NIST) standard reference 

database 08 (http://www.nist.gov/srd/nist1a.cfm). 
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2.3 Strains, plasmids and growth conditions 

All cloning was carried out in E. coli strain TOP10 or DH5α and all expression 

and characterization was carried out in E. coli BL21 (DE3) or C43 (DE3). Work in 

Saccharomyces cerevisiae was carried out in the Wat11 strain containing the Arabidopsis 

P450 reductase [203]. For work carried out in Pichia pastoris the X33 strain was used. 

For E. coli experiments the plasmid pUCBB-Omp7 [213] was used to create 

pAC-Omp7 which uses a backbone described previously [208]. All four P450s from O. 

olearius (6i, 6j, 6h, and 7b) were cloned into either pUCBB, pET21b or pET32b 

(Invitrogen) for expression and purification or characterization in vivo with Omp7. For S. 

cerevisiae experiments the protoilludene synthase Stehi7 [162] was cloned into the 

pESC-TRP vector (Agilent) while each of the P450s described above were cloned into 

pESC-URA (Agilent). For chromosomal integration in P. pastoris all genes were cloned 

into the pGAPZB vector (Invitrogen). 

E. coli cultures were grown at 30 °C and 250 rpm in Luria-Bertani (LB) medium 

supplemented with appropriate antibiotics. Expression of genes controlled by the T7-

promotor (pET21b and pET32b constructs) was induced by adding 1 mM IPTG to E. coli 

cultures grown to an O.D. of 0.6. S. cerevisiae cultures were grown at 30 °C and 250 rpm 

in Synthetic Defined (SD) medium lacking the amino acid tryptophan and uracil. 

Expression of genes controlled by the GAL10 promoter was induced by washing the full 

grown cells with cold water and resuspending the cells in SG medium, which replaces the 
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dextrose in SD medium with galactose. The cells were allowed to grown for four 

additional hours after galactose induction. P. pastoris was grown at 30 °C and 250 rpm in 

Yeast Extract Peptone Dextrose (YPD) medium supplemented with Zeocin. Genes on the 

pGAPZB vector are constitutively expressed and require no induction. For co-culturing 

of P. pastoris X33-Omp7 and P. pastoris X33-6i, both cultures were grown separately to 

saturation overnight, combined into one flask, supplemented with 2% glucose, and 

allowed to incubate at 30 °C and 250 rpm for five days. 

2.4 Illudin biosynthetic cluster prediction 

For the identification putative sesquiterpene biosynthetic gene clusters, each of 

the scaffolds containing the protoilludene synthases from O. olearius were analyzed for 

the presence of nearby enzymes implicated in secondary metabolite biosynthesis. Gene 

predictions were repeated using Augustus [185] and nearby genes were assigned a 

putative function based on the presence of conserved domains (CDD). Gene specific 

primers were designed for the predicted 5’ and 3’ ends of the genes with nested primers 

~30 bp within the outer primers. 

2.5 Cloning of illudin biosynthetic cluster genes 

O. olearius mRNA was extracted using the TRIzol® reagent (Invitrogen, 

Carlsbad, CA) following the manufacturers protocol. The extracted mRNA was used with 

the Superscript® III First-Strand Synthesis SuperMix kit (Invitrogen, Carlsbad, CA) to 
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synthesize cDNA for subsequent amplification of the biosynthetic genes. 

A first round of PCR with Taq Phusion polymerase (New England Biolabs, 

Ipswich, MA) was carried out with primers designed as described above. PCR products 

were TA ligated into the pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA) and 

transformed into E. coli TOP10. Cloned sequences were verified by DNA sequencing. 

Mutations introduced by PCR were repaired by site-directed mutagenesis using the 

QuikChange protocol (Stratagene, La Jolla, CA) and missing 5’ or 3’ sequences were 

added by overlap extension PCR. The final gene products were each cloned into our in-

house vectors pUCBB or pBBR [208]. 

2.6 Analysis of sesquiterpenes produced by recombinant cultures 

Single colonies of E. coli, S. cerevisiae, or P. pastoris transformants/integrants 

were used to inoculate 4 mL seed cultures of LB/SD/YPD supplemented with antibiotics 

if necessary. All cultures were grown in 50 ml of appropriate media and induced as 

described above. The culture headspace was sampled for 15 min by solid phase 

microextraction (SPME). The fiber was inserted through a tin foil seal into the gas phase 

of the flask and, after adsorption, inserted into the injection port of the GC-MS for 

thermal desorption. For analysis of the aqueous phase of the culture, the cells were spun 

down at 4,000 rpm for 15 minutes and the supernatant was transferred to a separate flask.  

The fiber was inserted directed into the liquid and allowed to sample for 15 minutes with 

stirring. Cultures were also extracted with 2:1 ethyl acetate:media and the extracts were 
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injected directly. 

2.7 Overexpression and SDS-PAGE analysis of P450 6i 

Overnight cultures of E. coli C43 (DE3) cells harboring 6i-pET32b, trunc6i-

pET32b, 6i-pET28a and trunc6i-pET28a were used to inoculate 0.05 L of LB media 

supplemented with appropriate antibiotics. The cultures were incubated at 30 °C with 

shaking at 300 rpm until an OD600 of 0.6 was reached. Protein overexpression was 

induced by addition of 1 mM IPTG and incubation at 30 
o
C for an additional 12 hours. 

Cells were harvested by centrifugation at 3000 x g for 30 min at 4 
o
C and the resulting 

pellet was resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM PMSF, 5 mM 

imidazole). The cells were lysed by sonication and the slurry was clarified by 

centrifugation at 10,000 x g for 30 min. Total lysate and cleared lysate were loaded onto a 

15% polyacrylamide gel. 

 

3. Results 

3.1 Cloning of illudin biosynthetic genes and construction of P450 truncation 

mutants 

 Previous work studying the genome sequence of the basidiomycete O. olearius 

identified two biosynthetic clusters as the likely candidates for the biosynthesis of 

cytotoxic illudin compounds [213] (see Chapter 2, Figure 6). While three genes from 
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one cluster (containing Omp6) and one gene from the other cluster (containing Omp7) 

were possible to amplify by PCR, the remaining putative biosynthetic genes still needed 

to be amplified and their predicted splicing confirmed. That work is currently underway. 

As discussed previously, the activation of the terpene scaffold ∆6-protoilludene is likely 

activated by the installation of molecular oxygen mediated by a P450 monooxygenase. 

Two P450s, 6j and 7b, were amplified and splicing was confirmed, but two P450s 

remained in the immediate vicinity of the two ∆6-protoilludene synthases. In addition to 

the core set of P450s (6i, 6j, 6h, 7b) the closest putative biosynthetic genes to Omp6 and 

Omp7 were also targeted for amplification (6f, 6k, 6l, 6m, 7a). Additionally, as it has 

been shown previously that the endogenous NADPH-ferredoxin reductase present in 

hosts is not always sufficient to act as a redox partner for heterologously expressed P450s 

[197], the putative P450 reductase from O. olearius (OOR1) was also targeted for 

amplification. All genes were amplified successfully and splicing was confirmed for all 

target genes except the P450 6a, which lies on the very edge of the predicted cluster. No 

amplification products generated splice variants that would produce genes of reasonable 

length. 

3.2 Co-expression of Omp7 and P450 6i in E. coli 

 After all biosynthetic genes were amplified it was decided to focus on the 

functional characterization of the four P450 monooxygenases, due to their likely role in 

modifying ∆6-protoilludene. As discussed previously, the likelihood of the P450 
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possessing a high level of catalytic activity in E. coli without its appropriate redox 

partners is low. Despite that challenge all P450s were co-expressed with Omp7 in E. coli 

BL21 to see if any activity was observable. The four P450s (6i, 6j, 6h, 7b) were 

constitutively expressed using the high copy plasmid pUCBB while Omp7 was 

constitutively expressed from the medium copy plasmid pAC [208]. As it is unknown 

whether the ∆6-protoilludene derivatives will be volatile or soluble in the aqueous phase 

of the culture both the headspace and the media were sampled by solid phase 

microextraction (SPME). 
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No observable products were seen when P450s 6j, 6h or 7b were expressed, but a small 

peak indicating compound elution at ~13.1 minutes was observed in the culture 

containing P450 6i (Figure 1A). When compared to the fragmentation pattern of the 

precursor compound ∆6-protoilludene (Figure 1B), the small peak’s fragmentation 

pattern (Figure 1C) shares many of the same fragmentation ions. Notably, the 

characteristic ion at 175 m/z is present in both fragmentation patterns, and it appears that 

the newly synthesized compound contains two new distinct ions at 221 m/z and 236 m/z 

possibly indicating 1-2 oxygenations of the ∆6-protoilludene scaffold. It should also be 

 
Figure 1 GC-MS analysis of E. coli cultures containing Omp7 and the P450 6i. A) Culture headspace 

(blue) and culture supernatant (red) were partitioned by gas chromatography. The major product 1 is 

the substrate ∆6-protoilludene. The peak eluting at ~13.1 minutes is the modified compound 2. B) MS 

fragmentation pattern for ∆6-protoilludene. C) MS fragmentation pattern for the unidentified 

compound 2. 
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noted that the fragmentation pattern of compound 2 is likely a combination of two 

compounds, as multiple major ions appear in very close proximity to each other (i.e. the 

presence of the 175 m/z ion, with the 176 m/z directly adjacent to it at nearly the same 

intensity). While unlikely, it appears that the P450 6i is indeed active in E. coli without 

the expression of its redox partners. While promising and somewhat repeatable, this 

results was inconsistent across multiple samples, suggesting poor expression and/or low 

activity of the P450. 

3.3 Overexpression P450s 6i, 6j, 6h, and 7b in E. coli 

 In order to repeat the initial result observed with 6i in E. coli a number of 

modifications were made to the expression strain, the constructs used for expression, and 

the genes themselves. First, the P450s were cloned into inducible pET vector systems for 

more tightly regulated transcription. Second, the BL21 derivative C43 (DE3) was used, 

as it has been shown to bypass the toxicity of some membrane associated proteins [138]. 

Lastly, truncated variants of the P450s, with all amino acids before and including the 

proline-rich region in the n-terminus were constructed. 
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 There is some evidence that removal of the n-terminal region helps to facilitate proper 

protein expression and folding in E. coli for some enzymes [88]. While all genes were 

cloned into pET constructs for characterization, this section will only report results for 

the data pertaining to the P450 6i, due to time constraints preventing completion of lab 

work examining the other genes. Once constructed, all pET-6i constructs were tested for 

solubility in E. coli BL21 (DE3). Analysis by SDS-PAGE shows high expression in the 

pET32 containing strains (sample lanes 3 & 4, Figure 2) and minimal expression in the 

pET28 containing strains (sample lanes 1 & 2, Figure 2). Unfortunately, there is no 

visible protein that is soluble under the conditions used for sample preparation (sample 

lanes 5-8, Figure 2). 

 
Figure 2 SDS-PAGE analysis of P450 expression in E. coli BL21 (DE3). While high levels of 

expression are observed with the pET32b constructs (~60 kD protein, lanes 3 & 4), very little, if any, 

soluble protein can be observed for any samples. 
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 Despite the challenge of soluble P450 expression in E. coli, it remained a 

possibility that low levels of enzyme could still carry out catalysis, or that the in vivo 

conditions were not reflected by the SDS-PAGE results.  

In order to test function in vivo, the constructs analyzed above were cloned into E. coli 

C43 (DE3) and activity was measured by GC-MS as previously described (Figure 3). 

Surprisingly, both pET constructs containing a truncated form of P450 6i showed 

observable activity in vivo. As before, the two cultures containing the truncated pET 

constructs both eluted a product 2 at ~13.5 minutes with a fragmentation pattern similar 

to ∆6-protoilludene 1 (Figure 3A). When comparing the MS fragmentation pattern of 

 
Figure 3 GC-MS analysis of E. coli cultures containing Omp7 and the P450 6i under inducible control. 

A) Culture headspace were partitioned by gas chromatography. The major product 1 is the substrate ∆6-

protoilludene. The peak eluting at ~13.5 minutes is the modified compound 2. B) MS fragmentation 

pattern for ∆6-protoilludene. C) MS fragmentation pattern for the unidentified compound 2. 
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∆6-protoilludene 1 (Figure 3B) to that of the new peak 2 (Figure 3C) there are many 

similar ions of comparable intensity. Again, the product appears to be a modified 

sesquiterpene with two oxygenations, represented by 221 m/z and 236 m/z. As was the 

case in the previous section (Figure 1C), the eluted compound appears to be a mixture of 

two modified sesquiterpenes with slightly different structures.  

3.4 Co-expression of Stehi7 and P450s 6i, 6j, 6h in S. cerevisiae 

 In order to determine whether the low levels of production of modified ∆6-

 
Figure 4 GC-MS analysis of S. cerevisiae cultures containing Stehi7 and the P450 6i. A) Culture 

headspace (blue and gray) and culture supernatant (orange and red) were partitioned by gas 

chromatography. The major product 1 is the substrate ∆6-protoilludene. The peaks eluting at ~13.5 and 

~13.75 minutes are the modified compounds 2 and 3. B) MS fragmentation pattern for ∆6-

protoilludene. C) MS fragmentation pattern for the unidentified compound 2. D) MS fragmentation 

pattern for the unidentified compound 3. 
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protoilludene were due to the inherent inadequacies of the E. coli chassis, the 

characterization of the P450s was extended to S. cerevisiae. In addition to being a 

eukaryotic host there is also previous evidence from our laboratory that it is suitable for 

the expression and characterization of P450s involved in the modification of 

sesquiterpenes [3]. Yeast may also have an advantage over prokaryotic systems due to the 

presence of endogenous P450 reductase activity that may provide appropriate redox 

partners for the heterologously expressed P450s. 

 In order to test P450 function in yeast, a construct containing another ∆6-

protoilludene synthase from Stereum hirsutum was used to generate the substrate. This 

plasmid was already created for the continuation of work from another publication [162] 

and was readily accessible. Three of the four P450s from O. olearius (6i, 6j, 6h) were 

cloned into pESC vectors for transcription from a GAL10 galactose inducible promoter. 

 Headspace and aqueous phase of the cultures were tested for the presence of 

metabolites, and again 6i was the only P450 shown to be active (Figure 4). Interestingly, 

only modified product was observed in the aqueous phase of the cultures as opposed to 

gaseous phase of the E. coli cultures (Figure 4A). These two compounds appear to be 

different than the previous two compounds shown, and appear to only have one 

oxygenation (Figure 4C and 4D) and still appear to be derivatives of the substrate ∆6-

protoilludene (Figure 4B). As solubility would be expected to increase as the number of 

oxygenations increases, the ions for additional masses representing the most oxygenated 
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form of compounds may not be visible due to relatively low abundance in the MS 

detector. 

3.5 Co-expression and co-culturing of Omp7 and P450 6i in P. pastoris 

 In addition to expression and characterization in S. cerevisiae, another yeast 

Pichia pastoris was also examined for its potential for producing modified terpene 

compounds. Previous work has shown P. pastoris as a suitable host for the expression of 

P450s and the modification of terpenoid compounds [102]. Additionally, the cell density 

achieved by P. pastoris is comparable to the native fungus O. olearius when grown in 

liquid culture. The phenotypic similarities suggest the potential for similar retention of 

the hydrophobic substrate, thereby allowing for more efficient conversion by any 

downstream modification enzymes. The first attempt to characterize 6i in P. pastoris 

involved stacking the gene with the ∆6-protoilludene synthase Omp7 using the pGAPZ 

vector system. This resulted in constructs containing both genes run under the 

transcriptional control of the GAP promoter. This dual-gene construct was integrated into 

the P. pastoris genome and the activity in vivo was observed as before. While some 

product could be observed (data not shown), the activity was inconsistent and could be 

ablated upon sub-culturing of the P. pastoris X33-Omp7-6i strain. Upon screening the 

cultures by PCR for the present of both genes, I suspect that P. pastoris was undergoing 

homologous recombination to remove the P450 after integration into the genome. This 

removal is possible because of the inadvertent stacking of the same terminator on either 
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side of the P450 gene in the construct (the Omp7 terminator was flanking the P450 6i 

gene in the final construct). The subsequent strains were able to produce high levels of 

the substrate, ∆6-protoilludene, but would lose their ability to modify the substrate 

shortly after culturing. 

 Due to time and material limitations, it was not possible to rebuild the dual-gene 

constructs. In order to determine P450 function via another method, a co-culture 

experiment was designed. Similar to biotransformations carried out by co-culturing E. 

coli and S. cerevisiae [137] in which you split the metabolism required for the production 

of a desired compound between two organisms, this experiment aimed to split the 

metabolism between two different strains of the same organism. Single gene integrations 

were performed separately for both Omp7 and 6i. After separate growth to saturation the 

cultures were combined and supplemented with a fresh carbon source and allowed to co-

culture for an extended period of time. Upon examination of the culture headspace and 

aqueous phase, both the substrate ∆6-protoilludene and four modified compounds could 

be observed (Figure 5A). 

 For the first time modified compounds could be observed in both the culture 

headspace and the culture supernatant. Compounds 2 and 3 partition into the headspace, 

and while compound 3 appears to be the same as one of the compounds observed in the 

E. coli culture headspace, compound 2 only contains one oxygenation and a fragment that 

generates a 173 m/z peak (Figure 5C) , which has been shown to be produced by the 

compound illudin S [91]. Compound 3 (Figure 5D) again appears to be a combination of 
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two products as shown when P450 6i was overexpressed with Omp7 in E. coli (Figure 

3C). Interestingly, no compound similar to compound 4 was observed in previous 

experiments. Compound 5 (Figure 5F) appears to be the same compound produced in S. 

cerevisiae (Figure 4D). As stated before, compounds 4 and 5 likely possess additional 

oxygenations not observed by MS fragmentation, which allows for their solubility. All 

compounds possess a similar fragmentation pattern to the substrate ∆6-protoilludene 

(Figure 5B). 
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Figure 5 GC-MS analysis of P. pastoris co-culture. A) Culture headspace (blue and orange) and 

culture supernatant (gray) were partitioned by gas chromatography. The major product 1 is the 

substrate ∆6-protoilludene. The peaks eluting at ~13.2 and ~13.3 minutes are the modified compounds 

2 and 3 present in the headspace. The peaks eluting at ~13.5 and ~13.8 minutes are the modified 

compounds 4 and 5 present in the media. B) MS fragmentation pattern for ∆6-protoilludene. C) MS 

fragmentation pattern for the unidentified compound 2. D) MS fragmentation pattern for the 

unidentified compound 3. E) MS fragmentation pattern for the unidentified compound 4. F) MS 

fragmentation pattern for the unidentified compound 5. 
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4. Discussion 

 In the previous chapter, the identification of the first enzyme in the biosynthetic 

pathway was described. The discovery of the two ∆6-protoilludene synthases was the 

starting point for identification of the biosynthetic clusters responsible for cytotoxic 

illudin biosynthesis. Also described was the annotation of the biosynthetic clusters 

surrounding Omp6 and Omp7 and preliminary attempts at cloning the other biosynthetic 

genes. The work in this chapter has outlined the amplification and cloning of seven new 

genes from the Omp6 cluster, and two new genes from the Omp7 cluster. Four of these 

genes are putative P450 monooxygenases and one or more are likely involved in the 

second biosynthetic step in the pathway. It should be noted that no attempt was made to 

amplify the putative drug transporter 6p, though it may be necessary for future pathway 

engineering to avoid toxicity issues associated with generating cytotoxic products in a 

heterologous host. Yeasts have many ABC-efflux transporters, but relatively few major 

facilitator proteins (MFS) involved in the efflux of toxic compounds [49]. 

 The P450s identified in this cluster are believed to be involved in the oxygenation 

of the ∆6-protoilludene scaffold. This, as discussed previously, may be the initiation 

event for subsequent protonation and rearrangement of the cyclobutyl ring to the highly 

reactive cyclopropyl ring. The role of P450s in oxidative ring contraction is well 

documented in the biosynthesis of gibberellins, and the isolation of illudoic acid, illudalic 

acid and illudaneol from the native fungus O. olearius suggest such a mechanism [31, 



   Chapter 3 

 102 

132, 2, 130]. To test this hypothesis, the characterization of the P450s from the O. 

olearius clusters is necessary. 

 The first attempt at characterization involved using the prokaryotic heterologous 

host E. coli. While not an ideal host for P450 expression, for reason discussed above, 

there was still measurable P450 function from the P450 6i. Only the cultures harboring 

Omp7 and 6i produced a product (Figure 1A), indicating that either 6i is the second 

required enzyme in the pathway, expression of the other P450s was poor, or activity of 

the other P450s was too low to measure. Regardless of whether the other P450s can also 

act upon the ∆6-protoilludene scaffold, the verification that 6i is indeed active was 

encouraging enough to expand the experiments beyond this initial in vivo sampling. 

Notably, only one product was observed in this experiment when isolated compounds 

from Omphalotus indicate many oxygenations [213]. While compound structure must be 

confirmed by NMR, the similarities in fragmentation patterns and the lack of any 

compound in the controls strongly suggest this is a modified ∆6-protoilludene derivative 

(Figure 1C). 

 The ability to overexpress the P450 6i in E. coli was also explored. Our laboratory 

has yet to develop a reliable in vitro assay for fungal P450 activity with a sesquiterpene 

substrate. The ability to overexpress soluble P450s would allow for the development of 

such an in vitro assay protocol in the future. Unfortunately, the conditions used for 

overexpression and sonication appear to not be amenable to these enzymes. While a large 

amount of protein was visible using the constructs with a solubilizing thioredoxin tag 
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(pET32b), no protein was visible in the construct without the n-terminal tag (pET28a) 

(Figure 2). This may be a result of non-optimal expression/sonication conditions which 

the solubilizing thioredoxin tag allows the pET32b constructs to overcome. Further 

modification of temperature, induction level, and buffer choice for sonication may lead to 

greater yields of soluble protein in the future. Despite the apparent lack of soluble protein 

by SDS-PAGE analysis, the pET constructs harboring truncated versions of 6i (pET32b-

trunc6i, pET28a-trunc6i) both possessed activity in vivo when co-expressed with Omp7 

(Figure 3A). Expectedly, the compound (or compounds if the fragmentation pattern does 

indeed indicate a mixture) is the same as the initial in vivo characterization with 6i and 

Omp7 (Figure 1C). 

 Interestingly, when the P450 6i and another ∆6-protoilludene synthase Stehi7 are 

co-expressed in the yeast S. cerevisiae no volatile modified compounds are observed as 

they were in E. coli. Instead two new soluble compounds are present in the culture media 

(Figure 4A). It should be noted that the control samples possessed a high level of 

background in the same region that the two compounds from the 6i-Stehi7 culture eluted 

(Figure 4A). I suspect this is a result of too short of a GC-MS cycle, allowing for 

accumulation of compounds that would normally elute when allowed more time late in 

the run. While there was a large amount of background in all control samples, the 

fragmentation patterns were distinctly different and never resembled the fragmentation 

pattern observed for ∆6-protoilludene derived compounds. 
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 The most interesting result involving the characterization of 6i came when P. 

pastoris X33-Omp7 was co-cultured with P. pastoris X33-6i. As stated earlier, the 

growth phenotype of O. olearius in liquid culture is most closely resembled by P. 

pastoris. For reasons yet to be determined, when the two strains were cultured together, 

there were four modified compounds present with half in the headspace an half in the 

media (Figure 5A). This not only indicates variable function of 6i between different 

hosts, but also suggests that 6i is responsible for multiple oxygenations of the ∆6-

protoilludene scaffold. Moreover, the fact that two of the four compounds partition to the 

aqueous phase of the culture suggests more highly oxygenated compounds despite that 

not being reflected in their respective fragmentation patterns (Figure 5E and 5F). 

 If the role of the P450 6i is to oxygenate the ∆6-protoilludene scaffold at multiple 

locations is begs the question of what role the other P450s in the biosynthetic clusters 

serve. Previous work to characterize the P450s from the fungus C. cinereus showed 

relatively high levels of product after conversion of the substrate α-cuprenene [3]. This 

pathway leads to the antimicrobial compound lagopodin A [24, 29, 183, 182]. The 

pathway to lagopodin A leads to relatively few compounds when compared to the illudins 

generated by O. olearius [213]. It stands to reason that the evolution of illudin 

biosynthesis requires that the final cytotoxic compounds be varied enough to prevent the 

development of resistance by the organisms they are meant to kill. If this is the case, a 

suite of P450s with low binding affinity (Km) for the substrate may allow for more varied 
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modification. The P450 6i may be required for the first oxygenation, at which point the 

other P450s can bind and modify the partially oxygenated ∆6-protoilludene scaffold. 
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Chapter 4. Enzyme Selectivity of Fungal Sesquiterpene Synthases: The 

Role of the Active Site H-1αααα Loop in Catalysis 

 

Sesquiterpene synthases are responsible for the cyclization of farnesyl 

pyrophosphate into a myriad of structurally diverse compounds with various biological 

activities.  The present work examines the role of the conserved active site H-α1 loop in 

catalysis in three previously characterized fungal sesquiterpene synthases.  The H-α1 

loops of Cop3, Cop4 and Cop6 from Coprinus cinereus were altered by site-directed 

mutagenesis and the resultant product profiles were analyzed by GC-MS.  Additionally, 

this study examines the effect of swapping the H-α1 loop from the promiscuous enzyme 

Cop4 with the more selective Cop6, and the effect of acidic or basic conditions on loop 

mutations in Cop4.  Directed mutations of the H-α1 loop had a marked effect on the 

product profile of Cop3 and Cop4, while little to no change was shown in Cop6. The loop 

mutations in Cop4 also implicate specific residues responsible for the pH sensitivity of 

the enzyme.  These results affirm the role of the H-α1 loop in catalysis and provide a 

potential target to increase the product diversity of terpene synthases. 

*This chapter has been published in Applied and Environmental Microbiology. It has 

been modified for the thesis. This work was conceptualized by Fernando Lopez-Gallego. 

I am a co-author on the manuscript and carried out mutagenesis and characterization for 

some of the mutants described. The supplementary material was copied directly for 

inclusion here. 
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1. Introduction 

Sesquiterpene synthases catalyze the cyclization of farnesyl pyrophosphate (FPP) 

to structurally diverse C15-hydrocarbons. These enzymes belong to the large group of 

terpene synthases that convert isoprene pyrophosphate substrates into hundreds of 

described terpenoid compounds by employing some of the most complex carbon-carbon 

forming reactions known [47]. Many terpenoids are biologically active and are produced 

by plants, bacteria and fungi such as, for example, antibiotics, toxins and pheromones 

[52, 28].  

Catalysis in this class of enzymes is dependent on the presence of three Mg
2+ 

ions 

coordinated by two conserved motifs, an aspartate rich DDXXD/E and a NSE/DTE 

motif, flanking the entrance of the active site. This Mg
2+

 cluster binds the pyrophosphate 

(PPi) group of FPP and positions the isoprenyl chain in the hydrophobic substrate binding 

pocket of the enzyme [54]. Substrate binding triggers a conformational change that 

results in the closure of the active site and concurrent PPi cleavage to generate an initial 

transoid, allylic carbocation [35, 46, 205]. This carbocation is then transferred along the 

isoprenyl chain and eventually quenched either by a water molecule or through proton 

abstraction. The binding pocket determines folding of the isoprenyl chain and chaperones 

the reactive carbocation intermediates until the final quenching step [113]; thereby 

defining the product profile of a particular sesquiterpene synthase. 
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Crystal structures have been solved for several microbial and plant sesquiterpene 

synthases [46, 179, 73, 1]. All enzymes share the same α-helical fold characteristic for 

ionization-dependent terpene synthases. Plant enzymes possess an additional, 

catalytically inactive N-terminal domain that has the β-barrel fold of protonation-

dependent terpene synthases [46]. Structural information has guided several mutagenesis 

studies aimed at understanding and/or manipulating the cyclization mechanism of 

sesquiterpene synthases. Residues in the two metal-binding motifs and the active site of 

these enzymes have been targeted by site-directed mutagenesis [118, 172, 177, 66, 204, 

206, 78, 222, 223, 151, 205]. In most cases, substitution of residues that are in direct 

contact with the bound substrate had the largest effect on FPP cyclization products, while 

modification of the metal-binding residues only moderately affected product profiles 

[104, 222, 223, 103]. Significantly altered product profiles of several plant sesquiterpene 

synthases were obtained using structure-guided combinatorial mutagenesis of multiple 

residues located in and surrounding the binding pocket [78, 222, 223, 151]. 

Until very recently, aristolochene synthase from Aspergillus terreus (AtACS) and 

trichodiene synthase from Fusarium sporotrichioides (FsTHS) were the only two fungal 

enzymes for which crystal structures were available in both the open (ligand-free) and 

closed (FPP-complexed) conformations [171, 172, 179, 180]. Structural studies of AtACS 

showed that the formation of a Mg
2+

3-PPi complex triggers a large conformational change 

with a rmsd of 1.9 Ǻ between ligand-free and ligand-bound enzyme [179, 180]. A similar 
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change (rmsd 1.4 Ǻ) is seen with FsTHS [172], while the conformational change in plant 

terpene synthases is much smaller [216]. Several helices and loops participate in the 

transition from open to closed conformation. Of particular importance is the role of the 

H-α1 loop in capping the active site to protect reactive carbocations from possible 

premature solvent quenching. This loop is disordered in the unliganded enzymes but 

moves inward and adopts a well-defined conformation that shields the active site upon 

formation of a Mg
2+

3-PPi complex [172, 180]. Very recently, the first bacterial 

sesquiterpene synthase, epo-isozizoene synthase (EIZ) from Streptomyces coelicolor A3 

(2), was crystallized in the open (mutant D99N) and closed conformation [1]. As with the 

fungal terpene synthases, the H-α1 loop of EIZ moves to shield the active site upon 

formation of the Mg
2+

3-PPi complex. However, despite the structural importance of the 

H-α1 loop in this group of enzymes, very little is known about its influence on the 

cyclization mechanism of terpene synthases. In one recent study, homology modeling and 

site-directed mutagenesis of α-farnesene synthase from apple (Malus x domestica) 

identified residues in the H-α1 loop as important for monovalent metal binding [76].  

In previous work we have characterized several new fungal sesquiterpene 

synthases (Cop1-4 & 6; Cop5 was not functional) cloned from Coprinus cinereus [3]. 

The four closely related enzymes (Cop1-4) each synthesized multiple cyclization 

products, while trichodiene synthase homolog Cop6 was highly specific. In a subsequent 

study we characterized the cyclization pathways of Cop4 and Cop6 [119]. Cop4 
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rearranges a secondary cisoid, allylic cation derived from FPP after isomerization (cis-

trans pathway of catalysis) into multiple products, with δ−cadinene and β-copaene as the 

major products when expressed in E. coli and germacrene D and cubebol as the major 

products in vitro. The fidelity of Cop4 was drastically influenced by the pH of the in vitro 

reaction. Cop6 also generates a secondary allylic cation which it rearranges highly 

selective into α-cuprenene under all conditions tested. Comparison of homology models 

of Cop4 and Cop6 suggested that the H1-α loop may play a role in determining the 

product selectivity of Cop4.  

Here we investigate for the first time the influence of the H-α1 loop on the 

cyclization mechanism of sesquiterpene synthases. Structural models of Cop4 and Cop6 

in the open and closed conformation predicted interactions between H-α1 loop residues 

and other residues that line the active site entrance. Site-directed mutagenesis of the H-α1 

loop then identified residues in the permissive Cop4 that modulate and drastically 

increase product selectivity. Analogous mutations introduced into the α-muurolene 

synthase Cop3, which like Cop4 makes multiple products but mostly from a primary, 

transoid farnesyl cation, were found to have a similar effect on product selectivity. 

Mutations in the H-α1 loop of Cop6, however, did not change the product outcome of 

this high-fidelity enzyme. 
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2. Materials and Methods 

2.1 Chemicals 

(E,E)-FPP was purchased from Sigma-Aldrich (St. Louis, MO). DNA modifying 

enzymes were obtained from New England Biolabs (Ipswich, MA). Other chemicals 

were from suppliers as described or from Sigma-Aldrich.  

2.2 Strains, plasmids and growth conditions 

All cloning and investigations of sesquiterpene biosynthesis were carried out in E. 

coli strain JM109 or E. coli BL21. Plasmids pUC-Cop3, pET21-Cop4 and pHis8-Cop6 

(Cop6 and Cop4 contain a 8x His-tag and 6x His-tag, respectively, added to their N-

terminus for affinity purification) for overexpression of sesquiterpene synthases from 

Coprinus cinereus in E. coli have been described previously [3, 119] (Supplementary 

Table 1). E. coli cultures were grown at 30 °C and 250 rpm in Luria-Bertani (LB) 

medium supplemented with 100 µg ml
-1

 appropriate antibiotics (ampicillin for pUC-Cop3 

and pET21-Cop3, kanamycin for pHis8-Cop6). Expression of genes controlled by the T7-

promotor (pET21-Cop3, pHis8-Cop6) was induced by adding 1 mM IPTG to cultures 

grown to an O.D. of 0.6.  
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2.3 Creation of H-αααα1 loop mutations 

Single amino acid substitutions in the H-α1 loops of Cop3, 4 and 6 were created 

by site-directed mutagenesis following the Quickchange
TM

 protocol (Stratagene, La Jolla, 

CA) using plasmids pHis8-Cop6, pET21-Cop4 and pUC-Cop3 as templates.  

 H-α1 loop regions of Cop4 and Cop6 were swapped using overlap extension 

PCR. Briefly, for Cop4 and Cop6 gene flanking PCR primers were designed 

corresponding to the 5’ and 3’ ends of the Cop gene and including appropriate restriction 

sites for cloning. Internal primers were designed that bind to the 5’ and 3’ regions next to 

the loop region and contain complementary 5’ overhangs that encode the new loop region 

to be inserted. For each Cop gene, two PCR reactions with external and internal primer 

pairs yielded two overlapping PCR products that were joined in a second PCR reaction. 

The final PCR products encoding the grafted Cop4 and Cop6 loop mutants (Cop4L6 and 

Cop6L4) were digested and ligated back into the same expression plasmids that contained 

their parent genes to give pHis8-Cop6L4 and pET21-Cop4L6.  

2.4 In vivo analysis of sesquiterpene product profiles of H-αααα1 loop mutants 

 50 ml cultures of E. coli JM109 transformed with Cop3 wild-type or loop mutants 

on plasmid pUC were inoculated with 1 ml of overnight cultures and grown for 20 hrs at 

30 °C prior to sampling of culture headspace by solid-phase microextraction (SPME) 

using a 100 µm polydimethlysiloxane fiber (Supelco Bellefonte, PA). The fiber was 
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inserted through the tin foil sealing the top of the flasks into the flask headspace (gas 

phase). After 10 min of absorption, the fiber was inserted into the injection port of a GC-

MS for thermal desorption. For Cop4 and Cop6 wild-type and loop mutants, 50 ml 

cultures of E. coli BL21 transformants were grown at 30 °C until cultures reached an 

O.D. of 0.6 before induction of gene expression with 1 mM IPTG. Induced cultures of 

Cop6 wild-type and mutant transformants were grown for 14 hrs at 20 °C, while Cop4 

cultures were grown for the same time at 30 °C before analysis of sesquiterpenes in the 

culture headspace by SPME and GC-MS. 

2.5 Protein purification and enzyme kinetics 

For kinetic measurements, Cop4 and Cop6 wild-type and loop mutants were 

overexpressed as described above and the histidine-tagged recombinant proteins were 

purified by affinity chromatography as described previously [3, 119]. Protein 

concentrations were determined using Bradford reagent (BioRad, Hercules, CA). 

Steady-state kinetics of sesquiterpene synthases were determined by varying the 

concentration (1-100 µM) of (E,E)-FPP and measuring the release of pyrophosphate (PPi) 

in a fluorometric assay. The PiPer
TM

 Pyrophosphate Assay Kit supplied by Invitrogen 

(Carlsbad, CA) was used to detect PPi in a coupled enzyme assay generating resorufin. 

The fluorescence of resorufin was measured using an excitation wavelength of 540 nm 

and an emission wavelength of 590 nm. Known concentrations of PPi were used to obtain 

a calibration curve. Assays were carried out in 96-well microplates and fluorescence 
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measured with a plate reader (Spectramax multi-mode microplate reader, Molecular 

Devices (Sunnyvale, CA)). Reaction mixtures contained 50 µL of PiPer
TM

 solution, 40 

µL of assay buffer (50 mM Tris-HCl, 10 mM of MgCl2, pH 8.0) and 10 µL of FPP. Blank 

reactions without substrate and without enzyme were run in parallel. Assay mixtures 

were allowed to equilibrate for 5 min at 30 °C prior to the addition of 5 µL of enzyme 

(0.2 mg mL
-1

) to start the reaction. The activity was determined as the difference between 

the increase of fluorescent per minute of the sample and of the blanks. One unit of 

activity was defined as the amount of enzyme needed to release 1 µmol of PPi. The Km 

and Vmax values were determined using a nonlinear fit of V versus [S] plot. The analysis 

was carried out running a macro in Xcel 2007. 

2.6 In vitro analysis of sesquiterpene product profiles 

 Sesquiterpene product profiles of wild-type and mutant Cop enzymes were 

analyzed in vitro with isolated proteins and (E,E)-FPP as the substrate. Cop enzymes 

were overexpressed as described above and harvested cells resuspended in terpene 

synthase buffer (10 mM Tris-HCl, 10 mM MgCl2 and 1 mM β-mercaptoethanol at pH 8) 

prior to lysis by sonication. The cell lysates were cleared by centrifugation and the 

soluble fractions (100 µg of total protein) incubated in sealed HPLC vials with 100 µM 

FPP in terpene synthase buffer (final reaction volume 200 µl) for 10 h at 25 °C.  The head 

space of the reactions was sampled by SPME (insertion of fiber through the vial septum) 

for 10 min followed by GC-MS analysis of absorbed sesquiterpenes. 
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To measure the influence of the pH of the reaction on the product profiles of Cop4 

and Cop4 variants, the terpene synthase buffer was modified by substituting 10 mM Tris-

HCl with 10 mM of sodium carbonate (pH 10.0) or 10 mM of sodium acetate (pH 5.0). 

Reactions were carried out for 18 hrs at 25 °C prior to the analysis of sesquiterpene 

hydrocarbon products as described above. 

2.7 Gas chromatography-mass spectrometry (GC-MS) analysis 

GC/MS analysis was carried out on a HP GC 7890A coupled to an anion-trap mass 

spectrometer HP MSD triple axis detector (Agilent Technologies, Santa Clara, CA). 

Separation was carried out using a HP-5MS capillary column (30 m x 0.25 mm inner 

diameter Χ 1.0 µm) with an injection port temperature of 250 °C and helium as a carrier 

gas. Mass spectra were recorded in electron impact ionization mode. Volatile compounds 

adsorbed on a fiber from the enzyme reaction headspace were desorbed for 10 min in the 

injection port. The temperature program started at 60 °C and ramped up 8 °C min
-1

 to a 

final oven temperature of 250 °C. Mass spectra were scanned in the range of 5-300 

atomic mass units at 1 s intervals.  

For product identification, the retention index (RI) of each compound peak was 

determined by calibrating the GC-MS first with a C8-C40 alkane mix. Retention indices 

and mass spectra of compound peaks were compared to reference data in Mass Finder’s 

(software version 3) terpene library [105]. In addition, essential oils with known terpene 

compositions were used as authentic standards for the major products as previously 
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described [3, 119]. 

2.8 Structural modeling  

Structural models in the open, unliganded conformation were built using the 

structure of trichodiene synthase from F. sporotrichoides [171] (PDB # 1JFA, chain A) 

for Cop6 (44% amino acid sequence similarity) and of aristolochene synthase from A. 

terreus (PDB #2E40, chain D) [179] for Cop4 and Cop 3 (39% and 37% amino acid 

sequence similarity, respectively). Crystal structures of trichodiene (PDB# 2Q9z, chain 

B) [207] and of aristolochene synthase (PDB# 2OA6, chain D) [179] in the closed 

conformation, liganded with Mg
2+

 and pyrophosphate (PPi), were used to built the 

corresponding models for Cop6, Cop4 and Cop3. Models were built using the Swiss 

Model homology-modeling server and using the alignment mode [23]. Protein models 

were visualized and aligned with their template structure using PyMol 0.99 developed by 

DeLano Scientific LLC (San Francisco, CA). Active site volumes were calculated with 

CASTp [60] (using the CASTpyMol version 2.0). 
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3. Results 

3.1 Modeling of structural changes in the H-αααα1 loop upon active site closure  

Homology models of Cop4 and Cop6, and for comparison of Cop3, were built in 

the open and closed conformation to gain insight into the mechanism of active site 

capping (Figure 1 A-C).  Models of Cop4 and of Cop3 were built based on the open and 

closed X-ray structures of aristolochene synthase AtACS [179]. Ligand-free and 

complexed structures of trichodiene synthase (FsTHS) [171] served as template for Cop6 

model generation.  

Superimposition of the Cop homology models (Figure 1 A-C) show that the H-

α1 loop of each enzyme moves closer to the trinuclear Mg
2+

 cluster in the liganded, 

closed conformation of the enzyme. The binding pockets of the three Cop models have 

approximately the same volume (≈ 400-500 Ǻ3
) in the ligand-bound conformation. 

However, in the open conformation, the active site cavities of the Cop3 and Cop4 models 

are about two times larger in volume (≈ 3300 Ǻ3
) than the cavity of the Cop6 model (≈ 

1700 Ǻ3
) (Supplementary Table 2). Transition from the open to the closed conformation 

induces a much greater change in Cop4 and Cop3 than in Cop6. In Cop4, the H-α1 loop 

appears to undergo a particular large movement upon ligand binding in order to seal the 

wide open active site cavity of the enzyme (Figure 1D). 
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Figure 1 Homology models of Cop enzymes. Superimposition of homology models (see Methods) in 

the open (magenta, ligand-free) and closed (cyan, ligand-bound) conformations of Cop4 (A), Cop6 (B) 

and Cop3 (C) from Coprinus cinereus. Shown are the H-α1 loop and residues of the metal binding 

DDXXDD and NSE/DTE motifs (orange) with their associated Mg
2+ 

atoms (green spheres). Presumed 

interactions between side chains of loop residues and residues lining the active site entrance are shown. 

(D) Superimposition of the open (magenta, H-α1 loop yellow) and closed (cyan, H-α1 loop blue) 

homology models of Cop4 showing capping of a wide active site entrance by the H-α1 loop upon 

substrate binding. This figure was taken directly from [120]. 

A closer look at the superimposed closed and open model structures (Figure 1) 

shows that several polar side chains in the H-α1 loops of Cop4 and Cop3 move closer to 

side chains in the metal-binding DDXXD motif. In the closed conformation of the Cop4 

model, the imidazole side chain of H235 is now positioned close to the carboxyl group of 

D91 and may form an ionic interaction with this residue. Similarly, the ε-amino group of 

K233 may form a salt bridge with the carboxyl group of D92. Residue N238 also 



   Chapter 4 

 119 

undergoes a conformational change and projects into the active site cavity, but 

interactions with surrounding residues are not obvious in the model (Figure 1A). In the 

closed Cop3 model structure, H255 may hydrogen bond with R177 and K251 

(corresponds to K233 in Cop4) may interact with D101 in the DDXXD motif (Figure 

1B).  

The H-α1 loop in the Cop6 model undergoes a much smaller conformational 

change upon substrate binding compared to the other two Cop enzymes. Furthermore, the 

overall net charge of the Cop6 loop is negative, while the loops of Cop3 and Cop4 

contain basic residues that potentially interact with acidic residues in the two metal 

binding motifs. In the closed model of Cop6, only the side chains of two loop residues, 

E237 and C236, face the active site entrance. Of these two residues, only E237 may form 

a hydrogen bond with D102 in the aspartate-rich DDXXD-motif (Figure 1C). 

In all Cop models and their respective fungal template structures a conserved Asn 

residue (N240 in Cop6, N239 in Cop4 and N256 in Cop3) can be identified at the C-

terminus of the H-α1 loop and may have a role in stabilizing the closed conformation. As 

shown in Figure 1, upon ligand binding the side chain of this conserved Asn moves close 

to the side chain of an aspartic acidic residue in the second metal-coordinating NSE/DTE 

motif; the NSE/DTE motif is located at the active site entrance opposite of the DDXXD 

motif. Ionic interactions between N239 and D224 in Cop4, N256 and D241 in Cop3 and 

N240 and D225 in Cop6 may be important for locking the H-α1 loop in place. 
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3.2 Site-directed mutations in the H-αααα1 loop alter the product profiles of Cop4 and 

Cop3 

Residues in the H-α1 loops of Cop4 (K233, H235, T236, N238, N239) and Cop6 

(C236, E237, N240) identified above were mutated to investigate their influence on 

catalysis. These polar, acidic or basic residues were substituted for non-polar residues 

with similar side chain lengths to disrupt potential polar or ionic interactions while 

imposing minimal conformational strain. 

The effect of the H-α1 loop mutations on the product profiles of Cop4 and Cop6 

was investigated by analyzing the sesquiterpenes accumulated in the headspace of 

recombinant E. coli cultures overexpressing the enzymes (Figure 2) (see Supplementary 

Figure 1 for GC analysis of product profiles, Supplementary Figure 2 for mass spectra 

of identified sesquiterpenoids, and Supplementary Table 3 for in vitro product profiles 

with isolated enzymes). As reported previously for the wild-type enzymes [3, 119], Cop4 

makes 10 different sesquiterpene products with δ-cadinene 8 (compounds are numbered, 

see Figure 2 and Scheme 1 for structures) and β-copaene 6 as the major products in vivo, 

while Cop6 makes almost exclusively (-)-α-cuprenene 1. Comparison of product profiles 

obtained with wild-type enzymes and loop mutants shows that none of the mutations 

introduced into the highly selective Cop6 significantly change the fidelity of the enzyme 

(Figure 2A). In contrast, several Cop4 loop mutants have drastically altered product 

profiles (Figure 2B). 
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Figure 2 Influence of site-specific H-α1 loop mutations on the product profiles of Cop enzymes. 

Relative ratios (%) of sesquiterpene compounds detected in the head-space of E. coli cultures (see 

Methods) expressing wild-type or loop mutants of (A) Cop6, (B) Cop 4 and (C) Cop3. Sesquiterpene 

compounds are numbered and structures are shown for each compound (see also Scheme 1 and 

Supplementary Figure 2 for compound numbers and structures). U: pool of unidentified sesquiterpene 

products. This figure was taken directly from [120]. 
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Mutations H235P and N239L, which presumably interact with a conserved Asp in the 

DDXXD-motif, each convert Cop4 into a much more selective enzyme that makes (-)-

germacrene D 7 as the major cyclization product (~50% of total sesquiterpenes products) 

(Figure 2B). Both mutants make β−ylangene 11 which is a diastereomer of β-copaene 6 

and not synthesized by wild-type Cop4. Mutation of K233 presumed to interact with D92 

in the DDXXD-motif of Cop4 does not significantly change the overall product 

promiscuity of Cop4, though β-cubebene 4 (27% of total sesquiterpene products) does 

become the major product. Mutagenesis of Cop4 loop residues T236 and N238, which do 

not seem to interact with any residues of the conserved motifs, cause only subtle changes 

in the product profile of Cop4 (Figure 2B). 

The above results indicate that the H-α1 loop plays an important role in 

determining the cyclization outcome of the permissive Cop4 but not of the stringent 

Cop6. Cop4 has a large active site cavity that undergoes substantial conformational 

change in the model upon ligand binding. The model structure of the permissive Cop3 

also contains a large active site cavity and ligand-binding triggers a H-α1 loop movement 

similar to Cop4. The H-α1 loop movement in Cop3 may lead to new polar and ionic 

interactions between side chains of basic loop residues (K251, H255 and N256) and 

residues of the metal-binding motifs. Site-directed mutagenesis of these residues was 

done to compare their effect on FPP cyclization to effects on cyclization seen with Cop4 

loop mutations. 
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Cop3 synthesizes 7 different sesquiterpenes with α-muurolene 15 and germacrene 

A 13 as the major products; each constituting ~35-40% of the total sesquiterpenes 

produced (Figure 2C). As with Cop4, mutation of the only His residue (H255) in the 

loop has a dramatic effect on product selectivity; increasing synthesis of the prematurely 

quenched, monocyclic germacrene A 13 (~80% of total sesquiterpenes products), while 

abolishing cyclization of FPP to the bicyclic α-muurolene 15. Mutations of the conserved 

Lys residue (K251I) in Cop3 have only a moderate effect on product selectivity, which is 

comparable to the effect seen with the corresponding K233I mutation in Cop4. 

Substitution in Cop3 of N256, which is conserved in all three Cop enzymes, renders 

Cop3 inactive, while mutation of this conserved residue (N239L) had a large impact on 

the product profile of Cop4. 

3.3 H-αααα1 loop swap between Cop4 and Cop6 shifts Cop4 to a germacrene D synthase 

Site-directed mutagenesis of several H-α1 loop residues changed the product 

profiles of the permissive Cop4 and Cop3, but not of the highly selective Cop6. 

Maintenance of product fidelity by the Cop6 loop mutants may either be the result of the 

loop structure, or the fact that the H-α1 loop is less important in Cop6 for the cyclization 

mechanism. The loops of Cop4 and Cop6 starting at the conserved Glu from the 

NSE/DTE-motif were swapped to study the effects of the longer and basic Cop4 loop on 

the activity of Cop6 (Cop6L4 mutant) and vice versa, the effect of the shorter, negatively 

charged Cop6 loop on the activity of Cop4 (Cop4L6 mutant). 
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Figure 3 Product profiles of Cop4 and Cop6 loop grafted mutants and the influence of H-α1 loop 

residues on the pH dependent product profile of Cop4. (A) Comparison of relative amounts of 

sesquiterpene compounds produced by recombinant cultures (see Methods) expressing wild-type (Cop4 

and Cop6) and loop grafted mutants (Cop6L4 and Cop4L6). Amino sequences of loop regions for wild-

type and loop grafted Cop enzymes are shown and swapped loop regions are highlighted. (B) Relative 

amounts of sesquiterpene compounds produced by Cop4 wild-type and loop mutants in in vitro 

reactions at pH 5.0, 8.0 and 10.0. Numbers and shading of pie areas of sesquiterpene products 

corresponds to structures and compound names shown in Figure 2 and Scheme 1. U: pool of 

unidentified sesquiterpene products. This figure was taken directly from [120]. 
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Sesquiterpene product profiles (Figure 3A) of the two loop graft mutants were analyzed 

as described for the site-directed H-α1 loop mutations of Cop4 and Cop6.  

 

Replacement of the H-α1 loop in Cop4 with the loop from Cop6 increases the 

product selectivity of the resulting loop graft mutant Cop4L6 even more than what is 

observed for the site-specific loop mutants H235P and N239L (Figures 2 and 3A). 

Cop4L6 becomes very selective for the synthesis of (-)-germacrene D 7 (70% of total 

sesquiterpene products), while at the same time loosing its ability to make the bicyclic δ-

cadinene 8 which is the major product of the wild-type (Figure 3A). The relative amount 

of β-copaene 6, the second major product of the wild-type, made by Cop4L6 is also 

drastically reduced. In addition, β-ylangene 11 appears as a new cyclization product of 

Cop4L6 as observed for the site-specific loop mutants H235P and N239L. In the case of 

the Cop6 loop graft mutant Cop6L4, loop replacement has no influence on the selectivity 

of the enzyme for α-cuprenene, confirming that the H-α1 loop does not influence the 

product spectrum of Cop6. 

3.4 H-αααα1 loop mutations affect catalytic efficiency more strongly in Cop4 than in 

Cop6 

Cop4 and Cop6 wild-type and mutant proteins (site-directed loop and loop grafted 

mutants) were purified to determine the influence of the various loop mutations on FPP 
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binding (Km) and catalytic turnover (kcat) (Table 1). All site-directed H-α1 loop 

mutations decrease the catalytic efficiency (kcat/Km) of Cop4 and Cop6, but the decrease 

is much larger in Cop4 than in Cop6, reducing the catalytic efficiency of Cop4 by two to 

three orders of magnitude compared to a 3-17-fold decrease seen with Cop6. In both 

enzymes, mutation of the conserved Asn residue located at the C-terminus of the H-α1 

loop (N239 and N240 for Cop4 and Cop6, respectively) (Figure 1) causes the largest loss 

of activity. 

Table 1 Kinetic constants of Cop4 and Cop6 wild-type and loop mutants with E,E-FPP. 

Enzyme Mutant Relative kcat (%) Km (µM) kcat/Km (M-1*s-1) 

 

 

Cop4 

Wt 100 11±3 1000 

K233I 21±1 70.7±6.3 35 

H235P 2.7±0.2 11±2.6 29 

N239L 0.47±0.03 11±2.5 5 

Cop4L6 0.53±0.13 48±10 1 

 

 

Cop6 

Wt 100 7.6±2.4 88000 

C236A 41.2±3.1 12.5±2.1 21300 

E237L 59.4±3.1 13.6±1.4 28300 

N240L 31±4 40±14 5246 

Cop6L4 15±2 7.4±3.5 13200 
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 The negative effect of the H-α1 loop mutations on the catalytic efficiency 

(kcat/Km) of Cop4 and Cop6 is largely caused by a decrease in their catalytic turnover 

rates, which is three orders of magnitude reduced in the Cop4 N239L mutant compared to 

a 3-fold reduction for the corresponding Cop6 N240L mutant. Most site-directed loop 

mutations have little or no effect on FPP binding (Km); only mutation of K233 in Cop4 

and of N240 in Cop6 decreases binding affinity 5-6-fold. 

 Loop swapping in Cop4 severely decreases catalytic turnover (kcat) and substrate 

affinity (Km), resulting in a mutant protein Cop4L6 with a 1000-fold decreased catalytic 

efficiency compared to the wild-type enzyme. In contrast, the catalytic efficiency of the 

Cop6 loop graft mutant Cop6L4 is only ~6-fold reduced compared to wild-type Cop6. 

Loop replacement in Cop6 has no effect on FPP binding but decreases catalytic turnover 

(kcat). 

3.5 Influence of H-αααα1 loop residues on pH dependence of Cop4 product profile 

In previous work we showed that the product profile of Cop4, but not of Cop6, is 

strongly dependent on pH [119]. Acidic or basic reaction conditions render Cop4 much 

more selective for (-)-germacrene D 7 synthesis by promoting carbocation deprotonation 

at an earlier step in the cyclization pathway. Cop4 loop mutants H235P and N239L also 

strongly favor (-)-germacrene D 7 synthesis, suggesting that basic or acidic pH conditions 

may induce similar changes in the H-α1 loop than the two loop mutations.  
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Cyclization of FPP by purified Cop4 wild-type and loop mutants (K233I, H235P 

and N239L) was analyzed at pH 5, pH 8 and pH 10 to investigate whether residues of the 

H-α1 loop are responsible for the observed pH dependence of Cop4’s cyclization 

mechanism (Figure 3B). As expected from previous results [119], wild-type Cop4 

becomes a (-)-germacrene D 7 synthase at pH 5 or pH 10. Cop4 loop mutant K2331 also 

becomes more selective for (-)-germacrene D 7 under acidic or basic reaction conditions; 

although less so than the wild-type enzyme. The product profiles of loop mutants Cop4 

H235P and N239L, however, are not affected by the pH of the reaction, suggesting that 

H235 and N239 are responsible for the pH induced changes in the product profile of 

Cop4.  

 

4. Discussion 

 Structural studies of sesquiterpene synthases have provided insights into the 

rearrangements that occur upon binding of metal cofactor (Mg
2+

) and substrate (FPP) to 

the active site [186, 171, 172, 179, 1]. Despite the identification of several loops and 

helices involved in this conformational rearrangement, only one study has specifically 

targeted residues of the H-α1 loop that caps the active site upon ligand binding [76]. Here 

we used structural modeling and site-directed mutagenesis to investigate the role of the 

H-α1 loop in the cyclization mechanism of three fungal sesquiterpene synthases (Cop3, 

Cop4 and Cop6) that have different product profiles and fidelities. 
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 Superimposition of homology models in the open and closed conformation of the 

low-fidelity enzymes Cop4 and Cop3 and the high-fidelity enzyme Cop6 shows that the 

N-terminal region of the H-α1 loop becomes part of the H-helix upon substrate binding, 

causing the loop and the conserved metal-binding NSE/DTE motif to close over the 

binding cavity as has been observed for the AtACS and FsTHS structures [171, 179] 

(Figure 1 A-C). The H-α1 loop of Cop4 undergoes the largest conformational change 

upon substrate binding to close a wide-open active site entrance (Figure 1D). The 

binding pocket volumes (~3,000 Ǻ3
) of the un-liganded Cop4 and Cop3 model structures 

are twice that of Cop6 (Supplementary Table 2), suggesting that the two enzymes may 

be able to bind FPP in different conformations that lead to multiple cyclization products. 

Substrate binding triggers a significant contraction of the Cop4 and Cop3 binding pockets 

so that their volumes (~400 Ǻ3
) become comparable to that of the ligand-bound Cop6. 

In ligand-bound Cop4 and Cop3, ionic and polar interactions (Cop4: H235-D91, 

K233-D92; Cop3: K251-D101; H255-R177) may be formed between basic and polar side 

chains of H-α1 loop residues and side chains of residues lining the active site, facilitating 

a tight closure of the active site cavity (Figure 1). Disruption of the presumed ionic 

interaction between H235-D91 in Cop4 and H255-R177 in Cop3 leads to premature 

deprotonation in the normal cyclization pathways of the two enzymes. The mutant 

enzymes now each produce one major monocyclic product which are (-)-germacrene D 7 

and germacrene A 13 for Cop4 and Cop3, respectively (Scheme 1). The mutated H-α1 
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loops in these enzymes presumably no longer efficiently close and shield the active site 

from the environment. Incomplete closure likely also affects contraction of the binding 

pocket, resulting in a larger binding cavity that is less able to chaperone reaction 

intermediates to subsequent reaction pathways by lowering energy barriers via 

conformational restraints. This is consistent with the relative increased synthesis by Cop3 

mutant H255P of the cis-pathway product δ-cadinene 8, which requires accommodation 

of bulkier reaction intermediates resulting from the isomerization of the C2-C3 bond in 

all-trans FPP (Scheme 1). In Cop4 mutant H235P, a larger binding cavity allows the 

generation of a cadinyl cation that can have both configurations at C6, which after 2,7-

cyclization yields the diastereomers β-copaene 6 and β-ylangene 11; the latter is not 

made by the wild-type enzyme (Scheme 1). Aberrant cyclization products and premature 

quenching has previously been observed in other sesquiterpene synthases when residues 

of the conserved metal-binding motifs were mutated [172, 205].  

In the ligand-bound Cop6, a polar interaction may be formed between the side 

chains of loop residue E237 and the first conserved D102 in the DDXXD-motif (Figure 

1), similar to the presumed interaction between H235 and D91 in Cop4. However, 

hydrogen bond formation between the two acidic residues in Cop6 may not be as efficient 

as salt bridge formation between the corresponding D91 and H235 in Cop4. 
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 Mutation of E237 in Cop6 has no influence on product profile and reduces only 

moderately the catalytic efficiency of Cop6 (Figure 2, Table 1).  

 

Scheme 1 Proposed cyclization pathways of wild-type and H-α1-loop mutants of Cop3 (left side) and 

Cop4 (right side). Cyclization of E,E-FPP by Cop4 involves an ionization/isomerization step to yield 

(3R)-Nerolidyl diphosphate ((3R)-NPP) [119] which after ionization and 1,10-ring closure gives a Z,E-

germacradienyl cation that is further rearranged to the different cyclization products  of Cop 4 wild-type 

and loop mutants. The major cyclization products of Cop3 and its loop mutants are derived from a E,E-

germacradienyl cation formed after ionization and 1,10 cyclization of E,E-FPP [3]. Shown are 

cyclization pathways to major products of Cop3 and Cop4 wild-type and loop mutants that significantly 

impact product outcomes of the two enzymes. Compound numbers correspond to sesquiterpenes in 

product profiles shown of Figures 2-4. Numbered reaction arrows indicate different branch points in the 

cyclization reaction. This scheme was taken directly from [120]. 
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Mutation of a K233 in Cop4 and K251 in Cop3 only moderately affect FPP 

cyclization (Figure 2). Cop4 mutant K233I now prefers a reaction pathway leading from 

a cadinyl cation to β-cubebene 4 instead to δ-cadinene 8 as in the wild-type enzyme 

(Scheme 1). The side chain of K233 presumably forms a salt bridge with an Asp residue 

in the DDXXD-motif that has been shown to not be involved in Mg
2+

 binding in AtACS 

or FsTHS [171, 179] (Figure 1A). Mutation of K233 in Cop4 causes the least decrease in 

activity compared to the other Cop4 loop mutations in this study (Table 1), suggesting 

that K233 in Cop4 and K251 in Cop3 do not play a major role in the network of side 

chain and ligand interactions formed during active site closure. Similarly, mutation of 

loop residues T236 and N238 in Cop4 also does not impact FPP cyclization outcome 

dramatically (Figure 2). 

Alignment of functionally characterized fungal sesquiterpene synthase sequences 

shows that C. cinereus sesquiterpene synthases [3, 119], longifolene synthase from 

Fusarium graminearum [124] and presilphiperfolan-8-beta-ol synthase from Botrytis 

cinerea [159, 209], but not aristolochene synthase AtACS [179] and trichodiene synthase 

FsTHS [171], contain a conserved Asn in the H-α1 loop (Figure 4). Green et al. [76] 

recently reported that this residue is also conserved as Asn, Lys or Ser in the H-1α-loops 

of a large subgroup of plant terpene synthases. A conserved Ser was found to participate 

in K
+
 binding in α-farnesene synthase from apple and pinene synthase from spruce; 

replacement of Ser with Lys abolished the dependence of these enzymes on K
+
 for 
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activity [76]. In the closed Cop models, the amide group of the conserved Asn hydrogen 

bonds with the carboxyl group of a conserved Asp residue (D225 in Cop6, D224 in Cop4, 

D241 in Cop3) in the NSE/DTE metal-binding motif (NDxxS/TxxxE/D) and may 

therefore function as a lock during active site closure. In plant terpene synthases, side 

chains of the conserved Asn and Lys residues or Ser, perhaps through coordination with 

K
+
, may in a similar manner stabilize capping of the active site. In fact, in the ligand-

bound model of apple α-farnesene synthase [76], the side chains of S487 and E479 are 

positioned for interaction as in the Cop models.  

 

Disruption of the presumed hydrogen bonding between the side chains of N239-

D223 in Cop4 and N240-D225 in Cop6, severely compromises catalytic efficiency of the 

 

Figure 4 Alignment of H-α1 loop regions and preceding conserved NSE/DTE-motifs of fungal 

sesquiterpene synthases. Protein sequences of experimentally characterized fungal sesquiterpene 

synthases were aligned using the ClustalW algorithm [196]: CcCop1: Cop1 from Coprinus cinereus 

(XP_001832573); CcCop2: Cop2 from Coprinus cinereus (XP_001836556); CcCop3: Cop3 from 

Coprinus cinereus (XP_001832925);. CcCop4: Cop4 from Coprinus cinereus (XP_001836356); 

CcCop6: Cop6 from Coprinus cinereus (XP001832549); FgLGS: longiborneol synthase from Fusarium 

graminearum (ACY69978); BcP8-olS: presilphiperfolan-8-β-ol synthase from Botrytis cinerea 

(AAQ16575); AtACS: aristolochene synthase from Aspergillus terreus (AAF13263). (FsTHS): 

trichodiene synthase from Fusarium sporotrichioides (P13513). This figure was taken directly from 

[120]. 
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resulting mutants (Cop4 N239L; Cop6 N236L) (Table 1), indicating that this interaction 

may be critical in positioning side chains for optimal PPi/Mg
2+

 coordination and 

subsequent diphosphate cleavage for catalysis. This mutation also strongly affects the 

product profile of Cop4 (but not of Cop6); causing premature deprotonation to yield (-)-

germacrene D as a major cyclization product as in Cop4 mutant H235P. 

Mutation of loop residues C236, E237 and N240 in Cop6 reduce catalytic 

activities to different extents but none of these substitutions change the product fidelity of 

Cop6, suggesting that the H-1α loop in Cop6 plays a role in optimal PPi/Mg
2+

 

coordination but not in preventing premature quenching and in the substrate induced 

conformational changes that narrow the active site of this enzyme. These Cop6 loop 

mutants likely maintain the same cavity contour as the wild-type enzyme. The active site 

cavity in Cop6 restricts substrate and reaction intermediate binding almost exclusively to 

one productive conformation that yields (-)-α-cuprenene 1. As in trichodiene synthase, 

the pyrophosphate group of the substrate likely shields in Cop6 its narrow binding cleft 

from solvent and prevents premature quenching of reaction intermediates [172]. 

Complete substitution of the H-α1 loop of Cop6 with the one residue longer and 

positively charged loop from Cop4, reduces activity but again does not change the 

product profile of Cop6 (Figure 2, Table 1), supporting the above conclusions that the 

H-α1 loop is not important for the substrate induced conformational change and shielding 

of the active site. In contrast, the H-α1 loop exchange in Cop4 not only severely 
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decreases catalytic activity (Table 1), but also prevents active site shielding and adoption 

of a productive cavity conformation. The Cop4 loop exchange mutant has an even more 

drastically altered product profile than loop mutants H235P and N239L in that it only 

makes three products; (-)-germacrene D 7 as the main product along with smaller 

amounts of the diastereomers β-copaene 6 and β-ylangene 11 a (Figure 2, Scheme 1). 

 The product fidelity of Cop4 was previously found to be unusually sensitive to the 

pH of its environment [119], which is in contrast to Cop6 [119] and to amorphadiene-

4,11-diene synthase, another terpene synthase for which product formation was studied 

under varying pH conditions [158]. Similar to Cop4 loop mutants H235P, N239L and 

Cop4L6 in this study, the wild-type enzyme becomes, under basic or acidic conditions, 

prone to premature quenching of cyclization intermediates and produces mostly (-)-

germacrene D 7 (Figure 3B). Comparison of product profiles of loop mutants obtained at 

pH5, 8 and 10; shows that only the product profile of the Cop4 mutant K233I is as pH 

dependent as the wild-type enzyme. Mutation of loop residues H235 of N239 abolishes 

the pH sensitivity, indicating that in the wild-type enzyme changes in pH disrupt the ionic 

interactions of these two residues, causing the same conformational perturbations as in 

the loop mutants. 

In summary, we have shown that the H-α1 loop plays a major role in determining 

the product profile of low-fidelity fungal sesquiterpene synthases with large active site 

cavities. Structural modeling of Cop enzymes pointed out potential interactions of H-α1 
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loop residues with conserved residues of the two metal-binding motifs; one of the 

potential interactions between conserved Asp/Glu and Arg, Asn, Lys (or Ser in 

monovalent cation dependent terpene synthase) is conserved in several fungal and plant 

terpene synthases and may play an important role in stabilizing the closed enzyme 

conformation by locking the H-α1 loop in place. Mutagenesis of the H-α1 loop may 

provide a new approach to alter the product profiles of terpene synthases and study the 

reaction mechanism of this class of enzymes. 



   Chapter 4 

 137 

5. Supplemental Tables 

Supplementary Table 1 Strains, genes and plasmids used in this study. 

Strain or plasmid Description Source/Accession #  

Strains   

E. coli JM109 recA1 supE44 endA1 hsdR17 (rk
-
mk

+
) gyrA96 relA1 

thi∆(lac-proAB [F’traD36 proAB
+
 lacI

q
 lacZ∆M15] 

New England Biolabs 

E. coli BL21 (DE3) F
-
 ompT hsdSB(rB

-
mB)gal dxm (DE3) New England Biolabs 

Genes   

COP3 Sesquiterpene cyclase from C. cinereus XP_001832925 

COP4 Sesquiterpene cyclase from C. cinereus XP_001836356 

COP6 Sesquiterpene cyclase from C. cinereus XP_001832548 

   

Plasmids   

pUCmodRBS constitutive lac promoter, optimal RBS, Amp
r
 [4] 

pET-21 T7 promoter, for C-terminal fusion of His-tag, Amp
r
 Novagen 

pHIS8 Modified pET vector for N-terminal fusion of 8xHis-

tag, Kam
r
 

[89] 

pUCmod-Cop3 COP3 cloned into BglII and NotI sites of 

pUCmodRBS 

[3] 

pHIS8-Cop6 COP6 cloned into BamH1 and NcoI sites of pHIS8. [119] 

pET21-Cop4 COP4 cloned into NdeI and XhoI sites of pET-21 [119] 
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Supplementary Table 2 Active site volumes of Cop sesquiterpene synthase homology 

model structures in the closed and open conformation. Active site volumes were 

calculated with CASTp [60]using the CASTpyMol version 2.0 as described in Methods.  

 

 Radius (Ǻ)  Closed (Ǻ3
)  Open(Ǻ3

)  

Cop3  2.5  400  3353  

Cop4  2.5  412  3376  

Cop6  2.5  503  1695  
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Supplementary Table 3 Sesquiterpenes produced by Cop6, Cop4 and Cop3 and their 

mutants under in vitro reaction conditions with FPP as substrate. Sesquiterpene product 

numbers correspond to the compound numbers shown in Figure 2 and Scheme 1. 

Compound 16 (γ-cadinene) is not produced in vivo and therefore not shown in Figure 2 

and Scheme 1. The structures and mass spectra of compound 16 along with all other 

detected compounds are shown in Supplementary Figure 2. Relative amounts (%) of 

sesquiterpene products are shown. Percentages are averages calculated from the product 

profiles of three independent in vitro reactions. The error was less than 5% in all cases. 

Major sesquiterpene products of wild-type and mutant enzymes are highlighted in bold. 

U: sum of unidentified sesquiterpene compounds. 

 

Cop6 

Sesquiterpene
1
 Wt C236A E237L N240L 

1 88.9 88.9 90.9 94.8 
2 3.9 4.6 3.8 2.9 

U
2
 7.2 6.5 5.3 2.4 

 

Cop4 

Sesquiterpene Wt K233I H235P T236L N238L N239L 

3 - 6.4 - 6.6 3.6 - 

4 5.4 14.1 6.0 12.4 11.9 - 

5 2.8 - - 6.5 3.6 - 

6 7.4 4.8 11.0 10.6 14.2 9 

7 29.3 13.1 57.0 - 23 60 
8 10.4 8 - 18.9 15.1 - 

9 28.2 43.3 - 44.9 22.7 - 

10 - - - - - - 

11 - 3.3 17.0 - 6 17 

12 - 3.7 - - 3.2 - 

U 16.6 6.9 5.0 - - 11 

 

Cop3 

Sesquiterpene Wt K251I H255P N256L 

8 - - 23 - 

13 42 43 50 - 

14 14 15 - - 

15 43 43 - - 

16 - - 27 - 
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6. Supplemental Figures 

Supplementary Figure 1 GC/MS analysis of reaction products of in vivo assays of 

different H-α1 loop mutants for several sesquiterpenes synthases. (A) Cop3. (B) Cop4 

and (C) Cop6. Peaks are labeled with numbers that correspond to their identified 

structures shown in Figure 2 and Scheme 1. Compounds were identified by comparison 

of their mass spectra and RI values with data from published reference (MassFinder3, 

terpene library and authentic standards). Mass spectra of identified compounds are shown 

in Supplementary Figure 2. 
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Supplementary Figure 1 continued 
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Supplementary Figure 2 Mass spectra of identified sesquiterpenoids. Numbers 

correspond to compound names shown in Figures 2 & 3 and Scheme 1. Numbers given in 

parentheses represent retention times of compounds. 
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Chapter 5. Concluding Remarks and Future Directions  

 

 

1. Concluding Remarks 

 The work presented here has demonstrated the tremendous progress made in 

understanding sesquiterpenoid biosynthesis in Basidiomycota. While the original aim of 

the project was the discovery and characterization of illudin biosynthetic genes, I chose to 

expand the scope of the research to better our understanding of terpene synthase diversity 

in fungi. The resulting work not only contributed biochemical data but also provided a 

bioinformatic roadmap which can be used to develop future studies [213]. The massive 

influx of fungal genomes over the course of this work makes it evident that the 

sequencing revolution will significantly impact the field of natural product biosynthesis 

[122]. Now, perhaps more than ever, the need for a correlation between gene/protein 

sequence and function is apparent. We are quickly outpacing our ability to process the 

large amounts of sequencing data and will begin to rely more and more on our ability to 

target interesting genes based solely on their sequence. The work presented in this thesis 

is a perfect example of the combination of molecular biology, biochemistry and 

bioinformatics that is required of scientists studying natural product biosynthesis. 

 At the inception of this work in 2008 I was challenged to find a ∆6-protoilludene 

synthase. This enzyme was the first step in the synthesis of the cytotoxic illudin 
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compounds, and we suspected it would lead us to other genes in the pathway [141]. 

Aided by the genome sequence of O. olearius I was able identify not one, but two ∆6-

protoilludene synthases (Omp6 and Omp7) with the latter possessing excellent catalytic 

activity. It was at this point that two parallel aims were pursued. The first involved the 

characterization of all of the sesquiterpene synthases from O. olearius and the 

development of a framework to correlate protein sequence to function. While already 

done in plants [20], no comprehensive study was possible until more genomes from 

higher fungi were available. I saw the rapid influx of sequence data as an opportunity to 

apply my knowledge of this class of enzymes to greatly expand our view of 

sesquiterpenoid biosynthesis in Basidiomycota. This was very successful, and has 

resulted in additional publications [211, 162, 163, 212] and has set the foundation for 

much of the work that will be carried out in the future. 

The second aim was that of the original project proposal, to identify and 

characterize the genes responsible for illudin biosynthesis. The characterization of a 

biosynthetic pathway of this level of complexity is no small task. For example, the 

discovery of the terpene synthase in the trichothecene biosynthetic cluster [85] led to 

more than ten years of research before the pathway was understood [101]. Though 

advances in technology will undoubtedly facilitate faster characterization now, there is 

still a great deal to be understood about the efficient heterologous expression of 

secondary metabolic genes from fungi. I have provided significant preliminary data 

characterizing enzymes involved in what I expect to be the next step in the pathway, the 
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installation of molecular oxygen on the ∆6-protoilludene scaffold. As mentioned 

previously, this step may be sufficient to impart the cytotoxic properties that many of the 

illudin compounds possess. Once the protocols for studying P450 monooxygenases from 

fungi are developed in our lab, this work can quickly be expanded to other fungi that 

produce interesting compounds, such as Stereum hirsutum [162]. I anticipate significant 

progress to be made in the field of natural product biosynthesis in the coming years as 

better tools are developed for pathway characterization. 

2. Future Directions 

2.1 P450 monooxygenase characterization 

 In chapter 3 of the thesis I describe the progress made towards the 

characterization of the four P450 monooxygenases believed to be involved in illudin 

biosynthesis. While only low levels of activity were obtained in the three hosts tested (E. 

coli, S. cerevisiae, and P. pastoris), this bodes well for eventual successful 

characterization. In particular, the P450 6i appears to modify ∆6-protoilludene, making it 

an excellent candidate for purification and in vitro characterization in parallel to efforts to 

elucidate the rest of the illudin pathway. Mechanistic and possibly structural studies of 

P450 6i will provide interesting information pertaining to the binding and oxygenation of 

∆6-protoilludene. 
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 While low levels of product were seen in E. coli, the results in S. cerevisiae and P. 

pastoris suggest that they may be better hosts for modified terpene production. Work is 

currently underway to optimize both systems for compound production. The S. cerevisiae 

host strain was Wat11, which contains the A. thaliana P450 reductase (AR1). This 

reductase has been shown to work with plant enzymes, but it is unknown whether it can 

achieve proper redox chemistry with a P450 monooxygenase from fungi. For this reason I 

have cloned the AR1 homolog (OOR1) from O. olearius for characterization as well. It 

possesses ~35% sequence identity with the two reductases from Arabidopsis (AR1 & 

AR2) (Figure 1).We plan to use the terpene synthase and P450s characterized from C. 

cinereus to test its function in vivo [3]. There has also been recent progress made in strain 

 
Figure 1 Multiple sequence alignment of the putative P450 reductase from O. olearius (OOR1) and the 

two P450 reductases from A. thaliana (AR1 & AR2). OOR1 possesses 32% and 33% sequence identity 

with AR1 and AR2, respectively. 
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engineering aimed at buffering the endogenous FPP pool of S. cerevisiae, and such a 

strain may be necessary for the P450 characterization currently underway [36]. 

2.2 Structural characterization of modified terpenoids 

 The bulk of the work described in this thesis involved the identification of the 

hydrocarbon scaffolds immediately after cyclization by a terpene synthase. These 

compounds were identified, as described in the methods, through the use of a library of 

compounds and essential oil standards [105]. As described in Chapter 3, the ∆6-

protoilludene-derived compounds being produced have no standards that they can be 

compared to, and do not possess any published MS fragmentation patterns. If we were 

able to synthesize one of the final illudin compounds, there are reference spectra to 

compare our compounds to, but at this stage of the work the formation of those final 

compounds is unlikely. For that reason it will be necessary to produce enough of these 

new modified terpenoids to structurally characterize them by NMR. 

 The major limitation is the ability to reliably concentrate the desired product. In 

the case of metabolites produced by P. pastoris, two compounds are volatile while the 

other two are soluble in the media. It may be necessary to pursue separate routes for 

characterization of volatile and non-volatile compounds. Previous work in our lab used a 

bioreactor setup with a hydrophobic compound trap on the off-gas, allowing for the 

simultaneous capture and concentration of volatile metabolites. For collection from the 

media, a solid support of some kind may be necessary to capture the compounds. The 
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media could be run through columns containing the desired resin, and then eluted and 

concentrated in the elution step, as has been carried out in the study of the conversion of 

limonene to perillyl alcohol [5]. 

2.3 Establishing an order of modification of protoilludene-derived compounds 

 The most difficult task will be the determination of the way in which the many 

genes of the illudin biosynthetic cluster work together to create the large variety of 

compounds found in nature. The evolution of the biosynthesis of these interesting 

compounds is one aimed at the production of many defense compounds, in the hope that 

the development of immunity by other fungi, bacteria, etc. are incapable of becoming 

resistant. The biological system is most likely designed to utilize multiple intermediates 

to generate different products, and many enzymes may be bifunctional, as is the case with 

a P450 characterized from the artemisinin pathway [215]. The immediate goal is to find 

the enzymes required to produce a compound with the strained cyclopropyl ring and the 

α,β-unsaturated ketone believed to impart the cytotoxic activity. 

 As P. pastoris appears to be a robust producer of the intermediate D6-

protoilludene, and makes the largest variety of protoilludene derivatives, I chose to focus 

on this host for further development as a terpenoid characterization chassis. One problem 

with the assembly of large pathways in yeast is the sheer size of plasmids required to 

express multiple pathway genes. For this reason I chose to adapt the integration vectors 

commonly used with P. pastoris to a more modular system that is compatible with our 
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current BioBrick plasmids (Figure 2). The primary problem with the commercial vector 

system is the difficulty in stacking genes together, and the use of the expensive and 

difficult to obtain antibiotic, blasticidin. In the system shown below I have removed the 

blasticidin marker and replaced it with the kanamycin analog, G418. Additionally, the 

new restriction enzyme setup allows for easy cloning of genes from current BioBrick 

plasmids in the laboratory. These vectors are in the process of being assembled. 

 

2.4 Strain and expression optimization 

 After the initial steps of the biosynthetic pathway to the illudins is better 

understood, there are many considerations if the end goal is to produce large quantities of 

the final product in vivo. As was the case with artemisinin, significant strain engineering 

was carried out to not only bolster primary metabolism leading to FPP, but also to boost 

 
Figure 2 P. pastoris integration vector design. These plasmids will be created to make assembly of 

biosynthetic pathways easier in what appears to be an excellent host for terpenoid production. EX: 

EcoRI-XbaI; BBN: BglII, BamHI, NdeI; K: Kozak sequence; NNN: NcoI, NsiI, NotI; XSP: XhoI, SpeI, 

PstI; RE: Restriction enzyme to be determined. 
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amorphadiene (the precursor terpene, just like ∆6-protoilludene in the illudin pathway) 

biosynthesis [155]. While the laboratory already possesses plasmids for augmenting FPP 

biosynthesis, work could be focused on the integration of the biosynthetic genes into a 

host such as P. pastoris, as no FPP overproducing strain exists. Such a strain would be 

instrumental in the examination of many of the other terpenoid metabolic pathways from 

fungi. 

 Another consideration is the inherent toxicity of the compounds we are attempting 

to mass produce. As discussed in the introduction, most fungi have systems in place for 

the co-localization of biosynthetic enzymes, as well as the compartmentalization of toxic 

intermediates, as to not affect the producer organism. Our engineered strain will most 

likely possess no developed immunity to toxic illudin intermediates. A parallel project in 

the laboratory focuses on the formation of micro compartments in bacteria [45], and if 

amenable to yeasts, may allow for the compartmentalization of illudin biosynthetic 

enzymes, and possibly intermediate compounds as well. Another possibility is the 

characterization of the MFS transporter in the Omp6 cluster. It stands to reason that a 

drug transporter in an illudin biosynthetic cluster may be responsible for the export of 

toxic compounds from the cell before damage can be done. While this sort of project 

would have a high degree of difficulty, the possibility of a transporter-mediated 

resistance to toxicity is appealing not only for the obvious reason of maintaining cellular 

viability, but also for the ease at which the resultant products could be purified if they 

were contained outside of the cellular biomass. 
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