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ABSTRACT 

The growing and aging population coupled with the demand for environmentally 

sustainable solutions necessitates innovative developments in pharmaceuticals and 

agrochemicals. Terpenoids, a diverse group of specialized metabolites, have the 

potential to address these mounting challenges. Chapter 1 reviews terpene 

biosynthesis, while the remaining chapters cover research advances that improve our 

understanding of plant terpene biosynthesis and its applications. These research 

chapters cover the characterization of multiple CYP76BK1 orthologs involved in 

furanoclerodane metabolism, the discovery of the notably promiscuous Ajuga reptans 

CYP736A358, and exploration of novel enzyme-synthetic substrate analog 

combinations to yield semi-synthetic products. The CYP76BK1 orthologs were shown to 

catalyze the production of furan and one of two distinct lactone ring moieties on 

primarily clerodane backbones. In contrast, CYP736A358 exhibited limited product 

promiscuity, yet remarkable substrate promiscuity towards diterpenes, suggesting its 

place as a biotechnology multi-tool. In the final chapter, evolutionarily distinct 

sesquiterpene synthases natively producing similar products demonstrated different 

preferences towards synthetic analogs of their native substrate, the products of which 

had varied anti-fungal activities. These findings not only underscore the enzymatic 

flexibility within terpene specialized metabolism but provide new tools to produce 

commercially relevant terpenoids.  

 

 

 



 

 

 

 

 

 

 

 

Copyright by 
NICHOLAS SCHLECHT 
2025 

 

 

 

 

 

 

  



iv 
 

ACKNOWLEDGEMENTS 
 

 Graduate school is a challenging journey, made even more so by COVID-19. 

Fortunately, I am surrounded by an incredible community I can lean on for support. 

First, I want to express my gratitude to my advisor, Bjӧrn Hamberger for his advising 

and mentorship. Bjӧrn encouraged me pursue opportunities I might have otherwise 

overlooked and skillfully balanced providing guidance with independence. His efforts to 

foster a collaborative lab environment created a space where we could both mentor and 

be mentored by others. I’d like to particularly thank our post-doc Trine Andersen, whose 

mentorship and friendship were instrumental within the lab. I also appreciate the 

insights and guidance from my committee, which not only helped me benchmark my 

PhD progress, but substantially improved my presentation skills. I’d also like to thank 

the staff at the mass spec core and NMR facility at MSU as they were essential to my 

projects and aided in developing my expertise. I had the privilege of teaching recitation 

sections for several courses, and I’d like to thank the various professors I worked under 

for granting me teaching opportunities and evaluating my skills. 

 Beyond that I would like to thank the various graduate student groups, training 

programs, and associated staff that I have been involved with, including PBHS, GRIT, 

The BMS program, BMB program, and the Association for Molecular Plant Science 

Students. These communities, particularly AMPSS, provided me with new opportunities, 

friendships, and support network. Finally, I’d like to thank my various other friends and 

family outside of the university. Their encouragement and support were invaluable in 

helping me navigate the toughest moments of this journey.  

 



v 
 

TABLE OF CONTENTS 

LIST OF ABBREVIATIONS .............................................................................................vi 
 
Chapter 1: A review of terpenoid evolution, biosynthesis, and applications .................... 1 

REFERENCES ....................................................................................................... 13 
 
Chapter 2: CYP76BK1 orthologs catalyze furan and lactone ring formation in clerodane 
diterpenoids across the mint family ............................................................................... 21 

REFERENCES ....................................................................................................... 51 
APPENDIX ............................................................................................................. 58 

 
Chapter 3: An opportunistic cytochrome P450 in Ajuga reptans oxidizes diverse 
labdane-derived diterpenes ........................................................................................... 99 

REFERENCES ..................................................................................................... 117 
APPENDIX ........................................................................................................... 122 

 
Chapter 4: Exploiting diverse viridiflorol synthase promiscuity to produce novel semi-
synthetic anti-fungal terpenes ..................................................................................... 139 

REFERENCES ..................................................................................................... 159 
APPENDIX ........................................................................................................... 165 

 
Chapter 5: Additional Research Contributions and Perspectives: ............................... 203 

REFERENCES ..................................................................................................... 207 
 
Future Directions: ........................................................................................................ 208 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vi 
 

LIST OF ABBREVIATIONS 
 
TPS  terpene synthase 

CYP  cytochrome P450 

2OGD  2-oxoglutarate dependent dioxygenase 

DOX  dioxygenase 

MVA  mevalonate 

MEP  methylerythritol phosphate 

IDP  isopentenyl diphosphate 

DMADP dimethylallyl diphosphate 

FDP  farnesyl diphosphate 

GDP  geranyl diphosphate 

GGDP  geranylgeranyl diphosphate 

PT  prenyltransferase 

BAHD  (family named for first 4 members) BEAT, AHCT, HCBT, DAT 

DNP  dictionary of natural products 

KPP  kolavenyl diphosphate 

DXS  1-deoxy-D-xylulose-5-phosphate synthase  

BSTFA N,O-Bis(trimethylsilyl)trifluoroacetamide 

TMCS  Trimethylchlorosilane 

NMR  nuclear magnetic resonance 

GC(LC)-MS gas chromatography (liquid chromatography) mass spectrometry  

FID  flame ionization detection 

APCI  atmospheric pressure chemical ionization 



1 
 

Chapter 1: A review of terpenoid evolution, biosynthesis, and applications 
 
Central metabolism vs plant specialized terpene metabolism 
 

The fitness of an organism relies on its ability to respond to environmental 

stimuli, inter/intraspecific communication, and managing biotic and abiotic stresses. 

These factors vary by ecological niche, leading to diverse response strategies. While 

animals often use dynamic and mobile responses such as fight-or-flight, many sessile 

organisms like plants developed diverse specialized metabolism to improve their fitness 

within their respective environments.1 

Central metabolism encompasses the biosynthesis of metabolites necessary for 

survival, therefore it is ubiquitous throughout life. In contrast specialized metabolism, 

while not required for survival, enhances fitness by providing adaptive advantages in 

response to unique environmental stimuli. The diversity of ecological environments led 

to the evolution of phylogenetically distinct response strategies, including specialized 

metabolic pathways.2 For example, glucosinolates are a group of specialized 

metabolites generally unique to the Brassicales order. These specialized metabolites 

emerged, in part, due to an arms race with insect herbivores such as the butterflies of 

the subfamily Pierinae.3 The unique evolutionary responses developed by different 

phylogenetic lineages has resulted in the incredible diversity of specialized metabolism 

we have today.     

Specialized metabolites are categorized by their structural and biosynthetic 

similarities, including phenylpropanoids, alkaloids, glucosinolates, polyketides, and 

terpenoids. To track these data, natural product databases with distinct curation 

approaches such as the Dictionary of Natural Products or Terokit have been designed 
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to centralize the growing knowledge base.4,5 Amongst natural products, terpenoids are 

the most diverse, with over 110,000 unique compounds reported across >14,000 

species in the TeroKit database, with plants representing over 75% of the biological 

sources.4 In biochemistry, structure determines function. Therefore, terpenoids’ 

structural diversity makes them a valuable resource for accessing diverse chemical 

properties. In plants, terpenoids play roles in photosynthesis, respiration, development, 

communication, and defense.6 The enrichment of terpenoids in plants reflects the need 

for sessile organisms like plants to have unique means to respond to their 

environment.7,8  

To grasp the diversity of terpenoids, it is important to understand the structural 

features that define them and the processes by which they are synthesized. Terpenes 

are a class of organic compounds derived from prenyl diphosphates, containing one or 

more characteristic 5-carbon ‘isoprene units’. Terpene biosynthesis is initiated by either 

protonation or diphosphate cleavage of a given length prenyl diphosphate followed by 

stereospecific cycloisomerizations. Terpenoids are a broader classification—including 

additional decorations, cleavages, or rearrangements from a terpene backbone. 

Prenyl diphosphate biosynthesis 

To synthesize terpenes, first prenyl diphosphates must be produced through one of two 

different routes. Two non-homologous pathways synthesize the compounds isopentyl 

diphosphate (IDP) and dimethyl allyl diphosphate (DMADP), which serve as the 

‘isoprene unit’ building blocks essential to produce larger prenyl diphosphates. The 

mevalonate (MVA) pathway is generally conserved throughout archaea, eukaryotes and 

select bacteria, while the methylerythritol phosphate (MEP) pathway is only found in 
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bacteria and the plastids of plants.9 IDP and DMADP can be condensed into the varied 

length prenyl diphosphate substrates for terpene synthases (TPSs).10 

Prenyltransferases (PTs) condense DMADP and IDP by cleaving the diphosphate of a 

prenyl diphosphate thus facilitating a nucleophilic attack from IDP.11 This short chain 

elongation within PTs is universally conserved, strongly supporting the presence of 

terpenes in the last universal common ancestor.12 

Plants uniquely possess both the MVA and MEP pathways, which are 

cytosolically and plastidially located, respectively. The separation of two different 

pathways enables complex differential regulation and specialization, allowing for more 

dynamic responses.13 Farnesyl diphosphate (FDP) and squalene synthases produce 

the C15 and C30 precursors in the cytosol via the MVA pathway (Figure 1.1).10 In 

contrast, geranyl diphosphate (GDP) and geranylgeranyl diphosphate (GGDP) 

synthases have N-terminal plastid targeting motifs localizing them to the plastid where 

they produce their respective 10 and 20 carbon chain prenyl diphosphates.10,14 These 

prenyl diphosphates are the precursors to mono- (C10), sesqui- (C15), di- (C20), and 

triterpenes (C30). While the MVA and MEP pathways are conventionally considered 

isolated from one another, recent evidence suggests there is some interconnectivity 

between the pathways.15,16
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Figure 1.1: Overview of plant prenyl diphosphate and terpene biosynthesis. In 
both the MVA and MEP pathways IDP and DMADP are generated, but specific PTs and 
TPSs limit if a given prenyl diphosphate is cytosolically or plastidially located.  

Terpene synthase biochemistry 
 

Terpene synthases generally take achiral prenyl diphosphate substrates and 

ionize them to facilitate unique carbocation cycloisomerizations. In plants, these 

enzymes are co-localized with their respective substrates: mono- and diterpene 

synthases are found in plastids, while sesquiterpene and triterpene synthases are 

cytosolically located. There are functionally two classes of TPSs distinguished by their 

mechanism: a class II TPS, which evolved from an ancient triterpene cyclase, and a 

class I TPS, which evolved from an ancient PT.17 Class II TPSs use protonation to 

initiate carbocation rearrangements and generally use a conserved DXDD motif, 

whereas class I TPSs coordinate magnesium ions with the conserved DDXXD and 

NSE/DTE motifs to abstract the diphosphate, facilitating carbocation 
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cycloisomerizations.18,19 Class I TPSs often utilize a prenyl diphosphate as their 

substrate, but others use the product of a class II TPS as their substrate. While there 

are distinct domains attributed to the different classes, plant TPSs evolved from a fusion 

of a bacterial class II and class I TPS, linking the βγ and α domains of each respective 

class (Figure 1.2a).17,20 Consequently, some modern TPSs have a bifunctional class 

II/class I activity, illustrated in Figure 1.2b. At least two subsequent duplications in plant 

lineages gave rise to the present TPS subfamilies (Figure 1.2a). The TPS-d and TPS-h 

subfamilies retain bifunctional class II/class I TPSs. An ancient duplication and 

divergence produced the TPS-c and TPS-e/f subfamilies, which are diTPS subfamilies 

that have lost the class I and class II activities respectively. The TPS-e/f subfamily 

diverged again, forming the remaining mono-, sesqui-, and diTPSs subfamilies.21 

 

Figure 1.2: Plant TPS structure, evolution, and mechanisms. a. The illustration from 
Karunanithi and Zerbe 2019 depicts the evolution of plant TPSs, portraying key aspects  
such as structural changes, substrate preferences, and TPS class.17 b. The class II TPS 
utilizes a folded GGDP to facilitate cycloisomerization and catalyzes a protonation 
necessary for rearrangement and quenching. The class II product often serves as the 
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Figure 1.2 (cont’d) 
substrate for the class I TPS, which cleaves the diphosphate allowing for additional 
carbocation rearrangements and a final quenching. This mechanism could be 
performed by a bifunctional class II/I or two separate enzymes. The decalin core is the 
characteristic bicyclic structure found as the class II product and is a key feature of 
labdane diterpenoids. 
 

TPSs can exhibit impressive plasticity and promiscuity. Several studies show 

TPS catalytic landscapes can have accessible alternative catalytic specificities, making 

them evolutionarily plastic enzymes capable of neo- and subfunctionalization.22–24 The 

promiscuity can vary widely: some TPSs are highly specific, some catalyze similar 

reactions across diverse substrates, and others act on a single substrate yet produce 

over a dozen distinct products.25–27 Enzyme promiscuity results in branched and 

interconnected biosynthetic pathways. This variability facilitates the formation of 

‘metabolic grids’, where complex metabolic networks are generated with a minimal 

number of genes.28 

Monoterpenes and sesquiterpenes are generally produced by class I TPSs and 

triterpenes are produced by class II TPSs, but diterpenes can employ both. Class II 

diTPSs vary in stereochemistry, quenching, and various methyl and hydride shifts, but 

they all produce labdane-derived diterpenes recognizable by the bicyclic decalin core 

(Figure 1.2). In contrast, Class I diTPSs that utilize GGDP are less restricted in their 

product profiles. Although class II diTPS products are generally limited to labdane-

derived structures, they are often further cyclized by a subsequent class I diTPS, 

expanding labdane-derived diterpene diversity. Given their frequent substrate 

promiscuity, diTPS pathways often have modular combinations of class II and class I 

TPSs, allowing additional terpene diversity.29–31 

 Observed promiscuity and plasticity of TPSs is not only a result of evolutionary 
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pressures but also a result of their substrate and mechanism. Prenyl diphosphates are 

linear, electron-rich, and contain multiple tertiary carbons. Their structure permits 

diverse conformations while providing multiple nucleophiles, and hyperconjugated 

positions to stabilize carbocations. TPSs initiate carbocation-cascades, yet they often 

play a passive role, aiming to control intrinsically reactive carbocation rearrangements. 

This passive role is best exemplified by common ab initio approaches, such as gas-

phase quantum chemistry and density functional theory, which have accurately 

described the chemistry without consideration of enzyme structural information.32–34 

Nonetheless, TPSs do play crucial roles beyond initiation, including enabling ranged 

proton transfers, promoting stereospecificity, stabilizing carbocation intermediates, and 

supervising carbocation quenching.32 TPSs are therefore able to employ rich 

carbocation chemistry that yields the expansive terpene diversity. While most terpenes 

are produced by TPSs, it is important to note that many unconventional enzymes have 

been reported to catalyze TPS-like reactions to produce terpenes or related products.35 

Expanding terpene complexity (CYPs and other decorating enzymes) 

 The structural diversity of terpenoids substantially expands due to extensive 

enzymatic decorations on terpene backbones. Terpenes can undergo a range of 

oxidations to produce various functional groups including alcohols, aldehydes, ketones, 

carboxylic acids, as well as oxygen-bridged functional groups like ethers, esters, and 

epoxides.36 In addition to these functional groups, oxidative enzymes can cause large 

structural changes (Figure 1.3). Oxidative cleavage has been reported, producing a 

truncated version of the terpene known as norterpenoids, such as the novel 

trisnorsesquiterpene discodiene in Dictyostelium discoideum.37 It is not unusual for 



8 
 

oxidations to lead to other structural rearrangements, such as the unique ring closures 

found in the macrocyclic diterpenoids throughout Euphorbiaceae or the unique 18(4→3) 

methyl shift that generates the abeo-abietanes found in Tripterygium wilfordii.38,39 

 

Figure 1.3. Complex oxidative terpene modifications. The examples shown include 
oxidations such as alcohols, ketones, and epoxides commonly catalyzed by 
oxidoreductases. Additionally, there are examples of oxidative cleavages, ring closures 
and methyl shifts highlighted in red.  
 

 The examples in Figure 1.3 are all enzymatically oxidized by cytochrome P450 

monooxygenases (CYPs). CYPs are a superfamily of enzymes responsible for 

degradation of xenobiotics and biosynthesis of central and specialized metabolites, 

including terpenoids.40 CYPs are heme-thiolate proteins that are typically membrane 

bound in eukaryotes, where they receive electrons through cytochrome P450 reductase, 

which in turn receives its reducing equivalents from NADPH.41 The CYP superfamily 

within the Viridiplantae are further arranged by placing families into clans. There are 11 

conserved clans within vascular plants and several additional algae-specific clans.42 
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Many plant CYP families emerged or expanded during terrestrialization to address the 

unique biotic and abiotic stresses experienced by early plants.43 This expansion was 

partly a result of plants undergoing whole genome duplication events, which allowed 

duplicated CYPs to be recruited into specialized metabolism and to neo- or 

subfunctionalize.44,45 The CYP51, CYP71, CYP72, and CYP85 clans are all involved in 

terpenoid metabolism, with the CYP71 clan playing a particularly significant role.36,46 

While CYPs may be heavily involved in terpenoid biosynthesis, other enzymes 

including additional oxidoreductases and transferases are important in some terpenoid 

biosynthetic pathways. The 2-oxoglutarate-dependent dioxygenase (2OGD) 

superfamily, and more particularly the DOXC class lineage, play pivotal roles in both 

specialized and central metabolism in plants.47,48 Short chain dehydrogenases, a family 

with low sequence similarity, are another large oxidoreductase superfamily involved in 

terpenoid metabolism.49–51 Terpenoid biosynthesis often extends past the 

oxidoreductases as transferases can utilize the introduced oxidations for further 

modification. Often those modifications are some form of acylation or glycosylation. 

Acylations in terpene metabolism are typically catalyzed by the acyl-CoA dependent 

BAHD family and glycosylations are from the notoriously promiscuous GT1 family of 

glycosyltransferases.52,53 

Oxidations, acylations, glycosylations, and other decorations play important roles 

in bioactivity. Complexity with distinct steric and electrostatic interactions is necessary 

for strong and specific binding that grants a compound its bioactivity.54,55 Terpene 

backbones already demonstrate some distinct geometries for steric interactions but are 

still simpler than decorated terpenoids and the lack of oxidations on terpene backbones 
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limits their solubility. Decorated terpenoids have better solubility, increased structural 

complexity, and introduce distinctive polarity necessary for specific binding. 

Natural product advancements as an interdisciplinary field 

Leveraging specialized metabolism is important in combating complex global issues 

like the growing antibiotic resistance, climate change and food security. Developing a 

commercial product requires cross-disciplinary efforts, spanning from metabolite 

discovery to product development, throughout various research stages and fields. Some 

of the major hurdles are the discovery and characterization of new specialized 

metabolites. Ethnobotany helps overcome these hurdles by exploring the relationships 

between people and plants, leading to the identification of thousands of plants used in 

traditional medicines.56 These discoveries serve as a foundation for future 

experimentation to evaluate bioactivities and isolate unique compounds.57 

Identifying bioactive specialized metabolites like terpenoids creates avenues for 

commercialization of relevant compounds. A simple approach to mass producing 

natural products is direct extraction from the plant, but some natural products are only 

found in very low abundances (<0.1% dry weight).58,59 In cases like this, other 

approaches are desirable. While total chemical synthesis is an alternative, the 

numerous stereogenic centers found in chiral natural products like terpenoids make the 

total synthesis particularly challenging. For example, a 21-step synthetic route towards 

the anti-cancer diterpenoid paclitaxel was considered a landmark, yet only had a net 

yield of 0.118%, illustrating the impracticality of this method to scale commercially.60 A 

more feasible method than total synthesis is a semi-synthetic approach, where a 

biosynthetic intermediate is produced naturally and derivatized to the desired product by 
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chemists. Semi-synthesis requires an abundant intermediate that is also not always 

accessible. Thankfully, a third approach is available: utilizing metabolic engineering to 

produce terpenoids. Metabolic engineering requires substantial upfront research, 

including elucidating the biosynthesis of relevant terpenoids. With the advent of modern 

sequencing, mass spectrometry, and computational tools, a wide array of new bio- and 

chemoinformatic approaches are now available for identifying candidate biosynthesis 

genes. These new tools are complemented by the robust heterologous expression 

systems, such as Agrobacterium-mediated transient expression in Nicotiana 

benthamiana, that are valuable for characterizing candidates.61 This explosion of 

genomic, transcriptomic, proteomic, metabolomic, and chemoinformatic resources and 

data has unveiled details of terpene metabolism, regulation, and function.62–64 

Terpenoid enrichment within the Lamiaceae family  
 

The Lamiaceae (mint) family of plants may only be the sixth largest family of 

angiosperms, but it boasts exceptional terpenoid diversity, representing roughly a 

quarter of all diterpenoids reported in the Dictionary of Natural Products.5,20 

Compounding evidence suggests that this is, in part, due to multiple ancient whole 

genome duplications enabling opportunities for neofunctionalization of genes.65–67,67 The 

range of terpenoids within Lamiaceae has attracted the attention of pharmaceutical, 

agricultural, and cosmetic industries. 

The Lamiaceae family produces a wide array of terpenoids, with a notable 

enrichment of clerodane diterpenoids, particularly for the Ajugoideae and 

Scutellarioideae subfamilies.5 Clerodanes are produced by class II diTPSs and are 

distinguished from other labdane-derived diterpenes by the series of methyl and hydride 
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shifts that result from blocking the prototypical carbocation quenching site, yielding a 

distinct structure while maintaining the bicyclic decalin core of other labdane-derived 

diterpenes.23 Interestingly, clerodane synthases tend to not have a corresponding class 

I TPS partner, with the only known example found in one report of Scutellaria barbata 

diTPSs.67–72 Clerodanes nonetheless remain one of the most diverse diterpene 

backbones because of the wide range of oxidations observed, including many 

heterocyclic structures. 

Summary  

This thesis aims to provide further insight into terpenoid metabolism and offer 

resources for future pathway discovery and engineering. The second chapter has been 

published and covers the discovery of CYP76BK1 orthologs across Lamiaceae species, 

their functional characterization, and the evaluation of their role. The third chapter also 

elucidates a Lamiaceae CYP, CYP736A358, but instead evaluates its ability to oxidize 

an array of diterpene backbones. Chapter 4 explores an alternative route to producing 

semi-synthetic products and their anti-fungal effects. The appendices cover additional 

projects that evaluate the roles of TPSs using genomic data as well as a collaboration 

utilizing new chemoinformatic approaches to better understand terpenoid biosynthesis. 

Lastly, the thesis outlines some future directions. Together, this work covers enzyme 

promiscuity within terpene metabolism, both how it is found naturally and how it can be 

manipulated as a tool.  
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Chapter 2: CYP76BK1 orthologs catalyze furan and lactone ring 
formation in clerodane diterpenoids across the mint family 
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SUMMARY 

The Lamiaceae (mint family) is the largest known source of furanoclerodanes, a 

subset of clerodane diterpenoids with broad bioactivities including insect antifeedant 

properties. The Ajugoideae subfamily, in particular, accumulates significant numbers of 

structurally related furanoclerodanes. The biosynthetic capacity for formation of these 

diterpenoids is retained across most Lamiaceae subfamilies, including the early-

diverging Callicarpoideae which forms a sister clade to the rest of Lamiaceae. 

VacCYP76BK1, a cytochrome P450 monooxygenase from Vitex agnus-castus, was 

previously found to catalyze the formation of the proposed precursor to furan and 

lactone-containing labdane diterpenoids. Through transcriptome-guided pathway 

exploration, we identified orthologs of VacCYP76BK1 in Ajuga reptans and Callicarpa 

americana. Functional characterization demonstrated that both could catalyze the 

oxidative cyclization of clerodane backbones to yield a furan ring. Subsequent 

investigation revealed a total of ten CYP76BK1 orthologs across six Lamiaceae 

subfamilies. Through analysis of available chromosome-scale genomes, we identified 

four CYP76BK1 members as syntelogs within a conserved syntenic block across 

divergent subfamilies. This suggests an evolutionary lineage that predates the 

speciation of the Lamiaceae. Functional characterization of the CYP76BK1 orthologs 

affirmed conservation of function, as all catalyzed furan ring formation. Additionally, 

some orthologs yielded two novel lactone ring moieties. The presence of the CYP76BK1 

orthologs across Lamiaceae subfamilies closely overlaps with the distribution of reported 

furanoclerodanes. Together, the activities and distribution of the CYP76BK1 orthologs 

identified here support their central role in furanoclerodane biosynthesis within the 
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Lamiaceae family. Our findings lay the groundwork for biotechnological applications to 

harness the economic potential of this promising class of compounds.  

Significance Statement: The discovery and functional characterization of CYP76BK1 

orthologs across diverse Lamiaceae subfamilies revealed novel chemistry and their 

central role in furanoclerodane biosynthesis, providing insights into the metabolic 

landscape and dynamic evolution of this plant family over approximately 50 million 

years. These findings pave the way for targeted biosynthetic engineering efforts and the 

sustainable production of furanoclerodane compounds, offering promising prospects for 

agricultural and pharmaceutical applications. 

INTRODUCTION 

The past century has seen a tremendous explosion in the use of chemicals to 

treat biological threats, both in medicine and in agriculture. However, evolving 

challenges such as climate change and chemical resistance underscore a critical need 

for continued development of novel and effective biological control agents.1–3 Modern 

advances in genomics and metabolomics have enabled new opportunities to leverage 

plant natural products and their semi-synthetic derivatives to address these challenges.4 

Diterpenoids are a structurally diverse class of specialized metabolites prevalent 

in plants. A limited set of diterpene backbones gives rise to thousands of unique 

oxidatively decorated diterpenoids with a broad spectrum of bioactivities. The modular 

nature of the biosynthetic route through action of diterpene synthases (diTPSs) and 

cytochrome P450 monooxygenases (P450s) is attractive from both a natural and 

bioengineering perspective, enabling rapid diversification of chemistries from just a few 

initial structures. From an evolutionary perspective, diterpenoids can serve as molecular 
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signatures across taxa, reflecting the history of plant families, speciation, and 

adaptation. They are key contributors to abiotic stress responses, microbial symbioses, 

developmental signaling, and defense against herbivores and pathogens.5 For humans, 

their economic importance is based on applications such as therapeutics, 

nutraceuticals, and in agriculture. One of the most prolific sources of diterpenoids are 

the Lamiaceae, also known as the mint family, recognized for highly aromatic plants. 

Species within this family contribute roughly 16% of the over 25,000 distinct 

diterpenoids reported in the Dictionary of Natural Products (DNP).6  

Clerodanes, one of the most prevalent classes of diterpenoids, are of 

considerable economic interest due to their bioactivities. Within the Lamiaceae, 

numerous clerodane diterpenoids have been reported with a broad spectrum of 

activities including powerful opioid receptor agonists from the psychedelic plant Salvia 

divinorum, potent insect antifeedant and insecticidal compounds from the 

Scutellarioideae and Ajugoideae subfamilies, and MRSA-active antibacterial clerodanes 

in Callicarpa americana.7–9 Additional reported bioactivities of clerodanes include anti-

cancer and antimicrobial therapeutics.10 There are seven common skeletal 

configurations of clerodanes with modifications of carbons 11-16 typically featuring 

either a furan or lactone moiety—collectively called “furanoclerodanes” (Figure 2.1).10 In 

rare cases, other heteroatoms are incorporated in sidechains or as pyrrolidine rings.11 

Based on available structure-activity relationship data, the widespread presence of 

furan and lactone moieties and their variations appear to be the main drivers of the 

biological activities of furanoclerodanes.7,10,12 While the furan and lactone sidechain 

modifications are often observed with clerodane backbones, other labdane backbones 
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with these same features (hereafter “furanolabdanes”) have also been reported from 

diverse plant taxa.10,13–16 

 

Figure 2.1. Structures of relevant clerodanes and furanoditerpenoids. A. Inset, 
neo-clerodane backbone with C15 and C16 highlighted for their role in furan and 
lactone cyclization and lactone carbonyl positioning. I.-VII., seven types of clerodane 
backbones.10 B. Salvinorin A from S. divinorum; Ajugarin I from A. reptans; 12(S),16ξ-
dihydroxycleroda-3,13-dien-15,16-olide is a furanoclerodane from C. americana; 
Vitexilactone, example of a furanolabdane from V. agnus-castus.8,17,18 

 

Recent investigations have begun to elucidate the enzymes involved in 

furanoclerodane biosynthesis in select species. Several diTPSs have been identified 

that form the key diterpene diphosphate precursors to various clerodane backbones. 

Within the Lamiaceae, it has been reported that S. divinorum (SdKPS1), Vitex agnus-

castus (VacTPS5), C. americana (CamTPS2), Scutellaria baicalensis (SbdiTPS2.8) and 
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Salvia splendens (SspdiTPS2.1) all have (-)-kolavenyl diphosphate (KPP) synthases.19–

22 The double bond isomer of KPP, isokolavenyl diphosphate (IKPP), is the major 

product of ArTPS2 from Ajuga reptans and two diTPSs from Scutellaria species 

(SbdiTPS2.7 and SbbdiTPS2.1, 2.3).22–24 More recently, a few P450s catalyzing 

formation of the furan moiety have been identified as well. In S. divinorum, CYP76AH39 

was found to modify kolavenol (dephosphorylated KPP) with a dihydrofuran moiety.25 In 

switchgrass (Panicum virgatum), several P450s in the monocot-specific CYP71Z family 

were shown to catalyze furan ring formation on both clerodane and labdane 

backbones.26 In V. agnus-castus, CYP76BK1 was shown to hydroxylate C16 of the 

labdane peregrinol, which was suggested to be the first step in the formation of the 

furan ring apparent in vitexilactone (Figure 2.1).20 

In this work, we sought to further elucidate biosynthetic routes leading to 

bioactive furanoclerodanes within the Lamiaceae. We initially focused on two distinct 

and potentially economically significant compound classes: the Ajugarins, potent insect 

antifeedant furanoclerodanes produced by Ajugoideae species, and the MRSA-active 

furanoclerodane isolated from C. americana (12(S),16ξ-dihydroxycleroda-3,13-dien-

15,16-olide).7,9 These pathways, originating from evolutionarily distinct subfamilies, 

provided a strategic foundation for discovering a broadly connected landscape of 

furanoclerodane and furanolabdane biosynthesis across the Lamiaceae. 

RESULTS 

Lamiaceae species produce most plant furanoclerodanes 

To gain understanding of furanoclerodane distribution patterns across all 

organisms, the DNP was mined for reported diterpenoids. Compounds annotated as 
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labdanes or clerodanes bearing sidechain moieties characteristic of furanoclerodanes 

(i.e., structures II, III, and VI in Figure 2.1) were extracted. This analysis revealed that 

furanoclerodanes and furanolabdanes occur across 16 distinct clades across plants and 

some marine organisms (Figure 2.2). These include 10 dicotyledon families, 2 

monocotyledon families, a family of ferns, a family of liverworts, and two different orders 

of demosponges. The majority of furanoclerodanes are found in the Lamiaceae family. 

Notably, there are over five times more furanoclerodanes than furanolabdanes across 

all families, revealing a strong bias towards the clerodane backbone.  

Within Lamiaceae, furanoclerodane/labdanes are found in eight of eleven 

subfamilies but vary in the abundances of uniquely decorated structures (Figures S2.1 

and S2). Callicarpoideae contains roughly a dozen unique furanoclerodanes while the 

Ajugoideae has several hundred. While the Nepetoideae subfamily contains 

approximately half of all Lamiaceae species, its Salvia genus is the only one with 

reported furanoclerodanes. The asymmetric diversity paired with presence of 

furanoclerodanes in evolutionarily distant subfamilies suggests there may be a basal, 

conserved metabolic pathway within the Lamiaceae. 
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Figure 2.2. Furanoclerodane and furanolabdane abundances. Furanoclerodanes,  
blue; furanolabdanes, gray. Bars represent the number of unique compounds in the 
respective clade. The panel on the right shows the enrichment in the Lamiaceae. The 
percentages next to subfamilies compare the furanoclerodanes/furanolabdanes found in 
that subfamily to all recorded diterpenoids of that clade. The genus level bar plot was 
filtered to 3 and above compounds. 
 

Identification of two P450s catalyzing production of furanoclerodanes in A. 

reptans and C. americana 

To investigate whether a furanoclerodane biosynthetic pathway is conserved 

across Lamiaceae, we analyzed two taxonomically divergent species, C. americana 

from the early-diverging Callicarpoideae subfamily, as well as A. reptans, member of the 

Ajugoideae. Cytochrome P450 monooxygenases, particularly members of the CYP71 

clan, can catalyze oxidative tailoring reactions in plant diterpenoid biosynthesis. Protein 

blast homology with a set of reference CYP71s was used to identify candidates from 

transcriptomic (A. reptans) and genomic (C. americana) data, yielding roughly 250 

candidates. Candidate genes in C. americana were selected using tissue-specific 

expression data to correlate expression of candidates with that of the KPP synthase 

CamTPS2 (Figure S2.3). In A. reptans only expression data from leaf tissue was 
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available, so candidates were chosen based on strength of expression and clustering 

with the CYP76 subfamily, which is prominent in Lamiaceae diterpenoid metabolism.27 

This approach yielded eight candidates from each species for functional 

characterization.  

Candidate P450 transcripts were cloned and transiently expressed in Nicotiana 

benthamiana along with upstream terpene precursor genes D-xylulose-5-phosphate 

synthase (DXS) and geranylgeranyl diphosphate synthase (GGPPS) along with either 

CamTPS2 or ArTPS2. Consistent with previous studies, endogenous non-specific 

phosphatase activities were sufficient to provide the substrate for P450 oxidation 

19,23,25,26. Most of the initial candidates did not convert the clerodane substrates. 

However, the orthologs ArCYP76BK1 and CamCYP76BK1 were found to catalyze 

formation of two new products (Figure S2.4), identified by NMR as 15,16-epoxy-

4,18,(16),14-clerodatriene (1) and 15,16-epoxy-3,13(16),14-clerodatriene (2). These 

result from furan ring cyclization of the isokolavenol and kolavenol backbone, 

respectively (Figures S2.5-S2.8). These compounds are likely intermediates in the 

pathway toward the bioactive clerodanes (Figure 2.1). This transformation echoes the 

activity of previously identified CYP71Zs from switchgrass and CYP76AH39 in S. 

divinorum.25 ArCYP76BK1 and CamCYP76BK1 exhibit high protein sequence identity 

(71-74%) as well as functional similarity to VacCYP76BK1, despite approximately 50M 

years of evolutionary distance between the Callicarpoideae, Viticoideae, and 

Ajugoideae subfamilies.28 This discovery prompted further investigation into the 

significance of CYP76BK1 orthologs in furanoclerodane production across other 

Lamiaceae subfamilies. 
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Exploration of the CYP76BK family across the mint family 

The set of 48 transcriptomes generated by the Mint Genome Project, which 

provides widespread coverage across subfamilies, was investigated for the presence of 

CYP76 family members (Figure 2.3a).29 An additional transcriptome was generated for 

Teucrium chamaedrys. Phylogenetic analysis identified a monophyletic CYP76BK clade 

containing sequences from species in the Premnoideae, Ajudoideae, Peronematoideae, 

Scutellarioideae, Viticoideae, and Callicarpoideae (Figure S2.9, Figure 2.3b). This 

revealed an additional seven species with CYP76BK1 orthologs, named according to 

species CpCYP76BK1 (Cornutia pyramidata), PbCYP76BK1 (Petraeovitex 

bambusetorum), HsCYP76BK1 (Holmskioldia sanguinea), SbCYP76BK1 (S. 

baicalensis), CbCYP76BK1 (Clerodendrum bungei), Teucrium canadense 

(TcaCYP76BK1) and T. chamaedrys (TchCYP76BK1).  

 

Figure 2.3. Identification of CYP76BK1 orthologs from the Lamiaceae family. (a) 
Phylogeny of the 48 Lamiaceae representatives screened for CYP76BK1 orthologs.    
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Figure 2.3 (cont’d) 
(*) Indicates subfamilies with at least one CYP76BK1 ortholog (Figure adapted from 
Boachon et al., 2018.29 (b) Maximum likelihood tree of CYP76BK1 orthologs along with 
reference sequences from the CYP76 family (in black). Black dots indicate a bootstrap 
value of 70% or greater (1000 bootstraps). CYP76AH39 is implicated in 
furanoclerodane biosynthesis in Salvia. Reference P450s can be found in Table S2.1.  
 

Functional characterization of CYP76BK1 orthologs reveals alternative cyclization 

products 

Newly identified CYP76BK1 transcripts were cloned from leaf tissue cDNA and 

evaluated using transient expression in N. benthamiana. Each ortholog was co-

expressed with a diTPS to assess activity with both kolavenol and isokolavenol (Figure 

2.4). GC-MS analysis of the resulting enzyme products revealed that all CYP76BK1 

enzymes exhibited similar activity as ArCYP76BK1 and CamCYP76BK1, generating 

peaks corresponding to retention times and fragmentation patterns of 1 and 2. 

CamCYP76BK1 and ArCYP76BK1 product profiles revealed additional small products 

insufficient for purification and structural elucidation. These peaks were far more 

abundant with expression of other orthologs, allowing more complete analysis. 

Compounds 3, 4, and 5 were elucidated by NMR analysis (Figures S2.5-S2.8, S2.10-

S2.15), revealing a C16 lactone moiety on 3 and 4 while 5 presents a C15 lactone 

arrangement. These were formally assigned as 4(18)-clerodadien-16,15-olide (3), 3,13-

clerodadiene-16,15-olide (4) and 4(18)-clerodadien-15,16-olide (5). Compound 6 was 

tentatively characterized as 3,13-clerodadien-15,16-olide based on analogous mass 

fragmentation patterns and retention time to 5. 
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Figure 2.4. Functional characterization of CYP76BK1 orthologs. Total ion 
chromatograms with absolute intensities from extracts of N. benthamiana leaves 
transiently expressing each P450 candidate with the two different clerodane diTPS. 
Chromatograms are shown from minutes 12-18, offset by 0.1 minutes and are scaled to 
the highest peak in each set. Each infiltration also included a separate construct for 
DXS + GGPPS to increase yields. Mass spectra of compounds 1-6 can be found in 
Figures S16 and S17. (a) ArTPS2, an isokolavenol synthase, expressed with each 
ortholog. (b) CamTPS2, a kolavenol synthase, expressed with each ortholog. 
Compounds 1-5 have NMR data to support their structures (Figures S2.5-S2.8, S2.10-
S2.15). The structure of compound 6 is proposed based on similar spectra and retention 
time to 5. 

 
 VacCYP76BK1 was earlier shown to generate the C16 hydroxylation of 

peregrinol. This was suggested as precursor to the furanolabdanes rotundifuran and 

vitexilactone found in V. agnus-castus g. We co-expressed VacCYP76BK1 and 

CYP76BK1 orthologs with the peregrinol diphosphate synthase LlTPS1 from Leonotis 

leonurus.23 and could detect traces of products with mass spectra consistent with the 

furan and lactone derivatives of peregrinol (Figure S2.18), but products were not in 

sufficient quantities for NMR analysis. The putative peregrinol furan was also detectable 

with all orthologs except CamCYP76BK1, while the putative C15 and C16 lactones 

were only detectable with expression of VacCYP76BK1, HsCYP76BK1, CbCYP76BK1, 
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and ArCYP76BK1. 

Notable differences in activity can be observed among the orthologs. 

HsCYP76BK1 afforded the best conversion of kolavenol to 1, while CbCYP76BK1 was 

most active against isokolavenol with the best yield of 4 and SbCYP76BK1 afforded the 

highest yield of 6. There is apparently some bias among orthologs in which lactone 

variation dominates the product profile, with CbCYP76BK1, CpCYP76BK1, and 

HsCYP76BK1 preferentially catalyzing formation of the C16 lactone while expression of 

PbCYP76BK1, SbCYP76BK1, and TchCYP76BK1 led to higher accumulation of the 

C15 lactone. Relative activities of ArCYP76BK1 and CamCYP76BK1 were more difficult 

to distinguish due to lower overall activity in lactone formation. Overall, there appears to 

be flexibility in the acceptance of both kolavenol and isokolavenol substrates (Figure 

S2.19). Neither CamCYP76BK1 nor VacCYP76BK1 appear capable of converting 

isokolavenol to either the furan or lactone products, but both show moderate activity 

with kolavenol. 

Analysis of plant extracts 

We analyzed leaf extracts of species with CYP76BK1 orthologs by GC-MS for 

evidence of the furan and lactone containing intermediates. However, only the leaf 

extract of C. americana had peaks with the same mass spectrum and retention time as 

2, 4, and 6 (Figure 2.5). Other extracts showed peaks which did not match the 

CYP76BK1 products but may represent further modified furanoclerodane products, 

based on mass fragmentation patterns (Figure S2.20).  
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Figure 2.5. GC-MS analysis of plant extracts. (a) EIC showing the presence of the 
furan (m/z 286) and both lactone (m/z 302) moieties on the kolavenol backbone in the 
C. americana leaf extract. Purified products derived from N. benthamiana leaf extracts 
expressing either CamTPS2 and CbCYP76BK1 (2 and 4) or CamTPS2 and 
SbCYP76BK1 (6) were used for reference. (b) Deconvoluted mass spectra of 2, 4, and 
6. Top (black) from purified products, bottom (gray) corresponding peak from the C. 
americana leaf extract.  
 
Evaluating syntenic orthologs of CYP76BKs 

To further understand the context and evolutionary origin of the CYP76BK1s, we 

examined available chromosome-scale genomes to determine syntenic relationships of 

CYP76BK1s in the Lamiaceae family. The genomes of C. americana21, Clerodendrum 

inerme30, Pogostemon cablin31, Salvia hispanica32, Salvia miltiorrhiza33, Salvia 

officinalis34, Salvia splendens35, S. baicalensis36, Scutellaria barbata37, Tectona 

grandis38, Thymus quinquecostatus39, and Lavandula angustifolia40 were all selected 

based on their quality and subfamily membership: one Callicarpoideae, one Ajugoideae, 
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one Lamioideae, two Scutellarioideae, one Tectonoideae, and six Nepetoideae.  

Genomic investigations supported the transcriptomic analyses, as we found 

CYP76BK1 members present in the Ajugoideae, Callicarpoideae, and Scutellarioideae 

subfamilies while absent in the Lamioideae, Nepetoideae, and Tectonoideae 

representatives. The CYP76BK1s in C. americana, C. inerme, S. baicalensis, and S. 

barbata were syntenic orthologs (syntelogs) (Figure 2.6). While the syntenic block is 

found throughout all the available Lamiaceae genomes, CYP76BK1 homologs are not 

represented within the Lamioideae, Nepetoideae, and Tectonoideae.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. CYP76BK1 Syntenic Block Through the Lamiaceae. Species tree 
phylogeny of representative species of subfamilies across the Lamiaceae generated in 
Brose et al. 2024.32 The red lines indicate syntenic orthologs of CYP76BK1 present in  
C. americana, S. baicalensis, S. barbata, and C. inerme. Large syntenic blocks between 
the species are colored grey. Individual genes are colored black along the segments. 
The brackets highlight which syntenic blocks corresponding to each subfamily. 
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Discussion 

Furanoclerodanes have garnered particular interest due to their potent insect-

antifeedant, antimicrobial, and other bioactivities, which likely arise from characteristic 

furan and lactone ring systems. Our findings establish CYP76BK1 as a key enzyme in 

the biosynthesis of furanoclerodanes across many distinct subfamilies of the Lamiaceae 

family, opening new avenues for bioengineering and biosynthetic use of 

furanoclerodanes.  

According to compounds reported in the DNP, furanoclerodanes are found in 16 

families including some sessile marine organisms as well as liverworts, monocots, and 

dicots. Despite the widespread occurrence and diversity, approximately 40% of all 

reported furanoclerodanes are from species that carry a CYP76BK1 ortholog. The 

density of unique furanoclerodanes in a narrow set of species, particularly in the 

Ajugoideae and Scutellarioideae, highlights a rapid expansion into this metabolic niche. 

Across the Lamiaceae family, the distribution of CYP76BK1 orthologs significantly 

overlaps with the occurrence of reported furanoclerodanes. We found orthologs in the 

Scutellaroideae, Ajugoideae, Callicarpoideae, Premnoideae, Peronematoideae, and 

Viticoideae subfamilies, all of which have species with reported furanoclerodanes. H. 

sanguinea (HsCYP76BK1) and P. bambusetorum (PbCYP76BK1) have no reported 

diterpenoids. However, with only limited phytochemical studies available in these 

species41,42, the presence of CYP76BK1 could indicate a potential source for new 

furanoclerodane structures.  

In contrast, only a small proportion of reported furanoclerodanes from the 

Lamiaceae come from subfamilies without a CYP76BK1 ortholog. Most notably, Salvia 
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is the sole genus enriched in furanoclerodanes within the Nepetoideae. This can be 

explained by the presence of CYP76AH39, a dihydrofuran synthase from S. divinorum 

which has convergently evolved to perform a similar function to the CYP76BK1 clade. 

We found in our phylogenetic analysis that putative CYP76AH39 orthologs are limited to 

Salvia species (Figure S2.9). Moreover, recent work found through genomic and 

phylogenetic analysis of diterpene synthases at least two lineages leading to the 

appearance of clerodane biosynthesis in Lamiaceae, with the Nepetoideae lineage 

evolutionarily distinct from other subfamilies.22 Together, the evolution of clerodane 

diterpene synthases and furan/lactone yielding P450s highlight convergent evolution of 

these multi-step biosynthetic pathways. Outside of Salvia, the Lamioideae subfamily 

also contains a small number of furanoclerodanes despite lacking CYP76BK1 orthologs 

in the transcriptomes we examined. It is plausible that the Lamioideae may have 

another enzyme or set of enzymes responsible for the furan ring formation. The multiple 

emergences of these compounds within and outside the Lamiaceae appears to 

underscore a selective advantage.10,43 

Genomic analysis provided further context for the evolutionary history of 

CYP76BK1. The syntelogs are found in a syntenic block conserved across all available 

chromosome-scale genomes in the Lamiaceae, however CYP76BK1 was lost multiple 

times including in the Tectonoideae, the Lamioideae and Nepetoideae subfamilies. This 

suggests that CYP76BK1 emerged prior to the divergence of the major Lamiaceae 

subfamilies, thus constituting a foundational part of the diterpenoid diversity in 

Lamiaceae. Subsequent loss can be attributed to localized genomic deletions rather 

than larger rearrangements. Analysis of the syntenic block with PlantiSmash44 found no 
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additional terpene biosynthetic genes, in contrast to our previous discovery of an 

ancestral miltiradiene biosynthetic gene cluster present throughout the Lamiaceae.45 

The functional capabilities of the CYP76BK1 orthologs demonstrated here 

expand on the previous discovery of the founding member VacCYP76BK1. Initially, this 

ortholog was shown to catalyze hydroxylation of C16 of a labdane diterpenoid, 

peregrinol.20 Utilizing GC-MS we found that this ortholog also can install both lactone 

and furan rings on clerodane and labdane substrates, albeit with low activity (Figure 

S2.18). The putative peregrinol furan was also detectable with all orthologs. We 

propose an updated mechanism for CYP76BK1 that accounts for the formation of the 

C15 and C16 lactone rings as well as the originally proposed furan ring (Figure 2.7). 

While a single oxidation results in the hydroxylated C15 product, a second oxidation 

allows spontaneous formation of the furan. A third oxidation then enables formation of 

the two lactones, depending on the equilibrium state. This mechanism aligns with the 

product profiles we observed, where the furan is the dominant product. It can also 

explain how different orthologs might quickly evolve the ability to synthesize one lactone 

over another by favoring a specific intermediate for the final oxidation. 
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Figure 2.7. Proposed enzyme mechanism. The initial oxidation of C16 was observed 
with VacCYP76BK1.20 Bracketed structures represent intermediates. Formation of a 
carbonyl group helps delocalize the electrons, making further rearrangements feasible 
and permitting an opportunity for cyclization. A nucleophilic attack and dehydration can 
generate the furan or a subsequent oxidation on either aldehyde intermediate followed 
by a nucleophilic attack and dehydration will yield the respective lactone ring, leading to 
either the C15 or C16 lactone. (Solid arrows indicate enzymatic oxidation and dashed 
arrows indicate spontaneous rearrangement) 
 

Comparison of the product profiles observed here with reported metabolites 

suggests that additional enzymes beyond CYP76BK1 likely govern final product profile 

in planta. The transient expression of CYP76BK1 orthologs generally showed the furan 

as the dominant product, followed by the C16 lactone or the C15 lactone. Most of the 

structures reported in the Ajugoideae, Scutellaroideae, and Callicarpoideae contain the 

C15 lactone or furan, as seen in the Ajugarins, the MRSA-active clerodane in C. 

americana, and vitexilactone from V. agnus-castus. Type III and type VIII clerodanes 

appear to be derived from this C15 lactone intermediate. In contrast, only a very few 
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reported structures contain the C16 lactone arrangement. However, the furanofuran or 

type VI clerodanes, which are highly abundant in Clerodendrum, could plausibly arise 

from the C16 lactone as an intermediate (Figure S2.1). The remaining furanoclerodane 

scaffolds, including types II, IV, and V appear to be derived from the furan intermediate. 

In metabolomic analysis of the plant extracts, we identified 2, 4, and 6 only in extracts 

from C. americana. This supports the biological relevance of these CYP76BK1 

products, although it is interesting to note that CamCYP76BK1 itself had very low 

activity in the conversion to both 4 and 6. Given the suggested multi-oxidation 

mechanism of CYP76BK1 enzymes, it is possible that other oxidases may be present in 

planta which are capable of steering product outcome towards the lactones. The lack of 

detectable CYP76BK1 products in the leaf extracts of other species may indicate that 

other tissues favor accumulation of these products, or that external stress is needed to 

initiate their biosynthesis. Alternatively, these compounds may represent intermediates 

in more complex pathways, potentially involving additional tailoring oxidases, shifting 

the product outcome towards more highly decorated species-specific diterpenoids.  

The range of catalytic activities in the CYP76BK1 clade builds on recent 

discoveries of CYP76AH39 in S. divinorum and the CYP71Z clade in switchgrass.25,26 

While CYP76AH39 can add a dihydrofuran to the kolavenol backbone, the CYP71Zs 

catalyze furan formation on multiple labdane and clerodane backbones. The 

CYP76BK1s further expand this biosynthetic toolbox with the ability to generate two 

lactone variants in addition to a furan on kolavenol, isokolavenol, and to a lesser degree 

some labdane substrates (Figure S2.18, Figure S2.21). Together these findings 

represent three distinct evolutionary trajectories towards furanoclerodane and 
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furanolabdane biosynthesis. The substrate promiscuity demonstrated here among 

kolavenol, isokolavenol, and peregrinol substrates further supports the shared origin of 

the CYP76BK1 orthologs. For some species, such as those in the Ajugoideae, the 

reported furanoclerodanes appear largely isokolavenol-derived. Since A. reptans has 

only an iso-KPP synthase, while others such as C. americana have only a KPP 

synthase, we can surmise that the availability of these substrates likely drives product 

outcome more than the enzyme selectivity.21,23 

A further observation from the DNP analysis is that across all plant families, 

furanoclerodanes outnumbered their labdane counterparts by over five-fold. Moreover, 

very few clerodanes are reported which lack a furan-containing moiety, while 

furanolabdanes comprise only a small proportion of all labdane structures reported. The 

pronounced skew towards furanoclerodanes may indicate selective pressures favoring 

the clerodane scaffold for furan and lactone ring installation, which would be consistent 

with the diverse bioactivities found in furanoclerodanes, most notably their insect 

antifeedants.7,46,47 We speculate that in addition to potential selective pressures from 

their corresponding bioactivities, the dominance of the furanoclerodanes could relate to 

the apparent lack of a clerodane-specific class I diTPS in most instances. Despite wide 

availability of transcriptomic and genomic resources, and numerous reports of class II 

diTPSs which form clerodienyl diphosphates, there is a general lack of corresponding 

class I diTPSs to facilitate diphosphate removal.19,21,23,48 It remains unclear why this 

pattern holds true across divergent species, but class I diTPSs typically introduce 

additional cyclizations in labdane pathways. In the absence of such a class I partner, 

plants may utilize alternative enzymes such as phosphatases or nudix hydrolases to 
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dephosphorylate the diphosphate backbone. After dephosphorylation, P450s may 

evolve to oxidize these uncyclized sidechains, spontaneously forming furan and lactone 

scaffolds which confer a biological advantage.  

Collectively, our work provides a genomic, functional, and metabolomic 

perspective on the central role of CYP76BK1 in furanoclerodane metabolism across 

Lamiaceae. These enzymes catalyze key oxidative cyclizations en route to a vast array 

of bioactive diterpenoid natural products. The conservation and phylogenetic distribution 

pattern of CYP76BK1 implicates it as an ancestral enzyme lineage facilitating the 

proliferation of furanoclerodanes throughout the evolution of the Lamiaceae family. Our 

findings establish a robust molecular toolbox for targeted engineering of 

furanoclerodane biosynthetic pathways, enabling sustainable production of these high-

value compounds for pharmaceutical and agricultural applications 

Experimental procedures 

Survey of diterpenoids from the DNP 

The Dictionary of Natural Products (v30.2) was mined for relevant diterpenoids 

using the following search criteria. The search category ‘Type of Compound’ with either 

V.S.55000 or V.S.54000, which correspond to clerodane and labdane diterpenoids 

respectively. Multiple subsets of the data were extracted by including specific 

substructures to isolate particular categories of furanoclerodanes. The substructures 

consisted of the side chain of the C15/C16 lactones (with and without the C14-C15 

double bond), furan, and furanofuran, the commonly found VI substructure in Figure 2.1. 

CSV files were semi-automatically extracted to include the following data: Chemical 

Name, Molecular formula, Accurate mass, Type of Compound, Type of Organism, and 
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Biological Source. A final control subset of data was included where the only search 

parameter was ‘Type of Compound words’ and the value was ‘*diterpen*’ to extract all 

compounds annotated as diterpene or diterpenoid. 

The CSVs were imported into R (v4.2.2) and tidyverse 2.0.0 was used for varying 

analyses. Each dataset had 2 new columns appended to represent their backbone 

(furanoclerodane, furanolabdane, clerodane, labdane, or other diterpenoid) as well as 

which modification they have (furan, C15 lactone, C16 lactone, furanofuran, and non-

furanoditerpenoid). The files were then concatenated. Duplicate lines were removed 

along with compounds lacking biological source or type of organism data. Duplicate 

chemical names placed in ‘other diterpenoid’ were also removed. 

The biological source data was manually curated to remove tissue related data 

due to its nonuniform categorizations. The 'Type of Organism' category was divided into 

Kingdom, Phylum, Order, Class, and Family. Due to some DNP entries predating their 

species’ reclassification, various DNP entries were reclassified to contemporary clades, 

primarily moving various Verbenaceae to Lamiaceae. Data was grouped by either family 

or genus, with duplicate chemical name found within groups removed to ensure only 

one unique entry per group. The sum unique compounds were then plotted using 

different categorical compound descriptors respective of groupings. This includes 

comparing backbones in Lamiaceae (figure 2.2), which furano-moiety modifications are 

in Lamiaceae (Figure S2.1), and clerodane, labdane, furanoclerodanes/labdanes, and 

other diterpenoids that can be found in Lamiaceae (Figure S2.2).  
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Candidate gene selection 

Previously assembled genomic and tissue-specific expression data21 were used 

to identify candidate genes in C. americana. The heatmap of candidate gene expression 

was generated using Heatmapper.49 For all other species, previously assembled 

transcriptomic data were used (Table S2.2).50 Candidate P450s (Table S2.3) are initially 

filtered to based on 45% identity and an E value greater than 1E-5 using BLASTP 

against a set of reference sequences (Table S2.1). For A. reptans the candidates were 

further narrowed down to CYP76s exclusively. Finding orthologs of the other 

CYP76BKs followed the same process of A. reptans and were then confirmed via 

phylogenetic relationships. 

Phylogenetic trees 

Reference sequences used in all protein phylogenies were obtained from 

GenBank (Table S2.2). Full-length peptide sequences were used. Multiple sequence 

alignments were generated using ClustalOmega (version 1.2.4; default parameters) and 

phylogenetic trees were generated by RAxML (version 8.2.12; Model = protgammaauto; 

Algorithm = a) with support from 1000 bootstrap replicates.51,52 Tree graphics were 

rendered using the Interactive Tree of Life (version 6.5.2).53 

Plant material and cloning 

Plants were obtained from commercial nurseries or botanical gardens (Table 

S2.4) and grown in a greenhouse under ambient photoperiod and 24 °C day/17 °C night 

temperatures. 

Synthetic oligonucleotides for all enzymes used in this study are given in Table 

S2.5. Candidate enzymes were PCR-amplified from leaf cDNA, and coding sequences 
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were cloned and sequence-verified with respective gene models. Constructs were then 

cloned into the plant expression vector pEAQ-HT and used in transient expression 

assays in N. benthamiana. One construct, VacCYP76BK1, was synthesized by Twist 

Bioscience before cloning into pEAQ-HT.  

Transcriptomic sequencing and assembly of T. chamaedrys 

100 mg young leaf tissue of young leaves were harvested and frozen in liquid 

nitrogen. RNA was isolated using Spectrum Plant Total RNA kit (Sigma) with on-column 

DNAse digest. TruSeq stranded mRNA (polyA mRNA) libraries were constructed and 

sequenced on an Illumina Novaseq 6000 to 150 nt in paired-end mode. Sequencing 

was performed at the Research Technology Support Facility at Michigan State 

University. 

Raw reads were evaluated with fastqc (v0.11.2)54, trimmed and corrected using 

trimmomatic (v0.39)55 and subsequently assembled using trinity (v 2.1.1).56 Peptide 

sequences were predicted using Transdecoder (v. 5.5.0).57 The predicted peptides were 

blasted against CamCYP76BK1, ArCYP76BK1, and VacCYP76BK1. TchCYP76BK1 

was found to be 94.7% identical to TcaCYP76BK1 identified and included in producing 

the final phylogenies and for cloning. 

Transient expression for functional characterization in N. benthamiana 

N. benthamiana plants were grown for 5 weeks in a controlled growth room 

under 12 h light and 12 h dark cycle at (22°C) before infiltration. Constructs for co-

expression were separately transformed into Agrobacterium tumefaciens strain 

LBA4404. 20 mL cultures were grown overnight at 30 °C in LB with 50 µg/mL kanamycin 

and 50 µg/mL rifampicin. Cultures were collected by centrifugation and washed twice 
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with 10 mL water. Cells were resuspended and diluted to an OD600 of 1.0 in 200 µM 

acetosyringone/water and incubated at 30 °C for 1–2 h. Separate cultures were mixed in 

a 1:1 ratio for each combination of enzymes, and 4- or 5-week-old plants were infiltrated 

with a 1 mL syringe into the underside (abaxial side) of N. benthamiana leaves. All gene 

constructs were co-infiltrated with two genes encoding rate-limiting steps in the 

upstream (MEP) pathway: P. barbatus 1-deoxy-D-xylulose-5-phosphate synthase 

(PbDXS) and GGPP synthase (PbGGPPS) to boost production of the diterpene 

precursor GGPP.58 Plants were returned to the controlled growth room (22 °C, 12 h 

diurnal cycle) for 5 days. Approximately 200 mg fresh weight from infiltrated leaves was 

extracted with 1 mL hexane overnight at room temperature. Plant material was collected 

by centrifugation, and the organic phase was removed for GC-MS analysis.  

Plant extract metabolomics 

Leaves from C. pyramidata, P. bambusetorum, H. sanguinea, S. baicalensis, C. 

bungei, T. chamaedrys, A. reptans, and C. americana were harvested for metabolite 

analysis. The leaves were frozen in liquid nitrogen, crushed, and extracted for three 

hours in ethyl acetate. Leaf material was collected by centrifugation and the organic 

phase was removed and concentrated for GC-MS analysis. 

GC-MS analysis 

All GC-MS analyses were performed in Michigan State University’s Mass 

Spectrometry and Metabolomics Core Facility on an Agilent 7890 A GC with an Agilent 

VF-5ms column (30 m × 250 µm × 0.25 µm, with 10 m EZ-Guard) and an Agilent 5975 C 

detector. The inlet was set to 250 °C splitless injection of 1 µL and He carrier gas 

(1 mL/min), and the detector was activated following a 4 min solvent delay. All assays 
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and tissue analysis used the following method: temperature ramp start 40 °C, hold 

1 min, 40 °C/min to 200 °C, hold 4.5 min, 20 °C/min to 240 °C, 10 °C/min to 280 °C, 

40 °C/min to 320 °C, and hold 5 min. MS scan range was set to 40–400. Deconvolution 

of spectra was done utilizing AMDIS.59 

Product scale-up and NMR 

For NMR analysis, production in the N. benthamiana system was scaled up to 1 L 

infection culture. A vacuum-infiltration system was used to infiltrate A. 

tumefaciens strains into whole N. benthamiana plants, with approximately 40 plants 

used for each enzyme combination. The furan and lactone derivatives of CamTPS2 

were identified from the combination of CamTPS2 and CbCYP76BK1. The furan 

derivative of ArTPS2 was identified from the combination of ArTPS2 and ArCYP76BK1, 

while the C16 lactone derivative was identified from ArTPS2 with HsCYP76BK1 and the 

C15 lactone derivative utilized SbarbCYP76BK1. After 5 days, all leaf tissue was 

harvested and extracted overnight in 600 mL hexane at room temperature. The extract 

was concentrated by rotary evaporator. Each product was purified by silica gel flash 

column chromatography with a mobile phase of 98% hexane/2% ethyl acetate. NMR 

spectra were measured in Michigan State University’s Max T. Rogers NMR Facility on a 

Bruker Avance NEO 800 MHz or 600 MHz spectrometer equipped with a helium cooled 

TCl cryoprobe or a Prodigy TCI cryoprobe, respectively, using CDCl3 as the solvent. 

CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, 

respectively. 
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Syntenic Analysis of Lamiaceae 

Publicly available chromosome-scale genomes of C. armericana21, 

Cleorodendrum inerme30, Pogostemon cablin31, Salvia hispanica32, Salvia miltiorrhiza33, 

Salvia officinalis34, Salvia splendens35, Scutellaria baicalensis36, Scutellaria barbata37, 

Tectona grandis38, Thymus quinquecostatus39, and Lavandula angustifolia40 were 

obtained and quality assessed using BUSCO (v5.5.0)60 embryophyta_odb10. In order to 

identify syntenic orthologs, only chromosome-scale assemblies with BUSCO (Basic 

Universal Single Copy Orthologs) scores for the genome greater than 90% and 

annotation scores greater than 80% (Table S2.6). Syntelogs through the Lamiaceae 

were obtained for the chromosome scale assemblies within the Lamiaceae with 

GENESPACE (v.1.1.10).61 The regions were then visualized using pyGenomeViz.62 The 

phylogeny of the Lamiaceae species was generated by Brose et al. 2024.32 The final 

figure was edited in BioRender. 

Accession numbers:  

Relevant accession numbers can be found on Table S2.1 and Table S2.3 
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APPENDIX 
 

 
 
Figure S2.1. P450 candidates selected for functional characterization. (a) Heatmap 
of C. americana candidates showing comparison of expression profile with CamTPS2, 
the KPP synthase. (b) Maximum-likelihood tree of all cloned candidates from C. 
americana (Cam) and A. reptans (Ar). Black dots indicate bootstrap support of 70% or 
greater (1000 replicates). Sequence names in black are previously reported sequences 
for reference. The yellow highlights A. reptans genes and red highlights C. americana 
genes. Table S2.2 contains the accession numbers for the candidate and references. 
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Figure S2.2. C. americana and A. reptans CYP76BK1 ortholog activity. A 191 m/z 
extracted ion chromatogram of DXS-GGPPS control as well as the kolavenol and 
isokolavenol synthases form C. americana and A. reptans with and without their 
respective CYP76BK1 ortholog.  
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Figure S2.3. NMR chemical shift assignments of compound 1. Connectivity was 
deduced from 1H, 13C, HSQC, HMBC, and COSY correlations (Fig. S2.4). CDCl3 was 
used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H 
and 13C spectra, respectively. Absolute stereochemistry was assigned based on the 
configuration of the precursor isokolavenyl diphosphate. 
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Figure S2.4a. NMR spectra of Compound 1. CDCl3 was used as the solvent, and 
CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, 
respectively. (a) 1H NMR spectrum. 
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Figure S2.4b. 13C NMR spectrum. 
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Figure S2.4c. HSQC spectrum. 
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Figure S2.4d. HMBC spectrum. 
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Figure S2.4e. COSY spectrum.  
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Figure S2.5. NMR chemical shift assignments of compound 2. Connectivity was 
deduced from 1H, 13C, HSQC, HMBC, and COSY correlations (Fig. S2.6). CDCl3 was 
used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H 
and 13C spectra, respectively. Absolute stereochemistry was assigned based on the 
configuration of the precursor (-)-kolavenyl diphosphate. 
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Figure S2.6a. NMR spectra of Compound 2. CDCl3 was used as the solvent, and 
CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, 
respectively. (a) 1H NMR spectrum. 
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Figure S2.6b. 13C NMR spectrum. 
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Figure S2.6c. HSQC spectrum. 
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Figure S2.6d. HMBC spectrum. 
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Figure S2.6e. COSY spectrum.  

 

  

        6                      1                   13                   
                                                         3                
                 3                          7 26     77 00         1      13 
                     



72 
 

 

Figure S2.7 CYP76 family phylogeny from the Mint Genome Project. Transcripts 
with >45% protein identity to either VacYCP76BK, CamCYP76BK1, or ArCYP76BK1 
were extracted from this collection of transcriptomes and was further filtered to the 
CYP76 family alone. Dots on phylogeny represent >70% bootstraps.  
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Figure S2.8. NMR chemical shift assignments of compound 3. Connectivity was 
deduced from 1H, 13C, HSQC, HMBC, and COSY correlations (Fig. S2.9). CDCl3 was 
used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H 
and 13C spectra, respectively. Absolute stereochemistry was assigned based on the 
configuration of the precursor isokolavenyl diphosphate. 
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Figure S2.9a. NMR spectra of 3. CDCl3 was used as the solvent, and CDCl3 peaks 
were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, respectively. (a) 1H NMR 
spectrum. 
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Figure S2.9b. 13C NMR spectrum. 
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Figure S2.9c. HSQC spectrum. 
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Figure S2.9d. HMBC spectrum. 
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Figure S2.9e. COSY spectrum. 
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Figure S2.10. NMR chemical shift assignments of compound 4. Connectivity was 
deduced from 1H, 13C, HSQC, HMBC, and COSY correlations (Supplementary Fig. 6). 
CDCl3 was used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 
ppm for 1H and 13C spectra, respectively. Absolute stereochemistry was assigned based 
on the configuration of the precursor (-)-kolavenyl diphosphate. 
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Figure S2.11a. NMR spectra of compound 4. CDCl3 was used as the solvent, and 
CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, 
respectively. (a) 1H NMR spectrum. 
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Figure S2.11b. 13C NMR spectrum. 
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Figure S2.11c. HSQC spectrum. 
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Figure S2.11d. HMBC spectrum. 
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Figure S2.11e. COSY spectrum. 
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Figure S2.12. NMR chemical shift assignments of compound 5. Connectivity was 
deduced from 1H, 13C, HSQC, HMBC, and COSY correlations (Supplementary Fig. 8). 
CDCl3 was used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 
ppm for 1H and 13C spectra, respectively. Absolute stereochemistry was assigned based 
on the configuration of the precursor isokolavenyl diphosphate. 
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Figure S2.13a. NMR spectra of Compound 5. CDCl3 was used as the solvent, and 
CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C spectra, 
respectively. (a) 1H NMR spectrum. 
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Figure S2.13b. 13C NMR spectrum 
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Figure S2.13c. HSQC spectrum. 
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Figure S2.13d. HMBC spectrum. 
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Figure S2.13e. COSY spectrum. 
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Figure S2.14. (-)-kolavenol CYP76BK1 products. All infiltrations here included DXS-
GGPPS + ArTPS2. Spectra 1. had a retention time of 12.44 min and included 
CbCYP76BK1. Spectra 2. had a retention time of 15.84 min and also included 
CbCYP76BK1 in the infiltration. Spectra 3. had a retention time of 16.52 min and 
included SbCYP76BK1 in the infiltration. These spectra align with the numbered 
compounds on Figure 2.7 of main text. 
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Figure S2.15. isokolavenol CYP76BK1 products. All infiltrations here included DXS-
GGPPS + ArTPS2. Spectra 1. had a retention time of 12.35 min and included 
CbCYP76BK1. Spectra 2. had a retention time of 15.77 min and included CbCYP76BK1 
in the infiltration. Spectra 3. had a retention time of 16.47 min and included 
SbCYP76BK1 in the infiltration. 
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Figure S2.16. Extracted ion chromatograms of the peregrinol backbone (DXS-
GGPPS + LlTPS1) paired with the various CYP76BK1s. a is an EIC of 304 m/z, 
which highlights the parent ion of the furan backbone. Lactone parent ions were small, 
therefore 181 m/z was used for the lactone EIC. Compound 1 was found at 13.89 min, 
Compound 2 at 15.38 min, and compound 3 at 16.79 min. Library hits had a 70+ 
percent match to a furan or lactone on the peregrinol backbone, supporting the likely 
activity. 
 

        16                                                                         1 
                           76                    304                                        
                181                                                                    
                                                                         1           
   13 89                   2    15 38                      3     16 79                 
                                                                  70                    
                                                                        

  

3  16 787   

2  15 383   

1  13 887   

           

           

           

1 1 2 3 

      76  1
      76  1
      76  1
      76  1
      76  1
      76  1
       76  1
       76  1
       76  1
     1

      76  1
      76  1
      76  1
      76  1
      76  1
      76  1
       76  1
       76  1
       76  1
     1

1. 13.89 min 

2. 15.38 min 

3. 16.79 min 



94 
 

 

Figure S2.17. GC-MS analysis of plant extracts. None of these extracts have peaks 
aligning with enzyme products 1, 2, 3, or 4. However, some of the visible peaks in these 
EIC chromatograms could be unidentified terpenoid structures. 
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Figure S2.18. Lamiaceae clerodane and labdane furan, lactone, and furanfuran 
moiety distribution. Dashed lines on structures represent single or double bonds were 
used in the DNP search. Plotted is the combined clerodane and labdanes containing the 
drawn substructures. Of note, there is a noticeable lack of c16 lactones, however they 
are a presumed precursor to furanofurans.  
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Figure S2.19. Combined kolavenol and isokolavenol CYP76BK1 total ion 
chromatograms. The bottom 10 chromatograms are the -(-)-kolavenyl diphosphate 
backbone paired with the respective CYP76BK1 orthologs and the top 10 are the 
isokolavenyl diphosphate backbone paired with the respective CYP76BK1 orthologs. 
Combining these chromatograms allows direct comparisons of abundances. 
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Figure S2.20. Lamiaceae diterpenoids by backbone type. Clerodane and labdanes 
were further split into furanoclerodanes/furanolabdanes vs clerodanes and labdanes 
lacking a furan, lactone, or furanofuran moiety. To additionally, gauge diterpenoid 
diversity in a given species all other diterpenoids were also included as the ‘other’ 
category. 
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Figure S2.21. Extracted ion chromatograms (286 m/z) of different N. benthamiana 
infiltration extractions. 286 m/z is the parent ion of furan containing products for a (+)-
CPP ent-CPP and isokolavenol product. ArTPS2 is a TPS for isokolavenol and the TPS 
native to where the ArCYP76BK1 product is from acting as a positive control. CamTPS1 
produces ent-CPP and CamTPS6 produces (+)-CPP. All samples with the ArCYP76BK1 
produced a new 286 m/z product regardless of backbone. The ent- and (+)-CPP likely 
overlapped in elution due to only differing by the decalin core’s stereochemistry 
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Abstract 

Advancing our understanding of specialized metabolism and improving metabolic 

engineering tools are critical to developing new agrochemicals and pharmaceuticals. 

Promiscuous cytochromes P450 (CYPs) offer valuable tools for metabolic engineers by 

enabling chemical modifications of diverse metabolites, including non-native pathways. 

Ajuga reptans, a Lamiaceae (mint) family species, produces diverse oxidized clerodane 

diterpenoids, indicating a potential enrichment in diterpene-active CYPs. This 

observation led to a transcriptome-guided investigation of CYPs led to the discovery of 

ArCYP736A358, the first identified member of the CYP736 family with activity towards 

cyclized diterpenes. Specifically, ArCYP736A358 was found to oxidize the diterpenes 

isokolavelool, (-)-kolavelool, (+)-manool, sclareol, manoyl oxide, sandaracopimaradiene, 

and ent-kaurene. At present, we have elucidated the products as epoxy-isokolavelool, 

epoxy-manoyl oxide, and 3-hydroxy-ent-kaurene. The broad substrate range, and 

regioselectivity add ArCYP736A358 as a valuable biocatalyst to our growing synthetic 

biology toolbox. 

Introduction 

Approximately two thirds of agrochemicals and pharmaceuticals are natural 

products, natural product derived, mimics, or carry a natural product pharmacore.1,2 

Effective natural product synthesis is crucial for both direct use and derivatization. 

Extraction from natural sources is possible but often limited by low concentrations or 

specific growth requirements, making alternative approaches preferable.3–5 While great 

strides have been made in organic chemistry to synthetically produce chiral structures, 

there remain limitations, largely due to the numerous stereogenic centers.6,7 Therefore, 
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a practical approach would be to use biotechnology to generate products or precursors 

for semisynthesis, such as commercial artemisinin.8 

  Terpenoids, the largest group of specialized metabolites, comprise over 90,000 

unique structures with diverse bioactivities.9 Terpene synthases modularly cyclize 

substrates to generate terpene backbones.10,11 These backbones become terpenoids 

upon oxidation, typically by cytochromes P450 (CYPs), a step that substantially 

increases terpenoid diversity and functionality while enabling other modifications by 

additional enzyme families.12 

A growing emphasis has been placed on enzyme promiscuity, as it can efficiently 

generate complex metabolite pools.11 Enzyme promiscuity can be divided into various 

forms including conditional, catalytic, substrate and product promiscuity.13 Many of 

these characteristics have been reported in CYPs. For example, CYP76M8 in Oryza 

sativa oxidized several diterpenes.14 In Salvia miltiorrhiza, CYP76AH3 yields three 

separate products from ferruginol, and Ajuga CYP76BK1 orthologs produced a mixture 

of a furan and lactone moieties on multiple labdane derived backbones.15,16 

To expand available tools for metabolic engineering, we pursued CYPs in Ajuga 

reptans, a mint species with oxidized clerodane diterpenes reported in leaf tissue. 

These clerodanes demonstrate insect anti-feedant properties that are reportedly 

enhanced by their epoxides.17–19 The clerodane synthase ArTPS2, necessary for 

clerodane metabolism, is expressed in leaves where oxidized clerodanes are found, 

suggesting that other biosynthetic genes might also be leaf-expressed.20 We screened 

the leaf transcriptome for candidate P450s to oxidize clerodanes. Of the candidates, 

ArCYP736A358 was found to be active with the substrate isokolavelool and a range of 
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structurally related diterpenes. None of these substrates are known to be natively found 

in Ajuga nor could be identified from plant extracts. While the native function of 

ArCYP736A358 remains unknown, our findings have uncovered a new biotechnology 

multi-tool. 

Results & Discussion: 

Phylogenetic analyses identifies diverse CYP candidates.  

  A previous study of the Ajuga reptans CYP76 family identified the promiscuous 

enzyme CYP76BK1.16 In this study we broadened the search to a more diverse subset 

of CYPs. Full length CYPs identified in the A. reptans transcriptome generated in the 

mint genome project were extracted and used to generate a phylogenetic tree with 147 

candidates (Figure S3.1).21 A subset of CYPs was chosen based on known terpene 

metabolism while selecting diverse representatives.12,22 In total, 22 of the candidate 

CYPs were cloned and tested. Nineteen belonged to the CYP71 clan, with the 

remaining belonging to the CYP51, CYP72, and CYP86 clans as seen in Figure 3.1.  
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Figure 3.1. Maximum likelihood tree of A. reptans CYP candidates and references. 
Gold CYPs represent A. reptans cloned candidates assayed against the isokolavenol 
and isokolavelool backbone. Black labels are functionally characterized CYPs. Circles 
depict a bootstrap value of 70% or greater (1000 bootstraps). Candidates' gene IDs and 
corresponding references can be found in Table S3.1 and S3.2.  
 

Screening candidate CYPs for activity against isokolavenol and isokolavelool 

Candidate CYPs were transiently expressed in Nicotiana benthamiana via 

Agrobacterium tumefaciens infiltrations. All infiltrations used strains of Agrobacterium 

carrying coding sequences for 1-deoxy-D-xylulose 5-phosphate synthase (PbDXS) and 

geranylgeranyl diphosphate synthase (PbGGPPS) to enhance terpene yields.23 

Isokolavenyl diphosphate synthase (ArTPS2) was co-infiltrated with and without the 

CYPs to assess their role in clerodane metabolism. The infiltrations depended on 
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endogenous N. benthamiana enzymes to cleave the diphosphate—a process supported 

by previous studies.16,20,24,25 Additional enzyme combinations also included sclareol 

synthase, which paired with ArTPS2 generates isokolavelool, to evaluate potential 

substrate promiscuity amongst the CYPs. 

Leaf extracts were analyzed by gas chromatography-mass spectrometry (GC-

MS) to identify new products. Among the CYP candidates, only ArCYP736A358 

exhibited activity (Figure 3.2). ArCYP736A358 did not generate a new product when 

paired with ArTPS2. However, when co-expressed with ArTPS2 and the class I diTPS 

sclareol synthase (SsSS), a new peak with a 306 m/z parent ion (Figure S3.2) 

appeared. This result demonstrated that ArCYP736A358 utilizes isokolavelool, not 

isokolavenol, as a substrate resulting in oxidation of the backbone. The product was 

scaled-up by bulk vacuum infiltration and purified by flash chromatography. Subsequent 

NMR analysis identified this product as epoxy-isokolavelool (1) (Figure S3.3). The 

epoxide replaces the terminal alkene of isokolavelool, potentially explaining why the 

isokolavelool was an available substrate and isokolavenol was not. No SsSS ortholog 

has been found in A. reptans, implying that this oxidation reaction may not be the native 

function of ArCYP736A358. 

 

 

 

 



105 
 

 

 

 

 

 

 

 

 

Figure 3.2. GCMS demonstrates oxidation of isokolavelool: Aligned total ion 
chromatogram showing isokolavenol, isokolavelool and the oxidation of isokolavelool 
into 1. Mass spectrum for compound 1 can be found in Figure S3.2. Blue, green, and 
red highlight isokolavenol, isokolavelool, and product 1, respectively.  

 
Assaying the promiscuity of ArCYP736A358 

 To explore the promiscuity of ArCYP736A358, additional assays were conducted 

with a broader set of labdane-derived diterpenes (Figure 3.3). The new set of assays 

mirrored the design of the previous experiment, with each class II TPS control evaluated 

alone, with a class I TPS partner, and both combinations paired with ArCYP736A358. 

Four additional class II TPSs were selected to assess potential substrate promiscuity 

within ArCYP736358: CamTPS2 produces (-)-kolavenyl diphosphate, CamTPS1 ent-

copalyl diphosphate, CamTPS6 (+)-copalyl diphosphate, and CfTPS2 labda-13-en-8-ol 

diphosphate. Again, we relied on the endogenous N. benthamiana enzymes to 

dephosphorylate these diphosphate products for detection on GC-MS.  

SsSS was paired with each class II diTPS, yielding the same modified moiety as 

isokolavelool on the different backbones. Four additional class I diTPSs were partnered 

with a class II TPS to assess if ArCYP736A358 could oxidize diterpenes with broader 
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structural variation. The additional class I diTPSs were: ArTPS3, a manoyl oxide 

synthase, CamTPS12, an ent-kaurene synthase, LlTPS4a, a sandaracopimaradiene 

synthase, and CamTPS9, a miltiradiene synthase. The diterpenes produced by these 

TPSs have an overlapping but varied structural architecture, providing an opportunity to 

glean insight on important features. Comparisons include stereochemistry variation, ring 

count, and type of alkenes available. 

 

Figure 3.3. Metabolic network of labdane-derived terpenoids assayed with 
ArCYP736A358. a. The central node represents geranylgeranyl diphosphate (GGDP). 
All structures shown were assayed with ArCYP736A358. Arrows indicate the enzymes 
used to generate the various products. The orange circled structures were substrates 
for ArCYP736A358. b. highlights a core structure common to CYP736A358 substrates 
save for ent-kaurene which differs in the alkene placement due to structural 
rearrangements. The bicyclic decalin core has the rings labeled for further description. 
 

 ArCYP736A358 did not oxidize any dephosphorylated class II TPS product. In 

contrast, it generated products for six of the eight class II + class I TPS combinations. 



107 
 

(Figure 3.4). In addition to isokolavelool (ArTPS2+SsSS), ent-kaurene 

(CamTPS1+CamTPS12), manoyl oxide (CfTPS2+ArTPS3), (-)-kolavelool 

(CamTPS2+SsSS), (+)-manool (CamTPS6+SsSS), sclareol (CfTPS2+SsSS), and 

sandaracopimaradiene (CamTPS6+LlTPS4a) were oxidized by ArCYP736A358. The 

extracted compounds from each combination were also derivatized to potentially identify 

non-volatile diterpenes. The only new product detected following derivatization was the 

oxidized sclareol, which is too polar for GC-MS (Figure 3.4e). 

 The ent-kaurene product, ent-kaurene-3-ol, (2) was confirmed by an available 

standard (Figure S3.4), while the manoyl oxide product was verified to be epoxy-manoyl 

oxide (3) by NMR spectroscopy (Figure S3.5). Based on mass spectra and the 

overlapping structural features of manoyl oxide and isokolavelool, the other products 

were tentatively assigned as epoxy-(-)-kolavelool (4), epoxy-(+)-manool (5), epoxy-

sclareol (6), and epoxy-sandaracopimarene (7). Structures 5 and 7 are pending NMR 

analysis. Compounds 4 and 1 are structurally similar and 6 is challenging to purify due 

to its polarity limiting GC analyses. Miltiradiene (CamTPS6+CamTPS9) and ent-manool 

(CamTPS1+SsSS) were the class I products that were not substrates for 

ArCYP736A358. Among the different substrates for ArCYP736A358, Ajuga only 

presumably has the complete TPS pathway to produce ent-kaurene, precursor of 

ubiquitous gibberellin phytohormones. These results also suggest that ArCYP736A358 

can utilize a wide range of diterpenes as reactants but prefers monosubstituted alkenes 

(Figure 3.3b). 
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Figure 3.4. Aligned chromatograms of ArCYP736A358 products. All infiltrations 
included DXS-GGPPS, as a lone control or in combination with other enzymes. * 
Indicates a tentative structure. 4e was derivatized so that the trimethylsilylated product 
could be detected. Orange lines highlight the CYP product. Blue is the 
dephosphorylated class II TPS product. Green is the class II + class I TPS product. 
CYP736A358 product mass spectra are available in Figure S3.6.  
 
Exploring the CYP736A358 products and the CYP736 family 

 Leaf tissue extracts from A. reptans showed no detectable ArCYP736A358 

products, aligning with the lack of reported diTPSs for those pathways in A. reptans. 

These products could require certain stress responses to induce metabolite production 

or may not be found in our cultivar. To ascertain if these have been reported elsewhere, 

the Dictionary of Natural Products (DNP) was investigated (Table S3.3). No 

substructures corresponding to this study's reported products were identified in Ajuga 

species, further corroborating the absence in planta. Investigating the entire DNP 
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revealed ent-kaurene-3-ol has >500 substructures whereas the epoxide products 

ranged from 0-10. C3 hydroxylation of ent-kaurene and similar labdanoids is reported 

for other CYPs across diverse species, suggesting that this activity has emerged 

multiple times throughout plant evolution.26,27 In contrast, reports of epoxide-containing 

products were sparse in the DNP, with no substructures matching epoxy-kolavelool, 

epoxy-isokolavelool, or epoxy-(+)-manool and only a few reports for epoxy-manoyl 

oxide, epoxy-sclareol, and epoxy-sandaracopimarene substructures. Of those, two 

epoxy-sandaracopimarenes and one epoxy-sclareol are reported in the Nepetoideae 

subfamily of mints. These seven biosynthetic pathways are new-to-nature and three 

products were previously not accessible.  

 The CYP736 family emerged early in land plant’s evolution, which is reflected in 

the range of substrates utilized by the few characterized enzymes.28 Members of the 

CYP736A subfamily are involved in the biosynthesis of multiple phenolics, cyanogenic 

glucosides, the monoterpene thymoquinone, the sesquiterpene santalol, and 

hydroxylation of linear diterpene geranyllinalool.29–34 These diverse activities indicate 

that the subfamily evolved a variety of functions, driving chemical diversification across 

plants. To investigate potential homologs of ArCYP736A358, transcriptomes from the 

mint genome project were mined to generate a phylogeny of the family, revealing 139 

CYP736As (Figure S3.7), and illustrating an intriguing expansion in the subfamily. 

ArCYP736A358 was found in a clade of nine other proteins and included 

representatives of six Lamiaceae subfamilies including the early diverging subfamily 

Callicarpoideae.21,25 This distribution suggests that an ancestral CYP736A358 existed in 

the earliest members of the family. 
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Conclusion: 

This study identified ArCYP736A358, the first CYP736 to oxidize cyclized 

diterpenes. This enzyme exhibits remarkable substrate promiscuity, capable of oxidizing 

at least two clerodane backbones, two labdane backbones, an isopimarane, manoyl 

oxide, as well as ent-kaurene. While the biosynthesis of these products is novel, many 

of the products are fully new-to-nature. The native role of ArCYP736A358 remains 

unclear, but its promiscuity may facilitate the evolution of new chemistries. 

Beyond plants, ArCYP736A358 will likely have other applications. The epoxide 

product’s function is currently unknown, but the functional group is known for its 

reactivity and other epoxide-containing diterpenes are often noted for having unique 

bioactivities.35–37 Though we showed that ArCYP736A358 has a general preference 

towards mono-substituted alkenes, we only assayed a fraction of known diterpenoids 

with this moiety. There are at least 24 distinct diterpene backbones with 

monosubstituted alkenes in Lamiaceae alone and over 2500 labdane-derived 

diterpenoids with mono-substituted alkenes in the DNP (figure 3.3b).9,20 While we 

cannot ascertain the complete extent of ArCYP736A358s promiscuity, this enzyme will 

likely have biotechnology impacts in metabolic engineering in the future.   

Experimental procedures 

Mining Cytochromes P450 from mint transcriptomes 

For all species, previously assembled transcriptomic data were used from the 

mint genome consortium (Table S3.4).21 Peptide sequences were predicted using 

Transdecoder (v. 5.5.0).38 Peptide sequences for A. reptans Candidate P450s were 

initially filtered based on 45% identity and an E value greater than 1E-5 using BLASTP 
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against a set of reference sequences (Table S3.2) and a minimum length of 450 amino 

acids. When identifying orthologs of ArCYP736A358 specifically, the various mint 

transcriptomes were blasted (blastp) against ArCYP736A358, and a more stringent filter 

for blast hits was applied, requiring 50% identity to ArCYP736A358, a minimum length 

of 450 amino acids, and the longest isoforms only. 

Phylogenetic trees 

Reference sequences used in all protein phylogenies were obtained from 

GenBank and can be found in Table S3.2. Individual phylogenies varied in reference 

and candidates chosen, but followed the same construction. ClustalOmega (version 

1.2.4; default parameters) was used to build the multiple sequence alignment that was 

subsequently input into RAxML (version 8.2.12; Model = protgammaauto; Algorithm = a) 

to generate a phylogenetic tree with 1000 bootstraps.39,40 The phylogenetic trees were 

rendered using the Interactive Tree of Life (version 6.5.2).41 

Plant material and cloning 

Ajuga reptans was obtained from the commercial nursery Pixies Garden and 

grown in a greenhouse under ambient photoperiod, grow lights for the winter, and 24 °C 

day/17 °C night temperatures. Candidate genes were PCR-amplified from leaf cDNA, 

inserted into the cloning vector pJet v1.2, and coding sequences were sequence-

verified against the respective gene models. Constructs were subsequently cloned into 

the binary expression vector pEAQ-HT and once again sequence verified. 
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Transient expression for functional characterization in N. benthamiana 

N. benthamiana plants were grown for 5 weeks in a controlled growth room 

under 12h light and 12h dark cycle at (22°C) before infiltration. Constructs for co-

expression were separately transformed into the Agrobacterium tumefaciens strain, 

GV3101. Twenty mL cultures were grown overnight at 30 °C in LB with 50 µg/mL 

kanamycin, 50 µg/mL rifampicin, and 30 µg/mL gentamicin. Cultures were collected by 

centrifugation and washed twice with 10 mL water. Cells were resuspended and diluted 

to an OD600 of 1.0 in 200 µM acetosyringone/water and incubated at 30 °C for 1–2 h 

Separate cultures were mixed in a 1:1 ratio for each combination of enzymes, and 4- or 

5-week-old plants were infiltrated with a 1 mL syringe into the underside (abaxial side) 

of N. benthamiana leaves. All gene constructs were co-infiltrated with two genes 

encoding rate-limiting steps in the upstream (MEP) pathway: P. barbatus 1-deoxy-D-

xylulose-5-phosphate synthase (PbDXS) and GGPP synthase (PbGGPPS) to boost 

production of the diterpene precursor GGDP.23 Plants were returned to the controlled 

growth room (22 °C, 12 h diurnal cycle) for 5 days. Approximately 200 mg of fresh 

weight, infiltrated leaves was extracted with 1 mL hexane overnight at room 

temperature. Plant material was collected by centrifugation, and the organic phase was 

removed for GC-MS analysis.  

Extracting Natural Product information from the Dictionary of Natural Products 

 Various parameters were used for datamining the DNP (v33.1). Initially, searches 

were limited to “Ajuga*” using the ‘Biological Source’ category. To search specifically for 

the substrates, the SMILES of the various substrates were loaded into the drawn 

structure field. To capture the most diversity and reduce false negatives, the 
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compounds were flattened to remove stereochemistry. Lastly, as the aim was to also 

capture if A. reptans had the available substrates as well as products, alkenes were 

altered to be single bonds, as some product derivatives will have lost a given double 

bond. The chosen information to export was the chemical name, molecular formula, 

biological source, type of organism, type of compound, and SMILES. This information 

was transferred into Table S3.4 in addition to the image of the substructure searched for 

and the Biological source information. This process was repeated when expanding to 

search all organisms with some modifications. The ‘Biological Source’ category was 

changed to indicate that any source is valid. Substrates were no longer of interest, so 

the ArCYP736A358 product structures were included instead and were input such that 

double bonds could be any bond type (single or double, any stereochemistry) to 

account for potential oxidative changes of downstream products. This information was 

similarly exported and transferred into Table S3.4. 

Plant metabolite extractions 

Leaves from A. reptans were harvested for metabolite analysis. The leaves were 

frozen in liquid nitrogen, crushed, and extracted for three hours in ethyl acetate. Leaf 

material was collected by centrifugation and the organic phase was removed and 

concentrated for GC-MS analysis. 

GC-MS analysis 

All GC-MS analyses were performed at Michigan State University’s (MSU) Mass 

Spectrometry and Metabolomics Core Facility utilizing an Agilent 7890 A GC with an 

Agilent VF-5ms column (30 m × 250 µm × 0.25 µm, with 10 m EZ-Guard) and an Agilent 

5975 C detector. The inlet was set to 250 °C splitless injection of 1 µL and He carrier 
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gas (1 mL/min), and the detector was given a 4 min solvent delay. All non-derivatized 

assays and tissue analyses used the following method: temperature ramp start 40 °C, 

hold 1 min, 40 °C/min to 200 °C, hold 4.5 min, 20 °C/min to 240 °C, 10 °C/min to 280 °C, 

40 °C/min to 320 °C, and hold 5 min. MS scan range was set to 40–400 m/z. 

Deconvolution of spectra was done utilizing AMDIS.42 

To derivatize samples 100 µl of an extract was dried down and resuspended in 

90 µl N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% Trimethylchlorosilane 

(TMCS). Samples were immediately capped and incubated at 60 °C overnight (~12 h) 

before being run on GC-MS the following day. The GC-MS acquisition method had the 

same settings as non-derivatized assays but had a 4.9 min solvent delay. 

Product scale-up and NMR spectroscopy 

For NMR analysis, production in the N. benthamiana system was scaled up to 1 L 

mixtures of the requisite A. tumefaciens strains mixed to equal ODs. A vacuum-

infiltration system was used to infiltrate A. tumefaciens strains into whole N. 

benthamiana plants, with approximately 30-60 plants used for each enzyme 

combination, which followed the same combinations used when screening. After 5 days, 

all leaf tissue was harvested and extracted overnight in approximately 600 mL hexane 

at room temperature. The extract was concentrated by a rotary evaporator. Each 

product was purified by silica gel flash column chromatography with a mobile phase of 

98% hexane/2% ethyl acetate. Samples required a follow up Pasteur pipette column 

running pure hexane as a final clean up. NMR spectra were measured in Michigan 

State University’s Max T. Rogers NMR Facility on a Bruker Avance NEO 800 MHz or 

600 MHz spectrometer equipped with a helium cooled TCl cryoprobe or a Prodigy TCI 
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cryoprobe, respectively, using CDCl3 as the solvent. CDCl3 peaks were referenced to 

7.26 and 77.00 ppm for 1H and 13C spectra, respectively. 

Accession numbers:  

Relevant accession numbers can be found on Table S3.1 and Table S3.2 
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APPENDIX 
Supplemental tables are provided with an external folder containing the various tables.  
 

 

Figure S3.1. Ajuga reptans cytochrome P450 phylogeny. Depicted in gold were the 
cloned and assayed genes. All CYPs were extracted using the reference CYPs within 
this phylogeny. CYPs were then filtered to only include > 450 amino acid assemblies. 
The respective CYPs and references were made into a maximum likelihood tree with 
1000 bootstraps. Circles on the phylogeny indicate bootstrap values >70%. 
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Figure S3.2. mass spectrum of epoxy-isokolavelool. The N. benthamiana infiltration 
including DXS-GGPPS, ArTPS2, SsSS, and ArCYP43 produced a peak at 13.41 
minutes with a parent ion of 306 m/z. The mass spectrum was deconvoluted via AMDIS. 
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Figure S3.3a. Epoxy-isokolavelool chemical shift assignments. The structure for 
epoxy-isokolavelool (1) was deduced from (b)

 
1H NMR spectrum, (c) COSY spectrum, 

(d) HSQC spectrum, (e) HMBC spectrum, (f) 13C NMR spectrum. CDCl3 was used as 
the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C 
spectra, respectively. Absolute stereochemistry was assigned based on the 
configuration of the precursor isokolavenyl diphosphate. 
 

 

 

 

 

 

 

 

Atom δ (ppm) Atom δ (ppm)

1 C 21.67 11 C 30.85

H' 1.54 H' 1.45

H" 1.46 H" 1.34

2C 28.83 12 C 31.6

H' 1.89 H' 1.43

H'' 1.32 H'' 1.26

3 C 33.09 13 C 69.28

H' 2.11 14 C 57.92

H'' 2.31 H 2.91

4 C 160.74 15 C 44.27

5 C 40.04 H' 2.75

6 C 37.35 H'' 2.86

H' 1.62 16 C 26.17

H'' 1.55 H3 1.3

7 C 27.46 17 C 15.93

H' 1.49 H3 0.82

H'' 1.48 18 C 20.85

8 C 36.49 H3 1.07

H 1.44 19 C 102.47

9 C 38.92 H' 4.53

10 C 48.51 H" 4.53

H 1.07 20 C 18.35

H3 0.77
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Figure S3.3b.
 
1H NMR spectrum. 
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Figure S3.3c. COSY spectrum. 
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Figure S3.3d. HSQC spectrum. 
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Figure S3.3e. HMBC spectrum. 
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Figure S3.3f. 13C NMR spectrum. 
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Figure S3.4. GC-MS verification of 3-hydroxy-ent-kaurene by an available 
standard. An NMR-verified 3-hydroxy-ent-kaurene sample was obtained from a purified 
sorghum CYP product (data not shown) and served as standard for validation. a. Shows 
the aligned chromatograms whereas b. shows the corresponding mass spectra of both 
the 3-hydroxy-ent-kaurene control and the CYP736A358 product. 
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Figure S3.5a. Epoxy-manoyl oxide chemical shift assignments. The structure for 
epoxy-isokolavelool (1) was deduced from (b) 1H NMR spectrum, (c) COSY spectrum, 
(d) HSQC spectrum, (e) HMBC spectrum, and (f) 13C NMR spectrum. CDCl3 was used 
as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H and 13C 
spectra, respectively. Absolute stereochemistry was assigned based on the 
configuration the precursor manoyl oxide 
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Figure S3.5b. 1H NMR spectrum. 
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Figure S3.5c. COSY spectrum. 
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Figure S3.5d. HSQC spectrum. 
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Figure S3.5e. HMBC spectrum. 
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Figure S3.5f. 13C NMR spectrum. 
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Figure S3.6. mass spectra of the ArCYP736A358 products. a. 3-hydroxy-ent-
kaurene, b epoxy-manoyl oxide, c epoxy-(-)-kolavelool*, d epoxy-(+)-manool*, e 
silylated epoxy-sclareol*, f epoxy-sandaracopimarene*, or compounds 2, 3, 4*, 5*, 6*, 7* 
respectively. The derivatization of epoxy-sclareol had other minor products  
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Figure S3.7. Lamiaceae phylogeny of CYP736s. a. The Lamiaceae CYP736As 
subfamily. The phylogeny illustrates a bloom of uncharacterized CYP736As unrelated to 
known CYP736As (found in the red bracket), underlining a gap in our understanding of 
the family. The gold and asterisked proteins were assayed in this study, with the red 
clade containing CYP736A358. b. a truncated phylogeny highlighting the CYP736A358 
clade in addition to references to better visualize the putative ArCYP736A358 members. 
Dots indicate >70% bootstrap value.  
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Abstract: 

Chiral compounds are effective for agricultural and public health applications but 

performing stereospecific modification through organic chemistry remains challenging. 

Terpenes are structurally complex natural products generated by terpene synthases 

(TPSs), which cyclize their achiral precursors, prenyl diphosphates. The mechanism of 

TPSs relies on the intrinsic reactivity of carbocations to cause rearrangements, which 

can result in promiscuous activities. Viridiflorol is an anti-fungal sesquiterpene. It is 

produced by a range of phylogenetically diverse TPSs. We leveraged a panel of 

synthetic prenyl diphosphates to screen the activity of viridiflorol and related TPSs. This 

approach revealed that sixteen TPS-substrate combinations produced a variety of 

sesquiterpene derivatives and truncated putative monoterpenes. Disc diffusion assays 

demonstrated that viridiflorol inhibited diverse soilborne phytopathogens, including 

Rhizoctonia solani, a species that affects several agriculturally relevant crops. 

Sesquiterpene derivatives tested against R. solani exhibited varying levels of inhibition. 

Most notably, the fluorinated sesquiterpene derivatives from one combination were 

twice as effective as viridiflorol, showing 41% less growth than the solvent control. 

These results suggest that partnering substrate analogs with promiscuous enzymes 

may be a promising strategy for producing new sesquiterpene derivatives with altered 

bioactivities. 

Introduction 
 

Identifying and improving anti-fungal compounds is important due to the 

substantial crop losses caused by soilborne pathogens. Roughly 90% of major plant 

diseases are soilborne, causing up to 4 billion dollars a year lost in the US alone.1,2 
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Adapting to the rapidly changing agricultural needs, public health challenges, and the 

necessity for more ecologically friendly compounds warrants the development of new 

chemistries.3–5 Fortunately, natural products have evolved over millions of years to 

address a wide range of biotic and abiotic stimuli, making them a diverse and valuable 

resource. The development of commercial chemicals involves not only increasing 

natural product yields but also modifying these products to optimize their bioactivity. 

This trend is evident in commercial drugs and agrochemicals, where over 25 years, 

natural products account for only 5% of new chemicals while another 47% of new 

chemicals were modified natural products, pharmacophore or mimics.6  

 Although great advances have been made in enantioselective chemistry, total 

synthesis is often an insurmountable task, requiring other approaches.7,8 Semi-synthetic 

compounds are often derivatized from natural products to either optimize or transform 

the native bioactivities.9 These modifications can alter characteristics such as half-lives 

and binding affinities, enabling tailored properties.10,11 While derivatization can be 

beneficial, stereospecific modification remains challenging for many natural products.7 

One recent alternative involves synthesizing or derivatizing a structurally similar achiral 

analog to the native substrate. When paired with promiscuous enzymes, this approach 

can utilize native stereospecific mechanisms to synthesize unnatural semi-synthetic 

products.12–15 Terpenoids are well-suited for this approach, as they are heavily chiral 

and their precursors, prenyl diphosphates, are easily modifiable due to their linear, 

achiral structure made of repeated units.  

The varying length prenyl diphosphates are created by sequential condensation 

of five carbon isoprene units yielding geranyl diphosphate (C10), farnesyl diphosphate 
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(FDP) (C15), geranylgeranyl diphosphate (C20) and longer chains. Sesquiterpenes are 

characterized by having three isoprene units (15-carbons) and are derived from farnesyl 

diphosphate via the mevalonate pathway.16 Sesquiterpenoids comprise over 24,000 

structures in the Dictionary of Natural Products and are found in all domains of life.17 

This diversification stems from complex chiral products generated by class I terpene 

synthases (TPSs).18 Class I TPSs initiate cyclization by cleaving off the diphosphate 

from the substrate, followed by a series of carbocation-mediated cycloisomerizations.19 

TPS reactions largely rely on the intrinsic reactivity of carbocations, mainly stabilizing 

specific carbocations and using structural features to favor certain conformations.19,20 

This property enabled some TPSs to evolve different forms of promiscuity, including 

substrate promiscuity in Prunella vulgaris (PvTPS5) and Antirrhinum majus 

(AmNES/LIS-1).21,22 promiscuous sesquiterpene synthases can likely be exploited to 

generate terpene derivatives by hijacking of native machinery with alternative 

substrates.  

Convergent evolution has repeatedly driven sesquiterpene synthases from 

diverse evolutionary lineages to catalyze similar reactions. For example, viridiflorol and 

related tricyclic sesquiterpenes have corresponding TPSs that have emerged in 

bacteria, fungi, and plants. Some examples include Serendipita indica (SiVS), Agrocybe 

aegerita (Agr5), Streptomyces avermitilis (SaAMS) and, Clitopius pseudopinsitus 

(CpSTS9) (Figure 4.1).22–27 While these TPSs can generate viridiflorol, some also 

produce additional products in different ratios, suggesting different catalytic 

environments. Viridiflorol exhibits several advantageous bioactivities relevant to the 

cosmetic, pharmaceutical, and agrochemical industries—justifying an exploration into 
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viridiflorol derivatization.23,26,28–31  

Figure 4.1. Sesquiterpene synthases, their sources and products. TPSs used in 
this study are shown, highlighting their major sesquiterpene products as well as 
biological sources. The pictures generally illustrate the species, save Clitopilus pseudo-
pinsitus, which is an image of Clitopilus umbilicatus, a close relative.32–36 * tentatively 

identified by GC-MS library hits.22 

We leveraged the viridiflorol synthase diversity represented by SiVS, CpSTS9, 

Agr5, SaAMS, PvTPS5, and AmNES/LIS-1 by pairing them with semi-synthetic Farnesyl 

diphosphate (FDP) analogs to produce unnatural sesquiterpenes. In addition to 

discovering novel products, this study enabled activity comparisons amongst viridiflorol 

synthases and the substrates. To contextualize the applications and value of viridiflorol 

and the semi-synthetic sesquiterpene products, we compared their anti-fungal activities 

against known phytopathogens. Our results expanded the known activity of viridiflorol 

and found that the semi-synthetic terpene products exhibited varied activity.  
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Materials and Methods 

Sourcing and Cloning Genes 

 The genes encoding viridiflorol synthases SiVS (Serendipita indica), Agr5 

(Agrocybe aegerita), CpSTS9 (Clitopilus pseudopinsitus), and SaAMS (Streptomyces 

avermitilis) as well as promiscuous TPSs PvTPS5 and AmNES/LIS-1 were codon-

optimized for E. coli, had their stop codons temporarily removed, and attached 

homology arms for the pET28-b(+) vector digested with NcoI and XhoI (Table S4.1).21–

25,27 In-Fusion cloning (Takara Bio) was used to recombine the genes into the bacterial 

expression vector pET28-b(+), introducing a C-terminal 6x-HIS tag and a new stop 

codon. The pET28-b(+) TPS vectors were transformed into chemically competent 

OverExpress C41TM cells (Sigma).  

Enzyme expression and purification 

Transformed E. coli strains were inoculated in Terrific Broth (TB) with 50 μg/mL 

kanamycin and grown overnight. The starter culture was diluted in fresh TB + 

kanamycin to 0.02 OD600 and incubated at 37 °C and 200 rotations per minute (RPM). 

At 0.6 OD600, 10 μl of 1 M isopropyl 1-thio-β-d-galactopyranoside was added, then the 

temperature was lowered to 17 °C and rotations were decreased to 140 RPM. 

Expression continued overnight and cells were harvested by centrifugation at 5,000 x g 

at 4 °C for 15 min. Cell pellets were resuspended in lysis buffer (20 mM HEPES, pH 7.5, 

0.5 M NaCl, 25 mM imidazole, 5% v/v glycerol, an EDTA-free protease inhibitor mixture 

tablet (Sigma-Aldrich), 50 U/μl benzonase, and 0.1 mg/mL lysozyme) and lysed by 

sonication. The lysate was centrifuged for 25 min at 14,000 x g, and the supernatant 

was loaded onto equilibrated 1-mL His SpinTrap columns (GE Healthcare). Proteins 
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were washed twice with buffer A (20 mM HEPES, pH 7.5, 0.5 M NaCl, 25 mM 

imidazole, 5% v/v glycerol) and eluted with buffer B (20 mM HEPES, pH 7.5, 0.5 M 

NaCl, 350 mM imidazole, 5% v/v glycerol). The eluted product was desalted on a PD 

Minitrap G-25 columns (GE Healthcare). Purified proteins were quantified using a 

Nanodrop (A280), followed by either in vitro assays or storage at -80 °C. 

Screening In vitro assays 

For each screening assay, 50 μg of purified enzyme, 1 Unit of CIP phosphatase 

(Promega), or a no-protein control was added to a 2 mL amber vial, with 750 μl reaction 

buffer (50 mM HEPES, 7.5 mM MgCl2, 5% glycerol, pH 7.2). Then 10 μl of synthetic 

FDP analog (2 mg/mL dissolved in 70% methanol : 30% water) or FDP was added. 

Modified GGPP substrates were synthesized by Matthew Giletto and Edmund Ellsworth 

(Michigan State University Medicinal Chemistry Facility) and obtained at approximately 

50% purity by weight (phosphate impurities) and were resuspended in 70% methanol 

30% water to 2 mg/ml (or saturation). Figure S4.1 shows the general scheme for their 

synthesis. 500 μl hexane was overlaid on the aqueous phase, then the vial was capped 

and shaken at 95 RPM and 30 °C overnight. The reaction mixture was then vortexed 

and centrifuged before transferring the hexane layer to a new vial for analysis by a Gas 

Chromatograph-Flame Ionization Detection (GC-FID). If unique peaks compared to the 

phosphatase controls were identified, the sample was reanalyzed by a Gas 

Chromatograph-Mass Spectrometry (GC-MS). The deconvoluted mass spectrum 

generated using the software AMDIS was then used to search against a library of 

known compounds.37 Peaks that had mass spec library hits suggesting they were 

terpenes and had a parent ion matching the molecular weight of a dephosphorylated 
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FDP analog quenched by water or deprotonated were considered terpene derivatives. 

Purification and identification of semisynthetic products 

 The in vitro assay protocol described above was slightly modified for product 

scale-up. Several 10x scaled-up reactions were prepared for each successful 

combination, with 275 μl of FDP analogs added instead of 100 μl. Reactions were 

incubated for 2-3 days, sampled by GC-FID, and additional enzyme was added for low-

yielding combinations and incubated 2 additional days. Products were concentrated by 

gentle air flow to 1.5 mL. Five hundred mg prepacked silica columns (Waters) were 

equilibrated with hexane, then products were loaded onto the column. The typical 

elution sequence typically followed: 10 mL hexane, 5 mL 1% ethyl acetate, 5 mL 2.5% 

ethyl acetate, 1 mL 5% ethyl acetate, 1 mL 10% ethyl acetate, 3 mL 100% ethyl acetate, 

collecting 1 mL fractions. Fractions were screened with GC-FID and verified with GC-

MS. Additional columns were often necessary, where a silica slurry was manually 

loaded into a Pasteur pipette to create a longer column for better separation. Product 

yields were determined by a comparison to a standard curve of 1-eicosene generated 

by a GC-FID. Purified samples were dried and resuspended in CDCl3 for Nuclear 

Magnetic Resonance (NMR) analysis. NMR spectra were recorded in Michigan State 

University’s Max T. Rogers NMR Facility on a Bruker Avance NEO 800 or 600 MHz 

spectrometer equipped with a helium cooled TCl cryo-probe or a Prodigy TCI 

cryoprobe, respectively. CDCl3 peaks were referenced to 7.26 and 77.00 ppm for 1H 

and 13C spectra, respectively.  

GC-FID, GC-MS, and LC-MS analyses 

Initial screenings were conducted using an Agilent 7890 flame ionization detector 
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with an Agilent HP-5ms (30 m x 0.25 mm x 0.25 μm) column. Product validation was 

performed on an Agilent 7890A + 5975C GC-MS with an Agilent VF-5ms column (30 m 

x 250 μm x 0.25 μm, with 10m EZ-Guard). Both instruments used the following method: 

temperature ramp start at 40°C, hold 1 min, 40 °C/min to 200 °C, hold 4.5 min, 20 

°C/min to 240 °C, 10 °C/min to 280 °C, 40 °C/min to 320 °C, and hold 5 min. For the 

5975C MS the scan range was set from 40-450 m/z. Spectra deconvolution was done 

utilizing AMDIS.37 The dephosphorylated products of substrates 1 and 2 could not be 

detected by GC, so liquid chromatography atmospheric pressure chemical ionization 

mass spectrometry was necessary. Liquid chromatography mass spectrometry (LC-MS) 

was necessary for combinations with substrates 1 and 2.  

LC-MS analyses were performed on a Waters Xevo G2-XS quadrupole time-of-

flight mass spectrometer with a Waters ACQUITY column manager and Waters 

ACQUITY Premier BEH C18 column (2.1 x 50 mm 1.7 μm). Injection volume for each 

sample was 1 μL, and flow rate was set to 0.3 mL/min with a column temperature of 40 

°C. The mobile phase consisted of 10 mM ammonium formate (pH 2.8) (Solvent A) and 

acetonitrile (Solvent B) with the following method: initial 99% A : 1 % B , continuous 

gradient to 2% A : 98% B over 4 min, hold for 1 min, continuous gradient to 99% A : 1% 

B over 0.1 min, hold 1.5 min. Mass spectra were generated through atmospheric 

pressure chemical ionization (APCI) in positive-ion mode with leucine enkephalin as a 

lockmass, and continuum peak acquisition were collected with a mass range of m/z 50-

1500 and a scan duration of 0.2 s. Capillary and cone voltage were 20 V and 80 V, 

respectively. Cone and desolvation gas flow rates were 25 and 600 L/h, respectively. 

Source and desolvation temperatures were 100°C and 350°C, respectively. High-energy 
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spectra were generated with argon as the collision gas and a voltage ramp from 20 to 

80 V. 

Fungal Bioassays 

Agriculturally prevalent soilborne phytopathogens: Macrophomina phaseolina, 

Rhizoctonia solani, Colletotrichum acutatum, and Pythium irregulare species were 

received from Professors Martin Chilvers and Timothy Miles, Department of Plant, Soil, 

and Microbial Sciences at Michigan State University. Initial assays for each pathogen 

included two fungal plugs as biological replicates on a 5 cm radius Petri dish containing 

0.1 x PDA (potato dextrose broth mix and agar). 80 μg of viridiflorol or corresponding 

volume of the solvent hexane (8 μl) was loaded onto a 0.6 cm radius round filter paper 

discs (Cytiva Whatman grade 4 qualitative filter papers). A 0.6 cm fungal plug was 

placed on the plate and the loaded discs were placed approximately 1.25 cm away from 

the plug on both sides. Plates were photographed daily with an EPSON Perfection V700 

Photo until fungal cultures in control plates reached the edge of the plate or one week 

had passed. Plates were photographed such that the fungal plugs horizontally aligned 

with the discs surrounding them. All images were analyzed in the program ImageJ, 

measuring the radial mycelium growth from the fungal plug towards the loaded discs.38 

This experiment was repeated with decreasing quantities of viridiflorol (80 μg, 20 

μg, 8 μg, 4 μg, and 0.8 μg) to generate a dose-response curve (Figure 4.3). Growth 

inhibition was calculated as one minus the average growth rate at a given viridiflorol 

concentration divided by the average growth rate of the control (equation 4.1). The final 

anti-fungal experiment only used R. solani, had three biological replicates per condition 

when possible, and all samples had 20 μg of viridiflorol or a semi-synthetic product 
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loaded except SiVS + 10 A and B which only had 17.92 μg and 9.8 μg respectively. An 

analysis of variance (ANOVA) comparing each sample and the average growth of each 

sample was performed after excluding the SiVS samples due to being single replicates 

of different concentrations. A Tukey’s t-test was used to assess pairwise significance 

between samples.  

Growth inhibition = 1 −
G[x]

Gcontrol
 

Equation 4.1: Fungal Growth Inhibition Equation: This equation was used to 
determine the effect of a given concentration of viridiflorol on each soilborne pathogen. 
G[x] is the average radial growth of a given viridiflorol concentration whereas Gcontrol was 
the average radial growth for the hexane control. 
 

Results  

Screening TPS activity with synthetic substrate analogs   

The synthetic FDP analog variation enabled us to explore how altered polarity 

and structural diversity affect the catalytic landscape of the TPSs and the anti-fungal 

activity of their products. To systematically explore synthetic substrate cyclization and 

TPS promiscuity towards unnatural substrates, each TPS—FDP analog combination 

was assayed and screened by GC-FID. Controls without protein, with phosphatases 

(instead of TPSs), or with FDP were used to identify non-TPS products and confirm 

TPS activity. The panel of six TPSs and 12 synthesized FDP analogs, along with their 

respective controls, resulted in 108 unique enzyme—substrate combinations assayed. 

Phosphatase controls yielded multiple products for substrates 3, 4, 5, 9, 10, and 11 

implying that minor rearrangements can occur with phosphatases for half of the 

substrates (Figure S4.2). Although many TPS-FDP analog combinations did not create 

novel products, TPSs frequently generated smaller but identical peaks to phosphatase 
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controls (Figure S4.3-S4.18). This observation suggests that TPS diphosphate cleavage 

may not be fully inhibited, even if specific cycloisomerizations are fully inhibited. TPS-

FDP analog combinations that generated distinct peaks were validated by GC-MS, 

resulting in 16 combinations that yielded terpenes (Figure 4.2b).  

Overall, results showed a spectrum of enzyme promiscuity and substrate 

permissibility. SaAMS had the broadest substrate range. However, SaAMS and Agr5 

frequently caused internal cleavages of the substrates, producing monoterpenes 

instead of derivatized sesquiterpenes. CpSTS9 had a narrower substrate range but 

typically yielded more individual sesquiterpene derivatives in a given combination and 

were more abundant than identical products in other combinations (Figure S4.19 & 

S4.20). Substrates 10 and 7 exhibited the broadest utility, while substrates 1, 2, 6, 8, 

and 12 generated no terpene products with any TPS tested. The fluorinated substrate 

11 was modified by PvTPS5 and CpSTS9. The products generated from substrates 4, 

5, and 9 had retention times and mass spectra characteristic of monoterpenes and 

monoterpene-like products, suggesting that internal cleavages occurred during 

carbocation rearrangements. While 16 combinations generated terpene derivatives, 

many of these combinations had multiple products. Most notably, substrate 10 had eight 

separate products and substrate 7 had four terpene derivatives between their different 

combinations. (Figure S4.19-S4.20). 
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Figure 4.2. Functional enzyme: FDP analog-TPS combinations. a. Synthetic 
farnesyl diphosphate analog structures tested as substrates in this study b. Summary of 
TPS-FDP analog combination results. columns show the numbered structure as 
pictured in a. The rows show the TPS along with the phylogenetic relationships between 
the TPSs. Black discs indicate an assay that produced a putative sesquiterpene analog 
based on GC-MS results. Gray discs are for assays that yielded monoterpene-like 
products from an internal cleavage based on mass spec library hits and retention times. 
Orange outlines indicate products scaled up for anti-fungal assays. The chromatograms 
and mass spectra for the respective products can be found in Figure S4.3-S4.18.  
 

Six combinations (highlighted in orange in Figure 4.2) were scaled up for product 

purification and anti-fungal assays. Two of those products which we gleaned structural 

information on via NMR spectroscopy. Agr5 + 9 produced both a truncated mono-

terpene-like product and a linear compound identical to one of the phosphatase 

products. The linear compound generated by both phosphatase and Agr5 was identified 

by NMR analysis to be (E)-4-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)but-2-en-1-ol 

(Figure S4.21). Despite also being a phosphatase product, the unnatural terminal 

methylene appears to shift upon dephosphorylation (Figure S4.21). The crude NMR 

data for the CpSTS9 + 7 product had a mixture of two major compounds, with the 
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predominant component having NMR data consistent with (5E,9E)-6,10-dimethyl-3-

(prop-1-en-2-yl)oxacycloundeca-5,9-diene, a compound with a single heterocycle 

reported in a 2018 study where synthetic substrates were also provided to TPSs (Figure 

S4.22).14  

Evaluating the anti-fungal capacity of viridiflorol 

Exploration of the anti-fungal capabilities of viridiflorol has been limited so 

far.23,31,39 To better measure the extent of this activity we tested viridiflorol against a 

collection of four phytopathogens from diverse lineages. The collection included: 

Colletotrichum acutatum, Macrophomina phaseolina, Rhizoctonia solani, and Pythium 

irregulare. The first three species belong to the fungal classes Dothideomycetes, 

Agaricomycetes, and Sordariomycetes while P. irregulare is a fungal-like oomycete. 

This collection therefore represents phylogenetically diverse lineages of soilborne 

phytopathogens. The initial disc diffusion assay used a concentrated dose (80 μg) of 

viridiflorol. Significant differences in growth rate were observed for each species, 

demonstrating that viridiflorol has at least weak/moderate anti-fungal activity across 

phylogenetically distinct soilborne pathogens (Figure 4.3).  

 

Figure 4.3. Growth rates of phytopathogenic fungi with and without 80 ug 
viridiflorol discs. Horizontal growth rates from the plug towards the loaded discs were 
recorded with ImageJ daily for both viridiflorol and the solvent control. Collection of time- 
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Figure 4.3 (cont’d) 
points stopped once controls reached the edge of the disc or after 7 days. The final time 
point had a Welsh's T test to compare growth with and without viridiflorol where * 
indicates p ≤ 0.01 and ** indicates p ≤ 0.0001. 
 
 Assays with varying quantities of viridiflorol (80 μg, 20 μg, 8 μg, 4 μg, 0.8 μg) 

were used to assess dose-response against different phytopathogens (Figure 4.4). P. 

irregulare was statistically the most sensitive, significantly inhibited at 0.8 μg viridiflorol 

(p = 3.43E-4), though this only represented an 11.9% reduction in growth. M. 

phaseolina followed, inhibited at as low as 8 μg (p = 1.05E-4), representing a 24.9% 

inhibition. R. solani showed moderate sensitivity, showing significant inhibition of 29.1% 

at 20 µg viridiflorol (p = 1.44E-3). C. acutatum was the least sensitive, statistically 

significant only at 80 µg viridiflorol where it displayed a 31.2% inhibition (p = 1.3E-3). 

The uniform growth of P. irregulare contributed to higher statistical power potentially 

inflating its apparent sensitivity. Nonetheless, these results indicate that viridiflorol 

inhibits growth of a broad spectrum of phytopathogens. 

 

Figure 4.4. Dose-response effect of viridiflorol on different phytopathogens. Disc 
diffusion assays measured across varying viridiflorol concentrations were used to 
approximate percent inhibition. Analysis used the last day of growth prior to controls 
reaching the edge of plates. P. irregulare used measurements after the second day, R. 
solani used measurements after the third day, and both C. acutatum and M. phaseolina 
used measurements after seven days growth. 
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Evaluating the anti-fungal properties of semi-synthetic sesquiterpenes 

 The semi-synthetic terpene products were assayed against R. solani due to its 

sensitivity to viridiflorol and its agricultural relevance (Figure 4.5).40–44 The low 

purification yields of SiVS + 10 products prevented replicates but they were still included 

to serve as an exploratory qualitative comparison. 20 µg of viridiflorol or synthetic 

substrates was loaded onto discs for comparison against R. solani. After 32 hours—at 

which point the fungal growth reached the discs—statistical analyses were applied to 

evaluate activity. An ANOVA test confirmed variance in growth rates between samples 

(p = 3.21E-13) leading to pairwise statistical analyses (Tukey's t test) of the samples 

(Table S4.2).  

 All synthetic substrates significantly inhibited R. solani’s growth compared to the 

solvent control, with average inhibition ranging from 11.5% to 40% and viridiflorol 

displaying 21% inhibition. The CpSTS9 + 7 products exhibited the lowest inhibition 

(11.5%) and was the only sample that was significantly less effective than viridiflorol. 

Agr5 + 4, AmNES/LIS1 + 3 fractions A and B varied from 14 to 28% growth inhibition, 

but none were statistically different from viridiflorol. Only the products of Agr5 + 4 and 

CpSTS9 + 11 significantly outperformed viridiflorol, inhibiting growth by 32% and 40.2% 

respectively. Two other samples, SiVS + 10 fractions A and B, reported a 30.2% and 

18.9% decrease in growth rates, respectively, but are only provided as qualitative 

references. In addition to being single replicates, only 17.9 μg from fraction A and 9.8 

μg from fraction B were loaded in the discs compared to the standard 20 μg due to the 

low purification yields. Given these limited testing conditions, the inhibitory effects of 

fractions A and B is promising but warrants further investigation. 
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Figure 4.5. R. solani growth inhibition by semi-synthetic terpene products after 32 
hours. a Boxplot of R. solani growth on plates with distinct compounds loaded on each 
disc. Each disc had 20 μg loaded save SiVS + 10 fractions A and B, which had 17.92 
Figure 4.5. (cont’d) 
μg and 9.8 μg, respectively. Dots represent individual horizontal measurements towards 
a disc. Letters represent the statistical groupings resulted from a Tukey’s T test. b 
Images of three of the plates for the solvent control, viridiflorol, and CpSTS9 + 11, 
illustrating the increasing inhibition from CpSTS9 + 11. 
 

Discussion 

Climate change poses several challenges to agriculture, including an anticipated 

increase in phytopathogenic fungi.45 Expanding the available chemical space via our 

semi-synthetic approach may aid in combating the growing agricultural challenges. The 

synthetic substrate screenings revealed sixteen TPS-substrate combinations that 

produced terpenes. Five of the twelve prenyl diphosphate derivatives were not used as 

substrates with the tested TPSs. The remaining seven showed unique product patterns 
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depending on both enzymes and substrates. Consistent with their native function, many 

TPSs yielded multiple products. For instance, the PvTPS5 + 10 combination generated 

at least eleven different sesquiterpene derivatives alone. At least eight of these products 

are shared across other TPS combinations yet at different ratios (Figure S4.20).  

Phosphatase activity resulted in dephosphorylation and some rearrangements. 

The NMR structure elucidated for the product of Agr5 + 4 also corresponded to a 

phosphatase product (Figure S4.21). The linear product shows a methylene shift upon 

diphosphate cleavage. The other identified structure was one of the two products from 

CpSTS9 + 7. The crude NMR data show a mixture of compounds with the major 

component having NMR data consistent with (5E,9E)-6,10-dimethyl-3-(prop-1-en-2-

yl)oxacycloundeca-5,9-diene, a structure resolved in previous work (Figure S4.22).14 

Other structures could not be resolved, however their mass spectra and corresponding 

library hits suggest various cyclizations. Tentative identification is given in figures S4.3-

S4.18.  

We demonstrated that viridiflorol has broad anti-fungal activity, expanding 

previous work.23,39,46,47 The phytopathogen collection used here not only included 

phylogenetically diverse classes of fungi and an oomycete, but it also represents a wide 

array of diseases. This includes various root rots, blights, and damping off of seedlings 

found in various fruits, vegetables, tubers, wheat, barley, maize, sorghum and other 

grains.40,48–51 Viridiflorol was found to weakly inhibit C. acutatum and had stronger 

activity against M. phaseolina, R. solani, and P. irregulare.  

R. solani was selected for further assays due to its viridiflorol sensitivity and its 

ability to infect a broad range of food and bioenergy crops.40–44 All sesquiterpene 
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derivatives produced in this study significantly inhibited R. solani’s growth to varying 

extents. This result aligns with published work that demonstrated that volatile 

compounds can inhibit R. solani growth.52 CpSTS9 + 11 was the best performing, 

nearly twice as effective at inhibition than viridiflorol. This combination is a mixture 

containing putative cyclized and fluorinated sesquiterpenes as well as peaks identical to 

several phosphatase products. The fluorinated sesquiterpenes may have been highly 

effective because fluorination tends to affect binding affinities, metabolic stability, and 

membrane permeability.53 

Conclusion and Future directions 

This study identified over a dozen enzyme—substrate analog combinations that 

could produce sesquiterpene derivatives. NMR data supports the structures of two 

products. We characterized the anti-fungal activity of viridiflorol and derivatives that 

were scalable. These assays revealed that viridiflorol has broader applications as an 

anti-fungal agent than previously shown. Furthermore, additional anti-fungal assays 

demonstrated that the sesquiterpene derivatives varied in activity, including the CpSTS9 

+ 11 combination which was twice as effective at inhibiting R. solani growth than 

viridiflorol. 

Producing more of the active FDP analogs could enable better optimization for 

the scale-up and purification, as there were considerable yield losses during these 

processes. Optimizing or investigating alternative extraction methods, such as 

hydrophobic adsorbers, and altering the substrate solution to limit protein denaturation 

can improve the initial extraction yields. Additionally, utilizing automated flash 

chromatography or fractional distillation for better purification and retention of volatile 
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synthetic products could improve purification efficiency.14 Beyond this initial 

optimization, the various products could be properly purified, structurally elucidated, and 

evaluated for their anti-fungal activity. Overall, this work serves as a foundation for 

future development of semi-synthetic anti-fungal compounds. 
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APPENDIX 
 

 

Figure S4.1. Schematic of FDP analog synthesis. a illustrates broadly substitutable 
modified prenyl groups that can be combinatorially synthesized followed by the addition 
of the diphosphate. b illustrates example products  
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Figure S4.2a. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.2b. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.2c. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.2d. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.2e. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.2f. multiproduct synthetic FDP analog—phosphatase combinations. 
The black trace shows the no protein control while red trace is the phosphatase 
treatment. Several phosphatase products were found with substrates 3 (S4.2a), 4 
(4.2b), 5 (4.2c), 9 (4.2d), 10 (4.2e), and 11 (4.2f). 
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Figure S4.3. AmNES/LIS-1 + Substrate 3 combinations chromatograms and mass 
spectra. a. GC-MS of the specific fractions used in figure 5. Red is a phosphatase 
control. Blue is AmNES/LIS-1 Fraction A while green is Fraction B used in the antifungal 
assays in figure 5. b-f have mass spectra present in figure 3A. * bracket shows ~C10 
cleaved products. 
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Figure S4.4. Agr5 + substrate 4 chromatograms.   A. shows GC-FID of phosphatase 
(red) and Agr5 (blue). B. GC-MS of the fraction used for anti-fungal assays in figure 5. c-
f show relevant mass spectra. 
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Figure S4.5. SaAMS + Substrate 4 chromatograms. a. shows GC-MS of 
phosphatase (red) and SaAMS (blue) paired with substrate 4. b-c are spectra of peaks 
novel to SaAMS. 
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Figure S4.6. SaAMS + substrate 5 chromatograms.   A. shows GC-FID of 
phosphatase (red) and SaAMS (blue). B. GC-MS semi-pure fractions of the 
combination. C-E show mass spectra of relevant peaks found in b 
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Figure S4.7. Agr5 + substrate 5 chromatograms.   A. shows GC-FID of phosphatase 
(red) and Agr5 (blue) paired with substrate 5. B. GC-MS of these assays. C. and d. 
shows relevant mass spectra from b.  
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Figure S4.8. SaAMS + substrate 7 chromatograms and mass spectra. a. GC-FID 
chromatogram. Blue is a TPS combination. Red is phosphatase. b. GC-MS 
chromatogram. c-e are mass spectra labeled on b.   
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Figure S4.9. CpSTS9 + 7 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the CpSTS9 +7 and red is phosphatase control. b. is the GC-
MS chromatogram of the fraction used in figure 5.  c-h is mass spectra from figure b.  
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Figure S4.10. Agr + 7 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the Agr5 +7 and red is phosphatase control. b. is the GC-MS 
chromatogram of the fraction used in figure 5. c-g is mass spectra from figure b.  
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Figure S4.11. SiVS + 7 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the SiVS +7 and red is phosphatase control. b. is the GC-MS 
chromatogram of the fraction used in figure 5. c-f is mass spectra from figure b.  
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Figure S4.12. Agr5 + 9 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the  Agr5 + 9 and red is phosphatase control. b. is the GC-MS 
chromatogram of the fraction used in figure 5. c-f is mass spectra from figure b.  
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Figure S4.13. SiVS + 10 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the SiVS + 10 and red is phosphatase control. b. is the GC-MS 
chromatogram of the fraction used in figure 5.  c-h is mass spectra from figure b. 



183 
 

 

Figure S4.14. SaAMS + 10 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the SaAMS + 10 and red is phosphatase control. b. is the GC-
MS chromatogram of the fraction used in figure 5.  c-e is mass spectra from figure b.  
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Figure S4.15. CpSTS9 + 10 chromatograms and mass spectra. a. GC-MS data 
showing blue as CpSTS9 +10 and red is phosphatase control. b-k is mass spectra from 
figure b.  
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Figure S4.16. PvTPS5 + 10 chromatograms and mass spectra. a. GC-MS data 
showing blue as CpSTS9 +10 and red is phosphatase control. b-k is mass spectra from 
figure b.  

 

 

 



186 
 

 

Figure S4.16. PvTPS5 + 10 chromatograms and mass spectra. a. GC-MS data 
showing blue as CpSTS9 +10 and red is phosphatase control. b-k is mass spectra from 
figure b.  
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Figure S4.17. CpSTS9 + 11 chromatograms and mass spectra. a. GC-FID 
chromatograms. Blue is the CpSTS9 +11, and red is phosphatase control. b. is the GC-
MS chromatogram of the fraction used in figure 5.  c-h is mass spectra from figure b.  
 



188 
 

 

Figure S4.18. PvTPS5 + 11 chromatograms and mass spectra. a. GC-MS 
chromatograms. Blue is the PvTPS5 +11 and red is phosphatase control. b.  c-j is mass 
spectra from figure a.  
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Figure S4.18. PvTPS5 + 11 chromatograms and mass spectra. a. GC-MS 
chromatograms. Blue is the PvTPS5 +11 and red is phosphatase control. b.  c-j is mass 
spectra from figure a.  
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Figure S4.19. TPS-FDP analog combinations chromatograms overlaying all TPS 
combinations that worked with substrate 7. Asterisks labeled over peaks indicate 
terpene derivatives. 
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Figure S4.20. TPS—FDP analog combinations chromatograms overlaying all TPS 
combinations that worked with substrate 10. Asterisks labeled over peaks indicate 
terpene derivatives. 
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Figure S4.21a. chemical shift assignment of Agr5 + 9. a. The structure for (E)-4-
(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)but-2-en-1-ol (1) and corresponding 
assignments deduced from (b) 1H, (c) COSY , (d) HSQC, (e) HMBC, and (f) 13C 
correlations. CDCl3 was used as the solvent, and CDCl3 peaks were referenced to 7.26 
and 77.00 ppm for 1H and 13C spectra, respectively. Absolute stereochemistry was 
assigned based on the configuration of the substrate.  
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Figure S4.21b. 1H spectrum. 
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Figure S4.21c. COSY spectrum. 
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Figure S4.21d. HSQC spectrum.  
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Figure S4.21e. HMBC spectrum.  
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Figure S4.21f. 13C spectrum. 
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Figure S4.22a. NMR spectroscopy of CpSTS9 + 7 product. The structure for 
(5E,9E)-6,10-dimethyl-3-(prop-1-en-2-yl)-oxacycloundeca-5,9-diene was identified in 
Oberhauser et al. 201914 and their corresponding NMR similarly corresponds to our 
respective (a) 1H, (b) COSY, (c) HSQC, (d) HMBC, and (e) 13C NMR spectroscopy data. 
CDCl3 was used as the solvent, and CDCl3 peaks were referenced to 7.26 and 77.00 
ppm for 1H and 13C spectra, respectively. Absolute stereochemistry was assigned based 
on the configuration of the substrate.  
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Figure S4.22b. COSY NMR spectrum. 
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Figure S4.22c. HSQC NMR spectrum. 
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Figure S4.22d. HMBC NMR spectrum. 
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Figure S4.22e. 13C NMR spectrum. 
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Chapter 5: Additional Research Contributions and Perspectives: 

A Reconstructive and Deconstructive Approach for Unravelling the Complete 

Diterpene Library  

 In addition to the chapters presented in my thesis, one of my most substantial 

contributions was to a chemoinformatic project. This project was led by Dr. Davis 

Mathieu, a former Hamberger Lab graduate student, who formulated the project with his 

internship advisor, Oliver Ebenhöh from Heinrich-Heine-Universität. This project utilized 

the chemoinformatic tool Pickaxe to explore diterpene chemistry by applying reaction 

rules to generate reaction networks.1 In the beginning we took diterpenoids from the 

Dictionary of Natural Products (DNP) and deconstructed them back to their diterpene 

backbone by sequentially removing functional groups. This process, paired with DNP 

metadata, enabled us to evaluate details about discrete diterpene backbones, including 

oxidation patterns and the phylogenetic relationship of the different backbones. My 

contributions involved sharing mined data from the DNP and providing expertise on 

terpene biochemistry for the reconstruction of diTPS pathways. We then leveraged 

Pickaxe to develop reaction rules describing terpene synthase carbocation chemistry. 

This project consumed much of my focus and time in 2023 as I delved into 

chemoinformatic software, natural product databases, and diTPS mechanism literature. 

Here I would review existing TPS mechanisms and break down the complex 

carbocation rearrangements into individual steps. I could translate these steps as a 

reaction rule where I would declare the substructure of the compound that needs to be 

identified and declare what reaction should occur if it sees the specific substructure. 

Breaking complex reactions down in this fashion makes them robust rules that may 
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apply to several distinct carbocation rearrangements. These rules could also be 

performed iteratively, which leads to a reaction network that illustrates known 

carbocation rearrangements and predicts latent diterpene chemistry. This manuscript is 

in preparation. In addition to collaborating with Heinrich-Heine-Universität, we ended up 

collaborating heavily with Luke Busta, a professor at University of Minnesota-Duluth, 

whom helped identify approaches for data analysis. This collaboration also earned us 

authorship on a similar project in the Busta lab analyzing the connectivity and 

modification within triterpenes in cuticle waxes.2 

Deciphering the tetraploid genome and diterpenoid metabolism of Teucrium 

chamaedrys  

 I collaborated closely with fellow graduate student Dr. Abby Bryson, also in the 

Hamberger lab, to co-apply for and secure a $30,000 award from the Neogen Land 

Grant to investigate Teucrium chamaedrys, a key species in the Ajugoideae mint 

subfamily. At the time of the award, no genomes from the Ajugoideae subfamily were 

available, and we anticipated that this project would substantially advance our 

understanding of furanoclerodane metabolism. Shortly after, Robin Buell from University 

of Georgia and Benjamin Lichman from University of York published a Teucrium marum 

genome to elucidate iridoid metabolism and featured RNA-seq from diverse tissue 

types.3 While this publication prevented our genome from being the first in the 

Ajugoideae subfamily, we still had the first T. chamaedrys genome. Thanks to the close 

phylogenetic relationship between the two species we were able to expand our study 

into comparative genomics as well as gene expression across additional tissues.  

Despite the close relationship, comparisons between the T. marum and T. 
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chamaedrys genomes revealed that T. marum is diploid while T. chamaedrys is a 

tetraploid. This observation paired with additional evidence indicated that a recent whole 

genome duplication has occurred within the genus. Our analysis of TPSs revealed 

multiple orthologs of other clerodane synthases, which we functionally characterized. 

Most orthologs were isokolavenyl diphosphate synthases and the others no longer 

yielded products. To our surprise, we also discovered that ~70% of diTPSs in both 

species are located on the same genomic locus, corresponding to the Lamiaceae-wide 

miltiradiene biosynthetic gene cluster (BGC).4 This cluster now represents the largest 

diTPS BGC to date and appears to have recruited other putative diTPSs. Phylogenetic 

analysis of the recruited putative diTPSs suggests that they are involved in other 

diterpenoid metabolism that ‘branches’ from a similar starting point. This manuscript is 

under review at Plant Communication and the putative diTPSs are being cloned and 

functionally characterized by other members of the Hamberger laboratory.  

While not part of the main manuscript, I conducted coexpression analyses from 

the T. marum data, identifying a coexpression module containing orthologs of isoKPP 

synthase and CYP76BK1 (Chapter 2), suggesting a relationship to furanoclerodane 

metabolism. With the help of a summer REU student, we cloned and assayed ~75% of 

the candidate cytochromes P450 (CYPs), 2-oxoglutarate dioxygenase (2OGDs), and 

other oxidoreductases. We found three phylogenetically distinct CYPs, currently 

referred to as TeMaCYP3, TeMaCYP4B, and TeChCYP7, that all produce furans similar 

to the products of CYP76BK1 (Chapter 2). While phylogenetically unrelated, the 

presence of multiple enzymes performing the same function is reminiscent of a gene-

dosing effect and may improve flux through the respective pathway. The same 
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coexpression module also contained putative sesquiterpene synthases whose products 

we have yet to identify. I hypothesized that the sesquiterpene produced has synergistic 

or complementary effects to furanoclerodanes, necessitating coexpression without 

being in the same biosynthetic pathway but additional analyses are necessary to fully 

resolve this relationship. 

Chromosome-scale Salvia hispanica L. (Chia) genome assembly reveals rampant 

Salvia interspecies introgression 

 Dr. Julia Brose, a former graduate student from Robin Buell’s lab located at 

University of Georgia, sought my expertise for work on a recently published paper 

evaluating the genome of Salvia hispanica.5 Their comparison of available genomes 

revealed an enrichment in TPSs within the Chia pinta variety. I phylogenetically placed 

their genes of interest relative to functionally validated TPSs. This work revealed that a 

bloom of TPS-a subfamily sesquiterpene synthases was found exclusively in Chia pinta. 

Deeper analysis revealed that these TPS genes were collectively a part of 6 separate 

biosynthetic gene clusters present in the Chia pinta variety and not the Chia negra 

variety, where Chia negra fully lacked these genes. Genomic analyses of other Salvia 

suggested that these genes were likely recruited as a result of interspecies 

introgressions from other Salvia species. 
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Future Directions: 

 Ajuga reptans has proven a valuable source for identifying CYPs capable of 

modifying clerodanes, revealing an important step in the production of furanoclerodanes 

with ArCYP76BK1 and the promiscuous ArCYP736A358. The direct products of these 

enzymes have not been functionally characterized before. Knowing many 

furanoclerodanes are insect anti-feedants and are cytoxic, we have partnered with the 

chemical company BASF to assay the insect antifeedant properties of the different 

CYP76BK1 products and the Michigan State University professor Jamie Bernard’s 

group to assay the cytotoxicity of our compounds against multiple myeloma cancer cell 

lines. Hopefully a similar characterization can be done with the ArCYP736A358 

products as well. Although our investigation into A. reptans has been fruitful, we were 

limited to a single transcriptome, limiting the available bioinformatic analyses. 

Assembling a chromosome-scale genome or a comprehensive set of transcriptomes 

could facilitate future studies. 

Similarly, we could continue to use the coexpression data from the T. marum 

analysis to clone the remaining candidates that have not been investigated yet. Given 

that we already have functioning sesquiterpene synthases from Teucrium, verifying 

these TPS products could be relatively straightforward. We also identified 

phylogenetically distinct CYPs that all produce the furan moiety on isokolavenol. This 

redundancy appearing from unrelated enzymes in the same species was a surprise. 

There are a few possible explanations for their presence. They may be differentially 

regulated, their native activity is promiscuous, and furan formation is relatively easy, or 

they all independently evolved to improve metabolic flux towards furanoclerodanes that 
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are abundant in Teucrium. Future work to characterize putative diTPSs found on the 

largest BGC is necessary to understand the ramification of a highly conserved BGC. 

Given the recruitment of phylogenetically distinct TPSs, we hypothesize that this BGC is 

possibly itself a network, where branching class I diTPSs can build scaffolds off the 

same class II diTPS products. 

I have not elucidated all of ArCYP736A358’s products identified in Chapter 3, 

however many of the remaining structures are being purified for NMR. Beyond the 

publication, the epoxy-isokolavelool may also be cytotoxic against multiple myeloma, as 

isokolavelool itself has been shown to be by Jamie Bernard’s research group. 

Additionally, epoxides tend to be bioactive. It is valuable to test the limits of 

ArCYP736A358 (Chapter 3), by assaying it against some other natural products with 

terminal alkenes.  

In Chapter 4, I showed the potential for feeding semi-synthetic substrates to TPSs, 

but scaling up, purification, and NMR spectroscopy was a larger hurdle in the project 

than we anticipated, culminating in my inability to do NMR analyses on most structures 

and hindering the initially planned anti-fungal assays. To address the scale-up 

challenges, synthesizing new products would enable different optimization approaches, 

including optimizing the substrate solvents to reduce protein denaturation, identifying if 

batch additions of enzyme throughout the assays improves yields, and optimizing 

extraction techniques (nonpolar adsorbents vs various nonpolar solvents) and 

concentration techniques. Additionally, identifying a better method to remove and 

replace the solvent with CDCl3 without product loss would enhance our ability to do 

NMR spectroscopy. With extra material, we could conduct additional anti-fungal assays 
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on our products for better statistical power and could be assayed against a broader 

range of phytopathogens. Based on the substrates that were functional, expanding our 

analogs to include halogens, other methylation sites, and thiol linkages would be a 

worthwhile continuation. Lastly, structure activity relationships of the unnatural 

substrates and TPSs could be explored using methods like homology modeling, 

molecular docking, and mutational studies.  

 


