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ABSTRACT OF THE DISSERTATION

Development of a Novel Olivetolic Acid Production Platform for the Further Study of the

Therapeutic/Pharmacological Effects of Cannabinoids

by

Ikechukwu Chukwuemeka Okorafor
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2023

Professor Yi Tang, Chair

Cannabinoids are a large class of bioactive natural products originally derived from the
Cannabis sativa plant that regulate the cannabinoid receptors CB1 and CB: of the human
endocannabinoid system®. Cannabinoid based medicines (CBMs) have shown promise as
pharmacological agents, acting as antidepressants, analgesics, anticonvulsants, and antiemetics?.
Cannabinoids have also shown to demonstrate preliminary beneficial therapeutic effects in the
treatment of cancer cells®. In recent years, there has been significant interest from the synthetic
biology community to produce these cannabinoids using microbial and cell-free strategies
because of (i) the flexibilities in engineering the pathway to access rare or unnatural
cannabinoids, (ii) the challenges associated with chemical synthesis, and (iii) the inconsistent and

relatively low production of cannabinoids from plants with microbial production of naturally



occurring and new cannabinoids becoming a growing, disruptive technology to the ~$10 billion
global cannabis industry.* However, the microbial synthesis of cannabinoids and related
molecules requires access to the intermediate olivetolic acid (OA), a major bottleneck in the
pathway due to its low production. Whereas plant enzymes have been expressed in E.coli and
yeast biosynthesis, moderate yields and shunt product formation are major hurdles. Here in, |
describe the elucidation of a non-plant biosynthetic pathway using genome mining consisting of
fungal tandem polyketide synthases that produces olivetolic acid as well as the related octanoyl-
primed derivative sphaerophorolcarboxylic acid (SA) in high titers using the model fungal
organism Aspergillus nidulans. When compared with the plant pathway production of olivetolic
acid, this biosynthetic pathway provides increased production, diversity, and selectivity. This
platform can be groundbreaking for the production of cannabinoid-based medicines (CBMs).
This platform has potential to not only produce common cannabinoids like A°-
tetrahydrocannabionol ( A>-THC) and cannabidiol (CBD), but also rare and potentially more
potent cannabinoids such as tetrahydrocannabiphorol (THCP), the heptyl alkyl chain version of
A®-THC, due to the diversity of analog products produced. Here in, | also describe and detail the
methods and results in increasing the titer of this production platform, the expansion of the
diversity of products produced through the platform, and the attempt to go downstream to the
final elaborated cannabinoid molecules in order to develop a de novo strain that produces a wide
variety of cannabinoids. Therefore, in this work, | describe the development of an olivetolic acid
platform that represents a new strategy to produce cannabinoid precursors in microbes without
relying on plant enzymes, leading to higher titers and a flexible engineering pathway to access

rare or unnatural cannabinoids.
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1. Introduction and History of Cannabinoids

Cultivation of the cannabis plant has been traced to around 10000 BC with the first
evidence of the plant being found in China.® It is a plant long thought to have therapeutic
properties and was used by the Chinese for medicinal purposes. Indians also attributed
therapeutic properties to cannabis and greatly used it, dating back to 1000 BC, as an
antispasmodic, appetite stimulant, antiparasitic, anesthetic, anticonvulsant, antibiotic, hypnotic,
analgesic, diuretic, digestive, and aphrodisiac among even more other treatments.®” The Sheng-
nung Pen-Ts’ao Ching, known as the earliest Chinese materia medica book mentioned this about
cannabis: “ma-fen (the fruit of cannabis)... if taken in excess will produce visions of devils over a
long term, it makes one communicate with spirits and lightens one's body.”® This was the first
written record of cannabis having psychoactive activities. William B. O’Shaughnessy, a 19"
century Irish physician used cannabis as a treatment for tetanus and various other convulsive
diseases, introducing the plant to Western medicine.® Other physicians in that time period also
tested the plant for the treatment of mental disorders. Therefore, interest in the therapeutic
properties of cannabis has a long history. However, prohibition and federal legal restriction of
the plant have greatly hindered the study of it therapeutic effects.

There are over 400 known compounds form the Cannabis sativa plant, with more than
104 of them labeled as cannabinoids.'® The rest of the compounds include nitrogenous
compounds, flavonoids, terpenoids, and other more common plant molecules. Cannabinoids
from the Cannabis sativa plant are also known as phytocannabinoids. The cannabinoids act on
cannabinoid receptors, part of the endocannabinoid system in the body that regulates the

neurotransmitter release in the brain.'* Of the cannabinoids, the most common are delta-9



tetrahydrocannabinol (A%-THC) and cannabidiol (CBD). In the cannabis plant, the cannabinoids
are mainly found as their carboxylic precursors which can then be decarboxylated in the presence
of heat and light.*? (Figure 1) Both CBD and A°-THC are synthesized in the glandular trichomes
of the plant. These glandular trichomes are only present in the female plant; therefore,
cannabinoids can only be produced from the female Cannabis sativa plant.*® The cannabis plant
is classified into three categories, primarily based on the A>-THC concentration: industrial hemp
where A%>-THC does not exceed 15 percent dry weight, intermediate type with near equal
amounts of both A>-THC and CBD and the A%>-THC type also known as the drug type, having

primarily AS-THC 4

OH O
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Figure 1. Cannabinoid biosynthetic pathway. Tetraketide synthase (TKS) and Olivetolic Acid
Cyclase (OAC) convert the hexanoyl-CoA starter unit to olivetolic acid. A dedicated
prenyltransferase then geranylates the C6 position of the olivetolic acid to form cannabigerolic
acid (CBGA). Then, two dedicated oxidocyclase enzymes convert CBGA to THCA and CBDA.
Non enzymatic decarboxylation removes the carboxyl groups from the cannabinoid acids to form
the well-known cannabinoids A%~ THC and CBD.



1.1 Cannabinoid Receptors

Both A®-THC and CBD act on cannabinoid receptors which were first elucidated in the
1980s by scientists William Devane and Allyn Howlett. They demonstrated that AS>-THC
synthetic mimics were able to bind to a specific site in the membranes of the brain, inhibiting
synthesis of cyclic adenosine monophosphate (CAMP) through a G-protein mediated mechanism.
Furthermore, molecular cloning of the first cannabinoid receptor gene as well as brain mapping
of the cannabinoid binding sites in rats confirmed the existence of the cannabinoid receptor in
the brain, known as the CB; receptor.'® The cannabinoid receptors are part of a larger family of
receptors known as G-protein coupled receptors (GCPRs). G-protein coupled receptors total
about 800 in number and are divided into five major families: secretin, frizzled/taste 2, adhesion,
glutamate, and rhodopsin.*® Majority of GCPRs including CB1 and CB; belong to the rhodopsin-
like family.!” Rhodopsin is a pigment found in the rod photoreceptor cells of the retina and its
role is to change photons into chemical signals, allowing vertebrate animals and humans to sense
light by stimulating cellular biological processes in these organism’s central nervous systems.8
With regards to structure, GCPRs contain a transmembrane unit harboring seven alpha-helices
conjoined with a G-protein that itself has three subunit proteins: Ga, B, and y."” Once an agonist
binds to the GCPR transmembrane domain, the G-protein subunits conjoin with another cellular
protein such as a protein kinase or adenyl cyclase to catalyze downstream functions.*® GCPRs
role in regulating functions in the cells is so important that drugs targeting GCPRs make up 30-
40% of all the drugs in the market.?°

The CB1 receptor’s discovery was in 1984 through the observation that cannabinoid
3



binding to the receptors reduced cyclic adenine monophosphate (CAMP) concentrations in
neuroblastoma cells.?! Two years later, work was done to demonstrate that the cAMP
concentration reduction by cannabinoid binding could be reversed through the exposing of the
cells to the pertussis toxin, a Gai protein inhibitor.?> However, it wasn’t until 1990 that the CB1
receptor was cloned and elucidated from a cDNA library of cerebral cortex tissues with studies
that same year demonstrating that CB1 receptors in the brain were nearly as prevalent as gamma-
aminobutyric acid (GABA) receptors and glutamate receptors.?>?* The prevalence of CB1
receptors and their localization in the brain allowed researchers to correlate their expression to
the subsequent pharmacological effects. For example, localization and expression of CB1 in the
hippocampus and cerebral cortex correlated to memory and cognition effects whereas
localization and expression of CB1 in the cerebellum and basal ganglia was correlated to stride or
gait effects.!” Therefore, binding of the CB; receptors in the brain correlates to the psychoactive
effects of cannabis. Although CB1 receptors are prevalent in the brain, they also have been
found to be located in the uterus, prostrate, adrenal glands, tonsils, gastrointestinal tract, spleen,
and vascular smooth muscle cells.?®

The discovery of the CB> receptor answered the question of why cannabis was reported
to have immunomodulatory effects. The CB2 receptor was discovered three years after the CB1
receptor and was found in a human promyelocytic leukemia cell line.?® Unlike the well
characterized CB;: receptor, CB; has not been as well as characterized due to numerous
conflicting reports about the effects of its expression but one thing is known for sure: the CB:
receptor plays a strong role in immunomodulatory effects with great implication for example, in
Alzheimer’s and Huntington’s disease.?”?® The CB; receptor is known as the peripheral receptor

for cannabinoids and is primarily found and expressed in immune tissues.?®
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When these cannabinoid receptors are activated, as previously mentioned with regards to
CBy, there is a decrease in CAMP levels and there is also modulation of potassium and calcium
levels in the cells.** When these receptors are stimulated, p38 mitogen activated protein kinases
(MAPKSs), c-Jun N-terminal kinases, and p42 and p44 MAPKSs are activated. The p42/44
MAPKS are also referred to as extracellular signal regulated kinases 1 and 2 (ERK1 and ERK2)
and they are involved in transcription regulation, cell differentiation, downstream regulation of
genes, and cytokine synthesis regulation.?®° Both cannabinoid receptors (CB1 and CB) utilize
the transducing G proteins, G1 and Go, responsible for a wide range of cellular functions such as
response to environmental stimuli and responses to hormonal signals.3! A®>-THC binding to these
receptors causes the opening of potassium channels, inhibition of adenylyl cyclase activity,
closing of voltage gated calcium channels, and stimulation of mitogen-activated protein kinases,
among other responses.’

The characterization of these cannabinoid receptors in human signaled to researchers that
there are likely some endogenous ligands capable of binding to these receptors. These ligands are
part of the endocannabinoid system and include anandamide (AEA) which was found to produce
similar effects as the cannabinoids from Cannabis sativa, O-arachidonoyl ethanolamine, and 2-
arachidonoylglycerol (2-AG), and 2-arachidonoyl glycerol ether.!’

Additionally, reports have been made indicating that cannabinoids have been able to bind
to other receptors in the body outside of CB1 and CB5. Cannabinoids have been found to be
capable of binding to the transient receptor potential cation channel vanilloid type 1 (TRPV2), 5-
hydroxytryptamine (5-HT)-3A ligand-gated ion channel, G-protein-coupled receptor 55

(GPR55), 5-hydroxytryptamine (5-HT)-3A ligand-gated ion channel, and transient receptor



potential cation channel Ankyrin type 1 (TRPAL).3%%

1.2 Therapeutic Potential of Cannabinoids

Both A>-THC and CBD were isolated from the hemp oil plant in the 19405343, Unlike
A®-THC, CBD has no psychoactive properties and has low affinity to both CB1 and CB;
receptors, whereas A%>-THC binds effectively to the CB1 receptor. Although CBD has low
binding affinity to the endocannabinoid receptors, there is some data that indicates that CBD has
some beneficial properties in the treatment of seizures and epilepsy, movement disorder,
psychosis, anxiety, multiple sclerosis, and Huntington’s disease,*® once again highlighting the
therapeutic potential of cannabinoids.

The therapeutic potential of cannabinoids has led to the development of cannabinoid-
based medicines (CBMs). Currently, in the United States, there are 3 licensed CBMs approved
by the Food and Drug Administration: nabilone (cesamet®) , a synthetic analog of A%>-THC, used
as an antiemetic, preventing vomiting and nausea caused by cancer medications, dronabinol,
synthetic A°>-THC , used to treat lack of appetite leading to weight loss in AIDS victims as well
as treat nausea and vomiting like nabilone, and a liquid formulation of dronabinol. (Figure 2)
The FDA has also placed on the fast track a few more CBMs and has also approved
investigational drug studies of CBD due to its ability to treat chronic pain and help prevent
seizures in childhood epilepsy cases. All in all, the global pharma cannabinoid industry is
projected to exceed $102 billion by 2030 indicating a significant interest in the development of
CBMs®’; therefore, methods for the efficient large-scale production of cannabinoids are

necessary.
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Figure 2. Cannabinoid based medicines (CBMs). Nabilone, an antiemetic and Dronabinol,
used to treat lack of appetite in AIDs victims have been approved by the FDA while CBD has
been fast tracked for further investigational studies.

1.3 Microbial Efforts to Produce Cannabinoids

In recent years, there has been significant interest from the synthetic biology community
to produce cannabinoids using microbial and cell-free strategies because of (i) the flexibilities in
engineering the pathway to access rare or unnatural cannabinoids, (ii) the challenges associated
with chemical synthesis, and (iii) the inconsistent and relatively low production of cannabinoids
from plants.* Owing to the identification of important enzymes in the cannabinoid biosynthesis
pathway such as olivetolic acid synthase (OLS) and olivetolic acid cyclase (OAC), which
converts hexanoyl-CoA to olivetolic acid, microbial hosts have been utilized to produce
cannabinoids.® Another key finding was the discovery of the prenyltransferase responsible for
prenylating olivetolic acid with geranyl to form cannabigerolic acid (CBGA).*® (Figure 1)

With these key enzymes identified, different groups have attempted to microbial produce
cannabinoids and their precursors. Tan et al., employing olivetolic acid synthase and olivetolic
acid cyclase from the Cannabis sativa plant in addition to further engineering, were able to

produce 80 mg/L of olivetolic acid from E. coli.*’ To date, that is the highest literature recorded



amount of olivetolic acid produced in vivo in any wild type or engineered organism.
Additionally, Luo et al. were able to express the entire cannabinoid pathway in Saccharomyces
cerevisiae and produce 8 mg/L of tetrahydrocannabinolic acid (THCA), the direct A>-THC
precursor, and 4.3 ug/L of cannabidiolic acid, the direct CBD precursor; this was the first time
that A>-THC and CBD were produced by yeast.** Furthermore, Valliere et al., utilizing
commercial olivetolic acid and the synthetic biochemistry approach of cell-free systems, showed
that they were able to produce 1.25 g/L of cannabigerolic acid (CBGA), by engineering an
aromatic prenyltransferase from Streptomyces sp. CL190 to efficiently prenylate olivetolic acid,
another important intermediate in the cannabinoid biosynthesis platform.*> Additionally, Jimbo
Ma et al engineered the yeast Yarrowia lipolytica to improve the biosynthesis of olivetolic acid
and achieved an 83 fold titer increase giving a final titer of .11 mg/L.*3

E.coli and yeast strains have not been the only microbial organisms utilized to produce
olivetolic acid and cannabinoids. Two groups have demonstrated that amoeba can also be
engineered for the production of olivetolic acid. Reimer et al. engineered Dictyostelium
discoideum, due to its ability to produce polyketides and terpenoids, to ultimately produce
olivetolic acid. By fusing the OLS to the C-terminal of the D. discoideum Stll gene , they were
able to engineer an amoeba/plant hybrid gene for the production of olivetolic acid. The group
utilized the Stll gene, an enzyme consisting of a type 111 PKS and FAS and swapped the type 11
PKS domain with OLS and overexpressed this fused hybrid gene to produce olivetolic acid.**
Kufs et al also utilized Dictyostelium discoideum to produce olivetolic acid , developing a scaled
approach in bioreactors able to achieve a titer of 4.8 pg/L.*® Although novel with the use of
Dictoystelium discoideum to produce this cannabinoid intermediate, such a result underscores the

need to increase production of olivetolic acid. To date, these approaches for the production of
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olivetolic acid and cannabinoids all rely on the plant pathway with the enzymes olivetolic acid
synthase (OAS) and olivetolic acid cyclase (OAC) catalyzing the formation of olivetolic acid
from hexanoic acid and have heavy intellectual property surrounding them so a novel way of
producing olivetolic acid is preferred. We were able to discover a novel pathway to olivetolic
acid by focusing on fungal natural product biosynthetic pathways, a vast field with promising

capabilities.

2. Elucidation of a Novel Olivetolic Acid Platform Through Genome Mining

2.1 Fungal Natural Products and Genome Mining

Natural products from fungi have demonstrated great therapeutic and agricultural
potential*®*” with two of the currently used antifungal drugs being the natural products
echinocandins and amphotericin®®. Echinocandins, referred to as the “penicillin of antifungals™°,
and amphotericin are also included in the World Health Organization’s List of Essential
Medicines®, showcasing the powerful potential of fungal natural products. Natural products,
also referred to as secondary metabolites, are most times not essential for the organism’s life but
do still have important roles such as acting as metal-transporting agents, symbiosis facilitators,
sexual and differentiation effectors, and metal-transporting agents, among other functions.®!
Fungi produce a vast variety of natural products that can be classified as terpenes, polyketides,
sugars, and alkaloids.>? There are 100,000 known fungal species, although upwards of one
million fungal species are expected to be in existence.>® Of the known 100,000 fungal species,
only a fraction of their natural products and biosynthetic pathways have been elucidated.>*

Therefore, there is great potential to search for more fungal natural products with interesting
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bioactivities, underscoring the importance of genome mining.

Genome mining is utilized to search for and identify biosynthetic gene clusters.> These
biosynthetic pathways encode secondary metabolite genes that produce natural compounds.
Genome mining has been used to search for biosynthetic pathways for known products as well as
undiscovered biosynthetic pathways that can produce novel natural products. Genome mining
answers the question of how natural products are formed. It describes the utilization of genomic
information to search for biosynthetic gene clusters responsible for producing natural products.
Over the years many different methods of genome mining have been developed. Among them
include classical genome mining, comparative genome mining, phylogeny-based genome
mining, and resistance gene/target directed genome mining.

Classical genome mining involves the search for genes involved in a biosynthetic
pathway. Typically, the process consists of querying for a desired gene across many genomes
and then querying for that gene in the context of a biosynthetic gene cluster. NCBI Basic Local
Alignment Search Tool (BLAST) is widely utilized for classical genome mining.

Comparative genome mining involves comparing multiple genomes in different
organisms to identify similar clusters.®® It differs from classical genome mining in that instead of
searching for single genes, one is searching for partial or whole gene clusters across various
genomes. Gene clusters in a genome are then prioritized based on their homology to other
clusters in other organisms’ genomes.

Phylogeny-based genome mining is based on the understanding of the mostly modular
structure of biosynthetic gene clusters.>® It is theorized that this mostly modular structure comes
from a quickly evolving defense system where new molecules are produced by randomly

swapping and shuffling domains and modules.>” As an example, the program Natural Product
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Domain Seeker (NaPDoS), constructs a phylogenic tree based on ketosynthase (KS) domains
and condensation (C) domains of PKS and NRPS genes, respectively®®. KS and C domains are
two of the enzyme families used to construct phylogenic trees in order to predict compound
structures.>*® This phylogenic tree can be utilized to give information about the function of the
PKS and NRPS gene searched for, its evolutionary history, and the novelty of products produced
in the secondary metabolite cluster containing the gene.

Lastly, resistance gene directed genome mining and target directed genome mining
involve identifying biosynthetic gene clusters that contain self-resistance genes. For organisms
that produce antibiotics or antifungals, there needs to be a development of a self-resistance
method to avoid suicide.5! One self-resistance mechanism is the use of efflux pumps to transport
the compounds to extracellular space.®? Another self-resistance mechanism involves the
inclusion of self-resistance enzymes (SRES) in biosynthetic gene clusters. These SRESs are
mutated copies of the housekeeping target that retain activity and are not inhibited by the natural
product produced, thereby keeping the organism alive.®® These SREs are typically found in
secondary metabolite clusters. Therefore, an approach searching for these SRESs can be
developed to find biosynthetic gene clusters. Utilizing this knowledge, Moore et al. were one of
the first groups to utilize a targeted genome mining approach. They screened for housekeeping
copies of genes in 86 similar strains of Salinospora and screened for location near biosynthetic
gene clusters. They identified the second copy of a bacterial fatty acid synthase colocalized
within a cluster that contained a PKS-NRPS hybrid gene. They annotated the cluster,
heterologously expressed the genes, and after chemical characterization, elucidated that the
cluster produced thiolactomycin, which is a fatty acid synthase inhibitor.®* To demonstrate its

capabilities, target directed genome mining has been used to locate biosynthetic gene clusters
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(BGCs) with known biomolecular targets®®, for (re)discovering natural products with desired
biomolecular targets®, and for discovering the biomolecular targets of known natural products.®’
Therefore, searching for resistance enzymes in a secondary metabolite cluster has become an
increasingly appealing genome mining approach for finding new clusters and subsequently,
novel natural products.

In recent years, tools and programs have been developed to search for new biosynthetic
clusters more quickly. These programs have the ability to predict the entire secondary metabolite
gene cluster. Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) is one of these
programs. antiSMASH identifies polyketide synthase (PKS)and non-ribosomal peptide
synthetase (NRPS) core genes in potential clusters and then outputs the cluster information in a
user-friendly interface that can be readily searched through®. Secondary Metabolite Unknown
Regions Finder (SMURF) is another one of these programs. SMURF evaluates secondary
metabolite gene clusters by scoring the nearness of core genes with the different tailoring genes
near the core gene.®® Additionally, there is another program that is more specified in its search
called Antibiotic Resistance Target Seeker (ARTS). ARTS specifically queries for antibiotic
resistance genes in bacteria that can lead to biosynthetic gene clusters for possible novel drug

targets.”® We utilized antiSMASH to elucidate the non-plant olivetolic biosynthetic pathway.

2.2 Resorcylic Acid Lactones

Since its inception, the Tang lab has utilized various methods of genome mining to
identify many natural products and novel enzymes, as well as elucidate the biosynthetic
pathways of natural products in addition to the production of novel natural products through the

engineering of biosynthetic genes. (Figure 3) One such example is the further characterization of
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the biosynthetic pathway of zearalenone, a member of the resorcylic acid lactone family of
products produced from the fungal species Gibberella zeae, and production of novel resorcylic
acid lactones (RALs) achieved through the reconstitution of the polyketide synthase (PKS)
involved in the biosynthesis of zearalenone.”* RALSs are polyketides, exclusively produced by
fungi, consisting of a macrolactone ring with a 2,4-dihydroxybenzoic acid moiety embedded.”?
The first discovered RAL, radicicol was characterized from the fungal species Monocillium
nordinii in 1953, with 200 more RALSs having been identified from a variety of fungal species

since then.”®"4
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Figure 3. Pathway for Elucidation of Biosynthesis of Natural Products. The process for the
elucidation of natural products and their biosynthetic pathway in the Tang lab. Starts from
genomics, proceeds to bioinformatics, then to heterologous expression, and finally to analytical
chemistry.

RALSs are potent molecules that exhibit of variety of biological activities including having
antimalarial, anti-cancer, anti-microbial, mitogen activating protein (MAP)-kinase inhibitor,
TAK1 inhibitor, heat shock protein inhibitor, and estrogen receptor against properties.’>"®

(Figure 4) Many RALSs consist of 14 membered lactone rings, although there also exists RALs



consisting of 10, 12, and 16 membered lactone rings.®® The RAL biosynthetic gene cluster
typically consists of two polyketide synthases: a highly reducing polyketide synthase (HRPKYS)
and a non-reducing polyketide synthase (NRPKS). Regarding the biosynthetic pathway of RALSs,
the HRPKS generates the terminal hydroxyl group that becomes the macrocyclizing nucleophile.
The chain is then transferred to the NRPKS where it is further elongated and then goes through
aldol cyclization to form the enzyme bound resorcylic thioester. A fused thioesterase (TE)
domain in the NRPKS then performs macrocyclization to release the final RAL product.
Furthermore, considerable structural diversity at the Ce position of the RAL can be generated by

utilizing different HRPKSs that are able to synthesize a variety of reduced products.’®"":"®
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Figure 4. Examples of Resorcylic Acid Lactones. These polyketides consist of a 12, 14, or 16-
membered macrolactone ring with a f-resorcylic acid embedded.
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2.3 Polyketide Synthases

Taking it a step back, fungal polyketide synthases are enzymes designed to synthesize
polyketides through the interactive condensation of malonyl coenzyme A (malonyl-CoA)
building blocks.” Fungal polyketide synthases are type | polyketides synthases. These
interactive polyketide synthases are large and contain multiple domains. There are three

categories of polyketide synthases: type I, type Il and type IlI.

2.3.1 Type | Polyketide Synthases

Type | polyketide synthases contain multiple functional and catalytic domains, generating
most of the polyketides that have been characterized.®’ Furthermore, type | polyketide synthases
are divided into two separate categories: iterative type | and modular type I. Modular type |
polyketide synthases are more commonly found in bacteria. They are large multimodular
enzymes having assembly line like characteristics, condensing acyl substrates module by
module, where the order of the module defines the order of the functional groups of the final
elaborated compound.®! Iterative type | polyketide synthases, more commonly found in fungi,
contain a single multidomain, and iteratively use the domain, similarly to fatty acid synthases

(FASs) operate, to generate the programmed polyketide product.®

2.3.2 Type Il Polyketide Synthases

Type Il polyketide synthases are similar in operation to type | iterative polyketide
synthases; however, instead of being a megasynthase like type | PKSs, type Il PKSs are separate
enzymes that are monofunctional. Aromatic bacterial polyketides are typically synthesized by
type 11 PKSs.2® Whereas type | PKSs use acetyl-CoA and malonyl-CoA as starter units, type I

PKSs typically utilize acetate as their starter unit. Minimally, type Il PKS contain a KS, subunit,
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a chain length factor (CLF or KSg) subunit, and an ACP subunit.®* Type 11 PKSs are the least

characterized PKSs of the three.

2.3.3 Type |1l Polyketide Synthases

Type 111 polyketide synthases are found in plants , although a few have been elucidated
from microbes, and are much smaller than type | and type Il PKSs.8 They are homodimers of
ketosynthases; therefore, they extend chain length through iterative decarboxylative Claisen
condensation and are responsible for producing compounds such as stilbene, flavonoids, and
alkylresorcinols from plants.®® Type 111 PKSs release their products to either the active site
cysteine of the enzyme or the carrier molecule, coenzyme A. There have also been reports of
Type 11l PKSs utilizing an acyl carrier protein bound substrate as the starter substrate, similar to
type | and type Il PKSs.®’

Since our platform utilizes two type | iterative polyketide synthases, it is appropriate to
go into more detail concerning these megasynthase enzymes. Fungal PKSs resemble bacterial
type 1l PKSs in that the catalytic domains of both classes of enzymes are iteratively utilized
during polyketide synthesis and resemble bacterially type | modular PKSs in that the catalytic
domains of both fungal PKSs and bacterial type | modular PKSs are linearly arranged.®®
However, fungal PKSs differ from bacterial type | modular PKSs in rules dedicated to chain
elongation, regioselective cyclization, and starter-unit selection®9%9192 There are three types of
fungal polyketide synthases: highly reducing polyketide synthases (HRPKS), partial reducing

polyketide synthases (PRPKS), and nonreducing polyketide synthases (NRPKYS)

2.3.4 Highly Reducing Polyketide Synthases
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HRPKSs generate highly reduced compounds that can be furthered modified to produce
compounds such as lovastatin. Fungal HRPKS domains contain, minimally, a ketosynthase (KS)
domain, a malonyl-CoA: acyl carrier protein transacylase (MAT) domain, and an acyl carrier
protein (ACP) domain. These HRPKSs also contain tailoring domains such as an enoyl reductase
(ER) domain, a dehydratase (DH) domain, a methyltransferase (MT) domain, and a
ketoreductase (KR) domain. These domains are interactively utilized to produce the reduced
polyketide product, with the HRPKS employing the tailoring domains in different arrangements

for each extension cycle.”

2.3.5 Partially Reducing Polyketide Synthases

PRPKSs typically synthesize phenolic aromatic compounds such as 2,4-dihydroxybenzene and
6-methylsalicylic acid (6-MSA). As their name implies, these enzymes utilize their iterative
domains to generate partially reduced polyketide compounds. The ketoreductase domain is the
key domain controlling the reductive programming in PRPKSs, through judicious reduction of
the polyketide compounds.®® 6-MSA is a perfect example of this, with the PRPKS responsible
for producing 6-MSA undergoing just one round of reduction by the KR domain and one round

of dehydration by the DH domain.%

2.3.6 Nonreducing Polyketide Synthases

NRPKSs, similar to HRPKSs and PRPKSs, minimally contain KS, AT, and ACP domains.
Separate from the other two polyketide synthase types, however, NRPKSs also harbor a starter
unit: acyl carrier protein transacylase (SAT) domain that takes up the starter unit, and a product
template (PT) domain which acts as an aldol cyclase. They also may contain a methyltransferase

domain and usually contain a domain for product release such as a thioesterase (TE) domain. The
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SAT domain’s role is to take up the starter unit, and to transfer the starter unit onto the ACP
domain where it is moved to the KS domain, undergoing decarboxylative Claisen condensation
with an extender unit transferred from the AT domain®. An example of a starter unit would be a
malonyl-CoA unit or if in conjunction with a HRPKS, the product produced from the HRPKS.
Iterative use of these domains of the NRPKS extend the chain and the PT domain cyclizes the

product and then the product is programmed for release by the releasing domain.

2.4 Comparison Between Resorcylic Acid Lactones and Cannabinoids

All the RALSs elucidated contain the 2,4-dihydroxybenzoic acid moiety otherwise known
as the B-resorcylic acid moiety, the same moiety comprising the core of tetrahydrocannabinol,
cannabidiol, cannabigerol, and the rest of the cannabinoids from the Cannabis sativa plant.
(Figure 5) Furthermore, the first key intermediate in the cannabinoid biosynthetic pathway is
olivetolic acid, a B-resorcylic acid with a pentyl alkyl chain at the Cs position. Olivetolic acid is
found in small quantities in Cannabis sativa extracts; therefore, this key intermediate is
expensive. Additionally, although not fully studied for its biological activity, it is proposed to
have antimicrobial, photoprotective, and cytotoxic activities.?® Due to the similarities between
olivetolic acids and RALs which the Tang lab is quite familiar with, we hypothesized that fungal
biosynthetic pathways containing a tandem PKS pair may be able to produce olivetolic acid or
related molecules that vary in the Ce position chain length and saturation. Therefore, we
hypothesized that, by using genome mining to look for tandem fungal polyketide synthases, we

could find a biosynthetic gene cluster in fungi that produces olivetolic acid.
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Figure 5. Resorcylic Acid Natural Products Produced from Cannabis sativa and from
Fungi. (A) C. sativa cannabinoid biosynthetic pathway. The B-resorcylic acid, olivetolic acid
(OA), is produced from the olivetolic acid synthase (OAS) and olivetolic acid cyclase (OAC).
OA is processed to the final products THCA and analogues. In the absence of OAC, side
products (pyrone and olivetol) emerge. (B) Tandem fungal iterative polyketide synthases
produce resorcylic acid lactones.

2.5 ldentification of Potential OA Producing Pathways in Fungi.

The terminal TE domains in the NRPKSs that produce RALS are responsible for the
macrocyclization reaction. In order to produce resorcylic acid instead of RALS, the releasing
enzyme must catalyze a hydrolysis reaction instead of esterification. In fungal PKSs, TEs that
catalyze hydrolytic release have been characterized and are typically free-standing
enzymes.®” With this in mind, we performed genome mining of sequenced fungal genomes for

biosynthetic gene clusters that encode a HRPKS, a NRPKS, and a standalone TE. Among the
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clusters identified by antiSMASH,® one set of homologous clusters satisfied this particular
criterion (Figure 6A).

The ova cluster from Metarhizium anisopliae encodes a typical HRPKS (Ma_OvaA) and
a NRPKS (Ma_OvaB) that is not fused to a terminal TE domain. Instead, a didomain enzyme
Ma_OvaC containing an N-terminal ACP and a C-terminal TE is present in the cluster. Further
sequence analysis of the ACP domain showed the well-conserved DSL triad in all functional
ACPs, in which the serine is post-translationally phosphopantetheinylated, is mutated to
NQI.92100.101 This suggests the ACP domain is unlikely to carry out the canonical function of
acyl chain shuttling, thus the enzyme is designated as a wACP-TE. Previously, a wACP-
methyltransferase (MT) fusion enzyme was found in a fungal PKS pathway, in which the wACP
facilitates protein-protein interactions between the NRPKS and the wACP- MT to enable
methylation of the growing polyketide intermediate.%> Hence, we hypothesize the wACP domain
in Ma_OvaC may have a similar role in facilitating the catalytic function of the TE domain on a
PKS-bound intermediate. The M. anisopliae cluster contains additional genes encoding a
transcriptional factor and a flavin-dependent monooxygenase. Alignment of homologous clusters
from various fungal species (Metarhizium rileyi, Talaromyces islandicus, and Tolypocladium
inflatum) showed that HRPKS, NRPKS, and wACP-TE are conserved (Figure S1), including the
inactivated ACP triad (Figure 6A). None of these clusters have been characterized and no
product has been reported in the literature. Based on these analyses, we predict that the trio of

HRPKS, NRPKS, and wACP-TE will make resorcylic acids that are structurally related to OA.
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Figure 6. Genome Mining of Microbial Clusters that can Synthesize Olivetolic Acid and
Related Compounds. (A) Homologous clusters were elucidated through genome mining of the
WyACP-TE gene. All of the homologous clusters found contained an HRPKS, an NRPKS, and a
WwACP-TE. Functional ACPs contain the hallmark DSL sequence, where the serine is post-
translationally modified with phosphopantetheine (pPant) and is therefore activated to shuttle the
acyl chain. Because the wACP sequences do not have that serine residue, they cannot be post-
translationally modified with pPant and are therefore proposed to be inactive. (B) LC-MS traces
of Aspergillus nidulans expressing different biosynthetic clusters and combinations of genes. (i)
Heterologous expression of Ma_OvaABC from M. anisopliae produced compounds 1-4. (ii)
Combinatorial biosynthesis of OvaBC with StcJ and StcK fatty acid synthase from A.

nidulans selectively produced OA. (iii) Heterologous expression of To_OvaABC from T.
inflatum produced compounds 1-3. (iv) Heterologous expression of Mr_OvaABC from M.
rileyi primarily produced compound 1. (v) Heterologous expression of Ti_OvaABC from T.
islandicus selectively produced compound 3. (C) Structures of compounds 1-4.

To examine the product profile of the wACP-TE containing pathways, we heterologously
expressed Ma_OvaA, B, and C in the model fungus Aspergillus nidulans A1145 ASTAEM
strain.’®® This strain has been used in reconstitution of fungal biosynthetic pathways, and
contains genetic deletions that inactivated biosynthesis of endogenous metabolites

sterigmatocystin and emericellamide B.1% Each of the three genes was cloned into separate

21



episomal vectors, transformed into A. nidulans, and the resulting transformants were grown on
CD-ST agar plates (see Methods). Following 5 days of growth in CD-ST, the sample media were
extracted and analyzed by liquid chromatography-mass spectrometry (LC-MS).

Coexpression of Ma_OvaA-C in A. nidulans produced four metabolites 1-4 (Figure 6B).
The molecular weights (MWTS) as indicated by LC-MS for these compounds are 1: 252; 2:
250; 3: 224; and 4: 222. The MWT, retention time and UV absorption of 3 all matched to those
of OA. To obtain compounds for structural determination, we first optimized the culturing
conditions to get high titers from shake flask culture. By examining the organic extracts from
cells and media separately, we determined that most of the compounds were secreted into the
media. We also observed that a spore inoculum size of 10* spores/mL led to the highest titers of
the four compounds whereas inoculum sizes of 108 spores/mL and higher gave low production of
target compounds (Figure S4). Notably, when the molecules were produced at high titers, A.
nidulans adopted a morphology of globular pellets. As the titer drops upon increased inoculum
size, A. nidulans grew as dispersed filaments (Figure S4). This is in agreement with previous
reports that Aspergillus niger accumulated a high titer of citric acid when the fungus grew as
globular pellets.*%4

From this simple optimization, these metabolites were purified from a large-scale culture
and characterized by NMR (Supporting Figures S11-S25 and Tables S3-S5). Compound 3 (80
mg/L) was confirmed to be OA, while 1 (~ 1400 mg/L) was determined to be the C6-heptyl
substituted 2,4-dihydroxybenzoic acid, i.e. sphaerophorolcarboxylic acid (SA) (Figure 6, Table
1). Compounds 2 (140 mg/L) showed a slightly red-shifted Amax, together with a decrease in
MWT of 2 mu compared to 1, indicating there is an extra degree of unsaturation that is

conjugated with the aromatic ring. NMR analysis confirmed the presence of an olefin in the C6
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alkyl substitution (Figure 6C). While 4 was not isolated due to its lower titer (estimated to be 300
ug/L), based on the UV absorption and —2 mu decrease in MWT compared to 3, we propose the
structure to be olefin-containing version of 3 (Figure 6C). Significantly, formation of 3 unveils a
new microbial pathway to the cannabinoid precursor. The most abundantly produced SA (1) is a
precursor to the octanoyl-primed, rare analog of cannabinoids, such as tetrahydrocannabiphorol
(THCP). THCP represents the most potent natural CB1 and CB2 modulators isolated to date,
with Ki of 1.2 nM and 6.2 nM, respectively.% Hence the M. anisopliae pathway provides a
facile route to access SA that can be further elaborated to the rare THCP and related molecules.
The biosynthesis of 1-4 confirms the hypothesis that a freestanding TE enzyme in a
HRPKS/NRPKS-containing biosynthetic gene cluster is indicative of a resorcylic acid pathway.
The biosynthesis of 1-4 requires all three enzymes, as we observed that omitting any of the three
in A. nidulans completely abolished the biosynthesis of 1-4 (Supporting Figure S5). Based on the
mechanism of dual PKS pathways, we assigned the functions of the enzymes as shown in Figure
7A. HRPKS Ma_OvaA can produce a mixture of four different starter units, octanoyl-, 2-
octenoyl-, hexanoyl-, and 2-hexenoyl-thioester, with octanoyl-thioester being the most abundant.
The a,B-unsaturated starter units result from the enoylreductase (ER) domain of Ma_OvaA not
functioning in the last iteration prior to the chain transfer to Ma_OvaB. Transfer of any of these
four starter units to Ma_OvaB, facilitated by the SAT domain, is followed by three additional
rounds of chain elongation and aldol cyclization by the product template (PT) domain to yield
the resorcylyl-thioester attached to the ACP domain of Ma_OvaB. yACP-TE Ma_OvaC then
performs thioester hydrolysis to give 1-4. The interaction between Ma_OvaB and Ma_OvaC may
be enhanced by the wACP domain as previously described for the wACP-MT system, %! although

this requires more detailed biochemical characterization.
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Table 1. Summary of Titers of Olivetolic Acid and Analogues from Heterologous Expression
in A. nidulans

1 (mg/L)a 2 (mg/L) 3 (mg/L) 4 (mg/L)

Ma_OvaA-C 1400 (+80) 140 (¥20) 80 (+10) 0.3
StcJ/K + Ma_OvaB-C 0 0 5 (+1) 0
To_OvaA-C 750 (+£20) 75(x10) 40 (+10) 2 (+1)
Mr_OvaA-C 600 (+10) 60 (£10) 30 (£5) 0.5 (+1)
Ti_OvaA-C 0 0 60 (+10) 0
Ma_OvaA + Ti_OvaB- 75 0 4 0
'clzi_OvaA +Ma_OvaB-0 0 0 0

C
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Figure 7. Proposed Biosynthetic Pathway of Olivetolic Acid and its Analogues from M.
anisopliae ARSEF23 and Proposed Olivetolic Acid Biosynthesis Pathway of the
Homologous Pair from T. islandicus. (A) HRPKS, Ma_QOvaA, produces an ACP-bound starter
unit that is promiscuous in alkyl chain length and saturation degree. NRPKS, Ma_OvaB, accepts
any of the four starter units and further processes each into a resorcylyl-thioester. This is
followed by hydrolysis of the thioester by Ma_OvacC to generate olivetolic acid 3 and its
analogues (1, 2, and 4). (B) T. islandicus Ti_OvaA homologue produces only an ACP-bound
hexanoyl that is accepted by the SAT domain of the Ti_OvaB to exclusively form olivetolic
acid 3.

2.6 Strategies Towards Finding an Exclusive OA-Producing Pathway.

While the M. anisopliae cluster is able to make an abundant amount of SA, OA, the
precursor to common cannabinoids, is produced as a minor product. It is desirable to obtain a
pathway that can produce OA exclusively for further optimization. Since removing HRPKS
Ma_OvaA abolished the production of all related compounds, we reasoned that supplying a
strain expressing Ma_OvaB and OvaC with a hexanoyl starter unit could lead to exclusive OA

production. First, 1 mM N-acetylcysteamine thioester (SNAC) of hexanoate was supplied to a
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25-mL A. nidulans culture on day 2 and cultured for 5 days to test if the KS-domain of OvaB can
directly capture it as the starter unit. However, when analyzing the sample on days 3, 4, and 5, no
product could be detected from the culture, indicating hexanoyl-SNAC was either not taken up
by the cell or was not accepted (Figure S6). Next, we attempted to directly generate hexanoyl-
CoA as a primer for Ma_OvaB by feeding 1 mM hexanoic acid and coexpressing the Cannabis
sativa acyl activating enzyme (CSAAEL) in combination with Ma_OvaB and Ma_OvacC.
CsAAEL was previously expressed in yeast to generate the hexanoyl-CoA for OAS
incorporation.®® We cultured the transformed strain in 25 mL of CD-ST media in a 125-mL flask
for 5 days following feeding with 1 mM of hexanoic acid on day 2. However, no OA or related
product was observed (Figure S6), suggesting Ma_OvaB requires a hexanoyl starter unit attached
to an upstream ACP, and small molecule mimics are not compatible.

To pair Ma_OvaB with a HRPKS-like enzyme that can supply an ACP-bound hexanoyl
starter unit, we turned to the related biosynthetic pathways of aflatoxin B1 and sterigmatocystin.
Both utilize a pair of fatty acid synthase-like enzymes to synthesize a hexanoyl starter unit,
which is then transferred by the SAT domain of the NRPKS for elongation and cyclization to
yield the intermediate norsolorinic acid.*?®1%7 In the A. nidulans sterigmatocystin pathway, the
StcK/StcJ enzymes have been paired with an NRPKS from asperfuranone pathway to afford
hexanoyl-primed hybrid products.'® To test if crosstalk between StcJ/StcK and Ma_OvaB can
take place, we coexpressed these enzymes with Ma_OvaC in the engineered A.
nidulans ASTAEM strain. Metabolic analysis showed that only OA is produced by this host at a
titer of 5 mg/L. The lowered titer of OA using this combinatorial biosynthetic approach is likely
due to nonnative and suboptimal protein-protein interactions between the ACP domain of

StcJ/SteK and the SAT domain of Ma_OvaB. Nevertheless, this simple mix-and-match attempt
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showed that the product profile can indeed be manipulated by using different acyl donors.

Homologous clusters to the M. anisopliae cluster were discovered in T. inflatum, M.
rileyi, and T. islandicus through bioinformatic analysis (Figure 6A). Although the clusters all
share OvaA, B and C, their sequence identities are different (Supplementary Figure S1),
indicating the potential to generate resorcylic acids with different C6 substituents. While OvaA,
B, and C from T. inflatum (To_OvaABC) and M. rileyi share high homology (~84%—89%) with
the M. anisopliae cluster, those from T. islandicus (Ti_OvaABC) share low homology (~46—
52%). Heterologous expression of To_OvaABC in A. nidulans cultured in CD-ST revealed a
similar product profile to Ma_OvaABC, albeit with lower titer (750 mg/L for 1 and 40 mg/L
for 3) (Figure 6B, Table 1). Similarly, heterologous expression of Mr_OvaABC showed that 1-
4 can be detected from A. nidulans extract at lower titer (600 mg/L for 1 and 30 mg/L for 3)
(Table 1). Interestingly, when we heterologously expressed Ti_OvaABC genes from T.
islandicus, 3 was exclusively produced at ~ 60 mg/L, which is ~12 fold higher than that from the
StcJ/StcK and Ma_OvaBC combination (Figure 6B, trace ii; Table 1). Therefore, we propose that
Ti_OvaA, differentiated from Ma_OvaA, selectively produces an ACP-bound hexanoyl starter
unit, which leads to the exclusive formation of 3 (Figure 7B). Ti_OvaABC therefore represents a
new pathway to produce olivetolic acid in microbial hosts.

Next, we explored combinatorial mix-and-match of OvaA-C from M. anisopliae and T.
islandicus to determine if an exclusive 3-producing strain can be attained. We generated strains
that coexpressed Ma_OvaA with Ti_OvaBC, as well as Ti_OvaA with Ma_OvaBC.
Heterologous expression of Ma_OvaA with Ti_OvaBC produced 1 and 3 at 75 mg/L and 4
mg/L, respectively (Table 1). This is almost 19-fold less than heterologously expressing

Ma_OvaABC. This result indicates that NRPKS does not have selectivity towards different C8
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or C6 starter units. On the other hand, pairing of Ti_OvaA with Ma_OvaB-C led to abolishment
of 1-4 production, suggesting the unnatural pair is not compatible.

There might be two factors contributing to the low titer (Ma_OvaA + Ti_OvaBC) and
abolishment of production (Ti_OvaA + Ma_OvaBC): i) The most plausible cause is the
disruption of specific protein-protein interactions between the domains participating in acyl
chain transfer; and ii) rates of intermediates and final product formation by different clusters are
different, in that each has been evolutionarily optimized to serve their respective biological hosts.
The unnatural pairing can compromise the performance of overall biosynthesis by a “rate-
limiting” component such as Ti_OvaBC. Aside from the molecular recognition of the acyl chain
by the SAT domain active site, a successful acyl chain transfer also requires complementary
protein-protein interactions between HRPKS ACP domain and NRPKS SAT domain.1%%110
Previous studies have shown that although for some non-cognate HRPKS-NRPKS pairs, acyl
chain could occur and new products emerged without any protein engineering efforts,!!! for
others replacement of SAT domain is necessary to compensate for the otherwise undermined
inter-domain communication.1%>12 While the sequence identity between ACPs of Ti_OvaA and
Ma_OvaA is 62%, the identities between NRPKS SAT of Ti_OvaB and Ma_OvaB is lowered to
48%. Such moderate sequence identity between the SAT domains implies that the recognition
sites between ACP from noncognate HRPKS and SAT can be weakened or even abolished.
Therefore, to generate a combination that exclusively produces 3 at a higher titer, protein
engineering endeavors that improve the compatibility between unnatural HRPKS and NRPKS
enzymes are necessary. Alternatively, further genome mining of related clusters may lead to one
that can produce olivetolic acid robustly in a heterologous host.

In summary, we have discovered a novel platform to produce OA and its analogs from
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filamentous fungi. The platform consists of an HRPKS and an NRPKS, known to produce
resorcylic acid moieties in tandem, and a separate TE enzyme. This platform represents a new
strategy to produce these cannabinoid precursors in microbes without relying on the OAS and

OAC found in Cannabis sativa

3. Methods to Increase Titer of Platform

3.1 Design of Experiments

Small quantities of olivetolic acid are produced in Cannabis sativa and chemical
synthesis of the compound has proven to be difficult.!® Therefore, we hypothesized utilizing a
Design of Experiments (DOE) approach on our novel platform can further increase titer and
thereby effectively solve the issue of low production. With regards to increasing production of
fungal secondary metabolites and enzyme expression, DOE has proven to be an effective tool.
DOE has been used for increased secondary metabolite production in bacteria'4, increased lipase
production in fungi®®, increased xylanase production in fungi 16, and increased lignocellulolytic
production in fungi'!’, amongst other uses. We therefore sought to utilize a DOE approach to

optimize the olivetolic acid and olivetolic acid analogs’ titer produced by our novel platform.
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Figure 8. Design of Experiments Process Flow Diagram. DOE begins with screening and ends
with optimization using predictive modeling.

Design of Experiments is a systematic method of evaluating factors and their effect on
parameters.*'® DOE has proven to be more effective than one-factor at a time analysis because it
greatly reduces the number of experiments needed and considers the interactive effects that
factors can have with each other.''® The DOE approach begins at screening and ends at
optimization and predictive modeling. (Figure 8) First, screening is done to identify the factors
that are most significant in the parameter response. We decided to focus our DOE approach on
the media that our A. nidulans strain producing olivetolic acid and its analogs is cultured in.
Since our DOE approach is focused on media, we tested the effects that nine different
components (temperature, pH, NaCl, addition of other carbon sources such as dextrose, addition
of other nitrogen sources such as yeast extract, casein acidic digest, starch, trace elements, and
20x nitrate salts) have on the production of sphaerophorolcarboxylic acid, olivetolic acid, and the
analogs. Utilizing JMP statistical software, we performed an initial screening run of 24
experiments in order to identify the 3-5 most significant facts. To perform the screening
experiments, we had to decide between a variety of screening platforms provided by JMP.

JMP offers two types of screening designs: classical screening designs which include
fractional, factorial, Plackett-Burman, regular fractional factorial, Cotter, and mixed-level
designs and main effects screening designs: screening designs focused on measuring main effects
with negligible interactions between the factors. We opted for a classical screen design because
we wanted to include the interactions between factors and considered the different types from

there.
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Two-level full fractional factorial design

Two-level full fractional factorial designs account for all the combination of the factor
levels. Two-level refers to a high value (level) and a low value (level) for the factor tested. The
total number of runs for this design is the product of the factor levels. For example, for a two-
level full fractional design, the total number of runs would be 2" where n is the number of factors
tested. The design also estimates that all of the effects are uncorrelated and that there are no
interactions between the factors, i.e., the factors are orthogonal to each other.'?° From a
screening point of view, we determined the full fractional factorial design to be inefficient and
cumbersome to do since it would require us to generate 2° (512) types of media to test. The next
classical screening design to consider was two-level regular fractional factorial.

Two-level reqular fractional factorial

Two-level regular fractional factorial designs are similar to full fraction factorial designs;
however, instead of the number of runs being equal to 2" where n is the number of factors tested,
regular fractional factorial design runs are equal to 2" where k<n. In other words, a two-level
regular fractional factorial is just a fraction (k) of the full two-level fractional factorial design
and therefore like the full factorial design, considers all the factors to be orthogonal to each
other.*?! Since we could determine the fraction we would use, this was seen as an adequate
design to choose; however, we wanted to consider some interactions between factors we
determined to not follow through with this design and next looked at Cotter designs.

Cotter designs

Cotter designs are useful due to the ability to test a large number of factors in a small

number of runs and are also useful if one is interested in the interaction between factors. Cotter

designs are upheld by what is known as the principle of effect sparsity. These designs operate
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under the assumption that if one of the components of the sum of factors has an active effect
(whether negative or positive), the sum of the factors will display the response.'??> However, this
can be potentially misleading and lead to false negatives if for example, one factor has a positive
effect on the response, while the other factor has a negative effect, therefore totaling the sum of
the factors to be zero/near zero, and therefore failing to show an effect. We determined not to go
through with this design due to the false negative risks. We proceeded then briefly to mixed level
designs.

Mixed level designs

Mixed level designs are typically used when screening categorical or discrete factors
containing varied factor levels.'?® For example, one can be screening for the effect that light
(measured on/off) and a four-level media component have on the titer of a metabolite. Since we
desired to keep the screen simple with just two levels for our factors since and we did not have

any qualitative factors, we proceeded to our last design, the Plackett-Burman design.

Plackett-Burman designs

Plackett-Burman designs are somewhat like regular fractional factorial designs except the
total number of runs are a multiple of four rather than a power of two. Additionally, interactive
effects between factors in a Plackett-Burman design are only partially confounded by the main
effects which differs from regular fractional factorial where the interactive effects are completely
confounded by the main effects and are therefore indistinguishable from each other.?* Plackett
Burman designs are typically utilized when testing for the main effects among a variety of
factors and so with this in mind, we chose to utilize the Plackett-Burman design as our screening

design.
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We implemented the two-level Plackett-Burman design and generated 24 runs to test,
with each run being a different media composition. For the two levels (low and high value
marks), we determined these values to input: temperature (25 C, 37 C), pH (4, 7), starch (10
mg/ml, 30 mg/ml), NaCl (0 mg/ml, 10 mg/ml), dextrose (0 mg/ml, 20 mg/ml), yeast extract (0
mg/ml, 20 mg/ml), casein acidic digest (10 mg/ml, 30 mg/ml), trace elements (.5 ml/L, 2 ml/L),
and 20x nitrate salts (10 ml/L, 90 ml/L). We cultured the strain in these different medias,
assaying the titer in media sets of 4 with CD-ST (20 g/L starch, 20 g/L casein acidic digest, 50
mL/L 20x nitrate salts, 1 mL/L trace elements) as the control media in each run. We inputted the
data into the JMP software and performed analysis of variance (ANOVA) and generated a Pareto
chart from ANOVA and noted the results. (Figure 9)

ANOVA is a widely used tool to determine if there are statistical differences between
means of different groups. It is a collection of different statistical models and is used to
determine whether the variance of a specific effect or factor interaction is statistically
significant.'?® The Pareto chart puts the ANOVA data in a simple to understand form, displaying
whether the factor or factor interaction has exceeded the t- value limit and Bonferroni limit. The
t-value refers to the value of the difference relative to the variation of the data tested. It is a value
that represents the ratio of the difference between the estimated value of factor and its
hypothesized value to its standard error.*?® The Bonferroni limit is the value from the Bonferroni
method that answers which factors means are significantly different from each other. Factors and
factor interactions above the Bonferroni limit indicate that they are statistically significant and
have a great effect on the parameter response, factors and interactions between the t-value limit
and Bonferroni limit are indicated as potentially significant, and factors and interactions below

the t-value limit are noted as insignificant.?’
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Figure 9. Pareto Chart Displaying the Results of the Screening Experiments.
Sphaerophorolcarboxylic acid production is the response being measured. Temperature,
dextrose, yeast extract, and NaCl were the main factors that all had the greatest effect on
production (all above the Bonferroni Limit) whereas the interactions between dextrose and yeast
extract, starch and casein acidic digest, temperature and dextrose, and NaCl and dextrose were
the two factor interactions with the greatest effect on production.

Based on the Pareto chart, we noted that increased temperature, addition of dextrose,
addition of yeast extract, and addition of NaCl all had values above the Bonferroni limit
indicating that these factors significantly affected the titer. However, three of values were all
labeled blue indicating a negative result. Increased nitrate salts which had a negative effect on

the media based on its blue distinction had a t-value greater than the t-limit but lower than the

Bonferroni limit whereas increased casein acidic digest and increased starch which were also
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labeled blue had t-values lower than the t-limit indicating that these factors are not statistically
significant. For factors having a positive effect on the titer labeled orange, NaCl salt had a t-
value greater than the Bonferroni limit indicating its statistically significance and increased
nitrate salts had a t-value lower than the t-limit indicating it is not significant. From the screening
data, we proceeded with two factors for our optimization experiments: NaC1 and nitrate salts.
Although it was tabulated as not significant, we chose to include nitrate salts mainly because we
did not want to optimize just one factor and since nitrate salts were already included in the
media. We also included addition of MgSOs since that was noted in the literature to increase
metabolite production.'?8

Once we obtained the three factors, we utilized the response surface methodology (RSM)
optimization approach for optimization of the media, seeking to add these factors to our CD-ST
media containing starch, trace elements, and casein acidic digest as the base since these factors
had no statistical significance towards the titer. RSM is a widely used method for
modeling/predictive modeling.*?® RSM optimizes the factors correlating to a response with the
inclusion of the effects interactions between the factors have. RSM has proven to be just as
effective in modeling as a 3-level full factorial design'®, but its advantage is that RSM greatly
reduces the number of experiments needed to form an accurate model. As an example, in a 3-
level factorial design utilizing 3 factors, one would need to do 27 experiments to get an accurate
model as opposed to the 15 experiments one would need for a central composite design RSM
approach. As the number of factors increase, the difference between the number of experiments
needed for a 3-level full factorial design vs a central composite design RSM approach greatly
increases, which is why RSM is the advantageous approach.

Reports of the effectiveness of increasing secondary metabolite production in fungi with
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the RSM approach have been recorded. Talukdar et al. observed a 7-fold increase in antibiotic
production of Penicillium verruculosum MKH7 utilizing an RSM approach on the media used*3Z.
Additionally, Chaichanan et al. measured an 8-fold increase in zofimarin production by the
endophytic fungus, Xylaria sp. Acra L38 utilizing a complete, from screening to optimization,
design of experiments approach.'3? Therefore, we sought to implement this RSM approach to
optimize the media for increased titer of olivetolic acid and its analogs. To do so, similar to the
screening design, we had to determine which RSM design to use.

JMP software offers three methods of performing a response surface design experiment:
custom design, central composite design, and Box-Benhten design.
Custom design

Custom designs are more flexible than the central composite and Box-Benhten classical
designs. They can incorporate both categorical and numerical factors and up to eight of these
factors. JMP touts that one can adjust these designs to accommodate for one’s specific
experimental conditions, including adding one’s desired restrictions and specifying the number
of runs.

Central composite design

Central composite design is one of two classical RSM designs that JMP offers. The
central composite design coalesces the two-level fraction factorial design with center and axial
points. The center point is the midrange of the two levels inputted for the factors and there are
two axial points, a value higher than the high factor level and a value lower than the low factor
level.'*3 Therefore, a central composite design can have five levels.

Box-Behnken design
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Box-Behnken designs are the second of the two RSM designs provided by JMP. Box-
Behnken designs only contain three levels: low, midpoint, and high. There are no axial points.
Due to its lack of axial points, Box-Behnken designs typically have higher prediction variance
than central composite designs.*** We ultimate decided to proceed with the central composite
design due to its ability to incorporate these axial points. Since we did not know where the
optimum of the factor values lied, we hypothesized that these axial points could prove closer to
the optimum than the initially two-level factor values and so it was best to include them.

We implemented the central composite RSM design with our three factors, inputting
values of 0 mg/ml (low axial point), 10 mg/ml (low level), 20 mg/ml (midpoint level), 30 mg/ml
(high level), and 36.81 mg/ml (high axial point) for NaC1, values of 5 ml/L (low axial point), 10
ml/L (low level), 30 ml/L (midpoint level), 50 ml/L (high level), and 63.64 ml/L (high axial
point) for 20x nitrate salts, and lastly inputted values of 0 mg/ml (low axial point), 1 mg/ml (low
level), 2.5 mg/ml (midpoint level), 5 mg/ml (high level), and 7.5 mg/ml (high axial point) for
MgSOas. The JMP software generated 18 media compositions from the values outputted. We ran
the assays in sets of 5, once again utilizing CD-ST as our control media for each run. We
augmented the design, added 12 more runs (media compositions). We recorded the titers for each
of the runs and graphed the data. (Figure 10) From the data, we observed that in 6 media
formulations, our A.nidulans cultures producing olivetolic acid and its analogs produced these

metabolites at higher titers than when cultured in CD-ST.
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Figure 10. RSM Runs and Their Titers Relative to the Standard CDST Titer. Aspergillus

nidulans strains expressing Ma_OvA, Ma_OvaB, and Ma_OvaC were culture in 10 ml of media
in 50 ml falcon tubes and the titer was measured on day 5.
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Both the screening design runs and the central composite design RSM set of experiments
were done in 10 ml cultures in 50 ml falcon tubes. From there, we chose the three media
formulations that outputted the greatest titers and cultured the A. nidulans strain in 25 ml of the
respective medias in a 125 ml flask to test whether these results would hold. Titer measurement
from the flasks confirmed that all three media formulations selection were able to produce higher
titers than CDST with RSM run #6 containing 20g/L starch, 20g/L casein acidic digest, 1 mL/L

trace elements, 10 mL/L 20x Nitrate salts, and 10 g/L NaCl and RSM run #25, containing 20 g/L
starch, 20 g/L casein acidic digest, 1 mL/L trace elements, 5 ml/L 20x Nitrate salts, having the
greatest improvement, improving titers of sphaerophorolcarboxylic acid and olivetolic acid
almost 2-fold from CD-ST (20 g/L starch, 20 g/L casein acidic digest, 1mL/L trace elements, 50

ml/L 20x Nitrate Salts). The comparison between the components of RSM run #6 and CD-ST
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media shows that a 10-fold decrease in 20x Nitrate salts volume with and without the addition of
NaCl, leads to about a 1.75-fold increase in titer, a surprising result whereas comparison between
RSM run #25 and CD-ST media shows that a 5-fold decrease in 20x Nitrate salts volume in
addition to supplementation of 10 g/L NaC1 leads to about a 1.9 fold increase in titer. (Figure
11) RSM run #26 containing 20 g/L starch, 20 g/L casein acidic digest, ImL/L trace elements,
20 mL/L 20x Nitrate salts, 2.5 g/L MgSO4 had a 1.1-fold improvement in titer compared to CD-
ST media. Therefore, RSM run #6 is the best option for improvement of olivetolic acid titer and
analog. For further direction and next steps, we would need to determine if this new optimized
titer is a local optimum or a global optimum. To do this, we would need to model this data using
the JMP software and utilize the software’s predictive modeling tool to predict whether or not we
have reached the global optimum and if not, which values outside the 5 levels previously chosen

that we need to input for the next series of runs.
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Figure 11. RSM Runs and Their Titers Relative to the Standard CDST Titer (Flasks).
Aspergillus nidulans strains expressing Ma_OvA, Ma_OvaB, and Ma_OvaC were cultured in 25
ml of media in 125 ml flasks and the titer was measured on day 7.

3.2 Overexpression of Acetyl-CoA Carboxylase

To increase titer outside of optimization of culture media, we sought to increase malonyl
coenzyme (malonyl-CoA) production in the Aspergillus nidulans fungal body. With regards to
our platform, one unit of acetyl coenzyme A (acetyl-CoA) is used as a building block along with
three units of malonyl-CoA to form hexanoyl-thioester, hexenyl-thioester, octanoyl-thioester, or
octenyl-thioester, generated by the HRPKS (Ma_Ova) of Metarhizium anisopliae. Similarly, one
unit of acetyl-CoA along with three units of malonyl-CoA are utilized by the HRPKS (Ti_OvaA)

of Talaromyces islandicus to produce hexanoyl-thioester. Perusing through the literature, we
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found that overexpression of the enzyme acetyl-CoA carboxylase was found to increase the
malonyl-CoA production.®*® Acetyl-CoA carboxylase is responsible for converting one unit of
acetyl-CoA to one unit of malonyl-CoA. The enzyme catalyzes the carboxylation of acetyl-CoA
to malonyl-CoA. This reaction is ATP-dependent. Malonyl-CoA is a regulator of fatty acid
oxidation and is the primary substrate for fatty acid synthase. In fact, in fungi, inhibition of
acetyl-CoA carboxylase rapidly leads to cell death through membrane dysfunction due to fatty
acid depletion caused by lack of the malonyl-CoA building block.**® Therefore, we hypothesized
that increase of the malonyl-CoA production through overexpression of acetyl-CoA carboxylase
would lead to increased titers of olivetolic acid and its analogs. We mined for the acetyl-CoA
carboxylase enzyme in A. nidulans and overexpressed the enzyme in combination with
heterologous expression of Ti_OvaA, Ti_OvaB, and Ti_OvaC and measured the titers. (Figure
12) From the data, overexpression of acetyl-CoA carboxylase with Ti_OvA, Ti_OvAB, and
Ti_OvaC in A. nidulans consistently led to improved olivetolic titers over the A. nidulans control
strain expressing Ti_OvaA, Ti_OvaB, and Ti_OvaC with the acetyl-CoA carboxylase

overexpression colonies producing more than 2.5-fold more olivetolic acid.
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Olivetolic Acid (OA) Production
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Figure 12. Relative Olivetolic Acid Titers of Aspergillus nidulans Colonies Expressing
Ti_OvaABC by Itself and with Overexpression of the Endogenous Acetyl-coA Carboxylase
Gene. Overexpression of acetyl-CoA carboxylase led to a 2 fold increase in titer olivetolic acid
titer

3.3 Conclusion

Therefore, through optimization of production media utilizing DOE and increased
malonyl-CoA production through overexpression of acetyl-CoA carboxylase, we were able to
increase the titers of our platform’s compounds. This is necessary as a step to generate an
industrial relevant strain producing cannabinoids. Furthermore, high production of these
intermediates in the cannabinoid biosynthetic pathway is important due to the high costs of these
intermediates in the market due to their low availability. High production and isolation of these
compounds can be used in combination with in vitro enzymatic methods to produce the final
elaborated cannabinoids. These cannabinoids, especially the non-common ones which are not

characterized, can be subjected to biological activity assays and thereby characterized, further
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advancing the knowledge of the field and possibly providing therapeutic options. Even more so,
as detailed in the next chapter, these intermediates can themselves have intriguing biological

activities, making high production of these intermediates important.

4. Expansion of Diversity of Products Produced By Novel Platform

4.1 Microbial Properties of Olivetolic Acid and Variants

As previously described in Chapter 2, heterologous expression of the Ma_OvaA,
Ma_OvaB, and Ma_OvaC genes from Metarhizium anisopliae in Aspergillus nidulans led to the
production of four products: olivetolic acid, an unsaturated analog of olivetolic acid,
sphaerophorolcarboxylic acid, and an unsaturated analog of sphaerophorolcarboxylic acid at high
titers, thereby making this an attractive platform to further develop downstream in order to
access rare or new to nature cannabinoids that have biological potential. Furthermore, even
olivetolic acid and olivetolic acid analogs are proposed to have biological activity such as
antibacterial, antifungal, cytotoxic, and photoprotective properties. One study published had
demonstrated that olivetolic acid had shown an anticonvulsant effect in a mouse model of Dravet
syndrome, similar in effectives to CBD.*¥” Recently, a study chronicling the antibacterial effects
of OA and a few of its analogs was published. Lee et al. chemically synthesized olivetolic acid as
well as the propyl, heptyl, nonyl, undecyl, and tridecyl analogs of olivetolic acid. They tested
these compounds for antibacterial activity against the bacteria Bacillus subtilis and
Staphylococcus aureus. Although OA and the propyl variant showed very little antibacterial
activity against both Bacillus subtilis and Staphylococcus aureus, the heptyl, nonyl, undecyl, and

tridecyl variants did, with a partial trend of increasing activity based on length. Both the undecyl
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and tridecyl analogs had a minimum inhibitory concentration (MIC) of 2.5 uM against Bacillus
subtilis and 6.25 pM against Staphylococcus aureus**® demonstrating that not only do
cannabinoids have potent biological activity/therapeutic potential further to be explored but also
the intermediates in the cannabinoid biosynthetic pathway also have biological activity and are
worth further exploring.

Not only have the olivetolic acid variants shown promising activity, but also analogs of
A®-THC have also demonstrated potent biological activity. A report in 2019 was published in
which the authors extracted the heptyl analog of A°-THC, known as A%-tetrahydrocannbiphorol
(A°-THCP) from the cannabis plant and performed assays to measure its biological activity. This
rare cannabinoid displayed almost 30 times greater binding affinity to CB; than A-THC did and
also six times greater binding affinity to CB, than A°-THC. The pharmacological activity of A°-
THC is ascribed to its binding activity to the CB1 receptor, with the length of the alkyl chain
being directly correlated to the binding activity.**® Therefore, a rare or new to nature cannabinoid
that has greater binding affinity to the CB1 receptor may potentially offer greater medicinal
effects than what is currently known for A%-THC. Therefore, although we already produced,
through our platform, four compounds with potential activity, we sought to further diversity our

product profile and ultimately access the final elaborated cannabinoids.

4.2 Mutation of Ketosynthase Domains Results and Discussion

To achieve this, the ketosynthase domain of the HRPKS (Ma_OvaA) was mutated. The
ketosynthase domain is responsible for carbon chain length programming. The domain
facilitates decarboxylative Claisen condensation, catalyzing the formation of a carbon-carbon

bond, extending the growing acyl chain.**® Therefore, modification of the KS domain can affect
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polyketide elongation, generating olivetolic acid variants. Studying the Saccharomyces
cerevisiae fatty acid synthase 2, Johannson et al. identified that amino acid M1251 was central to
the KS channel.**! Utilizing that information, Zhu et al. engineered variants with the mutations
M1251W and G1250S and noted that they saw increased C6 as well as C8 production.'#?
Additionally, Gajewski et al. performed mutations on the equivalent M1251 in the fatty acid
synthase of Corynebacterium ammoniagenes as well as other mutations for directed polyketide
production.'*® They ultimately determined that mutations of M1251 or its equivalent in other
fatty acid synthases promoted chain length control by forming a kinetic barrier that steers the
product from further KS elongation and onto release. With that knowledge, we sought to mutate
the M1251 equivalent in our HRPKS gene as well as a wide host of other mutations (Figure 13).
Utilizing the CastP program, we also identified the active site of the Ma_OvaA KS domain
containing the canonical cysteine-histidine- histidine catalytic triad and sought to mutate amino

acids residues surrounding the active site. (Figure 14)

/

Figure 13. Saccharomyces cerevisiae FAS2 and Ma_OvaA KS Domain Alignment. G1250,
M1251, G1252 of Saccharomyces cerevisiae FAS2 correlates to S129 F130 T131 of
Metarhizium anisopliae OvaA.
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Figure 14. Predicted Active Site of Ma_OvaA Ketosynthase Domain. The KS domain
contains the canonical type | PKS catalytic triad of Cys-His-His. Mutations around the active site
were made to change the olivetolic acid alkyl chain length

To make these mutations in the active site of the KS region of Ma_OvaA, we utilized the
Living Biofoundry located in the California NanoSystems Institute (CNSI) at UCLA. The Living
Biofoundry is an automated, high throughput platform capable of performing tasks such as
polymerase chain reaction, gene assembly, plasmid assembly, heterologous expression,

transformation, amplification and metabolite analysist. The Living Biofoundry consists of a
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ThermoFisher Laboratory Automation System (LAS),a Fluent Tecan liquid handling system, two
Illumina sequencers, bioreactors, and a ThermoFisher TSQ Altis triple quadrupole liquid
chromatography-mass spectrometer. (Figure 15) The LAS is the central technology in the
Biofoundry “enabling execution of automated synthetic biology and workflows at >5000
samples per week”.!* The LAS is equipped with thermal cyclers, reagent dispensers, automated
incubators, plate readers, racks/columns for plate storage, and a state-of-the-art Spinnaker™
robot. The LAS utilizes a Momentum application programming interfaces that seamlessly is
compatible with a whole range of laboratory information systems (LIMS). With regards to the
Spinnaker™ robot, it itself is a SCARA 4-axis microplate mover encompassed with not only a
barcode reader and integrated vision system making it possible for inventory management at real
time tracking but also a gripper that has plate detection and adjustable gripping force. That is

helpful in order to minimize loss of supernatant as well as remove labware handling errors.

Figure 15. The Living Biofoundry. Tecan Liquid Handling systems (left) and ThermoFisher
Laboratory Automation System (right). ThermoFisher TSQ Altis triple quadrupole liquid
chromatography-mass spectrometer, bioreactors, and Illumina sequencers not shown.

The ThermoFisher Momentum API allows for relatively simple programming of the

desired actions. The Momentum API gives the open to type out commands in the tpical fashion

programmers are accustomed to or utilize its graphical interface to schedule actions ( picture of
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graphical interface). Therefore, the Momentum API is quite user friendly while offering optimal
performance containing inventory controls and compatibility with over 325 automation friendly
instruments.** Finally, the Living Biofoundry is a tool of the BioPolymers, Automated Cell
Infrastructure, Flow, and Integration Chemistry Materials Innovation Platform (BioPacific MIP),
“a platform dedicated to scalable production of bioderived building blocks and polymers from
yeast, bacteria, and fungi.”'*® BioPacific MIP is a collaboration of researchers from UCSB and
UCLA, funded by the National Science Foundation (NSF).

We, therefore utilized the Living Biofoundry to construct the plasmids containing
ketosynthase mutations for the purpose of diversifying our product profile. We programmed the
system to be almost fully capable of automating the plasmid making process. The only steps that
were not automated were the plating and the colony picking steps. (Figure 16). The process of
implementing a process that is done on the benchtop to the automated system proved initially to
be difficult due to the difference in what is possible to do on the LAS vs on the benchtop. For
instance, typically after PCR, we perform gel electrophoresis, and purify the DNA band from the
gel. However, that is not practical to do with the automated system; therefore, in order to purify
the DNA from the PCR, we utilized a magnetic bead plate bound system. The magnetic bead
plate was readily integrated into the Tecan Liquid Handling platform. As for another example on
the difference between executing experiments on the benchtop vs on the LAS, we considered the
ways we performed the E.coli transformation step. Typically, we electroporated the DNA into
the E.coli competent cells using a cuvette and electroporator; however, we could not utilize
electroporation on the LAS. There are 96 well plate electroporators, however, they are not
equipped with the software to be integrable into the LAS. Therefore, instead of electroporation,

we utilized chemically competent E.coli coli transformations and performed transformation
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experiments with those chemically competent cells. These are just a couple of examples on how
we had to conceptualize the plasmid making process differently on the LAS than how we

typically do on the benchtop.

PCR Yeast Colony
—_—
PCR Purification Transformation - PCR
Sequence - E.coli - E.coli - veast
Miniprep Transformation Miniprep

Figure 16. Tang Lab Plasmid Construction Process Flow Diagram. Plasmid construction
begins with PCR and ends with sequencing to confirm that the plasmid is correctly constructed.
We are able to do all these steps except colony pcr and sequencing utilizing the Tecan Liquid
Handling System and the ThermoFisher Laboratory Automation System.

After the construction of mutation plasmids both manually and utilizing the Living
Biofoundry, we heterologously expressed the mutated Ma_OvVA plasmids with Ma_OvaB and
Ma_OvacC in Aspergillus nidulans. Out of the many mutation plasmids we constructed, we
identified two that produced olivetolic acid analogs. Heterologous expression of first plasmid,
containing the F418A and Y420A mutations, with Ma_OvaB and Ma_OvaC produced the nonyl
and undecyl variants of olivetolic acid, both previously mentioned as having antibacterial
activity. (Figure 18) Heterologous expression of the second plasmid, containing the T318W and
S347W mutations, with Ma_OvaB and Ma_OvaC produced orsellinic acid and divarinic acid

which were confirmed by analytical standard and heterologous expression also produced what

we propose to be ethyl variant based on mass and UV, although at low quantities so NMR was
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not taken. (Figure 17) Orsellinic acid was also found to be in the original heterologous

expression profile.

~3 mg/L ~40 mg/L

Figure 17. Heterologous Expression of Ma_OvaA (F418AY420)BC Results. The
F418A+Y420A mutations of the KS domain of Ma_OvaA led to production of the nonyl and
undecyl variant of olivetolic acid as well as the production of divarinic acid in addition to three

of the original compounds produced by the platform.
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Figure 18. Heterologous Expression of Ma_OvaA(T318WS347W)BC Results. The
T318W+S347W mutations of the KS domain of Ma_OvaA abolished most of the production of
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SA as well as completely abolished unsaturated SA, OA, and unsaturated OA production. The
mutations also led to production of divarinic acid, the ethyl variant of olivetolic acid, and more
orsellinic acid.

4.3 Genome Mining for Homologous Clusters Results and Discussion

We also further utilized genome mining to elucidate new clusters producing olivetolic
acid analogs. As previously detailed, we had identified three clusters homologous to the
Metarhizium anisopliae cluster containing the Ma_OvaA, Ma_OvaB, and Ma_OvaC genes. As
described, we identified the Tolypocladium inflatum and Metarhizium rileyi clusters in which
heterologous expression produced the same product profile as Metarhizium anisopliae albeit at
lower titers and the Talaromyces islandicus cluster which selectively produced olivetolic acid.
From the percent identity comparisons between the enzymes, we determined that clusters
harboring close to 50% or less homology to the Metarhizium rileyi cluster would produce the
greatest variety in products different from the product profile of the Metarhizium anisopliae
cluster. Equipped with this knowledge, we utilized the Targeted Genome Mining Information
Finder (TGIF) program, a MATLAB based program develop by Dr. Nicholas Liu, an alumnus of
the Tang lab. Employing MATLAB’s Bioinformatics Toolbox which includes the ability to use
Basic Local Alignment Search Tool (BLAST) to analyze FASTA formatted sequences, Dr. Liu
developed a program to elucidate possible biosynthetic gene clusters (BGCs) based on a target
queried for. Although this program was developed to query for target resistance gene clusters, it
can be used for a variety of different purposes. We employed the program to query for tandem
polyketide synthases and used the Tang lab’s in-house fungal strain list as the database. We
elucidated a cluster in Penicillium thomii containing 48%, 41%, and 36% homology to

Ma_OvaA, Ma_OvaB, and Ma_OvaC, respectively. We heterologously expressed this cluster in
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Aspergillus nidulans and produced the nonyl olivetolic acid variant with a diene at the C1 and C3
positions of the alkyl chain as well as the heptyl variant unsaturated at the C3 position of the
alkyl chain and a hydroxy group at the C2 position, both of which are non-native to the Cannabis

sativa plant and therefore can be further processed to new to nature cannabinoids.(Figure 19)
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Figure 19. Heterologous Expression of Pthom_OvaABC Results. Heterologous expression in
A. nidulans produced the diene nonyl olivetolic acid variant and a heptyl variant harboring a
hydroxy group at the C2 position of the alkyl chain and unsaturation at the C3 position of the
alkyl chain..

4.4 Conclusion

We have detailed ways in which we were able to be diversify our product profile to
produce rare olivetolic acid analogs. There are still more mutations near the active site of the KS
domain as well as the AT domain that can be made to produce even more olivetolic acid analogs
with different alkyl chain lengths. With regards to homologous cluster expression, we only
searched through the100+ sequenced fungal strains that we have. Therefore, there is a large

number of fungal strains that can be queried to search for homologous clusters that can produce
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rare olivetolic acid analogs. Testing of these variants and the ones produced utilizing the Living

Biofoundry can lead to potentially promising results with regards to biological activities.

5. Attempts to Go Downstream of the Cannabinoid Biosynthetic Pathway

5.1 Introduction to Cannabigerolic Acid (CBGA)

As previously detailed, microbial production of naturally occurring and novel
cannabinoids has potential to be a disruptive technology to the ~$10 billion global cannabis
industry. From olivetolic acid, the next step in the cannabinoid biosynthetic pathway is the
geranylation of olivetolic acid to produce cannabigerolic acid (CBGA), known as “the mother of
all cannabinoids”*¢ CBGA can be decarboxylated to form cannabigerol (CBG), a cannabinoid
with intriguing therapeutic potential. In the Cannabis sativa plant, CBG is produced in larger
quantities in the early stage of the plant but in minute quantities (1%) in the mature stage of the
plant. Preliminary research has indicated that CBG is non-psychoactive but has anti-oxidant,
antimicrobial, anti-inflammatory, anticancer, photoprotective, and appetite-enhancing
properties.**” Studies on the effect of CBG on the cannabinoid receptors have shown that CBG is
a partial agonist for the CB2 receptor but cannot bind to the CB1 receptor, hence its non-
psychoactive properties.**® As previously described, the CB2 receptors are primarily located in
the nervous system and agonists of the receptors provide anti-inflammatory and anti-oxidant
effects. CBG was first isolated in 1970 and was fully characterized shortly after.1® We therefore
sought to produce this cannabinoid microbially. To do so, we had to identify the
prenyltransferase responsibly for geranylating the C carbon position of olivetolic acid. This

prenyltransferase activity was first demonstrated in the Cannabis plant and was proposed to be
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attributed to cannabis sativa prenyltransferase 1 (CsPT1) and was soon patented. However, when
Luo et al heterologously expressed CsPT1 in Saccharomyces cerevisiae, they observed no
activity. Therefore, they mined for prenyltransferases with predicted activity similar to CsPT1
and heterologously expressed those candidate prenyltransferases. They demonstrated that the
Cannabis sativa prenyltransferase 4 (CsPT4) was able to successfully prenylate olivetolic acid to
produce CBGA. CsPT4 was found in the Cannabis sativa plant and is part of the UbiA-
membrane bound family of prenyltransferases, predicted to contain eight transmembrane helices.
When expressed in Saccharomyces cerevisiae, and with the plastid targeting amino acid
sequence removed, the CsPT4 enzyme was found to be located in the microsomal fractions of the
yeast strain. Luo et al performed in vitro assays with the microsomal fraction harboring CsPT4
and demonstrated that the enzyme displayed Michaelis Menten behavior when olivetolic acid
concentration varied whilst GPP (geranyl pyrophosphate) concentration stayed constant but
deviated from Michaelis Menten behavior when olivetolic acid concentration was held constant

while GPP concentration varied.38

5.2 Aromatic Prenyltransferases

Aromatic prenyltransferases capable of geranylating olivetolic acid to produce CBGA
outside of the Cannabis sativa plant have also been discovered. There are three classes of
aromatic prenyltransferases: ABBA-type prenyltransferases, UbiA-type prenyltransferases, and
dimethylallyl tryptophan synthase (DMATS)-type prenyltransferases. ABBA-type and DMATS-
type prenyltransferases are found in bacteria and fungi and UbiA-type prenyltransferases are
found in fungi, plants, and bacteria. These aromatic prenyltransferases catalyze formation of

carbon nitrogen, carbon oxygen, and carbon-carbon bonds between the prenyl donor’s carbon
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and the aromatic substrate.’>® ABBA-type and DMATS-type have been elucidated as soluble
aromatic prenyltransferases while UbiA prenyltransferases are membrane bound aromatic

prenyltransferases.

5.2.1 UbiA-type prenyltransferases

UbiA-type prenyltransferases are membrane bound prenyltransferases found in a variety
of organisms such as bacteria, fungi, plant, human, etc. These prenyltransferases have been
observed to be involved in menaquinone and ubiquinone biosynthesis as well as fungal
meroterpenoid biosynthesis, archaeal membrane lipid biosynthesis, and prenylated aromatic
secondary metabolites biosynthesis in plants, among other biosynthesis reactions. These UbiA-
type prenyltransferases typically contain eight to nine transmembrane helices. Regarding their
structure, enzymes in the family contain two conserved aspartate rich motifs (NDXXDXXXD
and DXXXD) with the first used for Mg?* binding in order to catalyze the reaction; therefore,

these prenyltransferases are metal dependent.5%:152

5.2.2 DMATS-type Prenyltransferases

DMATS-type prenyltransferases have been elucidated in fungal and bacterial species.
These aromatic prenyltransferases are metal independent although addition of metal ions like
Ca?" and Mg?* have been reported to have enhanced the catalytic activities of several of these
prenyltransferases.'>> DMATS-type prenyltransferases primarily act upon indole derivatives such
as tryptophan, indole terpenoids, and cyclic dipeptides that contain tryptophan by prenylating
these compounds. Reports have demonstrated that DMATS-type prenyltransferases have the
ability to prenylate all positions of the indole ring and characterization of its structure have

revealed that these prenyltransferase also have the a-B-p-a prenyltransferase folds that ABBA-
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type prenyltransferases have.'®*1 Similarly to ABBA-type prenyltransferases, DMATS
prenyltransferases show selectivity in prenyl donor, with most enzymes in the family utilizing
dimethylallyl pyrophosphate (DMAPP) for prenylation, but have great flexibility with regards to
prenyl acceptor, capable of prenylating not only those indole derivative previously mentioned

but also xanthones, tricyclic and tetracyclic aromatic compounds, and tyrosine.>?

5.2.3 ABBA-type Prenyltransferases

ABBA-type prenyltransferases are found in both fungi and bacteria. They primarily
utilize DMAPP and geranyl pyrophosphate (GPP) as the prenyl donor. All the members of the
ABBA-type family of prenyltransferases, except for NphB, do not need metal to assist in
catalyzing the reaction. Although CloQ from Streptomyces roseochromogenes var. oscitans was
the first member of the ABBA family of prenyltransferases to be discovered, NphB was the first
in the family to have its crystal structure. The crystal structure revealed a structure containing an
unique three dimensional a-p-B-a prenyltransferase fold, hence the name ABBA.®

NphB, a member of the ABBA family of prenyltransferases, from the bacteria
Streptomyces sp. CL190 was discovered to have non-specific prenylation activity for the
formation of CBGA.*® These prenyltransferases are soluble and are capable of catalyzing the
transfer of dimethylallyl (C5), geranyl (C10), or farnesyl (C15) prenyl groups onto a diverse set
of electron-rich aromatic acceptors. Genome mining for analogs to CloQ, the first gene identified
as part of the ABBA family of prenyltransferases, led to the discovery of NphB in Streptomyces
sp. CL190.15% Wildtype NphB is specific in prenyl donor, preferring the geranyl group but is
promiscuous with regards to aromatic acceptor although the major substrate is 1,6-

dihydroxynapthalene.®* Wildtype NphB was shown capable of prenylating olivetolic acid to
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CBGA although at low catalytic efficiencies (kcat = .0021+.00008 min™).*°® Wildtype Nphb was
also non-specific in prenylation of OA, capable of producing not only CBGA when reacted with
GPP but also 2-O-gerany! olivetolate.*™>* Therefore Valliere et al. preformed mutations on NphB
to increase specificity for the production of CBGA. They docked the olivetolic acid structure to
the NphB crystal structure and then utilizing Rosetta, developed a 22-construct library,
constructed the library, and screened for CBGA production. They identified two amino acid
mutations that greatly increased specificity to CBGA. From the initial library, then they
constructed a focused library and discovered that all but one of the mutations in the focused
library had 100-fold higher activity than wildtype NphB with regards to kcat value. Ultimately,
they determined that their two best mutations were Y288AG266S and Y288V A232S. Both
mutations selectively produced CBGA and both had kcat values 1000-fold higher than the
wildtype. Valliere et al. demonstrated that they were capable of producing 1.25g/L of CBGA in a

cell free manner utilizing their mutated NphB enzyme.

5.3 Attempts to Achieve CBGA Production Results and Discussion

Based on the Tang’s lab collaboration with the Bowie lab, from where Valliere et al
developed the mutated NphB enzyme, and the company that he helped found, Invizyne, we were
given the mutated NphB enzyme which we used in order to test its ability to prenylate the
olivetolic acid analogs in vitro as well as test for functional expression in vivo. We purified the
enzyme and performed in vitro assays with our olivetolic acid analogs and GPP. Based on LC-
MS/HPLC data, NphB was able to prenylate olivetolic acid analogs that we produced as well as
other analogs bought commercially, although the final prenylated products were not confirmed

by NMR. However, the CBGA product produced by the NphB reaction with olivetolic acid and
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GPP was confirmed by an analytical standard. Additionally, based on the masses of the in vitro
assays, we observed an interesting trend: the shorter alkyl chain variants reacted with NphB and
GPP generated not only the Cs geranylated product but also the Cz geranylated product with an
O-geranylation. As the alkyl chain length increased, the less appearance of this double
geranylated product, with the Cs geranylated product being the major product. (Supplementary)
We then tested for the functional expression of NphB in vivo in Aspergillus nidulans.

We heterologously expressed NphB and the GPP synthase enzyme vrtD from Penicillium
aethiopicum®®®, along with Ma_OvaA, Ma_OvaB, and Ma_OvaC in Aspergillus nidulans,
expecting to observe the CBGA and CBGA analog products. However, we did not observe any
of the geranylated products. We also heterologously expressed Nphb and vrtD with Ti_OvaA,
Ti_OvaB, and Ti_OvaC in Aspergillus nidulans and did observe production of CBGA but it was
very minute. We additionally expressed CsPT4 as well as an aromatic prenyltransferase from
Aspergillus terreus (ApAT) recorded to have prenylation activity in vitro **° with our platform.
However similar to NphB, we observed no production of CBGA. These results led us to
postulate that the enzymes are not being properly expressed in A. nidulans, especially engineered
NphB, after all a bacterial gene; therefore, we sought to look at its transcription. We performed
MRNA extraction on the Aspergillus nidulans strain transformed with Ti_OvaA, Ti_OvaB,
Ti_OvaC, vrtD, and NphB and obtained the cDNA and performed a PCR of the cDNA and
observed bands for both vrtD and NphB, the two genes we were investigating. We then purified
the bands and sent them out for sequencing in the case that the genes may be mutated but the
sequenced results displayed no mutations.

With this information in mind, we decided to perform the NphB reaction with GPP and

olivetolic acid using A. nidulans lysates expressing NphB. Zirpel et al. had demonstrated that
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whole cell bioconversion in Saccharomyces cerevisiae expressing wildtype NphB, olivetolic
acid, and GPP did not produce CBGA; however, employing lysates of that same Saccharomyces
cerevisiae strain in assays with supplemented GPP and olivetolic acid did produce CBGA as well
the O-geranylated analog.*>* Therefore we used A. nidulans lysates expressing NphB and
supplemented olivetolic acid and GPP and we did observed CBGA production, much greater
than what was observed in vivo. (Figure 20). We concluded therefore, that from the transcription
and lysate data, that NphB was in fact correctly expressed in A. nidulans and that the issue could

be low availability of GPP or that NphB is localized away from olivetolic acid and/or GPP.
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Figure 20. A. nidulans Lysates Expressing NphB Reaction Results. A. nidulans lysates
expressing NphB with supplementation of GPP converted olivetolic acid to cannabigerolic acid
efficiently, much greater than in vivo. There was no observation of CBGA, however, when GPP
was not supplemented

To further explore the issue of localization, we tagged the NphB enzyme C-terminal with

green fluorescent protein (GFP) using a flexible 5 amino acid linker (GGSGG). Microscopic
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images of the tagged NphB enzyme in A. nidulans displayed that the NphB was not localized in
any punctuate organelles but rather was localized all throughout the fungal body indicating that
the enzyme is located in the cytoplasm. (Figure 21) As previously described, most of olivetolic
acid and its analogs produced from our platform are found in the media indicating that the
compounds are being secreted from the fungal body and therefore, olivetolic acid and its analogs
go through the secretory channel in Aspergillus nidulans into the media. Therefore, we sought to

localize the NphB to where GPP and the compounds were. We had to then understand where

GPP was localized.

Figure 21. Microscopic Image of Aspergillus nidulans Expressing GFP Fused C-terminal to
NphB. 147.6 x 147.6 micron. Nuclei staining Hoescht dye was added in order to locate the
nuclei (red circles). The red rings are septa: internal cell well that separate the hyphae.

Further genome mining in our lab for prenyltransferases harboring activity to produce
CBGA from olivetolic acid and GPP, revealed a prenyltransferase similar to the ascA

prenyltransferase from Acremonium egyptiacum, found in Colletotrichum higginsianum. This
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enzyme was discovered by Colin Johnson, a graduate student in the Tang Lab. The ascA
prenyltransferase, a prenyltransferase belonging to the UbiA family, from Acremonium
egyptiacum has been characterized to prenylate orsellinic acid with a farnesyl group.®
However, we demonstrated that the prenyltransferase from Colletotrichum higginsianum, labeled
colA, was able to prenylated orsellinic acid with a geranyl group instead of a farnesyl group
which is ideal since CBGA contains a geranyl group as opposed to a farnesyl group. Colin had
searched through databases of isolated fungal products for C3 geranylated B-resorcylic moieties.
He was able to find a couple compounds known as Colletorin B and Colletotrichum B that fit the
description. Through genome mining, he was able to identify the cluster producing these
compounds which contained a NRPKS, an NRPKS-like enzyme, a halogenase, and UbiA-like
prenyltransferase which he labeled colA. (Figure 22) Therefore, the colA gene was seen as a
good candidate to test its ability to prenylate olivetolic acid and its analogs to CBGA and its
analogs. Heterologous expression of colA with Ma_OvaA, Ma_OvaB, and Ma_OvacC as well as
heterologous expression of colA with Ti_OvaA, Ti_OvaB, and Ti_OvaC unfortunately showed
no production of prenylated olivetolic acid, unsaturated olivetolic acid, sphaerophorolcarboxylic
acid, or prenylated unsaturated sphaerophorolcarboxylic acid; however, production of
geranylated orsellinic acid was observed. Further probing through the literature indicated that
Aspergillus nidulans harbors an endogenous biosynthetic pathway responsible for the production
of orsellinic acid*®! explaining the geranylated orsellinic acid result. Furthermore, the production
of geranylated orsellinic acid did indicate that the GPP pool in Aspergillus nidulans is sufficient
answering our concerns and therefore further indicating that localization is the key reason why

NphB has not been shown effective in Aspergillus nidulans.
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Figure 22. Elucidated Biosynthetic Gene Cluster for Colletorin B and Colletochlorin B. The
BGC for Colletorin B and Colletochlorin B contains a halogenase, NRPKS, NRPKS-like
enzyme, and a UbiA-like Prenyltransferase deemed colA. ColA is responsible for geranylating
the aromatic ring at the C3 position.

ColA, a UbiA-prenyltransferase predicted to have seven transmembrane domains, could
therefore not be purified and was subjected to feeding studies in both Saccharomyces cerevisiae
and Aspergillus nidulans. Saccharomyces cerevisiae and Aspergillus nidulans strains expressing
colA were supplemented individually with 200 uM orsellinic acid, 200 uM divarinic acid, 200
UM olivetolic acid and 200 uM sphaerophorolcarboxylic acid. The Saccharomyces cerevisiae
feeding results demonstrated that col A was very efficiently able to prenylate orsellinic acid and
to a lesser extent divarinic acid but although able to prenylate olivetolic acid and
sphaerophorolcarboxylic acid, at very low efficiencies. A. nidulans feed results demonstrated that
similar to S. cerevisae, colA was able to efficiently prenylate orsellinic acid: however, less so
divarinic acid and prenylation of olivetolic acid and sphaerophorolcarboxylic acid was not

observed. The differences between the feeding results of S. cerevisiae and A. nidulans were
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attributed to the fact that the S. cerevisiae strain was much more heavily engineered with regards
to optimization of pathways than the A. nidulans strain and therefore was more optimal for
secondary metabolite production.

Prediction software (TMHMM 2.0)*%2 indicated that the colA gene had its transmembrane
domains localized in the endoplasmic reticulum (ER). Additionally, regarding the mevalonate
pathway responsible for the production of the intermediate GPP, one key enzyme in the pathway,
hydroxymethylglutaryl-coenzyme A reductase (HMG-CoA reductase), a rate determining
enzyme responsible for the conversion of HMG-CoA to mevalonate!®® was also predicted by
TMHMM 2.0 to be located in the ER, which we hypothesize explained why colA was able to
geranylate orsellinic acid and divarinic acid and why NphB, located in the cytoplasm, was unable
to geranylate any B-resorcylic acid in vivo. Faced with the difficulty that the engineered NphB
which is able to efficiently geranylate olivetolic acid to CBGA is not able to do so in vivo based
on localization issues and the issue that col A which is able to utilize GPP to prenylate orsellinic
and divarinic acid in vivo but not longer alkyl chain variants, we decided therefore that fusion of
the NphB enzyme C-terminal to colA would solve the localization problem, allowing NphB to
utilize GPP to efficiently prenylate olivetolic acid and sphaerophorolcarboxylic acid. Once again,
employing a flexible linker (GGSGG), we fused NphB C-terminal to colA and heterologously
expressed the fusion product with both the Ma_OvaA, Ma_OvaB, Ma_OvaC and Ti_OvaA,
Ti_OvaB, and Ti_OvaC set of genes in Aspergillus nidulans . LCMS traces of heterologous
expression results did show that CBGA was in fact produced further indicating that localization

was the key issue, but the CBGA production was at low levels which was perplexing. (Figure 23)
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Figure 23. Heterologous Expression of Ti_OvaABC with ColA and ColA-NphB Fusion
Results. Heterologous expression of Ti_OvaA+Ti_OvaB+Ti_OvaC with colA led to production
of geranylated orsellinic acid and Heterologous expression of Ti_OvaA+Ti_OvaB+Ti_OvaC
with the colA-NphB fusion construct produced the geranylated orsellinic acid as well as CBGA,
although at low amounts

We purposed then to utilize this fusion approach with a wide variety of endogeneous A.
nidulans enzymes localized in various membranes in the cell with the thought that there was
possibly another region where the compounds and GPP were localized. We fused the NphB C-
terminal to three other endoplasmic reticulum localized proteins: HMG-CoA reductase
previously described, sec12p, the guanine nucleotide exchange factor (GEF), specific for the
SAR1 gene which acts as a regulator of COPII vesicle budding from ER exit sites (ERES)*%4,
sec63p, encoding a protein essential for secretory protein translocation into the ER.'®® In addition
to localizing NphB to the ER, we also localized the enzyme to the peroxisome employing the
peroxisome targeting signal 1 (PTS1)*® as well as to the nucleus using a nuclear localization

signal (NLS)*®". Not only did we localize NphB to the ER, peroxisome, and nucleus, we also

fused the protein C-terminal to the mitochondria protein acetyl-CoA acyltransferase, responsible
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for converting 2 units of acetyl-CoA to CoA and acetoacetyl-CoA molecules.'®® Lastly, we fused
NphB to C-terminal to the plasma membrane protein tmpA, an oxidoreductase involved in the A.
nidulans conidiation pathway.'® (Figures 24 and 25) Similar to the col A-NphB construct,
heterologous expression of all these tagged and fusion constructs were expressed in combination
with Ti_OvaA, Ti_OvaB, and Ti_OvaC, the set of enzymes responsible for predominately
producing olivetolic acid. LC-MS trace results showed that similar to the colA-NphB results, that
in most of the fusion and localization tagged constructs, CBGA production was observed but at
low levels. This could be due to the fact that NphB may not be folding as well in the fusion

construct. Therefore, there is continued need to mine for other prenyltransferases.
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Figure 24. Heterologous Expression of NphB Fusion Constructs Results. Heterologous
expression of Ti_OvaABC with NphB with the PTS1 peroxisome targeting signal, NphB fused
with HMG CoA-reductase, and NphB fused with the sec63 protein produced low amounts of
CBGA
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Figure 25. Heterologous Expression of NphB Fusion Constructs Results Part 2.
Heterologous expression of Ti_OvaABC with NphB fused to tmpA and NphB fused with acetyl-
COA acyltransferase protein produced no quantifiable amounts of CBGA while heterologous
expression of Ti_OvA+Ti_OvaB+Ti_OvaC with NphB with the nuclear localization signal
produced low amounts of CBGA
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Blasting the colA enzyme across NCBI based genomes yielded a hit in the genome of
Talaromyces islandicus having 55% identity to colA. Heterologous expression of this UbiA-type
prenyltransferase from Talaromyces islandicus, labeled TislaUbiA, with the Ti_OvA, Ti_OvaB,
and Ti_OvaC enzymes in Aspergillus nidulans showed the expected CBGA methyl variant result
as well as prenylated olivetolic acid, albeit small, a result not observed with colA. (Figure 26)
Therefore, with four fungal genes, we were able to access those two cannabinoids, a result not
observed before without utilizing genes from the Cannabis sativa plant. To increase the CBGA
production utilizing the TislaUbiA enzyme, we would need to perform mutations in the active
site of the enzyme responsible for binding to the aromatic prenyl acceptor. To do this, we had to
identify the active site. TislaUbiA, colA, and CsPT4 are all UbiA prenyltransferases, membrane
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embedded prenyltransferases harboring two aspartate rich motifs associated for the divalent,
cation-dependent prenylation.'*® A crystal structure of archaeal UbiA in both its substrate bound
and apo form was elucidated by Cheng et al. Cheng et al were able to obtain a 3.3 (angstrom)
crystal structure of the archaeal organism Aeropyrum pernix UbiA (ApUbiA) The group
observed that the structure of the enzyme contained nine transmembrane helices arrange
counterclockwise with a large central cavity. They also obtained a 360° crystal structure of
ApUDIA in a substrate bound state, with the substrates p-hydroxybenzoic acid (PHB) and geranyl
thiolpyrophosphate (GSPP) activated with magnesium ions. In the crystal structure, GSPP was
bound in the central cavity and a small basic pocket near the GSPP binding site was determined
to be binding pocket for PHB binding. With this in mind, Cheng et al performed mutations to
determine which amino acids were critical for binding. For the PHB binding pocket site, they
determined that Arg43 and Asn50 were both critical to PHB binding.**® We therefore used this
information to generate mutations for TislaUbiA with the purpose of opening the small basic
pocket to accept large R-resorcylic acid moieties. Using Alphafold, we generated a structural
model for our TislaUbiA enzyme and comparted it to ApUbiA. The next steps, then would be to

select for mutations that we postulate would open the binding pocket.
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Figure 26. Heterelogous expression of Ti_OvaABC+TislaUbiA Results. Heterologous

expression of Ti_OvaABC with TislaUbiA led to production of CBGA as well as the methyl
variant of CBGA.

Going back to Saccharomyces cerevisiae, we tested to see if we were able to achieve
functional expression of CsPT4, the prenyltransferase from Cannabis sativa that Luo et al.
characterized. We had decided to continue production of the cannabinoid biosynthetic pathway
in our model engineered A. nidulans host due to the high titers of olivetolic acid and its
analogues that we were producing. We were unsure if changing the platform to S. cerevisiae
would replicate the high titer production. Similar to Luo et al, we removed the N-terminal
chloroplast targeting sequence of CsPT4. We heterologously expressed the enzyme in our S.
cerevisiae super strain and subjected the transformed strain to feeding assays. We fed 200 uM of
orsellinic acid and 200 uM of sphaerophorolcarboxylic acid and observed geranylation of both.
We then heterologously expressed Ma_OvaA+Ma_OvaB+Ma_OvaC with CsPT4 and observed
the results. We were able to produce the heptyl version of CBGA at moderate to high titer
quantities, an exciting result since this is the direct precursor to THCP. (Figure 27) We also saw

that although we did take a hit in titer when we moved our platform to S. cerevisiae, we were
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still able to produce about 500 mg/L of SA. We then sought to achieve functional expression of

THCAS.
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Figure 27. Heterologous Expression of Ma_OvaABC with CsPT4 in S. cerevisiae Results.
Production of the heptyl variant of CBGA was observed at moderate to high titer quantities.
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5.4 Introduction to Tetrahydrocannabinolic Acid (THCA) and Cannabidiolic Acid (CBD)

Production of the elaborated cannabinoids from CBGA involves the use of just one
cyclase enzyme, with the final elaborated cannabinoid structure dependent on the cyclase
enzyme employed. There are three elucidated dedicated cyclase enzymes from the Cannabis
plant capable of cyclizing CBGA to the final cannabinoid: tetrahydrocannabinolic acid synthase
(THCAS), which forms tetrahydrocannabinolic acid (THCA) from CBGA, cannabidiolic acid
synthase (CBDA), which forms cannabidiolic acid (CBDA) from CBGA, and cannabichromenic
acid synthase (CBCAS) which forms cannabichromenic (CBCA) acid from CBGA. All three of
these oxidocyclase enzymes are part of the berberine-bridge enzyme (BBE)-like family of
enzymes, harboring a flavin adenine dinucleotide (FAD)-binding domain, a substrate-binding
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domain, an N-terminal signal peptide, and a BBE-like C-terminus part of the FAD-binding
module.r”® THCAS and CBDAS have been more studied and characterized than CBCAS,
although CBCAS’s high sequence similarity (92%) with THCAS suggests it shares similar
biological activities.”* With regards to localization and expression in the Cannabis sativa plant,
CBDAS and THCAS have been demonstrated to be catalytically active in the glandular
trichome’s extracellular cavity and need FAD as well as oxygen in order to functionally
express.t’2173 In contrast, the CBCAS enzyme is not oxygen dependent and can also be inhibited
by hydrogen peroxide.}’

As mentioned, THCAS and CBCAS share a 92% sequence similarity with each other,
whereas THCAS and CBDAS are 84% identical to each other and CBCAS and CBDAS are 83%
identical to each other; therefore, all three cyclase enzymes have high sequence similarity with
each other. Sequence analysis of variants of the cyclase enzymes indicated that CBDA is likely
the ancestral enzyme from which THCAS evolved from. Further sequence analysis of THCAS
showed a flavinylation consensus sequence (Arg*'°-Ser-Gly-Gly-His'*#) with His*'* being the
likely FAD-binding site, exhibiting similarity to CBDAS in this regard.'®’ Since both CBDAS
and THCAS are flavinated enzymes, it is postulated that they have the same reaction mechanism.
With regards to CBCAS, although much is unknown, it has been reported that based on its
kinetic data , CBCAS has higher affinity for CBGA than both THCAS and CBDAS.'”® These
oxidocyclase enzymes are only capable of enzymatically acting up CBGA, not the
decarboxylated CBG product.

5.5 Achieving Functional Expression of THCAS®

Due to the reported potent biological activity of THCP, the heptyl analog of THC, we

determined to focus on achieving function expression of THCAS in our platform since our novel
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platform produces the heptyl variant of olivetolic acid. As previously described, THCP was
isolated from the Cannabis plant in small quantities in 2019 with pharmacological data showing
that THCP has a Kj to CB1 of 1.2 mM, and a K to CB2 of 6.2 mM, ~ 30 and 6 times more
effective in binding than THC, respectively.'%> Even the THCA molecule, although unlike its
decarboxylated form THC, is not psychoactive, has been investigated for its neuroprotective,
anti-neoplastic, immunomodulator, and anti-inflammatory effects!’® further making the pursuit
and optimization of in vivo functional expression of THCAS a priority.

Different groups have reported of engineering strains from Saccharomyces cerevisiae and
Komagataella phaffi capable of functional expression of THCAS. Zirpel et al. demonstrated
through the engineering of THCAS, optimization of culturing conditions, and overexpression of
helper proteins, 83% conversion of CBGA to THCA in Komagataella phaffi. Zirpel et al were
first able to obtain functional expression of THCAS in both S. cerevisiae and K. phaffi by
utilizing a signal peptide from the vacuolar proteinase, proteinase A. The group cleaved the 28
amino acid N-terminal plastid signal peptide from the THCAS and inserted the proteinase A
signal peptide. Additionally, they knocked out the proteinase A gene in both strains, responsible
for degrading genes targeted to the vacuole. With functional expression in both yeast strains
achieved through this process, they sought to optimize culturing conditions.’® The group
assayed the strains at different temperatures and times and observed that the highest intracellular
activity of THCAS was achieved at 15°C for 192 hours. The temperature of the expression was
the key change from other groups which had expressed THCAS at 30°C and 37°C. The
expression of THCAS at 15 °C increased volumetric THCAS by 6350%. Additionally
concerning culturing conditions, Zirpel et al observed that addition of casamino acids, biotin,

riboflavin, and yeast nitrogen base further increased THCAS functional expression. Lastly, the
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overexpression of ER chaperones, Kar2p, CNE1p, the Pd1p foldase, the unfolded protein
activator (HAC1s), as well as the FAD synthetase (FAD1) increased functional expression of
THACS in K. phaffi, with the expression of HAC1p, having the greatest impact, increasing
functional expression 4-fold.*’’

Through implementation of these concepts, we achieved functional expression of
THCAS in our Saccharomyces cerevisiae strain. We already had obtained a S. cerevisiae strain
with the pep4 knockout, so with transformation of the THCAS gene with the proA signal and
with feeding CBGA, we observed production of THCA in YPD (yeast extract peptone dextrose)
media at 30°C. To increase functional expression, we added 13.8g/L yeast nitrogen base and 5
g/L casamino acids into the YPD media and observed a slight increase in production. To further
increase expression, we overexpressed the HAC1p with the THCAS in our S. cerevisiae strain
and observed a notable increase in production. We also then tested the temperature similar to
Zirpel et al. The initial THCAS functional expression assays were done in media cultured at
30°C. We therefore tested the temperature in a few different ways: 1) Culturing the seed culture
and growth culture at 15°C and feeding CBGA at day 2 2) Culturing the seed culture and growth
culture at 30°C and feeding CBGA at day 2 3) Culturing the seed culture and growth culture at
30°C for 5 days and feeding CBGA at day 6. 4) Culturing the seed culture and growth culture at
15°C for 5 days. At the 6th day, feed CBGA and culture at 30°C 5) Culturing the seed culture
and growth culture at 15°C for 5 days and feeding CBGA at day 6. (Figures 28 and 29) As the
data indicates, option 4 had the greatest increase in functional THCAS expression, achieving
greater than 50% conversion of CBGA to THCA based on UV area under the curve, a significant

increase over the 3% estimated conversion rate when we initially expressed THCAS in S.
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cerevisiae.

In conclusion, we have greatly increased functional expression of THCAS in S.

cerevisiae by culturing at lower temperatures and by optimizing the media. The next steps would

therefore be to achieve in vivo production of THCP, by integrating the HAC1s and THCAS into

the S. cerevisiae strain and heterologously express Ma_OvaABC with CsPT4 in that strain
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Figure 28. Optimizing Functional THCAS Expression. THCAS with the plastid targeting
sequence removed and with a vacuolar signal (proteinase A) sequence added N-terminal was
transformed in S. cerevisiae. Expression of the spliced unfolded protein activator (HAC1s) with
THCAS increased functional expression. Cultures were grown in YPD media and cultured at
30°C. After 24 hours, 5 uM CBGA was fed to the cultures.
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Figure 29. Optimizing Functional THCAS expression Part 2. Cultures were cultured at 15 C
for 5 days. After 5" day 5 uM CBGA was fed and cultures were cultured at 30°C. Addition of
casamino acids and yeast nitrogen base to the YPD media along with culturing at 15°C for 5
days greatly increased functional expression of THCAS.
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6. Final Conclusion

In conclusion, we have demonstrated that through genome mining of fungal biosynthetic
gene clusters, we were able to identify a cluster in Metarhizium anisopliae that produces
olivetolic acid, the first key intermediate in the cannabinoid biosynthetic pathway as well as
unsaturated olivetolic acid, sphaerophorolcarboxylic acid, and unsaturated
sphaerophorolcarboxylic acid at moderate to high titers. We also identified homologous clusters
that produced these same compounds as well as a homologous cluster found in Talaromyces
islandicus that selectively produces olivetolic acid. These clusters represent a non-plant platform
to access olivetolic acid and its analogs. From there, we desired to engineer our platform in three
different aspects: i) by increasing the titer ii) by increasing the diversity our product profile iii)

by going downstream to achieve the final elaborated cannabinoids.
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To increase the titer, we utilized two different approaches. In one, we utilized JMP
software to develop a design of experiments (DOE) approach to increase titer by optimizing the
culture media. We initially screened for nine different components in the media, testing to
determine which components had statistically significant effects on the titer production. We
identified three components which we then optimized for using a response surface methodology
(RSM) approach. Using this approach, we were able to identify a culturing media that assists us
in reaching titers almost 2-fold more than our original CD-ST culturing media. In our second
approach to increasing the titer of our platform, we increased the malonyl-CoA pool in our
model Aspergillus nidulans host by overexpressing the acetyl-CoA carboxylase gene, the
enzyme responsible for converting acetyl-CoA to malonyl-CoA. Overexpressing of acetyl-CoA
carboxylase helped us achieve greater than 2.5-fold increase in titer.

We also desired to increase the diversity of our product profile. To do so, we also
employed two different approaches. In one, we made mutations to the ketosynthase (KS) domain
of our HRPKS, Ma_OvaA. The KS domain is responsible for decarboxylative Claisen
condensation, extending the carbon-carbon chain length. We made mutations in the KS domain
both manually and through the use of the automated Tecan liquid handling system integrated
with a ThermoFisher Momentum Laboratory Automation System. We were able to identify a
couple of mutations that produced different products from our original platform including
divarinic acid as well as the olivetolic acid nonyl variant, undecyl variant, and ethyl variant. We
also further genome mining to identify more homologous clusters to our original platform.
Utilizing our in-house strain database, we were able to identify a cluster in Penicillium thomii
r89 that when heterologously expressed in Aspergillus nidulans, produced a nonyl variant of

olivetolic acid with two degrees of unsaturation and a heptyl variant containing one degree of
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unsaturation as well as a hydroxy group. Therefore, both methods were effective in producing
more olivetolic acid variants and there is still much potential in discovering more variants with
regards to these methods since especially with regards to the genome mining aspect, there is still
much unexplored space.

Lastly, we attempted to go downstream of the pathway to achieve the final elaborated
cannabinoids. To do so, we mined for different prenyltransferase enzymes capable of
geranylating olivetolic acid to form cannabigerolic acid. We were able to identify one in
Talaromyces islandicus capable of geranylating olivetolic acid to form cannabigerolic acid in
Aspergillus nidulans, giving us a platform where through the heterologous expression of four
fungal genes, we were able to produce the first cannabinoid, CBGA. Utilizing CsPT4, we were
also able to achieve de novo production of the heptyl variant of CBGA, when we expressed the
Ma_OVA genes with CsPT4 in Saccharomyces cerevisiae. We also were able to achieve
functional expression of THCAS in S. cerevisiae and were able to greatly increase expression by
optimization of media, overexpression of helper proteins, and culturing at lower temperatures.
Therefore, we have developed a different method for microbial production of cannabinoids, one
that does not rely heavily on the cannabis plant genes and has potential to produce rare and new-

to-nature cannabinoids.
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7. Materials and Methods

Strain and Culture Conditions

Metarhizium anisopliae ARSEF23, Tolypocladium inflatum, Metarhizium rileyi,

and Talaromyces islandicus were all separately grown on PDA (potato dextrose agar) for 3 days
and then transferred to liquid PDB (PDA medium without agar) for the isolation of genomic
DNA. Aspergillus nidulans 1145 was used as the model host for heterologous

expression. Aspergillus nidulans 1145 was first grown on CD plates (10 g/L glucose, 20 g/L
agar, 50 mL/L 20x nitrate salts, 1 mL/L trace elements) at 28 °C and then cultured in 25 mL of
CD-ST medium (20 g/L starch, 20 g/L casamino acids, 50 mL/L 20x nitrate salts, and 1 mL/L
trace elements) in a 125 mL flask at 28 °C and 250 rpm. 120 g of NaNOs, 10.4 g of KCI, 10.4 g
of MgS04-7H>0, and 30.4 g of KH2PO4 were dissolved in 1 L of distilled water to make 20x
nitrate salts. 2.20 g of ZnS04-7H,0, 1.10 g of H3BO3, 0.50 g of MnCl,-4H-0, 0.16 g of
FeSO4-7H;0, 0.16 g of CoCl,-5H20, 0.16 g of CuSO4-5H20, and 0.11 g of (NH4)sM07024-4H20
were dissolved in 100 mL of distilled water, with the pH being adjusted to 6.5 to make the trace
element solution.

Plasmid Construction and Expression

Plasmids pYTU, pYTP, and pYTR containing auxotrophic markers for uracil (pyrG), pyridoxine
(pyroA), and riboflavin (riboB), respectively, were digested and used as backbones to insert

genes. The genes expressed (OvaA, OvaB, and OvaC) were amplified through polymerase chain
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reaction (PCR) using the genomic DNA of Metarhizium anisopliae ARSEF23, Tolypocladium
inflatum, Metarhizium rileyi, and Talaromyces islandicus as templates. StcJ/K genes were
amplified through PCR using the genomic DNA of Aspergillus nidulans. A glaA promoter

and trpC terminator were amplified through PCR using pYTR as a template. The PCR fragments
were transformed in yeast, and through homologous recombination, the plasmids pYTU-glaA-
OvaB-trpC, pYTP-glaA-OvaC, and pYTR-glaA-OvaA-trpC were generated. Yeast
transformation was performed using the Frozen-EZ Yeast Transformation Il kit (Zymo
Research). The plasmids were extracted from yeast and transformed into E. coli TOP10 by
electroporation to isolate single plasmids. After extraction from E. coli, plasmid sequences were
confirmed by sequencing. All three plasmids (pY TU-glaA-OvaB-trpC, pYTP-glaA-OvaC,
pYTR-glaA-OvaA-trpC) were transformed into A. nidulans using standard protocols to form the
OA-producing strain.%? The strain was then cultured in 10 mL of CD-ST medium in a 50 mL
Falcon tube and kept in a shaker at 28 °C and 250 rpm overnight. The next day, 25 pL of the
culture was inoculated into 25 mL of CD-ST medium in a 125 mL flask and kept in a shaker at
28 °C and 250 rpm.

C. Sativa acyl-activating enzyme (CsAAE1) was ordered as a gene block from Integrated DNA
Technologies (IDT). CsSAAE1 was amplified through PCR and cloned onto the pYTR backbone
containing the gpdA promoter. After following the previously outlined protocol to construct and
confirm the sequence of plasmids, we transformed the pYTR-gpda-CsAAE1L, pYTU-glaA-OvaB-
trpC, and pYTP-glaA-OvaC plasmids into A. nidulans. After 5 days of growth at 37 °C on CD
sorbitol plates, the strain was cultured in 25 mL of CD-ST medium in 125 mL flasks at 28 °C
and 250 rpm. On day 2, 1 mM hexanoic acid was added to the culture, and analysis of the sample

was done on days 3, 4, and 5.
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Asperqillus nidulans Heterologous Expression

To produce protoplasts, Aspergillus nidulans 1145 was grown on CD agar plates with 10 mM
uridine, 5 mM uracil, 0.5 pg/mL of pyridoxine HCI, and 2.5 pg/mL of riboflavin at 37 °C for 4
days. Aspergillus nidulans 1145 spores were then inoculated in 25 mL of CD liquid medium
containing 10 mM uridine, 5 mM uracil, 0.5 pg/mL of pyridoxine HCI and 2.5 pg/mL of
riboflavin in a 250 mL flask and grown at 28 °C and 250 rpm for 16 h. The mycelia were
harvested by centrifugation at 4300g for 20 min and washed with osmotic buffer (1.2 M MgSQOg,
10 mM sodium phosphate, pH 5.8). After harvesting by centrifugation once more, mycelia were
then transferred to a 250 mL flask containing 10 mL of osmotic buffer with 30 mg of lysing
enzymes from Trichoderma and 20 mg of yatalase. The mycelia were digested for 5 h at 28 °C
and 80 rpm. The cells were then transferred to a 50 mL centrifuge tube, overlaid gently by 10 mL
of trapping buffer (0.6 M sorbitol, 0.1 M Tris-HCI, pH 7.0), and centrifuged at 5300 rpm for 20
min at 4 °C. Two layers appeared with the protoplasts at the interface of the two layers. The
protoplasts were collected and placed in a sterile 15 mL Falcon tube, washed with 10 mL of STC
buffer (1.2 M sorbitol, 10 mM CaCl,, 10 mM Tris-HCI, pH 7.5), and centrifuged for 10 min at
43009 and 4 °C. The protoplasts were then suspended in 1 mL of STC buffer, aliquoted in 60 puL
increments in 1.5 mL microcentrifuge tubes, and stored at —80 °C.

For the transformation, 2 uL of each plasmid needed for the heterologous expression was added
to the 60 pL aliquots of Aspergillus nidulans 1145 protoplasts and then kept on ice for 60 min.
The aliquots were then mixed with 600 puL of PEG solution (60% PEG, 50 mM calcium chloride,

and 50 mM Tris-HCI, pH 7.5), incubated at room temperature for 20 min, and plated on CD
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sorbitol agar plates (CD solid medium with 1.2 M sorbitol and the appropriate supplements,
according to the markers on the plasmids). Plates were then incubated at 37 °C for 3-5 days.

For hexanoyl-SNAC feeding, the A. nidulans strain containing pYTU-glaA-OvaB-trpC and

pY TP-glaA-OvaC plasmids was cultured in 25 mL of CD-ST in a 125 mL flask at 28 °C and 250
rpm for 5 days. On day 2, 1 mM hexanoyl-SNAC was fed into the cultures, and analysis of the
sample was done on days 3, 4, and 5.

Sample Preparation, Detection, Isolation, and Quantification

Individual colonies from transformation plates were cultured in 25 mL of liquid CD-ST medium
in 125 mL flasks and grown for 5 days. On the sixth day, 500 puL of cells and medium was
extracted with 800 pL of an ethyl acetate acid mix (1:9 methanol to ethyl acetate with 0.1%
formic acid). The extracted sample was then dried and placed in 50 pL of methanol and then
loaded onto the LC-MS.

LC-MS analyses were performed using a Shimadzu 2020 LC-MS (Phenomenex Kinetex, 1.7 um,
2.0 x 100 mm, C-18 column) using positive- and negative-mode electrospray ionization. The
elution method was a linear gradient of 5-95% (v/v) acetonitrile/water in 13.25 min followed by
95% (v/v) acetonitrile/water for 4.75 min with a flow rate of 0.3 mL/min. The LC mobile phases
were supplemented with 0.1% formic acid (v/v).

The large-scale production of compounds for the purpose of isolation and structural
determination was carried out by cultivating transformants in 1 L of CD-ST. After 5 days of
growth at 28 °C, the media were extensively extracted with acidified ethyl acetate. The extract
was concentrated under reduced pressure. Purification was carried out as previously reported

with slight modifications. (23) In brief, the residue was loaded to a RediSep Rf Gold reversed-
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phase C18 column on a Teledyne Combi-Flash system. Subsequently, high-performance liquid
chromatography (HPLC) purifications were performed with a Phenomenex Kinetex column (5 p,
10.0 x 250 mm, C18) using a Shimadzu ultrafast liquid chromatography (UFLC) system. For the
HPLC purification, a flow rate of 4 mL/min with solvents A (0.1% formic acid in water) and B
(0.1% formic acid in acetonitrile) was used. NMR spectra of 1-3 were acquired on a Bruker
AV500 spectrometer with a 5 mm dual cryoprobe (*H 500 MHz, 3C 125 MHz).

Quantification of the compounds was done by first making a standard curve on the HPLC.
Known concentrations of isolated compound were analyzed on the HPLC, and a standard curve
was constructed correlating the area under the UV peak corresponding to the compound to the
concentration of the compound. Cultured samples were then extracted and analyzed on the

HPLC, where the area under the UV peak was used to calculate the concentration of the sample.

81



8. Appendices

1. Supplementary Tables

Table S1. Plasmids used in this study

Table S2. Primers used in this study

Table S3. Spectroscopic data of OA in CD3CN
Table S4. Spectroscopic data of 2 in CD3CN
Table S5. Spectroscopic data of SA in CD:CN

2. Supplementary Figures.

Figure S1.
Figure S2.
Figure S3.
Figure S4.
Figure Sb5.
Figure S6.
Figure S7.
Figure S8.
Figure S9.

Figure S10.
Figure S11.
Figure S12.
Figure S13.
Figure S14.
Figure S15.
Figure S16.
Figure S17.
Figure S18.
Figure S19.
Figure S20.
Figure S21.
Figure S22.
Figure S23.
Figure S24.
Figure S25.
Figure S26.
Figure S27.
Figure S28.
Figure S29.
Figure S30.
Figure S31.
Figure S32.
Figure S33.
Figure S34.
Figure S35.
Figure S36.

Additional homologous clusters

Standard curve for OA quantification

Standard curve for SA guantification

Varying spore inoculum size led to differentiated production
Production of SA, OA, and their analogues
Feeding hexanoyl-SNAC into A. nidulans expressing Ma_OvaB-C
MS and UV spectrum for 4

MS and UV spectrum for OA

MS and UV spectrum for 2

MS and UV spectrum for SA

'H spectrum of OA in CD3CN (500 MHz)
13C spectrum of OA in CD3CN (125 MHz)
COSY spectrum of compound OA in CDsCN
HSQC spectrum of compound OA in CD3CN
HMBC spectrum of compound OA in CD3CN
'H spectrum of 2 in CD3CN (500 MHz)

13C spectrum of 2 in CD3CN (125 MHz)
HSQC spectrum of compound 2 in CD3:CN
COSY spectrum of compound 2 in CD3CN
HMBC spectrum of compound 2 in CD3CN
'H spectrum of SA in CD3sCN (500 MHz)
13C spectrum of SA in CDsCN (125 MHz)
HSQC spectrum of SA in CDsCN

COSY spectrum of SA in CD3:CN

HMBC spectrum of SA in CDsCN

'H spectrum of 9 in CD3CN (500 MHz)

13C spectrum of 9 in CD3CN (500 MHz)

1H spectrum of 10 in CD30D

13C spectrum of 10 in CD30D

HSQC spectrum of compound 10 in CD30OD
COSY spectrum of compound 10 in CDC13
HMBC spectrum of compound 10 in CDC13
'H spectrum of 11 in CDCl3 (500 MHz)

13C spectrum of 11 in CDC13 (500 MHz)
HSQC spectrum of compound 11 in CDC13
COSY spectrum of compound 11 in CDC13

82

81
82
89
90
91

92

93

94

95

96

97

98

99

100
101
102
102
103
103
104
105
105
106
106
107
108
108
109
109
110
110
111
111
112
113
113
114
114
115
115
116



Figure S37. HMBC spectrum of compound 11 in CDC13

1. Supplementary Tables

Table S1. Plasmids used in this study

Plasmid Vector | Genes
pYTRO1 pYTR | n/a
pYTUOL pYTU |n/a
pYTPO1 pYTP |n/a
pMetarR03 PYTR | glaAp-Ma OvaA-trpC
pMetarU03 pYTU | glaAp-Ma OvaB-trpC
pMetarP03 pYTP | glaAp-Ma OvaC
pTolyRO1 PYTR | gpdAp-To_OvaA
pTolyuo0l pYTU | gpdAp-To OvaB
pTolyP01 pYTP | glaAp-To OvaC
pRileyiR01 PYTR | gpdAp-Mr_OvaA
pRileyiU01 pYTU | gpdAp-Mr OvaB
pRileyiP01 pYTP | glaAp-Mr_OvaC
pTislaR01 pYTR | gpdAp-Ti OvaA
pTislau01 pYTU | gpdAp-Ti_OvaB
pTislaP01 pYTP | glaAp-Ti_OvaC
pAnidR0O1 pYTR | gpdAp-StcK; POgpdAp-Stc)
gpdAp-OvaB; POgpdAp-
pMetarU05 pYTU | OvaC
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Table S2. Primers used in this study.

Primers Sequence (5'-3")
ATTACCCCGCCACATAGACACATCTAAACAATGACTCCATCACC
gpda-stcK-F GTTTCTCGATG

pogpda-stc)-F

GCATACAGAACACTTCAAACAATCGCAAAAAATGACCCAAAAG
ACTATACAGCAGGTC

CTAAAGGGTATCATCGAAAGGGAGTCATCCATTGCACAGCGGCT

stcJ-riboB-R TCTATCATTAAATTCG
stcJ-shortF GCCAGAACGGTACGGGATTCC
stcJ-shortR CTCCTGCAGTGCGTCGGATTG

stcK-pogpda-R

CAGTAAGCTCACATGTATTCCTGGAGCAAACCTTCCATTTCATCC
ATTTAGCGGC

stcK-shortF

CGCGAGTATGCGATGAGCCAG

stcK-shortR

CGACAAGATAATACCGGCACAGCG

HRPKS-R1

pToly-ACPTE- | CTTCATCCCCAGCATCATTACACCTCAGCAATGGCTGTCACTGTG

F1 TGGCAAG

pToly-ACPTE- | TGATGAGACCCAACAACCATGATACCAGGGGTGGCGACTGCGA

R1 GGCATTAGTTAAAT

pToly HRPKS_ | CATTACCCCGCCACATAGACACATCTAAACAACAATGCAAGCTC

F1 CACCACCAAGAGACG

pToly HRPKS | CTAAAGGGTATCATCGAAAGGGAGTCATCCAGCATGATGGTGTT

R1 GTGTTGGCGAC

pToly HRPKS

shortF CAGCGCAGTATGCCATTAGGGTATC

pToly HRPKS

shortR GCCGTGCCCAAGTAGAGCTC

pToly NRPKS_ | ATTACCCCGCCACATAGACACATCTAAACAATGAAACTTCATGC

F1 TACGAACTTCCTC

pToly_ NRPKS_ | CAACACAGTGGAGGACATACCCGTAATTTTCTGCAAACGTACGG

R1 AGTAGTACCGGTA

glaA-R TGCTGAGGTGTAATGATGCTGGGG
TCGCGGGTGTTCTTGACGATGGCATCCTGCCCTGATCTTCCGAAC

PYTP-glaA-F TGGTCGTAC

pRileyi-ACPTE- | GATGAGACCCAACAACCATGATACCAGGGGGCAAGGGTTGATA

R1 GAATCGGGAGAGG

pRileyi- ATTACCCCGCCACATAGACACATCTAAACAATGGAGGCTTCGTC

HRPKS-F1 ACAATCAAGAGACG

pRileyi- TAAAGGGTATCATCGAAAGGGAGTCATCCATCGCCCGTTTTCAG

CAAGCAG
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pRileyi-
HRPKS-shortF

GCTGAGCTTAGACGCGGTGCCGTAC

pRileyi-

HRPKS-shortR | GCCACGATGATCTTGCCTCCG

pRileyi- ATTACCCCGCCACATAGACACATCTAAACAATGAAAATCCGGGC
NRPKS-F1 TACAAACTTCCTC

pRileyi- CACAGTGGAGGACATACCCGTAATTTTCTGGGCAACACCAAGAC
NRPKS-R AGACATTGAG

pToly-ACPTE- | CTTCATCCCCAGCATCATTACACCTCAGCAATGGCTGTCACTGTG
F1 TGGCAAG

pTisla-ACPTE- | CTTCATCCCCAGCATCATTACACCTCAGCAATGTCTGCGAGCGT
F AGAAACAGC

pTisla-ACPTE- | GATGAGACCCAACAACCATGATACCAGGGGTTCCTTAAAAAGA
R CCCCGAATGCCG

pTisla-HRPKS- | ATTACCCCGCCACATAGACACATCTAAACAATGGCGACAACGAA
F TGAAGTCCG

pTisla-HRPKS- | TAAAGGGTATCATCGAAAGGGAGTCATCCAAATCACCAGCAGTT
R GATGACCTCTAAC

pTisla-HRPKS-

shortF GCACAGGCCATGGATGAGAACGTC

pTisla-HRPKS-

shortR GGGATGATTTTGCTTCGCAGAGAAGTAC

pTisla-NRPKS- | ATTACCCCGCCACATAGACACATCTAAACAATGCATCAAGAGAT
F CCAGGATCAGAC

pTisla-NRPKS- | ATTACCCCGCCACATAGACACATCTAAACAAACAATGCATCAAG
F2 AGATCCAGGATCAGAC

pTisla-NRPKS- | GTGGAGGACATACCCGTAATTTTCTGAATCAATGGCTCGTTTTTG
R ACAAAAACTCTTT

pTisla-NRPKS- | GTGGAGGACATACCCGTAATTTTCTGGAATCAATGGCTCGTTTTT
R2 GACAAAAACTCTTT

Metar HRPKS _

1

GAGTGGAAGCCGGCAATCGACTTGCTGAC

Metar HRPKS2

CGTTGCGCAAAACGACCTCTAGCTTTGCGTG

TTACCCCGCCACATAGACACATCTAAACAATGCAAGCGCCAGCA

pMetarR01 1 CCATCAAGAGACGA
CTGTTTGATGATTTCAGTAACGTTAAGTGGCTAGTTCAATTTCAC
pMetarR02 0 CAAAGTAGACATGGA

pMetarR02_1

TCCATGTCTACTTTGGTGAAATTGAACTAGCCACTTAACGTTACT
GAAATCATCAAACAG

pMetarR03 0

CTAAAGGGTATCATCGAAAGGGAGTCATCCAAAGAAGGATTAC
CTCTAAACAAGTGTAC

Metar_NRPKS _

2

CCTCTTCGAACTGGCCCAAGATGGGATCAAG

Metar NRPKS1

GGACCTATTAACCACCGCTTTCCTGATCTAG
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TTGGCCGGCTGGTTCACGATGCTCGGTAACCACTTAACGTTACT

pMetarO03 3 GAAATCATCAAACA
CTTCATCCCCAGCATCATTACACCTCAGCAATGAAACTGCGTGT

pMetarU01 1 CGCAAACTTCCTCCTC
TCATTTATAGCTCGTTCGGCACCTTTAATCTCTAAAAGCAATTCT

pMetarU03 0 TGCTGTTCACCAGAT
CAGTGGAGGACATACCCGTAATTTTCTGGAAGAAGGATTACCTC

pMetarU03 4 TAAACAAGTGTACC
GTGATGAGACCCAACAACCATGATACCAGGGCGAAGCACTGAA

pMetarP02_2 TAGCAAAATTCCTATC
TCATCCCCAGCATCATTACACCTCAGCAATGGCCGTCACCGTGT

pMetarRO1 5 GGCAAGATGCGC

pMetarU05-

ACPTE-F- GCATACAGAACACTTCAAACAATCGCAAAAATGGCCGTCACCGT

pogpda GTGGCAAG

pMetarU05- CACAGTGGAGGACATACCCGTAATTTTCTGCAGCTGAGAAGACA

ACPTE-R-pyrG | CGGCGC

pMetarU05-

NRPKS-R- GTAAGCTCACATGTATTCCTGGAGCAAATCTAAAAGCAATTCTT

pogpda GCTGTTCACCAGATAG

POgpda-F TTTGCTCCAGGAATACATGTGAGC

POgpda-R TTTTGCGATTGTTTGAAGTGTTCTGTATG

HR-A311W-F GCTACGTCGAGTGGCACGGAACGG

HR-A311W-R CCGTTCCGTGCCACTCGACGTAGC

HR-A357W-F CTCGAAGCCTGCTGGGGACTGGCCTCG

HR-A320W-F GGCACCCAGTGGGGCGACACGCGTG

HR-A320W-R CTCACGCGTGTCGCCCCACTGGGTGCCCGTTC

HR-1284W-R CGCCTCGACGCTGGGCCAGGTGAAGCCCTTTG

HR-V287W-F CCATCCCCAGCTGGGAGGCGCAAGC

HR-V287W-R GCTTGCGCCTCCCAGCTGGGGATGG

HR-A350T-F GATCAGTCAAGACAAATATCGGACATCTCG

HR-A350T-R CGAGATGTCCGATATTTGTCTTGACTGATC

HR-A350W-F GATCAGTCAAGTGGAATATCGGACATCTCG

HR-A350W-R CGAGATGTCCGATATTCCACTTGACTGATC

HR-

F126WS129N-F | GGACGGGCGTCTGGATGGCCAACTTCACGAGCGACTACC

HR-

F126WS129N-R | CGGTAGTCGCTCGTGAAGTTGGCCATCCAGACGCCCGTCC

HR-

L183MC186T-F | GTCCAGTATGGTCGCCACCCATCTCGCCTGC

HR-

L183MC186T-R | GCAGGCGAGATGGGTGGCGACCATACTGGACGAG

HR-F222A-F CCAGCAGGCTCTGGCCCCCGAC
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HR-F222A-R

GCCGTCGGGGGCCAGAGCCTGCTGGTTG

HR-F222W-F | CCAGCAGTGGCTGGCCCCCGAC

HR-F222W-R | GCCGTCGGGGGCCAGCCACTGCTGGTTG
HR-F416A-F | CACCCAGGGTGCTGGATATGGCGG

HR-F416A-R | GTACCGCCATATCCAGCACCCTGGGTGCTGATC
HR-

FA16AY418A-F

CAGCACCCAGGGTGCCGGAGCCGGCGGTACAAACG

HR-

FA416AY418A-R

CGTTTGTACCGCCGGCTCCGGCACCCTGGGTGCTG

HR-F416W-F GCACCCAGGGTTGGGGATATGGCGG

HR-F416W-R CCGCCATATCCCCAACCCTGGGTGC

HR-1284W-F CAAAGGGCTTCACCTGGCCCAGCGTCGAGGCG

HR-L364M-F GGACTGGCCTCGATGATAAAGTGCGTCTAC

HR-L364M-R GACGCACTTTATCATCGAGGCCAGTCCCG

HR-L364W-F GACTGGCCTCGTGGATAAAGTGCGTCTAC

HR-L364W-R GACGCACTTTATCCACGAGGCCAGTCCCG

HR-M214L -F GAACCCCGACCTGTTCCTGTACCTTTCCAACCAG

HR-M214L-R CTGGTTGGAAAGGTACAGGAACAGGTCGGGGTTC

HR-F130W-F CATGGCCAGCTGGACGAGCGACTACCGCGAGATGCTGTAC

HR-F130W-R GTAGTCGCTCGTCCAGCTGGCCATGAAGACGCCCGTCCGC

HR-Q221H-

Freal GTACCTTTCCAACCAGCATTTTCTGGCCCCCG

HR-Q221H-

Rreal CGGGGGCCAGAAAATGCTGGTTGGAAAGGTAC

HR-Y217F-F GACATGTTCCTGTTCCTTTCCAACCAGCAG

HR-Y217F-R CTGCTGGTTGGAAAGGAACAGGAACATGTC

Metar-

HRPKS1new GAGTGGAAGCCAGCAATCGACTTGTTGAC

Metar-

HRPKS2new GTTGCGCAAAACGACCTCTAGCTTG
ttaccccgccacatagacacatctaaacaATGCAAGCGCCAGCACCATCAAGAGA

pMetarR01_1 CGa
CTAAAGGGTATCATCGAAAGGGAGTCATCCAaagaaggattacctctaaaca

pMetarR03 0 agtgtac

HR-S129N-F TCTTCATGGCCAACTTCACGAGCGACTACC

HR-S129N-R GGTAGTCGCTCGTGAAGTTGGCCATGAAGA

HR-S129V-F CGTCTTCATGGCCGTCTTCACGAGCGACTACC

HR-S129V-R GTCGCTCGTGAAGACGGCCATGAAGACGCC

HR-C230S-F CCCCCGACGGCCAGTCTAAGAGCTTTGAC

HR-C230S-R GTCAAAGCTCTTAGACTGGCCGTCGGGGG

HR-Q229K-F CCCCCGACGGCAAGTGCAAGAGCTTTGAC

HR-Q229K-R

GTCAAAGCTCTTGCACTTGCCGTCGGGGG
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HR-S345W-F

CTGCTAGTGGGATGGGTCAAGGCAAATATC

HR-S345W-R | GATATTTGCCTTGACCCATCCCACTAGCAG
HR-T316A-F | GAGGCTCACGGAGCGGGCACCCAGGCC
HR-T316A-R | GGCCTGGGTGCCCGCTCCGTGAGCCTC
HR-T316W-F | GAGGCTCACGGATGGGGCACCCAGGCC
HR-T316W-R | GGCCTGGGTGCCCCATCCGTGAGCCTC
HR-T323K-F | CCGGCGACAAACGTGAGATGGAAGGC
HR-T323K-R | GCCTTCCATCTCACGTTTGTCGCCGGCC
HR-

T323KR324C-F | GGCCGGCGACAAATGTGAGATGGAAGGC
HR-

T323KR324C-R | GCCTTCCATCTCACATTTGTCGCCGGCC
HR-V175W-F | GCCCAGCTTCACCTGGAACACGGCCTG
HR-V175W-R | GCAGGCCGTGTTCCAGGTGAAGCTGGGC
HR-V287A-F | CCATCCCCAGCGCCGAGGCGCAAGC
HR-V287A-R | GCTTGCGCCTCGGCGCTGGGGATGG
HR-V287F-F | CCATCCCCAGCTTTGAGGCGCAAGC
HR-V287F-R | GCTTGCGCCTCAAAGCTGGGGATGG
HR-V287M-F | CCATCCCCAGCATGGAGGCGCAAGC
HR-V287M-R | GCTTGCGCCTCCATGCTGGGGATGG
HR-V287Y-F | CCATCCCCAGCTACGAGGCGCAAGCC
HR-V287Y-R | GGCTTGCGCCTCGTAGCTGGGGATGG
HR-

M214LY217F-F | GAACCCCGACCTGTTCCTGTTCCTTTCCAACCAGCAG
HR-

M214LY217F-R

CTGCTGGTTGGAAAGGAACAGGAACAGGTCGGGGTTC

HR-

M214LY217FQ

221H-F TGAACCCCGACCTGTTCCTGTTCCTTTCCAACCAGCACTTTC
HR-

M214LY217FQ

221H-R GAAAGTGCTGGTTGGAAAGGAACAGGAACAGGTCGGGGTTC
HR-Y418A-F CCCAGGGTTTTGGAGCTGGCGGTACAAAC

HR-Y418A-R GTTTGTACCGCCAGCTCCAAAACCCTGGG

HR-Y418W-F CCAGGGTTTTGGATGGGGCGGTACAAACG

HR-Y418W-R CGTTTGTACCGCCCCATCCAAAACCCTGG

P.thombiHR-F- | ATTACCCCGCCACATAGACACATCTAAACAATGACAGAAAACAT
gpdA GGCGACACC

PThombiHR-F-

2 GAGCACGCCAGAGGAGGTCG

PThombiHR-R-

1

CGCCTGAAGCTCTTGAGACAACC

88




pThombiHR-R-
riboB

AAAGGGTATCATCGAAAGGGAGTCATCCAAGTGGAAGATGCTA
AATTCTCCGGGAG

pThombiACPT | CATACAGAACACTTCAAACAATCGCAAAAATGGATTTTGAGAAA
E-F-POGpdA TACCTGAGCATCATTG

pThombiACPT | CAGTGGAGGACATACCCGTAATTTTCTGGTTAAGTATTCGAGGA
E-R-pyrG CTCAATTTCTGGTTCG

pThombiNR-F-2 | GGTCTACTCTCCTCCCCGTGC

PthombiNR-F- | ATTACCCCGCCACATAGACACATCTAAACAATGGCACAGCTGGA
gpdA GACCCAC

pThombiNR-R-
1

CCACCCGCGATATCCTTGAAC

pThombiNR-R- | agtaagctcacatgtattcctggagcaaaCTACAGTCTAACATTTGAGGTCTTCTT
PogpdA GCTG
M31sopt-F- CAACTAATTATTCCATAATAAAATAACAACATGAGCGAGGCCGC
Pcklp TGACG
CAGGGGGGCGGAGCCTATGGAAAAACGCCGgcaaaacgtaggggcaaaca
ADH2P-F-ori aacg
CATTAAAAGATACGAGGCGCGTGTAAGTTACgggagcaaaaagtagaatatt
ADH2t-R-CEN | atc
CAACTAT caactattaactatatcgtaatATGAAATTTTCTGCGTATTTATGGT
CNE-F-ADH2P | GGCTG

CNE1-R-Spg5t

GTAATAGCGCGATGAAACAACGTCTTTGCCTATGTAAATACTAC
ACAACAAAGAACCGAC

FAD1-F-Pcklp

CAACTAATTATTCCATAATAAAATAACAACATGCAGTTGAGCAA
GGCTGC

FAD1-R-
ADH2T

catacttgataatgaaaactataaatcgTTAATTCTTGATCCTGCCTGCTCTCTCTA
AAG

BPT1-F-ADH2p

ctatcaactattaactatatcgtaatacCatATGTCTTCACTAGAAGTGGTAGATGG
GTG

BPT1-R-ADH2t

gataatgaaaactataaatcgtgaaggcatT TATTTCAAATACCCACCTTTCTCAC
AAAG

Pck1p-R-proA

gtagccctatcgcaatggacatcgtggtcccatcgaaaatcatGTTGTTATTTTATTATG

proAtrunTHCA
S-F attgcgatagggctactttcaacgctgggcataggcgcagaagcgAATCCTCGAGAAAAC
GGTAATAGCGCGATGAAACAACGTCTTTGCTCAAGCGGAGCCTT
colA-R-spg5t TGAGAACG
actatcaactattaactatatcgtaataccat ATGGCACCTCCATCATCCAAAGTCAC
colA-XW55-F TG
trunTHCAS-F- | CAACTAATTATTCCATAATAAAATAACAACATGAATCCTCGAGA
Pcklp AAACTTCCTTAAGTGC
HAC1s-F- tatcaactattaactatatcgtaatacCatATGGAAATGACTGATTTTGAACTAACT
ADH2p AG

HAC1s-R-spg5t

GGTAATAGCGCGATGAAACAACGTCTTTGCTCATGAAGTGATGA
AGAAATCATTCAATTC
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CAACTAATTATTCCATAATAAAATAACAACATGGCACCTCCATC

colA-F-Pcklp ATCCAAAGTC
gataatgaaaactataaatcgtgaaggcatTCAAGCGGAGCCTTTGAGAACGTATT

colA-R-ADH2T | G

MFPS-F- tatcaactattaactatatcgtaatacCatATGCATAAATTTACTGGTGTCAATGCC

ADH2p AAG

MFPS-R-spg5t

GGTAATAGCGCGATGAAACAACGTCTTTGCTCATTTCTGGCGTTT
GTAGATCTTCTGTG

TislaUbiA-R-

ADH2t gataatgaaaactataaatcgtgaaggcatT CAAACGGCATCGTATCTGCCG
NphBM31sopt-

F-ADH2P aactatcaactattaactatatcgtaataCATGAGCGAGGCCGCTGACGTG
NphBM31sopt- | gataatgaaaactataaatcgtgaaggcatTTAGTCCTCCAGAGAATCGAATGCCT
R-ADH2T TG

ADH2p-F- TCCACCTGGGCCACAATCACAGTTTCCGCAgcaaaacgtaggggcaaacaaa
upstreamyprcty?2 | cgg

ADH2t-R-

downstreamyprc

ty2 TGGTTACCATATGAAGCATCGCTTATTGCGgggagcaaaaagtagaatattat
yprctydownstrea

m2-F CGCAATAAGCGATGCTTCATATGGTAAC

yprctyupstream?2

-R TGCGGAAACTGTGATTGTGGCC

trunTHCAS-F- | aactatcaactattaactatatcgtaatacATGAATCCTCGAGAAAACTTCCTTAAG
ADH2P TG

trunTHCAS-R-

ADH2T gataatgaaaactataaatcgtgaaggcatGTGATGATGAGGGGGCAAAGGC
HRPKS-F- CAACT AT caactattaactatatcgtaat ATGCAAGCGCCAGCACCATCAAGA
ADH2P GACg

HRPKS-R- catacttgataatgaaaactataaatcgCTAGTTCAATTTCACCAAAGTAGACATG
ADH2T GATG

2u ori F pmd29 | aacgaagcatctgtgcttcattttgtag

ADH2P-F- AGGGGGGCGGAGCCTATGGAAAAACGCCCAgcaaaacgtaggggcaaaca
oripmd29 aacg

ADH2T-R- CAAAATGAAGCACAGATGCTTCGTTgggagcaaaaagtagaatattatcttttattcg
2uoripmd29 tg

oripmd29-R TGGGCGTTTTTCCATAGGCTCC

CsPT447t1-

checkR ggcactcgtggttgcagagtaag

CsPT477t1-F-

ADH2P aactatcaactattaactatatcgtaatacatgtctgctggctctgaccaaattg

CsPT477t1-R-

ADH2T gataatgaaaactataaatcgtgaaggcatttaaataaatacgtagacgaaat

Table S3. Spectroscopic data of OA (3) in CDsCN.
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OH OH
Hooc 2 3 HOOC_ A —  COSY
7 OH % N \Jk )OH ~  HMBC
10 6 ~— ~
Position dc du (mult., Ju-+ in Hz)
1 173.1
2 149.8
3 166.3
4 101.0 6.18 (d, 1H, J = 2.5 Hz)
5 162.5
6 110.9 6.23 (d, 1H, J = 2.5 Hz)
7 103.8
8 36.4 2.85 (m, 2H)
9 31.7 1.53 (m, 2H)
10 32.1 1.31 (m, 2H)
11 22.5 1.31 (m, 2H)
12 13.7 0.88 (m, 3H)
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Table S4. Spectroscopic data of 2 in CDsCN.

— COSY

~ HMBC

Position dc du (mult., Ju-H in Hz)

1 172.9

2 144.9

3 165.7

4 101.8 6.23 (d, 1H, J = 2.5 Hz)
5 162.5

6 108.1 6.41 (d, 1H, J = 2.5 Hz)
7 103.0

8 130.9 7.00 (m, 1H)

9 133.7 5.97 (m, 1H)

10 32.9 2.17 (m, 2H)

11 28.9 1.46 (m, 2H)

12 31.4 1.33 (m, 2H)

13 22.6 1.34 (m, 2H)

14 13.7 0.90 (m, 3H)
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Table S5. Spectroscopic data of SA (1) in CDsCN.

Position
1

O© 00 ~N O O W N

[
w NN - O

14

dc

173.8
150.3
166.9
101.6
163.0
111.6
104.4
37.0

32.6

32.5

30.4

29.7

23.3

14.3

Su (mult., JH-n in HZ)

6.21 (d, 1H, J = 2.5 Hz)
6.26 (d, 1H, J = 2.5 Hz)

2.87 (m, 2H)
1.55 (m, 2H)
1.29 (m, 2H)
1.33 (m, 2H)
1.34 (m, 2H)
1.30 (m, 2H)
0.90 (m, 3H)

HRMS (ESI, M+H") calculated for C14H2004: 252.14; found 252.1495
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2. Supplementary Figures

a)
Metarhizium anisopliae — E>c ‘ ? -
Metarhizium guizhouense - - —
OvaB FAD-dependent :IZZZ"*'S E;Z Pelﬂ-ﬂg S8 Gly?lmnsf 17
monoxoygenase
Tolypocladium inflatum - - _ |:>‘ * - »
transposon OvaB OvaC Zn_Clus DUF3112 FMO serine/Thr
Metarhizium rileyi - ‘ - |:> — »
OvaB DUF3112 FAD-dependent OvaC adh_short
monooxygenase
Metarhizium album ’ _ |$ » ‘ -
Trp_DMAT OvacC DUF3122 :23 :llr;::r:‘g OvaB
Ophiocordyceps australis - » - « |:> —
OvaB Nitroreductase DUF3112 Zn_Clus  OvaC
Talaromyces islandicus - - |:> — - «
OvaB GMC_oxred OvaC Ovah Exopolygalacturonase A Peptide transporter PTR2
Cladobotryum varium - E>— - - «
::hzr:rl?;::s?:» OvaC O-methyltransferase OvaB ::m:;g;utamma
amidohydrolase
b)
OvaA OvaC
HRPks | OvaB WwACPTE
(% NRPKS (%
o (% identity) | >
identity) identity)
Metarhizium 97.85 97.04 96.83
guizhouense
Tolypocladium inflatum 88.48 87.28 83.51
Metarhizium rileyi 85.98 84.68 83.82
Metarhizium album 70.02 76.65 76.68
Ophiocordyceps australis 70.4 65.44 63.98
Talaromyces islandicus 52.37 51.43 45.58
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| Cladobotryumvarium | 4883 | 3804 | 4006 |

Figure S1. a) Homologous clusters all containing the HRPKS, NRPKS, and wACP-TE. b)
Comparison of protein sequences from the homologous clusters to the M. anisopliae enzymes.

OA y = 3,869,926.642x - 75,070.515

R?=0.997
Standard Curve
9000000

8000000
7000000
6000000
5000000
Area
4000000
3000000
2000000
1000000 o

0 L J

0 0.5 1 1.5 2 25
mM

Figure S2. Standard curve of OA (3) used for quantification. Different concentrations of purified

olivetolic acid were measured on the HPLC where the area under the peak was recorded and
plotted with the olivetolic acid concentration.
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SA y =6,633,355.7201x +479,958.5672
standard curve R? = 0.9933

16000000
14000000
12000000
10000000

Area 8000000 -
6000000 .
4000000
2000000 -

0
0 0.5 1 1.5 2 25
mM

Figure S3. Standard curve of SA (1) used for quantification. Different concentrations of purified
1 were measured on the HPLC where the area under the peak was recorded and plotted with the
1 concentration.
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A SA Titer
1600
1400 °
1200 ° ¢
1000
mg/L 800
600
400
200
0 @
1.00E+00 1.00E+02 1.00€+04 1.00£+06 1.00€+08
spores/mL

Figure S4. Varying spore inoculum size led to differentiated production of SA and analogues. A)
Plot of SA titers from the Metarhizium anisopliae ova cluster vs spore inoculum measured in 125
mL flasks containing 25 mL of culture. 10* spores/mL led to highest production of SA at 1.4
g/L. 108 spores/mL inoculum size led to dispersed hyphae and abrogation of high titer
production. B) Appearance of dispersed hyphae (left) and pellets (right). A dispersed hyphae
morphology was observed when cultures were started from high inoculum spore counts (108
spores/mL). A pelleted hyphae morphology was observed at cultures that were started from spore
counts of 108 spores/mL and lower.
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mi/z (=) 43 2 1
Vector control
e LN A
Ma_OvaAB

el s
A NG

6.0 7.0 8.0 9.0 min

B A(254 nm)

4 3 21
Vector control
2k A
Ma_OvaABC
5.0 7.5 min

Figure S5. The production of SA, OA, and their analogues requires the co-expression of
Ma_OvaABC. A) m/z (-) trace of A. nidulans harboring Ma_OvaABC compared with those of
vector control and A. nidulans harboring Ma_OvaAB revealed that all three genes are required
for the production of compounds of interest. B) UV profiles of A. nidulans strain harboring
control vectors and that expressing Ma_OvaABC.
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CsAAE1+Ma_OvaB-C

Hexanoyl-SNAC
fed into A. nidulans harboring OvaB+OvaC

OA control

60 70 80 90 100 11.0 min
Figure S6. Feeding hexanoyl-SNAC into A. nidulans expressing Ma_OvaBC did not yield OA,
nor did coexpression of CSAAE1 with Ma_OvaBC.
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Figure S7. MS and UV spectra of 4.
HRMS (ESI, M+H") calculated for C12H1404 222.0892; found 222.0961
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Figure S8. MS and UV spectra of OA (3).
HRMS (ESI, M+H") calculated for C12H1604 224.1049; found 224.1141
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Figure S9. MS and UV spectra of 2.
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Figure S10. MS and UV spectra of SA (1).
HRMS (ESI, M+H") calculated for C14H2004 252.1362; found 252.1495
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Figure S11. 'H spectrum of OA in CDsCN, 500 MHz.
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Figure S12. 13C spectrum of OA in CDsCN, 125 MHz.
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Figure S13. COSY spectrum of compound OA in CDsCN.
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Figure S14. HSQC spectrum of compound OA in CDsCN.
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Figure S15. HMBC spectrum of compound OA in CDsCN.
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Figure S16. *H spectrum of 2 in CDsCN, 500 MHz
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Figure S17. 13C spectrum of 2 in CDsCN, 125 MHz
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Figure S18. HSQC spectrum of compound 2 in CDsCN
0
i I l A
MC_yacpTE_250_031719 4 1 "/Users/mengbinchen/Desktop/unusual fungal natural products/MC_2019_NMR" _'E
a
L&
& B L&
[
: i '
' |-
! L
e
El L
- [ ' ‘ E re
= S R : ,
i
= . . ' r
i 2] + r
[-c0
U T T T T T T T T T T T T T T T T T "
8 6 4 2 F2 [ppm]

Figure S19. COSY spectrum of compound 2 in CDsCN
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Figure S20. HMBC spectrum of compound 2 in CDsCN.
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Figure S21. H spectrum of SA in CDsCN, 500 MHz
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Figure S22. 3C spectrum of SA in CDsCN, 125 MHz
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Figure S26. 'H spectrum of compound 9 in CD;CN (500 MHz)
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Figure S28. 'H spectrum of compound 10 in CD3;OD (500 MHz)
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Figure S29. 13C spectrum of compound 10 in CDzOD (500 MHz)
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Figure S31. COSY spectrum of compound 10 in CDz0OD
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Figure S32. HMBC spectrum of compound 10 in CD;OD
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Figure S33. 'H spectrum of 11 in CDCls (500 MHz)
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Figure S34. 13C spectrum of 11 in CDCl3 (500 MHz)

Figure S35. HSQC spectrum of compound 11 in CDCl3
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Figure S37. COSY spectrum of compound 11 in CDCl3
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