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Abstract

Abstract: The Bryophyte Radula complanata is a non-vascular plant and a unique source
of medicinal metabolites. The plant is particularly rich in aromatic bibenzyls, which are
likely generated to deal with environmental stressors, herbivory attacks, and plant
pathogens. Particularly, the bibenzyl perrottetinene (isolated from related species R.
marginata and R. perrottetii) is structurally similar to the well-known psychoactive
cannabinoid tetrahydrocannabinol and is shown to have cannabinoid receptor agonism. In
this study, two major bibenzyl compounds in R. complanata were purified and
structurally elucidated by mass spectrometry and various Nuclear Magnetic Resonance
(NMR) techniques. While perrottetinene biosynthesis remains elusive, several enzymes
from R. complanata are biochemically characterized. The findings are the first steps
towards the elucidation of the complete biosynthesis of perrottetinene and related

bibenzyl cannabinoids.
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Chapter 1: Introduction

1.1 History of Bryophytes

Bryophytes are non-vascular land plants with the second greatest level of diversity after
angiosperms.! This phylum of plants is known to reproduce using spores and are found in
the majority of regions of the world,* even being found in the extreme conditions of
Antarctica that are challenging for most plants.? Bryophytes are considered to be the first
of the terrestrial plants and have existed for over 400 million years, making bryophytes
the ancestors of all land plants. Bryophytes are most similar to algae and pteridophytes
(ferns/lycophytes) and are taxonomically sister groups.® These plants can be further
divided into mosses (ca 14000 species), liverworts (ca 6000 species), and hornworts (ca
300 species).? Being the first plants to succeed on land, bryophytes were also the first
plants that needed to survive the circumstances that being a terrestrial organism would
come with: pathogens, insect predation, and injury due to constant and direct exposure to
UV.! Bryophytes contain a very high level of chemical diversity in the form of secondary
plant metabolites (SPM) and suggests a connection between these metabolites and the
plants protection from environmental stressors.> Medicinal uses of bryophytes have also
been documented by many different cultures throughout history, such as being used by
Native American, Indian, and Chinese peoples.* One such reported use is the liverwort
Marchantia polymorpha historically being used to treat afflictions such as pulmonary

tuberculosis and jaundice, although the efficacy of these treatments is debated.*

Liverworts, named for their similarity in appearance to mammal liver lobes, are
particularly interesting due to the wide variety of metabolites they form. The formation of

these metabolites is contained primarily in the specialized cellular structures known as oil



bodies. The first reported identification of oil bodies was nearly 200 years ago, although
the purpose of oil bodies was originally unknown.® Oil bodies have been proposed to be
perform a myriad of different functions such as herbivory/pathogen protection, UV
defense, dehydration prevention, and nutrient storage, although these hypotheses have
been supported to different degrees.>’ Oil bodies are 1-30 um in size and can be found in
both the gametophytes (haploid, sexual phase) and sporophytes (diploid, spore producing
phase) of liverworts. Oil bodies are not found in every liverwort, with Anthelia julacea
and Blasia pusilla not containing any of these structures.® An interesting study performed
by Romani et al., shows that the gene MpC1HDZ is responsible for oil body regulation in
Marchantia polymorpha.® Mutant M. polymorpha that lacked a functional version of
MpC1HDZ showed a distinct decrease in the number of oil bodies and subsequently an
increase in herbivory from Armadillidium vulgare (pill bugs) compared to the wild-type.
Oil bodies are organelles that serve to store terpenoid, bibenzyl/bisbibenzyl, and lipid
compounds, and a decrease in these defense compounds may be a reason for increased
hervibory.®> On the same note, specialized storage of these metabolites is also needed to
protect the plants from the cytotoxicity of these compounds and possibility act as sites for

their biosynthesis.

1.2: Shikimate and Phenylpropanoid Pathways

Formation of most plant aromatic metabolites starts through the shikimate pathway, a
ubiquitous pathway that is conserved in bacteria and plant plastids but is absent in
animals. Many important compounds are formed through this pathway, including the
three aromatic amino acids (AAA) phenylalanine, tyrosine, and tryptophan.® In most

plants the shikimate pathway is a seven-step process that starts with erythrose 4-



phosphate and phosphoenolpyruvate (glucose derived) and eventually ends in the
formation of chorismate. Intermediates of this pathway are also of interest for medicine,
especially regarding shikimic acid, used in the production of various medicines such as
the influenza pharmaceutical oseltamivir, also known as Tamiflu®.1%* Acquisition of
shikimic acid has traditionally been performed by extraction directly from the seeds of
Japanese star anise (Illicium verum), with low yields giving rise to issues in supply of its
downstream pharmaceuticals.'* While the shikimate pathway is common across all
plants, there are many differences depending on the organism utilizing it. The pathway in
fungi is not catalyzed by the same enzymes found in bacteria and plants. Fungi instead
utilize a single polypeptide known as the AROM complex for steps 2-6 of chorismate

biosynthesis.®

The AAAs can be made directly after the formation of chorismate and follow a
few different pathways. Tryptophan follows a separate pathway from that of tyrosine and
phenylalanine, evident based on the significant structural differences (Fig. 1). Tryptophan
follows a 6-step biosynthetic pathway and competes with other pathways also utilizing
chorismate as a precursor (Fig. 1).X2 Tyrosine and phenylalanine biosynthesis follows one
of two pathways: the arogenate pathway or the phenylpyruvate pathway. These pathways
essentially are inversions of each other, each forming prephenate in the initial step. The
arogenate pathway sees the introduction of the amine group adjacent to the carboxylic
acid, followed by the loss of a CO to form the AAA, and the prephenate pathway has the
same steps inverted*? (Fig. 1). Since these AAAs are not synthesized in animals, and
specifically in humans, they are acquired through diet and are considered essential amino

acids.1314
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Abbreviations — AS: anthranilate synthase; PAT: phosphoribosylanthranilate transferase;
PPi: inorganic pyrophosphate; PAI: phosphoribosylanthranilate isomerase; CdRP: 1-(o-
carboxyphenylamino)-1-deoxy-ribulose 5-phosphate; IGPS: indole-3-glycerol phosphate
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AAA:s are not only fundamental for protein formation but are also the precursors
to the plant cell wall and a myriad of SPMs. Tryptophan is the precursor to indole
alkaloids and many phytoalexins (plant defense compounds); tyrosine the precursor to
betalins (plant pigments) and isoquinoline alkaloids (e.g., morphine).*? While the

downstream biosynthetic diversity of tryptophan and tyrosine are much broader than
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those mentioned, of specific interest to the research enclosed in this thesis and the
diversity of aromatic SPMs is those formed by phenylalanine through the
phenylpropanoid pathway, able to produce a range of aromatics such as ligins/lignans,
tannins, flavonoids and bibenzyls. The production of lignin polymers is among the most
important processes in vascular plants, constituting 30% of all organic carbon biomass on
earth.*>" Lignins are phenolic polymers linked by ether and ester bonds. They are
abundant in the cell walls of most plants and are known to support biological functions
such as water transport, biotic/abiotic resistance, and mechanical support.® Lignins gave
early vascular plants the ability to grow both larger in mass and taller than nonvascular
plants. Lignins are also an ideal defense mechanism for plants as the random linkages in
the molecule and high lignin content found in plants make it difficult for most

herbivores/pathogens to break it down as a food source.’

Another well-known phenolic compound are tannins (Fig. 2). The term “tannin”
comes from the French scholar Seguin in 1796 who used the name to denote substances
that can tan hide into leather.*® Tannins are common across most plants and the foods
derived from fruits/plants that humans eat, aiding in the colour of (primarily red) wine
and contributing to colour seen in many fruits and flowers. Tannins are divided into two
classes: condensed and hydrolysable tannins. Also known as proanthocyanidins,
condensed tannins are formed from the phenylpropanoid pathway and take the form of
oligomers or polymers of flavonoid units (flavan-3-ol), with as many as 20 hydroxyl
groups being present in the molecules.*® Hydrolysed tannins are formed earlier in the
shikimate pathway prior to the formation of shikimic acid and are an ester of gallic acid

with glucose or other polyhydric alcohols.*®-?2 In plants tannins are dual purpose: for aid



in defense against herbivory, pathogens, and insects, and to help attract insects towards

flowers for crosspollination.?
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phosphoenolpyruvate

One of the broadest classes of compounds synthesized from the phenylpropanoid

pathway are flavonoids, in which tannins are included. Flavonoids are compounds that

consist of an oxygenated heterocycle with a phenyl ring in the 2’-C position and an

adjacent aromatic ring sharing its 5,6°-C’s.2#?® Structural examples are shown in (Fig. 3).

Flavonoids are widespread over the plant kingdom and have been found to have positive

effects on many diseases and afflictions such as cancer and Alzheimer’s.?* Plants
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synthesize flavonoids for a variety of reasons such as their colour/aroma in flowers
(attracts pollinators), UV filtration (highly aromatic), and to provide protection from a
variety of stressors. Flavonoids are key compounds in the synthesis of many other
important plant metabolites, with the flavan-3-ol (or catechin) class going on to form
proanthocyanins.?* Generally flavonoids are divided into 6 subclasses of compound:
chalcones, flavones, isoflavones, flavonols, flavanones, and anthocyanins.?#2® Other
examples of flavonoid compounds similar to those listed includes the 3 classes of:

dihydroflavanol (flavanonols), flavan-3-ols, and the closely related stilbenes.?®

Flavones Isoflavones Chalcones Anthocyanins Flavanols Flavanones
2 HO ‘
HO
O > 0
Dihydroflavonol Flavan-3-ol Stilbenes

Figure 3: Core flavonoid structures consisting of flavones, isoflavones, chalcones,
anthocyanins, flavanols, flavanones, dihydroflavonol (flavanonols), flavan-3-ol (catechin
derivative), and stilbenes.?*2®

The final class of compound formed through the phenylpropanoid pathway are
bibenzyls (or dihydrostilbenes), a simple class of compound characterized by two phenyl
rings linked by an ethane linkage. Bisbibenzyls take the form of two conjoined bibenzyls,
often linked by an oxygen on the phenyl ring(s) or a direct carbon-carbon bond.
Bibenzyls are common across most plant classes, with bryophytes being prolific bibenzyl
producers.®?” Bibenzyls are one of the most poorly understood of the phenylpropanoid
pathway constituents, owing to a lower presence across higher plants and the difficulty in
the study of bryophytes. (Bis)bibenzyls have been shown to have been antitumor

activities,?®?° antimicrobial/antifungal properties,®*-32, and muscle relaxation effetcts®
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Higher land plants such as Cannabis sativa are also able to produce bibenzyls, with
dihydroresveratrol and dihydropiceatanol being two such compounds.® Bibenzyls and
bisbibenzyls diverge very early in the phenylpropanoid pathway (Fig. 2) from the general

flavonoid biosynthetic route and the class shows a high level of chemical diversity.

Bibenzyls can generally be divided into one of two types: prenylated bibenzyls
and non-prenylated bibenzyls. The bibenzyls found in C. sativa®* and many other
bibenzyls found in liverworts fall under the non-prenylated umbrella. Prenylateterpenoid
intermediates isopentenyl pyrophosphate (IPP, Cs) and geranyl pyrophosphate (GPP,
C10). Terpene biosynthesis is a complex set of pathways characterized by the number of
isoprene units contained in the terpene compound: monoterpenes contain 2 isoprene units
(C10), and subsequent prefixes add one unit: sesqui- (3 units, Cis), di- (4 units, Cxo),
sester- (5 units, Cas), and tri- (6 units, Cso), structural examples being shown in (Fig
4A).* Biosynthesis of these terpenoids start at either the mevalonic acid (MVA) pathway
(cytosolic) or the methylerythritol phosphate (MEP) pathway (plastidial).3” Both
pathways generate IPP, acting as a precursor to all other terpenes.” GPP is formed
through the MEP pathway and feeds into monoterpene pathways.3”-*® An overview of the
MEP pathway is shown in (Fig. 4b) and great reviews of its downstream pathways were
published by Dorothea Tholl (2015)%" and Banerjee and Sharkey (2014)*. IPP, GPP,
farnesyl pyrophosphate (FPP, Cis), and geranylgeranyl pyrophosphate (GGPP, Cyo) are
often esterized to prenylate many SPMs such as bibenzyls, flavonoids,** and
cannabinoids*>*3 using prenyltransferases (PTs). While the terms terpene and terpenoid
are often used interchangeably, terpenoid denotes the terpene derivatives that often

contain oxygen atoms.



B)

A o Q ]
— GAP
- yruva ‘)H‘/OH oo
_ _ OH
H O
Isoprene Geraniol MEP Pathway DXS l\ o
et}

Monoterepene

OH ?
HsC OH
= . . pxp © o/g:'o'
Ha Ha HzC OH
Farnesol NADPH
Sequisterterpene DEE KNADP+
OH é?
MEP ) 10
OH OH ° OHO
F = & F
HO CTP
Geranylgeraniol CMSK i
Ditzl%enel i
CH, R Cg c'; 0>_N
CDP-ME oo o 0O, \
594 N NH,
OH OH - - =
HO H
ATP
C MKK
2,3-oxidosqualene OH - -ADP
Triterpene O\}'J_,' pe)
|
Q o o o]
CDP-MEP o’#\o/'uf\o o yN\
0°- o0 N NH,
H OH - - —
HO' bH
MDS i\ CMP
o\\oﬂo’
3
A
ME-cPP |>\]/\O & ©oH
OH OH -
NADPH
HD&KNADP*
9
PP
HMEPP [ S 6\0 (\)\OH
OH - -
rr HDR NADP? DMEEE
Prenyl Group )\/\O ﬁ o NADP 0 o]
J 17071 T0H _IDI )\/\o’cl,\o/é\OH

9@
N —{ M i i
(0] (0]

Ri o /L/\)\/\ .
Bibenzyls 3
G A% g7 o7 SoH

. - |
Cannabinoids o) 0

Downstream Terpenoids

Figure 4A: Basic structure(s) of the single terpene unit isoprene and example forms of
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General overview of the methylerythritol phosphate (MEP) pathway leading into general
terpene biosynthesis, starting with pyruvate and p-glyceraldehyde-3-phosphate (GAP),
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eventually feeding into bibenzyl and cannabinoid pathways at the prenylation of
terpenoid precursors isopentenyl pyrophosphate (IPP) and geranyl pyrophosphate (GPP).
Abbreviations: DXP: 1-deoxy-p-xylulose 5-phosphate; DXS: DXP synthase; DXR: DXP
reductoisomerase; MEP: methylerythritol phosphate; CMS: 4-diphosphocytidyl-2-C-
methylerythritol synthase; CTP: Cytidine 5'-triphosphate; CDP-ME: 4-
diphosphocytidyl-2-C-methyl-p-erythritol; CMK: 4-diphosphocytidyl-2-C-methyl-p-
erythritol kinase; ATP: adenosine triphosphate; CDP-MEP: 4-diphosphocytidyl-2-C-
methyl-p-erythritol 2-phosphate; MDS: 2-C-methyl-p-erythritol-2,4-cyclodiphosphate
synthase; ME-cPP: 2-C-methyl-p-erythritol-2,4-cyclodiphosphate; HMBPP: 4-hydroxy-
3-methylbut-2-enyl diphosphate; HDS: HMBPP synthase; HDR: HMBPP reductase;
DMAPP: dimethylallyl diphosphate; IDI: IPP isomerase; PTS: prenyltransferase

1.3: Cannabinoids from Cannabis sativa and Radula spp.

Cannabis sativa has been of great interest in scientific research owing to the
phytocannabinoids (plant-derived cannabinoids) it can produce, such as
tetrahydrocannabinol (THC) and cannabidiol (CBD). THC has well-known psychoactive
and pain management properties, along with other potential benefits and side effects.*>*
Research into the benefits of these compounds is ever ongoing. THC is often considered
the most important of C. sativa’s cannabinoids with its high yield and pronounced effects
on the endocannabinoid system.*® The wide range of applications in
medicine/recreational use and the ease of extracting these sought-after cannabinoids has
caused most cannabinoid research to center on C. sativa. No other plants to date have
been found to naturally contain such a large variety of phytocannabinoids or be able to

produce THC/CBD.*

The structural definition of phytocannabinoids are those compounds that contain a
resorcinol core (phenyl with 1,3-hydroxyl groups), a prenylated group ortho to the

hydroxyls, and an esterized alkyl (acid derived) meta to both hydroxyls (Fig. 5A).
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Figure 5A: Cannabinoid core structure and cannabigerolic acid, B: the endocannabinoids
naturally produced by the human body 2-arachidonoylglycerol (2-AG) and anandamide
(AEA)

Biologically cannabinoids are compounds that interact with the endocannabinoid system
(ECS) by binding to different receptors.*® The two most well understood ECS receptors
are known as the CB1 and CB: receptors. The CB receptor is commonly associated with
the central nervous system but is also found in the liver, in body fat, and the skin***°. The
CB: receptor is associated with a variety of physiological functions such as sleep,
memory, pain management, metabolism, and appetite.>*°! The wide expression of CB;1
receptors across the central and peripheral nervous systems is indicative of its ability to
modulate neuron transmission and its role in many psychological and physiological
disorders.*®->2 CB; receptors are centralized in immune cells of the body and may be
associated with functions related to inflammation regulation.***>® Endocannabinoids are
created by the body to act on and modulate these ECS receptors. The two most well
understood and studied endocannabinoids are the lipid molecules 2-arachidonoylglycerol
(2-AG) and N-arachidonoylethanolamine (AEA or anandamide), structures shown in
(Fig. 5b).%*%* 2-AG binds to both of the CB receptors, showing a stronger binding
affinity (K, inhibition constant) to the CB: receptor (Ki=472+55 nM) when compared to

CB: (Ki=1400+172 nM).* K; is the ability of a compound to occupy 50% of a receptor in
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the presence of a saturating competing ligand, with a lower value indicating stronger
binding. AEA sees a similar binding trend to that of 2-AG, with a higher affinity to CB1
(Ki=89+10 nM) compared to CB> (Ki=371£102 nM) and reportedly has concentrations

170x lower than that of 2-AG in the brain.?%:°7

The study of cannabinoids, aside from those produced by C. sativa or the
endocannabinoid system, has been relatively unexplored in research.®®° C. sativa itself
has only seen a recent surge in research over the last 10-15 years due to an increase in
legality world-wide and the de-stigmatization of the plant and its bioactive molecules. An
excellent review on the history of Cannabis was written by Ethan Russo (2007) and
indicates use of Cannabis dates back at least to the ancient Egyptian kingdom as
medicinal salves and as hemp for rope.®° Phytocannabinoids have been reported in
Rhododendron species, Amorpha fructosia, Helichrysum umbraculigerum, and

Cylindrocarpon olidum.*®

Of interest to this thesis is the bibenzyl phytocannabinoid perrottetinene (PET),
found to be produced by liverworts of the Radula genera. PET was first isolated and
identified by Toyota et al. in 1994 from R. perrottetii in Japan.®* Structurally, PET is
analogous to THC (Fig. 6). The differences between the two compounds are the cis-
hydrogens on PET compared to THCs trans-hydrogens and the difference in alkyl chain
between the two (cinnamic acid derived for PET and hexanoic acid derived for THC).
The presence of PET in Radula indicates convergent chemical evolution between the two
genera, and the compound itself has the potential for therapeutic uses owing to its
agonism on cannabinoid receptors.®%2 R. marginata extract is even available for

purchase by internet vendors as a legal psychoactive agent (see appendix) in countries
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where cannabis could be considered a controlled substance. Despite this, research on the

properties and side effects of PET is in its infancy.

CH, (A)  CHs (B) (©) CHa (D)

\HOH
L0
0

tetrahydrocannabinol

Figure 6A: Structural diagram of tetrahydrocannabinol (THC), B: perrottetinene (PET),
C: cannabichromine (CBC), and D: cannabidiol (CBD)

HO

cannabichromine cannabidiol

perrottetinene

Chicca et al., (2018) compared cis-PETSs (the natural epimer found in R.
marginata) efficacy to synthetic trans-PET and THC.®3 The study consisted of a small-
scale synthesis of both PET isomers, seeking to test the binding abilities of the PET
epimers on human ECS receptors and their physiological response in mice. At the CB1
receptor cis-PET was found to have a Ki of 481+£125 nM, considerably weaker than the
binding affinity of both trans-PET (Ki=127+82 nM) and trans-THC (Ki=22+13 nM),
following the drop in K; established by cis-THC (Kj=228+45 nM) and indicating cis-
hydrogens lower the overall receptor binding. At the CB: receptors trans-THC and trans-
PET saw K values of 47+11 nM and 126+55 nM respectively, while the cis-isomers saw
99429 nM (THC) and 225+61 nM (PET). This study found that both cis- and trans-PET
induced similar effects to that of trans-THC in mice: catalepsy, hypothermia, pain
reduction/relief, and reduced mobility. Most importantly PET was found to induce much
less inflammation compared to the use of THC, thus making it a safer alternative to THC.
Further studies into the effects of PET have not been deeply explored, with no clinical

trials being performed and anecdotal reports being the only sources available.

One of the biggest obstacles for learning more about PET and its properties is the

difficulty associated with obtaining the compound. A purification performed on R.
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perrottetii yielded only 114 mg out of 16.7 g of ether extract (0.68% yield),®* while R.
marginata saw 22.5mg out of 0.31g of ether extract (7.3% yield).®* The discrepancy
between these two purifications (nearly tenfold) may be caused by the difference in plant
materials and purification methods. The slow growth of liverworts causes more issues for
research surrounding these plants. Continual harvest of Radula for research purposes is
time consuming, labour intensive, and is not ideal for further tests on the effects of PET.
Overharvesting may also endanger these plant species, as seen with the hallucinogenic
peyote cactus Lophophora williamsii that is used by Native American peoples for
worship and sacramental ceremonies.®® The peyote cactus is a very slow growing, small
plant, and wild populations have declined to the point of it being considered a threatened
species due to overharvesting.®® Various total synthetic routes have been published on
PET, %36 put thus far no commercially viable synthesis for larger scale production has
been published. An alternative to total synthesis is to produce PET through in vivo

production using recombinant DNA technology in microorganisms.

1.4 The polyketide-based cannabinoid and PET biosynthetic pathway

Producing PET using recombinant DNA requires complete biosynthetic pathway
elucidation. While remaining unknown, Hussain et al., (2019) ®” and Giilck and Mgller
(2020)*° proposed that the biosynthetic route would be analogous to that of
tetrahydrocannabinolic acid (THCA) in C. sativa (Fig. 7), which still follows general
polyketide and flavonoid biosynthesis. The main difference between the two pathways is
that perrottetinenic acid (PETA) requires a double bond reduction, which is introduced in
the phenylalanine precursor. As mentioned, Boddington et al., (2022)3 published an
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Figure 7: Side by side comparison of the proposed Radula spp. perrottetinenic acid
(PETA) pathway®®®’ compared to the known tetrahydrocannabinolic acid (THCA)
pathway found in C. sativa*?>. Both pathways follow identical biosynthetic steps with
different starting substrates. Abbreviations: Rc: Radula complanata; CoA: Coenzyme A,
CoAL: CoA ligase; DBR: Double bond reductase; Mal-CoA: Malonyl-CoA; PKS:
Polyketide synthase; TKC: Tetraketide cyclase; PTs: Prenyltransferase; Cs: Cannabis
sativa; AAE: Acyl-activating enzyme; TKS: Tetraketide synthase; OAC: Olivetolic acid
synthase; THCAS: Tetrahydrocannabinolic acid synthase
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examination on the biosynthetic routes of the bibenzyls dihydroresveratrol and
dihydropiceatanol produced by C. sativa. Their findings serve as a great reference for the
bibenzyl synthesis steps (up to GPP prenylation) for PETA and indicates their use of a
“bibenzyl synthase” (BBS), or a type III polyketide synthase (PKS) capable of adding the
ketide chain and performing the cyclization in one stage. The lack of need for ketide
cyclase in the PETA pathway, or olivetolic acid cyclase (CsOAC) in the THCA pathway,

could lead to a more efficient pathway.

Cannabinoid biosynthesis in C. sativa is well documented. Cannabigerolic acid
(CBGA) is the basic core used to form downstream products such as THCA. Biosynthesis
of these cannabinoids takes place primarily in the glandular trichomes of female
Cannabis plants and sees some expression in the leaves.*>¢35% CBGA specific
biosynthesis starts with hexanoic acid, being esterized with a coenzyme A (CoA) unit to
form a thioester bond. This activation is performed by the CoA ligase enzyme class, also
known as acyl activating enzymes (AAEs).*? Three C. sativa AAEs have been found to
successfully form the thioester hexanoic acid, being coined CSAAE1-3. The first step in
cannabinoid-specific biosynthesis is olivetolic acid (OA) formation. The formation of OA
is catalyzed by two enzymes: CsTKS and CSOAC.*>70 CsTKS is a type 111 polyketide
synthase (PKS) that catalyzes the ketide elongation of hexanoyl CoA, adding three
malonyl CoA (Mal-CoA) units to form 3,5,7-trioxododecaneoyl-CoA. CsTKS has been
shown to form the decarboxylated form of OA (olivetol) when CSOAC is not present to

perform the cyclization.

Olivetolic acid biosynthesis is followed with the prenylation of GPP through

membrane bound aromatic prenyl transferases (PTs) to form CBGA.*? The aromatic PTs
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responsible for geranylation are found in the plastidial membrane of C. sativa and is
indicative of the MEP pathway being the source for prenylation in its cannabinoid
biosynthetic pathways.*>* Two PTs derived from C. sativa have bene shown to prenylate
OA with GPP: CsPT1 and CsPT4. CsPT1 demonstrated very broad aromatic substrate
acceptance, with OA, olivetol, naringenin, and resveratrol showing successful
prenylation.*? CsPT4 substrate acceptance is not as broadly explored in literature but
shows successful prenylation with OA and many of its alkyl substituted analogues.’ It is
unclear which enzyme is responsible for prenylation in the cannabinoid pathway as both
PTs are found in the glandular trichomes, with CsPT1 also being expressed in flowers

and young leaves.*

The final stage of cannabigerolic acid (CBGA) formation in plants is the
oxidocyclization of the prenyl chain to form cannabinoids such as THCA,
cannabichromenic acid (CBCA), and cannabidiolic acid (CBDA). The cyclization of
THCA is performed by THCA synthase (THCAS), a protein belonging to the enzyme
class flavin-dependant monooxygenases (FDM)? and contains flavin as an enzyme
cofactor, oxidizing via the abstraction of hydrogens.” Both CBCA and CBDA use
similar enzymes for their oxidocyclization reactions. Previously, our research group has
investigated the transcriptome of several Radula species but could not identify enzymes
homologous to CBDAS/THCAS. Another class of oxidases for the cyclization reaction
to form the final oxytane ring is cytochrome P450 monooxygenases (CYP), which uses
Fe?* as the cofactor and O? as an oxidant.”>"* CYPs are known to catalyze a variety of
oxidation reactions, including ring formation by the abstraction of two hydrogens.

Cytochrome p450 reductase (CPR) acts as redox partner for CYPs by transferring the
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electrons from the NADPH to the CYP enzyme to reduce Fe** to Fe?* and allow for
continual oxidation of substrates by the CYPs.”* FDMs have not been reported in Radula
and we believe that CYPs are the responsible enzyme for the final oxidocyclization
reaction to form PETA, though this is yet to be supported/demonstrated. Further review
on the enzymes/enzyme classes used in the postulated enzymatic route for PET is
provided in Chapter 3 and a detailed examination of cannabinoid biosynthesis inside C.

sativa was written by Blatt-Janmaat and Qu in 2021.42

1.5 Objectives

The work included in this thesis aims to explore the PET biosynthetic pathway by
understanding the bibenzyl phytochemistry in R. complanata through discovering and
characterizing the early biosynthetic pathway CoA ligase (CoAL) and polyketide
synthase (PKS) enzymes responsible for forming the primary bibenzyl skeleton. This

thesis focuses on two aspects:

a) the purification and structural identification of bibenzyl metabolites in Radula

complanata and the unrelated Fabiaceae plant, Amorpha nana (Chapter 2), and

b) gene discovery and in vitro enzyme assays using purified, recombinant Radula CoALs

and PKSs to characterize their functions in bibenzyl skeleton formation (Chapter 3).

Purification of R. complanata bibenzyl metabolites is instrumental to understand
the phytochemistry that is a result of the enzymes in this plant, while also gaining the
standards and substrates for future enzymatic reactions. Since the 2D-NMR spectra of
bibenzyl metabolites have not yet been published, the purifications in this thesis provide

further information to the research community. The purification and metabolite
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identification from Amorpha nana is included because I also identified a PET analog with
a stilbene core, named amorphastilbic acid (AMBA), as a new natural product. The
second goal with the research was to discover and screen CoAL and PKS candidates
found in Radula spp. for bibenzyl biosynthesis. The results show that the bibenzyl
formation in Radula follows the general polyketide synthetic pathway but are compatible
with various structural analogs, therefore providing new catalysts for making bibenzyl

cannabinoid derivatives that may possess better bioactivities.
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Chapter 2: Radula complanata and Amorpha nana Metabolite
Purifications

2.1: Introduction

Bryophytes contain many metabolites that show high potential for use in applications
such as medicine, pesticides, and as antimicrobial agents.!? Liverworts specifically have
been shown to produce many bibenzyls, bisbibenzyls, and terpenoids of interest for
society.® Accessing compounds such as these in plants for use traditionally involves
preparing salves, directly ingesting, or inhaling smoke produced by burning plants.*
Processing the plants correctly is important for the efficacy of the process that the plant is
being used to treat or aid in, with incorrect preparation potentially destroying the
bioactivity of the target metabolites or causing harm to the user.® The medicinal value of
these metabolites should be carefully examined as purified, isolated compounds.
Purifications surrounding the Radula genera is known to produce a wide range of
bibenzyls, but it is unclear if perrottetinene (PET) *1% is common across the entire
genera. Currently, only R. marginata, R. perrottetii, R. campanigera, R. chinensis, and R.

laxiramea have shown the ability to produce this phytocannabinoid.0-13

Radula complanata is a leafy liverwort found across the northern hemisphere and
is native to New Brunswick, Canada. R. complanata grows best in moist environments,
primarily on trees. R. complanata can be found on many different “host” trees and by our
limited observations they are found grown most frequently on Fraxinus americana (white
ash). Bibenzyl contents of R. complanata have previously been analyzed and is shown to
be similar to that of others in the genera.®%1* Other plants of interest to

cannabinoid/bibenzyl research is those of the Amorpha genera in the Fabiceae (bean)
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family. Amorpha plants have been shown to contain the cannabigerol-like (CBG)
cannabinoid amorphastilbol.® A. fructosia and A. nana also contain the amorfrutin class
of compounds which have been shown to have antimicrobial and antidiabetic
properties.'®’ Purification of these plants generally involve the use of silica-based
column chromatography. The work herein involves the purification of R. complanata and
A. nana through preparatory TLC and includes the analysis and absolute assignment
using 2D-NMR (HSQC, HMBC, COSY) of two previously reported bibenzyls in R.

complanata and the assignment of amorphastilbolic acid (AMBA) in A. nana.

—

Photo 1 (Left): Radula complanata attached to Fraxinus americana bark, (Right): 10x
view of Radula complanata separated from bark

2.2 Materials and Methods
2.2.1 Methods - General Considerations:

All solvents used, including LC-MS/MS grade, were purchased from Fisher, other

than formic acid (Supleco) and ammonia (Caledon). TLC plates were purchased from
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SiliCycle (20x20 cm, 200 pum thickness). The LC-MS/MS used was an Agilent Ultivo
Triple Quadrupole LC-MS equipped with an Avantor® ACE® UltraCoreTM
SuperC18TM column (2.5 um, 50x3 mm). The centrivap/cold trap used in the purifications

is from Labconco and was set to -105°C.

2.2.2 Methods - Radula/Amorpha metabolite extractions

R. complanata and A. nana substrates were both purified using the same solvent
mixtures. A. nana freshly harvested stems and leaves (12.35 g) grown in the University of
New Brunswick research greenhouse were mixed with ethyl acetate (50 mL), allowed to
sit for 1 hour with the leaves pressed down and then the liquid decanted off. 50 mL of
ethyl acetate was once again added and allowed to sit overnight. Both extracts were then

combined and dried via evaporation in a fumehood and then in a Centrivap.

R. complanata (3.75g) harvested from Odell Park in Fredericton, New Brunswick
and stored at -80°C was ground in a mortar and pestle with ethyl acetate (25 mL), and the
extract was decanted out. This was repeated twice more, and the extract was dried via
fumehood and Centrivap. After removing the ethyl acetate, 30 mL of methanol was
added to the plant material and allowed to sit at room temperature overnight while
covered and then decanted off for drying. This MeOH extraction and decantation was
repeated eight times. For the fifth extraction, MeOH was left to sit with the Radula over 3

nights. All decanted extract was combined after drying for preparatory TLC.

2.2.3 Methods - LC MS/MS, NMR, & TLC

LC-MS/MS was performed on an Agilent Ultivo Triple Quadrupole LC-MS equipped

with an Avantor® ACE® UltraCoreTM SuperC18™ column (2.5 um, 50x3 mm) which
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included the following solvent systems: solvent A, water +0.1% formic acid; solvent B,
acetonitrile +0.1% formic acid. The following linear gradient (8 min, 0.6 mL/min) were
used: 0 min 50% A, 50% B; 0.5 min, 50% A, 50%B; 5.6 min 1% A, 99% B; 6.0 min 1%
A, 99% B; 6.01 min 50% A, 50% B; 8 min 50% A, 50% B. The column temperature was
kept at 40°C. The photodiode array detector records from 200 to 500 nm. The MS/MS
was operated with gas temperature at 300°C, gas flow of 12 L/min, capillary voltage 4
kV, fragmentor 135 V, collision energy 30V with negative polarity. H* NMR spectra
were recorded using a 400 MHz Bruker Avance NEO spectrometer spectrophotometer
and 400 MHz Agilent 400-MR DD?2 spectrometer with CDClIs as the solvent, referenced

at 7.26 ppm (H') and 77.36 ppm (C*).

Plant extracts were purified using TLC separation with a 15:4:1:0.5 toluene:ethyl
acetate:methanol:formic acid mobile phase. Bands were analyzed on LC MS/MS using
the above parameters. For the A. nana extract, TLC bands were viewed and marked using
short (254 nm) and long (365 nm) wave UV, then manually harvested and mixed with
1 mL of methanol for extraction from the silica. A total of four 20x20 cm TLC plates
were loaded with A. nana extract. Compounds were extracted from silica by shaking at
300 RPM overnight at 4°C, and the methanol dried in CentriVap Vacuum Concentrator
to isolate the compounds. Like bands were grouped together based on the LC MS/MS

data.

R. complanata followed a similar extraction. The ethyl acetate and methanol
extracts were loaded over 34 20x20 cm TLC plates. TLC bands were viewed and then
marked using short (254 nm) and long (365 nm) wave UV. Like bands for the plates were

harvested (determined via retention factor (RF), and absorbance/fluorescence under UV)
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and collected into 50 mL Falcon tubes. Each Falcon tube was mixed with 10 mL of
methanol and allowed to shake overnight. Falcon tubes were centrifuged at 10000 g for

2 minutes, and the methanol was pipetted off into a 15 mL Falcon tube without disturbing
the silica. 5mL of methanol was then added to the 50 mL tubes as a silica wash, and the
15 mL methanol extract was dried in the Centrivap while the harvested silica gel +
methanol wash was shaken at 300 RPM at 4°C for a minimum of 15 minutes. After the
methanol extract was dried down to 1-2 mL in the Centrivap, the wash was once again
added to the methanol extract and the wash process was repeated 7 times. The initial
washes were analyzed via LC MS/MS to indicate band components. Secondary
purifications of preparative TLC extracts were performed with a 15:4:1:0.5 toluene:ethyl

acetate:methanol:ammonia mobile phase.

2.3 Results and discussion

2.3.1 Results - Purification and identification of amorphastilbic acid from Amorpha
nana

LC-MS/MS total ion chromatogram (T1C) showed a major compound [M-H] of
m/z 391.1 at 4.4 mins corresponding to amorphastilbic acid (AMBA) (Fig. 1) from the
leaf ethyl acetate extract. Later, 110 mg of ethyl acetate crude extract was harvested from
the initial 12.35 g of plant matter, and 1/3 of the extract (=35 mg) afforded 4.14 mg of
m/z 391.1 from preparative TLC with a retention factor (RF) of 0.6 and is shown in (Fig.
2). Post-purification, 4.14 mg of solid was extracted from the silica. The extract was
analyzed using LC-MS/MS and 2D-NMR in CDClIs and the results are shown in (Table
1). Spectra of the electrospray ionization (ESI) chromatogram and the 2D-NMR used can
be seen in (S1-4). The NMR chemical shifts of AMBA were similar to those from

amorphastilbol (AMB) and CBGA due to the similarity between the molecules.'>8 There
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was no evidence of AMB m/z value in the crude extract for its LC-MS/MS TIC. It is
possible that AMB is produced under certain growth condition or its previous isolation
from A. nana was an artifact during purification since the carboxylic acid forms of

cannabinoids in C. sativa are decarboxylated by slow degradation or heat.®

05 1 15 2 25 3 35 4 45 5 55 6 65 71 15
Time
Figure 1: Negative total ion chromatogram (TIC) of the total crude ethyl acetate extract
of Amorpha nana leaves, with the peak at 4.4 mins corresponding to a m/z of 391.1 and
representing amorphastilbic acid (AMBA).
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Figure 2: TLC plates of A. nana extract under A: long wave UV (365 nm, left) and B:
short wave (254 nm, right) using a 15:4:1:0.5 toluene:ethyl acetate:methanol:formic acid
mobile phase. The retention factor (RF) of AMBA was 0.6.

AMBA Amorphastilbol Cannabigerolic acid
'H NMR 13C NMR 'H NMR 3C NMR 'H NMR 13C NMR
Assignment Exp Exp Lit!® Lit!® Lit® Lit®
1 137.6 137.1 1.35 32.2
2" 7.48 127.0 7.20 126.4 1.35 22.8
3" 7.33 128.7 7.45 128.6 0.19 14.3
4" 7.24 127.87 7.45 128.0
5" 7.33 128.7 7.45 128.6
6" 7.48 127.0 7.20 126.4
a 6.82 130.9 6.98 128.0 2.88 36.8
] 6.79 130.9 6.98 128.0 1.60 317
2 1.82 16.5 1.76 16.2 1.82 16.4
3 139.2 1394 138.7
4 5.3 121.3 5.20 123.6 5.28 121.7
5 3.45 224 3.45 225 3.43 22.3
6 160.4 155.1 160.7
7 113.4 113.2 112.1
8 163.35 155.1 163.9
9 103.2 6.45 106.5 103.4
10 141.9 136.8 147.7
11 6.61 108.42 6.45 106.5 6.28 1115
1 2.23 36.3 2.03 39.7 2.22 40.0
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| 2' | 207 399 | 203 264 | 212 268 |
3 5.06 123.9 5.10 121.2 5.06 124.1
4 132.1 132.1 132.1
5 1.68 25.8 1.62 17.7 1.67 25.9

| 6" | 159 179 | 1.8 256 | 159 179 |

Cannabigerolic acid
Table 1: *H-NMR and *C-NMR assignments for AMBA using previously reported
identifications of AMB and CBGA as a reference.*>'® HSQC, HMBC, and COSY 2D-
NMR methods were used to aid in the molecular assignment of AMBA (S2-4).

2.3.2 Results - Purification and identification of bibenzyls from Radula complanata

LC-MS/MS TIC of the R. complanata extract with the most prominent peaks marked is
shown in (Fig. 3). Bibenzyl molecules found in R. complanata total extract have been
identified based on *H-NMR, LC-MS/MS data, and referenced from previous structural
identifications performed by Asakawa et al®!* and Blatt-Janmaat et al'®. After preparative
TLC, 26 bands were marked and harvested based on visible UV and fluorescence
quenching (Fig. 4). Table 2 indicates the RFs and masses recovered after drying for each
of the harvested bands. Only TLC bands that could be detected by LC-MS/MS were

chosen for further isolation.
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1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Time (min)
Figure 3: Total extract LC-MS/MS chromatogram of Radula complanata with the peaks

containing the most prominent molecules marked with their respective chemical
structures. Peaks labelled with structures are previously identified by our research group™®

and in this thesis.

Band# | 4 5 10 11 12 13 14 15 16 18 21 22 24

RF 0.22 | 0.27 | 042 | 0.47 | 0.50 | 0.55 | 0.58 | 0.61 | 0.63 | 0.70 | 0.84 | 0.89 | 0.94

Weight
(mg) 163 | 149 | 158 | 109 | 158 | 129 | 152 | 232 | 19.1 | 146 | 179 | 23.1 | 214

Table 2: The retention factors (RF) and purified masses of the bands chosen for further
analysis from the acidic R. complanata purification
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Figure 4: TLC plates of R. complanata extract under A: ambient light, B: long wave UV
(365 nm), and C: short wave (254 nm) using a 15:4:1:0.5 toluene:ethyl
acetate:methanol:formic acid mobile phase.. TLC plates of secondary purifications using
bands at an RF of 0.5 (band 12) and 0.55 (band 13) of the first R. complanata purification
under D: ambient light and E: long wave UV (365 nm) using 15:4:1:0.5 toluene:ethyl
acetate:methanol:ammonia mobile phase. Band 1 has a retention factor (RF) of 0.285 and
holds to 4-geranyl-5-ethylphenylbenzene-1,3-diol (bibenzyl 1) and band 2 has an RF of
0.36 and holds radulanin L° (bibenzyl 2)

Two of the most abundant bibenzyls (Band 12 and 13, 1.98 mins and 4.72 mins in
(Fig. 3) were chosen for further TLC purification with a basic mobile phase (Fig. 3D-E,
S5) Finally, 3.50 mg bibenzyl 1 and 2.13 mg bibenzyl 2 were recovered. Structures for
these bibenzyls can be found in (Table 3). NMR identification was then performed in
CDCls for both purified compounds, and the ESI chromatograms and NMR spectra for
each bibenzyl can be found in S6-12. Table 3 contains assignment for each purification

along with reference peaks®®.

Bibenzyl 2 (radulanin L) structural assignment followed expectations based on
literature values and previous structural identifications performed by Blatt-Janmaat using

alternative purifications techniques.'® The 2D-NMR, specifically the HSQC data,
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indicates that the structure for bibenzyl 1 is different than the literature reports. Placement
of the geranyl chain in the identification by Asakawa et al., (1978)8 indicates the
attachment to C7, while our 2D-NMR analysis shows asymmetry between C7 and C9,
whereas with the original proposed geranyl placement would have absolute symmetry in
the molecule. The incorrect assignment of bibenzyl 1 was addressed by Crombie et al.
(1988)%° and Asakawa et al., (1991),° and the data shown in this report indicates the

correct assignments of this ortho-variant.

Bibenzyl 1 Bibenzyl 2
1H NMR BC NMR H NMR 13C NMR
Assignment | Exp  Lit® Exp Lit® Exp Lite Exp Lite
1 141.7 141.8 127.3 127.8
2" 731  7.27 128.5 128.4 153.5 153.5
3" 7.20 7.27 128.5 128.4 6.75 6.75 115.3 1154
4" 722 7.27 126.1 126.0 7.08 7.08 127.3 127.4
5" 720 7.27 128.5 128.4 6.85 6.86 120.8 120.9
6" 731 7.27 128.5 128.4 7.08 7.09 130.3 130.3
o 2.83 2.80 35.7 35.6 2.82 2.83 35.7 35.7
B 2.83 280 37.7 35.6 2.82 2.83 32 32
1
2 1.79 177 16.3 16.2 4.4 6.75 74.3 74.3
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3 138 137.7 134 134.1
4 51 5.10 1225 123.9 5.6 5.61 120.4 120.7
5 3.29 3.27 24.9 24.8 3.4 3.4 21.7 21.7
6 155.9 155.7 152 152.1
7 6.28 6.28 101.6 101.6 6.41 6.39 1114 111.6
8 154.7 154.5 141.6 141.6
9 6.29 6.28 108.8 109.0 6.55 6.55 113.7 113.8
10 142.0 142.2 159.9 159.9
11 118 117.8 120.6 120.7
1 205 2.00 39.6 39.6 1.54 1.54 20.1 20.1
2' 2.05 2.00 26.6 26.5

3 5.04 5.10 123.7 122.7

4' 132.2 131.9

5' 165 1.65 17.6 17.7

6' 158 1.65 25.8 25.6
Bibenzyl 1 OH Bibenzyl 2 OH

Table 3: NMR assignments for 350g/mol (bibenzyl 1) and 296g/mol (bibenzyl 2) R.

complanata structures.

2.4 Conclusion and future studies

Purifications were performed and detailed on both Amorpha nana and Radula
complanata, yielding the parental carboxylic acid form of amorphastilbol from the former

(AMBA) and two bibenzyls from the latter. The medicinal potential of AMBA and AMB

have not yet been explored, and no literature has been published on the

purification/structural identification of AMBA from Amorpha plants, only its

decarboxylated forms. Further work on how much AMBA is produced by A. nana will
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need to be performed, along with the elucidation of the biosynthetic pathway leading to
its formation. The analogous structure to that of CBGA is indicative of a similar reaction
route, likely using the same types of enzymes. The bibenzyls examined from R.
complanata have all been isolated and identified previously; however their 2D-NMR
spectra were not reported. The results of the analysis indicated correct assignment for
bibenzyl 2 but indicated a different structure for bibenzyl 1, with geranyl chain placement
on C7 instead of C11. Future investigations of the bibenzyl identifications will focus on
the confirmation of structures shown in (Fig. 3) and the identifications of new bibenzyls

in R. complanata.
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Chapter 3: Discovery and characterizations of Radula coenzyme A
ligases and polyketide synthases

3.1: Introduction

The proposed PET biosynthetic pathway (Figure 1) follows general flavonoid and
polyketide biosynthetic pathway (Fig. 2 in Chapter 1) and is highly analogous to that of
tetrahydrocannabinolic acid (THCA) in cannabis. Flavonoids are synthesized across the
entire plant kingdom as they are intimately involved in plant adaptation and defense 1,
During millions of years of evolution, neofunctionalization of flavonoid biosynthetic
genes and recruitment of other biosynthetic intermediates (e.g., hexanoic acid for THCA
biosynthesis) have likely contributed to the birth of new compounds, such as THCA and

bibenzyls, utilizing similar reaction routes.

PET produced by Radula and THCA/THC from cannabis may be an example of
convergent evolution, in which an identical or analogous molecule/enzyme/function have
evolved independently. While the ecological function of PET in Radula is not clear, THC
is often regarded as assisting in plant defense against herbivores,*® since to the glandular
trichomes storing the phytocannabinoids in cannabis being shown to aid in plant
defense.® Oil bodies where bibenzyls are stored in Radula may serve this same purpose,
which suggests that PET has a similar function to THC. Another plant that employs the
function of Cannabis-like phytocannabinoids is Helichrysum umbraculigerum. H.
umbraculigerum produces a very wide range of phytocannabinoids that are found in both
Cannabis and Radula. A recent study by Berman et al., (2023) examined the metabolic
profile of H. umbraculigerum and found the presence of cannabigerolic acid (CBGA), 2-

geranyl-2,4-dihydroxy-6-phenylethylbenzoic acid (the precursor to PETA, coined
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HeliCBGA in their studies), and a host of other Cannabis sativa phytocannabinoids.’
Berman’s proposed pathway for HeliCBGA is identical to that of PETs proposed
pathway, though no evidence of PET or other oxidocylized-phytocannabinoids was
found.
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Figure 1: Overview of PETs biosynthetic pathway proposed by Hussain et al., (2019)2
and Giilck and Mgller (2020)° starting with CoA ligation to trans-cinnamic acid

Tailoring of these biosynthetic pathways starts at coenzyme A (CoA) and
cinnamic acid ligation. CoA ligases belong to enzyme superfamily of acyl-activating
enzymes (AAE).1%1 AAEs are defined by their ability to create an adenylate intermediate
through the addition of adenosine triphosphate (ATP), forming an adenosine
monophosphate (AMP)-acyl intermediate.** AAEs are found across all organisms due to
the importance of carboxylic acid activation allowing for diverse metabolite biosynthesis.
CoA ligases often have a high level of substrate compatibility and feed into many
pathways. 4-coumarate:CoA ligases (4CLs) are among the most well understood
enzymes responsible for CoA ligation reactions in the phenylpropanoid pathway.!?14
4CLs substrate are most commonly specific to 4-coumaric acids (p-coumaric acid),
caffeic acids, and ferulic acids (Fig. 2A). Trans-cinnamic acid and sinapic acids are also

common carboxylic acid substrates accepted by the homologous cinnamate:CoA ligases

(CNLs), the former being the proposed enzyme/substrate involved in the PET
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biosynthetic pathway. The reaction catalysed by these CoA ligases end with the
formation of a thioester bond after formation of the high energy AMP intermediate (Fig
2B).13 Specificity of these substrates is generally limited to the trans-cinnamic acids,
though some 4CLs have been shown to have the ability to form the thioester bond with
dihydro-cinnamic acids. An example of this is the 4CL from Plagiochasma
appendiculatum (Pa4CL1), shown to accept both dihydrocoumaric acid and p-coumaric
acid substrates (Gao et al., 2015).*® The preference of cinnamic-type acids over their
reduced forms can likely be attributed to the former’s higher degree of linearity allowing

for easier AMP-acyl esters and thioester formation.
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Figure 2A: Common cinnamic-type acids used for CoA ligation by 4-coumarate: CoA
ligases (4CLs) and cinnamate: CoA ligases (CNLs). B: Coumaroyl-CoA formation
starting with p-coumaric acid and adenosine triphosphate (ATP), forming an adenosine
monophosphate (AMP) acid intermediate before forming the final coumaroyl-CoA
thioester

NADPH dependant double bond reductases (DBRS) are proposed to reduce the

double bond of the CoA ester for PET biosynthesis. Classes of DBRs are found across all
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organisms and constitute a massive enzyme class, oxidoreductases forming around 30%
of all registered proteins on the Braunschweig Enzyme Database.'® The role that DBRs
fill in Radula bibenzyl formation is to act on acyl-CoA and form the dihydroxy-
intermediate. Dihydroresveratrol and dihydropiceatanol formation in C. sativa sees the
utilization of these alkenyl DBRs after thioester formation.*® The liverwort Marchantia
paleacea uses several DBRs in its biosynthetic pathways, with Authors Wu et al., (2015)
indicating the two reductases MpDBR and microbial alkenal double bond reductase-like
(MpMDBRL) only shared 42.82% amino acid identity with each other.!” Further analysis
of these two DBRs showecased similar substrate compatibilities but differing reaction

preferences (temperature, pH) and shows the importance in DBR usage across liverworts.

Polyketide synthesis and cyclization of the newly formed ketide chain is the next
proposed step in bibenzyl biosynthesis. Polyketide synthases (PKS) are a broad enzyme
group responsible for the formation of its namesake, polyketides.'® PKSs fall into three
categories: Type I, I, and I11. Type | PKSs are single, large polypeptides with distinct
acyl carrier protein, acyltransferase, and ketosynthase domains.*®*° Type Il PKSs are
comprised of distinct enzymes which interact and form multienzyme complexes.?’ Type
Il PKSs are functionally similar to type | PKSs and carry out the same type of
reactions.?>?? Type 111 PKSs are the simplest PKS structurally, yet have a high degree of
molecular complexity.?® The type 111 PKS family is characterized by their homodimeric
enzyme structure.?® Plant bibenzyl synthesis and the phenylpropanoid pathway is
commonly associated with the use of type Il PKSs. These enzymes generally function as

“malonyl CoA” (Mal-CoA) loaders, adding on ketone units (2 carbon) to thioester bonds
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to create a distinct chain of ketones that can undergo spontaneous or enzymatic

cyclization.?>24

Chalcone synthases (CHS) are the best characterized type 11 PKSs. This
specialized route begins with the addition of three malonyl units to p-coumaric acid. This
is followed by an intramolecular reaction to form naringenin chalcone, the central
precursor to the flavonoid biosynthesis network boasting over 6,000 structures.?>?5
Tetraketide synthase (TKS) in C. sativa is a type 11l PKS that forms the polyketide
intermediate required for CBGA synthesis.?? Instead of accepting p-coumaroyl CoA,
CsTKS prefers the alkyl hexanoyl CoA substrate and condenses three Mal-CoAs to form
olivetol on its own, or utilizes olivetolic acid synthase (CsOAC) to form olivetolic acid,
the carboxylated precursor to CBGA.? Stilbene synthases (STSs) and bibenzyl synthases
(BBSs) are closely related enzymes of the type 11 class able to form their namesake
compounds. STSs are often compared to CHSs, sharing 75-90% amino acid sequences
across 400 residues.?” STSs are most associated with their ability to make resveratrol by
forming the polyketide intermediate and condensing coumaroyl CoA.?® BBSs act
similarly to STSs and was first characterized in 1993 by Reinecke and KindI?® in the
orchid Bletilla striata. BBSs have a preference in the dihydro-cinnamates, the inverse of
stilbenes preference towards the trans-derivatives. A reaction scheme of the electron

pushing for the most common PKS products is seen in (Fig. 3).
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Figure 3: Overview of possible biosynthetic routes of type 111 PKSs in plants.
Abbreviations: TKS: Tetraketide synthase; CHS: Chalcone synthase; STS: stilbene
synthase; BBS: bibenzyl synthase; OAC: Olivetolic acid cyclase

Prenylation and oxidocyclization are the final steps in the formation of PET and
other cannabinoids. Aromatic prenyl transferases (PTs) are responsible for the addition of
isopentenyl pyrophosphate (IPP) and geranyl pyrophosphate (GPP) to the resorcinol core
and for the formation of cannabinoid precursors such as CBGA. CsPT1 and CsPT4 are
able to the form CBGA from olivetolic acid and GPP and are both membrane-bound
proteins (as all plant aromatic PTs are).3%-32 As mentioned in Chapter 1, the enzyme
responsible for the final cyclization of PETA in Radula is not clear. The flavin dependant
monoxogenases (FDMs) found in C. sativa®® for THCA and CBDA formation (i.e.,

THCA synthase and CBDA synthase) are not found in Radula and the cyclase that will
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catalyze oxidative cyclization is likely in a different enzyme class, e.g., the cytochrome

p450s (CYPs).

While PET biosynthesis resembles general flavonoid and stilbenoid biosynthesis,
research into the biosynthetic pathways in Radula species will likely identify new enzyme
catalysts responsible for producing not only PET but also other structural analogs in vivo
using microbial hosts such as E. coli or yeast. The process of exploring this pathway and
its diverse metabolites is indicative that enzymes in Radula likely possess a wide range of
substrate compatibility.3>-3" A high degree of substrate compatibility for CoALs is of
interest to metabolic engineering due to the importance the cinnamic substituent has in
the bioactivities of bibenzyls. Tailoring the aryl group could increase/decrease
bioavailability by adjusting traits such as hydrophobicity and linearity. The same can be
said with the PKSs in Radula, where a high degree of compatibility could lead to unique
bibenzyls and stilbenes. In this work three CoA ligases from Radula complanata
(RcCoAL1-3) and five PKS/BBS from Radula marginata and Radula japonica were
studied, which have led to the biochemical characterization of RcCoAL1 and RjPKS3
and their relations towards the biosynthesis of PET. Both enzymes showed remarkable
substrate acceptance, which will lead to the production of many novel bibenzyls and

cannabinoids.

3.2: Materials and Methods
3.2.1: Methods - General Considerations

All solvents, including LC MS/MS grade used were purchased from Fisher aside from the

formic acid (Supleco) and acetic acid (Anachemia). LC MS/MS was an Agilent Ultivo
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Triple Quadrupole LC-MS equipped with an Avantor® ACE® UltraCoreTM
SuperC18TM column (2.5 pum, 50x3 mm). Synthetic clonal were purchased from Twist
Bioscience. Unless specifically mentioned, all kits were purchased from New England
Biolabs. Tris, IPTG, agarose, and lysogeny broth (LB) mix were purchased from
Invitrogen. Primers were purchased from Eurofin Genomics. Kanamycin antibiotics,

NaCl, imidazole, and glycine, were purchased from Bio Basic.

SDS gels and running chamber were run in Froggbio Mini-Protean Tetra System
chambers with their compatible 1mm gel cassettes. Gels were made using manufacturer
protocols. Glycerol, ammonium persulfate and acrylamide 40% was purchased from
Fisher. Coosmasie blue powder was purchased from TCI America. TEMED purchased
from Invitrogen. SDS purchased from Bio Basic. Thermo Nickel NTA Resin in Cytiva
PD-10 columns and Cytiva Sephadex™ G-25 columns used for protein purifications.

Sonicator used to break up cells was a Q-Sonica (Model CL-188).

3.2.2: Methods - E. coli transformations

Synthetic vectors were first transformed into TOP10 E. coli cells and followed by a
transformation into BL21-DE3. The TOP10 transformation follows a standard
transformation protocol with 100 ng of vector being added after 50 uL E. coli aliquots are
taken from storage at -80°C and a subsequent 15 minutes in the icebath. Following this, a
40 sec 42°C heat shock is performed on the cells+vector, and then immediately cooled
for 2 minutes in an icebath. 350 uL of LB is then added to the cells and the culture is
allowed to incubate at 37°C while shaking for 1.5 hours. After incubation, the cells were
pelleted and then spread onto plates with antibiotics for selection (kanamycin for pET-
30a+pET-30b vectors) and incubated overnight at 37°C. Colonies were tested through
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colony PCR using 2x Frogga Tagq Mix™ from FroggaBio following manufacturer
protocols. Positive colonies were grown up and purified using the Monarch® Plasmid
Miniprep Kit. This process is identical for BL21-DE3 transformations, and the grown

cultures are kept in a final concentration of 25% glycerol for -80°C storage.

3.2.2: Methods - Protein purification: CoA ligases

Protein purification starts with induction of the proteins. Glycerol stock is grown in

15 mL of LB with kanamycin overnight (12-16 hrs) at 37°C. Overnight culture is then
further grown in LB, diluting 1:100 (15mL of culture into 1500 mL of LB and
antibiotics). This culture is then grown for 2-4 hours until an optical density of 0.600
(OD600), as read by the Thermofisher NanoDropOne, is reached. Once the OD600 is
achieved the culture has isopropylthio-p-galactoside (IPTG) added to the culture to a final

concentration of 0.1 mM and then is induced overnight via shaking at 15°C.

Induced cultures are then purified using nickel affinity columns. Cells are first
centrifuged at 4°C, 6000 g, for 2 mins and collected. 20 mL of lysis buffer (Table 1) is
added to the cell pellets and vortexed until the cell mixture is homogeneous. Cells are
lysed through sonication at max power in an ice bath for 10 secs, repeating 5 times,
allowing for the sonicated cells to cool down for 2 mins between pulses. Lysed cells are
then centrifuged at 4°C, 10000 g, for 10 mins and the insoluble cells and supernatant are
separated. Soluble proteins contained in the supernatant are added to the nickel affinity
column and allowed to incubate for 30 mins. 3 washes are then performed on the column,

buffers shown in (Table 1):

1) 25 mL wash with lysis buffer

2) 25 mL wash with wash buffer
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3) 5x 500 uL washes using elution buffer, with each fraction being collected and the
concentration is measured against a bovine serum albumin (BSA) standard curve.

Concentration is measured as follows:

absorbance (A) x 1 mL (protein dye)
0.0547 * volume added

Concentration =

Purified proteins are then desalted by adding fractions from highest concentration to
lowest concentration, allowing each fraction to enter the column before adding the next.
Proteins are then eluted by adding in desalting buffer (Table 1) and collecting in fractions
of 500 pL until the concentration of fraction is unmeasurable. Highest concentrations of
proteins are mixed, and the final concentration is measured for use in enzyme assays.
This purification protocol was also performed for the PKS protein purifications by a

colleague using smaller culture volumes.

‘ 7.5pH Imidazole NaCl Glycerol
Tris HCI
Lysis Buffer 20 mM 20 mM 100 mM 10% (by weight)
Wash Buffer 20 mM 30 mM 200 mM 10% (by weight)
Elution Buffer 20 mM 250 mM 100 mM 10% (by weight)
Desalting Buffer 20 mM 0 mM 100 mM 10% (by weight)

Table 1: Composition of buffers used in protein purifications, with use of each buffer in
the purification being sequential, starting with the lysis buffer and ending with the
desalting buffer.

3.2.3: CoA Ligation Protein Assays

CoA ligation assays were performed using previously described methods.*® Total
Ochrosia elliptica plant proteins and three R. complanata CoA ligases were used for CoA

ligation enzyme assays methods named RcCoAL1-3. Sequences for these gene can be

51



found in (S13-15). O. elliptica assays utilized 30 pg of protein and component
concentrations can be seen in (Table 2), using only p-coumaric acid as a substrate.
RcCoAL1-3 assays were tested using 2.5-3.0 ug of protein. Assay component
concentrations can be seen in (Table 2). Reactions were started by addition of protein to
assay mixture, briefly vortexed, and incubated at 30°C for one hour. Enzyme activity was
stopped by the addition of 100 uL of MeOH (1:1 with reaction mixture). Samples were
then centrifuged at 100009 for 1 minute and filtered into a standard 2 mL clear LC vial
using a 0.22 um filter for LC-MS/MS analysis. A full list of all 21 substrates used for
CoA ligations can be found in (Table 3), with acids 1-21 being used for RcCoAL1 assays
and acids 1-8 for RcCoAL2-3. These tests were identically performed as dropout assays,
performing the same assay (Table 2) and removing a component in each assay to confirm

activity, testing with the removal of CoA, ATP, protein, and substrate.

7.5pH CoA ATP | MgCl> | CoAL p- Substrate
Tris Protein | coumaric | (Table
HCI acid 3)

O.elliptica|| 100 |03mM |5mM | 5mM 30pug | 0.03mM N/A
mM
RcCoAL1-|| 100 [03mM |5mM | 5mM | 25-3.0 N/A 1mM
3 mM ug

Table 2: CoA ligation enzyme assay composition for R. complanata enzyme assays.
Components required are 7.5pH Tris HCI, coenzyme A, adenosine triphosphate (ATP),
magnesium chloride, requisite proteins, and acid substrate. A full substrate list can be
found in Table 3. Reactions were incubated for one hour at 30°C
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1 | Transcinnamic Acid 12 | a-Cyano-4-hydroxycinnamic acid
2 | Hydrocinnamic Acid 13 | 3-Phenyllactic acid
3 | Caffeic Acid 14 | Indole-3-propionic acid
4 | p-Coumaric Acid 15 | 3-(3,4-Dimethoxyphenyl) propionic acid
3-(4-Hydroxyphenyl)

5 | propionic acid 16 | 3-[4-(Methylsulfonyl) phenyl] propanoic acid
6 | Sinapic Acid 17 | a-Methylhydrocinnamic acid
7 | trans-2-Hexenoic acid 18 | 2,5-Bis(trifluoromethyl) hydrocinnamic acid
8 | Hexanoic Acid 19 | 3-(3,4-Methylenedioxyphenyl) propionic acid
9 | 3-Cyclohexylpropionic acid 20 | L-Phenylalanine

10 | trans-2-Hydroxycinnamic acid || 21 | 3-(2-Bromophenyl) propionic acid

11 | trans-3-Hydroxycinnamic acid

Table 3: Acid substrates used for RcCoAL1-3 compatibility tests. RcCoAL1 was tested
against substrates 1-21, RcCoAL2-3 was tested against substrates 1-8

3.2.4: Polyketide Synthase Protein Assays

PKS assays were performed using previously described methods.3® One PKS enzyme
from Radula japonica was used for these assays, named RjPKS3. Sequences for these
genes can be found in (S16). Enzymatic mixtures were set up by using RcCoAL reactions
(Table 2) and adding malonyl CoA and PKS proteins, component concentrations being
shown in (Table 4). Substrates used were substrates 1-5, 7-8, 10-11, and 14 (Table 3).
Reactions were started upon addition of both proteins and were incubated at 30°C for two
hours. Enzyme activity was stopped by the addition of 100 uL of MeOH (1:1 with
reaction mixture). Samples were then centrifuged at 10000g for 1 minute and filtered into

a standard 2mL clear LC vial using a 0.22 pm filter for LC-MS/MS analysis.
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7.5pH CoA ATP MgCl, | RcCoALL | Substrate PKS Mal-
Tris HCI Protein (Table 3) Protein CoA

PKS 100mM | 0.3mM | 5mM 5SmM | 25-3.0 pug 1mM 1.5-25pg | 0.5uM

Table 4: Polyketide synthesis assay composition for R. complanata enzyme assays.
Components required are 7.5pH Tris HCI, coenzyme A, adenosine triphosphate (ATP),
magnesium chloride, requisite proteins, acid substrate, and Mal-CoA. Reactions were
incubated for two hours at 30°C

3.2.5: LC-MS/MS Parameters

LC-MS/MS analysis was performed on an Agilent Ultivo Triple Quadrupole LC-MS
equipped with an Avantor® ACE® UltraCoreTM SuperC18™ column (2.5 um,

50x3 mm) which included the following solvent systems: solvent A water +0.1% formic
acid; solvent B, acetonitrile +0.1% formic acid. The following linear gradient (8 min,

0.6 mL/min) were used: 0 min 99% A, 1% B; 0.5 min, 99% A, 1%B; 5.6 min 1% A, 99%
B; 6.0 min 1% A, 99% B; 6.01 min 99% A, 1% B; 8 min 99% A, 1% B. The column
temperature was kept at 40°C. The photodiode array detector records from 200 to 500
nm. The MS/MS was operated with gas temperature at 300°C, gas flow of 12 L/min,

capillary voltage 4 kV, fragmentor 135 V, collision energy 30V with negative polarity.
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3.3 Results and Discussion
3.3.1 Identifying CoAL and PKS candidates from Radula spp.

The CoAL and PKS enzymes responsible for PET biosynthesis are likely homologs of
known CoAL and PKS enzymes from other plant species. Searching the R. complanata,
R. marginata, and R. japonica transcriptomes with several known 4CL and chalcone
synthase protein sequences resulted in the identification of three R. complanata CoAL
candidates and nine PKS candidates (RcPKS1-3, RjPKS1-3, and RmPKS1-3) from the
three Radula spp. Due to the lack of plant materials for R. marginata and R. japonica,
five PKS candidates from these two species (RmPKS1-3, RjPKS2,3) were synthesized
and subcloned in pET-30b(+) vector for expression in E. coli. The three R. complanata
CoAL candidates were also synthesized and subcloned in pET-28a (+) vector for E. coli
expression. During the time of writing this thesis, only the three CoAL candidates and
RjPKS3 were tested for enzyme activities, sequences shown in S13-16. The phylogeny of

the PKS candidates is shown in (Fig. 4).
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Figure 4: Phylogeny of the PKSs in R. complanata, R. marginata, and R. japonica. The
evolutionary history was inferred by using the Maximum Likelihood method and JTT
matrix-based model.® The tree with the highest log likelihood (-6064.77) is shown. The
percentage of trees in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
JTT model, and then selecting the topology with superior log likelihood value. The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site. This
analysis involved 14 amino acid sequences. There was a total of 460 positions in the final
dataset. Evolutionary analyses were conducted in MEGA11.4°4! The enzyme highlighted
in red was tested in enzyme assays

3.3.2: Results - Establishing a CoA ligation reaction positive control with Ochrosia
elliptica total leaf proteins

Since p-coumaric acid and the CoA ligation reaction is ubiquitous in all plants for
flavonoid biosynthesis, an in vitro reaction was performed with p-coumaric acid, CoA,
ATP and the total desalted Ochrosia elliptica leaf proteins to establish a reaction
condition for testing Radula CoAL candidates. LC-MS/MS showed efficient production

of a p-coumaroyl CoA derived thioester of [M-H]  832.5 at 3.9 min, with no product
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being formed in the absence of the substrates or plant proteins (Fig. 5A). p-coumaroyl

CoA is expected to have [M-H] 912.2. The [M-H] 832.2 product (80 amu less) is likely

a dephosphorylated derivative (Fig. 5B) generated by a native O. elliptica phosphatase.

The results indicated the reaction conditions are sufficient for testing Radula CoAL

candidates.

A)

pCA+ATP +CoA+
0. elliptica proteins

pCA+CoA+Q. elliptica
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Figure 5A: LC-MS/MS Extracted
ion chormatograms (EIC) of [M-H]
832.5 for O. elliptica total protein p-
coumaric CoA ligation assays. The
product was not formed when O.
elliptica total leaf proteins, ATP,
CoA, or p-coumaric acid (pCA) was
dropped out from the reactions

Figure 5B: Ribose
dephosphorylation generates a
product with expected [M-H] 832.2
from p-coumaroyl CoA [M-H]
912.2.

3.3.3 Results - Purifications of recombinant RcCoAL1-3 and RjPKS3

E. coli cells harboring various candidate genes encoded in pET-30b (+) vectors were

grown to log phase (OD600 0.6-0.7) and induced with IPTG for recombinant protein

production. The his-tagged proteins from lysed cells were purified using standard Ni-

NTA affinity chromatography. The SDS-PAGE images show successful protein
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production and purification, although all proteins were barely soluble under the

conditions used and resulted in low quantity for purified proteins (Table 5).

- RCcCoALL | RcCoAL2 | RcCoAL3 | RjPks2 | RIPKS3 | RmPKSL | RmPKS2 | RmPKS3

Protein
Concentration 0.51 0.92 0.39 0.25(2) | 0.22(1) | 0.153(3) | 0.178(4) | 0.221 (5)

(ng/nL)

Table 5: Concentrations of purified R. complanata CoAL and R. japaonica/R. marginata
PKS his-tagged proteins

3.3.4: Results - RcCoAL1 catalyzed CoA ligation reactions with a variety of natural
and synthetic substrates

To test the activities of recombinant RcCoAL1, the in vitro reactions were conducted
with CoA, ATP, and 21 aromatic and aliphatic carboxylic acids (Figures 6-7). The
reaction products were studied with LC-MS/MS. Since the CoA thioesters are highly
labile, no reference standards are available commercially. The products were examined
by their expected [M-H] values. A detection [M-H] increase of 749.5 amu from the
carboxylic acid substrate to the product would indicate its respective CoA thioester was

produced.

Remarkably, RcCoAL1 was highly enzymatically promiscuous and catalyzed the
CoA ligation reaction with 10 unique substrates (Fig. 7). RcCoAL1 accepted both
cinnamic acid and dihydrocinammic acid substrates, which are the hypothetical substrates
for PET and other bibenzyl metabolites in Radula. It also tolerates aryl hydroxylation at
para (#4), meta (#11), and ortho (#10) positions, with reduced activity in this order. The
aliphatic carboxylic acids 2-trans-hexanoic acid (#7) and hexanoic acid (#8) were also

accepted, the latter of which is the precursor to THCA/CBDA and other cannabis
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cannabinoids. Unexpectedly, it also accepted indole-3-propionic acid (#14), the
deaminated form of tryptophan.*?#3 The RcCoAL1 activity with #14 was comparable to
those with cinnamic acid and hydrocinnamic acid (#1, 2), though it is not known whether

downstream PKSs and other enzymes may accept this indole thioester.

o 1
0 0 9 oH Q 0 HO™ ~Z 0
OH OH OH 0.

Transcinnamic hydrocinnamic caffeic acid (#3) p-coumaric acid (#4) 3-(4-Hydroxyphenyl) sinapic acid (#6)
acid (#1) acid (#2) propionic acid (#3)
____________________________________ 0 4] OH 0
[0} (0] = = OH
H oo~ Ho HO HO HO
HO HO
trans-2-hexanoic hexanoic acid (#8)  3-cyclohexylpropionic frans-2-Hydroxycinnamic  frans-3-Hydroxycinnamic
acid (#7) acid (#9) acid (#10) acid (#11)
____________________________________________________________ 5
o 0 0 9 o no"\/\@ o
Hom HO HOJ-L A~ -Ji ; :7 HOJJ\/\@ 0
OH NH 0~ 0° CH3
u-Cyano-4-hydroxy 3-Phenyllactic Indole-3-propionic  3-(3,4-Dimethoxyphenyl) 3-[4-(Methylsulfonyl)
-cinnamic acid (#12) acid (#13) acid (#14) propionic acid (#15) phenyl] propanoic acid (#16)
0 9 0 0 0o Br
HO CF; 0,
HO HO ) HO HO
F;C 0 NH,
u-Methylhydro 2,5-Bis(trifluoro 3-(3,4-Methylene L-Phenyl 3-(2-Bromophenyl)
-cinnamic acid (#17) -methyl)hydro -dioxyphenyl) -alanine (#20) propionic acid (#21)
-cinnamic acid (#18) propionie acid (#19)

Figure 6: Structures of all 21 aromatic and aliphatic carboxylic acids used for CoA
ligation reactions with RcCoAL1

In comparison, RcCoAL1 did not accept the remaining 11 substrates tested. o-
Cyano-4-hydroxycinnamic acid (#12), 3-Phenyllactic acid (#13), a-Methylhydrocinnamic
acid (#17), and L-Phenylalanine (#20) contained substitutions directly on the f-carbon of
the carboxylic acids, none of which were accepted by RcCoAL1. High levels of
substitution on the aromatic ring also diminished their ability of RcCoAL1 acceptance,
especially for those that were not hydroxyls. Sinapic acid (#6), 3-(3,4-dimethoxyphenyl)
propionic acid (#15), 3-[4-(methylsulfonyl) phenyl] propanoic acid (#16), 2,5-

Bis(trifluoromethyl) hydrocinnamic acid -(#18), 3-(3,4-Methylenedioxyphenyl) propionic
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Figure 7: EIC LC-MS/MS chromatograms (out of scale) of successful CoA ester
products for RcCoAL1 from substrates listed in Table 2. with cinnamic acid (#1),
hydrocinnamic acid (#2), caffeic acid (#3), p-coumaric acid (#4), 3-(4-Hydroxyphenyl)
propionic acid (#5), trans-2-hexonic acid (#7), hexanoic acid (#8), o-coumaric acid (#10),
m-coumaric acid (#11), and indole-3-propionic acid (#14).

7

acid (#19), and 3-(2-Bromophenyl) propionic acid (#21) were not accepted as substrate.
RcCoAL1 also did not accept the halogenated (#18, 21) and sulfonyl (#16) substituted
acids. Increased methoxy substitution (#6, 15) prevented the ligation reaction from

occurring. Reactions with 3-cyclohexylpropionic acid (#9) and 3-(3,4-
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methylenedioxyphenyl) propionic acid (#19) both failed to form thioesters, suggesting

that bulky, non-aromatic carboxylic acids are not accepted substrates.

The unexpected high substrate promiscuity for RcCoAL1 may be indicative of
this enzyme’s role in many different pathways in R. complanata. AAEs are commonly
known to have wide substrate acceptance. Both CSAAE1 and CSAAE3 can form
hexanoyl CoA in the Cannabis CBGA pathway?? while also being able to accept many
aliphatic acids and cinnamic-type acids.** CSAAE1 and 3 do show a distinct preference
towards the aliphatic acids (e.g., hexanoic acid) over the cinnamic types, while these
results for RcCoAL1 indicate no distinct preference. The future of RcCoAL1
characterization would involve testing the substrate preference among these compatible
carboxylic acids through kinetic tests and ATP degradation assays using a luciferase-

based assay to determine total usage of ATP between each reaction.

3.3.5: Results - RcCoAL2-3 carboxylic acid-AMP intermediate formation with 8
substrates

The reactions involving RcCoAL2 and RcCoAL3 with all substrates tested (#1-8) did not
result in any CoA esters aside from the aliphatic carboxylic acids. Instead, the reaction
stopped after the formation of the carboxylic acid-AMP ester intermediate(s) (Fig. 8A,
B). AMP intermediate formation (Fig. 2B) is indicated by a detection [M-H]" increase of
329.0 amu from the carboxylic acid. All substrates tested against RcCoAL2 showed
carboxylic acid-AMP ester formation. RcCoAL3 saw AMP-intermediate formation with
substrates #3, 5, 6, and 8. No thioester product was seen in any of the aryl-containing

carboxylic acids
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Figure 8A: EIC LC-MS/MS chromatograms (out of scale) of adenosine monophosphate
(AMP) ester products for RcCoAL2 from substrates listed in Table 2. with cinnamic acid
(#1), hydrocinnamic acid (#2), caffeic acid (#3), p-coumaric acid (#4), 3-(4-
Hydroxyphenyl) propionic acid (#5), trans-2-hexonic acid (#7), and hexanoic acid (#8).
B: EIC LC-MS/MS chromatograms (out of scale) of AMP ester products for RcCoAL3
from substrates listed in Table 2. with cinnamic acid (#1), hydrocinnamic acid (#2), p-
coumaric acid (#4), and trans-2-hexonic acid (#7). C: EIC LC-MS/MS chromatograms
(out of scale) of successful CoA ester products for RcCoAL2&3 from substrates listed in
Table 2: trans-2-hexonic acid (#7, RcCoAL3), and hexanoic acid (#8, RcCoAL2&3).




Both CoA ligases showed the ability to form thioesters with the hexanoic acids.
RcCoAL2 formed the CoA ester only with hexanoic acid (#7), showing weaker thioester
product formation compared to RcCoAL1. RcCoAL3 was able form the 2-trans-
hexanoate (#7) ester and reduced hexanoate (#8) ester, with preference for the latter (Fig.
8C). The AMP ester intermediate is present in all samples showcasing successful
thioester formation, however RcCoAL1 samples showed little presence of AMP ester due
to its high efficiency (final CoA ester production preferred over the AMP intermediate).
RcCoAL2 and RcCoAL3s inability to form the thioester with the cinnamic type acids
(substrates #1-6) lead to a very large amount of AMP intermediate being formed. Both
RcCoAL2 and RcCoAL3 accepted hexanoic acid (#8) and saw very little AMP

intermediate in the final reaction.

Classification of RcCoAL3 is likely that of a fatty acid AAE, similar to the
CsAAEs present in C. sativa. RcCoAL2s classification is unclear and is likely used in
synthetic routes not related to those tested, possibly having preference for longer aliphatic
acids. The amount of hexanoyl CoA produced by RcCoAL3 is similar to that seen with
RcCoALL1 (Fig. 7). Comparing the twos relative efficacies will require examining the
ATP degradation between the CoA ligases when put under identical conditions. SDS gels

of the purified proteins can be seen in S17, S18.
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3.3.6: Results - RjPKS3 bibenzyl and lactone formation with RcCoAL1 catalyzed
CoA ligation products

RjPKS3 was tested against all thioester products formed from RcCoAL1 trials. Product
formation was seen with substrates #1, 2, 3, 4, 5, 8, 11, and 14 (Fig 9A). Common side
products seen in polyketide synthesis are the lactones (Fig. 9B), formed through
spontaneous intramolecular reactions. This reaction is very favourable, and its products
are seen in all the reactions containing successful ketide chain elongation, forming the
triketide and tetraketide lactones. Masses of the tetraketide lactone and the corresponding
bibenzyl product are identical (detection [M-H]" increase of 108.1 amu), so it is unclear
from the current dataset if the earlier eluting peak(s) corresponds to the triacetic acid
(tetraketide) lactone or intended the intended PKS products. An assumption that can be
made is that lack of presence of the triketide lactone in the reaction mixture is indicative
of increased reaction efficiency and thereby a decreased amount of the tetraketide
lactone. Olivetolic acid is a readily available standard that has a been measured to have a
retention time of 4.76 min (S19) under the solvent method used for this analysis and
indicates that the later eluting (and weaker) peak at 4.71 mins corresponds to olivetolic

acid (Table 6).

The structural similarities across all the products indicates the trend of lactones
eluting first is common across all the reactions. Measuring peak area is another method of
analysis that can be used. LC-MS/MS peak area can not be used to calculate the amounts
of a product without the use of a standard curve due to differing ionization and detection
efficiencies, though similar products often have ionization efficiencies at the same level

and can show the relative amount of each product formed. Caffeoyl CoA (#3) has no
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discernable second peak (Table 6). Tri- and tetraketide peaks RTs are within 6 secs and it

is unlikely that any caffeoyl stilbene was formed.
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Figure 9A: EIC LC-MS/MS chromatograms (out of scale) of ketide cyclized products
from substrates listed in Table 2. with cinnamic acid (#1), hydrocinnamic acid (#2),
caffeic acid (#3), p-coumaric acid (#4), 3-(4-Hydroxyphenyl) propionic acid (#5),
hexanoic acid (#8), m-coumaric acid (#11), and indole-3-propionic acid (#14). B:
Biosynthetic pathway followed by PKS to form and cyclize the ketide chain on the CoA
thioester, showcasing the ketide derailments occurring after loading of 2 and 3 malonyl
CoA units.
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p-coumaric acid (#4) sees no triketide lactone product and a strong, later eluting peak
(4.05 min). This shows that RjPKS3 has a preference of forming the coumaroyl stilbene
(lactone:bibenzyl area ratio of 2.5:1). m-coumaroyl sees a lower peak area in the later
eluting tetraketide (lactone:stilbene area ratio of 14.9:1) and indicates that substrates with

substitution closer to the thioester chain and have lower overall efficiency (caffeic acid
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and o-coumaroyl showing zero stilbene formation). The hydro-p-coumaroyl (#5) showed

preference towards bibenzyl formation, with the ratio of lactone:bibenzyl being 2.1:1.0.

1 2 3 4 5 8 11 14
Triketide RT || /o3 | 413 | 338 N/A 346 | 419 | 368 | 405
(min)
Triketide
e 140022 | 892278 | 12958 | N/A | 5582 | 922164 | 35084 | 127700
Tetraketide
Pt RT iy || 405 | 413 | 329 3.47 344 | 411 | 357 | 404

Tetraketide

697050 | 292942 | 253802 | 207178 | 185595 | 238931 | 696379 | 217069
P.1 Area

Tetraketide

P.2 RT (min) 4.68 4.68 N/A 4.05 4.03 4.71 4.13 N/A

Tetraketide

74855 57432 N/A 81649 87321 57371 46732 N/A
P.2 Area

Triketide m/z || 213.22 | 215.24 | 245.22 229.22 231.23 | 181.22 | 229.22 | 254.27

Tetraketide
m/z

Table 6: Table showing the areas and retention times (RT) of LC-MS/MS reaction
chromatograms of the first triketide lactone peak, first tetraketide lactone (P1), and
intended enzymatic product (P2) for RjPKS3 polyketide synthesis reactions. Detection
[M-H] mass/charges (m/z) are shown for each substrate, with cinnamic acid (#1),
hydrocinnamic acid (#2), caffeic acid (#3), p-coumaric acid (#4), 3-(4-Hydroxyphenyl)
propionic acid (#5), hexanoic acid (#8), m-coumaric acid (#11), and indole-3-propionic
acid (#14) showing successful ketide elongation

255.27 | 257.28 | 287.27 271.27 273.28 | 22327 | 271.27 | 296.32

Cinnamoyl CoA and hydrocinnamoyl CoA (#1,2) both have large peak areas for all the
products formed, with the tetraketide lactone dominating in the cinnamoy! reaction and
triketide lactone dominating in the hydrocinnamoyl. Both products showed strong
detection of the stilbene/bibenzyl product. The hexanoyl substrate (#8) saw successful

formation of its product (olivetolic acid), heavily favouring production of the triketide
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lactone. Trans-2-hexanoyl (#7) saw no formation of lactones or trans-2-olivetolic acid.
The last substrate to perform ketide elongation is indole-3-propionic acid (#14), only
forming lactones. Poor formation of products with no aryl ring directly attached to the
thioester chain indicates RjPKS3 is a bibenzyl synthase or stilbene synthase. Full analysis
on the assignment of each peak needs to be performed to ensure the identification is
accurate, requiring standards of the enzymatic products. Another option to assess the
peak identification is to measure and analyze the fragmentation patterns and compare to

other standards.

3.4 Conclusion and future studies

The enzyme capability of CoA ligases in R. complanata were explored for three CoA
ligases named RcCoAL1-3. RcCoAL1 showed applicability as the CoA ligase
responsible for the thioester formation in the PET biosynthetic pathway and for the
formation of a large amount of thioester products, having compatibility with 10 different
carboxylic acid substrates and showing potential for use in cinnamate, aliphatic, and
tryptophan downstream pathways. RcCoAL2-3 formed only the carboxylic acid-AMP
ester intermediates and could not form thioesters with any of the cinnamic products.
Successfully acyl activation and CoA ligation was seen only for the hexanoic acid
substrates with RcCoAL2-3. Future work will involve characterizing the enzyme

compatibility and substrate preference for these proteins.

One PKS from Radula japonica (RjPKS3) was tested against all the successful
thioester products formed from RcCoALL. RjPKS3 showed compatibility with 8 of the

tested thioesters, forming lactone side products with the substrates and the enzymatic
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pathway products in 6 of the thioesters. RjPKS3 showed direct preference for substrates
with hydroxyl substitutions in the para position (as opposed to ortho or meta). Double
bond reduction of the acid thioesters did not seem to strongly influence the formation of
product. Future work will involve further characterization of these ketide synthases using
different thioesters and the exploration of substrate preference for RjPKS3. Another
important part of the work will involve using standards and mass fragmentation analysis
to fully assign the peaks in the chromatograms. The results of these tests showcased
RcCoAL1s and RjPKS3s ability act in the biosynthetic pathways of many unique
bibenzyl, cannabinoid, and stilbene products and could potentially lead to new and novel

metabolites.
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Chapter 4: Discussion and Closing Remarks

Radula spp. research has typically revolved around its native metabolites, with focus on
the bishibenzyls, bibenzyls, and terpenoids produced by the plants.* Since the isolation
and identification of perrottetinene (PET) in 1994 by Toyota et al.,? attention towards this
genus has steadily increased. The inspiration for this thesis was centered around the
difficulty in obtaining PET directly from the plant and the slow growth seen in Radula
and other bryophytes. Attempting to synthesize PET biosynthetically would alleviate any
of the issues surrounding low PET amounts in the plants and indicate the processes used

by liverworts to produce many of its aromatic metabolites.

Purifications of metabolites are one way to understand the different pathways and
enzymatic capabilities found in Radula and other plants. Exploration into the metabolic
profiles of Radula species such as R. marginata, R. perrottetii, and R. complanata have
been explored in depth by literature and saw a lot of overlap in the bibenzyls found
between species.®® Chapter 2 sought to explore an alternative method of purification for
R. complanata and Amorpha nana using preparatory TLC. A. nana was shown to produce
the acidified form of amorphastilbol” (AMBA) in high quantities and showcased the first
full identification of AMBA using 2D-NMR techniques. Purifications of R. complanata
showcased two previously identified bibenzyls*®° and their first reported 2D-NMR

identification.

Notably, the bibenzyl named “bibenzyl 1” was originally reported to be a direct
cannabigerol (CBG) analogue, however the HSQC and HMBC spectra indicates
placement of the geranyl chain on C11 as opposed to C7, also known as 4-geranyl-5-

ethylphenylbenzene-1,3-diol. No evidence of PET in R. complanata was found in the
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total extract. PET is likely formed in the oil bodies of Radula spp. and it’s possible that
that the techniques used did not sufficiently extract it. Future R. complanata purifications
will involve further purification/identification of the bibenzyls produced by the plant and
investigating if PET is naturally produced by the liverwort. Leaching of the oil bodies in
R. complanata may require changing the solvent used (e.g., diethyl ether,

dichloromethane) and the purification of larger amounts of plant material.

2-geranyl-5-ethylphenylbenzene-1,3-diol 4-geranyl-5-ethylphenylbenzene-1,3-diol
(bibenzyl 1)

N,
Figure 1: 2-geranyl-5-ethylphenylbenzene-1,3-diol and 4-gerany|i5-eth;Iphenylbenzene-
1,3-diol (bibenzyl 1) structures

Direct analysis of the biosynthetic pathway was explored in Chapter 3 with the
assay development of three CoA ligases (RcCoAL1-3) from R. complanata and one
polyketide synthase (RjPKS3) from R. japonica. RcCoAL1 showed thioester formation at
varying levels of acceptance with 10 different natural and synthetic substrates. Tailoring
the CoA ligation reaction is extremely useful as the ethylphenyl attached to the resorcinol
core in PET does not seem to directly take part in the biosynthetic reactions. Altering the

ethylphenyl of the molecule could lead to novel cannabinoids being formed. The RjPKS3

results also showed promise with ketide chain formation and intramolecular cyclization
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using 8 different thioester substrates. RjPKS3 was able to form stilbene acids, bibenzyl

acids, and phenylethyl-indole acids.

RcCoAL2&3 saw AMP-ester intermediate formation with the tested substrates
but were unable to form the CoA ligated product with the aryl substrates. RcCCoAL2-3
were however able to form thioesters with the hexanoic acids. Both are likely aliphatic
acid CoA ligases (such as CSAAEL and CsAAE4) given their lack of reactivity with the
cinnamate-type substrates. The future of these studies will involve enzymatic
characterization and exploration of the different substrates that can feed into these
pathways. It seems possible that RcCoAL1 and RjPKS3 can be used in the PET
biosynthetic pathway, with substrate preference for these enzymes needing further
testing. RjPKS3 substrate preference is unclear as the reactions produce a minimum of
two lactone side-products. Further exploration of how much lactone side product is

formed needs to be tested using standards.

To summarize, the biosynthetic pathway for Radula and its different bibenzyl
metabolites was explored. R. complanata bibenzyls were extracted and analyzed through
2D-NMR analysis methods and it provides further proof that 4-geranyl-5-
ethylphenylbenzene-1,3-diol (ortho analog) is the major isomer in Radula complanata as
opposed to 2-geranyl-5-ethylphenylbenzene-1,3-diol (para analog), building upon the
identifications performed by Crombie et al. (1988)!! and Asakawa et al., (1991).* AMBA
was also isolated alongside R. complanata from A. nana using identical extraction and
purification techniques and the first reported *H-NMR and **C-NMR identification was
performed. The compounds purified from these experiments will later be used as

references for enzymatic assays and will be tested against enzymes found in different
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plants to explore the possibility of cross-compatibility. The likely candidates for CoA
ligation and polyketide synthesis in the bibenzyl biosynthetic pathways for R. complanata
and R. japonica respectively were discovered through enzyme assays. The next stages in
biosynthetic pathway elucidation are to confirm the proteins used in double bond
reduction, terpene prenylation, and oxidocyclization®® for PET formation, which will be

explored using R. complanata proteins and the techniques enclosed in this thesis.
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Appendix

Legal R. marginata extract can be found for purchase on herbalterra.com and

gottabegood.com
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Supplementary Figure 1: Negative ion LC-MS/MS electrospray ionization (ESI)
chromatogram of purified amorphastilbic acid (AMBA) at 4.3 mins. A m/z of 391.3 is
shown for AMBA.
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Supplementary Figure 2: *H-NMR (Top) and *C-NMR (Bottom) of AMBA (393
g/mol) collected on a 400 MHz Agilent NMR in CDCI3. The visible window is
constrained from Oppm to 7.5ppm (x axis) and Oppm to 180ppm (X axis)
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Supplementary Figure 3: HSQC NMR (Top) and HMBC NMR (Bottom) of AMBA
(393 g/mol) collected on a 400 MHz Agilent NMR in CDCI3. The visible window is
constrained from Oppm to 8.0ppm (x axis) and Oppm to 170ppm (X axis)
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Supplementary Figure 4: COSY NMR of AMBA (393 g/mol) collected on a 400 MHz
Agilent NMR in CDCI3. The visible window is constrained from Oppm to 8.0ppm (x
axis, y axis)
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Supplementary Figure 5: LC-MS/MS chromatograms for bands 12 and 13 of the acidic
purification for R. complanata
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Supplementary Figure 6: Negative ion LC-MS/MS electrospray ionization (ESI)
chromatogram of purified A) purified bibenzyl 1 (Radulanin L) at 2.0 mins and B)
purified bibenzyl 2 (4-geranyl-5-ethylphenylbenzene-1,3-diol) at 4.7 mins
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Supplementary Figure 7: *H-NMR (Top) and *C-NMR (Bottom) of bibenzyl 1
(350 g/mol) collected on a 400 MHz Agilent NMR in CDCls. The visible window is
constrained from 0 ppm to 7.5 ppm (x axis) and Oppm to 180ppm (x axis)
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Supplementary Figure 8: HSQC NMR (Top) and HMBC NMR (Bottom) of bibenzyl 1
(350 g/mol)) collected on a 400 MHz Agilent NMR in CDCI3. The visible window is
constrained from 0 ppm to 8.0 ppm (x axis) and 0 ppm to 170 ppm (x axis)
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Supplementary Figure 9: COSY NMR of bibenzyl 1 (350 g/mol) collected on a
400 MHz Agilent NMR in CDCI3. The visible window is constrained from 0 ppm to
8.0 ppm (x axis, y axis)
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Supplementary Figure 10: *H-NMR (Top) and *C-NMR (Bottom) of bibenzyl 2
(296 g/mol) collected on a 400 MHz Agilent NMR in CDCI3. The visible window is

constrained from 0 ppm to 7.5 ppm (x axis) and 0 ppm to 180 ppm (X axis)
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Supplementary Figure 11: HSQC NMR (Top) and HMBC NMR (Bottom) of bibenzyl
2 (296g/mol) collected on a 400 MHz Agilent NMR in CDCI3. The visible window is
constrained from Oppm to 8.0ppm (x axis) and Oppm to 170ppm (X axis)
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Supplementary Figure 12: COSY NMR of bibenzyl 2 (296g/mol) collected on a 400
MHz Agilent NMR in CDCI3. The visible window is constrained from Oppm to 8.0ppm
(x axis, y axis)
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ATGCCGCCCACCATGGCTATCCCGGGTGTGGAGCAGCTGAGCATCAGCTCCCCGGGCGGGAAGGAGCAG
CACCAGGTGAAGCAGGGGGCGGGGGAGGCGAGGGAGTACATTTTCCGATCCAAGCTGCCGGACATTGAG
ATCTCGGACGAGATGAACCTCGCCCACTACAGCTTCGAGAAGGTGCCGGAGCACCGCGACAGGACGGCG
CTGGTGGACGGCGTGACCGGGCGGAAGTGGACGTTCGGAGAAGCGGAGGTTCTCTCGCGGAAAGTGGCC
GCCGGTTTGAGCAAGCTGGGAGTCGGGAAAGGCGAAGTGCTCGCCCTCCTCCTCCCCAACTGCGCTGAGT
TCGTGTTCGTCTTCCTGGGCTCCGCGGCTCGTGGGTCCGTTGTCACTACGTGCAATCCGTTCTACACGGAG
AGGGAGATAGCGAAGCAGCTGAGCGCCTGCAGGACCAAGCTGATCGTCACGCAGGCCGCGTACGTTCCC
AAGGTCAGGGAACAGGGGGCCATCATTGTGACCATCGACGACCCGCCGGAGGGAGCTCTTCCCATCTCC
GTACTCTTCGACAACGATGAGAAGGATGCCCCCTCCCCGGATTTCCACCCCGACGATGTCGTCTGTCTGC
CGTACTCCTCCGGCACCACCGGGCTTCCCAAGGGAGTGATGCTGACTCACAAGAGCCTCATCACCAGCGT
CGCTCAGCAAGTCGACGGCGATAACCCCAACCTCAACTTCACCAGCGAGGATGTGATCGTCTGCCTCTTG
CCGATGTTTCACATCTACTCTTTAAATTCCGTCTTGCTCTGCGCTCTCAGAGTGTGTAGCCCCTTGATCATC
ATGCCCAAGTATACCATTCCTCAGCTGCTGGAGCTGATCCAGACGTACAGAGTCACAATCATGCCGGTGG
TACCTCCGGTGGTGTTGGGCATTGCAAAATCTCCAATTGTGGAGTCGTACGACCTCAGCAGCGTCAGAAT
AATTCTTTCCGGCGCTGCTCCTCTGGGGAAAGACCTAGAGGATTGCTTCCAGCGAAAACTTCCCCGTGCA
AAACTTGGACAGGGCTACGGCATGACAGAGGCCGGTCCCGTGCTGTCCATGTGCCTCGCGTTTGCGAAGG
AGCCCTTTCCGGTGAAGTCAGGTTCCTGTGGGACGGTGGTCCGGAATGCAGAGCTCAAGATCGTCGATCC
TGAAACCGGGTCGTCGCTTTCATACAATCAACCCGGAGAAATCTGTATACGAGGGTTGCAAATAATGAAA
GGTTACTTAGACAATCCTGAGGCAACTGCCCAAGCCATTGACAAGGAAGGCTGGTTGCATACTGGAGAC
ATTGCCTTCGTTGATGAAGACCAGGAGGTCTTCATCGTTGATCGCGTCAAAGAAATAATCAAGTTCAAGG
GTTTCCAGGTGCCACCAGCAGAGCTAGAGGCCCTCCTCGTTTCTCATCCATCAATTGACGACGCAGCTGT
AGTGCCCAAGAAGGACGAGCGGGCCGGAGAAGTTCCGGTGGCGTTCGTGGTCAGAAGCAAGGATGGCCA
AGACTTGACCGACGACGCCATCAAGGAGTACATTTCCAATCAGGTAGTGTTTTACAAGAGGCTCCACGCC
GTGGTTTTCGTGGAGAGCATTCCCAAGAGCCCTTCGGGCAAGATCCTTCGAAAGGAACTGAGAGTCTTGC
TCTGA

Supplementary Figure 13: RcCoAL1 open reading frame used for CoA ligation assays.
Protein encoded in gene sequence was expressed inside pET-30a (+) and BL21DE3 E.
coli

ATGAATCCTCATTCCACGGAGTTGCCCAAGGGGAGTGGGTATCGGGATGGGATCTACTACAGCAAGCTGC
CGCCGCTCCCAATTCCTGAGGACCCAAATTTGAACTGGGCGGAGTACACCTTGGACCAGCCCCACATGGA
TAGAGTGGCGGTCGTGGATGCGACCACCGGGGAGACCATGACGTTCAGAGAGCTGAACCGCAGTGTGAA
GTCCGTGGCGGCTGGCCTGGCGGGCCTGGGAATCAGGCAAGGGGACGTGGCGCTAATCCTCTGTGCCAA
CTCCGTCCACTTCCCCGTGCTGGTGTTTGCTGTCTGCGCCATTGGGGCGACGGTCACCACCCTGAATCCTC
TGAGCACCGGCTACGAGATCGCCAAGCAGACCCAGGACTCCTATGCCAAAATTGCGTTCACAGACTCCG
GTCTCGAACACAAAGTCGCCGGTTTGAGGATTCCTGTCGTCCTGGTGGACAAGCAGGGTGCAAGGGTGG
GCGCACCGTCGGCCGCTCCAGTGGCCTATCTTTCCGAGCTCTACAAAATGGATCCGGCGAGGGCACCAAA
AGTGAAAGTCAGGCAGACTGACACTGCCATCCTGCTGTATTCTTCCGGAACGACGGGGCTCAGTAAAGGT
GTCAAAATTAGCCATGGGAATGCGATAGCGGCAGCTGCCCTCTCGGCTGTCCCCTCTTCTCTCGCGGGCG
GCGTACAGCAGCGCATCATCTGCGTCATTCCGTTTTTCCACGTCTTTGGCATGATTCTCTTGCTGGGCATC
CAACTCAGAGCAGGTTCCCAGCTCGTCATATTGCCTAAGTTTGAGATGCGGAACTTCTTGGCAACAATTG
AGAAGCACAAAATCACAGCCCTCCCCCTTGTGCCCCCCATCTTGGTTGCTATGTTGAAGAGCCCGCTCTT
GGATCAATATGACTTGAGTTCTGTCCAATTGATTGGCGTCGGAGCAGCTGCGGTGGGGGTGGAAGTTTTG
GATGCTTGTGCAAAACGATTCCAGAACGCGGTTGTGAGACAGGGCTTTGGTATGACAGAAACGACTGGT
ATGGGCAGTACCGTACCACTTGTTGCAAGTGATACTTCACCGCGGGGTACTGTGGGCGTTTTAGGACCAA
AACTTGAAGCAAAGATAGTGGATCTGGAAACTCAGCAACCTTTGCCTCCTACCCGTCGCGGAGAGCTTTG
GCTGCGTGGCCCTACTGTAATGCAAGGCTACCTGAACAACCAGAAATCAACCAAAGACACTCTGGACAA
AGATGGGTGGCTGCACACCGGAGATGTTGGATACTTTGATGAGCAGGGATGGATGTTCATTGTGGAAAG
GATCAAAGAGTTGATCAAGTACAATGGTTTCCAGATTGCTCCTGCTGAACTGGAAGCCATTCTCCTGTCA
CACGACAAGATAGAAGATGCCGCCGTGGCAGGGTTTCCAGATGAGAAGTCAGGGCAGATACCGGTGGCC
TTTATTGTGACACTTGAAGGCTGCACCCTCTCCGACGATGATGTGAAGGCCTTCGTCACTGAAAAGGTGG
CCCCCTACAAGAAGGTGCGGAGAGTTGTATTTGTGAAAAAGATTCCCAAGACGCCGTCGGGAAAAATAG
TCAGACGTGAATTAAAGTTGCCGCAGTTGTCCAAGCTGTGA

Supplementary Figure 14: RcCoAL2 open reading frame used for CoA ligation assays.
Protein encoded in gene sequence was expressed inside pET-30a (+) and BL21DE3 E.
coli
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ATGGGCATGCTGGAGACCGCGGAAGCGCACGGGTACGATCGCGTGGCTCGAGTGTGGCGCAGCAAGCGG
GAACCCATCGGGTCACTGAGGGAGACGGAGGATACAATAGAGTTGCTGTATCGCAATACTCCGGATGCG
GAGACAGGGCACAAGGTGGCTGTGCTGGACGCGGTTACGGAGGAGCAATTGACCTACAGAGAGCTCAAG
CTGAGGCTCCAAAGCGTGGCGGCGGGGCTGAGCGAAATGAGCATCAAGCAGGGCGACGTGGTGCTCCTT
CTGTCGCCCAATTCCGTCTGGTTCCCAGTCATCTGCTTCGGGATCATGTCCCTGGGAGCCATCGTCACCAC
TGTGAATCCCCTGAACACGACTTACGAGATCACGAACCAAGTGAAGGATTCCGGTGCCATTTTTATAATC
ACCACTCCGTCCCTCTACCCCAAGGTGGAGCCGCTGTCGCTGCCGACGGTGCTACTGGGATCAGAGGAAA
GTGCGCTTCCGAGAAACACAATCCCTTTTTCCAAATTACTGGCCGCGGATCCTAATTGCGCTCCGAAGGT
GACCAGGAGGCAGAGCGACACTGCCGCGCTCTTGTACTCTTCTGGAACGACAGGAGTTAGCAAGGGCGT
GGTGGTCACCCACCGCAATCTAACAACTGTGGCACAGCAGGTGCATTTACTTTCCACCCATGATGACCGG
GAAAGACGACATTTGGTCACTTTGCCGATGTTTCATGTTTATGGCCTAGCAGTGGTCGCACTGGCTCAGCT
CCAAAGGGCAGGGACGCTGATCATCCTTCCCAAGTTTGAACAGAAGCTGTTCCTCCGCACTCTGGAGAAG
TACAGGGTCACTGATCTTCCCTTGGTGCCGCCTATGGTCCTCCTGCTGGCCAAAGGGGGAGATGTGGAGA
AGTACGATCTGAGCTCGGTGCTGGAGGTCACCAGCGGTGCCGCTCCACTTGGGAAGGATCTGATGCAAA
GTCTGCACCAGAGATTCCCATCTTGGGAACTCAGACAGGGGTATGGAATGACAGAGACCGGTGGCATAA
TTTCCATTGCTCTGTGGAAGCCAGATTTGTCACACTTCGGCTCAGTGGGAGAGCTAGTATCTTGCATGGAG
GGGAAGATTGTTCACGTGCAGACTGGGGAGAATTTGCCGCCTTTGGAGCATGGCGAGATTTGTGTAAGGG
GCCCAAACAACATGCAAGGGTATTTAAATAACGAGAAGGCCACTGCTGCCACGGTAGATGGCAGCGGAT
GGCTACACACAGGGGATTTGGGTTTCTTCGACAAGGGTGGTCAATTGTGGGTTGTTGATCGTTTGAAGGA
GCTGATCAAGTACAAAGGGTATCAGGTTGCTCCTGCAGAGCTGGAAGCAGTTCTGCTCACACACCCAGAC
ATATCTGATGCTGCTGTTGTTCCGCTGCCAGACAGAGAAGCAGGGGAAATTCCAATTGCTTGGGTGGTGC
GCGGTCCAGGCAGCAAGCTGACGGACAAACAGGTCATGATATTTGTGTCTAGGCAGGTGGCTCCTTTCAA
GAGACTCAGGAGAGTCAATTTTATTGATCAGATTCCCAAGTCCACGTCGGGGAAGATCTTGCGCCGTGAG
CTCTCTGAGAAGGCAAAGGCAAAACTATAA

Supplementary Figure 15: RcCoAL3 open reading frame used for CoA ligation assays.
Protein encoded in gene sequence was expressed inside pET-30a (+) and BL21DE3 E.
coli

ATGGCTCCAGCTGCTACAGCTATGGAAGTTGCTACTAATGGTGAAGTTGTTGCTACTAATGGCGATGCTG
AATCTTTTCATTTGAATAGAACAGCTCCATGTGAAGGTTCTGCTACTGTTTTAGGTATTGGTACAGCAGTT
CCTCCTAATGTTCATTTGCAAAGTGAATATCCAGATTATTTCTTTAATATAACAAATTGTAATGATAAACC
AGATTTGAAAAAGAAATTTTCTAGAATTTGTGAAAAGTCTGGTATTAAGAAAAGACATATTTTTATGACT
GAAGAAAGATTATTGAAAAATCCTTCTATGTTAGGTTACTTAGATGCTTCTTTAAATATTAGACAAGAAA
TCGCAGTAACACAAGTTCCAAAATTAGCTCAAGAAGCTGCTTTGAAAGCTATCAAAGAATGGGGTAGAC
CAAAATCTGAAATTACACATGTTGTTTTTGGAACAACTTCTGGTGTAAATATGCCAGGTGCTGATCATGCT
GTTTCTAAATTATTAGGTTTGAGACCAACTGTTAGAAGAGTCATGATGTATCAAATTGGTTGTTATGGTGG
TGCAGCTGTTTTAAGAGTAGCTAAAGATCTAGCTGAAAACAATAAGGGTGCAAGAGTTTTAGCTATTGCA
TCTGAAATTACTTGTGTAACTTTTAGAGCTCCATCTGAAACTCATTTGGATGGTTTAGTTGGTTCAGCATT
ATTTGGAGATGGTGCTGGTGCATATATTATTGGTTCTGATCCAAGACCTAGTTTAGAAAGAGGTATTTTTG
AAATTAAGTGGGCTGGTGAAACATTATTACCAGATTCTGATGGTGCTATTGATGGTCATTTGACTGAAGC
TGGCTTGATTTTTCATCTATTGAAGGATGTTCCAGGTTTAATTTCTAAAAATATTGAAAAATTTTTAGTTG
AAGCTAGAAAATCAGTAGGTTCACCTGATTGGAATCAAATGTTTTGGGCAGTTCATCCTGGTGGTCCAGC
TATTTTAGATCAAGTTGAAGAAATTTTAGCTTTGGATAAAACTAAAATGGGTGCTTCTAGAGATATTTTAG
GTGACTATGGTAATATGTCTAGTGCTACTGTTATGTTTGTTTTAGATAGAATTAGACAAAGATCTATTGAA
AAAGGTAATACTAATACTGGTGAAGGTTCAGAATATGGATTTTTGATTGGTTTTGGTCCAGGTTTAACTTT
AGAAACTTTAGTTATTAAGTCTTTACCATTAGTAGCTTAG

Supplementary Figure 16: RjPKS3 open reading frame used for CoA ligation assays.
Protein encoded in gene sequence was expressed inside pET-30a (+) and BL21A1 E. coli
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Supplementary Figure 17: SDS page gel of purified RjPKS3 (labelled as PKS1)
compared to the induced and uninduced proteins of BL21-A1 containing the gene
encoding RjPKS3. Both soluble and insoluble phases are visualized. Protein size
corresponds to roughly 50 kDa.
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Supplementary Figure 18: SDS page gel of purified RcCoAL1-3 compared to the
induced and uninduced proteins of BL21-DE3 E. coli containing the gene(s) encoding for
the CoA ligases. Both soluble and insoluble phases are visualized. Protein size
corresponds to 65-70 kDa.
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Supplementary Figure 19: Negative ion LC-MS/MS total ion chromatogram (TIC) of
olivetolic acid. Retention time of olivetolic acid is 4.76 mins and detection [M-H]" is seen

at a m/z of 223.25
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