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Abstract
For millennia, Cannabis has been used in various cultural groups because of its versatile applications.
Among other things, the plant served as a source of textile fibers, but was also used as a medicine to
treat inflammation, cramps or epilepsy. With the discovery of the endocannabinoid system, the
plant, which had fallen into disrepute in the mid-20th century because of its excessive use as a
recreational drug and is therefore still subject to heavy restrictions in most countries, gained new
prestige. Thus, it was found that certain secondary metabolites, known as cannabinoids, could
modulate a variety of physiological processes, potentially offering new therapeutic applications. To
date, more than 100 of these cannabinoids have been isolated, the best known of which are the
psychoactive-acting Δ9-tetrahydrocannabinol (THC) and the non-psychotropic cannabidiol (CBD). In
this context, THC- and CBD-containing products such as Sativex® and Epidyolex®, which are already
approved as pharmaceuticals, are finding application in medicine. However, THC is considered a
major limitation for clinical use due to its psychoactive character, so non-psychotropic cannabinoids,
as well as synthetic non-naturally-occurring cannabinoids that have similar medicinal properties to
THC, but do not have the undesirable side effect, will be of key importance in the future. Given that
chemical production of synthetic cannabinoids is very costly, heterologous production in host
organisms could provide a remedy, potentially leading to industrial-scale production of rare
phytocannabinoids or novel synthetic cannabinoid pharmaceuticals not readily offered by cannabis
plants.
In this regard, the aim was to establish tobacco as an alternative host organism for the biosynthetic
production of cannabinoids. It was shown that it was possible to produce all enzymes involved in
cannabinoid biosynthesis in transiently transformed Nicotiana benthamiana plants and to detect
their activity in vitro. Moreover, transient expression of aae1, ols, and oac and supplementation of
hexanoic acid in vivo resulted in the formation of both, the cannabinoid precursor olivetolic acid (OA)
and the new-to-nature C-4 OA glucoside. However, beyond the synthesis of OA, it was not yet
possible to reconstruct the biosynthetic pathway in vivo, probably due to the lack of sufficient
geranyl diphosphate (GPP) supply within tobacco plants. To enable efficient production of
cannabinoids in the future, it is therefore essential to eliminate this bottleneck in the biosynthetic
pathway.
In addition to the transient approach, stably transformed liquid cell cultures were generated, which
expressed the necessary genes for the production of OA or its glucoside. This should, with a view to
use in industrial production, enable large-scale cultivation in bioreactors under GMP conditions. In
this context, it was possible to integrate the individual genes into Nicotiana tabacum by stable
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transformation. However, in contrast to transient expression, neither the synthesis of OA nor its
glucoside could be detected, most likely due to a mutation in the OLS gene that was used.
The second part of the work dealt with the characterization of the cannabinoid-forming synthases
Δ9-tetrahydrocannabinolic acid synthase (THCAS), cannabichromenic acid synthase (CBCAS) and
cannabidiolic acid synthase (CBDAS). It was found that N-glycosylation and therefore localization of
the proteins via the secretory pathway, either into the apoplast or vacuole, is required for the
production of the enzymes in planta. In addition, in vitro experiments with THCAS and CBDAS
showed that when organic solvents such as acetonitrile or acetone were added, the product
specificity of the enzymes changed from Δ9-tetrahydrocannabinolic acid (THCA) and cannabidiolic
acid (CBDA), respectively, to the synthesis of cannabichromenic acid (CBCA). This in turn indicates
that, among other things, also the hydrophobic environment in the glandular trichomes of Cannabis
could be responsible for the cannabinoid diversity in different Cannabis strains.
Since CBCAS has a 93 % amino acid identity to THCAS but does not produce THCA, it stands to reason
that small differences in amino acid sequence outside the catalytic center affect cyclization
specificities. Therefore, final mutagenesis studies were performed with CBCAS and the goal of
producing THCA to gain further insight into the catalytic mechanisms of the synthases. However,
none of the so far introduced mutations resulted in the production of the desired cannabinoid, thus
further site-directed mutagenesis have to be performed in the future, including the initially neglected
amino acids.
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Zusammenfassung
Seit

Jahrtausenden

wird

Cannabis

in

diversen

Kulturen

aufgrund

ihrer

vielseitigen

Anwendungsmöglichkeiten genutzt. So diente die Pflanze unter anderem als Quelle für Textilfasern,
fand aber auch als Arzneimittel zur Behandlung von Entzündungen, Krämpfen oder Epilepsie
Verwendung. Mit der Entdeckung des Endocannabinoid-Systems erlangte die Pflanze, die Mitte des
20. Jahrhunderts wegen ihres übermäßigen Gebrauchs als Freizeitdroge in Verruf geraten war und
bis heute in den meisten Ländern starken Restriktionen unterliegt, neues Ansehen. So fand man
heraus, dass bestimmte Sekundärmetabolite, sogenannte Cannabinoide, eine Vielzahl von
physiologischen Prozessen modulieren konnten und somit potentiell neue therapeutische
Anwendungsmöglichkeiten eröffneten. Bis heute wurden mehr als 100 dieser Cannabinoide isoliert,
von welchen die bekanntesten das psychoaktiv-wirkende Δ9-Tetrahydrocannabinol (THC) und das
nicht-psychotrope Cannabidiol (CBD) darstellen. In diesem Zusammenhang finden die bereits als
Arzneimittel zugelassenen THC- und CBD-haltigen Produkte wie Sativex® und Epidyolex® Anwendung
in der Medizin. Allerdings gilt THC aufgrund seines psychoaktiven Charakters als große Einschränkung
für den klinischen Einsatz, weshalb nicht-psychotrope Cannabinoide sowie synthetische, nicht
natürlich-vorkommende Cannabinoide, die ähnliche medizinische Eigenschaften wie THC aufweisen,
aber nicht die unerwünschte Nebenwirkung haben, in Zukunft von zentraler Bedeutung sein werden.
Da die chemische Produktion synthetischer Cannabinoide jedoch sehr kostspielig ist, könnte die
heterologe Produktion in Wirtsorganismen Abhilfe schaffen und möglicherweise zu einer Produktion
seltener Phytocannabinoide oder neuartiger synthetischer Cannabinoid-Pharmazeutika im
industriellen Maßstab führen, die durch den reinen Gebrauch von Cannabispflanzen nicht ohne
weiteres zu Verfügung stehen.
Im Hinblick darauf sollte Tabak als potentielle Produktionsplattform für die biosynthetische
Herstellung von Cannabinoiden etabliert werden. Dabei konnte gezeigt werden, dass es möglich war
alle an der Cannabinoid-Biosynthese beteiligten Enzyme in transient transformierten Tabakpflanzen
zu produzieren und deren Aktivität in vitro nachzuweisen. Darüber hinaus führte die transiente
Expression von aae1, ols und oac und die Supplementierung von Hexansäure in vivo sowohl zur
Bildung des Cannabinoid-Vorläufermoleküls Olivetolsäure (OA) als auch zur Bildung des neuartigen
C-4 OA-Glukosids. Über die Synthese von OA hinaus war es jedoch nicht möglich, den
Biosyntheseweg in vivo zu rekonstruieren, was wahrscheinlich auf das Fehlen einer ausreichenden
Versorgung mit Geranyldiphosphat (GPP) innerhalb der Pflanze zurückzuführen ist. Um zukünftig
eine effiziente Produktion von Cannabinoiden zu ermöglichen, ist es daher essentiell diesen Engpass
im Biosyntheseweg zu beseitigen.
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Zusätzlich zum transienten Ansatz sollten zudem stabil transformierte Flüssigzellkulturen generiert
werden, welche die notwendigen Gene für die Produktion von OA oder dessen Glukosid
exprimierten. Dies sollte im Hinblick auf einen Einsatz in der industriellen Produktion, eine
großtechnische Kultivierung in Bioreaktoren unter GMP-Bedingungen ermöglichen. Im Gegensatz zur
transienten Expression konnte jedoch weder die Synthese von OA noch dessen Glukosid
nachgewiesen werden, was höchstwahrscheinlich einer Mutation im genutzten OLS-Gen
zuzuschreiben ist.
Der zweite Teil der Arbeit beschäftigte sich mit der Charakterisierung der Cannabionid-bildenden
Synthasen

Δ9-Tetrahydrocannabinolsäure-Synthase

(THCAS),

Cannabichromensäure-Synthase

(CBCAS) und Cannabidiolsäure-Synthase (CBDAS). Dabei stellte sich heraus, dass für die Produktion
der Enzyme in planta eine N-Glykosylierung und damit verbunden eine Lokalisation der Proteine über
den sekretorischen Weg, entweder in den Apoplasten oder die Vakuole, vonnöten ist. Zudem zeigte
sich in in vitro Versuchen mit THCAS und CBDAS, dass sich unter Zugabe von organischen Lösemitteln
wie Acetonitril oder Aceton, die Produktspezifität der Enzyme von Δ9-Tetrahydrocannabinolsäure
(THCA) beziehungsweise Cannabidiolsäure (CBDA) hin zur Synthese von Cannabichromensäure
(CBCA) änderte. Dies wiederrum könnte darauf hindeuten, dass unter anderem die hydrophobe
Umgebung in den Drüsentrichomen von Cannabis für die Cannabinoid-Diversität in verschiedenen
Cannabis Varietäten verantwortlich ist.
Da die CBCAS eine Aminosäure-Identität von 93 % gegenüber der THCAS aufweist, jedoch kein THCA
produziert, liegt es nahe, dass kleine Unterschiede in der Aminosäuresequenz außerhalb des
katalytischen Zentrums die Zyklisierungsspezifitäten beeinflussen. Daher wurden abschließend
Mutagenese-Studien mit CBCAS und dem Ziel THCA zu produzieren, durchgeführt, um weitere
Einblicke in die katalytischen Mechanismen der Synthasen erhalten. Allerdings führte keine der
eingeführten Mutationen zur Produktion des gewünschten Cannabinoids, weshalb in Zukunft weitere
ortsgerichtete Mutagenesen durchgeführt werden müssen, die auch die zunächst vernachlässigten
Aminosäuren mit einschließen.
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Chapter 1
Introduction
1.1. Cannabis taxonomy
Cannabis is a genus of annual flowering, dioecious plants belonging to the family of Cannabaceae.
However, regarding the number of different species within the genus and consequently in their
nomenclature there is still controversy in the scientific community today [1]. Several suggestions for
the number of Cannabis species and subspecies are made in literature, mainly referring to
geographic, phenotypic, or chemical differences in metabolite composition [2,3]. Generally, three
species of Cannabis are distinguished, namely C. sativa, C. indica and C. ruderalis, with C. ruderalis
often referred to as the ancestor of the other species and probably extinct by now [4]. Cannabis itself
is subdivided into so-called hemp or marihuana. However, from a scientific point of view, these are
not subspecies, but are defined only by their cannabinoid composition. While, hemp contains less
than 0.3 % of the psychoactive substance Δ9-tetrahydrocannabinol (THC) and its fibers have been
used for thousands of years to make rope, canvas, clothing, paper, shoes and sails, marijuana
contains higher amounts of THC and is more commonly used as a recreational drug [5]. Due to the
long domestication and breeding history with currently more than 700 strains of Cannabis, bearing
such colorful names like ‘White Widow’, ‘Blueberry Diesel’ or ‘Super Lemon Haze’, differentiation is
often problematic and most authors consider the genus to be a highly variable, monotypic species of
Cannabis sativa L. [3,6]. In order to avoid misinterpretations in the subsequent texts, Cannabis,
Cannabis sativa and Cannabis sativa L. are therefore used synonymously.
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1.2. The use of C. sativa in medicine: From then to now
For thousands of years, Cannabis has been used as a source of textile fibers, oil or in folk medicine
for its therapeutic effects. It is assumed to be one of the oldest domesticated crops sharing its origins
with the emergence of the first agricultural human societies in Asia as far as 12,000 years ago, from
where it eventually began its conquest around the world (Figure 1.2.1) [7–9].

Figure 1.2.1 Historical diffusion of Cannabis sativa (modified according to Warf, 2014 [5]). Source world map: Freepik.com.

In Neolithic China hemp was widely used for manufacturing rope, clothing, sails, and bowstrings. The
first evidence of Cannabis application in medicine was reported in 2,700 B.C., using it as an
anesthetic during surgery or the treatment of rheumatic pain, intestinal constipation and malaria
[10,11]. Since the Chinese mainly used Cannabis seeds for their medicinal purposes, which usually
contained hardly any cannabinoids, the health-promoting effect was mainly due to the essential fatty
acids and proteins they contained. Today, some of these fatty acids, such as γ-linolenic acid, are
known to have therapeutic effects against a variety of inflammatory diseases when administered
orally. Regarding the application of the plant as psychoactive drug, however, little has been passed
down in texts, as this effect was probably associated with shamanism and ancient texts rarely
referred this kind of practice [12,13]. Approximately 2,000 B.C., Cannabis found its way to Korea and
Japan. In Korea, hemp was most likely cultivated by the Chulmun coastal farmers, while it was used
by the Jomon culture in Japan, on the one hand, for their rope-printed pottery and, on the other, by
Shinto priests in ceremonial burnings [4,14]. In parallel, Cannabis was brought to the South Asian
subcontinent and the Middle East between 2,000 and 1,000 B.C., presumably by Aryan invasions [5].
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But unlike China, the utilization of Cannabis in India was widely disseminated for pharmaceutical
application and as a recreational drug, since it was strongly coupled with their religion [12]. Here it
was imbibed by the Ayurvedic healing tradition and has been used in a plethora of medical
applications among other as an analgesic anticonvulsant, hypnotic, tranquilizing, anesthetic, antiinflammatory, antibiotic and antispasmodic agent. In this context, the plant was typically mixed with
herbs and was smoked as so-called charas or consumed in the form of bhang, which consisted of
Cannabis as a mild paste or a mix of tea and milk [5,10,12]. The utilization of Cannabis continued to
spread throughout the world and was adopted by many different cultures. Thus, the plant eventually
found its way to Europe, where in 450 B.C. Herodotus first described that the Scythians burned the
seeds of the plant for its euphoric effect. Despite the resounding success of the plant in India,
Cannabis was initially hardly used for medicinal purposes in Europe, but rather for its fibers.
However, this changed with the beginning of the Christian era [10,15]. Approximately in 1,000 A.D.,
the Persian physician Avicenna described in his medical compendium that Cannabis has diuretic,
digestive and anti-flatulent properties. It was even reported that the administered resin cured
epilepsy in individual cases, but made the patients addicted to it [10,16]. His writings were studied
extensively from the thirteenth to the nineteenth centuries and had a lasting influence on Western
medicine [17]. However, the first therapeutic uses of Cannabis in Western medicine were described
in 1839, when the Irish physician William O’Shaughnessy tested the effects of different Cannabis
forms on animals in order to evaluate the toxicity of the drug. In addition, he reported various
successes in the treatment of rheumatism, cramps and especially muscle spasms in tetanus and
rabies using Cannabis preparations in human trials. O'Shaughnessy's positive results were soon
followed by other reports of physicians also achieving success with the use of Cannabis, which in turn
led to the plants’ rapid advance into North America, reaching its spike in the middle of the 1920s
[10,15]. With the introduction of vaccines, for example against tetanus, or the development of
synthetic painkillers, Cannabis became increasingly less important, which, with its amplified use as a
recreational drug from the 1930s onwards, led to Cannabis being nationally regulated as a drug with
the Marihuana Tax Act passed in 1937 and finally to the removal from the American pharmacopoeia
in 1941. Beginning in the late 1920s, there was a general trend towards the prohibition of Cannabis,
not only in the United States but in most Western countries. Consequently, at least in terms of its
medicinal value, it became quiet about the plant, until 1960s, when the discovery of Cannabis’ active
ingredients, cannabidiol (CBD) as well as THC, but also cannabigerol (CBG) and cannabidivarin (CBDV)
made it possible to isolate the substances and study their effects [10,18–21]. With the discovery of
the endogenous G-protein coupled cannabinoid receptors CB1 and CB2 in the late 1980s and the
subsequent isolation of anandamide and 2-arachidonylglycerol, so-called endocannabinoids,
Cannabis finally made its comeback and gained renewed scientific interest [22–26]. The newly
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acquired knowledge that phytocannabinoids can interact with these receptors and thus modulate a
variety of physiological processes provided the opportunity to investigate the therapeutic effects of
different phytocannabinoids and synthetic cannabinoids (Figure 1.2.2). For example, CBD has been
shown in in vitro and animal studies to have anti-anxiety, anti-nausea, anti-arthritic, anti-psychotic,
anti-inflammatory, and immunomodulatory properties, whereas THC as well as the synthetic
cannabinoid nabilone have been used in the treatment of chemotherapy-induced nausea and
vomiting [3,27–30]. With the ongoing COVID-19 pandemic it is even discussed if preparations of
Cannabis or cannabinoid adjunctive treatments could suppress SARS-CoV-2 caused inflammation and
the resulting ‘cytokine storm’, reducing the severity of COVID-19. However, to be able to say that
with certainty, more studies and trials are required [31–33].

Figure 1.2.2 Involvement of endocannabinoid system in the modulation of different physiological processes (modified
according to Śledziński et al., 2020 [34]).
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1.3. Cannabinoids
Cannabinoids are a group of chemical constituents that were originally found in C. sativa. However,
with the discovery of the endocannabinoid system (ECS) and the endocannabinoids anandamide and
2-arachidonylglycerol, and the subsequent development of extremely potent synthetic cannabinoid
receptor agonists and antagonists, their terminology expanded. Meanwhile, three general types of
cannabinoids are distinguished, namely phytocannabinoids, endocannabinoids and synthetic
cannabinoids.
Endocannabinoids are a family of naturally occurring Cannabis-like biologically active lipids that are
produced by vertebrates, regulating the function of multiple organs and tissues. They fulfill the
criteria for being classified as neurotransmitters, but in contrast to classical neurotransmitters, they
are actually neither synthesized in the cytosol of the neuron nor stored in synaptic vesicles.
Specifically, they activate the G-protein coupled receptors CB1 and CB2, which are distributed
differently throughout the body. While CB1 receptors are concentrated in the central nervous
system, CB2 is mostly found in immune cells such as lymphocytes [35,36]. When released from
postsynaptic neurons into the synaptic cleft, endocannabinoids trigger retrograde (feedback) effects
on the presynaptic neuron which in turn causes inhibition of transmitter action at the affected
synapse. Mechanisms modulated by the ECS include motor coordination, memory, pain modulation,
neuroprotection, appetite, memory and maintenance of homeostasis, among others [36–39].
Endocannabinoids are depicted exemplarily in Figure 1.3.1.
Synthetic cannabinoids represent non-naturally occurring chemical compounds that possess strong
binding effects on the endocannabinoid system receptors CB1 or CB2, displaying a pharmacological
profile similar to the phytocannabinoids THC. There are several classes of synthetic cannabinoids,
including

the

aminoalkylindoles,

naphthoylindoles,

phenlacetylindoles,

cyclohexylphenols,

tetramethylcyclopropylindoles, indole and indazole carboxamides, and quinoline esters, with some
resembling the structure of the classic cannabinoid THC (CP 55,940), while others are structurally
unrelated such as WIN55,212-2 or JWH-018 (Figure 1.3.1) [40].
Phytocannabinoids are defined as group of terpenophenolic plant-derived compounds
predominantly produced in Cannabis, but also in other plant species including Lepidium meyenii,
Piper nigrum, Acmella oleracea or Radula marginata that act on the ECS. To date more than 100
different cannabinoids have been reported, which are classified into several subclasses among which
the group of cannabigerol type, cannabichromene type, cannabidiol type or tetrahydrocannabinol
type cannabinoids contain the most important phytocannabinoids (Figure 1.3.2) [41–49]. In general,
cannabinoids are characterized by their bicyclic or tricyclic structure and the majority of them are
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derived from the predominantly produced and consequently in Cannabis most abundant acidic
phytocannabinoids (depending on the Cannabis strain), Δ9-tetrahydrocannabinolic acid-A (THCA),
cannabigerolic

acid

(CBGA),

cannabidiolic

acid

(CBDA),

cannabinolic acid

(CBNA)

and

cannabichromenic acid (CBCA) [50]. In a consecutive step, decarboxylation of the parent compound
happens non-enzymatically through heat and light exposure as well as auto-oxidation. However, it is
important to mention that substances structurally unrelated to conventional phytocannabinoids
(THC and CBD), such as β-caryophyllene, have also shown an effect on the ECS by acting as a CB2
receptor agonist, causing analgesic and anti-inflammatory activity without the undesired
psychotropic effects [51].

Figure 1.3.1 Structure of endocannabinoids and synthetic cannabinoids (modified according to Walsh and Anderson, 2020
and Chandra et al., 2017 [3,40]).
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Figure 1.3.2 Overview of the most relevant cannabinoid classes and their structures (modified according to Chandra et al.,
2017 [3]).
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1.4. Biosynthesis of cannabinoids
In C. sativa, cannabinoids are produced and stored in the balloon-shaped secretory cavity of the
glandular trichomes. Cannabinoids are found throughout the plant, except in the roots, and at the
highest density on the female flowers. Their content varies greatly depending on the plants growing
conditions, such as nutrition, humidity, light exposure, as well as harvest time and storage conditions
[52–54]. Over the last 20 years, the metabolic route for the production of cannabinoids in C. sativa
has been elucidated and the enzymes involved identified. In general, the biosynthetic pathway can
be divided into three parts: a monoterpene producing part (formation of geranyl diphosphate (GPP)
via the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, localized in plastids), the olivetolic acid
(OA) producing part (starting from fatty acid synthesis) and the actual cannabinoid producing part
(Figure 1.4.1) [55,56]. The hexanoic acid originating from the fatty acid metabolism is first converted
to the active CoA thioester (hexanoyl-CoA) by the acyl activating enzyme 1 (AAE1) [57]. OA is then
formed from three molecules of malonyl-CoA and one molecule of hexanoyl-CoA by aldol
condensation, catalyzed by the enzymes olivetol synthase (OLS) and olivetol acid cyclase (OAC) [58].
The central precursor for the synthesis of other cannabinoids, cannabigerolic acid (CBGA), is
subsequently produced by prenylation of OA by means of the supposedly membrane-bound
cannabigerolic

acid

synthase

(CBGAS),

also

referred

as

geranyldiphosphate:olivetolate

geranyltransferase (GOT), using GPP provided by the MEP pathway [59]. However, to date, there is
insufficient scientific knowledge about CBGAS. While there is evidence that CBGAS is an integral
membrane protein, such as the recently isolated PT4 or the patented PT1, both deriving from C.
sativa, Fellermeier and Zenk detected CBGAS activity only in the soluble fraction of C. sativa plant
crude extract, but not in the particulate fractions obtained by density gradient centrifugation [59–
61]. Moreover, besides the actually isolated membrane-bound prenyltransferases, the soluble
aromatic prenyltransferase NphB, deriving from the Streptomyces sp. strain CL190, was shown to be
a promising candidate for replacing the harder to handle membrane proteins. Accordingly,
Komagataella phaffii producing NphB was able to convert OA and GPP into CBGA. However, only
approximately 15 % of the desired CBGA was formed, whereas 85 % of the enzymes turnover was
assigned to the formation of the O-prenylated product, 2-O-geranyl olivetolic acid (2-O-GOA) [62]. In
the last consecutive step, the different cannabinoids Δ9-tetrahydrocannabinolic acid (THCA),
cannabidiolic acid (CBDA) and cannabichromenic acid (CBCA) are formed by stereoselective
cyclization of the terpene unit of CBGA by the respective enzymes Δ9-tetrahydrocannabinolic acid
synthase (THCAS), cannabidiolic acid synthase (CBDAS) and cannabichromenic acid synthase (CBCAS)
[63–65]. These soluble oxidoreductases belong to the berberine-bridge-enzyme (BBE)-like enzyme
family (PF 08031) and form a subgroup of the flavine adenine dinucleotide (FAD)-linked oxidase
superfamily (SCOPe d.58.32) [66].
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Figure 1.4.1 Schematic depiction of the cannabinoid biosynthesis pathway in Cannabis sativa (modified according to Zirpel
et al. [62]). MEP, 2-C-methyl-D-erythritol-4-phosphate pathway; AAE1, acyl activating enzyme 1; OLS, olivetol synthase;
9

OAC, olivetolic acid cyclase; CBGAS, cannabigerolic acid synthase; THCAS, Δ -tetrahydrocannabinolic acid synthase; CBDAS,
cannabidiolic acid synthase; CBCAS, cannabichromenic acid synthase.

The structure of THCAS was first elucidated in 2012 by Shoyama et al., showing that the enzyme
contains several glycosylation sites, one disulfide bridge and a bi-covalently bound FAD co-factor
[67]. Furthermore, THCAS and CBDAS are described to generate hydrogen peroxide as a sideproduct, when THCA and CBDA are formed [65,68]. Since the THCAS and CBDAS share a high amino
9

acid sequence similarity of 83 %, and THCAS and the CBCAS even share a similarity of 93 %, it stands
to reason that small differences in amino acid sequence determine the cyclization and consequently
the product specificity of these enzymes.
Looking at the reaction mechanism in detail, the reaction formally involves hydride abstraction from
the benzallylic terpenyl carbon. The formation of the resulting cation allows for the generation of the
cyclohexene ring of CBDA and THCA by electrophilic cyclization. Alternatively, the isomerized
benzallyl cation can evolve into a quinone methide and generate CBCA by an electrocyclic reaction.
While the electrophilic cyclization is enzyme driven and generates chiral products, the electrocyclic
reaction is more likely to be spontaneous (Figure 1.4.2) [69].

Figure 1.4.2 Biosynthesis of the major phytocannabinoids (modified according to Hanuš et al., 2016 [69]). ; CBGA,
9

cannabigerolic acid; THCA, Δ -tetrahydrocannabinolic acid; CBDA, cannabidiolic acid; CBCA, cannabichromenic acid.
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1.5. Reconstruction of biosynthetic pathways in heterologous hosts
Engineering of metabolic pathways in alternative hosts holds a promising strategy to improve the
production of high valuable secondary metabolites which are often available only in small amounts in
their native producers, or to generate new-to-nature compounds optimized for a particular
application [70,71]. It is now believed that 25 % of all prescribed medicines are of plant origin and as
many as 11 % of the 252 medicines classified by the WHO as basic and essential are derived
exclusively from flowering plants [72,73]. As a result, the large-scale production of useful plant
natural products (PNPs) received much attention in recent years and their synthesis has been studied
in a number of heterologous systems including microorganisms (bacteria or yeast), plant cell/organ
cultures, and intact plants [74]. However, the selection of an appropriate expression system is one of
the most critical steps in the development process for metabolic pathway reconstruction. Thus, each
expression platform offers advantages but also disadvantages. The most commonly used bacterial
expression systems produce high levels of the desired recombinant proteins, are easy to maintain, do
not require expensive growth media and offer a range of different genetic tools for their molecular
modifications. But transcriptional and/or post-translational processing as well as the issue with
integrating large-size gene cassettes, make bacterial hosts rather useless for the reconstruction of
complex biosynthetic pathways [75,76]. Especially with the view on the production of cannabinoids
like THCA, CBDA and CBCA, prokaryotic hosts such as Escherichia coli are not suitable, as the FADdependent oxygenases THCAS, CBDAS and CBCAS possess several N-glycosylation sites which are
required for proper folding of the enzymes [67,77,78]. Single-cell eukaryotic microorganisms like
yeast combine the low-cost culture media and high protein production levels of prokaryotic hosts
with post-transcriptional and post-translational modifications required for eukaryotic proteins.
Moreover, similar to bacterial expression systems, the toolbox for genetic manipulation as well as
the technologies needed for scale-up production are well developed, and the organisms are
Generally Recognized As Safe (GRAS) [76,79]. However, drawbacks include hyperglycosylation of
proteins, which can limit their functionality, the use of methanol as an inducer for methylotrophic
yeasts such as Pichia pastoris, which pose a safety (fire) risk at scale, and occasionally expensive
royalties [79,80].
When it is about the production of PNPs, plants offer themselves as a promising heterologous
expression platform. Metabolic engineering in plants is particularly warranted as many plant
biosynthetic pathways are partitioned in specific subcellular organelles, such as chloroplasts, and
require co-enzymes, co-factors, post-translational modifications or regulators and often extensive
manipulation of the host organism metabolism if it is not of plant origin [76,81]. In addition, plants
offer the possibility of being used as expression hosts either in the form of a whole organism or as a
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cell culture, each having its own advantages. While the whole plant requires minimal maintenance
and produces higher quantities of target metabolites, the cell cultures yield relatively high biomass
and exhibit shorter cultivation times of nine days compared to 6–9 weeks of greenhouse grown
plants, as observed in transgenic tobacco plants producing geraniol, thus making cell cultures a more
economical option for large scale production [76,81,82]. Moreover, plastid genome engineering has
become an emerging tool for biosynthetic pathway reconstruction in plants. It enables the
expression of biosynthetic pathway genes as operons, higher yields of produced proteins compared
to nucleus transformants, lack of transgene silencing and low-level leakages of transgenes in pollen
due to maternal inheritance [83]. Thus, studies have shown that for example transplastomic tobacco
plants generated higher quantities of astaxanthin than their corresponding nuclear transformants
[84,85]. However, as with the other heterologous expression platforms, there are some drawbacks in
plants as well. Among other things, the relatively high cost of engineering, complex transformation
protocols as well as the slow growth and reproduction rates [76]. A detailed summary of advantages
and disadvantages of several heterologous expression platforms is given in Table 1.5.1.
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Table 1.5.1 Advantages and disadvantages of different expression hosts for the production of heterologous proteins and
secondary metabolites (adapted from Shanmugaraj et al., 2020, Markina et al., 2020, Zhang et al., 2010 and Broadway,
2012 [76,79,80,86]).

Platform
Bacteria

Animal
cell
cultures

Advantages







Easy to manipulate
Low costs
High expression
Easy to scale up
Short turnaround time
Established regulatory
procedures and approval





Proper folding and
authentic posttranslational modifications
Existing regulatory
approval
Absence of the cell wall




Rapid growth and scalable
Easy to manipulate
Low costs
Post-translational
modifications of
recombinant proteins
Generally Recognized As
Safe (GRAS)
High protein production
levels



Free from pathogen and
bacterial toxin
contaminants
Economical
Post-translational
modification similar to
mammalian systems
Host versatility: whole
organism or a cell culture
Well suited for
heterologous expression
of metabolic pathways
from other plants
Metabolic pathway can be
localized in the
chloroplasts






Yeast









Plants

Disadvantages



























Common species

Improper protein
folding
Lack of posttranslational
modifications
Endotoxin
accumulation




Escherichia coli
Bacillus subtilis

High production cost
Expensive media and
culture condition
requirements
Low growth rate
Potential risk of
human virus in
culture



Mammalian
cells
Insect cells

Difficulty in cell
disruption due to the
thick and hard cell
walls
Hyperglycosylation of
proteins
Royalties can be
expensive
Use of methanol as
inducer is a safety
(fire) hazard at scale
(methylotrophic
yeast)



Regulatory
compliance
Limited glycosylation
capacity of proteins
Complex
transformation
protocols
Low growth and
reproduction rates















Saccharomyces
cerevisiae
Pichia pastoris
(Komagataella)
Candida boidinii
Hansenula
polymorpha
Pichia
methanolica
Yarrowia
lipolytica

Nicotiana
benthamiana
Nicotiana
tabacum
Physcomitrella
patens
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1.5.1. Tobacco as a platform for heterologous protein and secondary metabolite
production
To date, several plant species have been tested for molecular farming purposes, such as the crops
alfalfa, lettuce, tomato, potato and soybean [87]. However, tobacco has been the most important
expression platform used in green biotechnology. Despite a traditionally negative perception due to
its strong association with smoking, tobacco greatly excels other plant species because of its many
unique advantages [88]. Since it is a leaf-based expression system, the need for flowering is
eliminated and thus the potential for gene escape into the environment through pollen or seed
dispersal is significantly reduced. Moreover, the plant is a non-food, non-feed crop, minimizing the
regulatory hurdles, since the risk of plant-produced recombinant proteins entering the food chain is
not given [89]. Tobacco is readily amenable for genetic modifications either by transient based
expression of genes (via Agrobacteria or viral induction) or by stable transformation (nuclear or
plastid genome) and has therefore become the main plant vehicle for recombinant protein
production over the last 30 years. Thus, it is often referred as the ‘white mouse’ among plants [88].
By now, a variety of therapeutic proteins and vaccines prepared from transgenic tobacco plants are
investigated in clinical trials. These include PRX-12 and PRX-102, therapeutic enzymes against
Gaucher's disease and Fabry disease, respectively, produced in tobacco BY2 cell cultures, but also
ZMapp, aiming against the Ebola virus or antibodies against HIV and influenza, produced in whole
tobacco plants [90]. Even a transgenic tobacco derived COVID-19 vaccine named CoVLP from the
company Medicago is currently investigated in phase 3 clinical trials [91]. Besides pharmaceuticals,
also products ranging from technical enzymes and research reagents to media ingredients and
cosmetic products are available [90]. However, tobacco stands out not only as a production chassis
for recombinant proteins, but also as a platform for heterologous synthesis of valuable secondary
metabolites. Thus, researchers succeeded in reconstructing the biosynthetic pathway of artemisinin
combined with the required increase of precursor supply, by introducing 12 transgenes into tobacco
plants. The aforementioned PNP is used worldwide to treat infections with multidrug-resistant
strains of Plasmodium falciparum, the causative pathogen of malaria tropica, and is currently
primarily extracted from the leaves and flowers of the annual mugwort (Artemisia annua) [92].
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1.5.2. Assembly of biosynthetic pathways using the GoldenBraid cloning system
In addition to the lengthy process of elucidating enzymes involved in the metabolic trails of interest,
the major technological challenge of synthetic plant biology concerns the construction and transfer
of multigene structures into the plant genome [93]. The cloning of several transcriptional units (TUs),
each including a promoter, a 5’-untranslated region (5’-UTR), a coding sequence (cds), a terminator
as well as fusion protein or targeting sequences is often an arduous task, since the introduction of
restriction sites, enabling the assembly of DNA parts within a desired vector backbone, requires
extensive planning of the experimental procedure and multiple cloning steps. Thus, modular systems,
such as the innovative Golden Gate technology, have been developed to simplify cloning and
increase its efficiency. The utilization of type IIS restriction enzymes allowed the design of individual
tailored four-nucleotide overhangs, as those endonucleases are characterized by the ability to cut
the DNA (in case of BsaI and BsmBI) at a specific distance outside their recognition site. While these
sites are inversely oriented and flanking the gene of interest, the expression vector contains
complementary restriction sites. The recognition sites are then eliminated during the digestion
process, leaving the complementary designed four-nucleotide overhangs ready for ligation.
Consequently, it was possible to assemble TUs in a one-pot, one-step reaction so that restriction and
ligation could be performed together [94]. Based on the Golden Gate cloning system, the modular
cloning system (MoClo) was introduced allowing the construction of multigene constructs from a set
of standardized genetic level-0 modules, encompassing promoters, 5'-UTRs, targeting sequences,
coding sequences (CDS), and terminators. These basic modules are assembled via type IIS restriction
enzymes into TUs within level-1 vector backbones and further into multigene constructs by fusion of
up to six TUs from different level-1 targeting vectors into a level-2 plasmid. However, the utilization
of three different IIS-type restriction enzymes as well as seven level-1 and level-2 plasmids and
additional end-linker elements made the routine application of this standardized technique rather
complex and further development towards simpler applicability was necessary [95]. Concurrently,
the GoldenBraid (GB) modular cloning system was developed, which allows the theoretically infinite
assembly of multipartite constructs by reducing the destination to two binary plasmids (α- and Ωlevel) [96]. In its improved iteration (GB 2.0), the system was made inter-compatible with MoClo and
extended by introducing a common entry vector (universal domesticator, pUPD) that allows
unlimited extension of the GB library of standardized DNA building blocks. Thus, it is possible to
amplify any desired coding sequence with GB primers containing approximately 20 nucleotides of the
gene-specific sequence and an additional region containing the pUPD-compatible cleavage site, the
relevant recognition site for type IIS endonuclease (BsmBI) and the four-nucleotide fusion sequence
that determines the proper integration within the TU. In a one-pot, one-step reaction the CDS
amplicon and pUPD are then cut by BsmBI and ligated appropriately using T4 DNA ligase, resulting in
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a newly domesticated GB part. In order to ensure a correct final orientation according to their
function within the TU, all domesticated parts, including promoters (Pro), signal peptides (sp), coding
sequences, C-terminal fusion protein sequences (ct) and terminators (Ter) are flanked by a specific
four nucleotide ‘bar code’. After domestication, the desired GB parts are assembled into TUs within
α-level plasmids through BsaI digestion and ligation in a combined reaction step. Subsequently,
multigene constructs can be constructed by excising two TUs embedded in two different α-level
plasmids using BsmBI and then fusing them into an Ω-level backbone. Due to the unique double loop
design of the GoldenBraid vectors, the ligation of two Ω-level multigene expression cassettes within
an α-level plasmid enables a theoretically infinite assembly of TUs (Figure 1.5.1). Moreover, the
presence of a lacZ-cassette in each GB plasmid facilitates blue-white screening of transformed
bacterial clones as it is replaced by the desired insert during the digestion and ligation process.
Additionally, to counter-select against vectors of the alternative levels, the pUPD, α-level plasmid and
Ω-level plasmid are characterized by an ampicillin, kanamycin or spectinomycin resistance,
respectively [93]. Since GoldenBraid is intended to serve as a modular assembly system in plant
synthetic biology, the GB 1.0 generation vectors originate from the pGreen II binary vector, which
multiplies in Agrobacterium only in the presence of the pSoup helper plasmid, while in the updated
GoldenBraid 2.0 version, the α- and Ω-level destination vectors are derived from the open source
pCAMBIA binary vectors, replicating independently in the bacteria and thus simplifying the
transformation process [97–99]. Recently the group of Dr. Diego Orzaez introduced the GB 3.0
iteration of the system which extends the α- and Ω- destination plasmid collection with a new set of
pCAMBIA-based vectors that exhibit increased in planta transformation efficiency, as well as an
improved GB webtool interface, enabling integration of in silico cloning results and experimental data
[100]. Since the one-pot, one-step reaction used remains the same in GB 1.0, GB 2.0 and GB 3.0, the
general abbreviation GB is used in all the subsequent texts when referring to GoldenBraid.
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Figure 1.5.1 Schematic illustration of the GoldenBraid (GB) cloning technique (modified according to Sarrion-

Perdigones et al., 2013 [93]). The domesticated parts, consisting of promoters (Pro), signal peptides (sp), coding
sequences (cds), C-terminal fusion protein sequences (ct) and terminators (Ter), are flanked by specific fournucleotide ‘bar codes’ to ensuring the correct final orientation within a transcriptional unit (TU). In a one-pot
one-step reaction using BsaI digestion and T4 ligation, assembly of TUs within α-level plasmids is performed.
Further, by excising two TUs embedded in two different α-level plasmids using BsmBI and subsequent fusion
into Ω-level vector backbones, multigene constructs are created. The GoldenBraid's double-loop design allows
further ligation of two Ω-level multigene cassettes within an α-level plasmid, enabling theoretically an infinite
assembly of TUs. In addition, each GoldenBraid plasmid contains a lacZ expression cassette that is replaced by
the corresponding insert during the digestion and ligation process. The additional four-nucleotide fusion sites,
designated as A, B, C, 1, 2 and 3 ensure the assembly of TUs as well as multigene constructs in α- and Ω-level
destination plasmids.
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Chapter 2
Scope of the thesis
Cannabis sativa has recently gained resurgence of interest due to its versatile application
possibilities: Among other things, because of its use for the production of bioplastics utilized in
automotive sector, but mainly because of its enormous pharmaceutical potential, for example, for
the relief of chronic pain or depression [101,102]. Thus, in addition to terpenes and phenolic
compounds, the phytochemical portfolio of C. sativa also includes the so-called phytocannabinoids,
which form a large group of constituents with more than 100 different compounds in ten subclasses
[46–49]. However, in most Western countries the use of C. sativa as a source for the production of
pharmaceutical cannabinoids is restricted, since the plant is treated as an illicit drug due to the main
psychoactive ingredient Δ9-tetrahydrocannabinol (THC) [103]. On this account, there is a necessity to
develop alternative strategies, like biotechnological synthesis of defined Cannabis-derived
compounds, to detach targeted cannabinoid production from a THC producing plant.
Since engineering of cannabinoid biosynthesis is furthermore thought to enable the flux of the
pathway towards desired target products, for instance the formation of pharmacologically attractive
new-to-nature as well as non-psychotropic cannabinoids, heterologous production has already been
investigated mainly in Saccharomyces cerevisiae and Pichia pastoris [60,62]. Besides yeasts, the
utilization of other production chassis such as tobacco could also be a promising alternative, as it is
the most commonly used model plant for biotechnological production of proteins and integration of
whole biosynthetic pathways by transient and stable transformation is already described [92].
Moreover, the ability of plants to compartmentalize could provide an opportunity to achieve higher
titers of the desired substances, as toxic compounds like cannabigerolic acid (CBGA) could be stored
in trichomes of tobacco, for example, as it is the case in C. sativa [52]. In addition, plant cells possess
the capability to carry out various modifications of their produced metabolites, such as oxidation,
reduction, hydroxylation, esterification or glycosylation, and thus further increase the product
spectrum of potentially therapeutically active cannabinoids [104]. The effects of glycosylation of
cannabinoids could also improve their water solubility, leading to possibly less toxicity through
storage in the vacuole [105]. Furthermore, plant cell-based production of pharmaceuticals offers
superior benefits to public safety, since they reduce the risk of transmitting human pathogens [106].
Consequently, this study deals on the one hand with the evaluation of a plant-based transient and
stable expression system for the production of cannabinoids and on the other hand with the
characterization and in-depth investigation of late biosynthetic enzymes, to get a better insight into
the production of different cannabinoids. The scope of this thesis is further described in detail:
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i.

The genes encoding proteins involved in cannabinoid biosynthesis have to be introduced into
the GoldenBraid cloning system, in order to facilitate the efficient and flexible assembly of
the required genetic parts [93]. Moreover, by addition of various targeting sequences,
production of the enzymes in different subcellular localizations has to be investigated for
optimal integration of the biosynthetic pathway into the host plant, enabling the
reconstruction of whole cannabinoid synthesis via Agrobacterium mediated transient and
stable transformation of Nicotiana sp..

ii.

The enzymes Δ9-tetrahydrocannabinolic acid synthase (THCAS) and cannabidiolic acid
synthase (CBDAS) were widely studied in the last years in terms of their reaction mechanism
as well as their evolutionary relationship [64,65,67,107–109]. The cannabichromenic acid
synthase (CBCAS), on the other hand, received less attention [63,110]. However, since THCAS
and CBCAS share a high sequence identity of 93 %, the focus of the work is to examine the
CBCAS more closely. Therefore, site-directed mutagenesis of CBCAS will be performed to
obtain information which amino acids are responsible for the cyclization specificities that
determine the synthesis of the respective product.
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Chapter 3
General materials and methods
3.1. Bacterial strains and growth conditions
Escherichia coli TOP10 cells (Thermo Fisher Scientific Inc., Waltham, USA), used for cloning, and
Agrobacterium tumefaciens strain EHA105 (ICON Genetics, Halle, Germany), applied in transient
transformation of plants, were cultivated in liquid lysogeny broth (LB; [111]) under constant agitation
(170 rpm) at 37 °C and 28 °C, respectively. For selection, the medium was supplemented with
ampicillin (100 μg/mL), kanamycin (50 μg/mL) and spectinomycin (50 μg/mL) and, in case of
A. tumefaciens strains, additionally with rifampicin (50 μg/mL; EHA105) as well as 100 μM of 3,5dimethoxy-4-hydroxyacetophenone (acetosyringone; Sigma-Aldrich, St. Louis, MO, USA). For
cultivation on LB agar plates, bacterial suspensions were uniformly spread on the solid medium with
proper antibiotic supplementation. In case of E. coli TOP10 cells, additionally 40 μg/mL of 5-bromo-4chloro-3-indolyl-β-D-galactopyranoside (X-Gal; Applichem, Darmstadt, Germany) were added for
blue/white selection.

3.2. Molecular cloning methods

3.2.1. Polymerase chain reaction (PCR)
To amplify target sequences from plasmid DNA, polymerase chain reaction was performed.
Moreover, genes were extended by addition of 5’- and 3’ fusion sites as well as BsmBI recognition
sites for integration into the GoldenBraid system. The mixture was set up as follows in a total
reaction volume of 50 µL: 7.5 ng – 500 ng of template DNA, 1× Pfu buffer (20 mM Tris (pH 8.8),
10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 1 % (v/v) Triton-X 100, 1 mg/mL BSA), 0.2 mM of each
dNTP, 0.2 mM of proper forward and reverse primer (see 4.1.3, 5.1.3, 6.1.3 and 7.1.2) as well as 1 µL
of Pfu polymerase (in house purified). After the amplification, PCR samples were analyzed by agarose
gel electrophoresis (see 3.2.7).
Step

Temperature

Duration

Initial denaturation

95 °C

5 min

Denaturation

95 °C

30 sec

Annealing

60 °C

30 sec

Elongation

72 °C

Variable*

Final elongation

72 °C

10 min

*depending on the length of the amplicon
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35 cycles

3.2.2. Purification of PCR products
For purification of amplified DNA sequences, the Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, Wisconsin, USA) was used according to the manufacturer’s instructions.

3.2.3. Assembly of transcriptional units utilizing the GoldenBraid cloning system
The GB assemblies were performed as described by [93]. In case of new domestications, the 10 μL of
the GB reaction mixtures contained 75 ng of PCR products or synthesized DNA, 75 ng of the pUPD
vector, 1× T4 DNA ligase buffer (Promega), 1 mM DTT (Carl Roth), 1 µL (3 u/µL) of T4 DNA ligase
(Promega) and 1 µL (10 u/µL) of BsmBI (Thermo Fisher Scientific Inc., Waltham, USA). In case of the
assembly of transcriptional units, the GB reaction mixture contained 75 ng of each plasmid harboring
relevant DNA parts, 75 ng of the appropriate destination vector, 1× T4 DNA ligase buffer, 1 mM DTT,
1 µL (3 u/µL) of T4 DNA ligase and 1 µL (10 u/µL) of BsaI (New England Biolabs, Ipswich, MA, USA) or
BsmBI were used for the reaction setup. The GB assemblies were performed in 25- or 50-cycle
digestion and ligation reactions for 2 min at 37 °C and 5 min at 16 °C, respectively.

3.2.4. Transformation of competent E. coli TOP10 cells
For the amplification of plasmids, stock aliquots of chemically competent E. coli TOP10 cells were
thawed on ice and 10 μL of the relevant ligation mixture were gently transferred into the 50 μL
suspensions. The cells were incubated on ice for 30 min, followed by 1 min heat shock at 42 °C. After
that, the bacteria were incubated on ice for another 2 min and 500 μL of liquid LB medium without
antibiotics. Subsequently, the cells were regenerated at 37 °C and 750 rpm for 1 h and were plated
on LB plates with the required antibiotics (see 3.1). The following incubation took place at 37 °C
overnight.

3.2.5. Isolation of plasmid DNA and quantification of nucleic acid content
Plasmid DNA from transformed E. coli TOP10 cells was extracted by means of the Plasmid Miniprep
Kit I (VWR International GmbH, Darmstadt, DE) according to the manufacturer’s protocol.
Afterwards, samples were quantified by photometric measurements using the NanoPhotometer®
NP80 (Implen GmbH, Munich, Germany).
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3.2.6. Restriction analysis
To confirm the correct assembly of the desired DNA fragments in the isolated plasmids, control
digestion with restriction enzymes was performed. Therefore, 500 ng of plasmid DNA with 1× Fast
digest buffer (Thermo Fisher Scientific Inc.) and 1 µL (3 u/µL) of an appropriate Fast Digest restriction
enzyme (Thermo Fisher Scientific Inc.). Restriction was performed for 15 min at 37 °C and analyzed
via agarose gel electrophoresis (see 3.2.7).

3.2.7. Agarose gel electrophoresis
According to their size, DNA fragments were separated on a 1.0 % (w/v) agarose gel. Therefore,
agarose was melted in 1× TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA, pH 8.2) and
supplemented with 5 μL of the DNA gel stain Nancy-520 (Sigma-Aldrich). DNA samples were mixed
with 6× DNA loading dye (Thermo Fisher Scientific Inc.) prior electrophoresis. Separation was then
performed in 1× TAE buffer using a voltage of 120 V. Finally, DNA fragments were visualized under
UV light by means of the Gel iX Imager (INTAS Science Imaging Instruments GmbH, Göttingen, DE).

3.2.8. Sequencing of DNA samples
Newly domesticated GoldenBraid (GB) constructs within the pUD vectors were sequenced by
Eurofins Genomics GmbH using the following primers:
No. Name

Nucleotide sequence 5’−3’

1

M13 uni (-21)

TGT AAA ACG ACG GCC AGT

2

M13 rev (-29)

CAG GAA ACA GCT ATG ACC

3.2.9. Transformation of competent A. tumefaciens EHA105 cells
Chemically competent A. tumefaciens cells were transformed by heat shock. Therefore, a 100 μL
aliquot was thawed on ice. The bacteria were supplemented with 375 ng of plasmid DNA and the
mixture was incubated on ice for 5 min. Subsequently, the samples were frozen in liquid nitrogen for
additional 5 min, followed by incubation at 37 °C for 5 min. After the addition of 500 μL of liquid LB
medium, the cells were regenerated for 3 h at 28 °C and 750 rpm. Afterwards, the bacteria were
transferred on LB plates supplemented with appropriate antibiotics (see 3.1). Finally, the cells were
incubated for 48 h at 28 °C.
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3.2.10. Colony screen PCR
To check if A. tumefaciens have incorporated the desired plasmids after transformation, several
colonies were picked and analyzed by colony screen PCR. Therefore, each colony was dissolved in
20 μL of sterile water. 10 μL of this bacterial solution were then mixed with 10 μL of Taq PCR mix
resulting in a final reaction composition of 1× Taq buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2,
0.1 μM appropriate forward and reverse primer (see 4.1.3, 5.1.3, 6.1.3 and 7.1.2) and 0.5 u of
recombinant Taq DNA Polymerase (Thermo Fisher Scientific Inc.). Applied PCR conditions are
described below.

Step

Temperature

Duration

Initial denaturation

95 °C

5 min

Denaturation

95 °C

30 sec

Annealing

55 °C

30 sec

Elongation

72 °C

Variable*

Final elongation

72 °C

10 min

35 cycles

*depending on the length of the amplicon
Afterwards, DNA amplicons were analyzed by agarose gel electrophoresis (see 3.2.7) and positive
tested clones were subsequently used to inoculate overnight cultures.
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3.3. Expression of transgenes in plants
3.3.1. Transient transformation Nicotiana benthamiana plants via A. tumefaciens
mediated gene transfer
Greenhouse-grown N. benthamiana plants (cultivated at 21 ± 2 °C under 70 % humidity and 16 h light
period) were used for Agrobacterium-mediated transient transformation. Overnight cultures of A.
tumefaciens EHA105 cells harboring the genes of interest were centrifuged at 1,500 ×g for 5 min.
EHA105 cells carrying pBIN61–P19 were used as negative controls. Subsequently, the obtained cell
pellet was resuspended in the infiltration buffer (10 mM MES, 10 mM MgSO4, 100 μM
acetosyringone, pH 5.5) to the final OD600 of 0.7−1.0. After an incubation period of 2 h at 28 °C, the
bacterial suspensions were infiltrated into the leaves of four-week-old plants (on their abaxial side)
using a syringe without a needle. When co-infiltrated, the individual Agrobacterium suspensions
were mixed in equal ratios to keep the concentration of all relevant constructs constant within each
experiment. After infiltration, the plants were incubated for five days at 21 ± 2 °C in a climatic
chamber under 60 % humidity and 12 h of illumination. Infiltrations were performed in three to five
biological replicates.

3.3.2. Fluorescence microscopy
Successful production of recombinant was either ascertained either by fluorescence microscopy
(Axioskop 40, Zeiss, Oberkochen, Germany) equipped with a HBO 50 /AC bulb (Osram, Munich,
Germany) and filtered by the Zeiss filter set 38, or by the BZ-X710 All-in-One Fluorescence
Microscope (KEYENCE, Tokyo, Japan).

3.3.3. Extraction of metabolites
For the extraction of metabolites from plant samples, leaf tissue was frozen in liquid nitrogen and
ground with a pestle and a mortar. Subsequently, 150 mg of fresh leaf powder were homogenized by
sonication in 200 μL of 80 % (v/v) MeOH for 30 min at RT. Finally, the extracts were purified two
times from solid particles by centrifugation at 17,000 ×g for 10 min and 4 °C and subjected to
HPLC−MS analysis (see 3.5.1).
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3.4. Protein biochemical methods
3.4.1. Extraction of total soluble proteins (TSP)
Total soluble protein (TSP) samples were retrieved from previously frozen leaf disks (approximately
100–150 mg) by grinding them in 500 μL of the extraction buffer (0.1 M Tris-HCl buffer pH 8.0, 5 mM
EDTA-Na2, 0.1 M NaCl, 10 mM β-mercaptoethanol) on ice. For PNGase F and PNGase A assays (see
6.1.5.1) the TSP content was quantified by means of the Bradford assay [112]. Therefore, 5 μL of the
protein extract was mixed with 1 mL of the Coomassie reagent (100 mg Coomassie Brilliant Blue
G250 dissolved in 50 mL of EtOH and 100 mL of H3PO4 (85 %), diluted to 1,000 mL with H2O and
filtered) and its optical density was recorded at 595 nm after 2 min of incubation. The standard curve
was constructed using BSA at concentrations in the range of 25–200 μg/mL.

3.4.2. Isolation of histidine tagged proteins from plants
After transformation, leaves were cut from plants and homogenized with 2.5 mL Buffer A (50 mM
NaH2PO4, 10 mM Tris-HCl pH 8.0, 200 mM NaCl) per gram leaf material. Subsequently, 1 mM 4-(2aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF, Sigma-Aldrich) was added to the buffer.
After two times 15 min centrifugation and one centrifugation step of 30 min at 14,600 ×g and 4 °C,
the supernatant was filtered through a ROTILABO® syringe filter (PVDF, 0.45 µm; Carl Roth).
Afterwards, it could be used for protein purification by immobilized metal ion affinity
chromatography (IMAC). Protino Columns (Macherey-Nagel GmbH & Co. KG, Düren, Germany)
containing 1.5 g Ni-TED Resin (Macherey-Nagel GmbH & Co. KG) were used and gravity-purification
was performed. The Column was equilibrated with 12 ml of Buffer A. Afterwards, the crude lysate
was applied onto the column. Flow through was collected and stored till analysis at 4 °C. After
binding, the resin was washed two times with 12 ml Buffer A. The elution of polyhistidine-tagged
proteins took place in three steps using 9 mL Buffer A containing increasing concentrations of
imidazole (50 mM, 150 mM and 250 mM). All collected fractions were analyzed for the presence of
the proteins of interest by SDS−PAGE and subsequent Coomassie Brilliant Blue staining.

3.4.3. Desalting and concentration of purified proteins
After the protein purification corresponding elution fractions were combined, desalted and
concentrated with Vivaspin® Turbo 15 ultrafiltration device (Sartorius AG, Göttingen, Germany). The
protein solution was concentrated to a total volume of 2 mL, followed by three times washing with
9 mL of prenyltransferase buffer (50 mM Tris-HCl, 10 mM NaCl, pH 7.5) in case of NphB or
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THCAS/CBCAS/CBDAS buffer (100 mM trisodium citrate, pH 5.5) in case of THCAS, CBCAS and CBDAS.
After the final concentration of the sample to 500−1,000 μL, protein quantity was determined with
‘BCA Protein Assay Kit’ (Thermo Fisher Scientific Inc.). The purified proteins were analyzed by
SDS−PAGE and visualized by silver nitrate staining. In order to store protein preparations at -20 °C,
proteins were diluted in 25 % (v/v) glycerol to a final concentration of 0.5 mg/mL.

3.4.4. Bicinchoninic acid (BCA) assay
Determination of protein concentration was accomplished by means of the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific Inc.). The procedure was performed according to the manufacturer’s
instructions using bovine serum albumin (BSA) in the range of 0.025-2 mg/mL as a protein standard.
Protein dilutions of 1:2, 1:4 and 1:8 in prenyltransferase or THCAS/CBCAS/CBDAS buffer were
measured in duplets right after desalting and concentrating (see 3.4.3).

3.4.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS−PAGE)
Protein samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS−PAGE). For initial concentration of proteins prior entering the resolving gel, a 3.75 % stacking
gel was utilized. Dependent on the size of the proteins, a 10 % or 13 % resolving gel was used for
separation. The polyacrylamide gels were prepared as follows:

Resolving gel 13 %

Resolving gel 10 %

Stacking gel 3.75 %

2.17 mL acrylamide solution 1.66 mL acrylamide solution 0.4 mL acrylamide solution
(30 %)

(30 %)

(30 %)

1.25 mL Tris-HCl (1.5 M, pH 1.25 mL Tris-HCl (1.5 M, pH 8.8)
8.8)
1.47 mL ddH2O
1.97 mL ddH2O

0.94 mL Tris-HCl (0.5 M, pH
6.8)
1.7 mL ddH2O

50 μL SDS (10 % (w/v))

50 μL SDS (10 % (w/v))

30 μL SDS (10 % (w/v))

50 μL ammonium persulfate

50 μL ammonium persulfate

30 μL ammonium persulfate

10 μL TEMED

10 μL TEMED

5 μL TEMED

Subsequently, the gel was overlaid with SDS−PAGE running buffer (192 mM glycine, 25 mM Tris, 10 %
(w/v) SDS) and loaded with protein samples. Electrophoretic separation was performed for 1 h at
40 V and further 2.5 h at 100 V. Afterwards, the gel was either stained with Coomassie Brilliant Blue
(see 3.4.6.1) and silver nitrate (see 3.4.6.2) or was used for further Western blot analysis.

26

For preparation of protein samples, 25 μL of total soluble protein extract were mixed with an equal
volume of 2× SDS-loading dye (100 mM Tris-HCl (pH 8.3), 20 % (v/v) glycerol, 4 % (w/v) SDS, 0.2 %
(w/v) bromphenol blue) and boiled at 95 °C for 10 min. In case of purified proteins, 0.5 μg of proteins
were dissolved in 25 μL of ddH2O and prepared as described before. To determine the size of
separated proteins, the PageRuler Prestained Protein Ladder (10 to 180 kDa; Thermo Fisher Scientific
Inc.) was applied to the polyacrylamide gel.

3.4.6. Visualization of proteins separated via SDS−PAGE
3.4.6.1. Coomassie Brilliant Blue staining
The polyacrylamide gels were soaked in Coomassie staining solution (50 % (v/v) MeOH, 10 % (v/v)
acetic acid, 0.5 % (w/v) Coomassie Brilliant Blue G 250) for 15 min on an orbital shaker. After
visualization the gels were destained for 20 min in destaining solution (30 % (v/v) EtOH, 10 % (v/v)
acetic acid), followed by a final destaining step performed overnight.

3.4.6.2. Silver nitrate staining
Compared to classical Coomassie Brillant Blue staining the sensitivity of protein detection on
polyacrylamide gels using silver nitrate is typically increased 50−100 times [113], which is why this
method is particularly suitable for detecting minor contaminants within a protein preparation.
Firstly, the gel was incubated for 30 min in fixing solution (50 % (v/v) MeOH, 12 % (v/v) acetic acid,
0.02 % (v/v) formaldehyde) followed by two washing steps in 50 % (v/v) EtOH for 10 min.
Subsequently, the gel the gel was pre-treated for 1 min in 0.8 mM sodium thiosulfate solution to
enhance sensitivity of the coloration. Afterwards, two washing steps with ddH2O were performed
(approximately 20 sec per step) prior adding the coloration solution (15 mM silver nitrate, 0.028 %
(v/v) formaldehyde) for 10 min. After two more washing steps in ddH2O, the gel was incubated in
development solution (0.56 M sodium carbonate, 5.65 μM sodium thiosulfate, 0.02 % (v/v)
formaldehyde) until the desired signal intensity has been reached. Finally, two washing steps in
ddH2O were performed and the gel was fixed for 5 min in fixation solution (50 % (v/v) MeOH, 12 %
(v/v) acetic acid).
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3.4.6.3. Western blot analysis
After SDS−PAGE (see 3.4.5), the proteins were transferred to Roti−PVDF membranes (Carl Roth,
Karlsruhe, Germany) and subjected to Western blot analysis. For detection, primary his−probe mouse
monoclonal IgG antibodies, primary GFP mouse monoclonal IgG antibodies and goat−anti mouse
horseradish peroxidase coupled secondary antibodies (Santa Cruz Biotechnology, Heidelberg,
Germany) were applied. The proteins were then visualized by chemiluminescence substrate
(CheLuminate−HRP PicoDetect kit; Applichem, Darmstadt, Germany) according to the manufacturer’s
protocol.

3.5. Analytical methods
3.5.1. Reverse−phased liquid chromatography and mass spectrometry (HPLC−MS)
For HPLC−MS analysis, the 1260 Infinity HPLC system (G4225A high performance degasser, G1312B
binary pump, G1329B autosampler, G1316C column thermostat, G4212B diode array detector;
Agilent, Santa Clara, CA, USA) connected to the 6120 Quadrupole mass spectrometer (Agilent) was
used. Five to ten µL of samples were injected onto the analytical LC–MS column (Poroshell
120SB−C18, 3.0×150 mm, 2.7 μm; Agilent). The flow rate was set to 0.5 mL min-1 with the mobile
phase consisting of ddH2O/0.1 % formic acid (A) and acetonitrile/0.1 % formic acid (B). The analysis
was performed with the following gradient (% B): 0.0–2.0 min, 20; 2.0–8.0 min, 20 to 100; 8.0–12.0
min, 100. After 12 min, the column was re−equilibrated with 20 % B for 5 min. Metabolites were
photometrically detected at a wavelength of 260 nm as well as in the negative electrospray
ionization (ESI) mode with a full scan MS experiment (m/z 150–800). Further investigation was done
in negative selected ion monitoring (SIM) with selected m/z of 223.2, 359.2, 385.2 or 521.2
(detection of olivetolic acid, cannabigerolic acid, olivetolic acid glucoside or cannabigerolic acid
glucoside, respectively). Nitrogen was used as a nebulizing (35 psi) and drying gas (350 °C, 12 L min-1).
The capillary voltage was set to 3 kV.
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Chapter 4
Production of olivetolic acid in transiently transformed
N. benthamiana
4.1. Materials and methods
4.1.1. Chemicals
Olivetolic acid (OA; Santa Cruz Biotechnology) served as authentic standard as well as substrate in
feeding experiments. Hexanoic acid, utilized in feeding experiments, was purchased from Carl Roth
(Karlsruhe, Germany).

4.1.2. Plasmids and genetic material
The GoldenBraid (GB) −modified genes encoding for acyl−activating enzyme 1 (AAE1; GenBank
accession no: AFD33345.1), olivetol synthase (OLS; GenBank accession no: AB164375.1) and olivetolic
acid cyclase (OAC; GenBank accession no: AFN42527.1) originating from C. sativa were synthesized
by Integrated DNA Technologies (Coralville, IA, USA). Furthermore, the basic GB parts, encompassing
the cauliflower mosaic virus (CaMV) 35S promoter (P35S; GB0030), the nopaline synthase terminator
(TNos; GB0037), the yellow fluorescent protein (YFP; GB0024), the green fluorescent protein
(GFP; GB2237) and the GB destination vectors (pUPD, pDGB2α1, pDGB2α2, pDGB3α1, pDGB3α2,
pDGB2Ω1, pDGB2Ω2, pDGB3Ω1 and pDGB3Ω2) were provided by the lab of Dr. Diego Orzáez from
The Institute for Plant Molecular and Cellular Biology (IBMCP) of the Polytechnic University of
Valencia (UPV) and the Spanish National Research Council (CSIC), Valencia, Spain. Moreover, the
pBIN61 plasmid harboring the P19 suppressor of gene silencing was kindly provided by Prof. Sir David
Baulcombe from the Cambridge University, UK [114]. Finally, the signaling peptide sequence of
calreticulin (er) from Nicotiana sp. (GenBank accession no: XM_009806292.1), the chloroplast transit
peptide sequence (cp), a consensus of dicot sequences, deriving from the pICH20030 plasmid (ICON
Genetics, Halle, Germany) – utilized to afford chloroplast localization, as well as a (CaMV) 35S
promoter with an incorporated ATG start codon (P35S ATG) and a TNos featuring a 8×his tag
(8×his:TNos), were adapted to the GB cloning system in previous projects and were kindly provided
by Dr. Sabine Fräbel [115].
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4.1.3. Oligonucleotides
All oligonucleotides used in this study were synthesized by Eurofins Genomics GmbH (Ebersberg,
Germany). 4-nt overhangs generated by annealing of oligonucleotides for incorporation into the
GoldenBraid system are highlighted in bold.
No. Name

Nucleotide sequence 5’−3’

3

SeqCsAAE1for

TGC CAA TGC ATG TGG ATG CTG TGG

4

pOAC cPCR101

GCA GTG AAG CAT TTG ATT GTA

5

pOAC cPCR201

CGT GGT GTG TAG TCA AAA ATG

6

pOLS cPCR101

TGA GTT TCC CGA CTA CTA CT

7

pOLS cPCR201

CCC ACT AGT AAT TCG AGG TC

8

pAAE1 cPCR101

CTG GTG AAG CAT CTA ATG TAG

9

pAAE1 cPCR201

CAA AGG TGG CAC TCC AAT AG

10

pGFP G101

ATA TCG TCT CAC TCG AAT GGT GAG CAA GGG CGA GGA GC

11

pGFP H203

GCG CCG TCT CAC TCG GGC TCC GTA CAG CTC GTC CAT GCC
GT

4.1.4. Feeding experiments
4.1.4.1. Feeding with olivetolic acid
Wild-type N. benthamiana plants were infiltrated with 0.5 mM olivetolic acid (solved in infiltration
buffer (10 mM MES, 10 mM MgSO4) and were harvested 1 h, 24 h, 48 h, 72 h, 96 h and 168 h post
infiltration. Plants solely infiltrated with infiltration buffer were used as negative control. Finally,
metabolites were extracted as described in 3.3.3.

4.1.4.2. Feeding with hexanoic acid
Transiently transformed N. benthamiana plants were fed with 4 mM of hexanoic acid (solved in
infiltration buffer (10 mM MES, 10 mM MgSO4) four days after initial infiltration with agrobacteria
harboring aae1, ols and oac. Transiently transformed plants solely infiltrated with infiltration buffer
were used as negative control. The plants were harvested after 24 h of incubation and metabolites
were extracted as described in 3.3.3.

30

4.2. Results and discussion
4.2.1. Molecular cloning of genes involved in the biosynthesis of olivetolic acid
In order to take the first step towards heterologous production of cannabinoids in tobacco, it was
necessary to establish plants that can provide precursors for the actual cannabinoid production.
While plants are already able to synthesize geranyl pyrophosphate (GPP) for monoterpene
production via the plastidic 2-C-methyl-D-erythritol-4-phosphate (MEP) and small amounts of
hexanoic acid have been found in tobacco, essential for the biosynthesis of olivetolic acid (OA), the
initial focus was on the integration of pathway genes up to OA production [56,57,116]. Therefore,
the coding sequences for acyl activating enzyme 1 (AAE1), olivetol synthase (OLS) and olivetolic acid
cyclase (OAC) were procured from Integrated DNA Technologies harboring the appropriate fusion
sites (AGCC and GCAG) and BsmBI recognition sites for incorporation into the GoldenBraid (GB; see
3.2.3) cloning system. For the domestication of aae1, ols and oac, the obtained gene sequences were
ligated (via the BsmBI-generated cleavage sites) into the universal domesticator (see 3.2.3) and
transformed into chemically competent Escherichia coli TOP10 cells (see 3.2.4), followed by isolation
of the amplified plasmids and verification by sequencing (see 3.2.8; oligonucleotides 1-3).
The pUDs harboring the verified coding sequences (CDS) were then utilized to generate different
transcriptional units (TUs). Therefore, the CDS were ligated to the cauliflower mosaic virus 35S
promoter (P35S) fused with the 5-UTR (omega leader) of tobacco mosaic virus and the nopaline
synthase gene terminator from Agrobacterium tumefaciens featuring a 8×his tag (8×his:TNos). In
addition to the importance of general availability of precursor molecules in the chosen host
organism, the choice of the localization of the biosynthetic pathway to be introduced also plays an
important role regarding to the precursor supply, since spatial distribution of metabolic pathways in
eukaryotes is much more complex than for example in bacterial hosts [117]. Consequently, to
investigate the production of the enzymes in different subcellular localizations, the 5´-end of aae1,
ols or oac were fused either with the chloroplast transit peptide sequence (cp) or the ER/apoplast
signal peptide sequence (er). For cytosolic production, the 5´-end of the coding sequences was
directly fused to the ATG start codon following the 5´-UTR regulatory sequences (P35S ATG). For easy
visualization of cellular localization by UV microscopy, also AAE1, OLS and OAC variants with a
C−terminally fused YFP were cloned for all subcellular localizations. Furthermore, a variant of OLS
with an N−terminally fused GFP was constructed. For this purpose, fusion overhangs were
incorporated into GFP by PCR (see 3.2.1) utilizing the appropriate primer pair (see 4.1.3;
oligonucleotides 10 and 11), followed by purification the amplified product (see 3.2.2), domestication
and cloning with the P35S ATG, ols and 8×his:TNos into an α-level plasmid (see 3.2.3). Subsequently,
competent E. coli TOP10 cells were transformed with the GB reaction mixtures via the heat shock
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method and uniformly spread on solid LB medium with proper antibiotics (according to the selection
marker genes of the particular destination vector) as well as X-Gal for blue-white screening (see 3.1).
After cultivation of bacterial transformants, plasmid DNA was extracted (see 3.2.5) and all assemblies
were confirmed by restriction analysis with appropriate enzymes (see 3.2.6) on an agarose gel (see
3.2.7). For transient transformation of Nicotiana benthamiana plants, the desired constructs were
introduced into chemically competent A. tumefaciens EHA105 cells (see 3.2.9). Afterwards, the
bacteria were transferred on LB agar plates supplemented with relevant antibiotics followed by
incubation for 48 h at 28 °C. The gene transfer was confirmed by colony PCR (see 3.2.10) using the
matching primer pairs (see 4.1.3; oligonucleotides 4-9). Finally, glycerol stocks of overnight cultures
were prepared and stored at -80 °C. Figure 4.2.1 illustrates the expression constructs generated for
this part of the study.

Figure 4.2.1 (A) Schematic representation of the generated AAE1, OLS and OAC constructs utilizing the GoldenBraid cloning
technique. The capital letters show the four−nucleotide overhangs ensuring correct final orientation within the
transcriptional unit (TU), while the numbers above the scheme represent standard GoldenBraid classes within the TU
structure [93]. P35S, cauliflower mosaic virus (CaMV) 35S promoter; P35S ATG, cauliflower mosaic virus (CaMV) 35S
promoter with an integrated start codon ensuring cytosolic localization; TNos, nopaline synthase terminator; 8×his:TNos,
nopaline synthase terminator comprising an 8×his-tag; cp, chloroplast targeting sequence; er, ER/apoplast signal peptide.
Boxes are not drawn to scale.
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4.2.2. Expression of aae1, ols and oac in N. benthamiana plants
Following the successful cloning of the different transcriptional units, it was necessary to evaluate
whether and in which different compartments of the plant cells the proteins could be produced.
Therefore, N. benthamiana plants were transiently transformed with Agrobacteria harboring the
various expression constructs and the gene coding for the P19 protein to avoid post-transcriptional
gene silencing [114] (see 3.3.1). After five days post inoculation the plants were harvested and either
analyzed by fluorescence microscopy or utilized for extraction of total soluble proteins (see 3.4.1),
followed by Western blot detection (see 3.4.6.3). In case of cytosolic localized proteins, fluorescence
signals could be observed for each of the three enzymes (Figure 4.2.2 A). Moreover, the production
of proteins could be additionally confirmed by Western blot analysis through comparison of the
protein sizes detected with their calculated ones (OAC:YFP – 40 kDA; AAE1-YFP – 95 kDa;
GFP:OLS:8×his – 70 kDa; OAC:8×his – 14 kDa; Figure 4.2.2 B). For proteins targeted to the
chloroplasts, it was possible to detect cp:AAE1:YFP, cp:OAC:YFP and cp:OLS:YFP either protein
biochemically by Western blot analysis or by fluorescence microscopy, whereas in case of the
apoplast localized AAE1, OLS and OAC only the OAC:YFP variant was detected by Western blot
analysis and microscopically (Figure 4.2.2 B; Figure S4.3.1). However, the absence of protein bands in
the Western blot detection does not necessarily mean that no protein is present, but that other
factors, such as too low a concentration of applied protein or masking of the antigen by the nonfat
dry milk used, may also play a role [118,119]. Nevertheless, since GPP as a substrate plays a crucial
role for the synthesis of CBGA, localization of OA biosynthesis in the apoplast would not be the best
choice anyway, since, as already mentioned, the production of GPP takes place via the MEP pathway
localized in chloroplasts [56]. Therefore, targeting AAE1, OLS and OAC to the chloroplasts would be
the most favorable. However, it has also been reported, that GPP could be transported across the
envelope membrane of chloroplasts, enabling metabolic cross talk between cytosol and plastids,
which would also make the production of OA in the cytosol an alternative worth mentioning [120].
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Figure 4.2.2 (A) Fluorescence microscopy of different AAE1, OLS and OAC variants. N. benthamiana plants expressing p19
served as a negative control. (B) Western blot analysis of recombinant AAE1, OLS and OAC. Heterologous produced proteins
were either detected using his-probe mouse monoclonal IgG antibodies (OAC:8×his) or GFP primary antibodies in case of
C−terminal fused YFP and N−terminal GFP fused proteins (OAC:YFP; AAE1:YFP; GFP:OLS:8×his; cp:AAE1:YFP; cp:OAC:YFP
and er:OAC:YFP). A recombinant esterase (OeEst228; [121]), featured with a C−terminal 6×his tag fusion (+) as well as
recombinant produced YFP served as positive controls. TSP extracts of plants producing solely P19 were used as negative
controls (-). cp, chloroplast targeting sequence; er, ER/apoplast signal peptide.
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4.2.3. Feeding of N. benthamiana plants with the cannabinoid biosynthetic pathway
intermediate olivetolic acid
After the production of the enzymes involved in OA biosynthesis could be largely verified for
localization in the chloroplast or cytoplasm, it was necessary to verify their activity. However, before
plants were transiently transformed, preliminary experiments had to be carried out. Therefore, it
was necessary to determine if OA is toxic to the tobacco cells, as it has been shown for
cannabigerolic acid (CBGA) and Δ9-tetrahydrocannabinolic acid (THCA) fed to C. sativa cell suspension
cultures, and whether the extraction method used was suitable to isolate the OA injected or
produced in plant cells [109]. Therefore, N. benthamiana plants were initially fed with 0.5 mM of OA
(see 4.1.4.1) and incubated for 24 h. Metabolites were extracted (see 3.3.3) and subjected to
HPLC−MS analysis (see 3.5.1). The isolated substances were screened in the negative electrospray
ionization (ESI) mode with a full scan MS experiment (m/z 150–800) and at a wavelength of 260 nm.
Surprisingly, not only OA could be detected, but also another substance which eluted approximately
2 min earlier, exhibiting an m/z value of 385.2 (Figure 4.2.3 A and B). To further investigate the newly
formed compound and the detectability of both substances over several days, N. benthamiana plants
were again infiltrated with 0.5 mM of OA, followed by harvesting of plants after different time
intervals ranging from 2 h to 168 h (see 4.1.4.1). After extraction, metabolites were subjected to
HPLC−MS analysis and detection was performed in negative selected ion monitoring (SIM) with
selected m/z of 223.2 and 385.2. Screening with the selected m/z of 385.2 revealed two substances
eluting at almost the same retention time (Figure 4.2.3 C). As it is known that plants are able to
glycosylate secondary metabolites under the action of UDP-glycosyltransferases (UGTs) as a
mechanism for plant stress management, enabling for example the storage of toxic compounds in
the vacuole, it could be assumed that both newly formed substances represent the glycosylated
forms of OA [105]. Moreover, the metabolites were detectable even after 168 h of incubation, which
could suggest the storage in the vacuole like described in case of glucosylated isoflavones in
soybeans [122] (Figure 4.2.3 C). In the process of glycosylation, OA could potentially be glycosylated
either at the hydroxy group at C-2, or at C-4, which would be consistent with two peaks being
detected (Figure 4.2.3 C). In particular, since a reversed-phase HPLC column was used, in which
hydrophilic substances elute earlier, the assumption of glycosylation would be supported [123].
Furthermore, the detected m/z value of 385.2 would correspond to the mass of OA containing a
glucose moiety. However, due to the lack of authentic standards and to ultimately confirm the
hypothesis, the substances need to be isolated and analyzed using other methods, such as nuclear
magnetic resonance (NMR) spectroscopy. Nevertheless, for the further course of the project it was
assumed that the extracted substances are the glucosylated forms of OA, since the results were in
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consensus with a recent publication from Gülck et al. showing that chemically synthesized C-4 OA
glucoside resembled the metabolite eluting first, followed by the C-2 OA glucoside [124].

Figure 4.2.3 (A) HPLC−MS analysis of initial studies on extractability of olivetolic acid (OA) infiltrated in leaves of
N. benthamiana wild-type plants (WT). After 24 h of incubation a new substance was detectable (1) in addition to the
originally injected OA (2). As a negative control (WT C) wild-type plants were solely infiltrated with infiltration buffer. (B)
-

Reference fragmentation of metabolites detected in A. Peak 1 resembles OA with an m/z of 223.2 [M-H] , while the new
-

substance (2) had an m/z of 385.2 [M-H] . (C) HPLC−MS analysis of traceability studies of OA and the newly produced
compound in infiltrated N. benthamiana WT plants. In negative selected ion monitoring, two peaks with an m/z of 385.2
were detected. The first produced metabolite could represent C-4 OA glucoside, while the second one could represent C-2
OA glucoside [124]. Even after 168 h of incubation, OA glucosides were detectable.
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4.2.4. Production of glycosylated OA in transiently transformed N. benthamiana plants
Next, metabolic engineering of OA biosynthesis should be achieved by introduction of the pathway
genes into the plant host. Proteins previously detected by either Western blot or fluorescence
microscopy were selected for reconstruction (Figure 4.2.2). To simplify the transformation process,
multigene constructs were assembled for production of the desired proteins. Therefore, the
AAE1:YFP TU was fused to the GFP:OLS:8×his TU into the pDGB3Ω1-level plasmid (TOA 1), whereas
the OAC:8×his TU was cloned together with the P19 TU (kindly provided by Dr. Iryna Gerasymenko)
into the pDGB3Ω2-level plasmid (TOA 2) (Figure 4.2.4 A). Unfortunately, due to time constraints, it
was not possible to clone the TUs containing the sequences for the chloroplast localized proteins into
multigene constructs as well. Hence, for transient transformation of N. benthamiana plants,
Agrobacteria harboring the constructs TOA 1 and TOA 2, ensuring cytosolic localization of proteins,
were co-infiltrated, while in case of the chloroplast localized ones, Agrobacteria, containing the single
TUs (cp:AAE1:YFP, cp:OLS:YFP and cp:OAC:YFP), were co-injected. Four days post infiltration the
plants were then supplemented with 4 mM hexanoic acid and harvested after another 24 h of
incubation (see 4.1.4.2). Transiently transformed plants solely infiltrated with infiltration buffer were
used as negative control. As an additional control, plants expressing p19 (in case of cytosolic localized
enzymes) and plants infiltrated with A. tumefaciens containing the pDGB2α2 empty vector (in case of
proteins targeted to the chloroplasts) were used. The extracted metabolites were administered to
HPLC−MS and analyzed in terms of production of olivetolic acid and its glucosylated forms (see
3.5.1). Localization of enzymes in the cytosol resulted clearly in the synthesis of C-4 OA glucoside,
when supplemented with hexanoic acid. This would imply that the endogenous UGTs in N.
benthamiana exhibit higher regio-selectivity to the C-4 positioned hydroxyl group of OA when it is
produced in a stepwise enzymatic conversion and is not directly available in large amounts (Figure
4.2.3 B). Besides the C-4 glucosylated OA, also small amounts of OA could be observed when proteins
were localized in the cytoplasm (Figure 4.2.4 B). Further analysis of proteins targeted to the
chloroplasts revealed also the formation of the C-4 OA glucoside, but in considerably lower amounts
as detected for the glucoside produced by enzymes localized in the cytosol (peak area of 1700 ± 32
ion counts s-1 compared to 24854 ± 1125 ion counts s-1, respectively) (Figure 4.2.4 C). However, due
to the deviant experimental design, it is difficult to compare the results with each other. Thus,
absence of P19 in the transformation set up with the chloroplast localized enzymes could have
resulted in increased gene silencing, which in turn could have had negative effects on the synthesis
of the desired substances [114]. Nevertheless, general feasibility of OA reconstitution in the cytosol
or the chloroplasts was proven. Finally, the C-4 OA glucoside was even detected in plants
transformed with the pathway genes and without supplementation of hexanoic acid (Figure 4.2.4 C).
This was exclusively observed for the chloroplast localized pathway, as the peaks in Figure 4.2.4 B
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could be considered as background noise due to their general appearance in all of the controls. These
findings could be explained by the fact that fatty acids are synthesized in plastids and that tobacco
was already shown to produce hexanoic acid in small amounts [116,125].

Figure 4.2.4 (A) Multigene expression cassettes generated for the production of olivetolic acid (OA). Abbreviation of each
construct is listed on the right. Boxes are not drawn to scale. (B and C) HPLC−MS analysis revealed production of OA
glucoside in N. benthamiana plants expressing the pathway genes localized in the cytosol (B) or in chloroplasts (C) with
additional supplementation of 4 mM hexanoic acid. Due to the lack of authentic standards, wild-type N. benthamiana
plants infiltrated with OA served as a positive control. Plants infiltrated with infiltration buffer as well as plants injected with
Agrobacteria harboring P19 or the pDGB2α2 empty vector and supplemented with hexanoic acid were used as negative
controls.
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In summary, the initial results are promising regarding integration of the entire cannabinoid
biosynthesis into the favored host. As cannabinoids in general are strongly hydrophobic, their usage
in drug formulation is rather complicated which in turn also leads to a limitation of their delivery
options [126]. However, as a positive side-effect, it was observed that the precursor olivetolic acid
produced in planta was glucosylated, paving the way for future new to nature cannabinoid-based
pharmaceuticals, as glycosylation of desired substances would enhance the solubility and therefore
the bioavailability of the potential drugs [127,128]. Besides the improved bioavailability, the
glycosylated drugs could also act as prodrugs, which is for example described for senna glycosides.
When administered orally, sugars were cleaved in the colon by β-glucosidases secreted by the
intestinal microbiome [129]. Moreover, since cannabinoids are toxic to plant cells, causing
mitochondrial permeability transitions and DNA degradation, glycosylation of cannabinoids in planta
could be beneficial as they could be converted into non-toxic metabolites as described in the case of
steroidal glycoalkaloids (SGAs) and xenobiotics [130–132]. Accordingly, the attempt to achieve higher
yields in tobacco does not necessarily have to be coupled to the storage of cannabinoids in the
secretory cavity the glandular trichomes as it is the case in C. sativa [54,133].
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4.3. Supporting information

Figure S4.3.1 (A) Fluorescence microscopy of er:AAE1:YFP, er:OLS:YFP, cp:OAC:YFP and cp:OLS:YFP. Plants expressing p19
served as a negative control. (B) Western blot analysis of total soluble protein extracts from N. benthamiana transformed
with Agrobacteria harboring different AAE1, OLS and OAC constructs. His-probe mouse monoclonal IgG antibodies or GFP
primary antibodies in case of C−terminal fused YFP and N−terminal GFP fused proteins were used for detection. A
recombinant esterase (OeEst228; [121]), featured with a C−terminal 6×his tag fusion (+) as well as recombinant produced
YFP served as positive controls. TSP extracts of plants producing solely P19 were used as negative controls (-).
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Chapter 5
Biosynthesis of cannabigerolic acid
5.1. Materials and methods
5.1.1. Chemicals
Cannabigerolic acid (CBGA) used as authentic standard was purchased from Sigma-Aldrich, while 2-Ogeranyl olivetolic acid (2-O-GOA) was kindly provided by the lab of Prof. Oliver Kayser from the
Department of Biochemical and Chemical Engineering at the Technical University of Dortmund
(Dortmund, Germany). Geranyl diphosphate (GPP) and olivetolic acid (OA), serving as substrates for
prenyltransferase assays, were obtained from Axon Medchem (Groningen, The Netherlands) and
Santa Cruz Biotechnology, respectively.

5.1.2. Plasmids and genetic material
The soluble aromatic prenyltransferase NphB from Streptomyces sp. strain CL190 (GenBank accession
no: AB187169.1) was synthesized by Integrated DNA Technologies (Coralville, IA, USA), while the
pICH11599 harboring the coding sequence for the membrane bound Cannabis sativa
prenyltransferase 4 (PT4; GenBank accession no: BK010648.1) was kindly provided by the lab of Prof.
Oliver Kayser. The basic GB parts, GB destination vectors, the pBIN61-P19 plasmid and signal peptide
sequences were obtained as described in 4.1.2.
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5.1.3. Oligonucleotides
All oligonucleotides used in this study were synthesized by Eurofins Genomics GmbH (Ebersberg,
Germany). 4-nt overhangs generated by annealing of oligonucleotides for incorporation into the
GoldenBraid system are highlighted in bold. BsmBI recognition sites are underlined.
No. Name

Nucleotide sequence 5’−3’

12

pCsPT4 H101

ATA TCG TCT CAC TCG AGC CGG ACT CTC ATT AGT TTG TAC C

13

pCsPT4 M201

GCG CCG TCT CAC TCG CTG CAA TGA AAA CAT ATA CTA AAT ATT C

14

pCsPT4 cPCR101

GGT TCT CCT CAT CAT GAA TCT G

15

pCsPT4 cPCR201

CAA GAG CTG ATG TGG TTG CAG

16

pNphB cPCR101

CTG AGC ACG TTC CAG GAC ACG CTC G

17

pNphB cPCR201

CGA GTC GAA CGC CTT CAG CAG TCC G

18

pNphB Q295L fw

CAC CGA TGT CCT GCG CGG ACT GC

19

pNphB Q295L rev

ATG TGG TAG TAC GCG CCC AG

5.1.4. Feeding with olivetolic acid
Transiently transformed N. benthamiana plants were infiltrated with 0.5 mM olivetolic acid (solved in
infiltration buffer (10 mM MES, 10 mM MgSO4)) and harvested 24 h post infiltration. Plants solely
infiltrated with infiltration buffer were used as negative control. Finally, metabolites were extracted
as described in 3.3.3.

5.1.5. Molecular cloning methods
5.1.5.1. Site-directed mutagenesis (SDM)
For introduction of mutation Q295L into the NphB gene, site-directed mutagenesis (SDM) was
performed by means of the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) was performed
according to the manufacturer’s protocol.
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5.1.6. Protein biochemical methods
5.1.6.1. Microsomal preparation
Microsomal preparation of transiently transformed N. benthamiana was carried out according to
Diesperger et al. (1974) with few modifications. All steps were performed at 4 °C. Firstly, the material
of six plants each was snap-frozen in liquid nitrogen and homogenized in just as much solubilization
buffer (100 mM Tris-HCl; 20 % (v/v) saccharose, 10 mM KCl, 20 mM β-mercaptoethanol, 50 mM
ascorbic acid, pH 8.5) for about five minutes with a d ULTRA-TURRAX T 18 basic (IKA-Werke, Staufen
in Breisgau, Germany). The homogenate was stirred for 15 min and then extruded through one layer
of miracloth (Merck Millipore, Burlington, MA, USA). The filtrate was then centrifuged (30 min,
13,000 ×g, 4 °C). Subsequently, 1 M of MgCl2 solution was added stepwise to the supernatant till the
final concentration of 50 mM was reached. After 60 minutes of stirring, the samples were
centrifuged for 1 hour at 38,000 ×g at 4 °C. The debris was resuspended in 1.5 mL prenyltransferase
buffer (50 mM Tris-HCl, 10 mM NaCl, pH 7.5) and homogenized in a glass homogenizer. Samples
were then subjected to Western blot analysis and activity assays.

5.1.6.2. Isolation of chloroplasts
Chloroplasts were isolated based on the protocol of Kley et al., 2010 [134]. For the isolation 2×
chloroplast isolation buffer (300 mM sorbitol, 1 mM MgCl2, 50 mM HEPES/KOH (pH 7.5), 5 mM EGTA,
5 mM EDTA, 10 mM NaHCO3 and freshly added 0.5 mM DTT) was mixed with 100 % Percoll (GE
Healthcare, Buckinghamshire, UK) to yield a 50 % Percoll solution. Prior isolation, the solution was
cooled to 4 °C. 3 g of transiently transformed N. benthamiana leaf material were harvested and
homogenized in 23 mL of 1× chloroplast isolation buffer for 5 s using an ULTRA-TURRAX T 18 basic
(IKA-Werke). Subsequently, the homogenate was filtered through miracloth (Merck Millipore) and
mixed with the 50 % Percoll solution. After centrifugation (10 min, 2,000 ×g, 4 °C), the upper layer,
containing broken chloroplasts, was discarded. The pellet was washed with 14 mL of 1× isolation
buffer, followed by an additional centrifugation step for five minutes (2,000 ×g, 4 °C). Finally, the
pellet containing intact chloroplasts was resolved in 200 µL of prenyltransferase buffer (50 mM TrisHCl, 10 mM NaCl, pH 7.5) and used for prenyltransferase activity assays or microscopic examinations.
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5.1.6.3. Prenyltransferase activity assays with plant crude extract
100 mg of frozen leaf material were homogenized with 100 μL of prenyltransferase assay buffer
(50 mM Tris-HCl, 10 mM NaCl, pH 7.5) and centrifuged at 17,000 ×g for 30 min at RT. For activity
assays, either 87 μL of the TSP prepared in this way, 87 μL of the previously isolated chloroplasts or
87 μL of microsomal preparations were mixed with 10 μL of (10 mM) GPP, 1 μL (50 mM) of olivetolic
acid and 2 μL (500 mM) of MgCl2. Afterwards, the mixtures were incubated at 30 °C and 750 rpm for
24 h. The assays were quenched by adding 275 μL of ice-cold acetonitrile, followed by incubation on
ice for 30 min. Finally, the supernatants were purified two times from solid particles by
centrifugation (17,000 ×g, 30 min, 4 °C) and subjected to HPLC−MS analysis (see 3.5.1). The amount
of formed product was quantified by peak integration and subsequent conversion from area counts
into nM by means of serial standard dilutions (CBGA 1.6–800 nM). Assays were performed in four
replicates.

5.1.6.4. Prenyltransferase activity assays with purified proteins
Reaction mixtures contained 10 µg of NphB:8×his or 10 µg of NphB(Q295L):8×his as well as 1 mM of
GPP, 0.5 mM of OA and 10 mM of MgCl2 in a total volume of 100 µL buffered in prenyltransferase
assay buffer (50 mM Tris-HCl, 10 mM NaCl, pH 7.5). The reaction took place for 24 h at 30 °C and 750
rpm. To terminate the reactions, 275 µL of ice-cold acetonitrile was added, followed by incubation on
ice for 30 min. Finally, the supernatants were purified two times from solid particles by
centrifugation (17,000 ×g, 30 min, 4 °C). Assays were performed in four replicates and analyzed by
HPLC−MS (see 3.5.1).

5.1.7. Analytical methods
5.1.7.1. Confocal laser scanning microscopy
For verification of heterologous produced CsPT4, isolated chloroplasts were analyzed by confocal
laser scanning microscopy utilizing a Leica TCS SP5 II spectral confocal laser scanning microscope
(Leica Microsystems, Wetzlar, Germany). Samples were excited with an argon laser (488 nm; 20 %
intensity). Emission spectral ranges were set to 500-540 nm for GFP signal detection and 660-700 nm
for chlorophyll signal detection using a 100× oil objective (HCX PL APO CS 100.0 × 1.44 OIL UV, Leica
Microsystems) [135,136].
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5.2. Results and discussion
5.2.1. Molecular cloning of aromatic prenyltransferases
As a result of the successful generation of olivetolic acid (OA) in transiently transformed
N. benthamiana described in Chapter 4, it had to be further investigated, if the subsequent step in
the biosynthesis of cannabinoids through prenylation of OA, forming cannabigerolic acid (CBGA),
could be achieved by integrating aromatic prenyltransferases into the transformation setup.
Therefore, the membrane-bound aromatic prenyltransferase 4 (PT4) from C. sativa, as well as the
soluble aromatic prenyltransferase NphB originating from Streptomyces sp. strain CL190 were
integrated into the GoldenBraid (GB) system [60,137]. For domestication of PT4, the pICH11599
vector harboring the PT4 coding sequence was used as a template to incorporate appropriate fusion
overhangs by PCR (see 3.2.1 and 5.1.3; oligonucleotides 12 and 13). Subsequently, the PCR product
was purified (see 3.2.2) and ligated into the universal domesticator via a GB reaction (see 3.2.3). In
case of the soluble aromatic prenyltransferase NphB, the GB–modified sequence was synthesized by
Integrated DNA Technologies harboring the appropriate fusion sites (AGCC and GCAG) and BsmBI
recognition sites for ligation into the universal domesticator. The resulting GB reaction mixtures were
transformed into chemically competent Escherichia coli TOP10 (see 3.2.4), followed by isolation of
plasmid DNA (see 3.2.5), restriction analysis (see 3.2.6) and verification by sequencing (see 3.2.8;
oligonucleotides 1 and 2).
Additionally, the mutation Q295L was introduced which was shown to increase CBGA formation,
since NphB is described to geranylate OA preferentially at the 2-O position producing 2-O-geranyl
olivetolic acid (2-O-GOA) [62,138]. The domesticated NphB served as a template for site-directed
mutagenesis of NphB(Q295L) (see 5.1.5.1) utilizing the appropriate primer pair (see 5.1.3;
oligonucleotides 18 and 19). Subsequently, the cloned vector was amplified in E. coli TOP10 and
verified by sequencing (see 3.2.8). As already described in chapter 4, the production of enzymes in
different subcellular localizations had to be investigated. Therefore, for assembly of transcriptional
units in α-level plasmids, the coding sequence (CDS) of NphB and NphB(Q295L) were either fused
with the chloroplast transit peptide sequence (cp) or the ER/apoplast signal peptide sequence (er),
while in case for production in the cytoplasm, the CDS was directly fused to the P35S ATG. For the
PT4 on the other hand, only the sequence with the native plastidal targeting was utilized and ligated
to the 35S promoter and the nopaline synthase terminator (TNos). To visualize the proteins during
fluorescence microscopy, yfp or gfp were C−terminally fused to the enzymes. The assembled GB
constructs were then transformed into chemically competent A. tumefaciens EHA105 cells (see 3.2.9)
and positive clones were confirmed by colony PCR (see 3.2.10) using the relevant primer pairs (see
5.1.3; oligonucleotides 14-17). Finally, glycerol stocks of overnight cultures were prepared and stored
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at -80 °C. Figure 5.2.1 illustrates the expression constructs generated specifically for this part of the
study.

Figure 5.2.1 Cloning of different prenyltransferase expression cassettes using the GoldenBraid cloning system. The capital
letters show the four-nucleotide overhangs ensuring correct final orientation within the transcriptional unit (TU), while the
numbers above the scheme represent standard GoldenBraid classes within the TU structure [93]. P35S, cauliflower mosaic
virus (CaMV) 35S promoter; P35S ATG, cauliflower mosaic virus (CaMV) 35S promoter with an integrated start codon
ensuring cytosolic localization; TNos, nopaline synthase terminator; 8×his:TNos, nopaline synthase terminator comprising
an 8×his-tag; cp, chloroplast targeting sequence; er, ER/apoplast signal peptide. Boxes are not drawn to scale.

A detailed description of all chronological steps performed during assembly of GB constructs and
transformation of A. tumefaciens used for transformation of tobacco plants is given in chapter 4.2.1.

5.2.2. Heterologous production of PT4 and NphB
N. benthamiana plants were infiltrated with Agrobacteria harboring the relevant prenyltransferase
genes. Transformation with the pBIN61 P19 plasmid was utilized as a negative control. After five days
of incubation, the plants were harvested and proteins were extracted. In case of NphB:8×his and
NphB(Q295L):8×his total soluble proteins (TSP) were isolated (see 3.4.1), while in case for the
transmembrane protein PT4:8×his, microsomes were prepared (see 5.1.6.1). The protein and vesiclelike fragment preparations were then subjected to Western blot analysis and visualized using hisprobe mouse monoclonal IgG antibodies (see 3.4.6.3). As shown in Figure 5.2.2, only the different
variants of NphB:8×his and NphB(Q295L):8×his could be detected with a calculated mass of
approximately 35 kDa, whereas the production of PT4 could not be ascertained. Nevertheless, as
described in Chapter 4, the successful detection of heterologous produced proteins by Western blot
relies on many different parameters and does not necessarily mean that the desired protein is not
synthesized. Particularly, detection of transmembrane proteins in general is more challenging due to
difficulties in terms of their solubilization [118,119,139].
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Figure 5.2.2 Western blot analysis of heterologous produced prenyltransferases. +, recombinant esterase (OeEst228; [121]),
featured with a C−terminal 6×his tag fusion. -, TSP extracts of plants producing solely P19; cp, chloroplast targeting
sequence; er, ER/apoplast signal peptide.

Therefore, N. benthamiana plants were co-transformed with Agrobacteria harboring the PT4:GFP
and P19 for visualization by fluorescence microscopy. Plants solely infiltrated with P19 served as a
negative control. The plants were harvested five days post inoculation and chloroplasts were isolated
(see 5.1.6.2). Following that, the PT4:GFP isolates were investigated by confocal laser scanning
microscopy (CLSM; see 5.1.7.1). Since chloroplasts emit an auto fluorescence signal with a peak of
approximately 680 nm caused by the pigment chlorophyll, the emission was observed on one hand in
the spectral range of 660-700 nm, to ensure that the observed structures were the desired
organelles, and on the other hand in the spectral range of 500-540 nm for the detection of GFP
[135,136]. The subsequent analysis of the merged images of the auto fluorescence of the
chloroplasts and the fluorescence of PT4:GFP clearly revealed the expression of pt4:gfp and the
expected localization in the chloroplasts, when compared to the P19 control (Figure 5.2.3).

Figure 5.2.3 Confocal laser scanning microscopy of isolated chloroplasts using a Leica TCS SP5 II spectral confocal laser
scanning microscope. N. benthamiana plants were expressing pt4:gfp and p19, or only p19 (negative control).
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Nevertheless, the detection of GFP in the desired compartment does not automatically imply that a
functional prenyltransferase was produced, albeit fusion partners are sometimes known to stabilize
the membrane proteins, as it is the case for G protein-coupled receptors [140]. Consequently,
enzyme activity was measured by subjecting the isolated chloroplasts or microsomal preparations to
prenyltransferase activity assays (see 5.1.6.3). After 24 h of incubation the assays were quenched and
analyzed by HPLC−MS in negative selected ion monitoring (SIM) with selected m/z of 359.2.
Surprisingly, prenylation of olivetolic acid yielding in CBGA was identified in the reaction mixture with
chloroplasts or microsomes containing PT4:GFP as well as in the P19 control mixtures when
compared to the authentic standard (Figure 5.2.4 A). However, when considering cannabis research
from recent years, it was observed, that cannabinoids or cannabimimetic compounds are not
exclusively produced in C. sativa, but also in other plant species including Lepidium meyenii, Piper
nigrum, Acmella oleracea or Radula marginata, whereby in the latter, even the upstream genes
responsible for the production of the central precursor CBGA have been identified [41–45]. In order
to investigate if the production of CBGA in N. benthamiana might be linked to endogenous
prenyltransferases, crude plant extracts from wild-type plants were used and subjected to
prenyltransferase activity assays (see 5.1.6.3). Crude plant extracts from wild-type (WT)
N. benthamiana plants, in which either one or both substrates (OA and geranyl diphosphate (GPP))
were deficient, served as negative controls. Furthermore, prenyltransferase assay buffer
supplemented with the substrates was used as an additional control. After the analysis of the
outcomes by HPLC−MS, CBGA was identified in assays containing both substrates. However, this was
also the case for the samples which contained only buffer instead of the plants proteins (Figure
5.2.4 B). Actually, it has been described that prenylation via friedel-crafts alkylation does not to occur
spontaneously but requires an enzymatic catalyst or a Lewis acid such as aluminum chloride or ferric
chloride [141]. However, since the reaction occurred without the intentional addition of protein and
without the presence of a Lewis acid, it is possible that either one of the ingredients used was
contaminated with proteins or that prenylation occurs spontaneously by a yet unknown chemical
mechanism.
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Figure 5.2.4 (A) HPLC−MS analysis of in vitro prenyltransferase assays of heterologous produced PT4 utilizing isolated
chloroplasts or microsomal preparations. N. benthamiana plants solely producing P19 were used as a control. Surprisingly,
prenylation of olivetolic acid (OA) yielding in cannabigerolic acid was observed in the reaction mixture with PT4 as well as in
the control mixture. (B) HPLC−MS analysis of in vitro prenyltransferase assays with total soluble proteins of N. benthamiana
wild-type leaves. Leaf extracts supplemented with only one of the two substrates or none of the substrates were used as
controls. The control, which contained no protein but both substrates, showed a turnover to CBGA as well.

Although the ability of PT4 to produce CBGA has been confirmed by Luo et al. when expressed in
yeast, no activity could be detected in N. benthamiana in in vitro assays in the course of this thesis
[60]. However, this was most likely due to a handling problem with membrane-bound proteins in in
vitro assays, as a recent study has shown that the heterologous expression of pt4 in N. benthamiana
plants, followed by supplementation with OA and GPP, resulted in the synthesis of CBGA and
glycosylated CBGA in vivo [124]. In fact, the characterization of transmembrane proteins is generally
challenging as the reconstitution for example is strongly reliant on the careful selection of the
detergent species used for solubilisation [142]. Therefore, for ongoing studies on cannabinoid
pathway integration, an alternative protein was sought that is easier to handle in in vitro studies.
Hence, focus was set on the soluble aromatic prenyltransferase NphB.
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Since the expression of nphB and nphB(Q295L) was already proven (Figure 5.2.2 and Figure S5.3.1),
the next step was the affirmation of their activity. Therefore, 20 N. benthamiana plants were
transiently co-transformed with Agrobacteria containing either NphB:8×his and P19 or
NphB(Q295L):8×his and P19, respectively. After five days of incubation, plants transformed with the
same construct were pooled and the recombinant proteins were purified by immobilized metal ion
affinity chromatography (IMAC) utilizing a column matrix pre-charged with Ni2+ ions (see 3.4.2). The
resulting elution fractions were subjected to SDS−PAGE (see 3.4.5) and visualized by Coomassie
Brilliant Blue staining (see 3.4.6.1). Both purification approaches showed, that the desired proteins
featuring the calculated size of approximately 35 kDa were present in elution fractions 1 and 2 (data
not shown). Therefore, both fractions were combined, desalted by replacing the purification buffer
containing imidazole with prenyltransferase buffer (50 mM Tris-HCl, 10 mM NaCl, pH 7.5), and
concentrated. Following that, samples were quantified by BCA assay and diluted in 25 % (v/v)
glycerol to a final concentration of 0.5 mg/mL (see 3.4.3). Finally, quality of the purified proteins was
analyzed by SDS−PAGE and staining with silver nitrate (see 3.4.5 and 3.4.6.2). As shown in Figure
5.2.5 C no noteworthy contamination with other proteins transferred during the purification process
was observed and only the expected bands with the size of approximately 35 kDa, representing the
desired prenyltransferases, were detected.
To verify their catalytic activity, the proteins were then applied in prenyltransferase activity assays
(see 5.1.6.4). Therefore, 10 µg of NphB:8×his or 10 µg of NphB(Q295L):8×his as well as 1 mM of GPP,
0.5 mM of OA and 10 mM of MgCl2 were mixed in a total volume of 100 µL buffered in
prenyltransferase assay buffer (50 mM Tris-HCl, 10 mM NaCl, pH 7.5). After 24 h of incubation at
30 °C, reactions were stopped and subsequently measured by HPLC−MS at a wavelength of 260 nm
as well as in the negative electrospray ionization (ESI) mode with a full scan MS experiment
(m/z 150–800) (see 3.5.1). The analysis revealed that both heterologous produced enzymes were
active when compared to the negative control and authentic standards. Moreover, as described in
literature, NphB predominantly geranylated OA at the 2-O position forming 2-O-geranyl olivetolic
acid (2-O-GOA), whereas the introduced mutation Q295L resulted in an increased CBGA production
and almost no more 2-O-GOA formation (Figure 5.2.5 A and B) [62,138]. Since studies with yeast had
already shown that 2-O-GOA did not serve as a substrate for Δ9-tetrahydrocannabinolic acid synthase
(THCAS), there was no further need for the NphB wild-type enzyme [62]. Thus, NphB(Q295L) was
utilized in all subsequent experiments.
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Figure 5.2.5 (A) HPLC−MS analysis of assays for prenyltransferase activity of NphB and NphB(Q295L) towards production of
cannabigerolic acid. The wild-type enzyme mainly produces 2-O-geranyl olivetolic acid (2-O-GOA), while the mutant mainly
synthesizes the desired pathway intermediate cannabigerolic acid (CBGA). (B) Mass spectrum of the detected substances
(Peaks 1 and 2) corresponding to authentic standards. (C) SDS−PAGE of purified NphB:8×his wild-type (WT) and
NphB(Q295L):8×his visualized by silver nitrate staining. Numbers to the left indicate molecular mass of marker proteins (M).

5.2.3. Investigation of cannabigerolic acid production in vivo after expression of
nphB(Q295L)
The proof of activity of in planta produced aromatic prenyltransferase NphB(Q295L) was the next
crucial step towards cannabinoid biosynthesis in the new plant host. However, for whole pathway
integration, it was necessary to investigate whether CBGA could be produced in vivo when
nphB(Q295L) was expressed. Consequently, plants were co-infiltrated with A. tumefaciens EHA105
cells carrying either nphB(Q295L):8×his and p19 or cp:nphB(Q295L):8×his and p19, respectively.
Plants solely expressing p19 were used as controls. Although it was possible to produce OA and
C-4 OA glucoside by introducing the necessary genes, the quantities of the detected metabolites
were rather small, representing a potential bottleneck in the synthesis of CBGA (Figure 4.2.4 B
and C). Therefore, in order to exclude this from the outset, OA was supplemented by injecting it into
the leaves on the fourth day after infiltration with the desired prenyltransferase constructs.
Transiently transformed plants injected with infiltration buffer instead of OA served as a negative
control (see 5.1.4). After one day of further incubation, N. benthamiana plants were harvested and
metabolites were extracted (see 3.3.3). Unfortunately, no CBGA was detected by HPLC−MS analysis
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in plants producing the chloroplast targeted NphB mutant or the cytosolic localized one, when
compared to the authentic standard (Figure 5.2.6 A). However, recent studies have shown that
endogenous glycosyltransferases were not only capable of glucosylating OA but also CBGA when
infiltrated into N. benthamiana plants resulting mostly in the production of C-4 CBGA glucoside
(molecular mass of 522.2 g/mol) [124]. Therefore, the plant extracts were further screened for the
production of glucosylated CBGA. But even here, no newly formed metabolite could be detected
(Figure 5.2.6 B). The absence of CBGA or its glucoside could be caused by several reasons: on one
hand, the infiltrated OA could have been completely converted to OA glucoside, despite still being
detectable in previous experiments and that the introduced prenyltransferase did not accept the
glucoside as a substrate (Figure 4.2.3 C). On the other hand, low availability of GPP could have been
the bottleneck in this approach. In order to get to the bottom of the points mentioned, the plant
extracts were examined for the presence of OA and OA glucoside. The HPLC−MS analysis revealed
that the plants expressing the prenyltransferase genes still contained OA, which was comparable to
the amounts found in the control plants (Figure 5.2.6 C). In view of this, even if OA glucoside was not
accepted as a substrate, the amount of OA should have been sufficient to form CBGA. Furthermore,
since the injection of OA together with GPP in N. benthamiana plants producing PT4 was shown to
lead to the synthesis of CBGA glucoside, it can be excluded that the localization of NphB(Q295L) in
chloroplasts poses a problem regarding the import of OA into the organelles [124]. Therefore, it is
most likely that the availability of GPP is the limiting factor, thus in planta GPP pool needs to be
increased. (Over)expression of Arabidopsis thaliana isopentenyl phosphate kinase gene (AtIPK) in
tobacco for example was shown to increase monoterpene formation derived from the plastidic MEP
pathway, by enhancing the production of isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP), the building blocks of terpenoids. Moreover, AtIPK also supported
monoterpene production via the cytosolic mevalonate pathway (MVA) without participation of MEP
pathway as shown in experiments where the key enzyme 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR) of MEP pathway was inhibited. Thus implementation of AtIPK into the
transformation setup could not only enable CBGA production with the help of chloroplast-localized
NphB(Q295L), but also whole CBGA biosynthesis could be translocated to the cytosol [143,144].
Additionally, integration of geranyl diphosphate synthases (GPPS), catalyzing the condensation of
DMAPP and IPP to form GPP, could further enhance the GPP biosynthesis [145,146]. In this regard,
the cytosolically localized Lithospermum erythrorhizon GPPS (LeGPPS) or the small subunit of the
heterotetrameric GPPS derived from Antirrhinum majus (AmGPPS:SSU) might be promising
candidates [147]. In case of AmGPPS:SSU, it has already been demonstrated that the introduction in
stable transformed tobacco resulted in exclusive formation of GPP by binding to endogenous
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geranylgeranyl diphosphate synthases (GGPPS), forming a functional GPPS. Unfortunately, the
decrease of di- and tetraterpene levels led to limited chlorophyll, carotenoid and gibberellin amounts
which in turn caused light-sensitivity and growth-restriction in transgenic plants [148]. Therefore,
application of AmGPPS:SSU should be chosen wisely and rather be limited to the transient
transformation approaches.

Figure 5.2.6 Studies on in vivo production of cannabigerolic acid and cannabigerolic acid glucosides. Metabolites were
extracted from N. benthamiana plants infiltrated with olivetolic acid (OA) and expressing nphB(Q295L):8×his,
cp:nphB(Q295L):8×his and p19. The extracts were analyzed by HPLC−MS in negative selected ion monitoring (SIM) with
selected m/z of 359.2 (A; detection of cannabigerolic acid (CBGA)), in negative SIM with selected m/z of 521.2 (B; detection
of CBGA glucoside) and in negative SIM with selected m/z of 223.2 and 385.2 (C; detection of OA and OA glucoside,
respectively). No newly formed metabolites associated with heterologously produced enzymes could be detected in CBGA
and CBGA glucoside analyses (B and C), while the amount of OA and OA glucoside remained the same compared to the P19
control (A). Due to the lack of authentic standards, wild-type N. benthamiana plants infiltrated with OA served as a positive
control.
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However, in order to integrate the entire cannabinoid biosynthetic pathway in future attempts, it
was important to clarify, particularly with regard to the production of glycosylated cannabinoids,
whether NphB(Q295L) accepts glucosylated OA as a substrate at all. As mentioned before, no
authentic standards of the desired glycosylated substances were available and therefore 100 mg of
the plant material previously infiltrated with OA and the prenyltransferase constructs were
homogenized in prenyltransferase assay buffer and subjected to activity assays (see 5.1.6.3). The OA
and OA glucosides in the extract should then serve as substrate for the heterologously produced
prenyltransferases. Additionally, 1 mM of GPP and 10 mM of MgCl2 were added into the reaction
mixture, while plant extracts without supplementation of GPP served as negative controls. After 24 h
of incubation the assays were then terminated and analyzed by HPLC−MS for the production of CBGA
and CBGA glucoside.
CBGA was detected in samples containing the desired prenyltransferases and the supplemented GPP,
indicating that the OA contained in the extract was sufficient for the production of CBGA (Figure
5.2.7 A). Subsequently, the reaction mixtures were also screened in the negative SIM with selected
m/z of 521.2 for the C-4 and C-2 CBGA glucoside but no newly formed metabolite could be observed
(Figure 5.2.7 B). Interestingly, after screening the mixtures for the presence of OA and OA glucoside,
only OA was detected, although it was shown that the extracts from plants infiltrated with OA
contained both, OA and its glucosides when prenyltransferase assay buffer was used as extraction
reagent (Figure 5.2.7 C). Considering that the extracts contained all sorts of soluble tobacco proteins,
the absence of OA glucoside could be explained by endogenous β-glucosidases cleaving the sugar
moiety of OA glucosides. These proteins are essential for plants as they play a role in lignin
formation, in phytohormone regulation or as a defense mechanism by activating phytochemical
responses against protruding herbivores and pathogens [149–155]. Moreover, it is assumed that
glucosidases in dicotyledonous plants like tobacco mostly accumulate in the apoplast or the cell wall
and therefore the disruption of cells during the homogenization process could have led to the
deglucosylation of OA glucosides in the following assays [156]. This, in turn, would imply that without
reaction mixtures containing the purified enzymes and substrates, no final clarification about
substrate acceptance could be given.
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Figure 5.2.7 Studies on in vitro production of cannabigerolic acid and cannabigerolic acid glucosides. Metabolites and total
soluble proteins were extracted from N. benthamiana plants infiltrated with olivetolic acid (OA) and expressing
nphB(Q295L):8×his, cp:nphB(Q295L):8×his and p19. The extracts were subjected to prenyltransferase assays and addtionally
supplemented with GPP. Subsequently, the assays were analyzed by HPLC−MS in negative selected ion monitoring (SIM)
with selected m/z of 359.2 (A; detection of cannabigerolic acid (CBGA)), in negative selected ion monitoring (SIM) with
selected m/z of 521.2 (B; detection of CBGA glucoside) and in negative selected ion monitoring (SIM) with selected m/z of
223.2 and 385.2 (C; detection of OA and OA glucoside, respectively). CBGA was formed in conjunction with heterologously
produced enzymes, whereas no additional peak could be detected in CBGA glucoside analyses (A and B). (C) Screening of
assays for OA and OA glucoside revealed, that just OA could be identified. Since lack of authentic standards, wild-type
N. benthamiana plants infiltrated with OA served as a positive control.
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5.3. Supporting information

Figure S5.3.1 Fluorescence microscopy of NphB and NphB(Q295L) localized in different compartments of N. benthamiana
cells. Plants expressing p19 served as a negative control. cp, chloroplast targeting sequence; er, ER/apoplast signal peptide.
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Chapter 6
Characterization of late biosynthetic enzymes in planta
6.1. Materials and methods
6.1.1. Chemicals
Cannabigerolic acid (CBGA) as well as cannabichromenic acid (CBCA) and cannabidiolic acid (CBDA)
were purchased from Sigma-Aldrich, while Δ9-tetrahydrocannabinolic acid (THCA) was procured from
THC Pharm (Frankfurt am Main, Germany). Myrcene, linalool, limonene and α-pinene were kindly
provided by Prof. Jürg Gertsch from the Institute of Biochemistry and Molecular Medicine at the
University of Bern (Bern, Switzerland).

6.1.2. Plasmids and genetic material
The GoldenBraid (GB) -modified cannabidiolic acid synthase gene (cbdas; GenBank accession no:
AB292682) and cannabichromenic acid synthase gene (cbcas; sequence as published in WO
2015/196275 A1) as well as cbcas(Mut1) and cbcas(Mut2) without the first 84 bp (native signal
peptide)

were

purchased

from

GenScript

(Piscataway

Township,

NJ,

USA).

The

Δ9-tetrahydrocannabinolic acid synthase (THCAS; GenBank accession no: AB057805) from C. sativa
was adapted to the GB system in course of previous research projects and the transcriptional units
(TU) pEGB2α1 er:THCAS:6×his, pEGB2α1 cp:THCAS:6×his and pEGB2α1 er:THCAS:YFP was kindly
provided by Dr. Jascha Volk [157]. The vacuolar signal sequence (erV), stemming from the
endogenous targeting sequence of the strictosidine synthase gene from Rauvolfia serpentina
(GenBank accession no: X62334.1) was adapted to the GB cloning system in previous projects and
was kindly provided by Dr. Sabine Fräbel [115]. The basic GB parts and the GB destination vectors,
the pBIN61-P19 plasmid and signal peptide sequences were provided as described in 4.1.2.
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6.1.3. Oligonucleotides
All oligonucleotides used in this study were synthesized by Eurofins Genomics GmbH (Ebersberg,
Germany). 4-nt overhangs generated by annealing of oligonucleotides for incorporation into the
GoldenBraid system are highlighted in bold. BsmBI recognition sites are underlined.
No. Name

Nucleotide sequence 5’−3’

20

pTHCAS H101

GCG CCG TCT CAC TCG AGC CAA TCC TCG AGA AAA CT

21

pTHCAS M201

GCG CCG TCT CAC TCG CTG CAT GAT GAT GCG GTG GA

22

SeqTHCAS/CBDAS/CBCASfor GCG TAG GTG GAC ACT TTA GTG GAG G

23

pCBCAS/pTHCAS cPCR 102

AAC TGC GTG GGT TGA AGC CGG AGC T

24

pCBCAS/pTHCAS cPCR 202

GCC CAT GTA TCT CCA TGT TC

25

pCBDAS cPCR102

AAC TGC ATG GGT TGA AGC CGG AGC T

26

pCBDAS cPCR202

GTA GAC TTT GGG ACA GCA ACC AG

27

pTHCAS Y175F fw

TCC TGG TGG GTT TTG CCC TAC TG

28

pTHCAS Y175F rev

AAA CTA AGA TTC TCA TTC TTC TCA TTG ATC C

29

pTHCAS/CBCAS Y484F fw

GTA TCT CAA TTT TAG GGA CCT TG

30

pTHCAS/CBCAS Y484F rev

GCC AAT CTT GGA TTT TGG

31

pTHCAS Y354F fw

AAC CAT CTT CTT CAG TGG TGT TG

32

pTHCAS Y354F rev

GTA TCA ATC CAG CTA AAT TC

33

pCBCAS E40K fw

ATG CTT CTC GAA ATA TAT TCC TAA C

34

pCBCAS E40K rev

TTA AGG AAG TTT TCT TGA GG

35

pCBCAS Y41H fw

CTT CTC GGA ACA TAT TCC TAA CAA TC

36

pCBCAS Y41H rev

ATA TAT TCC GAG AAG CAT TTA AG

37

pCBCAS P46V fw

TCC TAA CAA TGT AGC AAA TCC AAA ATT C

38

pCBCAS P46V rev

ATA TAT TCC GAG AAG CAT TTA AG

39

pCBCAS V63I fw

GTA TAT GTC TAT CCT GAA TTC GAC

40

pCBCAS V63I rev

GTG AGT TGT GCT GGT TAA

41

pCBCAS T74I fw

TCT TAG ATT CAT CTC TGA TAC AAC

42

pCBCAS T74I rev

TTT TGT ATT GTC GAA TTC AG

43

pCBCAS V90N fw

TCC TTC AAA TAA CTC CCA TAT CCA G

44

pCBCAS V90N rev

GTG ACA ATA ACG AGT GGT TTT G
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45

pCBCAS I129V fw

CCC ATT TGC TGT AGT AGA CTT GAG

46

pCBCAS I129V rev

ACT TGA GAT ATG TAG GAC AAA C

47

pCBCAS M288V fw

CAA AGA TTT AGT GCT CAC GAC TC

48

pCBCAS M288V rev

TCA TAC TTG TAA GCA ATA TTT TG

49

pCBCAS R296K fw

TTC AGA ACT AAG AAT ATT ACA GAT AAT C

50

pCBCAS R296K rev

GTG AGT CGT GAG CAT TAA ATC

51

pCBCAS L318H fw

TTC CAT TTT TCA TGG TGG AGT GG

52

pCBCAS L318H rev

GAG AAG TAA CCA TGT ACT G

53

pCBCAS L345F fw

TTG CAA AGA ATT CAG CTG GAT TG

54

pCBCAS L345F rev

TCA GTT TTT TTA ATA CCC AAC

55

pCBCAS Y360F fw

TGT TGT AAA TTT CAA CAC TGC TAA TTT TAA AAA G

56

pCBCAS Y360F rev

CCA CTG TAG AAG ATG GTT G

57

pCBCAS D424E fw

TGG TAT AAT GGA GGA GAT TTC AGA ATC

58

pCBCAS D424E rev

CCG TAA GGG TAC AAC ACA TAC

59

pCBCAS P494H fw

AAA AAC TAA TCA TGA GAG TCC TAA TAA TTA C

60

pCBCAS P494H rev

CCT AAA TCA AGG TCC CTA TAA TTG

61

pCBCAS E495A fw

GAA AAA CTA ATC CTG CGA GTC CTA ATA ATT AC

62

pCBCAS E495A rev

CTA AAT CAA GGT CCC TAT AAT TGA GA

63

pCBCAS E40K Y41H fw

ATG CTT CTC GAA ACA TAT TCC TAA CAA TC

64

pCBCAS P494H E495A fw

AAA AAC TAA TCA TGC GAG TCC TAA TAA TTA C

6.1.4. Molecular cloning methods
6.1.4.1. Site-directed mutagenesis (SDM)
For introduction of single and double mutations into the THCAS and CBCAS genes, site-directed
mutagenesis (SDM) was performed by means of the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs, Ipswich, MA, USA), by utilizing Phusion DNA polymerase (Thermo Fisher Scientific Inc.) or by
using Q5 Hot Start High Fidelity DNA Polymerase (New England Biolabs). While PCR protocol for the
Q5 Site-Directed Mutagenesis Kit was conducted according to the manufacturer’s protocol, the
reaction mixtures, as well as the cycler programs for Phusion polymerase and Q5 Hot Start High
Fidelity DNA Polymerase were set up as follows.
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Phusion DNA Polymerase reaction mix (total 50 µL)
Phusion
Buffer

High-Fidelity

5⨯ 1⨯

Plasmid DNA

12.5 ng

Primer fw (see 6.1.3)

0.5 µM

Primer rev (see 6.1.3)

0.5 µM

dNTP’s

0.4 mM

Phusion DNA Polymerase

2u

Phusion DNA Polymerase cycler protocol
Step

Temperature

Duration

Initial denaturation

98 °C

2 min

Denaturation

98 °C

15 sec

Annealing

60 °C

30 sec

Elongation

72 °C

3 min

Final elongation

72 °C

5 min

Q5 Hot Start High Fidelity DNA Polymerase reaction mix
(total 50 µL)
Q5® Hot Start High-Fidelity 2⨯ Master mix

1⨯

Plasmid DNA

12.5 ng

Primer fw (see 6.1.3)

0.5 µM

Primer rev (see 6.1.3)

0.5 µM

60

30 cycles

Q5 Hot Start High Fidelity DNA Polymerase cycler protocol
Step

Temperature

Duration

Initial denaturation

98 °C

30 sec

Denaturation

98 °C

10 sec

Annealing

60 °C

30 sec

Elongation

72 °C

1:30 min

Final elongation

72 °C

2 min

25 cycles

6.1.4.2. Kinase, ligase and DpnI (KLD) treatment
After amplification the SDM products were circularized using the Q5® Site-Directed Mutagenesis Kit
(New England Biolabs) according to the manufacturer’s instructions or by performing all enzymatic
reactions separately in the order as listed in the following protocol. The Polynucleotide Kinase Kit by
Thermo Fisher Scientific Inc. was used for the phosphorylation reaction. T4 DNA ligase and T4 DNA
ligase buffer were purchased from Promega, while DpnI fast digest as well as fast digest buffer were
procured from Thermo Fisher Scientific Inc.

Reaction

5’-phosphorylation
(total 10 µL)

Ligation (total 10 µL)

DpnI treatment (total
20 µL)

Mixture

20 ng PCR product

5 µL phosphorylated DNA

10 µL ligation mixture

1⨯ Reaction buffer A

1⨯ T4 DNA ligase buffer

1⨯ Fast digest buffer

1 mM ATP

1 u T4 DNA ligase

2 u DpnI fast digest

1 u T4 polynucletoidkinase
Incubation

37 °C, 20 min

16 °C, overnight

37 °C, 2 h

Inactivation

75 °C, 10 min

75 °C, 10 min

75 °C, 10 min
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6.1.5. Protein biochemical methods
6.1.5.1. PNGase F and PNGase A assays
The deglycosylation reaction of THCAS was performed with PNGase F or PNGase A (New England
Biolabs), according to the manufacturer’s instructions. Therefore, 500 u of PNGase F or 5 u of PNGase
A were mixed with 20 or 5 µg TSP extracts, respectively. The resulting sample was then separated on
10 % SDS–PAGE and subjected to Western blot analysis (see 3.4.6.3).

6.1.5.2. THCAS/CBCAS/CBDAS activity assays with plant crude extract
150 mg of frozen plant material was homogenized in 500 µL of THCAS/CBDAS/CBCAS reaction buffer
(100 mM trisodium citrate, pH 5.5) at RT and centrifuged at 17,000 ×g for 15 min. Thereupon, in vitro
activity assays were performed with the addition of different amounts of substrate or solvent into
the mixture. The reaction mixtures contained 92.8 µL of the extracted total soluble proteins as well
as 0.05−0.2 mM of CBGA and ACN in the range of 1.8−7.2 % (v/v) in a total volume of 100 µL. The
reaction took place for 2 h at 37 °C. To terminate the reactions, 275 µL of ice-cold acetonitrile were
added, followed by incubation on ice for 30 min. Finally, the supernatants were purified two times
from solid particles by centrifugation (17,000 ×g, 30 min, 4 °C). THCA, CBCA and CBDA were then
analyzed by using HPLC−MS (see 3.5.1). Assays were performed in four biological replicates.

6.1.5.3. THCAS/CBCAS/CBDAS activity assays with purified proteins
Reaction mixtures contained 1.25 µg of er:THCAS:6×his, 2.5 µg of er:CBDAS:8×his or 2.5 µg of
er:CBCAS:8×his as well as 0.05 mM of CBGA and an appropriate solvent (acetonitrile (ACN), acetone,
dichloromethane (DCM), isopropanol, EtOH and DMSO) or monoterpene (myrcene, linalool, α-pinene
and limonene) in the range of 1.8−7.2 % (v/v) in a total volume of 100 µL buffered in
THCAS/CBDAS/CBCAS reaction buffer (100 mM trisodium citrate, pH 5.5). The reaction took place for
2 h at 37 °C. To terminate the reactions, 275 µL of ice-cold acetonitrile was added, followed by
incubation on ice for 30 min. Finally, the supernatants were purified two times from solid particles by
centrifugation (17,000 ×g, 30 min, 4 °C). Assays were performed in four replicates and analyzed by
HPLC−MS (see 3.5.1).
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6.1.5.4. Quantification of enzyme activity
In general, the catalytic activity of enzymes can be described in katal (kat), where one katal refers to
an enzyme catalyzing one mole of substrate per second. However, since THCAS and CBDAS produce
two different products and the specific activity towards the production of each cannabinoid should
be determined, substrate conversion was equated with product formation based on the fact that one
molecule of CBGA is converted to one molecule of THCA, CBCA or CBDA [64,65,77]. Therefore, the
amount of formed product was quantified by peak integration at the wavelength of 260 nm and
subsequent conversion from area counts into katal, calculated by means of serial standard dilutions
(THCA 800 nM–0.05 mM; CBDA 800 nM–0.05 mM; CBCA 6.0 nM–0.05 mM). The specific enzyme
activities were calculated with:
𝑘𝑎𝑡 =

𝑚𝑜𝑙
𝑠
- 1

and expressed in kat per gram fresh weight (kat g

FW

) in case of using proteins from crude plant

- 1

extracts or in kat per mg protein (kat mg ) in case of utilizing purified proteins. For mutagenesis
studies, the activity of each mutant was normalized on the average activity of their corresponding
wild-type enzyme.

6.1.5.5. Peroxide assays
To investigate the oxygen dependency in the production of CBCA, activity assays with purified
proteins were performed as described in 6.1.5.3. One half of the assay volume (A) was used for
peroxidase assays without terminating the reaction, whereas the other half (B) was terminated after
a total assay duration of 2.5 h (directly after measurement of H2O2 concentration of A) and subjected
to HPLC−MS analysis. The peroxidase assays were performed with Pierce Quantitative Peroxidase:
Aqueous Compatible Formulation Kit (Thermo Fisher Scientific Inc.) according to the manufacturer’s
instructions. The concentration of hydrogen peroxide was determined by means of a serial standard
solution in the range of 1−1000 µM. Reaction mixtures without the substrate CBGA served as a
negative control. Finally, the amount of produced CBCA and hydrogen peroxide were calculated and
compared to each other by using the equation:
𝑛𝑥 =

𝑚𝑥
𝑀𝑥
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6.1.6. Software based analysis
6.1.6.1. CBGA docking simulation
The available crystal structure of THCA synthase (pdb entry 3vte.1.A) does not include its substrate
CBGA. In order to investigate the reaction mechanism a static docking using AutoDock Vina was
performed: The structure of CBGA was obtained from the ZINC database 3 and converted into the
PDBQT format required by AutoDock Vina using Pybel 4 [158–160]. The structure of the THCA
synthase was converted into PDBQT using the tools provided by AutoDock Vina. The substrate was
docked in a 10 Å vicinity of the FAD N8 atom, as this atom is probably essential for the reaction
mechanism. The docking process resulted in nine models of the CBGA conformation. The model with
the highest score was coincidentally the conformation with the highest similarity to the proposed
binding mechanism [67]. The hydrogen atoms were added to the selected docked CBGA structure via
a custom Python script using the bioinformatics library Biotite [161]. Finally, the protein model was
visualized by means of the UCSF Chimera software [162].

6.1.6.2. Homology modeling of CBCAS
Modelling of the three dimensional structure of CBCAS was performed using the fully automated
protein homology modelling server SWISS-MODEL [163]. Therefore, the CBCAS amino acid sequence
was submitted to the server and aligned with the sequence of THCAS (pdb entry 3vte.1.A). Based on
the available crystal structure of the reference protein, comparative modelling was performed using
the implemented engine ProMod3. Qualitative Model Energy ANalysis (QMEAN) was represented
with a score of -1.13, expressing the major geometrical aspects of protein structures, while the
Global Model Quality Estimation (GMQE) had a score of 0.94, describing the expected accuracy of a
model built with that alignment and template [163,164]. The protein model was visualized by means
of the UCSF Chimera software [162].
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6.2. Results and discussion
6.2.1. Molecular cloning of THCAS, CBDAS and CBCAS
Although complete cannabinoid biosynthesis in vivo without addressing the assumed bottleneck in
geranyl diphosphate (GPP) availability was not feasible, it was nevertheless considered a milestone
as it was possible to produce all the enzymes involved in the cannabinoid biosynthetic pathway
heterologously in N. benthamiana and to demonstrate their activity. Furthermore, it was even
succeeded to form olivetolic acid (OA) and its glucosides in vivo (Figure 4.2.4). To finally round off the
whole story of the producibility of all enzymes involved in the synthesis and to further investigate the
biosynthesis of the individual cannabinoids, Δ9-tetrahydrocannabinolic acid synthase (THCAS),
cannabidiolic acid synthase (CBDAS) and cannabichromenic acid synthase (CBCAS) had to be
introduced in the GoldenBraid (GB) cloning system. Even though it has been reported that THCAS is
secreted into the extracellular space of the Cannabis glandular trichomes and thus being processed
via the secretory pathway, different subcellular localizations have been included in the engineering
setup here as well, to definitively rule out any alternative localization possibilities [109]. In order to
domesticate the cannabidiolic acid synthase (CBDAS) and the cannabichromenic acid synthase
(CBCAS) genes, GB–modified sequences without the first 84 bp (signal peptide) were synthesized by
Integrated DNA Technologies harboring the appropriate fusion sites (AGCC and GCAG) and BsmBI
recognition sites. Since in the case of Δ9-tetrahydrocannabinolic acid synthase (THCAS)
transcriptional units (TUs) for the localization of the enzyme to the apoplast and in to chloroplasts
had already been generated in course of previous studies (pEGB2α1 er:THCAS:6×his, pEGB2α1
cp:THCAS:6×his and pEGB2α1 er:THCAS:YFP; [157]), pEGB2α1 er:THCAS:6×his was used as a template
to incorporate fusion overhangs (AGCC and GCAG) by PCR for cloning of cytosolic and vacuolar
localized THCAS (see 3.2.1 and 6.1.3; oligonucleotides 20 and 21). Subsequently, the PCR product was
purified (see 3.2.2) and ligated into the universal domesticator via a GB reaction (see 3.2.3). The
resulting GB reaction mixtures were transformed into chemically competent E. coli TOP10 (see 3.2.4),
followed by isolation of plasmid DNA (see 3.2.5), restriction analysis (see 3.2.6) and verification by
sequencing (see 3.2.8; oligonucleotides 1, 2 and 22).
Again, various TUs were generated for the localization of the enzymes in different compartments of
the plant cells. Therefore, for assembly of transcriptional units in α-level plasmids, the coding
sequence (CDS) of CBDAS and CBCAS were either fused with the chloroplast transit peptide sequence
(cp) or the ER/apoplast signal peptide sequence (er), while in case for production in the cytoplasm,
the CDS was directly fused to the P35S ATG. Since for THCAS, the apoplast and chloroplast localized
versions were already cloned as mentioned above, only THCAS constructs containing a vacuolar
signal sequence (erV) as well as the cytosolic localized THCAS were assembled during the current
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project. Unfortunately, due to time constraints only the THCAS was fused with the erV targeting
sequence. Furthermore, for visualization of proteins during fluorescence microscopy, yfp was
C−terminally fused to the enzymes. The assembled GB constructs were then transformed into
chemically competent A. tumefaciens EHA105 cells (see 3.2.9) and positive clones were confirmed by
colony PCR (see 3.2.10) using the relevant primer pairs (see 6.1.3; oligonucleotides 23−26). Finally,
glycerol stocks of overnight cultures were prepared and stored at -80 °C. Figure 6.2.1 illustrates the
expression constructs generated particularly for this part of the project.

Figure 6.2.1 Cloning of different THCAS, CBDAS and CBCAS expression cassettes using the GoldenBraid cloning system. The
capital letters show the four-nucleotide overhangs ensuring correct final orientation within the transcriptional unit (TU),
while the numbers above the scheme represent standard GoldenBraid classes within the TU structure [93]. P35S,
cauliflower mosaic virus (CaMV) 35S promoter; P35S ATG, cauliflower mosaic virus (CaMV) 35S promoter with an integrated
start codon ensuring cytosolic localization; TNos, nopaline synthase terminator; 8×his:TNos, nopaline synthase terminator
comprising an 8×his-tag; cp, chloroplast targeting sequence; er, ER/apoplast signal peptide; erV, vacuolar signal sequence.
Boxes are not drawn to scale.

A detailed description of all chronological steps performed during assembly of GB constructs and
transformation of A. tumefaciens used for transformation of tobacco plants is given in chapter 4.2.1.
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6.2.2. Heterologous production of late biosynthetic enzymes in N. benthamiana plants
6.2.2.1. Production of Δ9-tetrahydrocannabinolic acid synthase (THCAS)
After introduction of THCAS, CBDAS and CBCAS into the GB cloning system, N. benthamiana plants
were transiently co-transformed with Agrobacteria harboring the different THCAS constructs and
P19. Five to seven days post inoculation plants were harvested and protein accumulation in various
compartments was examined by fluorescence microscopy and Western blot analysis (see 3.3.2 and
3.4.6.3). Surprisingly, in addition to the fluorescence of the proteins processed via the secretory
pathway and located in the apoplast or the so-called bulbs, representing spherical structures often
observed within the lumen of vacuoles, protein accumulation was also detected in the chloroplasts
(Figure 6.2.2 A) [165–167]. In parallel, using total soluble proteins extracted from plants producing
THCAS with C−terminally fused his-tag, neither chloroplast targeting, nor cytosolic localization
yielded in detectable protein. Only enzymes from extracts containing proteins with apoplast or
vacuolar targeting could be detected with a clearly visible band at around 80 kDa (Figure 6.2.2 B). To
examine the detected fluorescence in chloroplasts more deeply, Western blot analysis was also
performed with crude plant extracts containing the cp:THCAS:YFP fusion. When visualized, a band
was observed with a size of approximately 30 kDa, resembling the size of native YFP (Figure 6.2.2 B).
The rationale behind could be that post translational modifications like glycosylation obtained in the
ER might contribute to the correct folding of the enzyme as shown with THCAS produced in
transgenic Komagataella phaffii [68]. Therefore, upon transport into chloroplasts and after cleavage
of the signal peptide, the pre-protein could lack the ability to fold correctly resulting in a degradation
or cleavage of the misfolded part [168]. To ultimately confirm that the heterologous plant system
provides glycosylated THCAS, plant crude extracts containing er:THCAS:6×his were subjected to
PNGase F treatment, catalyzing the cleavage of asparagine-linked high mannose, complex and hybrid
oligosaccharides unless containing an α(1,3)-linked core fucose, or PNGase A treatment, cleaving also
N-linked glycans with α(1,3)-linked core fucose residues (see 6.1.5.1) [169,170]. Subsequent Western
blot analysis indicated that PNGase F treated proteins did not show any alteration in their protein
size. In contrast, PNGase A treatment resulted in slightly smaller size of the THCAS, indicating that
the protein was glycosylated when transported through the secretory system and that the sugar
antenna probably contained a α(1,3)-linked core fucose residue, preventing action of PNGase F on
the molecule (Figure 6.2.2 C). However, the PNGase A treated THCAS showed only a small reduction
in size and appeared larger (approximately 70 kDa) than the calculated value of 59 kDa. At this point
it cannot be excluded that the THCAS contains other modifications not effected by PNGase A
treatment [77].
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Figure 6.2.2 (A) Localization of Δ -tetrahydrocannabinolic acid synthase (THCAS) fused with YFP and targeted to the
chloroplast (cp), apoplast (er), vacuole (erV) or without a targeting signal. Plants solely producing P19 served as a negative
control. Red arrows could indicate so-called bulbs, representing spherical structures often observed within the lumen of
vacuoles [165–167]. (B) Western blot analysis of recombinant THCAS. Heterologous produced proteins were either
detected using his-probe mouse monoclonal IgG antibodies or GFP primary antibodies in case of C−terminal fused YFP
proteins. A recombinant esterase (OeEst228; [121]), featured with a C−terminal 6×his tag fusion (C) as well as recombinant
produced YFP served as positive controls. -, TSP extracts of plants producing solely P19. A band of around 80 kDa
representing THCAS could only be detected after ER/apoplast or vacuolar targeting of the protein. (C) Western blot analysis
of PNGase F and PNGase A treated recombinant er:THCAS:6×his. The deglycosylation reaction of er:THCAS:6×his with
PNGase A resulted in a slightly lower molecular weight compared to PNGase F treated proteins as well as the negative
controls without any treatment. cyt, cytosolic localization; +, treatment with PNGase; -, reaction mixture without PNGase.
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6.2.2.2. Enzymatic activity of heterologous produced THCAS
To verify the enzymatic activity of THCAS produced in N. benthamiana plants, crude protein extracts
containing the THCAS with C−terminally fused his-tag were applied to activity assays (see 6.1.5.2),
followed by HPLC−MS analysis (see 3.5.1). Through comparison with authentic standards it could be
observed, that only the in planta produced THCA synthase which was localized to the apoplast or the
vacuole was active (Figure 6.2.3 and Figure S6.3.1 A). This would also be consistent with the obtained
results from Western blot analysis and the statement that glycosylation obtained in the endoplasmic
reticulum (ER), was essential for the correct folding of the enzyme (Figure 6.2.2 B and C) [64].
Furthermore, THCAS was not only able to produce THCA but also CBCA (Figure 6.2.3).

9

Figure 6.2.3 (A) Production of Δ -tetrahydrocannabinolic acid (THCA) and cannabichromenic acid (CBCA) with extracts of N.
benthamiana plants transiently transformed with er:THCAS:6×his, erV:THCAS:8×his and P19. (B) Mass spectrum of the
synthesized THCA and CBCA (Peaks 2 and 3, respectively) corresponding to authentic standards.

It was recently suggested that the thcas sequence originates from the cbdas sequence as the result
of a gene duplication event [108]. Moreover, since the CBDAS protein sequence shares a high
homology to the published THCAS and CBCAS sequences (83 % and 82 %, respectively) and even
sharing the same putative catalytic base (Tyr485 in case of THCAS and CBCAS as well as Tyr484 in
case of CBDAS), it was assumed that all known cannabinoid forming oxidoreductases might be
derived from a common ancestor (Figure 6.2.4) [65,67]. Thus, it is not surprising that the enzymes
exhibit overlapping product specificity. Hence, THCAS does convert CBGA to different products in a
plant matrix, suggesting that enzyme promiscuity additionally contributes to the diversity of
cannabinoids in Cannabis [77].
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CBCAS
THCAS
CBDAS

1 MNCSTFSFWFVCKIIFFFLSFNIQISIANPQENFLKCFSEYIPNNPANPKFIYTQHDQLY
1 MNCSAFSFWFVCKIIFFFLSFHIQISIANPRENFLKCFSKHIPNNVANPKLVYTQHDQLY
1 MKCSTFSFWFVCKIIFFFFSFNIQTSIANPRENFLKCFSQYIPNNATNLKLVYTQNNPLY

CBCAS
THCAS
CBDAS

61 MSVLNSTIQNLRFTSDTTPKPLVIVTPSNVSHIQASILCSKKVGLQIRTRSGGHDAEGLS
61 MSILNSTIQNLRFISDTTPKPLVIVTPSNNSHIQATILCSKKVGLQIRTRSGGHDAEGMS
61 MSVLNSTIHNLRFSSDTTPKPLVIVTPSHVSHIQGTILCSKKVGLQIRTRSGGHDSEGMS

CBCAS
THCAS
CBDAS

121 YISQVPFAIVDLRNMHTVKVDIHSQTAWVEAGATLGEVYYWINEMNENFSFPGGYCPTVG
121 YISQVPFVVVDLRNMHSIKIDVHSQTAWVEAGATLGEVYYWINEKNENLSFPGGYCPTVG
121 YISQVPFVIVDLRNMRSIKIDVHSQTAWVEAGATLGEVYYWVNEKNESLSLAAGYCPTVC

CBCAS
THCAS
CBDAS

181 VGGHFSGGGYGALMRNYGLAADNIIDAHLVNVDGKVLDRKSMGEDLFWAIRGGGGENFGI
181 VGGHFSGGGYGALMRNYGLAADNIIDAHLVNVDGKVLDRKSMGEDLFWAIRGGGGENFGI
181 AGGHFGGGGYGPLMRSYGLAADNIIDAHLVNVHGKVLDRKSMGEDLFWALRGGGAESFGI

CBCAS
THCAS
CBDAS

241 IAACKIKLVVVPSKATIFSVKKNMEIHGLVKLFNKWQNIAYKYDKDLMLTTHFRTRNITD
241 IAAWKIKLVAVPSKSTIFSVKKNMEIHGLVKLFNKWQNIAYKYDKDLVLMTHFITKNITD
241 IVAWKIRLVAVP-KSTMFSVKKIMEIHELVKLVNKWQNIAYKYDKDLLLMTHFITRNITD

CBCAS
THCAS
CBDAS

301 NHGKNKTTVHGYFSSIFLGGVDSLVDLMNKSFPELGIKKTDCKELSWIDTTIFYSGVVNY
301 NHGKNKTTVHGYFSSIFHGGVDSLVDLMNKSFPELGIKKTDCKEFSWIDTTIFYSGVVNF
300 NQGKNKTAIHTYFSSVFLGGVDSLVDLMNKSFPELGIKKTDCRQLSWIDTIIFYSGVVNY

CBCAS
THCAS
CBDAS

361 NTANFKKEILLDRSAGKKTAFSIKLDYVKKLIPETAMVKILEKLYEEEVGVGMYVLYPYG
361 NTANFKKEILLDRSAGKKTAFSIKLDYVKKPIPETAMVKILEKLYEEDVGAGMYVLYPYG
360 DTDNFNKEILLDRSAGQNGAFKIKLDYVKKPIPESVFVQILEKLYEEDIGAGMYALYPYG

CBCAS
THCAS
CBDAS

421 GIMDEISESAIPFPHRAGIMYELWYTATWEKQEDNEKHINWVRSVYNFTTPYVSQNPRLA
421 GIMEEISESAIPFPHRAGIMYELWYTASWEKQEDNEKHINWVRSVYNFTTPYVSQNPRLA
420 GIMDEISESAIPFPHRAGILYELWYICSWEKQEDNEKHLNWIRNIYNFMTPYVSQNPRLA

CBCAS
THCAS
CBDAS

481 YLNYRDLDLGKTNPESPNNYTQARIWGEKYFGKNFNRLVKVKTKADPNNFFRNEQSIPPL
481 YLNYRDLDLGKTNHASPNNYTQARIWGEKYFGKNFNRLVKVKTKVDPNNFFRNEQSIPPL
480 YLNYRDLDIGINDPKNPNNYTQARIWGEKYFGKNFDRLVKVKTLVDPNNFFRNEQSIPPL

CBCAS
THCAS
CBDAS

541 PPRHH
541 PPHHH
540 PRHRH

Figure 6.2.4 Multiple sequence alignment of CBCAS (sequence as published in WO 2015/196275 A1), THCAS (GenBank
accession no: AB057805) and CBDAS (GenBank accession no: AB292682) using BoxShade software. Amino acids identical
are represented in white letters on black background, while amino acids shaded in grey have similar
characteristics/properties to those in the same position. FAD binding positions are boxed in blue, while the putative
catalytic amino acids are boxed in red. Putative N-glycosylation sites are marked with black arrows.
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6.2.2.3. Production of cannabidiolic acid synthase (CBDAS) and cannabichromenic acid
synthase (CBCAS)
Besides THCAS, also CBDAS and CBCAS were heterologously produced in transiently transformed
N. benthamiana plants. Since both enzymes share, as mentioned before, a high homology to THCAS,
containing the same putative N-glycosylation sites, it was assumed that also CBDAS and CBCAS had
to be glycosylated in the ER in order to fold properly (Figure 6.3.4). Therefore, Western blot and
fluorescence analysis for particularly these two enzymes were skipped and the crude plant extracts
containing CBDAS or CBCAS with C−terminally fused his-tag were directly subjected to activity assays
(see 6.1.5.2). As expected, HPLC−MS analysis revealed, that also here, only the ER/apoplast localized
proteins were active. Moreover, CBDAS also showed an overlapping activity as it was able to produce
CBDA as well as CBCA. Only CBCAS was capable of forming just one of the products, namely CBCA
(Figure 6.2.5 and Figure S6.3.1 B and C).

Figure 6.2.5 Production of cannabidiolic acid (CBDA) and cannabichromenic acid (CBCA) with plant extracts of
N. benthamiana plants transiently transformed with er:CBDAS:8×his and P19 (A) or er:CBCAS:8×his and P19 (B). CBDAS
showed an overlapping activity as it was able to produce CBDA as well as CBCA (C) Mass spectrum of the synthesized CBDA
and CBCA (Peaks 1 and 3, respectively) corresponding to authentic standards.
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Morimoto et al. claimed that the CBCA synthase does not require molecular oxygen and cofactors
and is therefore not related to THCAS or CBDAS [63]. However, the production of CBCA by both
CBDAS and THCAS, which require molecular oxygen for FAD regeneration, suggests that a possible
CBCAS is indeed related to the other synthases. To ultimately confirm the oxygen dependency,
CBCAS was heterologous produced in N. benthamiana (see 3.3.1) and purified via immobilized metal
ion affinity chromatography (IMAC) (see 3.4.2). The elution fractions were then separated on
SDS−PAGE (see 3.4.5) and visualized by Coomassie Brilliant Blue staining (see 3.4.6.1). The desired
proteins with the calculated size of approximately 80 kDa were present in elution fractions 1 and 2
(data not shown). Hence, both fractions were combined and replaced with THCAS/CBDAS/CBCAS
buffer (100 mM trisodium citrate, pH 5.5), followed by concentration of the proteins. Afterwards,
samples were quantified by BCA assay and diluted in 25 % (v/v) glycerol to a final concentration of
0.5 mg/mL (see 3.4.3). Finally, quality of the purified proteins was analyzed by loading 0.5 μg of each
protein onto SDS−PAGE, followed by staining with silver nitrate (see 3.4.5 and 3.4.6.2). As shown in
Figure 6.2.6 A a weak band with the size of approximately 80 kDa, representing the desired protein,
was detected.
2.5 µg of the purified protein were then utilized in activity assays (see 6.1.5.3) as well as in hydrogen
peroxide assays (see 6.1.5.5). Metabolite concentrations were then calculated by means of serial
standard dilutions (CBCA 6.0 nM–0.05 mM and H2O2 1−1000 µM). Reaction mixtures without the
substrate CBGA served as a negative control. When comparing the amount of CBCA and H2O2
produced, it was observed that approximately equal amounts of the two metabolites were formed
(Figure 6.2.6 B), confirming that also CBCAS is oxygen dependent, most likely utilizing FAD as a cofactor.

72

Figure 6.2.6 (A) SDS−PAGE of purified er:CBCAS:8×his visualized by silver nitrate staining. Arrows indicate the desired
proteins with the expected size of approximately 80 kDA. Numbers to the left indicate molecular mass of marker proteins
(M). (B) Measurement of hydrogen peroxide and CBCA concentrations after CBCA synthase activity assays. Based on the
calculated amounts of hdyrogen peroxide and cannabigerolic acid produced, it was observed that hydrogen peroxide
release appears to be proportional to CBCA formation. The assays containing no CBGA as substrate served as a negative
control. N.d. , not detected.

In summary, regarding the reconstitution of the biosynthetic pathway, this work showed that all
enzymes involved in cannabinoid biosynthesis could be manufactured in N. benthamiana and their
activity could be demonstrated. For future engineering efforts in N. benthamiana, however,
bottleneck alleviation (see Chapter 5), maximizing pathway flux through metabolic channeling, as
well as the optimal supply of co-factors would be expedient [171]. Moreover, although it was shown
in recent studies that injection of CBGA into leaves of N. benthamiana expressing thcas containing its
native signal peptide (leading to secretion of the protein into the apoplast) resulted in production of
THCA, it was not possible to conclude from these experiments how endogenously produced CBGA
would behave and whether it would also be secreted from the cell [124]. Consequently, localization
of late biosynthetic enzymes within the cell, like in the vacuole (Figure 6.2.2), has to be strongly
considered as it is already the case in engineered yeast [60].
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6.2.3. In-depth investigation of late biosynthetic enzymes
6.2.3.1. Examination of the enzymes product specificity
Surprisingly, during initial experiments, a change in product specificity from THCA to CBCA was
observed upon addition of different amounts of substrate during assays with crude plant extracts
containing er:THCAS:6×his (chromatograms not shown). To further investigate this occurrence, the
activity of er:THCAS:6×his towards production of THCA and CBCA was quantified and expressed in kat
per gram fresh weight (see 6.1.5.4). Thus, increasing the concentration of CBGA from 0.05 mM to
-1

0.2 mM in the assay mixtures resulted not only in increased production of THCA (2.5 ± 0.24 fkat g FW
-1

-1

to 4 ± 0.25 fkat g FW), but also resulted in almost twice as much CBCA (7.5 ± 0.34 fkat g FW) being
-1

formed compared to THCA (4 ± 0.25 fkat g FW) (Figure 6.2.7).

Figure 6.2.7 Quantification of specific enzyme activity in in vitro assays using crude extracts of transiently transformed
N. benthamiana plants containing er:THCAS:6×his and different CBGA amounts.

However, since the substrate was dissolved in acetonitrile (ACN), it was necessary to clarify whether
the product change is related to the increased amount of substrate available or dependent on the
solvent. Therefore, different amounts of ACN in the range of 1.8−7.2 % (v/v) were added to the assay
mixtures while maintaining constant amounts of substrate (see 6.1.5.2). This clearly resulted in a
product switch that was caused by the modified solvent concentration and not the concentration of
substrate (Figure 6.2.8 A). Zirpel et al. already demonstrated that the product specificity of THCAS
and CBDAS strongly depends on the pH of their environment. When the assay mixtures were shifted
from acidic (pH 4.5) to more basic conditions (pH 7.5) THCAS and CBDAS changed their product
formation from THCA and CBDA, respectively, to CBCA [172]. To investigate if the addition of ACN
had an impact on the pH in the reaction mixtures leading to the switch of product specificity, assay
buffer (pH 5.5), buffer containing 1.8 % (v/v) ACN or buffer containing 7.2 % (v/v) ACN were dribbled
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onto pH test strips. When compared to the control (assay buffer with pH 5.5), no change of pH has
been observed, when ACN was added to the buffer (Figure 6.2.8 B). Thus, a product change caused
by an altered pH value could be excluded. To further examine whether CBDAS and CBCAS also
change their product specificity when supplemented with ACN, N. benthamiana plant crude extracts
containing er:CBDAS:8×his or er:CBCAS:8×his were subjected to activity assays harboring different
amounts of ACN and 0.05 mM of CBGA. HPLC−MS analysis and subsequent quantification of enzyme
activity showed that when the solvent concentration was increased, the formation of CBCA catalyzed
by CBDAS was at least maintained at the same level, while CBDA production could no longer be
detected (solvent concentration 7.2 % (v/v)). In case of CBCAS, on the other hand, the addition of
solvents solely led to the abolishment of the enzymes activity (Figure 6.2.8 C).

Figure 6.2.8 (A) Quantification of specific enzyme activity in in vitro assays using plant crude extracts containing
er:THCAS:6×his and various amounts of substrate as well as acetonitrile (ACN). (B) Determination of the pH value of assay
buffer containing ACN. (C) Quantification of specific enzyme activity in in vitro assays using plant crude extracts containing
er:THCAS:6×his, er:CBDAS:8×his or er:CBCAS:8×his and various concentrations of ACN. In case of er:THCAS:6×his and
er:CBDAS:8×his, a product switch towards CBCA due to the increased ACN addition, could be observed. N.d. , not detected.
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Since the assays were performed with extracts containing all kinds of soluble proteins as well as
water soluble metabolites, it was further investigated that the product specificity upon addition of
solvents was not influenced by other tobacco proteins still present in the crude extract leading for
example to protein-protein interactions [173]. Therefore, also er:THCAS:6×his and er:CBDAS:8×his
were heterologous produced in N. benthamiana (see 3.3.1) and purified as described before for
CBCAS via immobilized metal ion affinity chromatography (IMAC) (see 3.4.2). Finally, quality of the
purified proteins was analyzed by loading 0.5 μg of each protein onto SDS−PAGE, followed by
staining with silver nitrate (see 3.4.5 and 3.4.6.2). As shown in Figure 6.2.9 the expected bands with
the size of approximately 80 kDa, representing the desired proteins, were detected in both cases.

Figure 6.2.9 SDS−PAGE of purified er:THCAS:6×his and er:CBDAS:8×his visualized by silver nitrate staining. Arrows indicate
the desired proteins with the expected size of approximately 80 kDA. Numbers to the left indicate molecular mass of
marker proteins (M).

The purified proteins were then used for activity assays with addition of different organic
co-solvents. The reaction mixtures contained 1.25 µg of er:THCAS:6×his, 2.5 µg of er:CBDAS:8×his or
2.5 µg of er:CBCAS:8×his as well as 0.05 mM of CBGA and an appropriate solvent in the range of
1.8−7.2 % (v/v) in a total volume of 100 µL buffered in THCAS/CBDAS/CBCAS reaction buffer (100 mM
trisodium citrate, pH 5.5). After incubation for 2 h at 37 °C, the reactions were terminated with
275 µL of ice-cold acetonitrile (see 6.1.5.3). Subsequently, THCA, CBDA and CBCA formation was
analyzed by HPLC−MS (see 3.5.1). The addition of different co-solvents clearly indicated their impact
on the product specificity, at least for THCAS and CBDAS and most strikingly when ACN was used
(Figure 6.2.10, Figure 6.2.11 and Figure 6.2.12). In literature, the reasons for alterations in the
relative activity of enzymes, caused by the addition of organic co-solvents, are widely discussed.
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Some of the most important are among others: (i) That organic co-solvents have an influence on the
general properties of the buffer, like its polarity or the hydrophobicity, thus leading to a change in
the solvation of the ground and/or transition states of the enzymatic reaction which in turn alters
electrostatic, hydrophobic or other interactions of the enzyme with its substrate. (ii) That organic cosolvents cause a change in the protein conformation and its flexibility [174–177]. Therefore, it could
be assumed that a conformational change in THCAS and CBDAS promoted a product switch to CBCA.
Solely in case of dichloromethane (DCM) added into the reaction mixtures, enzyme activities were
quiet low and no overall switch of product specificity could be observed (Figure 6.2.10, Figure 6.2.11
and Figure 6.2.12). This could be explained by the fact that DCM is insoluble in water and thus
forming an aqueous-organic biphasic system, which in turn may not have had any effect on the
conformation of the proteins and their product specificity. Moreover, the lower activity could be a
consequence of the poorer accessibility of the proteins to the substrate CBGA dissolved in DCM.

Figure 6.2.10 (A) Detection of enzyme activity of purified er:THCAS:6×his produced in transiently transformed
N. benthamiana plants and with the addition of different solvents into the reaction mixture. In vitro assays of purified
er:THCAS:6×his revealed a change in product specificity from THCA to CBCA after the addition of different solvents. The
effect was most striking by supplementing higher amounts of acetone and acetonitrile (ACN) into the assay mixtures. (B)
Alteration of the ratios of THCA to CBCA produced by er:THCAS:6×his with non-aqueous solvents applied to the assay
mixtures.
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Figure 6.2.11 (A) Detection of enzyme activity of purified er:CBDAS:8×his produced in transiently transformed
N. benthamiana plants and with the addition of different solvents into the reaction mixture. In vitro assays of purified
er:CBDAS:8×his revealed a change in product specificity from CBDA to CBCA. The effect was most striking by adding higher
amounts of EtOH, isopropanol and acetonitrile (ACN) into the assay mixtures. (B) Alteration of the ratios of CBDA to CBCA
produced by er:CBDAS:8×his with non-aqueous solvents applied to the assay mixtures.

Figure 6.2.12 Detection of enzyme activity of purified er:CBCAS:8×his produced in transiently transformed N. benthamiana
plants and with the addition of different solvents into the reaction mixture. In vitro assays of purified er:CBCAS:8×his
revealed only a decrease of CBCA production.
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However, organic solvents in aqueous buffers do not reflect the actual conditions of a biological
system. In general, THCAS, CBDAS and CBCAS as well as metabolites like cannabinoids or terpenes
are described to accumulate in the secretory cavity of Cannabis glandular trichomes [54,178].
Therefore, it was necessary to put the findings in a physiological context and to mimic the
hydrophobic environment in glandular trichomes more accurate. Thus CBGA was dissolved in
distillates of some of the main monoterpenoids (myrcene, α-pinene, limonene and linalool) present
in C. sativa and used in vitro assays with purified er:THCAS:6×his (see 6.1.5.3) [49]. Subsequently,
production of THCA and CBCA was analyzed by HPLC−MS (see 3.5.1). Again, the formation of a
biphasic system was observed as previously in assays with DCM and no overall switch of product
specificity was recognizable. The increase of monoterpene concentrations in the in vitro assays
resulted only in a lowering of enzyme activity regarding THCA and CBCA production. When
comparing the individual monoterpenes with each other, it was observed that upon the addition of
limonene, no activity was detectable above a concentration of 5.4 % (v/v). The strongest effect on
the enzyme activity, however, had the addition of the monoterpene linalool, for which no conversion
from CBGA to THCA or CBCA could be detected even at the lowest amounts (Figure 6.2.13). However,
inhibition of enzymes by terpenes is no unusual observation. In incubation experiments with boreal
forest soil, the addition of monoterpenoids (α-pinene, carene and myrcene) caused a small decrease
in β-glucosidase and chitinase activities. This was even more striking in in vitro assays and was
explained by the ability of terpenes to bind to enzymes causing complex formation and precipitation
of the proteins [179–183].

Figure 6.2.13 Enzyme activity of purified er:THCAS:6×his produced in transiently transformed N. benthamiana plants and
with the addition of various terpenes into the reaction mixture. The increase of terpene content led to a decrease of CBCA
and THCA.
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Although the desired product switch caused by the THCAS in a solvent-containing lipophilic
environment could not be reproduced, the apparent inhibitory property of the added monoterpenes
may indicate that they could contribute to some extent to the amount of cannabinoids produced in
trichomes of C. sativa. However, it must also be taken into account that monoterpenes represent
only a part of the constituents in trichomes. Analysis of the exudates of C. sativa capitate-stalked
glandular trichome storage cavities showed that next to aliphatic hydrocarbons and terpenoids other
amphiphilic and hydrophilic compounds like fatty acid amines, fatty alcohols, carboxylic acids, amino
acids, sugars and polyols were identified [184]. Therefore, it has to be considered that the
heterogeneity in trichome composition is potentially influencing or interrupting the reactions of
terpenes with THCAS. However, in order to address the problem with the more accurate
representation of the trichome environment, future experiments could incorporate natural deep
eutectic solvents (NADES) into the assay mixture. NADES comprise natural compounds, such as
organic acids, amino acids and different sugar species and would partially explain how nature
formulates lipophilic ingredients without assistance of organic solvents [185]. Thus in vitro assays
containing for example NADES combined with water insoluble natural products like terpenes and the
substrate CBGA could be performed.
Nevertheless, the obtained results could be the first indication, that not only the intracellular pH or
the gene expression levels of the different synthases are crucial for the decision which cannabinoids
are produced, but that also the general hydrophobic environment of trichomes as well as the
interplay of various compounds with the proteins could contribute to the cannabinoid diversity in
different Cannabis strains [172,186].
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6.2.3.2. Docking of CBGA into the putative active site of THCAS
Since the crystal structure of THCAS as well as the amino acids involved in the catalytic activity are
known, it was considered to conduct molecular dynamics (MD) simulations of THCAS binding to its
substrate CBGA either in presence of water or acetonitrile, to further investigate if the product
switch is caused by a potential conformational change of the enzyme upon addition of solvents [67].
However, first of all docking of CBGA into THCAS had to be performed, as no tertiary structure of the
enzyme in complex with its substrate was available. For docking simulation, the crystal structure of
THCA synthase (pdb entry 3vte.1.A) as well as the structure of CBGA obtained from the ZINC
database 3 was used. Afterwards, the protein model was visualized by means of the UCSF Chimera
software (see 6.1.6.1). The initial docking simulation of THCAS in aqueous solution revealed that
Tyr484, assumed to be involved in the catalytic activity of THCAS by deprotonation of the hydroxyl
group at the O6′ position of CBGA, seems to be constantly far away from the O6’ (average distance of
7.7 Å) [67]. Moreover, other atoms of CBGA (C10-tail) would sterically prevent the deprotonation at
the O6’ atom (Figure 6.2.14 upper left picture). However, the amino acids Tyr175 and Tyr354, which
are adjacent and exposed to the active site cleft, also did not appear to be in a better steric position
(Figure 6.2.14 upper right picture and lower picture).

Figure 6.2.14 Substrate docking of CBGA into the putative catalytic site of THCAS WT. FAD is colored in cyan, while CBGA
and putative catalyctic amino acids are colored in green and purple, respectively. The image was generated using UCSF
chimera [162].
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Consequently, based on the modeling results, two assumptions could be made: (i) The obtained
crystal structure without the bound substrate is far off from an active conformation, meaning that
without co-crystallization of THCAS and its substrate CBGA, further MD simulations could not deliver
conclusive results regarding the conformational change of the protein when solvent would be added.
(ii) Mutagenesis studies have shown that exchange of tyrosine at position 484 to phenylalanine
abolished the activity of the mutant enzyme. However, in the case of amino acids Tyr354 and Tyr175,
it was suspected only on the basis of structural data that they do not have a direct role in the
catalytic process, but perhaps in substrate binding [67]. Therefore, it could also be possible that
either Tyr354 or Tyr175 represents the catalytic base and that Tyr484, contrary to what has been
suggested, may not be directly involved in the reaction mechanism but, for example, is structuredetermining for the enzyme.
Although the first assumption could not be further verified during the time frame of this thesis,
mutagenesis studies of THCAS were performed in order to investigate the second assumption.
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6.2.3.3. Single site-directed mutagenesis of THCAS
For generation of different THCAS mutants, the already domesticated THCAS (see 6.2.1) served as a
template for site-directed mutagenesis (see 6.1.4.1) utilizing the appropriate primer pairs (see 6.1.3;
oligonucleotides 27−32). After gel-electrophoretic analysis (see 3.2.7) of the PCR products and KLDtreatment (see 6.1.4.2) the cloned vector was amplified in E. coli TOP10 and verified by sequencing
(see 3.2.8). Subsequently, TUs for expression of mutated thcas in planta were assembled by fusing
the CDS with the 35S promoter, the ER targeting peptide and the nopaline synthase terminator
containing a 8⨯his-tag (8⨯his:TNos) into α-level plasmids using the GB cloning system (see 3.2.3).
The assembled GB constructs were then transformed into chemically competent A. tumefaciens
EHA105 cells (see 3.2.9) and positive clones were confirmed by colony PCR (see 3.2.10) using the
relevant primer pairs (see 6.1.3; oligonucleotides 23-26). The generated expression constructs are
depicted in Figure 6.2.15 A. Following cloning, A. tumefaciens EHA105 harboring the desired
constructs were co-infiltrated with A. tumefaciens EHA105 cells carrying P19 into N. benthamiana
plants. Plants co-infiltrated with Agrobacteria harboring er:THCAS:6×his and Agrobacteria containing
P19 served as a positive control, while plants solely expressing p19 served as a negative control.
Five days post inoculation, TSP were extracted (see 3.4.1) and subjected to activity assays containing
0.05 mM of CBGA and 1.8 (v/v) ACN (see 6.1.5.2), followed by monitoring the conversion of CBGA to
THCA and CBCA via HPLC−MS analysis (see 3.5.1). The in vitro experiments of the different mutants
unveiled that THCAS(Y354F) and THCAS(Y175F) had no significant impact on the production of THCA
compared to the wild type enzyme. In contrast, the mutation of THCAS(Y484F) led to an almost
complete loss of activity (see Figure 6.2.15 B and C). However, it is important to emphasize that not
purified proteins were used in the assays, but plant extracts containing the desired protein.
Therefore, no defined amount of the actual protein was applied, but only a defined amount of plant
material. Accordingly, parameters such as the influence of a mutation on the accumulation of the
protein could not be considered in the analysis, which means that without additional evidence, such
as a Western blot analysis, differences in activity compared to the WT enzyme cannot ultimately be
attributed to the inactivity of the proteins. Therefore, to exclude, that the loss of THCAS(Y484F)
activity was due to the absence of the protein in the extract, additional Western blot analysis was
performed with THCAS(Y484F) and the WT enzyme (see 3.4.6.3). But as depicted in Figure 6.2.15 D,
the mutein was detected, indicating that the loss of activity was no result of degraded proteins
(Figure 6.2.15 D). Therefore, the abolishment of catalytic activity of THCAS(Y484F) confirmed the
results of Shoyama et al. that Tyr484 is the amino acid most likely involved in the catalytic activity
[67].
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Figure 6.2.15 (A) Expression cassettes harboring different THCAS mutants assembled by utilizing the GoldenBraid cloning
system. The capital letters show the four-nucleotide overhangs ensuring correct final orientation within the transcriptional
unit (TU), while the numbers above the scheme represent standard GoldenBraid classes within the TU structure [93]. Boxes
are not drawn to scale. (B) The different mutants were produced in transiently transformed N. benthamiana and total
soluble protein extracts were used for enzyme activity assays. In case of the er:THCAS(Y484F):8×his mutant, no activity
towards THCA and CBCA production was observed. (C) Relative enzyme activity of mutated THCAS compared to
er:THCAS:6×his WT. (D) Western blot analysis of heterologous produced er:THCAS(Y484F):8×his and er:THCAS:6×his. +,
recombinant esterase (OeEst228; [121]), featured with a C−terminal 6×his tag fusion. -, TSP extracts of plants producing
solely P19; er, ER/apoplast signal peptide.
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6.2.4. Mutagenesis studies on CBCAS
Since THCAS has been discussed in detail, attention should once again be paid to the CBCAS. As
already mentioned before, THCAS and CBCAS share a high homology in their amino acid sequence
(Figure 6.2.4; 93 %). Although the two enzymes do not even differ with regard to the catalytic amino
acids described for THCAS, CBCAS, as shown in previous experiments, produces exclusively CBCA and
thus does not share the properties of THCAS, which forms both THCA and CBCA (Figure 6.2.3 and
Figure 6.2.5 B and C). Therefore, it stands to reason that small differences in amino acid sequence
outside the catalytic center could affect the cyclization specificities of the aforementioned proteins.
That amino acids do not have to be directly involved in the catalytic mechanism to affect product
formation was already described, e.g. for tetrahydroalstonine synthase 1 (THAS1). The introduction
of mutation E59A resulted here in a slight change of the product ratio from tetrahydroalstonine to
mayumbine [187]. Consequently, to better understand the cyclization reaction forming cannabinoids
and to determine the amino acids responsible for the regulation of product specificity with regard to
THCA production, single site-directed mutagenesis of CBCAS was considered. Overall, the amino acid
sequence of THCAS and CBCAS differs in 37 of the 545 amino acids (Figure 6.3.16). To slightly narrow
down the mutations to be performed, amino acids were selected on the following basis: As already
shown in previous experiments, CBDAS was only able to produce CBDA and CBCA, but no THCA
formation was detected (Figure 6.2.5 A). Therefore, amino acids of CBDAS that are identical to amino
acids of THCAS but different from those of CBCAS were initially assumed to play no role in the
regulation of THCA production. Consequently, 15 amino acids were selected that were either
different for all three proteins or identical to those of CBDAS but different to the amino acids of
THCAS. Moreover, Tyr484 was selected for site-directed mutagenesis in order to confirm that also
this amino acid is responsible for the enzymes activity (Figure 6.2.16).
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**

*

CBCAS
THCAS
CBDAS

1 MNCSTFSFWFVCKIIFFFLSFNIQISIANPQENFLKCFSEYIPNNPANPKFIYTQHDQLY
1 MNCSAFSFWFVCKIIFFFLSFHIQISIANPRENFLKCFSKHIPNNVANPKLVYTQHDQLY
1 MKCSTFSFWFVCKIIFFFFSFNIQTSIANPRENFLKCFSQYIPNNATNLKLVYTQNNPLY

CBCAS
THCAS
CBDAS

61 MSVLNSTIQNLRFTSDTTPKPLVIVTPSNVSHIQASILCSKKVGLQIRTRSGGHDAEGLS
61 MSILNSTIQNLRFISDTTPKPLVIVTPSNNSHIQATILCSKKVGLQIRTRSGGHDAEGMS
61 MSVLNSTIHNLRFSSDTTPKPLVIVTPSHVSHIQGTILCSKKVGLQIRTRSGGHDSEGMS

CBCAS
THCAS
CBDAS

121 YISQVPFAIVDLRNMHTVKVDIHSQTAWVEAGATLGEVYYWINEMNENFSFPGGYCPTVG
121 YISQVPFVVVDLRNMHSIKIDVHSQTAWVEAGATLGEVYYWINEKNENLSFPGGYCPTVG
121 YISQVPFVIVDLRNMRSIKIDVHSQTAWVEAGATLGEVYYWVNEKNESLSLAAGYCPTVC

CBCAS
THCAS
CBDAS

181 VGGHFSGGGYGALMRNYGLAADNIIDAHLVNVDGKVLDRKSMGEDLFWAIRGGGGENFGI
181 VGGHFSGGGYGALMRNYGLAADNIIDAHLVNVDGKVLDRKSMGEDLFWAIRGGGGENFGI
181 AGGHFGGGGYGPLMRSYGLAADNIIDAHLVNVHGKVLDRKSMGEDLFWALRGGGAESFGI

CBCAS
THCAS
CBDAS

241 IAACKIKLVVVPSKATIFSVKKNMEIHGLVKLFNKWQNIAYKYDKDLMLTTHFRTRNITD
241 IAAWKIKLVAVPSKSTIFSVKKNMEIHGLVKLFNKWQNIAYKYDKDLVLMTHFITKNITD
241 IVAWKIRLVAVP-KSTMFSVKKIMEIHELVKLVNKWQNIAYKYDKDLLLMTHFITRNITD

CBCAS
THCAS
CBDAS

301 NHGKNKTTVHGYFSSIFLGGVDSLVDLMNKSFPELGIKKTDCKELSWIDTTIFYSGVVNY
301 NHGKNKTTVHGYFSSIFHGGVDSLVDLMNKSFPELGIKKTDCKEFSWIDTTIFYSGVVNF
300 NQGKNKTAIHTYFSSVFLGGVDSLVDLMNKSFPELGIKKTDCRQLSWIDTIIFYSGVVNY

CBCAS
THCAS
CBDAS

361 NTANFKKEILLDRSAGKKTAFSIKLDYVKKLIPETAMVKILEKLYEEEVGVGMYVLYPYG
361 NTANFKKEILLDRSAGKKTAFSIKLDYVKKPIPETAMVKILEKLYEEDVGAGMYVLYPYG
360 DTDNFNKEILLDRSAGQNGAFKIKLDYVKKPIPESVFVQILEKLYEEDIGAGMYALYPYG

CBCAS
THCAS
CBDAS

421 GIMDEISESAIPFPHRAGIMYELWYTATWEKQEDNEKHINWVRSVYNFTTPYVSQNPRLA
421 GIMEEISESAIPFPHRAGIMYELWYTASWEKQEDNEKHINWVRSVYNFTTPYVSQNPRLA
420 GIMDEISESAIPFPHRAGILYELWYICSWEKQEDNEKHLNWIRNIYNFMTPYVSQNPRLA

CBCAS
THCAS
CBDAS

481 YLNYRDLDLGKTNPESPNNYTQARIWGEKYFGKNFNRLVKVKTKADPNNFFRNEQSIPPL
481 YLNYRDLDLGKTNHASPNNYTQARIWGEKYFGKNFNRLVKVKTKVDPNNFFRNEQSIPPL
480 YLNYRDLDIGINDPKNPNNYTQARIWGEKYFGKNFDRLVKVKTLVDPNNFFRNEQSIPPL

CBCAS
THCAS
CBDAS

541 PPRHH
541 PPHHH
540 PRHRH

*
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*

*

*

*

*

*

*

*

*

**

Figure 6.2.16 Multiple sequence alignment of CBCAS (sequence as published in WO 2015/196275 A1), THCAS (GenBank
accession no: AB057805) and CBDAS (GenBank accession no: AB292682) using BoxShade software. Amino acids identical
are represented in white letters on black background, while amino acids shaded in grey have similar
characteristics/properties to those in the same position. Amino acids considered for site-directed mutagenesis are
marked with red asterisks.
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6.2.4.1. Single site-directed mutagenesis of CBCAS
The different CBCAS mutants were generated by utilizing the already domesticated CBCAS (see 6.2.1)
as a template. Site-directed mutagenesis (see 6.1.4.1) was performed with appropriate primer pairs
(see 6.1.3; oligonucleotides 29, 30 and 33−62), followed by KLD-treatment (see 6.1.4.2). Finally, the
cloned vector was amplified in E. coli TOP10 and verified by sequencing (see 3.2.8). Subsequently,
each mutated cbcas was fused with the 35S promoter (P35S), the ER/apoplast signal peptide (er) and
the nopaline synthase gene terminator containing a 8⨯his-tag (8⨯his:TNos) and ligated into an αlevel plasmid using the GB cloning system (see 3.2.3). The assembled GB constructs were
transformed into chemically competent A. tumefaciens EHA105 cells (see 3.2.9) and positive clones
were confirmed by colony PCR (see 3.2.10) using the relevant primer pairs (see 6.1.3;
oligonucleotides 23-26). The generated expression constructs are depicted in Figure 6.2.16 A.
N. benthamiana plants were co-infiltrated with Agrobacteria harboring the corresponding mutein
genes as well as with Agrobacteria containing P19. As a control, wild-type er:CBCAS:8×his and plants
solely producing P19 were used. After five days of incubation, N. benthamiana plants were harvested
and total soluble proteins were extracted (see 3.4.1). The obtained extract was then subjected to
activity assays containing 1.8 % (v/v) ACN and 0.05 mM of CBGA (see 6.1.5.2). HPLC−MS analysis
(see 3.5.1) revealed that none of the mutated proteins was able to produce the desired THCA (Figure
6.2.16 B). As expected, substitution of Tyr484 resulted in a completely abolished activity towards
CBCA as already seen in case of THCAS. However, some of the other single-mutations resulted in a
lower activity towards formation of CBCA, most strikingly observed for the muteins T74I, V90N,
M288V, R296K and Y360F (Figure 6.2.16 C). To investigate whether the decrease in activity could
have been due to the reduced amount of protein in the extract caused by the mutation, it was also
reasonable to evaluate protein production by Western blot analysis (see 3.4.6.3). But in the case of
CBCAS, it was not even possible to detect the wild-type protein (Figure 6.2.16 D). Consequently, it
was not feasible to draw concrete conclusions if the effect of these single amino acid mutations on
the reduced turnover of CBCA is caused by low expression rates or reduced catalytic activity as a
result of conformational changes in the proteins structure. Nevertheless, the focus was still on the
production of THCA.
In studies with monoterpene cyclases/synthases (mTC/S), the introduction of more than one
mutation was needed to change the product specificity of limonene synthase (LimS). Substitution of
three amino acids in close proximity to each other (S454G, C457V, M458I) resulted in the increased
production of bi-cyclic products like β-pinene compared to its natural formed product limonene
[188]. Since the single-mutagenesis did not lead to the preferred THCA formation, it was therefore
considered to generate double mutants in the next step.
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Figure 6.2.16 (A) Cloning of expression cassettes harboring different CBCAS single mutants utilizing the GoldenBraid cloning
system. The capital letters show the four-nucleotide overhangs ensuring correct final orientation within the transcriptional
unit (TU), while the numbers above the scheme represent standard GoldenBraid classes within the TU structure [93]. Boxes
are not drawn to scale. (B) HPLC−MS analysis of activity assays from total soluble proteins extracted from transiently
transformed N. benthamiana plants. None of the single mutations let to the production of THCA. (C) Relative enzyme
activity of mutated CBCAS compared to er:CBCAS:8×his wild-type (WT). The production of CBCA was most strikingly
reduced for the mutants Y484F, Y360F, T74I, V90N, R296K and M288V. (D) Western blot analysis of heterologous produced
er:CBCAS:8×his. +, recombinant esterase (OeEst228; [121]), featured with a C−terminal 6×his tag fusion. -, TSP extracts of
plants producing solely P19; er, ER/apoplast signal peptide.
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6.2.4.2. Introduction of double mutations into CBCAS
For selection of double amino acid substitutions, modeling of the three dimensional structure of
CBCAS was performed using the fully automated protein homology modeling server SWISS-MODEL
and the already deposited structure of THCAS (pdb entry 3vte.1.A; see 6.1.6.2, followed by
visualization of the protein by means of the UCSF Chimera software (Figure 6.2.17 A) [163]. Most of
the physical interactions between amino acids are caused by direct contact between their residues or
the hydration shells. In particular, potential of van der Waals interactions is strongest in the range
2.5–5.0 Å and decreases rapidly with a spatial distance longer than 5.0−7.0 Å, while the limit for the
formation of hydrogen bonds is even only about 4.2 Å. Only coulomb interactions have a longer
range of approximately 10–15 Å, which implies that everything beyond this distance could be
ignored. Consequently, 15 Å was set as the maximum spatial distance criterion for the selection of
double mutants to be generated [189–191]. This resulted in ten potential candidates for double
amino acid substitutions with a spatial distribution ranging from 6.2–14.3 Å. Unfortunately, it was
possible to generate only four of the ten double mutants in the period of this work (Figure 6.2.17 B).
The mutations were introduced by site-directed mutagenesis (see 6.1.4.1) using pUDs containing
CBCAS single mutants as a template and the appropriate primer pairs (see 6.1.3; oligonucleotides 34,
47, 48, 53, 54, 63 and 64), followed by assembling into an α-level plasmid and transformation into
Agrobacteria as already described previously for the generated single mutants (see 6.2.4.1). The
utilized expression constructs are depicted in Figure 6.2.17 C. After transformation of
N. benthamiana plants (see 3.3.1), total soluble proteins were extracted and subjected to activity
assays (see 6.1.5.2). But also here, HPLC−MS analysis (see 3.5.1) revealed that no THCA was
produced. Only activity towards CBCA formation was detected, which, as in the case of the single
mutants, was also lower compared to the wild-type enzyme (Figure 6.2.17 D and E).
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Figure 6.2.17 (A) Predicted 3D structure of CBCAS. Amino acids that are candidates for double mutations are highlighted in
red. CBCAS image was generated using UCSF chimera and pdb entry 3vte.1.A [162]. (B) Spatial distance between different
amino acids. Amino acids that were mutated during this work are written in bold. (C) Cloned expression cassettes harboring
different CBCAS double mutants. Boxes are not drawn to scale. (D) HPLC−MS analysis of activity assays from total soluble
proteins extracted from transiently transformed N. benthamiana plants. No production of THCA could be observed. (E)
Relative enzyme activity of mutated CBCAS compared to er:CBCAS:8×his WT. All mutants exhibited a lower enzyme activity
compared to the wild-type enzyme, most strikingly for the mutants L345F;Y360F and P494H;E495A.
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6.2.4.3. Generation of CBCAS/THCAS chimeras
In a final attempt to narrow down the amino acids that might be responsible for the cyclization
specificity, two chimeras, each containing half of the mutations selected at the beginning, were
ordered from GenScript (Figure 6.2.18 A and B). The already GB-modified synthetic genes, harboring
the appropriate fusion sites (AGCC and GCAG) and BsmBI recognition sites, were introduced into the
GB cloning system (see 3.2.3) and transformed into chemically competent E. coli TOP10 cells (see
3.2.4), followed by isolation of the amplified plasmids and verification by sequencing (see 3.2.8;
oligonucleotides 1-3). Afterwards, each of the domesticated mutants was ligated to the cauliflower
mosaic virus 35S promoter (P35S), the ER/apoplast signal peptide sequence (er) as well as the
8×his:TNos into an α-level plasmid. Finally, the plasmids containing the expression constructs were
transformed in A. tumefaciens EHA105 (see 3.2.9) and used for transient expression in
N. benthamiana plants (see 3.3.1). Unfortunately, here too, no THCA production and an almost
complete abolished activity towards CBCA formation was observed after assaying the produced
chimeras (Figure 6.2.18 C and D).
Recently it was shown that substitution of A414V in CBDAS resulted in 3-fold higher catalytic activity
for the production of CBDA and a 19-fold increase in THCA formation, suggesting that this amino acid
regulates both, the enzymes activity and specificity [172]. However, although CBCAS exhibits valine
at the same position, this amino acid does not appear to be crucial for the specificity in CBCAS (Figure
6.3.16). Therefore, it is recommended that amino acids which were initially excluded, in order to limit
the amount of mutants to be generated, should also be included in future mutagenesis studies.
However, what can be said with certainty is that there does not seem to be the "one" amino acid
that is responsible for the promiscuity of the enzymes, but it rather depends on their conformation.
Nevertheless, to gain additional insight into the mechanistic differences between CBCAS and THCAS,
it should be considered to crystallize both, CBCAS and THCAS, together with their substrate CBGA for
x-ray analysis and subsequent comparison of both structures and their catalytic centers.
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Figure 6.2.18 (A) Predicted 3D structure of CBCAS. Amino acids that are selected for mutation in order to generate
CBCAS(Mut1) and CBCAS(Mut2) are highlighted in green and purple, respectively. CBCAS image was generated using UCSF
chimera and pdb entry 3vte.1.A [162]. (B) Amino acid sequence of CBCAS(Mut1) and CBCAS(Mut2). Mutations of
CBCAS(Mut1) and CBCAS(Mut2) are colored in green and purple, respectively. (C) HPLC−MS analysis of activity assays from
total soluble proteins extracted from transiently transformed N. benthamiana plants. No production of THCA could be
observed. (D) Relative enzyme activity of mutated CBCAS compared to er:CBCAS:8×his WT. The activity of both mutated
enzymes was decreased significantly compared to the wild-type enzyme.
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6.3. Supporting information

Figure S6.3.1 HPLC−MS analysis of N. benthamiana plants producing cytosolic and chloroplast localized THCAS:6×his,
CBDAS:8×his or CBCAS:8×his. Plants solely producing P19 served as a negative control.
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Chapter 7
Generation of stable transformed tobacco plants for the
production of cannabinoids
7.1. Materials and methods
7.1.1. Plasmids and genetic material
The resistance marker gene nptII encoding for a neomycin phosphotransferase II (GB0226) was
provided by the lab of Dr. Diego Orzáez. The basic GB parts and the GB destination vectors, as well as
signal peptide sequences and olivetolic acid pathway genes were provided as described in 4.1.2.

7.1.2. Oligonucleotides
All oligonucleotides used in this study were synthesized by Eurofins Genomics GmbH (Ebersberg,
Germany). 4-nt overhangs generated by annealing of oligonucleotides for incorporation into the
GoldenBraid system are highlighted in bold. BsmBI recognition sites are underlined.
No. Name

Nucleotide sequence 5’−3’

65

pOAC cPCR101

GCA GTG AAG CAT TTG ATT GTA

66

pOAC cPCR201

CGT GGT GTG TAG TCA AAA ATG

67

pOLS cPCR101

TGA GTT TCC CGA CTA CTA CT

68

pOLS cPCR201

CCC ACT AGT AAT TCG AGG TC

69

pAAE1 cPCR101

CTG GTG AAG CAT CTA ATG TAG

70

pAAE1 cPCR201

CAA AGG TGG CAC TCC AAT AG

71

pNptII H101

ATA TCG TCT CAC TCG AGC CAT TGA ACA AGA TGG ATT GCA

72

pNptII N201

GCG CCG TCT CAC TCG AAG CTC AGA AGA ACT CGT CAA GAA

73

pGFP H101

ATA TCG TCT CAC TCG AGC CGT GAG CAA GGG CGA GGA GC

74

pGFP M201

GCG CCG TCT CAC TCG CTG CCT AGT ACA GCT CGT CCA TGC

75

pGFP cPCR101

CGT AAA CGG CCA CAA GTT CAG C

76

pGFP cPCR201

TAC AGC TCG TCC ATG CCG TGA GT
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7.1.3. Generation of transgenic plants
7.1.3.1. Sterilization of tobacco seeds
Nicotiana tabacum L. cv. Petit Havana wild-type plants were used for establishing of stable
transformed tobacco lines. In this regard, their seeds were sterilized in 1 mL of 6 % (v/v) sodium
hypochlorite for 20 min. Afterwards, the seeds were washed five times in 1 mL of sterile water and
placed on MS medium. Finally, the plants were cultivated under sterile conditions at 26 °C and under
12 h of illumination.

7.1.3.2. Stable transformation of N. tabacum L. cv. Petit Havana plants
For stable transformation of tobacco plants, A. tumefaciens EHA105 cells, harboring the desired
genetic constructs, were inoculated into 15 mL of liquid LB medium supplemented with antibiotics
and incubated overnight at 28 °C. Afterwards, the culture was centrifuged for 4 min at 4,000 ×g and
the pellet was resuspended in 25 mL of liquid LB medium without antibiotics. Three leaves of three
to four weeks old N. tabacum L. cv. Petit Havana plants, cultivated under sterile conditions, were cut
into 4×4 mm pieces and incubated in the bacterial culture for 10 min under continuously mixing.
Subsequently, the leaf pieces were transferred onto solid RMOP medium (4.3 g/L Murashige-Skoog
salts, 30 g/L saccharose, 0.1 g/L myo-inositol, 1 mg/L 6-benzylaminopurine, 0.1 mg/L 1-naphthalene
acetic acid, 4.3 g/L phyto-agar, pH 5.8) without antibiotics and incubated for 24 h in the dark. For the
selection of successfully transformed tobacco cells, the leaf parts were transferred onto solid RMOP
medium supplemented with kanamycin (100 μg/mL) as well as cefotaxime (300 μg/mL), to get rid of
the agrobacteria. The leaf parts were then further cultivated at 26 °C under 12 h of illumination.
Following the selection process of callus tissue, emerging shoots were transferred onto solid
Murashige and Skoog (MS; [192]) medium containing the appropriate antibiotics to facilitate the
recovery of transgenic tobacco lines. After root development, plants were cultivated in potting soil in
the greenhouse.
In case of establishing liquid cell cultures, callus tissue was inoculated into 120 mL of liquid Linsmaier
and Skoog (LS; [193]) medium and supplemented with kanamycin (100 μg/mL) and cefotaxime
(300 μg/mL).
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7.1.3.3. Isolation of genomic DNA from plant tissue
To verify the successful generation of transgenic plants, genomic DNA was extracted and screened
for the integration of transgenes utilizing PCR. Firstly, 750 μL of extraction buffer (1 % sarcosyl, 0.8 M
NaCl, 22 mM EDTA, 0.22 M Tris-HCl, 0.8 % CTAB, 0.14 M mannitol; supplementation with 1.4 μL/mL
of β-mercaptoethanol prior usage) and 750 μL of chloroform were mixed with 100 mg of ground and
frozen plant material, followed by an incubation step of 45 min at 65 °C. Subsequently, the samples
were centrifuged at 7,500 ×g for 10 min at 4 °C and the upper aqueous phase was transferred into a
new tube and mixed with an equal volume of isopropanol. The DNA was precipitated by
centrifugation at maximum speed for 10 min at 4 °C and the obtained pellet was washed twice in
70 % ice-cold EtOH. Finally, the genomic DNA was resuspended in 50 μL of H2O and stored at 4 °C
until further analysis.

7.1.3.4. Feeding of transgenic N. tabacum plants with hexanoic acid
Four week old transgenic N. tabacum plants were infiltrated with 4 mM of hexanoic acid (solved in
infiltration buffer (10 mM MES, 10 mM MgSO4). The plants were harvested after 24 h of incubation
and metabolites were extracted as described in 3.3.3.

7.1.3.5. Feeding of liquid cell and preparation for HPLC−MS analysis
To test the possible production of olivetolic acid, liquid cell cultures (120 mL batches) putatively
expressing the pathway genes (aae1, ols and oac) were fed with 20 mM of hexanoic acid or 0.2 mM
of olivetolic acid. As a negative control, callus cultures expressing gfp were or N. tabacum wild-type
were used. After 24 h of incubation, cells were harvested and prepared for HPLC−MS analysis.
Therefore, the media of liquid cell cultures were removed and the remaining cells were lyophilized at
-80 °C in a vacuum of 0.25 mbar for 24-48 h using the ALPHA 1-4 LDplus freeze-dryer (MartinChrist,
Osterode am Harz, Germany). Afterwards, 20 mg of freeze dried cells were homogenized by
sonication in 200 μL of 80 % (v/v) MeOH for 30 min at RT. Finally, the extracts were purified two
times from solid particles by centrifugation at 17,000 ×g for 10 min and 4 °C and subjected to
HPLC−MS analysis (see 3.5.1).
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7.2. Results and discussion
7.2.1. Reconstitution of olivetolic acid (OA) biosynthesis in stable transformed Nicotiana
tabacum
In parallel with the transient transformation experiments in N. benthamiana, stably transformed N.
tabacum lines producing cannabinoids were of major interest. Therefore, genes required for the
production of OA had to be integrated into the genome of N. tabacum plants. For the selection
process of transgenic N. tabacum plants, the resistance marker nptII encoding neomycin
phosphotransferase II was selected [194]. For domestication of NptII and GFP, the pEGB vector
harboring the NptII coding sequence (CDS) as well as the pUPD containing the GFP CDS was used as a
template to incorporate appropriate fusion overhangs by PCR (see 3.2.1 and 7.1.2; oligonucleotides
71−74). Subsequently, the PCR products were purified (see 3.2.2) and ligated into the universal
domesticator via a GB reaction (see 3.2.3). Afterwards, each CDS was fused to the P35S ATG and the
nopaline synthase terminator (TNos) and assembled into an α-level plasmid. For the biosynthesis of
OA by stable transformation, already assembled TUs of the pathway genes, aae1:yfp, gfp:ols:8×his
and oac:8×his (see 4.2.1) were assembled together with the NptII TU into an α-level plasmid (SOA;
Figure 7.2.1 A). As a control, the cloned GFP TU was fused to the NptII TU and ligated into the
pDGB3Ω1-level plasmid (SGFP; Figure 7.2.1 A).
A detailed description of all chronological steps performed during assembly of GB constructs and
transformation of A. tumefaciens used for transformation of tobacco plants is given in chapter 4.2.1.
After assembly of expression cassettes, stable transgenic plants were generated by transformation of
plants, cultivated under sterile conditions (see 7.1.3.1), with A. tumefaciens EHA105 cells, harboring
the desired genetic constructs (see 7.1.3.2). Four transgenic lines for each construct (SOA and SGFP)
were successfully regenerated from callus cultures. To verify integration of the desired genes,
genomic DNA was extracted from leaf tissue of cultivated transgenic plants (see 7.1.3.3) and
screened for integration of the corresponding DNA sequences by PCR (see 3.2.1) using gene specific
primers (see 7.1.2; oligonucleotides 65−70, 75 and 76). In this regard transgenes were detected in all
lines harboring the SOA construct as well as in #29 of SGFP line. Since SGFP served as a control, only
line #29 was mentioned in all experiments (Figure 7.2.1 B). Surprisingly, only the aae1 and oac
transgene was detectable in all of the four SOA lines. However, it is not unusual that low purity of
extracted genomic DNA causes a false negative result due to inhibition of polymerase-based
amplification. Therefore, it was assumed that all transgenes were integrated, as it is not likely that
ols, which is flanked by aae1 and oac, was cut from the T-DNA in all lines. In order to investigate if
also the desired proteins were produced, total soluble proteins were extracted (see 3.4.1) and loaded
onto SDS−PAGE (see 3.4.6), followed by Western blot analysis (see 3.4.6.3). But only in SOA line #25 a
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faint band mirroring the size of AAE1:YFP with approximately 95 kDA was detected, when GFP
primary antibodies were used. In contrast, the control SGFP#29 showed a clear production of GFP
(see Figure 7.2.1 C). However, since protein accumulation in stable transgenic plants is generally
lower than in transiently transformed ones and as the data collected in previous transient
experiments already resulted in weak protein detection (see Chapter 4.2.2), it was not surprising
[106]. Nevertheless, production of OA in transgenic plants was further analyzed.

Figure 7.2.1 (A) Schematic representation of the generated multigene GoldenBraid DNA constructs used for stable
transformation of N. tabacum plants. Each transcriptional unit (TU) consisted of the gene of interest (GOI), the cauliflower
mosaic virus (CaMV) 35S promoter (P35S) and the nopaline synthase terminator (TNos). The arrows represent the direction
of transcription. Boxes are not drawn to scale. Abbreviations are specified on the right. (B) PCR amplification of aae1, oac,
ols and gfp from genomic DNA isolated from transgenic N. tabacum lines transformed either with construct SOA or SGFP. +,
15 ng of plasmid DNA (pUD harboring either aae1, oac, ols or gfp); -, PCR reaction mixture containing genomic DNA of wildtype N. tabacum plants; M, GeneRuler 1 kb DNA ladder. (C) Western blot analysis of total soluble proteins (TSP) extracted
from transgenic N. tabacum lines. Heterologous produced proteins were either detected using GFP primary antibodies (left
blot) or his-probe mouse monoclonal IgG antibodies (right blot). A recombinant esterase (OeEst228; [121]), featured with a
C−terminal 6×his tag fusion (His +) as well as recombinant produced YFP (YFP +) served as positive controls. TSP extracts of
plants producing solely P19 were used as negative controls (P19).
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7.2.2. Analysis of transgenic plants and liquid cell cultures
To verify the biosynthesis of OA, four week old transgenic N. tabacum plants were infiltrated with
4 mM of hexanoic acid and incubated for 24 h (see 7.1.3.4). After the extraction of metabolites (see
3.3.3), samples were subjected to HPLC−MS analysis (see 3.5.1). However, when screened for the
specific masses of OA glucosides or OA, no newly formed metabolites, which could be assigned to the
desired substances, were detected (Figure 7.2.2).

Figure 7.2.2 HPLC−MS analysis of metabolites extracted from transgenic plants harboring the desired genetic constructs.
Prior extraction the plants were supplemented with 4 mM of hexanoic acid. The extracts were analyzed in negative selected
ion monitoring (SIM) with selected m/z of 385.2 (A; detection of olivetolic acid (OA) glucoside) and in negative SIM with
selected m/z of 223.2 (B; detection of OA). No newly formed metabolites associated with heterologously produced
enzymes could be detected in analyses. Due to the lack of authentic standards, wild-type N. tabacum plants supplemented
with olivetolic acid served as a positive control for OA glucoside measurements. Plants harboring the construct SGFP served
as a negative control.

In parallel liquid cell cultures were generated from SOA lines #10, #24, #35 and SGFP line #29. Only
SOA line #37 showed growth issues and was therefore excluded from further experiments. To
examine if OA was also glucosylated in undifferentiated callus cells, wild-type (WT) N. tabacum liquid
cell cultures were initially fed with 0.2 mM of OA and incubated for 24 h. Afterwards, the cells were
harvested and prepared for HPLC−MS analysis (see 7.1.3.5). The resulting mass chromatograms were
then compared to chromatograms obtained from WT N. tabacum cells without any supplementation.
Here as well, when screened in negative selected ion monitoring with a with selected (SIM) m/z of
223.2 (detection of OA) and in negative SIM with selected m/z of 385.2 (detection of OA glucoside),
OA as well as C-2 and C-4 OA glucoside was detected, showing that the undifferentiated cells were
converting OA and that the extraction method was suitable to extract the desired metabolites (Figure
7.2.3 A). Thereupon, transgenic cell cultures (SOA and SGFP) were supplemented with 20 mM of
hexanoic acid and incubated for 24 h. After isolation of metabolites (see 7.1.3.5), the extracts were
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analyzed by HPLC−MS (see 3.5.1). Unfortunetaly, also here, neither OA nor OA glucosides were
detected in extracts of transgenic cells. Although there was a peak in samples screened for the
specific mass of OA, the substance was also present in control samples that contained the solvent
ACN. Therefore, it is more likely that this was a contamination of the column rather than the desired
cannabinoid precursor (Figure 7.2.3 B and C).

Figure 7.2.3 (A) Feeding of N. tabacum callus culture suspension with olivetolic acid (OA). OA was absorbed and part of the
substance was glycosylated as already observed for infiltrated N. benthamiana plants. N. tabacum callus culture suspension
without supplementation served as a negative control. (B and C) HPLC−MS analysis of metabolites extracted from freezedried calli harboring the desired genetic constructs. Prior extraction the cells were fed with 20 mM hexanoic acid. The
extracts were analyzed in negative selected ion monitoring (SIM) with selected m/z of 385.2 (B; detection of OA glucoside)
and in negative SIM with selected m/z of 223.2 (C; detection of OA). No newly formed metabolites associated with
introuced genes could be detected in analyses. Since lack of authentic standards, wild-type N. tabacum liquid cell culture
was supplemented with olivetolic acid served as a positive control for OA glucoside measurements. Cells harboring the
construct SGFP served as a negative control.

To narrow down the bottleneck, for example, transgene expression could be further investigated on
a transcriptional level by performing Northern blot analysis or quantitative real-time PCR (qPCR).
However, these experiments require extensive preparation and especially qPCR is highly error-prone
if the method is not well established and validated [195]. In order to rule out all other eventualities
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before carrying out these rather time-consuming experiments, the SOA construct used for the
transformation of plants was sequenced once again. Surprisingly, the sequencing revealed an
insertion of 63 base pairs (bp) in the ols gene which resulted in a frame shift and in a premature stop
codon (Figure 7.2.4). Consequently, it was assumed that the protein truncated by 105 amino acids
(280 instead of 385) was not functional and therefore the OLS was most likely the bottleneck in this
approach.

Figure 7.2.4 Sequencing of construct SOA, used for stable transformation of N. tabacum plants. The sequencing revealed an
insertion of 63 base pairs (bp) in the ols gene which resulted in a frame shift and in a premature stop codon. Boxes are not
drawn to scale.

However, when it comes to the generation of stable transgenic plants in general, the path to the
desired product is often a very error-prone process. Thus one of the major hurdles in the generation
of transgenic lines concerns the expression of transgenes that are particularly susceptible to silencing
mediated by small RNAs (sRNAs) compared to endogenous ones [196]. To counteract the gene
silencing, different genetic elements, such as promoters and introns, have been demonstrated to
have an impact on the stability of transgenes [197–200]. But also the choice of terminators is a key
factor that has a major effect on transgene expression levels. The utilization of the
Arabidopsis thaliana heat shock protein terminator (tHSP) for example in combination with the P35S
showed less gene silencing than combination of commonly used P35S and TNos regulatory elements.
This observation was assigned to less read-through transcription and therefore less mRNAs lacking
poly(A) tails [196]. Besides the choice of regulatory elements, also directions of transgenes should be
considered during plasmid design when assembling two or more expression cassettes as the
intentional introduction of repetitive sequences into a transgenic locus has in some cases been
associated with undesirable negative effects on the expression of transgenes and their stability [201–
204]. Consequently, since the construct has to be cloned again harboring the functional ols gene, the
general design of the here used multigene expression construct could be reconsidered.

101

Conclusions
Cannabis research has experienced great resurgence during the last decade, especially in the field of
biosynthetic production of cannabinoids in microbial hosts, predominantly in Saccharomyces
cerevisiae or Komagataella phaffii, but also in Kluyveromyces marxianus and Yarrowia lipolytica
[60,62,172,205–207]. However, the utilization of tobacco as production chassis described in the
present work depicts a promising basis for the future research regarding cannabinoid production in
this heterologous plant host. Initially, it was observed that injection of OA into leaves of tobacco led
to the production of the novel-to-nature compounds C-4 and C-2 OA glucosides, which could in turn
offer new opportunities regarding glucosylated cannabinoid-based pharmaceuticals [124,127,128].
Furthermore, transient expression of aae1, ols and oac and supplementation of hexanoic acid yielded
in the in vivo formation of the cannabinoid precursor olivetolic acid (when cytosolic localized proteins
were used; Figure 4.2.4 B) and C-4 OA glucoside (with cytosolic and chloroplast localized proteins;
Figure 4.2.4 B and C). However, it needs to be clarified whether the downstream proteins such as
NphB(Q295L) or THCAS and CBDAS are able to accept the glucosylated substrates and converting
them into the valuable glucosylated cannabinoids. At least for the formation of THCA or CBCA, the
acceptance of C-4 cannabigerolic acid glucoside as a substrate would be unlikely, since the ring
closure happens at the C-4 localized hydroxyl group [63,67]. Consequently, it would be necessary to
investigate if maximization of the pathway flux by metabolic channeling trough scaffold proteins,
regulating spatial and temporal organization of desired molecules, would curtail the formation of C-2
OA glucoside and deliver more acceptable precursors for cannabinoid biosynthesis [208,209].
Nevertheless, even in the case that the substrates could not be processed, co-expression of
β-glucosidase genes like bgl1 from Aspergillus niger could be considered [210].
Although there are still questions pending regarding the glucosylated cannabinoids, the issue that
should be definitively addressed in the next step is the increase of GPP supply. The introduction of
NphB(Q295L) localized either in the cytosol or the chloroplast and supplemented with sufficient
amounts of OA did not result in the formation of CBGA, indicating that GPP is the bottleneck in this
approach (Figure 5.2.6 and Figure 5.2.7). In this regard, it would be advantageous to boost the
general GPP pool by incorporation of A. thaliana isopentenyl phosphate kinase (AtIPK) and different
GPP synthases such as the L. erythrorhizon GPPS (LeGPPS) or the small subunit of the
heterotetrameric GPPS derived from A. majus (AmGPPS:SSU) into the transformation approach
[143,147,148].
In parallel to the transient approach, it was considered to establish stable transgenic plants, more
precisely liquid cell cultures. These were thought to simplify the feeding of precursors and, especially
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with regard to the utilization in industrial production, could enable large-scale cultivation in
bioreactors under GMP conditions. However, the obtained transgenic lines expressing aae1, ols and
oac did not produce olivetolic acid or any of its glucosides (Figure 7.2.2 and Figure 7.2.3). This was
most likely due to an insertion of 63 base pairs (bp) in the ols gene which resulted in a frame shift
and in a premature stop codon. Consequently, generation of transgenic lines expressing the correct
ols together with aae1 and oac could make OA production still feasible.
In summary, although it has not yet been possible to synthesize cannabinoids such as CBGA, THCA, or
CBDA in vivo, at least the intermediate OA has been formed. In addition, NphB(Q295L) and the late
biosynthetic enzymes THCAS, CBDAS and CBCAS were successfully produced in the heterologous
plant host and their activity was confirmed in in vitro assays. However, in order to establish tobacco
as a competitive production host in the future, further extensive engineering efforts are required.
Besides reconstruction of the cannabinoid biosynthetic pathway, the late biosynthetic enzymes were
studied in more detail. It was shown that THCAS and CBDAS exhibited product promiscuity when cosolvent systems were used, indicating that not only the intracellular pH or the gene expression levels
of the different synthases, but also the hydrophobic environment and the various compounds in
Cannabis glandular trichomes should be considered to be responsible for the cannabinoid diversity in
different Cannabis strains [172,186]. Nevertheless, further experiments comprising for example with
assays containing NADES have to be performed in order to confirm this hypothesis.
Finally, mutagenesis studies with CBCAS were performed with the aim of producing THCA and in
order to get more insights into the catalytic mechanisms of the late biosynthetic enzymes.
Unfortunately, none of the introduced mutations resulted in the production of the desired
cannabinoid. Therefore, further site-directed mutagenesis, which includes the initially omitted amino
acids, as well as co-crystallization of CBCAS and THCAS, together with their substrate CBGA for x-ray
analysis and subsequent comparison of both structures and their catalytic centers, needs to be
performed.
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