TECNICO
LISBOA

HO
\©/\/\; O

OH
HQ

OH

Studies on the uptake of olivetol and olivetolic acid by
Saccharomyces cerevisiae

Juliana Andreia Falcao Estrela

Thesis to obtain the Master of Science Degree in

Biological Engineering

Supervisor(s): Prof. Dr. Oliver Kayser
Prof. Gabriel Anténio Amaro Monteiro

Examination Committee

Chairperson: Prof. Arsénio do Carmo Sales Mendes Fialho
Supervisor: Prof. Gabriel Antonio Amaro Monteiro
Member of the Committee: Prof. Pedro Carlos de Barros Fernandes

November 2016






Acknowledgments

| would like to address my most sincere gratitude to Professor Dr. Oliver Kayser for allowing me to
write my thesis in the Technical Biochemistry department at TU Dortmund. It was a very interesting and
stimulant project that allowed me to grow both personally and academically.

| would also like to thank to my supervisor at IST, Professor Gabriel Monteiro, for accepting to be my
supervisor and for contributing to the improvement of my thesis.

| am very grateful for the guidance and support given by PhD student Sara-Friederike Degenhardt,
as well as for her feedback on my thesis. Her orientation was very helpful for developing my practical
work, as well as for the writing of my thesis.

| am very thankful to all the TB group. Everyone was always very supporting and helpful during my
stay and it was really a pleasure to work with them.

| couldn’t have done it without the support of my family and friends that were always ready to help
me, despite the distance. Also, a big thanks to Pedro for his patience and love, especially in the most
stressful moments.

Lastly, | would like to thank the National erasmus agency, for the scholarship provided during my stay

abroad.






Resumo

A marijuana medicinal tem sido cada vez mais reconhecida ao longo dos ultimos anos pelas pro-
priedades terapéuticas associadas aos canabinoéides, como por exemplo o tetrahidrocanabinol (THC),
que apresentam eficacia no tratamento de certas condigdes médicas, bem como contra efeitos se-
cundarios provocados pelos tratamentos de certas doengas. No entanto, esta planta continua a ser
ilegal na maior parte dos paises. Eventualmente, esta situagdo leva a venda ilegal e ndo taxada de
marijuana para auto-medicacao ou a migracao de pessoas de forma a poderem aceder a esta droga.

O principal objectivo deste projecto é fornecer acido olivetdlico, um dos percursores da biossintese
de canabindides, a uma cultura de Saccharomyces cerevisiae para posterior produgao heteréloga de
acido tetrahidrocanabindlico (THCA) neste hospedeiro.

Neste estudo em particular, foi verificado que o DMSO, o principal solvente para o olivetol e para o
acido olivetolico, é toxico para esta estirpe especifica de S. cerevisiae em concentragdes superiores a
3 % (v/v). Verificou-se também que o olivetol tem um efeito inibitério no crescimento de S. cerevisiae,
visto que se pode verificar um aumento no tempo de adaptacao e no tempo de duplicagcdo e uma
diminuigdo na taxa especifica de crescimento com o aumento da concentragao de olivetol. Além disto,
quando as culturas celulares desta levedura sao expostas a olivetol/acido olivetdlico, verifica-se que ha
um aumento na concentragdo destes compostos na fragao celular ao longo do tempo, que pode ser
uma captacdo ou ndo, mas que ocorre simultaneamente a uma diminuicao da concentracdo destes

compostos no meio de cultura.

Palavras-chave: Acido olivetslico; olivetol; captacdo; canabindides; Saccharomyces cere-

visiae.



Abstract

Medical marijuana has had an increasing recognition over the last few years for the medical prop-
erties presented by its cannabinoids, such as THC, effective either towards side effects caused by the
treatment for several diseases, or as a therapeutic agent towards certain conditions. Nevertheless, it
remains illegal in the majority of countries. This eventually leads to non-taxed illicit sale of marijuana for
self-medication or to the migration of people for an opportunity to access this drug.

The main purpose of this study is to feed olivetolic acid, one of the percursors for cannabinoid biosyn-
thesis, to Saccharomyces cerevisiae for further heterologous production of tetrahydrocannabinolic acid
(THCA) by this microbial host.

In this specific project, it was shown that DMSO, the main solvent for olivetol and olivetolic acid, is
toxic to this specific strain of S. cerevisiae for concentrations higher than 3 % (v/v) and that olivetol has
an inhibitory effect on the growth of S. cerevisiae, which can be verified by the increasing lag time and
doubling time, as well as by the decrease in the specific growth rate with an increasing concentration of
olivetol. Furthermore, when cell cultures of this yeast are exposed to olivetol/olivetolic acid, there is an
increasing concentration of these compounds in the cell fraction over time, that can either be an uptake

or not, combined with a decreasing concentration of this compound in the cell culture medium.

Keywords: Olivetolic acid; olivetol; uptake; cannabinoids; Saccharomyces cerevisiae.
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Chapter 1

Introduction

1.1 Motivation

Cannabis sativa, also known as marijuana, weed, hemp or just cannabis, was considered the most
widely used illicit drug in the world, in a study conducted in 2015 [1].

Even though the public opinion on medical marijuana has always shown a tendency towards its
legalization, with an increase in this general opinion over the last few years, the use of this plant remains
forbidden in many countries.

Even though chemical synthesis of tetrahydrocannabinolic acid (THCA) and cannabidiolic acid (CBDA),
the main compounds found in cannabis with therapeutic potential, seems the clear solution to overcome
these legal barriers, it has proven not to be very efficient.

Another possible pathway for obtaining THCA and CBDA would be the extraction of these compounds
from the cannabis plant. Even though this approach is followed nowadays, the cultivation of this plant is
forbidden in the majority of countries and it is also not very efficient.

One of the solutions for the production of these compounds may be the the heterologous production

of cannabinoids in microbial hosts.

1.2 Topic Overview

The effectiveness of cannabinoids in treating several medical conditions has been well documented,
and it shows positive results, either towards some conditions with an ineffective treatment, or towards
the side effects caused by a number of therapies.

C. sativa produces a group of terpenophenolics referred to as cannabinoids, which include its ma-
jor psychoactive component, A°-tetrahydrocannabinol (A°-THC), that presents medicinal properties to-
wards at least 10 different pathologies, such as nausea and vomiting associated with cancer chemother-
apy, multiple sclerosis, Tourette’s syndrome, epilepsy, glaucoma and Parkinson’s disease [2].

Along with A°-THC, both cannabidiol (CBD) and cannabichromene (CBC) show therapeutic proper-

ties. The first one shows high anti-oxidant and anti-inflammatory properties, which can provide neuro-



protection against chronic and acute neurodegeneration. These properties can be effective against the
toxicity caused by 6-hydroxydopamin, which can be relevant for the treatment of Parkinson disease. The

second one shows anti-inflammatory, antifungal and antibacterial properties [3].

1.3 Objectives

Considering that the cannabis plant is still illegal for medical use in most countries, the main purpose
of the studies performed at the TB department in TU Dortmund is the genetic manipulation of microbial
hosts, in order to produce THCA heterologously.

Currently, several approaches are being tested in order to clone the genes present in Cannabis
sativa that express the necessary enzymes for synthesizing THCA, in microbial hosts such as Pichia
pastoris or Saccharomyces cerevisiae. The final objective of the project is to feed the percursors of
cannabigerolic acid (CBGA), olivetolic acid (OA) and geranyl diphosphate (GPP), to the desired host, in
order to synthesize CBGA and further obtain A°-THCA and CBDA through enzymatic reactions.

One approach that has been already tested was the production of olivetolic acid inside the microbial
host. Unfortunately, although this approach showed positive results and the production of olivetolic acid
was optimized, the amounts produced were not significant for the production of cannabigerolic acid.

The main scope of this particular project was to evaluate the behaviour of a specific strain of Sac-
charomyces cerevisiae when olivetolic acid was fed in different concentrations, as well as evaluating
whether it would be capable of uptaking it. Finally, upon successful uptake, the final site of accumulation

of olivetolic acid would be evaluated.

1.4 Thesis Outline

In this work, the biosynthesis of cannabinoids is briefly explained, along with a description of the
social context of cannabis use, in chapter 2. Further on, the materials used and the methods followed
during laboratorial practice are described on chapter 3. Chapter 4 encompasses the main results ob-
tained and the discussion of these results, along with some conclusions that could be taken, as well
as with some details that should be further studied. Lastly, chapter 5 shows a compilation of the main

conclusions taken and suggestions for further studies on the subject of this project.



Chapter 2

Background

2.1 The social context of cannabis use

Cannabis sativa, also known as marijuana, hemp, weed or just cannabis (see figure 2.1), is the most
used illicit drug worldwide, according to the World Drug Report released in 2015 [1], with an estimated

number of users between 128 and 232 million people.

Figure 2.1: Painting of Cannabis sativa from Kohler (1887). A Flowering male branch. B Fruiting female
branch. C Cluster of male flowers. D Fruit (achene) surrounded by perigonal bract. E View of wide (flat)
side of achene. F View of narrow side of achene. G Pistil, showing ovary and two stigmatic branches. H
Pistil surrounded by young perigonal bract.



Along with hops, it belongs to the Cannabaceae family and its origin can be traced to Central Asia.
The beginning of its use is unknown, since it is prior to the invention of writing [2]. Cannabis sativa is a
dioecious plant that shows a particular group of secondary metabolites, the cannabinoids, that, despite
being present in other plants, such as Echinacea purpurea, Echinacea angustifolia or Acmella oleracea,
are very characteristic of Cannabis sativa [4].

This plant can be classified into two types: the drug-type and the fiber-type, which correspond to
two different strains, which are associated with its psychoactive effect and with its use as a textile fiber,
respectively. Chemically, both types show differences, especially in their cannabinoid content: the drug-
type shows high amount of THCA and almost no CBDA and the fiber-type shows high amounts of CBDA
and almost no THCA. Regarding cannabichromenic acid (CBCA), both types show approximately the
same amount [3]. Nowadays, although it lost some of its value and it is only used in niche markets,
hemp fibers are used for pulp products and composites, such as fiberboard, insulation, carpets and a
wide range of plastics, among others. For more than 3000 years, cannabis seeds have also been used
for the production of hemp oil, which has gained recognition nowadays for its health benefits. It is also

used in nutritional cosmetics and as an industrial fluid [5].

However, one of the most relevant characteristics of this plant is its therapeutic effect. Some exam-
ples include its use as an appetite stimulant for the treatment of anorexia, cancer and HIV/AIDS [6] [7] [8]
or its antiemetic use by cancer chemotherapy patients [9] [10] [11]. It also provides chronic neuropathic
pain relief for cancer, HIV/AIDS and other types of chronic pain, such as fiboromyalgia and rheumatoid
arthritis [12] [13] [14] and multiple sclerosis [15] [16] [17]. Furthermore, there have been emerging re-
ports showing positive results for the use of cannabis as a treatment for a number of cancers [18] [19]
[20] [21], epilepsy [22] [23], Alzheimer’s disease [24] [25], Huntington's disease [26] [27], diabetes [28]
[29] and Tourette’s syndrome [30] [31].

The two main cannabinoids that have been studied for their therapeutic potential are THC and CBD,
which are naturally present in the cannabis plant in its acidic form, THCA and CBDA respectively. THC,
the psychoactive agent of cannabis, has anti-inflammatory, analgesic, appetite-stimulant and antiemetic
properties [32]. On the other hand, CBD controls the euphoric effects of THC and has antipsychotic,
neuroprotective, anticancer and antidiabetic as well as other positive effects, such as the potential to
reduce tobacco addiction [33] [34] [35] [36] [37]. Although present studies have not focused so much
on it, cannabigerol (CBG) also shows therapeutic effects against glaucoma [38], inflammatory bowel
disease [39] and prostate carcinoma [40]. CBC has analgesic effects [41], the potential to stimulate the
growth of brain cells [42] and the ability to normalize gastrointestinal hypermotility [43].

Considering that cannabis also has a considerable amount of CBC, the combined effect of both CBC
and A°-THC was studied. Their combined action failed to prevent induced seizures, but showed an
improved analgesic effect when combined with and even when compared to morphine, for a long period
of time [44].

However, A°-THC accumulates in small levels in the fresh leaves of C. sativa, and it is only formed
during storage, smoking or baking due to the decarboxylation of its acidic correspondent cannabinoid,

tetrahydrocannabinolic acid [45].



2.2 Cannabinoids and their biosynthesis

More than 100 cannabinoids have been identified until today, and the most relevant, besides A°-
THC, include CBG, CBD, CBC and cannabinol (CBN), which have little to no psychoactive effect [2] [5]
[46]. These cannabinoids are also referred to as phytocannabinoids, in order to distinguish them from
synthetic cannabinoids, and from a group of endogenous cannabinoid receptors in mammal tissues that
were identified in the 90’s, the endocannabinoids [47].

The endocannabinoid system shows high-affinity, saturable, stereospecific binding sites for cannabi-
noids and comprises two types of receptors: the C B, receptors, which are the receptors associated
with the nervous system and are the most abundant in the mammalian brain, and the C'B» receptors,
that are associated with the immune system and are expressed primarily in cells of the immune and
hematopoietic systems. A°-THC is the most potent phytocannabinoid activator of the C'B; receptor and
it is only synthesized naturally in the cannabis plant, mostly in its acidic form [48].

Nowadays, there are already pharmaceutical drugs available that contain either cannabinoids ex-
tracted from Cannabis sativa, such as Sativex ® oral spray, or that contain synthetic versions of chem-
icals naturally found in marijuana, such as Marinol ®, which is synthetic A°-THC, also known as dron-
abinol.

Although chemical synthesis of cannabinoids is a possible way of having access to these therapeutic
drugs, it has proven not to be very efficient. The main problem faced during chemical synthesis is the fact
that the A8-THC isomer is more stable than A°-THC, being the last one the desired chemical compound
(see figure 2.2).

OH

>
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A'-THC | AS-THC

Figure 2.2: Chemical structure of A-THC and A%-THC also known as A°-THC and A8-THC respectively
under the monoterpenoid and dibenzopyran numbering systems respectively [49].

Cannabinoid acids, such as A?-THCA, CBDA and CBCA are naturally produced in the cannabis plant
through a series of enzymatic reactions and are then converted to their neutral forms (A°-THC, CBD and
CBC respectively) through a non-enzymatic decarboxylation reaction. The neutral form of A?-THCA is
the psychoactive agent of cannabis, and the reason why the consumption of marijuana usually involves
heating of the material (smoking or baking), is to decarboxylate this acid [3]. Even though enzymatic
reactions play an important part on the biosynthesis of cannabinoids, the majority of these compounds

are formed through transformation or degradation of both acidic and neutral cannabinoids by the effects



of light (UV irradiation) and auto-oxidation [50] [51].

Being a dioecious plant, Cannabis sativa can occur in both female and male forms, but only the
female plant contains cannabinoids. These cannabinoids accumulate mainly in the secretory cavity of

the glandular trichomes of the female plants [5].

The two main percursors for cannabinoid biosynthesis are geranyl diphosphate and olivetolic acid,
which are converted to cannabigerolic acid (CBGA) in a reaction catalysed by cannabigerolic acid syn-
thase (CBGAS).

2.2.1 Biosynthesis of geranyl diphosphate

Geranyl diphosphate, or GPP, is the percursor responsible for providing the characteristic terpenoid
moiety of cannabinoids (represented in red in figure 2.3). In a study conducted by Fellermeier and
coworkers [52], it has been shown, through labelling pattern studies, that GPP derives predominantly
(98 %) from the deoxyxylulose pathway (MEP/DOXP), which takes place in the plastid compartments
of the Cannabis sativa trichomes. There is also a minor contribution of the mevalonate pathway (MVA)
for GPP biosynthesis. This is possible because there is no absolute compartmental separation between

both pathways and there is a cross-talk of these two terpenoid biosynthetic pathways [53].

H4C CHs

Figure 2.3: Chemical structure of CBGA with the terpenoid moiety represented in red and the alkylre-
sorcinol moiety represented in blue.

The cis-isopentenyl diphosphate (cis-IPP), or just IPP, derived from these pathways is then con-
verted to dimethylallyl diphosphate, or DMAPP, the trans isomer of IPP, in a reaction catalysed by IPP
isomerase. Geranyl diphosphate synthase (GPPS), an enzyme that was cloned, expressed and char-
acterized by Burke et. al [54] in 1999, will then catalyse the condensation between two molecules of
DMAPP to synthesize GPP. This enzyme can also catalyse the condensation between DMAPP and IPP,
originating neryl diphosphate (NPP).

A scheme representing the synthesis of GPP and NPP is shown on figure 2.4.
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Figure 2.4: Scheme representing the synthesis of GPP and NPP.

2.2.2 Biosynthesis of olivetolic acid

Olivetolic acid is the percursor in the biosynthesis of CBGA that will provide the characteristic alkyl-
resorcinol moiety of this cannabinoid (see blue moiety of molecule represented in figure 2.3).

The biosynthesis of olivetolic acid starts with a molecule of hexanoate. The origin of the hexanoate
for the synthesis of this compound is still unknown, but in a study conducted by Fellermeier in 2001 [52]
it was shown that the hexanoate is synthesized from acetyl-CoA and five molecules of malonyl-CoA,
known percursors of fatty acid biosynthesis.

According to Marks et. al [55], there are two possible ways for obtaining this hexanoate molecule.
The first theory defends that the early termination of the fatty acid biosynthesis yields hexanoyl-ACP and,
afterwards, there are two possibilities. Either a thiesterase cleaves this molecule, yielding n-hexanol
that is converted to n-hexanoyl-CoA by an acyl-CoA synthase, or an ACP-CoA transacylase transfers
the hexanoyl moiety of this compound to CoA. According to the second possible theory, there is the
breakdown of linoleic acid via the lipoxygenase (LOX) pathway, which is converted to hexanoyl-CoA by
an acyl-CoA synthase.

In the same study conducted by Marks et. al in 2009 [55], the RNA from the secretory glands of a A?-
tetrahydrocannabinolic acid (THCA)-producing strain of Cannabis sativa was isolated and a cDNA library
of expressed sequence tags (ESTs) was generated. These sequenced ESTs were further analysed and
genes encoding the enzymes necessary for synthesis of linoleic acid from acetyl-CoA were identified.

Furthermore, genes encoding enzymes necessary for the production of hexanol from linoleic acid via the



LOX pathway were also identified. In a study conducted in 2012 by Stout et. al [56], it was shown that the
formation of hexanoyl-CoA from hexanoate and a CoA unit is catalysed by hexanoyl-CoA synthetase,
an acyl-activating enzyme (AAC).

Even though these results support the second theory, further studies are necessary to confirm the
origin of the hexanoate in the biosynthesis of olivetolic acid.

From this point on, several studies have been published in an effort to identify the enzymes respon-
sible for catalysing the condensation of hexanoyl-CoA with three molecules of malonyl-CoA to yield
olivetolic acid. A polyketide synthase (PKS), which was named olivetol synthase was identified by Taura
et. al in 2009 [57], but when expressed in E. coli and fed malonyl-CoA and hexanoyl-CoA, it could
only produce pentyl diacetic acid lactone (PDAL) and hexanoyl triacetic acid lactone (HTAL), as well as
olivetol, but not olivetolic acid. In a study conducted in 2012 by Gagne et. al [58], olivetol synthase was
renamed tetraketide synthase (TKS) and the polyketide cyclase necessary for the final cyclization reac-
tion was identified. This enzyme, which was named olivetolic acid cyclase (OAC), is mainly expressed in
the trichomes of the cannabis plant, but also in the flowers in lower amounts. It is a dimeric o + 5 barrel
(DABB) protein and the specific reaction catalised by it involves an aldol cyclization C2 — C7, cleavage
of the thioesther bond and an aromatization.

The combined action of this two enzymes leads to the formation of olivetolic acid, as well as HTAL,
PDAL and olivetol as by-products. Note that these enzymes have a combined action, but do not interact
with each other. Alongside these products, divarinic acid is also formed, being the mechanism leading
to its formation still unknown. Divarinic acid is identical to olivetolic acid, except for a hydrocarbon chain
coming off the phenolic ring, which in the latter is slightly longer (see figure 2.5). A scheme representing

the synthesis of olivetolic acid and by-products is shown on figure 2.6.

A OH O B OH O
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Figure 2.5: Chemical structure of divarinic acid (molecule A) and olivetolic acid (molecule B).
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2.2.3 Biosynthesis of cannabigerolic acid

The next step on the biosynthesis of cannabinoids is the synthesis of CBGA. This is a condensation
reaction that is catalysed by an enzyme named cannabigerolic acid synthase (CBGAS), which is a
prenyltransferase. In this reaction, CBGAS catalyses the C-prenylation of OA by GPP.

This enzyme was first detected in extracts of young leaves of Cannabis sativa by Fellermeier et. al
in 1998 [46] and it was named geranylpyrophosphate:olivetolate geranyltransferase (GOT). In the same
study it was shown that this enzyme only accepts olivetolic acid as a prenyl acceptor, but accepts GPP
and NPP to a lesser degree, as a prenyl donor, in order to form CBGA and cis-CBGA (or cannabinerolic
acid, CBNRA) respectively. Only later on, in 2009, did de Meijer and coworkers [59] report that CBGAS
could use divarinic acid as a prenyl acceptor and its condensation with GPP yields cannabigerovarinic
acid (CBGVA). Nevertheless, the neutral analogue of olivetolic acid, olivetol, cannot be used as a prenyl
acceptor. When using GPP as a prenyl donor, CBGA and cannabinerolic acid (CBNRA or cis-CBGA)
are synthesized in a 2:1 ratio. On the other hand, if both GPP and NPP are used as prenyl donors, this
ratio changes to 1:1. If only NPP is fed to CBGAS in the presence of OA, only cis-CBGA is formed [46].

It was expected that CBGAS would be a membrane-bound enzyme, when comparing with other
prenyltransferases. However, in the previously referred study, conducted by Fellermeier and Zenk in
1998 [46], this enzyme was not found in the particulate fraction, but in the soluble fraction of the crude
extract. Nevertheless, all the aromatic prenyltransferases present in plants are membrane-bound, and
the first hypothesis could not be excluded.

In a study published in 2012 conducted by Page and Boubakir [60], the sequence of CBGAS was
published and it showed that this enzyme is expressed in the female flowers and in young leaves of
Cannabis sativa. It also showed that this gene encodes a 395-amino acid polypeptide chain showing a
membrane-bound type of prenyliransferases.

After the biosynthesis of CBGA, the majority of cannabinoids will be synthesized through enzymatic

and non-enzymatic reactions.

2.2.4 Further biosynthesis of cannabinoids

After the synthesis of CBGA, the three main cannabinoid acids will be synthesized through the
stereoselective oxidative cyclization of the monoterpene moiety of CBGA. These three cannabinoid
acids are A°-tetrahydrocannabinolic acid (A°-THCA, or just THCA), cannabidiolic acid (CBDA) and
cannabichromenic acid (CBCA) by the action of tetrahydrocannabinolic acid synthase (THCAS), cannabid-
iolic acid synthase (CBDAS) and cannabichromenic acid synthase (CBCAS) respectively. Each of these
cannabinoids acids is then converted to its neutral form, A°-tetrahydrocannabinol (A°-THG, or just THC),
cannabidiol (CBD) and cannabichromene (CBC) through non-enzymatic decarboxylation.

It is important to note that the reactions catalysed by the previously mentioned enzymes do not occur
when using the neutral analogues of the substrate (CBG), leading to believe that the carboxyl group is
essential for enzymatic activity [61] [62] [63].

In a study conducted by Sirikantaramas in 2005 [64], it was reported that THCAS is an enzyme
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that is secreted in the secretory cells of the glandular trichome of cannabis and that there is a sorting
pathway that leads it to the storage cavity of the trichomes, suggesting that this is not only the site
for accumulation of cannabinoids, but also the site for THCA biosynthesis. Furthermore, in the same
study, it was concluded that both THCA and CBGA induce cell death. Considering this and the fact
that hydrogen peroxide is also produced during the synthesis of THCA, it was concluded that these two
enzymes (THCAS and CBGAS) contribute to the self-defense of the cannabis plant by producing these
cannabinoids along with H,O». In order to avoid cellular damage on the cell, this synthesis occurs in the
storage cavity.

Even though these tests were not performed on CBDA and CBCA, one could assume that they are
likely to show these same properties and are also involved in the self-defense of the plant.

From this point on, the remaining cannabinoids are synthesized through non-enzymatic transfor-
mations. It is important to note that besides THCA, CBDA and CBCA, cannabinerolic acid (CBNA) and
cannabigerovarinic acid (CBGVA) are also percursors for further synthesis of cannabinoids, even though
in a much lower amount.

The complete synthesis of cannabinoids is shown in figure 2.7.
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Figure 2.7: Schematic representation of the synthesis of the main cannabinoids.



2.3 Growth of Saccharomyces cerevisiae

Saccharomyces cerevisiae is an eukariotic microbe known by its role in food production. Never-
theless, considering that it is the most studied eukariote, it can be a very good microbial host for the
production of heterologous products.

Reconstructing biosynthetic pathways in microbial hosts brings several advantages. One of them is
the fact that it leads to a lower loss of pathway intermediates to competing pathways and can provide the
possibility to change the biosynthetic pathway, in order to produce more powerful analogues. A microbial
host also provides a rapid growth rate which leads to higher productivity and the availability of multiple

genetic engineering tools to optimize the pathway [65].

2.3.1 The growth curve of Saccharomyces cerevisiae

The growth curve of Saccharomyces cerevisiae was first described by Richards in 1928 [66]. In

figure 2.8 it is possible to see an example of such.
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Figure 2.8: Growth curve of Saccharomyces cerevisiae. The optical density at a wavelength of 600 nm
is represented over time. [67]

As it is possible to see in figure 2.8, a growth curve usually comprises five main stages: the lag
phase, the exponential phase (log phase), the deceleration phase, the stationary phase and the death
phase (not represented).

The lag phase is usually characterized by an adaptation from the cells to the new culture conditions,
being desirable a small lag phase.

The exponential phase is the phase during which the concentration of cells rises exponentially with
time.

The deceleration phase, as the name says, is the phase in which the cell growth starts being less
steep, but there is still some growth. This is a transition phase between the exponential and the station-
ary phases.

The stationary phase is the phase in which the cell concentration is constant, even though the per-
centage of non-viable cells increases with time. This phase is usually associated with carbon source

depletion and with the formation of toxic metabolites.
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Lastly, in the death phase, there is a decrease in the number of viable cells, being this phase asso-
ciated with cell lysis [68].

2.3.2 The Crabtree effect

The diauxic growth of yeast (see figure 2.9) was first described in 1954 [69]. Lemoigne, Aubert and
Millet showed that when exposed to high concentrations of glucose, cell cultures of baker’s yeast that
were exposed to air would present two growth phases. The first one would show a fast growth associated
with intensive aerobic fermentation, followed by stationary phase. The second growth phase, on the
other hand, shows a slow growth rate which is associated with the oxidation of the accumulated ethanol

that has been produced in the first growth phase.

—i— 0D600
—4— Ethanol
—— Glucose

00940

(71/3) duo)

0 5 10 15 20 25 30
Time (h)

Figure 2.9: Diauxic growth curve of Saccharomyces pastorianus, representing consumption of glucose,
production of ethanol and consumption of ethanol over time [70].

It was further reported by Slonimski in 1956 [71] that for concentrations of glucose higher than 6 mM,
the yeast uses aerobic fermentation rather than respiration. This was described as the Crabtree effect in
1966 by De Deken [72]. In this study, it was reported that when cultures of Saccharomyces cerevisiae are
exposed to high concentrations of glucose in aerobic conditions, there is a repression of the respiration
pathway, giving way to aerobic fermentation. This fermentation yields ethanol which can be further
consumed through the respiration pathway, when glucose concentrations reach low levels, leading to a

diauxic growth profile.

2.3.3 Parameters for evaluation of growth

In order to evaluate the cell growth, a number of parameters is usually calculated, in order to compare
different growth dynamics. Three of these parameters are the lag time, the specific growth rate and the
doubling time.
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The lag time, as said in section 2.3.1, is the duration of the lag phase and indicates how fast the
culture can adapt to new culture conditions.

The specific growth rate is defined as the increase in cell mass per unit time, e.g., grams cells (g) per
gram cells (g) per hour (h). The specific growth rate is a way of measuring how fast the cells are dividing
in a culture. This leads to the last parameter referred, the doubling time, which is also an indicator of
the rate of division of the cells in a culture. It is defined as the time that it takes for a cell to divide and
originate one more cell and it is proportional to the inverse of the specific growth rate. It is important to
note that these two last parameters can only be calculated during the exponential phase, since it is the
growth phase in which most of the cell division takes place.

The detailed explanation for the calculation of these parameters is described in Annex B.
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Chapter 3

Materials and Methods

3.1 Materials

3.1.1 Equipment

The equipment used in general laboratory practice is listed on table 3.1.

Table 3.1: Equipment used in general laboratory practice.

Equipment Supplier Model
Sigma 4K15C
Centrifuge Eppendorf 5415D
Sorvall RC5B PLUS
Distillation chiller Buchi B-741
Drying cabinet Memmert UF 750
Heating bath Buchi B-491
HPLC Agilent Technologies 1260 Infinity
Incubation shaker Infors HT Multitron
Magnetic stirrer IKA RCT Classic
Photometer Shimadzu UV-1800
Rotavapor Buchi R-210
Thermoblock Eppendorf Thermomixer comfort
Ultracentrifuge Sorvall Discovery SE
Vacuum concentrator Eppendorf Concentrator Plus Vacufuge Plus
Vacuum controller Buchi V-850
Vacuum pump Buchi V-700

3.1.2 Chemicals

The chemicals used for preparation of media, stocks and buffers, as well as in general laboratory

practice are presented on table 3.2.
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Table 3.2: Chemicals used in general laboratory practice.

Chemical Supplier Details
Acetonitrile Sigma-Aldrich > 99.9% purity
Adenine Hemisulfate Sigma-Aldrich > 99% purity
Agar-agar Carl Roth
Alanine Merck > 99% purity
p-Aminobenzoic Acid potassium salt Sigma-Aldrich > 99% purity
Aspargine Monohydrate Merck > 99% purity
Aspartic Acid Merck > 99% purity
Bactopeptone Becton, Dickinson & Co.
Cystein Hydrochloride monohydrate Sigma > 98% purity
Dimethylsulphoxide Fisher > 99.8% purity
(1,4)-Dithiothreitol Carl Roth > 99% purity
Ethanol Fluka 96% purity
Ethyl Acetate AppliChem 99.5% purity
Galactose Carl Roth > 98% purity
Glucose Carl Roth > 99.5% purity
Glutamine Merck > 99% purity
Glycerol Carl Roth > 98% purity
Glycine AppliChem > 99.5% purity
Histidine Carl Roth > 99% purity
Hydrogen Chloride Carl Roth
myo-Inositol Carl Roth > 99% purity
Isoleucine Carl Roth > 99% purity
Lithium Acetate Carl Roth > 99% purity
Lysine Monohydrochloride Merck > 99% purity
Lyticase Self-made > 99% purity
Magnesium Sulphate VWR > 98% purity
Methanol VWR 99.9% purity
Methionine Merck > 99% purity
Na;EDTA Carl Roth > 99% purity
Olivetol Sigma-Aldrich 95% purity
Olivetolic Acid Santa Cruz Biotechnology 96% purity
PEG 3350 Sigma-Aldrich
Peptone Fluka
L-Phenylalanine AppliChem > 99.5% purity
Phenylmethylsulfonylfluorid Carl Roth > 99% purity
Proline Carl Roth > 98.5% purity
Deoxyribonucleic acid sodium salt from Sigma-Aldrich
salmon testes (Salmon Sperm DNA)
Serine Carl Roth > 99% purity
Threonine Carl Roth > 99% purity
Tris Carl Roth > 99.3% purity
Tryptophane AppliChem 99% purity
Uracil AppliChem > 99% purity
Valine Merck > 99% purity
Yeast Extract Carl Roth
Yeast Nitrogen Base Without Aminoacids Carl Roth

3.1.3 Media, Stocks and Buffers
3.1.3.1 Media

e YNB -Leu compound medium
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The composition of the 10 x YNB -Leu Compound Media is shown in table 3.3.

Table 3.3: Compounds and respective amounts used for preparation of YNB -Leu compound medium.

Compound Amount (g)
Yeast nitrogen base w/o amino acids 6.8
Supplements w/o leu, ura @ 1.546
Uracil 0.076
@ The composition of the supplements without Leu, Ura is shown in

Appendix A.

These amounts were dissolved in ultrapure water to complete a total volume of 100 ml and the

resulting solution was filtered sterile through a 0.2 micrometre-pore filter and stored at 4 °C.
This medium is used only in precultures, not in main cultures. It is a nutrient-rich microbial medium
that contains nitrogen, vitamins, trace elements, and salts. It is used to classify Saccharomyces
cerevisiae in amino acid and carbon requirements. In this case, using this medium in the preculture
keeps selective pressure on the plasmid.

e YP medium

The composition of this medium is shown in table 3.4.

Table 3.4: Compounds and respective amounts used for preparation of YP medium.

Compound Amount (g)
Tryptone 20
Yeast Extract 10

These amounts are dissolved in ultrapure water to complete a total volume of 1 | and the resulting

solution is then autoclaved and stored at room temperature.

This medium is high in carbon content and it is used for the growth of yeast.
e YPD medium
The composition of this medium is shown in table 3.5.

Table 3.5: Compounds and respective amounts used for preparation of YPD medium.

Compound Amount (g)

Peptone 20
Yeast Extract 10
Glucose 20

These amounts are dissolved in ultrapure water to complete a total volume of 1 | and the resulting

solution is then autoclaved and stored at room temperature.

This medium is high in carbon content and it is used for the growth of yeast.

e Complex culture medium

The composition of this medium is shown in table 3.6.
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Table 3.6: Compounds and respective amounts used for preparation of complex culture medium.

Compound Amount (g)
Yeast extract 20
Bactopeptone 20

These amounts are dissolved in ultrapure water to complete a total volume of 1 | and the resulting

solution is then autoclaved and stored at room temperature.
This medium is high in carbon content and it is used for the growth of yeast.
3.1.3.2 Stocks

The stock solutions used are presented in table 3.7.

Table 3.7: Stock solutions and respective final concentrations and solvents.

Stock Solution Final Concentration Solvent
Glucose @ 40 % (m/v) Ultrapure water
Galactose 20 % (m/v) Ultrapure water
Olivetol P 500 mM DMSO
Olivetolic Acid °© 500 mM DMSO
Lithium Acetate ¢ 1M Ultrapure water
PEG MW 3350 ¢ 500 g/I Ultrapure water
Dithiothreitol (DTT) 1M Ultrapure water
Phenylmethylsulfonyl Fluoride (PMSF) 100 mM Isopropanol

@ This solution must be autoclaved and stored at room temperature.

b This solution must be stored at -20 °C and the Eppendorf cup’s lid must be covered with parafilm.

€ This solution must be stored at -20 °C in a glass vial.

d This solution must be sterilized either by autoclaving or filtering and stored at room temperature.

€ This solution must be autoclaved and stored at room temperature; the pipetting of this solution should
be done carefully, since it is very viscous.

f This solution must be stored at -20 °C.

3.1.3.3 Buffers

o GTEB Buffer

The compounds used for preparation of this buffer, the respective amounts used and final concen-

trations are shown in table 3.8.

Table 3.8: Chemicals used for preparation of GTEB Buffer and respective final concentrations and
amounts used.

Compound Final Concentration Amount

Glycerol 20 % 200 ml
Tris 50 mM 69
DTT 5mM 0.25 ml

PMSF 1 mM 0.5 ml

After adding the Tris to the glycerol, the pH must be corrected to 7.5. Afterwards, water is added
to complete a total volume of 1 1. The DTT and the PMSF must be added fresh before each usage.
The solution must be stored at 4 °C.
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o TE Buffer

The compounds and respective amounts used in the preparation of this buffer are shown in table
3.9.

Table 3.9: Chemicals used for preparation of TE Buffer and amounts used.

Compound Final concentration (mM) Amount (g)
Tris 10 1.211
Na,EDTA 1 0.372

The pH must be corrected to 8.0 either by adding HCI of NaOH and ultrapure water must be added
to complete a total volume of 1 liter, followed by sterilization through autoclaving.
e Frozen Competent Cell (FCC) Solution

The compounds used for preparation of this buffer and the respective amounts used and final

concentrations are shown in table 3.10.

Table 3.10: Chemicals used for preparation of FCC Solution and respective final concentrations and
amounts used.

Compound Final Concentration Amount
Glycerol 5 % (v/v) 0.5 ml
DMSO 10 % (v/v) 1 ml

Ultrapure water must be added until completing a total volume of 10 ml, and the resulting solution

should be filtered with a 0.2 micrometre-pore filter to sterilize.

3.1.3.4 Strain used

In this work, the only microorganism used is Saccharomyces cerevisiae. Being a simple single-cell
eukaryote, but at the same time, one of the most studied experimental microorganisms, it is one of the
best organisms to use in research. In this case, the exact strain of Saccharomyces cerevisiae is the
W303-1A.

This specific strain was engineered so that it does not present the gal4 and the pep4 genes (Agal4
and Apep4).

Also, the insertion of the plasmid pDIONYSOS with a prenyltransferase (PT1), without signal peptide
and without yEGFP was performed in this yeast strain (pDio-PT1 w/o SP w/o yEGFP). Because of this,
the peptides obtained after expression of proteins do not contain a signal peptide at the N terminus
and no yEGFP at the C terminus. The reason why the signal peptide was removed from this plasmid
was because a plant prenyltransferase (PT1) was cloned in here, and in studies conducted by Li et. al
[73] and Shen et. al [74], it has been shown that a N terminal signal peptide like the chloroplast transit
peptide of PT1 inhibits enzyme activity.

The empty vector pDIONYSOS is a 7028 bp high copy plasmid with a Gal1 promoter and with resis-
tance to ampicillin. It also includes a leu2-d marker and a URA 3 gene, as well as pUC, 2 and 1 origins
[75]. This plasmid’s map is represented in figure 3.1.
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Figure 3.1: Map of the pDIONYSOS plasmid [75].

The empty vector was used in the protocol described in section 3.2.2.3. For the remaining procedures

the pDio-PT1 w/o sp w/o yEGFP plasmid was used.

3.2 Methods

3.2.1 Microbiological Methods
3.2.1.1 Cultivation of Saccharomyces cerevisiae

For the cultivation of S. cerevisiae, before starting the main culture, it is necessary to have two pre-
cultures. The first pre-culture must be performed in a baffled flask with a 10 % working volume, with a
2 % (m/v) concentration of glucose, and it must be inoculated from an agar plate containing the desired
strain of this yeast. This first pre-culture must be incubated 16 to 24 hours at 30 °C and 200 rpm.

For the second pre-culture, it is necessary again to have a 2 % concentration of glucose in a 10 %
total working volume. The initial ODggy should be 0.2 and the incubation should be performed at 200
rpm and 30 °C for 12 hours.

After these 12 hours, the main culture can be started.

3.2.1.2 Development of a growth curve

In order to build a growth curve, it is necessary to begin with the procedure described in section
3.2.1.1.

Afterwards, two 100 ml cultures are inoculated at the desired initial optical density with 2 % glucose
(5 ml glucose 40 %) in YPD medium and two samples are taken from each flask every two hours, until
death phase is achieved.

In order to obtain a complete growth curve, other two cultures are inoculated 12 hours after the two

first ones with the same conditions and the same procedure is followed.
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3.2.1.3 Yeast membrane isolation

The procedure for membrane isolation begins with cell harvesting. For that, the cells are centrifuged
at 2000 g for 10 minutes at 4 °C, followed by a washing step with cold dH,O. After washing, the pellet is
then resuspended in GTEB buffer (1 ml GTEB/g cell mass).

The cells are then transferred to a flask with an appropriate volume, and 300 U/ml of lyticase is added
to the cell suspension, which is incubated for at least 70 minutes at 30 °C and 80 rpm.

After the incubation time, 1 ml of glass beads (0.4 - 0.6 mm) are added per ml of cell suspension
in 50 ml Falcon tubes, each filled with a maximum volume of 35 ml. These tubes are then vortexed 10
times for 1 minute at full speed, being placed on ice for 1 minute between each run.

After the last run, the samples are transferred to new Falcon tubes, in order to remove the glass beads
and are centrifuged at 4000 g for 20 minutes at 4 °C. After centrifuging, the supernatant is transferred to
a tube for ultracentrifugation at 2.05 x 10° g for 2 hours at 4 °C. Afterwards, the pellets are resuspended

in GTEB buffer (1-2 ml/g of membranes) and the membranes are homogenized using a homogenizer.

3.2.2 Molecular Biology Methods
3.2.2.1 Preparation of Frozen Competent Yeast Cells

The protocol for the preparation of frozen competent Saccharomyces cerevisiae cells was adapted
from the one written by Gietz and Schiestl [76]. It is briefly described in this section.

The preparation of competent yeast cells begins with a pre-culture with 10 ml YNB -Leu medium
(baffled flask, 10 % filling volume) with a few colonies of the desired yeast strain. This culture is incubated
for 12 hours at 30 °C and 200 rpm. After incubation, a 500 ml baffled flask is prepared in order to have a
total volume of 50 ml with complex medium and inoculated with an ODgg( of 0.2, followed by incubation
at 200 rpm and 30 °C. The cells are then harvested at an ODggo between 0.5 and 0.6.

This harvesting is performed in 50 ml Falcon tubes through centrifugation at 2000 g for 5 minutes.
The cells should then be washed carefully with 25 ml of ultrapure water and centrifuged again for 5
minutes at 2000 g. After centrifuging, the cells should be washed a second time by gently resuspending
in 0.5 ml of sterile water and centrifuging 5 minutes at 2000 g after transferring the cell suspension to an
Eppendorf cup.

The resulting pellet should be resuspended in 0.5 ml of frozen competent cell solution and the result-
ing suspension is stored in 50 ul aliquots at -80 °C in a styrofoam box, in order to freeze it slowly and

enhance survival rate. After one night, the box can be removed.

3.2.2.2 Preparation of single-stranded carrier DNA

For the preparation of single-stranded carrier DNA (used in 3.2.2.3), it was necessary to start by
dissolving 200 mg of salmon sperm DNA in 100 ml of TE buffer through magnetic stirring at 4 °C. This
procedure can take up to a few hours and one can speed up the dissolution by pipetting the DNA up and

down a wide bore 25 ml pipette until no visible DNA is seen.
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After dissolution, the resulting solution should be dispensed into 20 samples with 1 ml in 1.5 ml
Eppendorf tubes; the remainder volume should be stored in 5 ml samples in 15 ml Falcon tubes. All the

samples must be stored at -20 °C.

Upon usage, the carrier DNA has to be denatured by putting it in a boiling water bath for 5 minutes
and chilling it in an ice/water bath before being used.

Note that the denatured carrier DNA can be boiled up to 3 or 4 times without significant loss of

activity.

3.2.2.3 Transformation of competent yeast cells

The protocol for the transformation of Saccharomyces cerevisiae cells that was followed was the one

written by Gietz and Schiestl [76] and it is briefly described in this section.

It is necessary to begin by preparing the following transformation mix (table 3.11):

Table 3.11: Compounds and respective amounts used for preparation of the transformation mix

Compound Volume (ul)
PEG 3350 260
Lithium Acetate 36
Freshly denatured single-stranded carrier DNA (see section 3.2.2.2) 50

Afterwards, it is necessary to resuspend 500 ng of plasmid DNA in 14 ul of sterile dH,O. The com-
petent cells must be thawed at 37 °C for 15 to 30 seconds and centrifuged for 2 minutes at 13 000 g.
After discarding the supernatant, 346 ul of transformation mix are added to the cells and, after adding
the 14 ul of DNA, vortex the Eppendorf cups. This is to ensure that there is no pellet on the bottom of
the Eppendorf cup and to make sure that the pellet pieces are as small as possible, having in mind that
it is not possible to totally ressuspend the pellet. The Eppendorf cups are then incubated for 40 minutes
at 42 °C.

After incubation, the samples were centrifuged for 30 seconds at 13 000 g and the supernatant was
discarded. Afterwards, the pellet is resuspended in 200 ul dH,O and the resulting solution is plated

directly on a YNB —Ura plate.

After incubation, the cells are harvested and the pellet is ressuspended in 200 ul of dH5O, in order
to remove YPD medium totally before plating everything out. This is done in order to select only the
cells containing the plasmid. Plates are incubated from 3 to 4 days at 30 °C. After growing on a YNB
-Ura plate, some colonies from this plate are suspended in dH,O and plated out on a YNB -Leu plate
and incubated for 2 to 3 days at 30 °C. This switch from ura marker to leu marker helps increase the
copy number of the plasmid in the cells, which is important when expressing membrane proteins like

prenyltransferases [77].

After growth of cells, plates should be stored at 4 °C.
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3.2.3 Analytical Methods

3.2.3.1 Evaluating the presence and amount of olivetol and olivetolic acid

The presence of olivetol/olivetolic acid and its abundance in the samples was analysed through High

Performance Liquid Chromatography.

The separation of the compound of interest from the remaining compounds is then performed using
a Nucleoshell RP 18 column. After this step, the sample goes through a standard UV detector that
measures the absorbance against a reference beam and relates its magnitude to the concentration of

olivetol/olivetolic acid in the eluent.

The mobile phase used for this method consists in a mixture of water containing 0.1 % of formic acid

(mobile phase A) and acetonitrile (mobile phase B) in different proportions (see table 3.12).

The reasons for using a 0.1 % aqueous formic acid solution as mobile phase A are, among oth-
ers, because a low-pH mobile phase keeps the residual silanol (present in stationary phases) in an
undissociated state and, having lower molecular weight than other acids, such as acetic acid and triflu-
oroacetate, it helps to have a lower interference in the results; also, these added-acids mobile phases
are often used in HPLC for analysing basic compounds and formic acid is the acid that is considered
to have lower contamination levels for the mobile phase, compared with the acids previously mentioned
[78].

The reason for using acetonitrile as mobile phase B and not any other organic solvent, is because

this is the organic solvent that keeps the chromatogram’s peaks sharper.

The stationary phase of the column (Macherey Nagel NUCLEOSHELL® RP 18) is a core-shell tech-
nology silica phase with an octadecyl modification with multi-endcapping, leading to a separation of
components based on van der Waals (hydrophobic) interactions. It has a pore size of 90 Angstrom and

a carbon content of 7.8 %. It has a particle size of 2.7 um, a length of 100 mm and a radius of 2 mm.

The HPLC method used for measuring the presence and concentration of olivetol and olivetolic acid

is shown in table 3.12.

Table 3.12: Parameters used in the method used for HPLC measurements.

Injected volume of sample 2 ul
Column temperature 40 °C
Flow 0.7 ml/min
Elution solution 55 % water + 0.1 % FA : 45 % acetonitrile
Wavelength 200 - 400 nm
Duration of run 5 min
Conditions Isocratic

The following calibration curves were built, in order to convert the area of the peaks in concentrations

(see figures 3.2 and 3.3).
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Figure 3.2: Calibration curve for olivetol. Error bars represent standard deviation for n=4.

5000 ~
4500 4
4000 -
3500 +
3000 ~
2500 -
2000 4
1600 A
1000 |
500 ~

U T T T
0 0.5 1 1.5 2

Concentration of olivetolic acid (mM)

v = 2995 2x
R® =0.9968

Peak area (222 nm)

Figure 3.3: Calibration curve for olivetolic acid. Error bars represent standard deviation for n=4.

The softwares used for controlling the chromatography system instruments, for analysing chro-

matograms and for method setup were, respectively, HyStar, Compass DataAnalysis and otofControl.

3.2.3.2 Determination of Optical Density

The determination of optical density of different cell cultures was done using a spectrophotometer
(see Table 3.1) at wavelengths of 600 or 660 nm, diluting the samples to an OD between 0.1 and 0.6, in
the linear range of the photometer, in order to follow the Lambert-Beer law.

This technique is based on the turbidity caused by the cells suspended in ultrapure water. A beam
of light with the referred wavelength is used to go through the cuvette containing the sample. The
relative reduction of the beam’s intensity due to the cells suspended is a measure for its concentration
(absorbance, A). It is mathematically described by the following equation (3.1):

A= zog(j})> (3.1)

Iy represents the intensity of the incoming light, and I represents the intensity of the outgoing light,
after going through the cuvette.
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3.3 Evaluation of the toxicity of DMSO on Saccharomyces cere-

visiae

In order to evaluate the toxicity of DMSQO, the cell wet weight of the cells was evaluated after cultiva-
tion with exposure to different concentrations of DMSO, as well as without any DMSO. The protocol used
in this experiment is specific for expression of membrane proteins, since these proteins will eventually

need to be expressed simultaneously to the feeding of olivetolic acid.

After incubating the first two pre-cultures with YNB -Leu medium, the main culture was performed in
a 500 ml baffled Erlenmeyer flask with a 10 % working volume with complex medium, 2 % (v/v) glucose
and 2.8 % (v/v) of absolute ethanol and was inoculated at an O Dggy of 0.05. This culture was then
incubated for 36 hours at 28 °C and 120 rpm.

After these 36 hours, galactose is added with a final concentration of 2 % (v/v)(5 ml of galactose 20

%) and the DMSO was added in the following concentrations (see table 3.13):

Table 3.13: Concentrations of DMSO used and volumes of DMSO and ultrapure water added to the
shaking flasks. Note that two flasks were prepared for each concentration of DMSO tested.

Concentration of DMSO Volume of DMSO (ml) Volume of ultrapure water (ml)

0 % 0.0 2.0
1% 0.5 1.5
2% 1.0 1.0
3 % 1.5 0.5
4 % 2.0 0.0

After induction, the cultures were incubated for 12 hours at 18 °C and 120 rpm. After this period, the
cultures were induced again with 1 % galactose (2.5 ml galactose 40 %) and incubated for 12 hours at
18 °C and 120 rpm.

After these 12 hours, the cells were harvested by centrifugation in 50 ml falcon tubes (2000 g, 4 °C,
10 min), the resulting pellet was washed, it was left upside down for 5 min in order to get rid of as much

of the medium as possible and the pellets were then weighed.

3.4 Evaluation of the toxicity of olivetolic acid and olivetol

To evaluate the toxicity of both olivetol and olivetolic acid, a 24-well cell culture plate was prepared
with 1 ml of YPD agar in each well, with different concentrations of both olivetol and olivetolic acid being
plated out in the agar and, after drying, two different cell suspension concentrations were also plated out
(see figure 3.4). The volumes of olivetolic acid and olivetol standard solutions as well as the volumes of

the cell suspensions that were plated out were both 20 pul.
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Figure 3.4: Representation of the concentrations of olivetol/olivetolic acid and the concentration of cell
suspension plated out in each well of the 24-well cell culture plate.

It is important to note that in order to have always the same percentage (% v/v) of DMSO, the
standard solutions plated out were prepared always with the same volume of DMSO. In order to achieve
this, prior to the making of the final standard solutions, standard solutions with higher concentrations

were prepared from the 500 mM stock solution (see table 3.14).

Table 3.14: Concentration of standard solutions of olivetol/olivetolic acid prepared from the 500 mM stock
solution, as well as the volumes of standard solutions and DMSO used, and the final concentration in
the wells.

Concentratlon of.standard Volume of standard  Volume of Flpal conqentra.tlon 9f
solution of olivetol/ solution () DMSO (ul) olivetol/olivetolic acid
olivetolic acid (mM) in well (mM)

- oa 19 0

2 1 19 0.1
10 1 19 0.5
20 1 19 1
60 1 19 3
100 1 19 5

81 ul of ultrapure water was added instead of olivetol/olivetolic acid.

The plate was incubated at 30 °C and every 12 hours, a photograph of the 24-well cell culture plate

was taken.

3.4.1 Analytical Chemistry Methods
3.4.1.1 Extraction of olivetol/olivetolic acid

The extraction of olivetol and olivetolic acid is performed by adding ethyl acetate in the volumes
presented in table 3.15. Different volumes of ethyl acetate were tested for different sample volumes, in
order to maximize the extraction efficiency (see section 4.3).
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Table 3.15: Optimal volumes of ethyl acetate for different sample volumes.

Volume of sample (ml) Volume of ethyl acetate (ml)
5 1
1 0.5
0.2 0.2

After adding the respective amount of ethyl acetate for the volume of sample, the sample should
be vortexed for one minute, followed by centrifugation at 5000 g for 10 minutes at 4 °C, in order to
allow phase separation. After centrifugation, the upper phase should be transferred into an appropriate
container (either an HPLC vial or a receiving flask) for the evaporation of ethyl acetate. On the remaining
lower phase, the previous procedure should be repeated two more times. After repeating this procedure,
the ethyl acetate is then evaporated from the samples either using a rotavapor or a vacuum concentrator
(see table 3.1).

After evaporating the ethyl acetate, the sample is resuspended in 200 ! of methanol (HPLC grade),
transferred to an insert in an HPLC vial and analysed through HPLC.

It is important to note that since this organic solvent is prone to leakage, this extraction must be
performed either in flasks with screwing caps or in any other flask that doesn’t allow leakage, preferrably

made of glass - a test tube is ideal.
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Chapter 4

Results and Discussion

In this chapter, the main experiments that were performed, as well as the results obtained, will
be presented and discussed. First, the toxicity of the solvent used for olivetolic acid and olivetol was
tested. On the second place, the toxicity of olivetolic acid and olivetol was evaluated. The next step
was building calibration curves for olivetol and olivetolic acid and maximizing the extraction efficiency for
these compounds. Also, the effect of olivetol and olivetolic acid on S. cerevisiae was evaluated, as well
as the possible uptake of olivetol by this organism. Finally, it was tested whether the olivetol accumulates

in the membranes or in the cytosol of Saccharomyces cerevisiae.

4.1 Evaluation of the toxicity of DMSO on Saccharomyces cere-

visiae

Since DMSO is the solvent used for both olivetol and olivetolic acid, its influence on the growth
behaviour of Saccharomyces cerevisiae was studied. Although it has been reported by Bartosz et al
[79] that DMSO induces oxidative stress in different strains of yeast, the behaviour of this strain was
evaluated, since the maximum concentration used was 4 % (v/v), and there are strains of S. cerevisiae

reported in this study that were not relevantly influenced with this concentration of DMSO.

The procedure for evaluation of the toxicity of DMSO is described in section 3.2.3.3. The results

obtained are presented in figure 4.1:
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Figure 4.1: Average weight of pellets obtained after exposure to different concentrations of DMSO. Error
bars represent the standard deviation for n=2.

The results obtained showed that a higher concentration of DMSO leads to a lower cell weight,
leading to believe that this strain of Saccharomyces cerevisiae is susceptible to the presence of DMSO.
Since DMSO is mainly used as a solvent for substances that are very hard to dissolve, one can assume,

that this happens because DMSO solubilizes the membranes of this strain of yeast.

Having this in mind, it is important in further studies to always have the same concentration (% v/v) of
DMSO, to make sure that only the presence of olivetolic acid or olivetol are responsible for the different
behaviours of S. cerevisiae and not the presence of DMSO.

4.2 Optimization of the method used in HPLC

The method initially used, followed the parameters that are presented in table 4.1.

Table 4.1: Parameters used in the first method used for HPLC measurements.

Injected volume of sample 2 ul
Column temperature 35°C
Flow 0.7 ml/min
Elution solution 35 % water + 0.1 % FA : 65 % acetonitrile
Wavelength 200 - 400 nm
Duration of run 5 min
Conditions Isocratic

This method resulted in a chromatogram in which the olivetol peak (blue circle) was overlaid with the
injection peak (red circle), as can be seen in figure 4.2.
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Figure 4.2: Chromatogram of olivetolic acid standard solution analysed with the first HPLC method with
injection peak marked with a red circle and with the olivetol peak marked with a blue circle.

In order to increase the retention time of olivetol and olivetolic acid in the column, a new method
was tested, in which the temperature was slightly raised and the proportion of the solvents in the elution

solution was changed. In this method, the following parameters are used (see table 4.2):

Table 4.2: Parameters used in the second method used for HPLC measurements.

Injected volume of sample 2 ul
Column temperature 40 °C
Flow 0.7 ml/min
Elution solution 55 % water + 0.1 % FA : 45 % acetonitrile
Wavelength 200 - 400 nm
Duration of run 5 min
Conditions Isocratic

In order to raise the retention time of olivetol, the temperature was raised to 40 °C, so that the width
of the peak would be lower. Furthermore, the composition of the elution solution was modified to 55 %
of water with 0.1 % formic acid and 45 % of acetonitrile. Considering that olivetol and olivetolic acid are
organic molecules and show higher affinity to a hydrohobic phase, decreasing the amount of organic
phase (acetonitrile) in the elution solution will increase the amount of time that the olivetol/ olivetolic acid

will be retained in the column, thus increasing the retention time.

The chromatogram of the same sample, referred to previously and analysed with this new method,

is shown in figure 4.3:

Chromatogram - (no selection)
nnnnn

1000
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Figure 4.3: Chromatogram of olivetolic acid standard solution analysed with the second HPLC method
with injection peak marked with a red circle and with the olivetol peak marked with a blue circle.

Here, the peaks are not overlaid anymore, and the optimization of this method was indeed successful.
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4.3 Maximization of olivetol’s extraction efficiency

In order to maximize the extraction efficiency of olivetol, samples with different volumes and a known
concentration of olivetol (10 mM) were prepared and the extraction procedure was performed with differ-
ent volumes of ethyl acetate (see table 4.3). For each volume of ethyl acetate tested, four samples with
10 mM olivetol in complex medium were prepared for extraction. The extraction efficiency obtained for

each condition is presented in table 4.3:

Table 4.3: Volumes of ethyl acetate tested for extraction of olivetol for each sample volume.

Sample volume (ml) Volume of ethyl acetate (ml) Extraction efficiency (%)

5 1 91.0 £6.95
2.5 90.4 +5.39

1 0.2 80.3 + 14.5
0.5 84.4+12.5

0.2 0.1 96.0 £ 3.6
' 0.2 96.0 £ 2.2

For the 0.2 ml samples, higher repeatability was obtained for 0.2 ml of ethyl acetate, and that’s the

reason why this volume was used and not 0.1 ml.

So, for 5, 1 and 0.2 ml samples, the ethyl acetate volumes used for extraction will be, respectively, 1,
0.5and 0.2 ml.

4.4 Evaluation of the toxicity of olivetolic acid and olivetol

Considering that the only difference between olivetolic acid and olivetol is the carboxyl group (see
figure 4.4), it was assumed that the carboxyl group does not influence the uptake of these compounds
and it should not influence the growth behaviour of this strain of Saccharomyces cerevisiae either. Nev-

ertheless, the toxicity of both compounds was evaluated.

O§ OH

HO CH, HO CH;

OH OH

Figure 4.4: Structure of olivetolic acid (A) and olivetol (B).

The procedure for evaluation of the toxicity of olivetol and olivetolic acid is described in section
3.2.3.4. The results are presented in figures 4.5 to 4.10.
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Figure 4.5: 24-well cell culture plate at 0 hours.
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Figure 4.6: 24-well cell culture plate at 12 hours.
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Figure 4.7: 24-well cell culture plate at 24 hours.
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Figure 4.8: 24-well cell culture plate at 36 hours.
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Figure 4.10: 24-well cell culture plate at 60 hours.
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It is possible to conclude that, up to a concentration of 3 mM, the growth behaviour of this strain of
Saccharomyces cerevisiae is identical in both olivetol and olivetolic acid over time, but for a concentration
of 5 mM of olivetolic acid, there is an inhibition of its growth. For this reason, the experiments performed
further on with olivetol being added to a cell culture didn’t have a concentration higher than 3 mM, in

order to make sure that olivetol and olivetolic acid didn’t reach toxic concentrations.

4.5 Evaluation of the growth profile of this strain of Saccharomyces

cerevisiae on olivetol

The next step was to study the growth of this strain of Saccharomyces cerevisiae in the presence of
olivetol to evaluate whether it influences the growth of this yeast. This was achieved by building growth

curves under different conditions.

Different starting optical densities and different concentrations of olivetol in the medium were studied,

always with a final concentration of DMSO of 1 % (v/v) (see table 4.4):

Table 4.4: Different initial optical densities and final olivetol concentrations for the study of the growth
behaviour of this strain of Saccharomyces cerevisiae.

Initial OD Concentration of olivetol (mM)
0
0.2 0.5
1

1 0.5
1

These are the initial OD’s tested, since it is the OD’s used in the begininng of the yeast cultivation for

membrane protein expression.

4.5.1 Growth curves of this strain of Saccharomyces cerevisiae with 0 mM olive-

tol

The growth curves of this strain with initial OD’s of 0.2 and 1 with no olivetol are shown in figure 4.11:
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Figure 4.11: Growth curves for this strain of Saccharomyces cerevisiae without olivetol and with initial
optical densities of 0.2 (blue) and 1 (red). Error bars represent the standard deviation for n=4.

It is possible to see that with higher initial OD, the lag phase tends to be smaller, but the specific
growth rate also tends to be lower, leading to a simultaneous start of the stationary phase in both cases.

It is important to note that with higher optical density, samples tend to show higher deviation in this
parameter, since this is a strain of yeast used in the brewing industry and it was manipulated so that
it would show high flocculation for high cell densities, in order to facilitate the separation process after
fermentation.

For the culture with a starting OD of 0.2, the lag time, the specific growth rate and the doubling time
were, respectively, 6 h, 0.398 1! and 1.7 h. Concerning the culture with a starting OD of 1, these
parameters assumed 4 h, 0.263 »~! and 2.6 h respectively.

These growth curves are important for comparison of the growth curves with olivetol with reference
growth curves.

When building this growth curve, four 200 ul samples were taken at 5, 10, 15 and 20 hours, and run
on the HPLC, in order to make sure that there was no signal at the same retention time of the olivetol.

The results obtained are represented in figure 4.12 and show that there is indeed no signal at 0.8 min.
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Figure 4.12: HPLC chromatograms of samples without olivetol at 5 (green), 10 (brown), 15 (blue) and
20 (red) hours of cultivation.
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4.5.2 Growth curves of this strain of Saccharomyces cerevisiae with 0.5 mM

olivetol

The growth curves of this strain with initial OD’s of 0.2 and 1 with 0.5 mM olivetol are shown in figure
4.13.
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Figure 4.13: Growth curves for this strain of Saccharomyces cerevisiae with 0.5 mM olivetol and with
initial optical densities of 0.2 (blue) and 1 (red). Error bars represent the standard deviation for n=4.

It is possible to see that in the presence of olivetol, the lag phase tends to be longer than without
olivetol, being the exponential phase reached at 10 and 6 hours for initial OD’s of 0.2 and 1, respectively.
Concerning the specific growth rate, for starting OD’s of 0.2 and 1, the values for this parameter were
0.181 and 0.168 h~!, respectively, and the doubling times were 3.8 and 4.1 h, respectively.

Furthermore, it is also possible to see that for different initial OD’s, the growth curves show the same
profile when exposed to an olivetol concentration of 0.5 mM, as well as when no olivetol is added to the
medium, reaching stationary phase simultaneously, even though the lag phase and the specific growth
rates are different (see table 4.5).

It is interesting to see that, approximately after 15 hours of achieving stationary phase, the cell
culture shows again a slight increase in optical density, almost like a secondary exponential phase. This
phenomenon was not further studied, but the most probable explanation is that the cells are showing the
Crabtree effect, leading to the production of ethanol in aerobic conditions with excess of glucose in the
medium, rather than producing biomass via the tricarboxylic acid cycle. After depletion of glucose, the
yeast begins using the ethanol produced as a carbon source, which may explain the second exponential
phase. Another plausible hypothesis is that with higher cell density, the olivetol concentration per yeast

cell starts to lower, allowing the cell culture to grow under non-inhibiting concentrations.
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4.5.3 Growth curves of this strain of Saccharomyces cerevisiae with 1 mM olive-
tol

The growth curves of this strain with initial OD’s of 0.2 and 1 and with 1 mM olivetol are shown in
figure 4.14:

25 -

20 - :

}}{ }{E 212,

5 d } )
: ¢ 3¢ L :

T iiiiiiii -, ::IJ_J_

!- T:::::::¢"I

5 . &t

U U | 10 | 2IU::. | 30 40 50 60 70 80 90

Time (h}

Initial OD600=0.2 eInitial ODB0O0=1

Figure 4.14: Growth curves for this strain of Saccharomyces cerevisiae with 1 mM olivetol and with initial
optical densities of 0.2 (blue) and 1 (red). Error bars represent the standard deviation for n=4.

Finally, it is possible to verify that with an increasing concentration of olivetol in the medium, this cell
culture tends to show an even longer lag phase (30 and 22 hours for initial OD’s of 0.2 and 1), when
comparing to the growth curves with 0.5 mM of olivetol and with the growth curves without olivetol (see
table 4.5). However, in this case, the growth curves with different initial OD’s don’t seem to reach sta-
tionary phase simultaneously. Perhaps the two cultures don’t reach the stationary phase simultaneously
because this concentration of olivetol already shows a big inhibitory effect for a cell culture with a starting
OD of 0.2. Nevertheless, this behaviour should be further studied.

Concerning the specific growth rate, for starting OD’s of 0.2 and 1, the values for this parameter was
0.079 and 0.073 ™!, respectively, and the doubling time was 8.8 and 9.5 h, respectively.

Again, two apparent exponential phases are observed in this growth curve, and they occur 15 hours

apart from each other, as is the case using 0.5 mM olivetol.
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4.5.4 Comparison of growth behaviours under different concentrations of olive-

tol

The results obtained lead to believe that olivetol has an inhibitory effect on the growth of this strain of
Saccharomyces cerevisiae. When cell cultures are exposed to an increasing concentration of olivetol,
there is a clear tendency to have a longer lag phase, as well as an increasing doubling time and a
decreasing specific growth rate (see table 4.5).

Furthermore, with a concentration of 1 mM olivetol, the cell culture with a starting OD of 0.2 does not
reach stationary phase simultaneously with the cell culture with an initial OD of 1. This might be another
indicator of the inhibitory effect of olivetol in these cell cultures, and it should be further studied.

The main growth parameters were calculated for all growth curves and are shown on table 4.5.

Table 4.5: Main growth parameters calculated for the growth curves obtained for the different conditions
tested.

Concentration of Initial Lag time 1
olivetol (mM) O Dg (h) p(h=7)  ta(h)

0 0.2 6 0.398 1.7

1 4 0.263 2.6

05 0.2 10 0.181 3.8
' 1 6 0.168 4.1

] 0.2 30 0.079 8.8

1 22 0.073 9.5

4.6 Evaluating the degradation of olivetol in YP medium

It is important to evaluate whether olivetol degrades when added to YP medium, in order to make
sure that when having a decrease in its concentration, it is due to a possible upake, and not to its
degradation or to a possible reactional modification.

In order to evaluate the degradation of olivetol, olivetol was added to YP medium in 1 liter baffled
flasks with a 10 % working volume in two concentrations, 0.5 and 1 mM. These flasks were incubated
at 30 °C and 200 rpm for 70 hours. Two 200 ul samples were taken every 5 hours and the olivetol
extraction procedure was performed on those.

The results obtained are shown in figure 4.15.
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Figure 4.15: Concentration of olivetol over 70 hours in flasks without cell cultures. Error bars represent
the standard deviation for n=2.

It is possible to observe that the concentration of olivetol remains unchanged over the 70-hour period,
leading to conclude that it does not degrade when in contact with YP medium, as well as when exposed
to oxygen and light, at a temperature of 30 °C.

The concentration in the supernatant seems to be lower than the amount added to the culture
medium. This might be due to the olivetol sticking to the plastic in the pipette tips or to the Eppen-
dorf cups. This is a detail that should be further studied. Nevertheless, since this experiment was to

evaluate the degradation or modification of olivetol, this does not present a problem.

4.7 Evaluation of the uptake of olivetol/olivetolic acid by this strain

of Saccharomyces cerevisiae

In order to evaluate if this strain of S. cerevisiae can uptake olivetol or olivetolic acid, different ap-

proaches were tested.

4.7.1 Evaluating the uptake of olivetol in a 5 ml culture

On this first approach, the main culture is performed in test tubes containing a 5 ml culture with 2 %
glucose and 1 mM olivetol in YP medium. These cultures are inoculated at an O D¢ of 1 and incubated
at 30 °C and 200 rpm. Three 1 ml samples are then collected at six different time points (0, 5, 15, 30,
60 and 120 minutes) and are centrifuged at 5000 g and 4 °C for 15 minutes, in order to separate the
cells from the medium. After this centrifugation, the extraction of olivetol is performed in both pellet and
supernatant. The results obtained are presented in figure 4.16:
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Figure 4.16: Concentration of olivetol in supernatant and in pellet over 2 hours in 5 ml cultures. Note that
1 ml samples are taken and the olivetol present in those samples is ressuspended in 0.2 ml of methanol,
hence the average 3 mM concentration on the samples from the supernatant. Error bars represent the
standard deviation for n=3.

It is possible to see that the concentration of olivetol in both pellet and supernatant remains unaltered,
only with insignificant changes, leading to believe that there was no uptake of olivetol. The residual
amounts of olivetol in the pellet might be due to errors associated with the manual separation of pellet
and supernatant after centrifugation.

After obtaining these results, it was hypothesized that even though this strain of Saccharomyces
cerevisiae has the same growth behaviour in both olivetolic acid and olivetol, it might happen that the
carboxyl group of olivetolic acid might be essential for its uptake. Therefore, this experiment was re-
peated with olivetolic acid in a smaller scale. To ensure repeatability, before performing the experiment

with olivetolic acid, the same experiment was repeated with olivetol in a smaller scale.

4.7.2 Evaluating the uptake of olivetol in a 1.4 ml culture

To ensure that performing the same experiment in a smaller scale does not influence the results
obtained, the same experiment described in section 4.7.1 was repeated in 2 ml Eppendorf cups. Also, in
this case, the uptake of olivetol was evaluated over a longer period of time, at 7 different time points (0,
1,2, 3, 4, 5 and 6 hours), to evaluate if a longer exposure of the cell culture to the olivetol would make a
difference in the possible olivetol uptake.

Three 1.4 ml cultures with 2 % glucose and 1 mM olivetol in YP medium were inoculated at an O Dg
of 1 and incubated at 25 °C and 1200 rpm in a Thermoblock and a 200 ul sample was taken from each
Eppendorf cup at each time point referred previously.

Again, the samples were centrifuged at 5000 g and 4 °C for 15 minutes, in order to separate the cells

from the medium, and the olivetol was extracted from both phases. The results obtained are shown on
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figure 4.17:
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Figure 4.17: Concentration of olivetol in supernatant and in pellet over 6 hours in 1.4 ml cultures. Error
bars represent the standard deviation for n=3.

It is possible to conclude that the results obtained are the same. There seems to be no uptake of
olivetol over time, even when cells are exposed to it over a longer time period, which leads to the next

test performed, the evaluation of the uptake of olivetolic acid.

4.7.3 Evaluating the uptake of olivetolic acid in a 1.4 ml culture

The same experiment described in 4.7.2 was repeated, but this time using olivetolic acid instead of
olivetol, to evaluate whether the carboxyl group is important for the uptake of this compound, or not.

The results obtained are shown in figure 4.18:
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Figure 4.18: Concentration of olivetolic acid in supernatant and in pellet over six hours in 1.4 ml cultures.
Error bars represent the standard deviation for n=3.
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It is possible to verify that even when using olivetolic acid, there seems to be no uptake over a 6-hour
period.

These results lead to the conclusion that the carboxyl group of olivetolic acid is not essential for its
uptake by this strain of yeast, and it can be successfully replaced by olivetol.

Again, similarly to the results obtained in section 4.6, there seems to be some loss of olivetol when
comparing the concentration in the supernatant and the concentration of olivetol initially in the culture
medium. The reason for this behaviour is probably the same, but it should be further studied neverthe-
less.

Further on, since the same results were obtained with both olivetolic acid and its neutral analogue,
olivetol was extracted from both pellet and supernatant, simultaneously to the development of the growth
curves with 0, 0.5 and 1 mM olivetol (see sections 4.5.1, 4.5.2 and 4.5.3) every 5 hours until death phase

was achieved.

4.7.4 Evaluating the uptake of olivetol in 100 ml cultures

When developing the growth curves described in sections 4.5.2 and 4.5.3, the uptake of olivetol was
evaluated over a longer period of time. Two 200 ul samples were taken every 5 hours from each flask,
and olivetol was extracted from both pellet and supernatant. For that, the samples were centrifuged
at 5000 g and 4 °C for 15 minutes, in order to separate both phases and the extraction protocol was

performed in both of them. The results are shown in sections 4.7.4.1 and 4.7.4.2.

4.7.4.1 Evaluating the uptake of olivetol with 0.5 mM of olivetol

In this section, the evaluation of the uptake of olivetol in 100 ml cultures exposed to 0.5 mM of olivetol
and with starting OD’s of 0.2 and 1 is described.

The concentration of olivetol in both pellet and supernatant over a 35-hour period is shown in figures
4.19 and 4.20.
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Figure 4.19: Concentration of olivetol in pellet (blue) and in supernatant (red) over time on a culture with
a starting optical density of 0.2 and exposed to 0.5 mM of olivetol. Error bars represent the standard

deviation for n=3.
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Figure 4.20: Concentration of olivetol in pellet (blue) and in supernatant (red) over time on a culture
with a starting optical density of 1 and exposed to 0.5 mM of olivetol. Error bars represent the standard

deviation for n=3.

When analysing these results, there seems to be an uptake of olivetol at the 15-hour time point,

since the olivetol tends to increase in the pellet and tends to decrease in the supernatant. After this, at

the 30-hour time point, this uptake seems to increase, with the amount of olivetol in the pellet and in the

supernatant reaching almost identical values.

When comparing these results with the results obtained in section 4.5.2, it is possible to observe that

there is a relation between this apparent uptake with the exponential phases observed (see figure 4.21).
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Figure 4.21: Relating the uptake of olivetol with the growth of cell cultures exposed to 0.5 mM of olivetol.

It is possible to see that both stages of the uptake seem to happen simultaneously with the exponen-
tial phases of the growth curves. This can indicate that the uptake is related with the duplication of cells,

since it is in the exponential phase that the duplication achieves higher rates.

One possible explanation for this is that since olivetol is an organic compound, it has higher affinity
for the cell membrane, which is hydrophobic, than for YP medium. So, when cell division takes place,

olivetol might be uptaken due to higher affinity with the hydrophobic phase, which in this case is the cell
membrane.

Another possibility is that the olivetol is not uptaken, but only adheres to the outer surface of the cell
wall and, with higher cell density, the higher the amount of olivetol sticking to this membrane, and the

amount of olivetol detected in the medium decreases.

Again, similarly to the results obtained in sections 4.6 and 4.7.2, there seems to be some loss of

olivetol when comparing the concentration in the supernatant and the concentration of olivetol initially in

the culture medium.

4.7.4.2 Evaluating the uptake of olivetol with 1 mM of olivetol

In this section, the evaluation of the uptake of olivetol in 100 ml cultures exposed to 1 mM of olivetol
and with starting OD’s of 0.2 and 1 is described.

The concentration of olivetol in both pellet and supernatant over a 80-hour period is shown in figures
4.22 and 4.23.
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Figure 4.22: Concentration of olivetol in pellet (blue) and in supernatant (red) over time on a culture
with a starting optical density of 0.2 and exposed to 1 mM of olivetol. Error bars represent the standard
deviation for n=3.
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Figure 4.23: Concentration of olivetol in pellet (blue) and in supernatant (red) over time on a culture
with a starting optical density of 1 and exposed to 1 mM of olivetol. Error bars represent the standard
deviation for n=3.

Again, there seems to be two different time points in the uptake. First, the concentration of olivetol
increases in the pellet and decreases in the supernatant at around 40 hours for a starting OD of 0.2 and
around 30 hours for a starting OD of 1. The second point is at around 70 hours for a starting OD of 0.2
and at 50 hours for a starting OD of 1. This time point is almost the same as the exponential growth
phase in both cases (see figure 4.24), leading to believe that either olivetol might be uptaken due to
higher affinity with the cell membrane, than with YP medium, or it adheres to the outer surface of the cell

wall.
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Figure 4.24: Relating the uptake of olivetol with the growth of cell cultures exposed to 1 mM of olivetol.

Again, similarly to the results obtained in sections 4.6, 4.7.2 and 4.7.4.1, there seems to be some

loss of olivetol when comparing the concentration in the supernatant and the conentration of olivetol

initially in the culture medium.
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4.7.4.3 Normalization of the extraction results obtained in 100 ml cultures

In order to normalize these results, the concentration of olivetol in the pellet and in the supernatant
was represented at the same cell density (in this case, at an ODggg of 10) for all the four different

conditions. This representation is shown in figure 4.25.
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Figure 4.25: Representation of the concentration of olivetol in the pellet and in the supernatant at the
same cell density for the different conditions tested (0.5 mM of olivetol and starting OD of 0.2; 0.5 mM
of olivetol and starting OD of 1; 1 mM of olivetol and starting OD of 0.2 and 1 mM of olivetol and starting
OD of 1). Error bars represent standard deviation for n=3.

It is possible to conclude that the concentrations of olivetol in the pellet and in the supernatant are
similar for the same initial concentration of olivetol when initial OD’s are different. For a concentration of
1 mM, the amount of olivetol in the pellet is the triple and the amount of olivetol in the supernatant is the
double, when comparing with the cultures exposed to 0.5 mM olivetol.

This normalization leads to believe that the hypothesis supporting the adherence of olivetol to the
outer surface of the cell wall might be true, since with higher cell density the amount of olivetol in the cell
extract is also higher.

So, to evaluate whether the hypothesis of olivetol uptake might also be true, the amount of olivetol
uptaken during exponential phases was calculated for the culture exposed to an olivetol concentration
of 1 mM, and the results are shown in table 4.6.

Table 4.6: Amount of olivetol uptaken on the first and on the second exponential phases of cultures
exposed to 1 mM olivetol and with initial OD’s of 0.2 and 1.

Amount of olivetol uptaken (nmol)
First exponential Second exponential

phase phase
Initial OD = 0.2 17 16
Initial OD = 1 16.6 17
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It is possible to see that in all the exponential phases for different initial conditions the amount of
olivetol that is uptaken is always almost the same (between 16 and 17 nmol), leading to believe that the

uptake of olivetol during cell division is also a possible explanation.

4.8 Evaluation of the accumulation site of olivetol

In order to evaluate whether olivetol accumulates in the membrane or in the cytosol of Saccha-
romyces cerevisiae, the procedure for cultivation of Saccharomyces cervisiae was followed. After the
second preculture reached exponential phase, the cells were harvested by centrifugation at 2000 g and
20 °C for 10 minutes. After harvesting, the cells were washed and ressuspended in 5 ml ultrapure wa-
ter and two test tubes with 5 ml cultures were prepared with an ODgyy of 1 and 2 mM olivetol in YPD
medium. These test tubes were then incubated for 48 hours at 30 °C and 200 rpm. After 48 hours,
the protocol for yeast membrane isolation is performed. In the end of this protocol, two solutions are
obtained: the homogenized membranes and the supernatant, which contains the membrane proteins
as well as the compounds found on the membranes, and the components contained in the cytosol,
respectively.

It is important to note that the two final solutions obtained that contain the membrane and the cytoso-
lic extracts show a small volume, but the extraction protocol was performed on it nevertheless.

After performing the extraction protocol on both solutions, the samples were ran on the HPLC and

the results obtained are shown in figures 4.26 to 4.29.
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Figure 4.26: HPLC chromatogram of sample | of olivetol extracted from the cytosol of cells. The injection
peak is marked with a red circle and the signal peak is marked with a green circle.
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Figure 4.27: HPLC chromatogram of sample Il of olivetol extracted from the cytosol of cells. The injection
peak is marked with a red circle and the signal peak is marked with a green circle.
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Figure 4.28: HPLC chromatogram of sample | of olivetol extracted from the membranes of cells. The
injection peak is marked with a red circle and the overlaid peaks (7 and 9) are marked with a green
circle.
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Figure 4.29: HPLC chromatogram of sample Il of olivetol extracted from the membranes of cells. The
injection peak is marked with a red circle and the overlaid peaks (7 and 10) are marked with a green
circle.

These results are inconclusive, since there is an overlay of peaks in figures 4.28 and 4.29, as well as

some small signals over time that should be other compounds found in the membranes. Furthermore,
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the peaks in figures 4.26 and 4.27 are also very close to the injection peak. Nevertheless, it is possible to
see that the peaks in the membrane samples have much higher intensities than the peaks in the cytosol
samples. This could indicate that the majority of olivetol is present in the membranes, but no definitive

conclusion should be made without further studies.
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Chapter 5

Conclusions

In this study, the behaviour of this specific strain of Saccharomyces cerevisiae when exposed to
different concentrations of olivetol was evaluated, as well as the uptake of olivetol by this strain of yeast.
Before that, toxicity tests, as well as tests for maximization of the extraction of olivetol, were conducted.
After that, it was evaluated whether the olivetol would accumulate in the membranes or in the cytosol of

this organism.

First of all, it was possible to conclude that, for this specific strain of Saccharomyces cerevisiae,
DMSO is toxic and significant differences in the cell weight can be detected for concentrations higher
than 3 % (v/v). Also, it was possible to conclude that olivetolic acid is only toxic to this strain in con-
centrations higher than 3 mM, but olivetol does not show toxicity for the cells at concentrations up to 5
mM.

Further on, it was concluded that olivetol shows some inhibitory effect on the growth of this strain
of yeast, since there is an increase in the lag phase and in the doubling time, as well as a decrease of
the specific growth rate, with an increasing concentration of olivetol. It is also possible to see that when
olivetol is present during cell growth, the exponential phase is followed by a 15-hour stationary phase,
which is then followed by a new exponential phase. The reasons why this happens were not investigated,
but the probable explanation is that the cultures are showing the Crabtree effect. Even though it is much
less probable, one can also hypothesize that it might happen because the concentration of olivetol per
yeast cell decreases in the medium and achieves levels that are no longer toxic, allowing the yeast to

grow further.

Even though it seems that there is an uptake of olivetol over time when comparing the growth curves
with the olivetol concentration profiles in both pellet and supernatant, the hypothesis of olivetol adhering
to the outer surface of the cell wall of this yeast should not be excluded. The normalization of the results

was performed in order to exclude one of the hypothesis, but it only showed that both are possible.
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5.1 Future Work

To begin with, it would be interesting to study why the yeast cultures show two exponential phases
when exposed to olivetol, but not when no olivetol is present in the medium. For that, more parameters
should be studied when developing growth curves, such as the pH, ethanol concentration and glucose
concentration profiles over time, in order to verify if the effect shown is indeed the Crabtree effect or not.

Furthermore, it would be important to study the growth behaviour of this yeast strain when exposed
to a higher concentration of olivetol and with even lower initial optical densities, to see if there is an even
higher inhibitory effect. This could explain why the cell cultures with different starting OD’s don’t reach
the stationary phase simultaneouly, when exposed to an olivetol concentration of 1 mM.

Another feature that should be further studied is whether there is an uptake of olivetol or if this
compound adheres to the outer surface of this yeast’s cell wall. For that, after successful heterologous
expression of CBGAS, one could feed olivetolic acid and GPP to yeast cultures and check for CBGA. If
CBGA is detected, it is possible to conclude that there is indeed an uptake.

If the hypothesis that supports the uptake of olivetol proves to be true, even if it would make sense that
the uptake site would be the membrane, since it is hydrophobic, the uptake site of this compound should
be further studied in more detail, either through optimization of the HPLC method that has already been
used or even through optimization of the extraction method from the membranes and from the cytosol.

Another trial worth running for the evaluation of the accumulation site of olivetol would be the increase
in the culture volume, since it was reported that the volumes of the solutions for extraction were small.

Furthermore, to check if olivetol/olivetolic acid is uptaken into the cell membrane, one can possibly
evaluate changes in membrane fluidity. It has been reported that when mammal cells are exposed to
drugs and there is an uptake of that drug into the lipid bilayer membrane, there is a significant change in
membrane fluidity [80]. Even though the cell type is not the same, both are eukariotic cells with a similar
membrane structure. This method could eventually be used to evaluate if there is a drug uptake into the
cell membrane.

It has also been reported that the differences in membrane fluidity in different strains of yeast can
ease the uptake of toxic compounds [81], so evaluating this uptake in other strains of yeast could be a

possibility for future optimization of the uptake of olivetolic acid.
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Appendix A

Composition of yeast synthetic
drop-out media without uracil and

leucine

Table A.1: Amount of each component in one liter of the yeast synthetic drop-out media supplement
without uracil and leucine

Component Amount per liter of medium (mg)
Adenine hemisulfate 18
Alanine 76
Arginine hydrochloride 76
Asparagine monohydrate 76
Aspartic acid 76
Cysteine hydrochloride monohydrate 76
Glutamic acid monosodium salt 76
Glutamine 76
Glycine 76
Hystidine 76
myo-Inositol 76
Isoleucine 76
Lysine monohydrochloride 76
Methionine 76
p-Aminobenzoic acid potassium salt 8
Phenylalanine 76
Proline 76
Serine 76
Threonine 76
Tryptophan 76
Tyrosine disodium salt 76
Valine 76

1546
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Appendix B

Calculation of the growth parameters

The growth parameters calculated for describing the growth of Sacharomyces cerevisiae when ex-
posed to different concentrations of olivetol were the lag time, the specific growth rate, and the doubling
time.

The lag time can be seen by identifying the beginning of the exponential phase. By identifying that,
one can take the duration of tha lag phase, that is the same as the lag time.

The specific growth rate is calculated only during the exponential phase. For that, the natural loga-
rithm of the OD’s of the exponential phase are expressed over the time and linearized. The slope of the
regression line obtained is the specific growth rate. Furthermore, the doubling time is the quotient of the

natural logarithm of two and the specific growth rate.
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