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“Without yeast, earth would be an alcohol-free planet

and every loaf of bread would be unleavened”

(Money 2018).
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INTRODUCTION

Budding Yeast Saccharomyces cerevisiae

Saccharomyces cerevisiae, commonly known as “baker’s” or “brewer’s” yeast, is
a unicellular eukaryotic organism that belongs to the Fungi kingdom and the
phylum Ascomycota (due to ascospores formation for sexual reproduction) that

mainly reproduces asexually by budding.

S. cerevisiae is a member of the genus Saccharomyces (previously included into
the Saccharomyces sensu stricto complex) (Borneman and Pretorius 2015). This
genus currently encompasses eight known species, S. paradoxus, S. cerevisiae,
S. mikatae, S. jurei, S. kudriavzevii, S. arboricola, S. eubayanus and S. uvarum
(Kurtzman 2003; Peris et al. 2012; Boyton and Greig 2014; Dujon and Louis 2017;
Naseeb et al. 2017). Some of them with clear industrial importance, while others
are confined to natural environments, such as wild forests devoid from human
domestication activities (Alsammar and Delneri 2020). In addition to these
species, numerous hybrids have been isolated and characterized by genome
sequence analyses from different environments. These hybrids have complex
genomes with contributions from two to four species of the clade (Figure 1.1)
(Gonzaélez et al. 2008; Querol and Bond 2009; Peris et al. 2012; Langdon et al.
2019).
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. Natural
Species Hybrids
S. cerevisiae
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S. paradoxus Sc x Su
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S. eubayanus

S. bayanus

S. uvarum

Figure I.1. Phylogenic relationship among Saccharomyces species and frequently isolated
hybrids. Dashed lines represent the recognized hybrids and the hybrids that can be isolated from
oenological environments (Vigentini et al. 2019).

Interspecific hybridization is an important and common route towards
diversification and adaptation to novel niches (Gallone et al. 2019). Thus, artificial
hybridization in a laboratory can be used as a suitable non GMO tool for
generating new yeast strains that combines the capabilities of the parental
species. The artificial hybrids obtained combine unigque properties and often
exhibit more robust characteristics over the parents including cryotolerance, high
ethanol tolerance or unique flavor profiles in beer and wine (Belloch et al. 2008;
Gibson et al. 2013; Boyton and Greig 2014; Peris et al. 2014; Garcia-Rios et al.
2019; Su et al. 2019; Lair6n-Peris et al. 2020). The resulting hybrids are typically

infertile but can reproduce asexually by budding (Gallone et al. 2019).
The lifecycle of Saccharomyces cerevisiae

The life cycle of S. cerevisiae (Figure 1.2) can be composed of any of the following
three different cell types: a diploid a/a or in any of the two different haploid forms,
a or a. Since haploid a and a cell types can mate only with each other, cell types

are also called “mating types”.
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Figure 1.2. A simplified schematic representation of the life cycle of yeasts. Haploid cells
(MATa or MATa) undergo mitotic division through budding. The two cell types release
pheromones, initiating the formation of schmoos and subsequent mating, resulting ultimately in a
stable diploid MATa/MATa (a/a cell). Diploid cells can also undergo mitotic division producing
genetically identical daughter cells or, under nutrient limiting conditions, undergo meiosis forming
asci containing four haploid spores, which can germinate into two MATa cells and two MATa cells
(Duina et al. 2014).

Each mating type a or a, encodes a G protein-coupled receptor that recognizes
the pheromone released by the opposite mating type. Therefore, the a cells have
the Ste2 receptor that recognizes the a factor and the a cells have the Ste3
receptor that recognizes the a factor (Madhani 2007). When the receptor
recognizes the pheromone from the opposite mating type, the formation of
“schmoos” starts and subsequent mating occurs, resulting in a diploid
MATa/MATa (Duina et al. 2014). In addition, there is a process known as mating-
type switching or cell-type switching, by which an a haploid cell can become an
haploid a cell, by changing its genotype in the mating type locus (MAT) from
MATa to MATa, or vice versa (Hanson and Wolfe 2017). In homothallic strains
rapidly switching of the mating types to the opposite occurs and then the spores
can fuse with the members of the population. This gene-conversion process is
initiated by the HO gene, which encodes a site-specific endonuclease that
generates a double strand DNA break and the MAT allele will be replaced with a
copy from one of two silent loci, HMLa or HMRa (Figure 1.3) (Katz Ezov et al.
2010)
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Cell is MATa

HML« CEN MATa* HMRa

Chr il ; o .:. '.:.' ‘.:-'
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Chr Il == f y

Figure 1.3. Representation of mating-type switching event in S. cerevisiae from an haploid
MATa cell to MATa where HO endonuclease is required to initiate the process. During this
event the genetic information at HMLa is used to replace the MATa allele at the MAT locus with
the MATa allele. The resulting chromosome Il (bottom) expresses MATa information, which
causes the cell to become phenotypically MATa. The asterisks next to MATa and MATa highlight
the fact that these alleles are actively expressed, as opposed to the alleles present at the HMLa
and HMRa loci that are transcriptionally silent. (Duina et al., 2014)

In contrast, in heterothallic strains, for example most laboratory strains and many
natural isolates, the two different haploid mating types remain haploid when
cultured separately, due to absence of a functional HO gene (heterotallic strains),
but can fuse when mixed together (Nasmyth 1982; Katz Ezov et al. 2010). When
environmental conditions are favorable, regardless of their ploidy, the cells use
the vegetative life cycle. In each round of the mitotic cycle, what is called the
mother cell buds giving a new daughter cell and give rise to next generations of
cells. Actually, the stage of the cycle in which the cell is found can be guessed
according to the size and shape of the bud as follows: Unbudded cells are in G1
(period before DNA replication), cells with small buds are in S phase (DNA
replication), and cells with large buds are in G2 or mitosis (Piekarska et al. 2010;
Hanson 2018).

However, when cells are under nutrient limiting conditions (specifically starvation
of nitrogen in the presence of a non-fermentable carbon source such as acetate),
haploid cells enter a dormant stationary phase whereas diploid cells enter meiosis

resulting in the formation of an ascus. Since sporulation requires the presence of
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both MATa and MATa allele, only diploid cells whose products form the a1/a2
heterodimer, are able to sporulate (Piekarska et al. 2010). Each ascus will contain
four meiotic spores that have two distinct mating types (a and a) and will
germinate when favorable conditions are restored. The morphogenetic events of
spore formation are due to an underlying transcriptional cascade that regulates
the genes involved in specific sporulation processes (described more than 1000

regulated yeast genes during sporulation) (Piekarska et al. 2010; Neiman 2011).

Yeast kinetics growth

S. cerevisiae is a facultative anaerobe. In complete absence of oxygen (O2), it
will need the presence of anaerobiosis factors (sterols and unsaturated fatty
acids) since O:2 is required for producing those compounds. The yeast growth
curve in a rich medium and when the limiting nutrient is the carbon and energy
source comprises five phases: lag phase (A), exponential or log phase, diauxic

phase, stationary phase and the death phase (Figure 1.4).

A

Latency phase Exponential phase ~ Exponential phase  Stationary phase
(fermentation) (respiration)

AN

Diauxic phase

cell density

A 4

time
Figure 1.4. Example of a typical S. cerevisiae yeast growth curve.

Firstly, when yeast cells are inoculated into a fresh growth medium, these enter
a brief lag phase where they are biochemically active in preparation for the log
phase, but there is no cell division and, therefore, no increase in cell number. The
length of the lag phase can be controlled to some extent due to its dependence
on the inoculum size, the growth conditions and the yeast strain characteristics
(Maier 2009).
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The second phase is the log or exponential phase. During exponential growth,
cells reproduce at maximum specific growth rate (umax), So the rate of increase of
cells in the culture is proportional to the number of cells present at a given time.
The time it takes the culture to double is called generation time (GT) and it is
expressed as generations/hour. The inverse of the generation time is the growth
rate constant (u), which is expressed as 1/time. In this representation, 4 = In2 /
GT.

The exponential growth of yeast can be described by the equation:
N = No e

where N represents the number of cells at any time (t), and No represents the
number of cells at the beginning of the interval being analyzed (Maier 2009).
Growth rates have long been used in microbiology to quantify phenotypic
properties (Hall et al. 2014). The growth rate varies with respect to the yeast
strain, the composition of the medium, the aeration conditions and the

temperature.

In some circumstances, when glucose becomes limiting in the medium
(decreasing below that needed to support umax) and Oz is available, the cells start
utilizing the ethanol, produced during the fermentation growth, which is
completely oxidized to carbon dioxide. This is known as the diauxic phase or
diauxic shift and it is characterized by a decreased growth rate and by changing

the metabolism of glycolysis to the aerobic use of ethanol.

When the carbon source is depleted from the medium, cells enter in the stationary
phase. During this phase, cells still grow and divide but there is no net growth
because the number of cells that dying and dividing is balanced. The stationary
phase is reached because, on one hand, carbon sources and energy have
completely ended and, on the other hand, the accumulation of toxic metabolites
inhibits growth. As cells approach to the stationary phase, they start accumulating
storage molecules, such as glycogen, trehalose, triacylglycerols, and probably
also polyphosphate, and induce autophagy. Growth on lysed cells as a source of
carbon and energy is known as endogenous metabolism. With all these reserves,

the cells can survive in stationary phase for long periods of time (Maier 2009;
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Galdieri et al. 2010). Finally, during the death phase the population begins to fall

progressively.

Functional genomics, systems biology and synthetic biology

In 1996, the first sequenced eukaryotic genome came with the publication of the
genome sequence of S. cerevisie (Goffeau et al. 1996) and early analyses of the
sequence revealed that 31% of its protein-encoding genes had clear homologs
in the human genome (Mell and Burgess 2003). The next stage of the yeast
genome project was to elucidate the biological function of each of the genes
found. The Saccharomyces community organized a cooperative effort to
eliminate each open reading frame (ORF) by homologous recombination and
replaced each yeast gene with a "deletion cassette" that contained a drug
resistance marker gene and synthetic "bar code" sequences (Winzeler et al.
1999). Other mutant libraries became available by expressing full-length,
chromosomally tagged green fluorescent protein (GFP) fusion proteins (Lequin
et al. 2003) as well as similar deletion library for fission yeast
Schizosaccharomyces pombe, which also allowed for the first time the
comparison of dispensability for ortholog pairs between the two yeast (Kim et al.
2010). Today the “Saccharomyces Genome  Database” (SGD;
http://www.yeastgenome.org/) provides information for the vast majority of yeast
genes based not only on the literature, but also on the systematic study (Botstein
and Fink 2011).

As important traits often arise from a combination of factors, the reductionist
research of “one laboratory - one gene - one function” has reached its limits and
have allowed biological research transition into the “whole-genome” era
(Borneman et al. 2007). The field of “functional genomics” attempts to describe
the functions and interactions of genes and proteins by making use of genome-
wide approaches, in contrast to the gene-by-gene approach of classical
molecular biology techniques. It combines data derived from the various
processes related to DNA sequence, gene expression, and protein function, such
as coding and non-coding transcription, protein translation, DNA/RNA/protein
and its interactions. Together, these data are used to model interactive and

dynamic networks that regulate gene expression, cell differentiation, and cell
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cycle progression (Bunnik and Le Roch 2013). Thereby, by combining data from
multiple whole-genome and classical sources with computational modelling, a
new level of biological research has evolved as a scientific field termed “systems
biology” (Borneman et al. 2007; Nielsen 2017; Yu and Nielsen 2019) (Figure 5).
Finally, a new multifaceted discipline has emerged, it combines advanced
biomolecular and computational sciences with information technology and
engineering called “synthetic biology”. One definition of this emerging discipline
iIs the design and construction of new biological parts (genes, promoters,
terminators, transcriptional factors and their binding sequences...), devices (gene
networks) and modules (biosynthetic pathways), and the redesign of biological
systems (cells and organisms) for useful purposes; in addition to obtaining
quantitative information for the creation of models that can predict the behavior
of biological systems (Figure 1.5) (Cameron et al. 2014; Pretorius and Boeke
2018; Garcia-Granados et al. 2019). In short, synthetic biology is on a continuum
with molecular biology and systems biology and entails the design and
construction of novel biological systems, including complex “synthetic” organisms
(Pretorius 2017). There are many synergies between metabolic engineering and
synthetic biology, and the two fields need one another. Metabolic engineering
emerged at the beginning of the decade of the 1990s and consists for the
optimization of cellular processes, endemic to a specific organism, to produce a
compound of interest from a substrate, preferably cheap and simple (Nielsen and
Keasling 2011; Stephanopoulos 2012; Garcia-Granados et al. 2019). Synthetic
biology is an advanced definition of framework for design, conceptualization and
manufacture of biological systems, so that genetic engineering, genomics and
systems biology are used to make, control and program the biological device to
create predictable properties and control the cell behavior which was previously
not found in the system (Nandy and Srivastava 2018). Thus, in most cases, the
design and construction of cell factories for use in industrial biology requires both
synthetic biology and metabolic engineering (Figure 1.5) (Nielsen and Keasling
2011).
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Figure 1.5. The transition from biology, genetics, molecular biology, and systems biology
into synthetic biology. In the right part, there is an illustration showing the overlap between
synthetic biology (blue) and metabolic engineering (yellow) during the design and construction of
a yeast cell factory. The first approach (totally yellow approach in the bottom) consists in a
naturally producing yeast which is selected as a “cell factory” for the production of the desirable
product. Typically, the flux toward the product is naturally low, but through the use of traditional,
non-GM strain improvement or the use of directed genetic modifications — metabolic engineering
— it is possible to increase the flux toward the product. In the second approach (when yellow and
blue are combined) the yeast cell does not naturally produce the product of interest. By including
a synthetically designed pathway into the yeast cell, the yeast acquires the ability to produce the
product, often in small amounts initially. However, through pathway optimization the flux toward
this synthetic pathway can be increased to ensure a high flux toward the product. So, this
approach applies concepts from both metabolic engineering and synthetic biology. Finally, in the
third approach (totally blue metabolic pathway in the diagram), a complete synthetic yeast cell
could potentially be constructed such that it is dedicated to producing a desirable product.
(Nielsen and Keasling, 2011, Pretorius, 2017)

Yeast as a model organism and as cell factory

Given its eukaryotic architecture yeast has several attractions as an experimental
organism. Yeast is used as model organism for added knowledge about human
cells. This may be possible due to the high degree of preservation of many key
cellular processes between yeast and human cells (Nielsen 2019). As for yeast
genes, nearly half (47%) of them can be replaced successfully by their human
orthologs (Kachroo et al. 2015). Autophagy, protein translocation and secretion,
degradation of proteins associated with the endoplasmic reticulum, actin-
mediated cellular functions, thermal shock and protein folding and chaperone
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functions are some examples of processes really suitable for study in yeasts
(Nielsen 2019; Akram et al. 2020). Also S. cerevisiae can be useful for
discovering target and off-targets effects of specifics compounds needed for drug
discovery and development. Although S. cerevisiae is not a threatening
pathogen, it has been used as a model for fungal pathogenesis as well as a
valuable test bed to develop treatments (Goldstein and McCusker 2001; Parsons
et al. 2006; Hanson 2018).

On the other hand, S. cerevisiae is a popular choice for conversion into a “cell
factory”. This is due to its rapid growth which contributes to its cost effectiveness
and usability, together and an abundance of prior research on its physiology and
metabolism. Also its excellent genetic tractability greatly facilitated by a
convenient preference for homologous recombination (HR) over non-
homologous end joining (NHEJ) for double stranded break (DSB) repair, which
has enabled site-specific installation of genetic material and genomic editions
(Nielsen et al. 2013; Hanson 2018). Furthermore, compared to E. coli, S.
cerevisiae has Generally Recognized as Safe (GRAS) designation from the U.S.
Food and Drug Administration (FDA) and is a robust, endotoxin-free microbial
host strain (Guo et al. 2019). All these advantages have led to the use of yeast
for the production of a multitude of compounds such as second generation
alcohols, aromatic chemicals, enzymes, fatty acids, amino acids and derived
compounds, among others using renewable feedstocks in fermentation (Hansen
et al. 2009; Nandy and Srivastava 2018; Yu et al. 2018; Cordente et al. 2019; Hu
et al. 2019; Levisson et al. 2019; Nielsen 2019).

Genetic and molecular tools for yeast engineering

Development of strains for efficient production of chemicals and pharmaceuticals
often requires multiple rounds of genetic engineering (Guirimand et al. 2020). For
genetic manipulation of yeast, numerous selection marker genes have been
employed, including prototrophic markers from each amino acid (e.g., LEU2 ,
TRP1 ) or nucleotide base (e.g., URA3 , ADE2), markers conferring drug
resistance (ble, hph, kan), autoselection markers, and counterselectable markers
(Siewers 2014) in order to maintain expression vectors for high-level production
of native or heterologous proteins as well as to perform knock-out mutations or

cassette insertions. URA3 gene is the most frequently used marker and at the
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same time counterselectable, which does not allow for growth in the presence of
5-fluoroorotic acid (Siewers 2014). However, the use of auxotrophic marker
genes requires a host strain with a corresponding genotype. In this context it is
important to highlight that laboratory strains with multiple selectable auxotrophies
are available, for example BY4741 (MATa, ura3A0, leu2A0, metl5A0, his3A1).
However, industrial strains are prototrophic, diploid, polyploid or even aneuploid
and often exhibit low transformation efficiencies and lower levels of HR generally
(Spencer and Spencer 1983; Stovicek et al. 2015; Gnlgge and Rudolf 2017).
Marker genes that confer resistance against antibiotics or other toxic compounds
are best suited for use in industrial yeasts. However, the addition of these toxic
compounds to the growth media prevents their use in large-scale processes due
to the high price and toxicity (Pronk 2002). Besides, there are a limited number
of selectable marker genes. A strategy to overcome this limitation is known as
“marker recycling” and relies on flank the marker gene in order to eliminate it by
recombination and it offers the possibility of reusing it, in an iterative gene deletion
or gene integration approach, which extends the possibilities when it is necessary
to introduce multiple genes into metabolic pathways (Alani et al. 1987; Guldener
et al. 1996; Storici et al. 1999; Gueldener et al. 2002; Siddiqui et al. 2014; Choi
and Kim 2018). The recombination of sequences between flippase recognition
target (FRT) sites by the recombinase flippase (Flp) derived from the natural 2 p
plasmid from S. cerevisiae (Flp-FRTsystem) and between loxP sequences by Cre
recombinase (loxP-Cre sytem) from bacteriophage P1 are the specific
recombination methods most widely used (Storici et al. 1999; Gueldener et al.
2002). These systems use short sequences flanking the gene marker (34 bp)
which increases the efficiency of recombination and are currently used in different
approaches (Siewers 2014). For example, by Cre/loxP recombination,
simultaneous and sequential integration of several genes in S. cerevisiae have
been reported recently (Choi and Kim 2018). Despite these all advantages, this
method still requires separate transformation of a plasmid encoding the
galactose-inducible Cre expression cassette, induction of the Cre recombinase,
replica plating to confirm excision, and curing of the Cre expression plasmid from
the cells, thus extending the workflow (Siddiqui et al. 2014). In addition to being
time consuming, marker removal can also cause genomic instability (Delneri et
al. 2000).
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In S. cerevisiae there are various plasmids used to introduce heterologous genes,
which carry a multiple cloning site (MCS) for the insertion of expression cassette.
When these plasmids can be constructed, maintained and analysed in both E.
coli and S. cerevisiae are so called “shuttle vectors”. Even plasmids that can
express the same open reading frame in E. coli and S. cerevisiae have been
reported (Sinah et al. 2012). The vectors widely used for metabolic engineering
applications are yeast episomal plasmids (YEp), yeast centromeric plasmids
(YCp) and yeast integrating plasmids (Ylp) (Mumberg et al. 1995; Da Silva and
Srikrishnan 2012; Gnlgge and Rudolf 2017). YCp and YEp are mantained
extrachromosomally with few or a few dozen plasmids per cell, respectively. For
their mantainace, YCp contain the autonomously replicating sequences (ARS)
and centromeric (CEN) sequences whereas YEp contain a replication origin
(ORI) and a cis-acting sequence (STB) which are derived from the natural yeast
2u plasmid (Gnugge and Rudolf 2017).

YIp cannot be maintained in the cell unless they integrate into chromosomes
since they lack a replication origin, and once integrated they are replicated and
transmitted to successor cells as part of a chromosome (Da Silva and Srikrishnan
2012; Gnugge and Rudolf 2017). A variety of high (YEp) and low (YCp) copy as
well as integrative shuttle plasmids from the pRS series (Sikorski and Philip 1989;
Christianson et al. 1992), have been built and extensively used in gene function
studies and in metabolic engineering and are still constantly being upgraded with
additional features (Chee and Haase 2012; Gnugge et al. 2016). Depending on
the final objective and as a method to regulate the general expression by
controlling copy number, one or another type of plasmid will be chosen (Da Silva
and Srikrishnan 2012). However, it is highly recommended to opt for integration
into the genome for a more stable, robust and repeatable gene expression of
interest (Jensen et al. 2014; Ryan et al. 2014; Lee et al. 2015). Nevertheless, to
obtain higher levels of expression with genomic integrations, it is necessary to
integrate multiple copies of each gene. To achieve this, repetitive rounds of
genetic transformation into unique sites, which is time-consuming, or multiple
insertions of the gene of interest by targeting for repeated sequences, such as
rDNA, Ty and & sequences, which occur naturally in the genome of the yeast,
can be performed (Lopes et al. 1989; Parekh et al. 1996; Maury et al. 2016;
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Semkiv et al. 2016). Recently, a new platform for multiple genes integration called
“CASCADE” has been reported. (Strucko et al. 2017).The system uses a series
of different yeast strains (GAS-X starter strains) which enables the integration up
to 9 amplicons at defined chromosomal sites due to the preexistence of
integration cassettes (GA cassettes) in their genome to be used as receptacles

for these amplicons.

Since precise control of gene expression of multiple foreign or native genes is a
crucial point in metabolic engineering, regulation through both, cis- (regions of
non-coding DNA which regulate the transcription of neighboring genes) and
trans- (DNA sequences that encode trans-acting factors which regulate the
expression of distant genes) regulatory elements choice is another promising tool
for this purpose (Da Silva and Srikrishnan 2012; Leavitt et al. 2016). Different
works have demonstrated the importance of cis action (such as transcription
promoters, 5 'and 3' untranslated regions in mRNA, and terminators) and of the
trans action regulatory elements as endogenous (such as Aro80p) or by
orthogonal implementation (such as optogenetic switches devices, or both
together) (Blount et al. 2012; Da Silva and Srikrishnan 2012; Curran et al. 2015;
Leavitt et al. 2016; Salinas et al. 2017, 2018; Shaw et al. 2019). Plasmids
containing bidirectional promoters are a solution for efficient two gene co-
expression (Vogl et al. 2018). Efforts in the characterization of these DNA
sequences have contributed to obtain a catalog of standard biological parts,
which are in continuous development, for yeast applications as a synthetic

biology host, since it was initially for E. coli (Canton et al. 2008; Lee et al. 2015).

The DNA assembly and cloning phase is a key step in the pathway engineering.
Traditionally cloning, involves restriction endonucleases (RE) to generate DNA
fragments with specific complementary end sequences that can be joined
together with a DNA ligase, prior to transformation. The main advantages of this
cloning system are low cost, versatility due to different main vector options and
that directional cloning can be done easily. However, it performs poorly when
assembling large artificial genetic circuits because the sequential digestion—
ligation—transformation—preparation steps are time-consuming and the number
of available RE cleavage sites decreases with the increasing number and size of

DNA sequences to be assembled (Schmid-Burgk et al. 2013). Several high-
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throughput cloning methods have been developed to decrease time consumed
compared to conventional cloning. For example Gateway™ cloning (Invitrogen),
Gibson Assembly © cloning (New England Biolabs), Golden Gate cloning,
Biobrick Assembly ®(New England Biolabs), Infusion cloning (Clontech) and
uracil-specific excision reaction (USER)-based cloning (New England Biolabs)
(Lopes et al. 1989; Hartley et al. 2000; Nour-Eldin et al. 2006; Geu-Flores et al.
2007; Gibson et al. 2009). BioBrick Assembly involves the use of RE and BioBrick
“parts”. Different DNA fragments encoding proteins, promoters, ribosome binding
sites, etc., have been standardized and are contained in a "parts" registry of
plasmids with identical restriction sites flanking the "payload” of the part (Canton
et al. 2008). All BioBrick parts are flanked in the 5" and 3' ends with standardized
sequences for specific RE sites, which is carried by a vector. The standard
sequences are known as prefix and suffix sequences and because of these
sequences, it is possible to put together different BioBrick parts in order to create
new parts with more complex functions than the constituents. Since RE sites with
compatible ends that destroy the recognition site when joined together are
chosen, the parts can be combined and the original flanking sites can be reused
for the next round of assembly (Rgkke et al. 2013). The main limitation of this
method is the introduction of a sequence scar for each ligation event and the
multiple rounds of assembly required to manufacture a device. Golden Gate
Assembly exploit the ability of Type IIS RE (as Bsal, Bbsl, BsmBI and Esp3l) to
cleave DNA outside of the recognition sequence, allowing simultaneously and
directionally assemble multiple DNA fragments into a single piece. Additionally,
since the restriction site is eliminated from the ligated product the digestion and
ligation can be carried out simultaneously, which highly decreases the time of
work flow and, finally, no scar sequence is introduced (Engler et al. 2008).
Gibson Assembly allows insertion of one or more overlapping DNA fragments
into virtually any position of the linearized vector and does not rely on the
presence of RE within a particular sequence to be synthesized or cloned.
However, in order to achieve this, the technique requires, on one hand, DNA
seqguences to be joined together that overlap with each other, 20-150 bp. On the
other hand, the following three enzymatic activities are needed: (i) T5
exonuclease, removes nucleotides from the 5'end, creating single-stranded DNA

in the ends of all sequences and, thus, generates long overhangs (ii) polymerase
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for filling in the gaps of the annealed single strand regions, and (iii) DNA ligase
for sealing the nicks of the annealed and filled-in gap (Gibson et al. 2009; Rgkke
et al. 2013). Similarly, USER cloning methodology allows combining multiple
PCR fragment assembly by only 6-10 bases of homology between the
neighboring fragments (Figure 1.6). Since the primers contain a single deoxyuracil
residue (dU) flanking the 3’, the method requires a proof-reading DNA
polymerase able to tolerate uracils present in DNA templates during the PCR
amplification. Subsequent treatment of the PCR products with USER™ enzyme
mix (DNA glycosylase and DNA glycosylase-lyase Endo VIII) creates a single
nucleotide gap at each location of dU resulting in PCR fragments flanked with
single-stranded extensions that allow seamless and directional assembly of
customized DNA molecules into a linearized vector (Geu-Flores et al. 2007).

I Wb Bsmi  AuS ND.Beml
4
USER T e l » * e | 7
g m
-
...... m
USER g
vector AT
collection .T__1| AGECERESTAASL VR,
ue 3 .
o T1 - ADH1 terminator; T2 - CY¥C1 terminator
PG1R “pyIF Uracil F..:(c.isio.n Uracil PIxcisiu.n Uracil e.xc.isin.n
\—, — [ and hybridization : and hybridization and hybridization
5 {_Promoter 1 | Promoter2 ) g :
3 i TR P o
s PYAE po2R S omTm : =P TP=
- _—
5 o« P
g i
E
=
o

3 Backbone I l Backbone ] Backbone I

- | - _ — —_—
\ *PVIF and PV2F are made for single promoter cloning. | Vector Vector Vector J

Figure 1.6. Overview of the procedure for cloning with USER methodology. In this case the

(7]
<
=
=
(1]
]
[~
-

=

vector employed consist in a EasyClone vectors containing an USER cassette, but any vector
can be prepared using uracil-containing primers as is used in this example for amplification of any

gene of interest (GOI), or promotorer (adapted from Jensen et al. 2014).

Some of these assembly or cloning methods have been the basic technique for
development of cloning vector sets for yeast that are really interesting to decrease
the turnaround time in the metabolic engineering cycle. For example, cloning
vectors containing USER cassettes for multiple and simultaneous chromosomal
integrations in S. cerevisiae with a wide repertoire of LoxP-flanked selection
markers has become available under name Easyclone, Easyclone 2.0 and
EasycloneMulti (Jensen et al. 2014; Stovicek et al. 2015; Maury et al. 2016).

Similarly, a Modular Cloning system, based on Golden Gate technology has been
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developed under the name MoClo-YTK (https://www.addgene.org/kits/moclo-

ytk/). This MoClo-derived assembly enables great versatility as it allows multiple
fragment types assembly in few steps. Additionally, a set of promoters,
terminators, as well as protein degradation tags, have been characterized for
MoCLo kit (Lee et al. 2015).

All the limitations for genetic engineering seem to be left behind because of the
applicability and use of different developed programmable nucleases. This
includes, zinc finger nucleases (ZFNs), transcription-activator-like effector
nucleases (TALENSs) and cluster of regularly interspaced palindromic repeats-
associated protein 9 (CRISPR-Cas9) RNA-guided endonucleases (RGENS)
(Kim 2016). Among all these nucleases, CRISP-Cas9 RGENSs is the most widely
used editing tool due to its customizable ability by the replacement of guide RNAs
(Kim 2016; Vigentini et al. 2019). Three types of CRISPR mechanisms have been
identified, being type Il bacterial CRISPR system the most studied (Figure 1.7). In
this system, the nuclease Cas9 is guided by single-guide RNA (sgRNA) to a
cleavage site in the double-stranded DNA, which must contain a protospacer
adjacent motif (PAM), which is composed of any of the four bases followed by
two guanines (Mali et al. 2013). After cutting, this DNA damage can be repaired,
through the double strand break (DSB) repairing mechanism, either via non-
homologous end joining (NHEJ) or homologous repair (HR). If DSB are repaired
via NHEJ, insertions and deletions (INDELs) may be introduced that can disrupt
gene function since this repair pathway is error-prone. Alternatively, if a donor
template with homology to the targeted locus is supplied, the DBS may be
repaired through HR pathway. If the donor used is almost identical to the
sequence in the proximity of the cutting site except for some nucleotides the kind
of change obtained will be point mutations or non-sense mutations, to induce an
amino acid change or to insert a stop codon. Instead, if the donor brings the gene
of interest flanked by homologous sequences adjacent to the cutting site, the
insertion of the gene of interest will be obtained (Vigentini et al. 2019).
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Figure 1.7 Overview of the CRISPR-Cas9-mediated genome editing system. The Cas9 and
sgRNA form a complex in vivo and then bind on the target DNA sequence upstream of PAM
sequence. The Cas9 nuclease domain HNH then cleaves the target DNA sequence
complementary to the 20 bp guide sequence, while RuvC domain cuts another DNA strand,
forming a DSB. DSB must be repaired via either NHEJ or HR immediately to avoid cell death (Cai
et al. 2019)

Since DiCarlo et al. (2013) reported the use of this system as a genome-editing
tool in yeast, a diverse number of novel strategies have been developed for Cas9
and guide RNA expression, allowing highly efficient genome editing that can be
multiplexed without the need for a marker (Stovicek et al. 2017). Design,
expression and delivery of the sgRNA components are crucial parameters for
successful CRISPR/Cas9 engineering whereas the form of Cas9 expression
does not seem to be a critical parameter. Therefore CRISPR/Cas genome editing
and transcriptional regulation are particularly suitable for developing yeast cell
factories (Stovicek et al. 2017; Vanegas et al. 2017; Mitsui et al. 2019). Likewise,
CRISPR-Cas9 is an excellent tool for developing of one step multiple-auxotrophic
wine and industrial yeast strains, for further genetic modifications, as iterative
gene targeting can then be performed without need for marker recycling (Bao et
al. 2015; Lee et al. 2015; Jessop-Fabre et al. 2016; Liu et al. 2016) . It is worth

mentioning that, despite being the most convenient and powerful tool, it is still in
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development, with new strategies emerging to achieve maximum efficiency (Bao
et al. 2015). This is crucial, for example, when working with a large number of

genes to be modified and in strains that are not haploid.

Finally, it should be mentioned that only a small number of yeast strains (most
often limited to S. cerevisiae) has been used for novel cell factories. Although this
model organism is indeed advantageous for all the reasons discussed above,
production yields can vary significantly within strains in the same species
(Suéastegui et al. 2016). Furthermore, sometimes they may not be suitable for a
wide range of biotechnological applications that could easily be achieved through
the use of an unconventional cellular host (Nora et al. 2019). Therefore, studies
aiming to develop or implement molecular toolboxes for novel microbial chassis
are emerging (Stovicek et al. 2017; Rantasalo et al. 2018; Raschmanové et al.
2018; Cai et al. 2019; Guirimand et al. 2020 ).

Wine fermentation

Wine fermentation is defined as the biotransformation of grape nutrients present
in the must into ethanol, carbon dioxide (CO2) and secondary metabolites (Figure

1.8). This transformation of grape juice into wine is essentially a microbial process.
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Figure 1.8. The metabolic conversion of grape juice to wine by the action of wine yeast.
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Grape nutrients are converted into ethanol, carbon dioxide and secondary metabolites through

the glycolytic metabolism of wine yeast (Pretorius, 2016).
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In fact, wine fermentation is a special complex mix of chemistry, biology and
culture, where microorganisms play a critical role (Belda et al. 2017). Over time,
wine has influenced geography, economics, archeology, history, mythologies and
religions, arts and traditions, law and medicine. Today, this beverage has a
unique place in most societies, with tremendous cultural value and high

commercial importance (Marsit and Dequin 2015).
Yeast diversity during wine fermentation and their interactions

It was not until the invention of the microscope followed by the pioneering
scientific work of Louis Pasteur in the second half of the 19th century that yeast
was identified as a living organism and the agent responsible for alcoholic

fermentation (AF) and dough leavening (Pasteur 1858).

Although AF depends almost exclusively on yeast, other organisms, including
bacteria and mold, are naturally present in grapes during harvest (Lonvaud-Funel
1999). Regarding to yeast, many species are present during the different stages
of winemaking process (Figure 1.9). The diversity of yeast encompasses more
than 20 different genera that have been included in both Ascomycota and
Basidiomycota phyla and are named as "non-Saccharomyces" yeast; e.qg:
Aureobasidium, Auriculibuller, Brettanomyces, Bulleromyces, Candida,
Cryptococcus, Debaryomyces, Hanseniaspora, Issatchenkia, Kazachstania,
Kluyveromyces, Lachancea, Lipomyces, Metschnikowia, Phaemoniella, Pichia,
Rhodosporidium, Rhodotorula, Saccharomyces, Sporidiobolus,
Sporobolomyces, Starmerella, Torulaspora, Wickerhamomyces, Yarrowia,
Zygoascus, and Zygosaccharomyces (Fleet 2003, 2008; Padilla et al. 2016).
Most of the non-Saccharomyces species are present in vineyard and in the
winery environment and the composition varies according to several factors such
as location, climatic conditions, cultivar, presence of pesticides, agronomic
practices, stage of ripening and health of the grapes, harvesting procedures,
ability to form a biofilm on solid surfaces and specific environmental conditions in
the must (Pretorius et al. 1999; Jolly et al. 2014; Bagheri et al. 2015; Varela and
Borneman 2017; Abdo et al. 2020).
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Figure 1.9. Sequential presence of different yeast during the winemaking process.

Despite the complex wine microbial ecology in the initial stages of fermentation,
S. cerevisiae is almost invariably the dominant yeast in the latter stages of natural
wine fermentations due to its fermentative behavior, ethanol tolerance and sulfur
dioxide (SO3) resistance (Figure 1.9) (Pretorius et al. 1999; Fleet 2008; Bagheri
et al. 2015). After the AF a secondary fermentation, known as malolactic
fermentation (MLF), which is carried out by lactic acid bacteria (LAB), is often
undertaken. LAB are Gram positive, microaerophilic and characterized by a
unique enzymatic decarboxylation of the L-malic acid to L-lactic acid. Usually,
MLF is uniformly done for all red wine and, by contrast, it is uncommon in white
wine making, except for the production of certain styles of Chardonnay and
sparkling wines. Due to MLF, wine is microbiologically more stable (lowering the
risk of gas production in bottled wine), as well as more aromatic, flavored and
complex and less acidic (Pretorius 2016). The four genera usually found in wine
are Lactobacillus, Pediococcus, Leuconostoc, and Oenococcus. Oenococcus
oeni has special characteristics that make them highly relevant for vinification,
specifically because of its ability to grow and perform in the low acidic wine
environment (pH < 3.5) and capacity to survive in high ethanol, SOz, nutrient
shortage and low temperature. Also, some Lactobacillus plantarum isolates have

also displayed the ability to survive harsh wine conditions and there are

35



INTRODUCTION

commercial cultures of this LAB species (Bravo-Ferrada et al. 2013; Bartowsky
2017). Despite this, even with starter cultures the MLF could be slow or
incomplete. Residual malic acid present in wine carries a risk of spoilage
microorganisms growing to produce haze, off-odors, and/or dissolved carbon
dioxide (COg2) in the bottle as well as biogenic amines (BAs) that can impose
health risks to consumers of fermented products (Betteridge et al. 2015; Pretorius
2016). For example, the use of selected yeast combined with selected LAB can
be presented as biological alternative to avoid the B. bruxellensis presence in
wines, which leads to constant economics losses in wine industry (Berbegal et
al. 2018).

Yeast strains used not only in winemaking but also in modern bakery and
brewing, have been carefully cultivated, selected and purified and each strain has
its own particular and unique characteristics. Thus, the inoculation of starter
strains of S. cerevisiae, in the form of active dry yeast (ADY), is a common
practice widely used in industrial fermentations. This practice aims to obtain
wines that are homogeneous in terms of quality and at the same time avoid
problems of sluggish or stuck fermentation and spoilage of the final wine (Lleixa
et al. 2016). However, winemaking with monocultures of pure yeast leads to a
greater microbiological control but can generate wines which lack the complexity
of flavor. Intra- or inter- specific hybridization, as mentioned above, is one of the
tools that allow to expand the set of strains available to improve the diversity in
the taste of the wine with respect to the parental species that form the hybrid
(Belloch et al. 2008; Fleet 2008).

Non-Saccharomyces yeasts were considered initially to be of secondary
significance or even spoilage yeasts during the wine production (Padilla et al.
2016). However, nowadays several studies have been shown that some non-
Saccharomyces strains have positive contributions to desirable winemaking
properties such as the aroma complexity, the decrease in the ethanol content and
as controlling the growth of other wine spoilage microorganisms among others
(Comitini et al. 2011; Jolly et al. 2014; Quirds et al. 2014; Ciani and Comitini 2015;
Alonso-del-Real et al. 2017; Bellut and Arendt 2019). The realization that yeasts
other than Saccharomyces species are ecologically and metabolically significant

in the fermentation of wine, has brought a new research topic in which these new
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species are studied as well as their co-inoculation and interaction with different
yeast starter cultures. However, determining the aromatic profile of a wine using
selected mixed-starter cultures of yeast or bacteria cannot be effective without
understanding how microorganisms interact with each other (Liu et al. 2017). In
this context, yeast interactions have a fundamental role to obtain the desired
product characteristics since these interactions can affect the metabolite
production and/or the microbial growth of the microorganism involved (Ciani and
Comitini 2015; Rollero et al. 2018) (Figure 1.10). To control and optimize the
complex mixed fermentation, further knowledge about physiological and
metabolic interactions between Saccharomyces and non- Saccharomyces wine
yeast, as well as between yeast and LAB during MLF, is needed. Different yeast
strains or species can be involved in several interactions through the production
of toxic compounds, or as a result of competition for nutrients which can lead to
determining variation in the gene expression and enzymatic activity (Pretorius
2000; Alexandre et al. 2004; Milanovic et al. 2012; Rantsiou et al. 2012; Rossouw
et al. 2012; Branco et al. 2014; Curiel et al. 2017; Pérez-Torrado et al. 2017).
Proteomic and transcriptomic patterns analyses as well as the analytical profiles
of wines obtained during pure and co-cultures have been contributed to elucidate
metabolic interactions in mixed fermentations (Barbosa et al. 2015; Curiel et al.
2017; Pérez-Torrado et al. 2017; Alonso-del-Real et al. 2019; Peng et al. 2019).
Interestingly, cell aggregation (co-flocculation) between different yeast species
has recently been proposed as, a complementary mechanism that could govern
population dynamics during AF (Rossouw et al. 2015; Pérez-Torrado et al. 2017).
Thereby, AF is an ideal process to study biochemical and ecological interactions
between microorganisms. Untargeted metametabolomics revealed synergistic
relationships, exchanges of metabolites and cell-to-cell signaling between
species within a community (Raes and Bork 2008). Metametabolomics combined
with wine microbiome analysis further allows the identification of yet unknown
metabolite markers through networks-based approaches (Liu et al. 2017).
Metabolite production modification by microbial role-players has been already
shown by metabolic footprint of monoculture, mixed cultures or blended wines
studies which has been shown clear differences (Howell et al. 2006; Peng et al.
2018; Rollero et al. 2018). With all the information obtained, winemakers will

dispose of rational selection of mixed starters combining both non-
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Saccharomyces and Saccharomyces and the conditions to positively interfere
with the growth and fermentation behavior of the yeast species, allowing the
introduction of the new desired characteristics in the final wine (Fleet 2003, 2008;
Viana et al. 2008; Sadoudi et al. 2012; Ciani and Comitini 2015) (Figure 1.10).

Yeast strain 1 -

Wine style 1 % Yeast strain 3 + bacteria

Yeast strain 2

0 Lo 2 "
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Figure 1.10. Representation of the effect of the yeast strain used during the winemaking

a P

«p

Wine style 2

Wine style 3

process on the final wine. As shown, different styles of wine can be obtained by fermentation
of identical grapes but with different strains of yeast (shown as yeast strains 1, 2 and 3) and

combined or not with bacteria.

Carbon metabolism in yeast

In terms of biochemistry, AF is the conversion of sugar, glucose and fructose, into
alcohol and CO: at both anaerobic and aerobic conditions. Approximately 90 ~
95% of sugars present in the must are converted into ethanol and CO2, about 4
~ 5% into secondary metabolites such as higher alcohols, acids, esters and
glycerol, and finally 1 ~ 2% is used for cell growth and maintenance.

During AF, yeast metabolizes the six-carbon compounds to pyruvate via
glycolysis. During this process, energy is produced at substrate-level
phosphorylation generating only two adenosine triphosphate (ATP) molecules
and NADH. Pyruvate is then decarboxylated to acetaldehyde through pyruvate
decarboxylase (PDC1, PDC5, PDC6), which is reduced to ethanol by alcohol
dehydrogenase (ADH1 and ADH2). In this last step, acetaldehyde serves as
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electron acceptor which allow the re-oxidation of the glycolytic NADH (PiSkur et
al. 2006).

Respiration consists in the oxidation of the pyruvate from the glycolysis into CO2
by the tricarboxylic acid cycle, leading to the production of NADH, which is re-
oxidized while generating ATP by oxidative phosphorylation, using Oz as the
terminal acceptor of electrons. As mentioned, fermentative metabolism generates
only two ATPs per glucose molecule, compared to 38 ATPs during aerobic
oxidation (Pfeiffer and Morley 2014).

When yeast cells are exposed to air (O2), what is known as the “Pasteur effect”,
glucose consumption is reduced by slowing the glycolytic flux. The regulation of
this phenomenon is due to the fact that, on the one hand, pyruvate decarboxylase
(involved in fermentation) has a lower affinity for pyruvate than the pyruvate
dehydrogenase and, on the other hand, phosphofructokinase is inhibited by the
ATP generated during respiration, and phosphorylated hexoses accumulate,
which in turn decrease the transmembrane transport of sugars (Ribéreau-Gayon
et al. 2006). In S. cerevisiae, the Pasteur effect occurs in aerobic sugar-limited
chemostat cultures and in resting-cell suspensions because of low sugar

consumption rates (Ishtar Snoek and Yde Steensma 2007).

A fundamental physiological characteristic of wine yeasts is their ability to ferment
sugars at both anaerobic and aerobic conditions (PiSkur et al. 2006). Under
aerobic conditions, respiration is possible with Oz as the final electron acceptor,
but S. cerevisiae still exhibits alcoholic fermentation until the sugar is depleted
from the medium. This behavior is referred to as the Crabtree effect (Crabtree
1928; De Deken 1966) and the yeast expressing this trait are called Crabtree-
positive yeasts. In contrast, “Crabtree-negative” yeasts lack fermentative
products, and under aerobic conditions, biomass and carbon dioxide are the sole
products. Crabtree effect results in lower biomass production because most
sugar is converted into ethanol. This means that more glucose has to be
consumed to achieve the same yield of cells if comparing with Crabtree-negative
yeasts. Because only a fraction of sugar is used for the biomass and energy
production, this could theoretically result in lower growth rate in Crabtree-positive
yeasts and these could then simply be out-competed by Crabtree-negative

yeasts and other microorganisms. However, ethanol could be used as a tool to
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slow down and control the proliferation of other competitive microorganisms
(Dashko et al. 2014).

Yeast Nitrogen metabolism during alcoholic fermentation

After carbon compounds, nitrogen compounds are the second most important
nutrient in wine. Thus, nitrogen is an essential nutrient for yeast during wine
fermentation and it plays a predominant role during AF, influencing both the
fermentative process and wine quality (Bell and Henschke 2005; Gobert et al.
2019). With regard to AF progress, nitrogen is a key limiting factor for biomass
production, fermentation kinetics and fermentation duration. In S. cerevisiae, the
main sources of yeast assimilable nitrogen (YAN) are ammonium (around 30-
40%), which represents a significant proportion of nitrogen sources, and amino
acids. Insufficient nitrogen source availability in must can lead to stuck or sluggish
fermentations (Varela et al. 2004; Bell and Henschke 2005). Thereof, nitrogen
sources have been classified in terms of supporting growth rates and
fermentation activity as “preferential or good nitrogen sources” and “non-
preferential or poor nitrogen sources” depending on the AF conditions, strain
used and classification method (Gobert et al. 2019). Despite variations in the
classification of nitrogen sources, ammonia, asparagine, and glutamine have
been significantly more often classified as preferred sources of nitrogen (Gobert
et al. 2019).

In S. cerevisiae, YAN is transported into the cell by various specific or non-
specific permeases. Ammonia is transported by uniport systems consisting of
three ammonium permeases with different affinities, with Mep2p having the
highest affinity followed by Meplp and Mep3p (Marini et al. 1997). Amino acid
permeases are active symport systems with different selectivity for amino acids.
The general amino acid permease, Gapl, allows the transport of all amino acids
whereas others permeases transport only one or a group of amino acids. There
are two mechanisms by which S. cerevisiae is able to select the nitrogen source
for a better growth through the regulation of broad-specificity permeases. The
first consists in an amino acid-signaling pathway mediated by the plasma
membrane localized Ssyl1-Ptr3-Ssy5 (SPS)-sensor (Ljungdahl 2009; Ljungdahl
and Daignan-Fornier 2012). The second is called "Nitrogen Catabolite
Repression" (NCR) (Wiame et al. 1985; Magasanik 1992). Currently, the amino
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acid permeases: GAP1l, CAN1, PUT4, DIP5, UGA4, and the ammonium
permeases: MEP1, MEP2, MEPS3, are known to be under the control of this
regulatory system (Ljungdahl and Daignan-Fornier 2012). The ammonium
permeases are only expressed under low concentrations of ammonium, because
they are not essential for growth under high concentrations of ammonium (> 20
mM), and are repressed in the presence of good nitrogen sources due to the NCR
(Marini et al. 1997). Conversely, general de-repression of the genes regulated by
the NCR system leads the cell to nonspecifically use other sources of nitrogen in
the absence of a preferential nitrogen source (Gobert et al. 2019). Some recent
works have been shown a similarity on the nitrogen source uptake between S.
cerevisiae and some non-Saccharomyces strains, suggesting that similar
regulatory mechanisms like NCR and SPS could also be present in the these
species (Lleixa et al. 2019; Su et al. 2020). In S. cerevisiae the phenotypic
diversity concerning YAN preferences correlates with the presence of genetic
variants (Gutiérrez et al. 2013; Cubillos et al. 2017).

Once transported through the respective permease and internalized, nitrogenous
compounds can be used directly in biosynthetic processes, be deaminated to
generate ammonium, or serve as substrates of transaminases that transfer amino
groups to a-ketoglutarate to form glutamate (Ljungdahl and Daignan-Fornier
2012). Ammonia is incorporated during the formation of glutamate from a-
ketoglutarate by NADPH-dependent glutamate dehydrogenase (GDH1), and
glutamine from glutamate by glutamine synthetase (GLN1). S. cerevisiae is able
to synthesize all L-amino acids from appropriate source of carbon and
ammonium. Moreover, when glutamine is the only source of nitrogen, a glutamate
synthase (GLT1) metabolizes glutamine in glutamate. From this glutamate,
ammonium can be released by glutamate dehydrogenase (GDH2) (Ljungdahl
and Daignan-Fornier 2012). All these reactions form the so-called Central
Nitrogen Metabolism (CNM) (Ter Schure et al. 2000).

With regard to the role of nitrogen on wine quality, the catabolism of nitrogen
sources is involved in the synthesis of fermentative aroma precursors in wine
yeasts (Styger et al. 2011). Then, the amino acid composition in the wort as well
as in the grape have an impact in the flavor of beer and wine (Hernandez-Orte et

al. 2002; Ferreira and Guido 2018). Yeast contribute to the wine aroma in different
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ways, not only by de novo biosynthesis of aromatic compounds but also
converting flavor-neutral grape compounds into active aromatic and flavor
compounds, or regulating the growth of malolactic and spoilage bacteria (Fleet
2003; Styger et al. 2011). Among the aromatic compounds generated or released
by yeast or its enzymes, ethyl and acetate esters, volatile fatty acids, higher
alcohols, monoterpenoids and volatile sulfur compounds have been reported
(Cordente et al. 2012; Gobert et al. 2019). Deciphering the link between nitrogen
metabolism and volatile compound synthesis will provide useful information with
potential means to modulate wine flavour and magnify the different sensory
profiles (Vilanova et al. 2007; Gobert et al. 2019). To this aim, the experimental
conditions in the different studies (matrix, initial sugar concentration, initial
nitrogen concentration, yeast strain used, yeast culture conditions before
inoculation...) must be standardized to be able to observe any trend (Rollero et
al. 2018; Gobert et al. 2019). However, a recent study demonstrates that the
nitrogen addition is mainly catabolized and involved in the de novo synthesis of
proteinogenic compounds but not in the formation of volatile compounds (fusel
organic acids, fusel alcohols, and their acetate-ester derivatives) (Crépin et al.
2017). Also, in this study the authors reported that a-keto acid precursors
required for the de novo synthesis come from the catabolism of sugars, with a
limited contribution from the anabolism of consumed amino acids (Crépin et al.
2017).

Yeast metabolism of aromatic amino acids during alcoholic fermentation

The aromatic amino acids (AAA) (L-tryptophan, tyrosine and phenylalanine)
present in grape must are, together with other amino acids (except proline),
ammonium ions and small peptides, sources of so-called YAN (Mas et al. 2014).
Some YAN sources have been reported to be involved in the formation of volatile
compounds in both Saccharomyces and non-Saccharomyces (Vilanova et al.
2007; Barbosa et al. 2012; Gobert et al. 2017, 2019). Yeast metabolism of AAA
can be harnessed in order to modified the aroma and flavor of fermented products
(Cordente et al. 2019). The higher alcohols, also known as fusel alcohols,
tryptophol, tyrosol and 2-phenylethanol derive from the AAA L-tryptophan,
tyrosine and phenylalanine respectively (Figure 1.11). The yeast synthesizes

these aromatic alcohols via the degradative pathway of Ehrlich, which consists of
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a metabolic conversion of the AAA through the three successive steps:

transamination, decarboxylation and reduction (Figure 1.12) (Ehrlich 1907).
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In the first stage of the route, these AAA are deaminated by amino acid
transferases (ARO8, ARO9) generating the intermediate a-keto acids. Sugar
catabolism is another way to generate de novo precursor, the a-keto acid, which
contributes to the production of volatile compounds (Crépin et al. 2017). The
decarboxylation of the a-keto acid to form a ‘fusel aldehyde’ in the second step
of the pathway are conducted by the three pyruvate decarboxylase isozymes
(PDC1/5/6) as well as by the phenylpyruvate decarboxylase (ARO10). Finally,
aldehyde is reduced by six different alcohol dehydrogenases isozymes (ADH1-
6) and by the bifunctional alcohol dehydrogenase and formaldehyde
dehydrogenase (SFA1). In addition to the AAA, the branched-chain amino acids
valine, leucine, isoleucine and the sulfur-containing amino acid methionine, are
catabolized in the same way via the Ehrlich pathway. The amount of higher
alcohols produced from fermentation depends on the quantity of available
nutrients (nitrogen) and also on the genus, species, and strain (El-Dalatony et al.
2019). It should be mentioned that in aerobic glucose-limited chemostat cultures
grown with several amino acids as sole nitrogen sources, the “fusel aldehyde”
undergo oxidation, instead of reduction, forming fusel acids (Hazelwood et al.
2008).

With respect to the anabolism of AAA, yeasts are capable of producing all three
AAA (L-tryptophan, phenylalanine and tyrosine) from the precursor chorismate
through the shikimate pathway. The shikimate pathway consists of 7 sequential
catalytic steps and begins connecting the shikimate route to the central carbon
metabolism with the condensation of phosphoenol pyruvate (PEP), from the
glycolytic pathway, and the erythrose-4-phosphate (E4P), from the non-oxidative
branch of the pentose phosphate cycle, to generate 3-deoxy-D-arabino-
heptulosonic acid 7-phosphate (DAHP) (Figure 1.11) (Gientka and Duszkiewicz-
Reinhard 2009).

The importance and impact of AAA in wine fermentation is high. On the one hand,
the precursors of higher alcohols through the Ehrlich pathway are generated. On
the other hand, there are minority molecules also produced through AAA
metabolism that are worth taking into account, as they could be bioactive
molecules with interesting properties and benefits when consumed (Mas et al.

2014). These molecules are known as bioactive compounds and encompass the
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tryptophan-derivate and tyrosine-derivative compounds, which are detailed in the

following sections (Figure 1.13).
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Figure 1.13. Compounds related with tryptophan and tyrosine metabolism (adapted from

Alvarez-Fernandez, et al. 2019).

Bioactive compounds in wine

Regarding wine composition, the average concentrations of the major
components are water 86%; ethanol, 12%; glycerol and polysaccharides or other
trace elements, 1%; different types of acids, 0.5%; and volatile compounds, 0.5%
(Markoski et al. 2016). Therefore, ethanol, together with other metabolites from
the glycolysis such as glycerol and organic acids, are quantitatively the main
components in wine produced during the AF. However, the improvement of
analytical techniques has allowed the scientific community to identify molecules
in lower concentrations. In fact, wine is a complex mixture of more than hundreds
of molecules present in different concentrations (Nisbet et al. 2014), some from
grapes and some metabolic by-products of the activity of microorganisms during

fermentation. Bioactive compounds are defined as components of food, even in
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low concentrations, that influence physiological or cellular activities when
consumed. Some of the activities exhibited by these compounds include
protection against some of the most prevalent diseases in industrialized
countries, such as cardiovascular disease, diabetes and some types of cancer
(Liu 2013; Maruca et al. 2019). Nevertheless, some wine bioactive compounds
generated under certain conditions can modify the organoleptic properties and
quality of wines. Biogenic amines, for example, nitrogen compounds produced
mainly by the metabolism of microorganisms associated to different stages of the
wine production, can be hazard for humans if they are ingested at high

concentrations (Aredes-Fernandez et al. 2016; Restuccia et al. 2018).

Moderate alcohol drinking based on wine, as part of a healthy diet is recognized
among the major characteristics of the Mediterranean diet which constitutes a
unique model, recommended by many specialists and several dietary guidelines
in different countries. Furthermore, it could be partially responsible for health-
promoting properties observed in the Mediterranean diet. The "French paradox”
highlights the inverse relationship between moderate alcohol consumption and
coronary heart disease among the French population, despite the fact that their
diet is rich in saturated fatty acids (Renaud and Lorgeril 1992). Both white and
red wines are considered as rich sources of antioxidant phenolic compounds.
Since then, research on plausible metabolites to attribute the health promoting
properties in wine has focused primarily on polyphenols. But more recently, new
detected indole derivatives compounds such as serotonin, melatonin or
hydroxytyrosol are receiving attention (Fernandez-Mar et al. 2012; Iriti and Varoni
2014; Aredes-Fernandez et al. 2016; Varoni et al. 2018). Melatonin intake after
wine melatonin-enriched have shown to counteract the physiological decrease of
the endogenous melatonin in the serum (Varoni et al. 2018). Additionally, different
studies both in vivo and in vitro shows that melatonin and hydroxytyrosol present
in wines are more effective compounds than PP in DNA protection against
oxidative attack and against oxidative stress related to the central nervous system
(Marhuenda et al. 2016, 2017; Gallardo-Fernandez et al. 2019).

Although both the fruit and the skin of the grape are sources of bioactive
compounds in wine, the role of the metabolism of microorganisms in the

production of aromatic and bioactive compounds cannot be ignored. Due to the
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extensive knowledge of AF and yeast strains, there has been a great
improvement in fermentation processes resulting in final wines with desired
characteristics, including wines with lower ethanol concentration, greater
organoleptic complexity, increasing phenolic compounds yield, and/or enriched
in bioactive compounds (Barcenilla et al. 1989; Moreno-Arribas and Polo 2009;
Banach and Ooi 2014; Contreras et al. 2014; Cordente et al. 2019). This is really
interesting since consumers have been driven to take a more critical attitude

about what they eat and drink as a requirement of modern life.

Recently, research on molecules derived from yeast metabolism has increased
and could be relevant from different aspects related to yeast regulation and
human health. The properties exerted by these compounds extend the
applications from the use of nutritional supplements to functional ones. However,
the role of these compounds in yeast is still far from being fully understood.
Therefore, expanding research in the field of AAA metabolism in yeast would
provide the theoretical basis for the ability to further modulate the production and
emergence of bioactive compounds in fermented foods, as well as a wide range

of applications in modern nutrition.
Tryptophan derived compounds

Tryptophan AAA, (2S) -2-amino-3- (1H-indole-3-yl) propanoic acid, is a non-polar
amino acid characterized by containing a side chain indole ring, which gives it a
strong hydrophobic character. L-tyrptohan form part of the proteins and its
metabolism is linked to the synthesis of a variety of derived metabolites of which
are involved in numerous anabolic pathways. Therefore, tryptophan is the
precursor to numerous neurologically active compounds such as melatonin,
serotonin, indole acetic acid, kynurenic acid, kynurenine, all of which have
important biological activities and health implications (Davis and Liu 2015). The
concentration of tryptophan in wines reported in bibliography range 3-80000
ng/mL (Ferndndez-Cruz et al. 2018). In contrast to mammalian cells, yeasts are
able to produce tryptophan starting at central metabolic intermediates from
pentose phosphate pathway and glycolysis through the shikimate pathway as it
was mentioned previously. Thus, tryptophan is an essential component of the
human diet, since humans do not possess the enzymes necessary for their de

novo biosynthesis, but only those that perform some catabolic activities, such as
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the breakdown of the indole nucleus of the molecule (Vitalini et al. 2020). In S.
cerevisiae, tryptophol and indole-3-acetic acid (IAA) have been described as the
major metabolites from tryptophan (Rosazza et al. 1973). Thus, despite
tryptophan itself it is not a bioactive compound, it is the precursor to different
compounds related to yeast metabolism such as, kynurerine, kynurenic acid,
triptofol, 1AA, tryptophan ethyl ester, serotonin and melatonin, all of which have
important biological activities and health implications and have been detected in
wines (Maslov et al. 2011; Davis and Liu 2015; Tudela et al. 2016; Fernandez-
Cruz et al. 2017; Antonia Alvarez-Fernandez et al. 2019) (Figure 1.13). Moreover,
other tryptophan-derived molecules also impact on the organoleptical properties

of wines.

IAA and tryptophan are the main precursors of 2-aminoacetophenone, an aroma
compound that is responsible for “untypical ageing off-flavour” of wines and beer
(Palamand and Grigshy 1974; Maslov et al. 2011; Engin 2015). IAA is known as
the major auxin-type phytohormone that regulates many cellular processes and
plant development. However, it has been shown that it can act as a signaling
molecule in microorganisms, and it imparts tolerance to various toxic compounds
and stress conditions in E. coli (Bianco et al. 2006), which means it is capable of
regulating gene expression. Moreover, exogenous administration of IAA in S.
cerevisiae leads to the conversion of vegetative cells into their filamentous form
and promotes yeast invasion, and induces activation of FLO11 (which encodes a
GPl-anchored cell surface glycoprotein). This gene could be essential for nature
yeast cells to infect wound sites in plants (Prusty et al. 2004). It has been also
observed an IAA accumulation in a cell density-dependent manner, by different
S. cerevisiae strains, which supports the role of IAA as a quorum-sensing
molecule (QSM) in yeast. These findings are important since 1AA also induces
transition to hyphal growth (pathogenic form) in the human pathogen Candida
albicans, regulating the virulence factor that confers the ability to infect human
tissues (Fu et al. 2015).

Similarly to 1AA, tryptophol, a fusel alcohol derived from tryptophan, produced by
the Ehrlich pathway (and the other two higher alcohols tyrosol and 2-
phenylethanol) stimulate pseudohyphal growth in S. cerevisiae and have been

shown to be QSM under nitrogen limitation and to regulate the induction of
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pseudohyphae formation according to the local population density (Chen and
Fink 2006; Avbelj et al. 2015). Nutrient limitation also promotes induction of
pseudohyphae formation and increased invasive growth in non-Saccharomyces
species (Gonzalez et al. 2018a). The synthesis of this autosignaling alcohols in
yeast seems to be regulated by high population density, but also by nutrient
availability like nitrogen limitation and/or elevated glucose (Chen and Fink 2006;
Gonzalez et al. 2018b). Finally, tryptophol addition on minimal medium and
synthetic grape must have been found to cause a decrease in growth and affects
fermentation kinetics during AF respectively, for both Saccharomyces and non-
Saccharomyces (Gonzalez et al. 2018a; Valera et al. 2019). The affectation on
growth was observed in a dose-dependent manner and the sensitivity to
tryptophol was strain-dependent, being S. cerevisiae strains the more resistant
(Gonzélez et al. 2018a). In wines and beers, tryptophol has been detected in

mg/L range (Hornedo-Ortega et al. 2016; Fernandez-Cruz et al. 2018).

Tryptamine is the BA generated by tryptophan decarboxylation and it has been
detected in red wines at mg/L (Anl and Bayram 2009). BAs in wines have been
studied extensively for 30 years and particularly over the last decade, as a
conseqguence of the increasing attention to consumer protection (Restuccia et al.
2018), since they can present undesirable toxic effects for consumers when
absorbed at too high concentration (Ancin-Azpilicueta et al. 2008). The formation
of amines has been observed during AF due to the metabolism of different strains
of yeast, but also due to the action of LAB during MLF (Lonvaud-Funel 2001;
Garde-Cerdan and Ancin-Azpilicueta 2008; Manfroi et al. 2009; Fernandez-Cruz
et al. 2017; Restuccia et al. 2018). In yeast, the metabolization of tryptamine into
N-acetyltryptamine have been described for both Zygosaccharomyces priorianus

and S. cerevisiae (Rosazza et al. 1973).

In the pineal gland, 5-methoxytryptamine, which is one of the biogenic
monoamines, can be formed from melatonin, 5-methoxytryptophan and serotonin
and it is catabolized by monoamine oxidase (MAO) into 5-methoxyindole-3-
acetaldehyde. This compound, can be either converted by aldehyde
dehydrogenase to 5- methoxyindole-3-acetic acid, or by alcohol dehydrogenase
to 5-methoxytryptophol (Hardeland 2010). 5-Metoxytryptamine together with 5-
methoxytryptophol and 5-methoxy-indole acetic acid are active pineal indole
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molecules with endocrine relevant effects (Lissoni et al. 1998, 2003). In vitro
studies with cell lines have been shown that the 5-methoxytryptamine was more
potent than melatonin in inhibiting growth of several tumor cell lines (Leone et al.
1988; Shellard et al. 1989; Sze et al. 1993). Sze et al. (1993) reported that the
order of the inhibitory potency of the indoles was: 5-methoxytryptmine >
melatonin, 5-methoxytryptophol, hydroxytyrosol and methoxyindoleacetic acid >
serotonin and 5-hydroxyindoleacetic acid. Not only in vitro, but in biological
clinical studies it was observed that 5-methoxytryptamine may further improve
the efficacy of melatonin alone (Lissoni et al. 2000, 2001). Similar results were
obtained in a study conducted with the simultaneous use of melatonin with 5-
methoxytryptamine and 5-methoxytryptol in the modulation of anticancer (Lissoni
2006). In lower eukaryotic unicellular organisms, such as Gonyaulax polyedra,
5-methoxytryptamine is also produced (increasing the concentration when
exposed to low temperatures (Fuhrberg et al. 1997)) and has been related with
cyst formation (Balzer and Hardeland 1991a), bioluminescence stimulation
(Balzer and Hardeland 1991b) and cytoplasmic acidification (Hardeland 2007). In
yeast, the presence of 5-methoxytryptamine has been reported both as a
metabolite product of melatonin by N-acetylation and as a substrate for its
production (Sprenger and Hardeland 1999; Sprenger et al. 1999; Ganguly et al.
2001). In G. polyedra, 5-methoxytryptamine seems to represent primarily a
product metabolite rather than a precursor of melatonin, however, if serotonin is
available at high concentrations or when the activity of the melatonin-
deacetylating aryl acylamidase is low, melatonin is then formed from 5-
methoxytryptamine (Hardeland 1993).

Serotonin, is an ancient indoleamine which is a key neurotransmitter that
modulates a wide variety of functions in humans and is the precursor of melatonin
in response to signals from the circadian clock through N-acetylserotonin
intermediate (Engin 2015; Olivier 2015; Hornedo-Ortega et al. 2016, 2018c).
Serotonin is found in beers and wines reaching levels of mg/L, mainly as a result
of MLF but also yeast can produce it since it has been quantified in the
intracellular compartment (Manfroi et al. 2009; Wang et al. 2014; Fernandez-Cruz
et al. 2019). Regarding the effect of serotonin in S. cerevisiae, some years ago it
was discovered that serotonin produced by yeast was related to photo-induced
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synthesis in response to UV radiation (Strakhovskaia et al. 1983). In a more
recent study, a clear inhibition of yeast growth was observed at concentrations of
serotonin above 500 mg/L (Gonzélez et al. 2018a), which is in agreement with
antifungal in vitro activity previously observed (Lass-florl et al. 2002; Lass-Florl et
al. 2003). However, since the concentrations used in this study were much higher
than those produced by S. cerevisiae under natural conditions, the effects
observed are not physiologically relevant (Winters et al. 2019), and further
research is required to explore the role of serotonin in yeast.

Traditionally N-acetylserotonin, also known as a normelatonin, was considered
only a metabolite intermediate in melatonin biosynthesis from serotonin.
However, due to different patterns of brain distribution as well as its own
properties exhibited, N-acetylserotonin have been hypothesized to be more than
just a melatonin precursor (Jang et al. 2010; Sompol et al. 2011). N-
acteylserotonin has been reported to exhibit antioxidant and antiaging activities
as well as to improve cognition and protect against B-amyloid-induced
neurotoxicity, preserving optimal fluidity of the biological membranes (Oxenkrug
et al. 2001; Garcia et al. 2014; Alvarez-Diduk et al. 2015). Similar to 5-
methoxytrypamine, N-acetylserotonin can be both a substrate (via N-acetylation
of serotonin) and a catabolite of melatonin (Young et al. 1985). The disruption of
serotonin/N-acetylserotonin/melatonin pathway has been proposed as a
biomarker for autism spectrum disorders since is a very frequent trait in patients
(Pagan et al. 2014). N-acetylserotonin has been detected in wine during AF
(Tudela et al. 2016; Fernandez-Cruz et al. 2018), produced by yeast (Sprenger
et al. 1999), and in its intracellular compartment (Fernandez-Cruz et al. 2019).
However, there is a paucity of information on the activity of N-acetylserotonin in

yeast.
Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) was isolated and identified for the first
time from the pineal gland in vertebrates by Lerner et al. and, therefore, was
considered as neurohormone (Lerner et al. 1958, 1959). Historically, melatonin
was thought to be uniquely of pineal gland origin. However, it is now clear that
this is not the case, since only vertebrates have a pineal gland, while other animal

species and plants lack even a homologous organ (Reiter et al. 2018). Nowadays,
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melatonin has been detected in several phylogenetically distinct organisms
including bacteria, fungi, nematode, plants and animals (Tan et al. 2016).
Therefore, the exclusive concept of melatonin as neurohormone has become
outdated. It is speculated that melatonin evolved in bacteria prior to the
endosymbiotic process and its origins may be traced back to more than 3.0-2.5

billion years ago (Manchester et al. 2015).

As for its structure, melatonin is a biogenic indolamine that belongs to the family
of methoxyindoles, with a molecular weight of 232 Daltons. It possesses an
indolic-type ring with two functional groups, a methoxy group at position 5 and an

N-acetylaminoethyl group at position 3 (Figure 1.14.A).
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Figure 1.14. Chemical structures of melatonin (A) and proposed melatonin isomers (B). The
numbers identify the positions on the indole ring and the A or M represents the side chain A and

side chain M, respectively (Tan et al., 2012).

Theoretically, either one of these two groups can be potentially relocated to any
one of the seven positions in the indole ring to form melatonin isomers (MIs).
Based on the possible positions of the two side chains on the indole nucleus of
melatonin (only seven positions are available for occupation by the side chains),
it has been calculated that as many as 42 melatonin isomers (MIs) (6 x 7) could
exist (Tan et al. 2012, 2014b) (Figure 1.14.B). These two side chains are decisive
in the specificity of receptor binding as well as for the amphipathic character of

the molecule.

The physicochemical properties of melatonin allow it to easily cross the lipid
membranes of cells and the blood-brain barrier. This is important since
considering the extended distribution of both cellular membrane receptors, the
existence of nuclear binding sites/receptors as well as the fact that some of

melatonin's actions are receptor independent, means that after administered
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exogenously, melatonin probably works in every cell it comes in contact with (
Reiter et al. 2000; Reiter et al. 2007).

Melatonin actions in different organisms

It has been hypothesized that melatonin emerged as an antioxidant and radical
scavenger when appeared in early photosynthetic prokaryotic bacteria (Tan et al.
2013; Manchester et al. 2015; Zhao et al. 2019), in order to neutralize the toxic
molecular O2 derivatives that were produced during photosynthesis (Reiter et al.
2017), and the other secondary functions of melatonin came about much later in
evolution (Manchester et al. 2015). Melatonin has retained, until the present time
and in all organisms, its ability to control oxidative stress and many in vitro and in
vivo studies have contributed to demonstrate this evidence (J. Reiter et al. 2000;
Bonnefont-Rousselot and Collin 2010; Galano et al. 2011; Pan et al. 2015).
Melatonin protects various biomolecules against damage caused by free radicals
by acting as a direct scavenger to detoxify reactive oxygen and nitrogen species.
Also indirectly, melatonin can reduce oxidative stress by increasing the activities
of antioxidant defense systems; stimulating the expression and function of a
series of antioxidant enzymes, as well as interacting synergistically with other
antioxidants (e.g. glutathione); and increasing the efficiency of the mitochondrial
electron transport chain (Antolin et al. 1996; Urata et al. 1999; Martin et al. 2000;
Gitto et al. 2001; Lopez-Burillo et al. 2003a; Rodriguez et al. 2004; Lopez et al.
2009). The final oxidation products of these reactions are cyclic 3-hydroxy
melatonin, N!-acetyl-5-methoxykynuramine (AMK), N!-acetyl-N2-formyl-5-
methoxykynuramine (AFMK), and melatonin hydroxylated at either 2, 4, or 6
position (Hirata et al. 1974; Tan et al. 2001; Horstman et al. 2002; Hardeland
2017a). Some of these metabolites also possesses antioxidant activity like
melatonin itself and sometimes it also possesses biological activities (Lépez-
Burillo et al. 2003b; Tan et al. 2015; Lee et al. 2016; Galano and Reiter 2018;
Pérez-Gonzalez et al. 2018; Zhao et al. 2019).

Melatonin’s additional functions have been widely studied in a variety of
organisms in animal and plant kingdoms. A large number of studies have shown
that melatonin plays an important role in sleep, chronobiotic and chronobiological
regulation, in cellular aging and in age-related, anti-inflammatory and

immunoregulatory diseases, as well as anticancer for some types of cancer in
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animals (Mediavilla et al. 2011; Escriva et al. 2016; Fathizadeh et al. 2019).
Recently, it has been suggested that melatonin may be a complementary or even
regular therapy for deadly viral infections including SARS, MERS, COVID-19,
Ebola and avian flu, due to the ability to control the innate immune response and
reduce inflammation derived from the infection (Tan et al. 2014a; Anderson et al.
2015; Bahrampour Juybari et al. 2020; Reiter et al. 2020; Tan and Hardeland
2020). The European Food Safety Authority (EFSA) has given a scientific opinion
on the evidence of melatonin's health properties with sleep health, with a
melatonin dose between 0.5 and 5 mg (EFSA 2010). Furthermore, it has been
demonstrated that intake of a glass of melatonin-enriched red wine changed
serum levels of the indoleamine, representing a dietary source (Varoni et al.
2018).

In plants, melatonin has been related to physiological aspects, such as
germination, growth, rooting, fruiting, parthenocarpy, maturation, delayed
senescence, and postharvest. But also, it has been recognized that melatonin
can act as a protector and relief agent against stressors, both biotic and abiotic,
such as ultraviolet (UV) light, drought, temperature variations, high salinity,
cadmium salts and environmental toxins. (Arnao and Hernandez-Ruiz 2015,
2018, 2020; Pelagio-Flores and Lopez-Bucio 2016; Bhattacharjee 2018).

Physiological role of melatonin in yeast

Unicellular organisms like dinoflagellate Gonyaulax polyedra also produce
melatonin, which regulate cyst formation. This physiological process occurs
according to photoperiodicity, in which melatonin photooxidation plays an
important role in metabolic regulation (Hardeland et al. 1995). In yeast, circadian
behavior has also been reported as a systematic circadian metabolism in
response to cyclic environment stimuli (Eelderink-Chen et al. 2010), but the role
of melatonin in metabolic rhythms remain unclear. So, regarding physiological
role of melatonin in yeast, it is still a novel topic based on the number of
publications in recent years, which are still scarce compared to melatonin in
relation to other organisms (Figure 1.15), although some recent studies have been
shown that melatonin can act as antioxidant in both Saccharomyces and non-
conventional yeast (Vazquez et al. 2017, 2018; Bisquert et al. 2018). In S.

cerevisiae, melatonin significantly alleviates the oxidative stress generated during
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stationary phase as well as by different stimulators of reactive oxygen species
(ROS) production such as menadione or hydrogen peroxide (H202) (Vazquez et
al. 2017, 2018; Bisquert et al. 2018; Zampol and Barros 2018). Also, melatonin
has been shown to regulate gene expression of genes related to antioxidant
defense and increases peroxisome accumulation (Wang et al. 2015; Vazquez et
al. 2018). Moreover, the presence of melatonin modulates cell fatty acids
composition, increasing oleic and palmitoleic acids, leading to higher unsaturated
fatty acids / saturated fatty acids (UFA/SFA) ratios, which have been previously

related to greater H202 tolerance (Owsiak et al. 2010; Vazquez et al. 2018).
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Figure 1.15. Evolution of publications on topics "melatonin yeast" (A), "melatonin plants"
(B) and "melatonin mammals" (C) since 1993. For 2020, the data correspond to the first month

of the year.

During winemaking process yeast are exposed to a number of stressors, each
with the potential to cause cellular damage and impair fermentation performance,
including sugar substrates-induced high osmolarity, increased ethanol

concentration, oxygen metabolism-derived ROS, and elevated/low temperature
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(Gibson et al. 2007; Auesukaree 2017). Given that the origin of melatonin
indicates that its main function is strongly related to the defense against oxidative
stress, it makes sense that melatonin in yeasts, as has been seen in other

organisms, could maintain this function.

Otherwise, a screening of Saccharomyces and non-Saccharomyces strains
revealed that melatonin synthesis took place at the end of the exponential growth
phase, and its presence during fermentation followed a zigzag pattern that
appeared and disappeared (Fernandez-Cruz et al. 2017; Morcillo-Parra et al.
2019b). These results were also corroborated during grape must fermentation
(Alvarez-Fernandez et al. 2018). The interaction of melatonin with glycolytic
proteins in yeast indicates a possible role in melatonin transport through
membranes, a feature that has also been reported in mammals, where the
relation between melatonin and glucose transporters and glucose metabolism
was assessed (Hevia et al. 2015). These findings also support a possible role as
a growth signal molecule and its production have been correlated with a yeast-
growth phase (Valera et al. 2019).

Melatonin biosynthesis

Melatonin biosynthetic pathway in animals and plants consists in four enzymes
involved in the conversion of tryptophan to melatonin. In animals, the pathway
has been intensively investigated and fully characterized and the four sequential
enzymes consist of: tryptophan hydroxylase (TPH), aromatic L-amino acid
decarboxylase (AADC), serotonin N-acetyltransferase (SNAT) (official name in
vertebrates: aralkylamine N-acetyltransferase (AANAT)), and N-acetylserotonin
O-methyltransferase (ASMT) (formerly hydroxyindole-O-methyltransferase
(HIOMT)), respectively. This pathway is also known as “classic melatonin
pathway” and it allows the metabolite conversion as follows:
tryptophan/serotonin/N-acetyl serotonin/melatonin (Tan et al. 2014b, 2016). In
plants however, up to six different enzymes are known to be involved in the
conversion of tryptophan to melatonin, suggesting the existence of multiple
pathways (Back et al. 2016). The enzymes involved are the same four as in
animals (TPH, AADC, AANAT/SNAT, ASMT/HIOMT), but tryptamine 5-
hydroxylase (T5H) and caffeic acid O- methyltransferase (COMT), are related to
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melatonin synthesis only in plants (Figure 1.16). Furthermore, depending on the
growth condition, two different main pathways based on enzyme kinetics have
been proposed. Under normal growth conditions, the route that is followed is that
of tryptophan/tryptamine/serotonin/N-acetyl serotonin/melatonin, and under
certain conditions the alternative route is that of
tryptophan/tryptamine/serotonin/5-methoxytryptamine/melatonin, which  can
occur when plants produce large amounts of serotonin, as in senescence (Back
et al. 2016).

Whereas in plants and animals the route is well known, in yeast remains to be
unidentified. It has been suggested that melatonin pathway in S. cerevisiae
seems to be similar to the synthetic route and enzymes described in animals
(Figure 1.16), however 5-methoxytryptamine was shown to cause rises in
melatonin levels (Sprenger et al. 1999). With regard to yeast genes and enzymes
involved in melatonin synthesis, only the homolog of the mammalian AANAT has
been described and characterized (Ganguly et al. 2001). This gene encodes for
a polyamine acetyltransferase and is named PAAL (Liu et al. 2005). The ORF of
this gene was cloned and kinetic studies on its substrate specificity in vitro were
conducted. The Kms of PAAL with 5- methoxytryptamine and serotonin were 2.7
+ 0.6 and 5.1 + 0.4 mM, respectively. The calculated catalytic efficiency of the
reaction with 5-methoxytryptamine was approximately seven-fold greater than
that with serotonin (Tan et al. 2016). All these data suggest that, similar to what
happens in plants, the production of melatonin from 5-methoxytryptamine through
SNAT activity as a last step in the pathway could happen. However, further
studies on PAA1 are required, in order to determine the physiological significance
of these route in yeast, as well as to find the remaining genes in the pathway.
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Figure 1.16. Tryptophan conversion pathways showing formation of different indolic
compounds, including melatonin, described for mammals (black arrows), plants (green
arrows) and yeast (red arrows). 3-1AA, 3-indoleacetic acid; 3-1AD, 3-indole acetaldehyde; 3-
IPA, 3-indolepyruvic acid; 5-HT, 5-hydroxytryptamine; 5-HTRP, 5- hydroxytryptophan; 5-MTRY,
5-methoxytryptamine; L-TRP, L-tryptophan; MEL, melatonin; NA5-HT, N- acetyl-5-
hydroxytryptamine; TOL, tryptophol; TRY, tryptamine (Fernandez-Cruz et al., 2017)

Melatonin and melatonin isomers occurrence in food, fermented beverages

and yeast cells

Melatonin was first reported in grapes in 2006 and in wine in 2008, so the
presence of melatonin in food products derived from fermentation is no exception
as evidenced by various publications in the last decade (Table I.1) (Iriti 2009;
Meng et al. 2017; Juhnevica-Radenkova et al. 2020).
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Table 1.1. Concentration of melatonin in various fermented food and beverages. Grape varieties represented are Sangiovese (Sg), Trebbiano (Tb),
Chardonnay (Ch), Malbec (Mb), Cabernet Sauvignon (CS), Petit Verdot (PV), Syrah (Sh), Prieto Picudo (PP), Tempranillo (Tp), Merlot (Ml), Palomino Fino (PF),
Tintilla de Rota (TR), Gropello (Gp), Alaban (Ab), Garnacha (Gc), Corredera (Cr), Moscatel (Ms), Sauvignon Blanc (SB), Vijiriega (Vj), Nebbiolo (Nb).

Fermented product

Melatonin concentration

Analytical method

Reference

Sg and Tb wine
Ch, Mb, CS wine
Beer

PV, Sh, CS, PP, Tp

CS, MI, PF, Syrah, Tp, TR
wine

Gp, Ml wine

Ab, Sg, Tb wine
Pomegranate wine

Red, white and dessert
wines

Beer

Fermented orange juice
Beer

Bread

Yogurt

Mulberry wine

Tp, Gc wine

Cr, Ch, Ms, PF, SB,Vj and
Tp wine

Nb wine

0.4-0.5 ng/mL
0.16-0.32 ng/mL
51.8-169.7 pg/mL

140.5-277.5 pg/mL (ELISA); 5.1-129.5
ng/mL (HPLC-MS/MS)

74.13-423.01 ng/mL

5.8-8.1 ng/mL
0.3-1.5 ng/mL
0.54-5.50 ng/mL

0.05-0.62 ng/mL

58-169 pg/mL
3.15-21.80 ng/mL
94.50 pg/mL
138.10-341 pg/g
126 pgl/g
3.41-14.20 ng/mL
0.03-161.83 ng/mL

0.07-322.70 ng/mL

0.038-0.063 ng/mL

SPE-HPLC-F
CE+HPLC-UV
ELISA

ELISA, HPLC-F and HPLC-ESI-
MS/MS

HPLC-MS/MS

UHPLC-MS/MS
MEPS-HPLC-F
HPLC-ESI-MS/MS

UHPLC-MS/MS

ELISA
UHPLC-QqQ-MS/MS
HPLC-MS/MS
HPLC-MS/MS
HPLC-MS/MS
HPLC-ESI-MS/MS
UHPLC-Q@Q-MS/MS

UHPLC/HRMS

SPE-HPLC-FL UHPLC/ESI-
QTRAP

(Mercolini et al. 2008)
(Stege et al. 2010)
(Maldonado et al. 2009)

(Rodriguez-Naranjo et al. 2011a)

(Rodriguez-Naranjo et al. 2011b)

(Vitalini et al. 2011)
(Mercaolini et al. 2012)
(Mena et al. 2012)

(Vitalini et al. 2013)

(Garcia-Moreno et al. 2013)
(Fernadndez-Pachén et al. 2014)
(Kocadagli et al. 2014)
(Kocadagli et al. 2014)
(Kocadagli et al. 2014)
(Wang et al. 2016)
(Marhuenda et al. 2016)

(Fernandez-Cruz et al. 2018)

(Fracassetti et al. 2019)
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The fact that S. cerevisiae is the primary responsible for alcoholic fermentation
could imply a role in melatonin synthesis by yeast. This hypothesis was
unequivocally demonstrated by Rodriguez-Naranjo et al. (2011). These authors
conducted the winemaking process and monitored melatonin synthesis during
alcoholic fermentation. They observed melatonin production from musts that
lacked melatonin initially, before being converted into wine. Subsequently, they
evaluated the capacity of melatonin production in a synthetic medium and
observed that the growth phase of the yeast and the composition of the medium,
especially the concentrations of tryptophan and reducing sugars, affected the
synthesis of melatonin in a different way depending on the yeast strain
(Rodriguez-Naranjo et al. 2012). Although, the synthesis of melatonin by S.
cerevisiae under laboratory conditions was previously demonstrated by Sprenger
et al. (1999). After these initial works, different studies have focused on
demonstrating the production of melatonin by both Saccharomyces and non-
Saccharomyces in different media (Vigentini et al. 2015; Fernandez-Cruz et al.
2016, 2017, 2018; Fernandez-Cruz et al. 2019). A very recently study was
focused on the evaluation of the effects of different fermentation parameters in
melatonin synthesis including sugar and nitrogen concentration, temperature or
initial population (Morcillo-Parra et al. 2020a). In this study, sugar content and
low temperature (12°C) were the parameters with an impact on intracellular
melatonin production profile, being low temperature the condition that led the

higher production.
Tyrosine derived compounds

Tyrosine (4-hydroxyphenylalanine) is the main precursor of tyrosol, which is
produced by yeast from the amino acid in a directly proportional manner (Garde-
Cerdan and Ancin-Azpilicueta 2008), and hydroxytyrosol, which is formed by
tyrosol hydroxylation (Figure 1.17).
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Figure 1.17. Schematic representation of tyrosol formation from tyrosine through Ehrlich
pathway in yeast and the hydroxylation which produces hydroxytyrosol (adapted from
Vilela, 2019).

Both tyrosol and hydroxytyrosol belong to phenolic compounds (PC), molecules
containing a benzene ring bearing one or more hydroxyl groups, and are the main
PC present in olives, virgin olive oil and waste water obtained during the
production of olive oil (Tripoli et al. 2005), but they are also present in wine. Red
wine is known to contain more phenolic compounds than white wine (Aredes-
Fernandez et al. 2016). The PC of wine are very important since they determine
important sensorial characteristics, particularly color, mouthfeel, astringency and
bitterness, and they are also involved in health promoting properties including
antioxidant, anticarcinogenic, and antibacterial properties (Renaud and Lorgeril
1992; Tripoli et al. 2005; Sabel et al. 2017). Several studies have focused on the
identification and quantification of hydroxytyrosol and tyrosol in wine (Chamkha
et al. 2003; Proestos et al. 2005; Boselli et al. 2006; De La Torre et al. 2006;
Pifieiro et al. 2011). Hydroxytyrosol was first detected in Italian wines (Di
Tommaso et al. 1998). Different works have been also focused in quantifying the
impact of yeast or different factors (temperature, alcoholic degree, etc...) on the
production of such molecules (Silva et al. 2005; Bordiga et al. 2016; Alvarez-
Fernandez et al. 2018; Guerrini et al. 2018).

Tyrosol (p-hydroxy phenyl ethanol) has been detected in different alcoholic
beverages such as red or white wine, beer or sake, and it has been found to play
a role on the aroma and taste (Silva et al. 2005; Soejima et al. 2012).
Bioavailability of tyrosol in humans from both virgin olive oil and red wine has
been demonstrated (Covas et al. 2003; Boronat et al. 2018). Dietary tyrosol has
been reported to be endogenously transformed into hydroxytyrosol through
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cytochrome P450s (Rodriguez-Moraté et al. 2017). Furthermore, tyrosol has
been described as a cardioprotective, antioxidant and anti-inflammatory agent
(Muriana et al. 2017), and its presence in wine has been related to some of the
positive effects of moderate wine consumption (Vitalini et al. 2011). In yeast,
along with tryptophol and 2-phenylthanol, as explained above, tyrosol is a QSM
linked with the stimulation of population density-dependent pseudohyphal growth

in S. cerevisiae (Gonzalez et al. 2018b).

Hydroxytyrosol (3,4-dihydroxyphenyl ethanol) is one of the most potent dietary
antioxidants (Boronat et al. 2018) which displays much more effective antioxidant
activity than other PC (Hu et al. 2014). Bioavailability studies have demonstrated
that hydroxytyrosol is dose dependently absorbed in humans after its ingestion
(Visioli et al. 2000).

Hydroxytyrosol is present at high concentration in the leaves of the olive tree
(Olea europaea L.) and in olive oil, where it is produced from the hydrolysis of
oleuropein (the ester of elenolic acid with hydroxytyrosol) by an esterase
(Rodriguez-Gutiérrez et al. 2011) (Figure 1.18).
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Figure 1.18. Biosynthesis of hydroxytyrosol in Olea europea L. and olive related food-stuff
(Fernadndez-Mar et al., 2012)

In wines, the hydroxytyrosol concentrations are always lower than they usually

are in extra virgin olive oil or extracts from leaves. The presence of hydroxytyrosol
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in wines has been related not only to microorganisms activity during alcoholic and
malolactic fermentation, but also to the hydroxylation of tyrosol into
hydroxytyrosol by the enzyme polyphenol oxidase present in grapes (EC
1.14.18.1) (Garcia-Garcia et al. 2013; Bordiga et al. 2016; Alvarez-Fernandez et
al. 2018; Rebollo-Romero et al. 2020). Regarding yeast production only few
studies have been conducted and the results obtained suggest a strain-specific
production and may depend on different fermentation variables (Romboli et al.
2015; Bordiga et al. 2016; Alvarez-Fernandez et al. 2018; Guerrini et al. 2018;
Rebollo-Romero et al. 2020)

Numerous studies have demonstrated the beneficial effects of hydroxytyrosol on
human health and preventing diseases. The roles of hydroxytyrosol in
cardiovascular and respiratory diseases, metabolic syndrome, neuro- and skin-
protection, antitumor formation, as well as anti-inflammatory effects are well
detailed in the review of Robles-Almazan and other publications (Hornedo-Ortega
et al. 2018b; Robles-Almazan et al. 2018; Gallardo-fern et al. 2020). The
biological activity of both tyrosol and hydroxytyrosol (Karkovic Markovic et al.
2019), along with their high degree of bioavailability, has led to consider the
recommendation for inclusion in the diet and for use as nutraceuticals (Garcia-
Garcia et al.,, 2013). The EFSA has given a positive opinion on the use of
hydroxytyrosol up to 20 mg/kg/day (EFSA 2011), although dosage of 50 mg/kg
body weight per day haven’t shown adverse effects (EFSA 2017 2017).

Despite the reported biological importance of hydroxytyrosol, it is worth
mentioning that most of the desired health effects have been obtained in recent
works by using the purified form. Pure forms are commercially available only for
research purposes and can reach really high prices compared with extracts from
olive leaves in an un-purified form (Achmon and Fishman 2015). For instance, 19
of hydroxytyrosol with 298% of purity can range from 8,240 to 13,600 € while 1 g
of tyrosol from the same distributor does not reach 10 € (Sigma-Aldrich). This
high price can be attributed to low yields obtained by the majority of the
hydroxytyrosol production processes described in the literature. Since olive tree
derivatives are the most accessible source, the majority hydroxytyrosol products

comes from extraction from olives or olive oil waste streams (Figure 1.19), being
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the last a much favorable source due to the fact that it originates from a by-
product. However, the product extraction from any of these sources is a long
process and yields low recovery rates, which can vary seasonally from batch to
batch.

Additionally, chemical synthesis methods have been reported, but they usually
involve toxic solvents and expensive starting material making it sometimes
unsuitable (Zhang et al. 2012; Achmon and Fishman 2015; Britton et al. 2019).

Spanish company named “Seprox Biotech” (www.seprox.es) have been

developing a synthetic process based on a precursor of the 2-(3,4-
dihydroxyphenyl) acetic acid, which was reported leading 99% pure
hydroxytyrosol granting the GRAS qualification by the FDA (Food and Drug
Administration) (Gomez-Acebo 2015).

Finally, the third method for the synthesis of hydroxytyrosol consists in the
biotechnological production of hydroxytyrosol. Both, “purified enzyme or cell-free
extracts” and “whole cell”’ have been used as a biocatalyst for hydroxytyrosol
production, and are very well reviewed by Britton et al. (2019). The principal
advantage of using whole cells is that it allows the production of compounds
through multi-step reactions, with cofactor regeneration, with high region- and
stereo-selectivity, under mild operational and environment-friendly conditions.
Therefore, microbial products obtained can be labelled as ‘natural compounds’,
making fragrances and food additives potentially be recognized as GRAS
substances, increasing their value to increasingly health-conscious consumers
(de Carvalho 2017). Hydroxytyrosol has been successfully obtained by bacterial
whole cells from both engineered cells with an artificial pathway (Figure 1.20), and
non-engineered cells (Allouche et al. 2004; Allouche and Sayadi 2005; Bouallagui
and Sayadi 2006; Brooks et al. 2006; Liebgott et al. 2009, 2007; Brouk and
Fishman 2009; Santos et al. 2012b; Satoh et al. 2012; Xue et al. 2017a; Chung
et al. 2017; Li et al. 2018, 2019; Trantas et al. 2019; Chen et al. 2019; Yao et al.
2020).
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Figure 1.19. Flow diagram overview of hydroxytyrosol extraction methods from olive tree

derivatives (adapted from Briton et al., 2019)

All these works have been carried out using bacteria, however, S. cerevisiae, as
a factory to produce hydroxytyrosol, has different advantages that make it a very
interesting potential candidate for hydroxytyrosol overproduction. First, tyrosol is
easily obtained in high concentrations by yeast from tyrosine
(Sentheshanmuganathan and Elsden 1958). Indeed, Saccharomyces genes
involved in these reactions have been heterologous expressed in E. coli to
overproduce tyrosol and hydroxytyrosol (Xue et al. 2017a; Li et al. 2018).
Additionally, through rational metabolic engineering, tyrosine and tyrosol yields
from glucose have been significant improved (Gold et al. 2015; Gottardi et al.
2017; Averesch and Kromer 2018; Guo et al. 2019). Second, tyrosol and
hydroxytyrosol have been shown toxicity on bacterial cultures, limiting the amount
of hydroxytyrosol produced (Allouche et al. 2004; Liebgott et al. 2007) or needing
an in situ removal of them from the culture media (Li et al. 2018). Conversely,
tyrosol has no effect on the growth of Saccharomyces strains. Although
hydroxytyrosol can affect growth, further studies should be conducted due to
different hydroxytyrosol concentrations are produced by different wine strains
(Romboli et al. 2015; Alvarez-Fernandez et al. 2018), and, thereof, the sensitivity

could be also strain-dependent (Gonzélez et al. 2018a; Canal et al. 2019). Thus,
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choosing budding yeast S. cerevisiae as the host is a promising biotechnological

way to increase the hydroxytyrosol levels during AF.
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Figure 1.20. Biotechnological whole-cell pathways for the production of hydroxytyrosol.
Enzymes responsible for each reaction are abbreviated as follows: KDC, ketoacid decarboxylase;
ADH, alcohol dehydrogenase; AAS, aromatic acetaldehyde synthase; HpaBC, 4-
hydroxyphenylacetic acid 3-hydroxylase; HpaBC*, 4- hydroxyphenylacetic acid 3-hydroxylase
with tyrosol and tyramine hydroxylase activity; TyrB, aromatic-amino-acid aminotransferase; TH,
tyrosine hydroxylase; Tyr, tyrosinase; AADC, aromatic acetaldehyde de- carboxylase; yahK,
aldehyde reductase; TDC; tyrosine decarboxylase; DDC, L-DOPA decarboxylase; TYO, tyramine
oxidase; AAS, aromatic acetaldehyde synthase; EER, endogenous E.coli reductase; TMO,
toluene monooxygenase; CAR, carboxylic acid reductase; PT, phosphopantetheinyl transferase;
NBDO, nitrobenzene dioxygenase; HPAH-H, 4-HPA 3-hydroxylase; PH, phenol hydroxylase.
(Adapted from Britton et al. 2019)

Hydroxytyrosol application in wine fermentation

Hydroxytyrosol is drawing attention for its possible application in the winemaking
process due to its antioxidant and antibacterial properties. This is because the
addition of SOz is widely used as a preservative in musts and wines during the
winemaking (and in most food industries) to control the bacterial growth of
undesirable LAB and acetic acid bacteria, as well as against wine oxidation
(Santos et al.,, 2012). However, allergies caused by SO2-derived compounds

(sulfites) are becoming more frequent between sensitive individuals. Quantities
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ranging from 20 to 50 mg can cause different symptoms including headaches,
nausea, gastric irritation, dermatitis/urticaria, angioedema, breathing difficulties
and anaphylaxis (Vally and Thompson 2003; Vally et al. 2009). Consequently,
the legislated maximum concentration of SO: allowed in wines has been
gradually reduced (Santos et al. 2012a) and food products, including wine, with
SOz concentration higher than 10 mg/L or 10 mg/kg (Directive 2003/89/EC) must
be labelled with the phrase “containing sulfites” (Lisanti et al. 2019). Therefore,
there is increasing concern about the health risks connected with these enological
additives and high interest in finding alternatives. The application of natural
antioxidants as preservatives in food industry is an emerging practice that is
gaining importance lately in order to allow reduction or even elimination of SOz2.
In this context, hydroxytyrosol could be an interesting candidate as a novel food
preservative due to its antioxidant capacity and its antimicrobial activity since is
naturally found in wine and higher concentrations may provide a healthier wine
with added-value. Ruiz-Moreno et al. (2015) were the first authors who tried to
replace SO2 in model wine system with hydroxytyrosol-enriched extract (HTE)
from olive mill solid waste. The authors observed, for an equivalent
hydroxytyrosol concentration about 80 mg/L, that the antimicrobial activity was
comparable to that of the same dose of SOz against some wine microorganisms
(Hanseniaspora uvarum, Candida stellata, Lactobacillus plantarum, Pediococcus
damnosus, and Acetobacter aceti), while its efficacy was higher than SOz against
Oenococcus oeni and lower against Dekkera bruxellensis and Botryotinia
fuckeliana. So the authors concluded that HTE itself was not sufficient inhibiting
the maximum number of spoilage microorganism in winemaking, but they
suggested further studies on different SO2/HTE combinations to enlarge the
microbial spectra and to reduce the odor contribution from HTE (Ruiz-Moreno et
al. 2015). In similar works, two different commercial products enriched in
hydroxytyrosol (HTB coming from chemical synthesis and HTG coming from
natural extract from olive by products) were evaluated in wines as a SO:
alternative (Raposo et al. 2015, 2016). In white wine, no significant differences
were found in enological parameters and volatile composition (esters, alcohols
and acids). However, significant differences were observed in color related
parameters, antioxidant capacity, sensory analysis and olfactometric profile

(especially in HTG treated wines). The point in the winemaking process where
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these significant differences were observed in SO2-free wines was during bottle
storage. For this reason, the authors recommended more studies on the joint use
of hydroxytyrosol and with some other antioxidant additive (ascorbic acid, low
concentration of SOz, glutathione, tannins, etc.) in bottling (Raposo et al. 2015,
2016). Despite these results, studies on the antimicrobial activity of
hydroxytyrosol (alone or in combination with other PC) in the real wine
environment are lacking (Lisanti et al. 2019), as well as evaluation on the use of
hydroxytyrosol produced by microorganisms (which it comes from tyrosol
hydroxylation) instead of olive-derived hydroxytyrosol, which could have the

undesirable effects on the sensory quality of the final wine.
Detection methods of bioactive compounds in food and yeast samples
Melatonin and other related indolic compunds detection

Analysis of melatonin in food represents a highly challenging task. The
concentration varies over a wide range (from micrograms to picograms per gram).
Melatonin reacts rapidly with other food components as a result of its antioxidant
capacities and, finally, the difficult selection of the extraction solvent derived from
the amphipathic feature of the molecule make difficult its analysis (Arnao and
Hernandez-Ruiz 2009; Stege et al. 2010).

The main analytical techniques followed to determine melatonin in food,
fermented beverages and yeast cells derive from the development or adaptation
of existing techniques to determine this molecule in biological tissues. Based on
chromatography separation, melatonin has been successfully determined by gas
chromatography coupled with mass spectometry (GC-MS) and by high-
performance liquid chromatography (HPLC) coupled with electrochemical, UV
and fluorescence (F) detectors (Iriti et al. 2006; Mercolini et al. 2008, 2012;
Muszynska and Sutkowska-Ziaja 2012). A combination HPLC with capillary
electrochromatography (CE) technique has been proposed and used to
determine melatonin in wine, grape skin and plant extracts (Stege et al. 2010).
Thin-layer chromatography (TLC) coupled with densitometric detection has
allowed the determination and quantification of five indole compounds, including

melatonin, from methanolic extracts of shoot cultures (Muszynska et al. 2014).
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Currently, the most powerful technique for determining indolic compounds is
based on ultra-high performance liquid chromatography coupled with high-
resolution tandem mass spectrometry (UHPLC-HRMS/MS). This technique has
lowered the limit of detection (LOD) and the limit of quantification (LOQ) of these
tryptophan-derived compounds present at very low concentrations. Regarding
these objectives, Fernandez-Cruz et al. (2016) developed and validated a new
UHPLC/HRMS method with a LOD below 0.5 ng/mL for nine indolic compounds
(tryptophan, tryptamine, 5-hydroxytryptophan, serotonin, N-acetylserotonin,
melatonin, tryptophan ethyl ester, tryptophol and 1AA) in both culture medium and
fermented products (Fernandez-Cruz et al. 2016). More recently Fraccasetti et
al. (2019) highlighted sample preparation using solid-phase extraction (SPE)
prior to chromatographic conditions to detect five melatonin isomers (MIs),
simultaneously with melatonin and tryptophan ethyl ester in wine (Fracassetti et
al. 2019). The detection of MIs was not previously possible by other techniques
(Gomez et al. 2012; Fernandez-Pachén et al. 2014; Kocadagli et al. 2014) and
this could led to co-measure melatonin and its isomers, including tryptophan ethyl
ester, a compound with the same molecular weight of melatonin and previously
considered as a melatonin isomer. Unfortunately, Mls identification remains
difficult due to different factors such as the lack of reference standards, low
concentrations in the food samples that makes difficult its purification for the NMR
analysis, and the large number of potential isomers. To date, only N-acetyl-3-(2-
aminoethyl)- 6-methoxyindole is available as a standard (Gardana et al. 2014).
Although the use of internal standards with an specific LC-MS/MS fragmentation
are reported to give a more accurate detection and quantitation (Paroni et al.
2019). For this technique, several authors have reported the importance of the
extraction method because inadequate choice could lead to poor melatonin
recovery due to its amphipathic nature and solubility (Garcia-Parrilla et al. 2009;
Duportet et al. 2012; Federico et al. 2016). Ethanol and methanol in different
proportions are the generally preferred extraction solvents, but in-depth recovery
studies should be conducted depending on the matrix (Poeggeler and Hardeland
1994; Escriva et al. 2016).

Most metabolomic research relies on the analysis of yeast extracellular

metabolites, while studies on intracellular metabolic changes are relatively less
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abundant. The possibility of following the behavior of metabolites during the
fermentation process, in parallel to both intracellular and extracellular media, is
useful for gaining knowledge of signaling and the metabolomic reaction network.
Alvarez-Fernandez et al. (2019) evaluated three different procedures for the
intracellular extraction of tryptophan and tyrosine-derived metabolites by UHPLC-
HRMS using 3-nitrotyrosine solution as an internal standard. These authors
suggested that low-temperature intracellular extraction methods were more
suitable for studying melatonin and its related compounds in yeast. After each
extraction method they recommended a clean-up and concentration procedure
prior to sample injection in order to remove the phospholipids and proteins (
Alvarez-Fernandez et al. 2019). Conversely the use of SPE cartridges for this
purpose are reported to severely affect analyte recovery rates (Vitalini et al.
2020). Similarly, Vitalini et al. (2020) tested four different extraction procedures
and developed a multicomponent analytical method to measure and improve the
recovery of 14 tryptophan derivatives in different plant matrices by UHPLC-
MS/MS. They found water extraction at room temperature was the most suitable
when working with plant foods samples, and they also remarked the importance
of adapting the election of internal standards according to each compound class
(amino acids, indoleamines, N-acetyl indoleamines, amino-benzoic, and pyridine
derivatives) (Vitalini et al. 2020). These results are in agreement with a previous
study in which temperature was the main factor determining the stability of
melatonin (Erland et al. 2016).

Shikimate related phenolic compounds detection

Unlike indole compounds, detection of tyrosine and related shikimate compunds
such as aromatic alcohols can be easily detected by gas or liquid chromatography
(Table 1.2). HPLC with photodiode array (PDA), FL or UV detectors have been
widely used for the detection of higher alcohols and shikimic acid-related
molecules, from both supernatant or intracellular yeast samples and also in

fermented beverages such as wine or beer {Formatting Citation}.
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Table 1.2 Concentration of higher alcohols (tyrosol, tryptophol and 2-phenylethanol) and hydroxytyrosol in various fermented beverages and yeast.

Concentration (mg/L)

Analytical

HT LOD

Sample 2-phenylethanol  Trytpophol Tyrosol Hydroxytyrosol (HT) method (mg/L) Reference
\T/ﬁ]isnd white nd nd 1.42-4.80 1.72 - 4.20 GC-MS 0,015 giil'rgogrg;naso et
Wine nd nd up to 45.4 ni ggﬁ'sPDA' ni (2%%86(;'" etal.
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Hydroxytyrosol and tyrosol in wine have been successfully detected by GC-MS
after sample derivatization (Di Tommaso et al. 1998; Boselli et al. 2006; Minuti et
al. 2006). However, GC involves long extraction period and entails high
temperatures during analysis that can facilitate the degradation of the analytes
(Li et al. 2008; Fu 2016). For the quantification of hydroxytyrosol, MS front-end
has been employed for to unequivocally identify and quantify this compound in
order to elucidate the origin and evolution of HT in wines (Bordiga et al. 2016;
Marhuenda et al. 2016; Alvarez-Fernandez et al. 2018). Most of these methods
have been developed for a small set of metabolites, with the exception of the
method of Lai et al. (2017) that, does not include hydroxytyrosol. Despite this,
due to the very low quantification/detection limit obtained (as low as = 14,9 - 0,
0149 ng/L) it would be very interesting to configure a single method to control
them all at once following their chromatographic conditions.Finally, with regard to
the extraction procedures prior to HPLC analysis, different approaches have
been followed. For liquid samples most authors use centrifugation and sample
filtration before HPLC (Li et al. 2008; Pifieiro et al. 2011; Zupan et al. 2013;
Bordiga et al. 2016; Marhuenda et al. 2016), although methanol (Gonzélez et al.
2018b) or ethyl acetate and diethyl ether dilution (Romboli et al. 2015; Guerrini
et al. 2018) and SPE with C18 cartridges (Di Tommaso et al. 1998; Alvarez-
Fernandez et al. 2018) extraction have also been applied. For intracellular
extraction there are less reports, but different approaches have been followed.
Alvarez-Fernandez et al. (2018) used a cold glycerol solution for quenching yeast
cells, followed by cycles of freeze-thaw and sonication using methanol-water
solution (50% [v/v]). Lai et al. (2017) resuspended the cells with a solution of 75%
[v/v] ethanol-water at 100 °C for 10 min and after centrifugation the supernatant
was directly used for quantification. Similarly, Gonzalez et al. (2018) resupended
the cells with a boiling absolute ethanol solution buffered with HEPES (pH 7.5)
and incubated for 3 min at 80 °C. Subsequently, the supernatant was evaporated
and the residue was reconstituted and diluted with methanol. It has been reported
that during the drying process, volatile aromatics (such as phenylethanol) are

lost, so direct injection of the extracts would be preferable (Lai et al. 2017).
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Development and set up of rapid methods for bioactive compounds

detection

MS-based methods generally show advantages in higher resolution and a lower
LOD. On the other hand, however, these methods also require special and
expensive facilities and, depending on the platform, sample pretreatment as it

was discussed before.

Thus, an important milestone reached in recent years for melatonin and other
indolic compounds has been the development and setup of rapid detection
methods. Even so, faster, simpler and easier-to-adapt routine technique
detection methods to widely detect yeast-derived samples are still demanded. Of
these techniques, a fluorescence-based method have been applied for melatonin
determination in pistachio nuts after ultrasound-assisted solid-liquid extraction
(Oladi et al. 2014). With the optimized conditions, regarding to the type and
volume of solvent extraction, temperature, sonication time and pH, a linear
dependence of fluorescence intensity on melatonin concentration was observed
with a detection limit of 0.0036 pg.mL*. In addition, the results obtained showed
good agreement with those obtained by GC-MS. Notwithstanding,
spectrofluorimetric methods does not possess the high discriminating capacity of
chromatographic techniques. Other alternative rapid techniques are based on the
use of specific antibodies against melatonin as an antigen, such as
radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA)
(Poeggeler and Hardeland 1994; Rodriguez-Naranjo et al. 2011a). In the case of
RIA detection of melatonin, results indicate an overestimation of melatonin
concentration when compared to that detected by GC-MS, and cases of false
positives are also reported. ELISA kits for the detection of melatonin are
available, especially for biological samples like urine, but their use in food
samples like fermented products is still not suitable as they may need further
optimization (Garcia-Parrilla et al. 2009; Rodriguez-Naranjo et al. 2011a).
Development and validation of new antibodies for these complex matrices may
be critical for ELISA method to be completely suitable. More recently, two
different methods that employ mammalian melatonin receptors are worth

mentioning. The first consists of engineered yeasts that act as melatonin sensors.
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This is possible because human melatonin receptor MTNR1A is a G-protein
coupled receptor (GPRC), just like the yeast pheromone receptor, and
downstream signal transduction occurs when yeast GPRC is replaced by
MTNR1A. Thus, by using a reporter gene at the end of the pheromone response
pathway, a heterologous yeast strain was obtained that acted as a melatonin
sensor. By employing the green fluorescent protein (GFP) as a reporter, the
authors detected melatonin production by yeasts using a microplate reader
without having to process the sample, but directly from the supernatant (Shaw et
al. 2019). The second method was set up to detect melatonin in fermented
beverages, and it involved mammalian melatonin receptor MTNR1B and cell lines
as a sensor. In this case, the reporter system is different because it uses the [3-
lactamase enzyme (BLA) and a FRET (Forster resonance energy transfer)-based
fluorescent substrate (CCF2/4) that presents green fluorescence when is intact.
Thus, only when melatonin is present in the sample, the BLA enzyme cleaves
CCF2/4 to generate blue fluorescence. The relation between blue and green
fluorescence is what is used for melatonin quantification (Morcillo-Parra et al.
2019a). Methodologies like these offer the advantage of not requiring excessive
sample processing; e.g. using C18 SepPak cartridges for each analysis, which
cuts analysis costs and reduces the complexity of melatonin determination in
large detection tests. This would allow to cost-effectively extend melatonin
detection under many different conditions and by different strains of various yeast
species. However, melatonin can be detected only by these methods, which
reduces the understanding of tryptophan metabolism and its derivatives. When
this is the study objective, HPLC-MS/MS is the most reliable method because it
allows the simultaneous quantitation of such analytes.

Regarding hydroxytyrosol, two different methods for high-throughput screening
of tyrosol hydroxylation has been reported recently (Chen et al. 2019; Yao et al.
2020). The first method is based on spectrophotometry and uses sodium
periodate, an oxidant chemically converting o-diphenol to o-quinone (Weidman
and Kaiser 1966), which only turns yellow when there is hydroxytyrosol or
dopamine in the sample. Since no color change was observed with tyrosine,
tyrosol, and tyramine, colorimetric difference can be quantified by measuring
absorbance (ODaoo) in a multiwell reader. The inability to discriminate
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hydroxytyrosol from dopamine in principle is not a problem to apply this method
in yeast as no dopamine production by yeast has been known. However, this
method was developed for the detection of hydroxytyrosol from E. coli colonies
that overexpressed the tyrosol hydroxylase complex and the minimum amount
detected by the method was above 3.8 mg/L. This is a problem for the application
of the method to the detection of endogenous hydroxytyrosol production by
yeasts since the range of intracellular hydroxytyrosol production reported is
around 0.106 mg/L (Alvarez-Fernandez et al. 2018). Notwithstanding, further
optimization of this method to achieve lower detection limit could be really
interesting. The second method developed, consist in a whole-cell hydroytyrosol
biosensor (Yao et al. 2020). The biosensor is based in a regulatory protein named
VanR from Corynebacterium glutamicum. This protein is induced by vanillic acid
and regulates the expression of the vanABK operon, which is responsible for the
catabolism of vanillic acid. When vanillic acid is present, it binds to the VanR
protein, inducing a conformational change which releases the promoter DNA
(Pvanagk), thus activating the operon transcription (Heravi et al. 2015). What the
authors did was to adapt a functional VanR regulatory system in E. coli by
replacing the —10 region of promoter Pvanask with tac promoter (Ptac) in order to
constitutively expressed VanR. Furthermore, the VanR specificity for vanillic was
altered in order to being regulated by hydroxytyrosol instead of the original
inductor vanillic or other subtrates in the hydroxytyrosol engieneered pathway
from these authors, such as tyrosine, L-DOPA, dopamine and 34-
dihydroxyphenyl acetaldehyde. In order to analyze the specifity induction towards
hydroxytyrosol during huge screenings, the promoter was coupled to the
downstream reporter red fluorescent protein enconded by rfp gene, what allowed
to use fluorescence-activated cell sorting (FACS). Finally, in order to apply the
VanR mutant specifically responsive to hydroxytyrosol successfully selected to a
hydroxytyrosol biosensor the authors used B-galactosidase enocoded by lacZ
(instead of rfp) to facilitate the subsequent screening on agar plates. With this
biosensor as an end product, the authors design a strategy for a hight throughput

screening tool.
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OUTLINE OF THESIS & OBJECTIVES

The aim of the present work was to obtain a PhD degree. To this end, | have been
working in José Manuel Guillamén Navarro laboratory from 2015 to 2020, which it is
one of the four laboratories forming the research group “Systems Biology in Yeast
of Biotechnological Interest (SBYBI)” located at the Institute of Agrochemistry and
Food Technology (IATA) of the Spanish National Research Council (CSIC), Valencia

(Spain) (https://www.iata.csic.es/es). During this period, | had a predoctoral contract

co-financed by the CSIC and the Valencian Ministry of Innovation, Universities,
Science and Digital Society through the PROMETEO Program for research groups
of excellence (PROMETEOII/2014/042). In addition, in 2017, | received a grant
(BEFPI17) through the European Social Fund to stay three months in Dr. Martinez
lab, located at the Department of Biomedicine (University of Bergen) under the
supervision of Prof. Aurora Martinez (PhD leader of Biorecognition group).

The thesis was developed within the framework of the BIOACTIYEAST and
SYNBIOFERM projects, entitled “Production and physiological effects of bioactive
compounds derived from aromatic amino acids in yeast populations” and
“Metabolism and protective effects of indole compounds in yeasts of food interest”,
respectively. These two projects have been funded by the Spanish Ministry of
Economy and Competitiveness (AGL2013-47300-C3-1-R and AGL2016-77505-C3-
3-R, respectively) and has given continuity to the recently new existing project
CONSORWINE entitled "design of microbial consortia to improve the stability and
bioactivity of wines".

Recently, the metabolism of aromatic amino acids in yeasts has been linked to the
synthesis of bioactive molecules (melatonin, serotonin, tyrosol, hydroxytyrosol, etc.)
that could be relevant from different aspects related to both yeast regulation and
human health. The activities of these compounds as a potent antioxidant and other
aspects beneficial to consumer health makes it studying its synthesis really
interesting. However, few information is known about the synthesis of these bioactive

molecules by yeast because it is a very recent topic of study.

Therefore, the working hypothesis of the present thesis was: Through a better
understanding of the aromatic amino acid metabolism routes in S. cerevisie yeast,

we can increase the content of bioactive molecules in products of alcoholic
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fermentation. Thus, yeast metabolism can increase the content of bioactive
molecules in fermented beverages and foods, which could have an impact on the
health of the consumer and which will undoubtedly increase the added value of these
beverages, better positioning them in an increasingly competitive and global market.

In this context, the main objective of this thesis work was to study the molecular
and physiological mechanisms involved in the production of bioactive
compounds derived from the aromatic amino acid metabolism, mainly
tryptophan derived compounds such as melatonin and serotonin, in
Saccharomyces cerevisiae.

This general objective was divided into the following four specific objectives:

Objective 1. To adapt and set up a simple, rapid, and low-cost technique for

detecting the presence of melatonin in S. cerevisiae intracellular samples.

Since melatonin, as well as directly related compounds in yeasts, are sensitive to
temperature changes and oxidizing agents, the concentrations of these molecules
vary during their determination. The validated melatonin analysis method is HPLC-
MS/MS. However, costly cleaning processes of the sample (such as solid phase
extraction), as well as the availability of the equipment, are required, making the
analysis more expensive. We set up a rapid and simple technique based on an
electroanalytical method to rapidly monitor melatonin and related tryptophan
derivative metabolites (such as 3-indoleacetic acid and tryptophol), using the
variation of the electrochemical responses of extracts taken directly from dried yeast
cells (and avoiding intracellular content extraction). This method is based on the fact
that these indole compounds are oxidized electrochemically, which drives their
determination by voltammetric techniques. We obtained the voltammetry responses
in various Saccharomyces industrial strains spiked with tryptophan (QA23, BMV58,
AROMA WHITE). For QA23 wine yeast strain, it was also tested 5-
hydroxytryptophan and serotonin. Finally, we compare the synthesis of these
compounds in two mutant strains with deletion in two key genes of tryptophan
metabolism (ARO10 and TRP1) in relation to their wild strain BY4743 when
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tryptophan was added. Finally, the variations in the relative intensity of the anode
peaks corresponding to the oxidation of the indolic molecules were compared with
the HPLC-MS/MS method.

The results of this objective are described in:

Chapter 1: Detecting and monitoring the production of melatonin and other related
indole compounds in different Saccharomyces strains by solid-state electrochemical

techniques.

Objective 2: To determine the effect of melatonin on yeast S. cerevisiae as

antioxidant and UV protector

The possible effect of melatonin was studied in the BY4743 laboratory strain in the
presence and absence of H202 and UV radiation. For this purpose, we first enriched
the cells with melatonin and measured the intracellular ROS levels. Next, yeast
growth and viability were determined after exposure to stress for both non-enriched
and melatonin-enriched cells. Finally, transcriptional analyses by real-time PCR
(gPCR) for genes involved in antioxidant defense were performed with the Mel-

treated and untreated cells challenged with H202 and UVC light.
The results of this objective are described in:

Chapter 2: Protective role of intracellular melatonin against oxidative stress and UV

radiation in Saccharomyces cerevisiae.

Objective 3: To unveil the melatonin biosynthetic pathway in S. cerevisiae

The first work related to the biosynthesis of melatonin in yeasts demonstrated the
ability to produce melatonin from tryptophan, as well as other potential substrates
(also present in the melatonin pathways of animals and plants), in resting cells. We
aimed to provide new empirical data about the melatonin production in yeasts
following, but expanding, this previous work. To this end, we evaluated the products

generated from different substrates of the route (L-tryptophan, 5-hydroxytryptophan,
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serotonin, N-acetylserotonin, tryptamine, and 5-methoxytryptamine), in the wine
yeast strain QA23 at different stages of growth by HPLC-MS / MS.

On the other hand, with regard to the genes and enzymes involved, although the
biosynthetic pathway of melatonin in mammals and plants is well studied, very little
is known about yeasts. Thus, in order to identify the genes that respond to the
synthesis of melatonin in yeasts, we performed a BLAST analysis using the protein
sequences of animals and plants. The genes selected as putative orthologs, as well
as a positive gene as a control (from animals or plants), were overexpressed both in

S. cerevisiae and E. coli.

The only gene that has been proposed as homolog of the arylalkylamine N-
acetyltransferase (AANAT) of vertebrates is PAAL. However, the role of PAAL in the
melatonin biosynthetic pathway still has to be elucidated. Previous work indicates
the possibility that arylalkylamines (such as tryptamine, serototonin or 5-
methoxytryptamine) are not in vivo substrates of PAAl in Saccharomyces
cerevisiae, being the biogenic amines spermine, spermidine or putrescine their
natural substrates. In an attempt to shed light on the role of PAA1l in melatonin
synthesis in yeast, we first evaluated the production of melatonin by acetylation of
the substrate 5-metoxitriptamine in the laboratory strain BY4743 wild and PAAl
deficient strain. We overexpressed PAA1 and determined the acetylation capacity of
this strain for different arylalkylamines compared to the AANAT vertebrate

overexpression.
The results of this objective are described in the following two chapters:

Chapter 3: Deciphering the melatonin metabolism in Saccharomyces cerevisiae by
the bioconversion of related metabolites.

Chapter 4. Overexpression of selected yeast genes as potential orthologs involved
in melatonin biosynthesis. Role of yeast polyamine acetyltransferase (PAA1) in

melatonin production.

Objective 4: To overproduce bioactive molecules in S. cerevisiae by genetic

engineering
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Hydroxytyrosol is considered one of the most potent antioxidants in nature. The
majority of hydroxytyrosol currently available in the market comes from olive leaf
extracts or residues from the olive industry (alpechin). However, the extracted
hydroxytyrosol is part of a poorly purified fraction. On the contrary, pure
hydroxytyrosol reaches very high market prices due to the low concentration in its
natural sources, the low extraction yields and the difficulty of chemically synthesizing
hydroxytyrosol. Therefore, it is of great interest to produce this compound through
biotechnological approaches by using microorganisms to obtain yields that may be
viable for industrial production. To produce greater amounts of hydroxytyrosol in S.
cerevisiae, we constructed a strain modified by multiple integration into the genome
of the E. coli hydroxylase HpaBC complex. This complex is responsible for the
activity of 4-hydroxyphenylacetate monooxygenase which, due to its broad substrate
specificity, is capable of transforming tyrosol into hydroxytyrosol. Subsequently,
several changes in yeast metabolism have been made to increase the flow of the
route to the synthesis of tyrosol, the higher alcohol derived from tyrosine catabolism.
These modifications have consisted both in the overexpression of ARO genes, such
as ARO3, ARO4, ARO7 and ARO10, as well as in the deregulation of catabolic
repression in the metabolism of aromatic amino acids (tryptophan, phenylalanine
and tyrosine) through specific mutations on some of these genes (ARO3, ARO4 and
AROQO7). The concentrations of hydroxytyrosol, tyrosol, 2-phenylethanol, and
tryptophol acid produced by the different strains were determined by HPLC-PDA.

The results of this objective are described in:

Chapter 5: Metabolic engineering of Saccharomyces cerevisiae for enhance
hydroxytyrosol production, and other metabolites related to shikimate, from

glucose.
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Culture media
Culture media for yeast

YPD (Yeast peptone dextrose medium)

Glucose 20 g/L
Bacteriological peptone 20 g/L
Yeast extract 10 g/L
Agar (for solid media preparation) 16 g/L
MM (Minimal medium)

Glucose 20 g/L
Difco Yeast Nitrogen Base (without amino acids and ammonium sufate) 1.7 g/L
Ammonium sufate 0.283 g/L
Agar (for solid media preparation) 16 g/L

*Note: MM can be supplemented to satisfy auxotrophic requirements of yeast strain

SD (Minimal synthetic defined medium)

Glucose 20 g/L
Difco Yeast Nitrogen Base (without amino acids and ammonium sufate) 1.7 g/L
Ammonium sufate 5¢9/L
Agar (for solid media preparation) 16 g/L
*Note: SD can be supplemented to satisfy auxotrophic requirements of

yeast strain

SC (Synthetic complete defined Medium)

Glucose 20 g/L
Difco Yeast Nitrogen Base (without amino acids and ammonium sufate) 1.7 g/L
Ammonium sufate 5g/L
Kaiser complete SC drop-out mixture (Formedium)* 2 g/L
Agar (for solid media preparation) 16 g/L
SC-ura (Synthetic complete defined medium without uracil)

Glucose 20 g/L
Difco Yeast Nitrogen Base (without amino acids and ammonium sufate) 1.7 g/L
Ammonium sufate 5g/L
Kaiser SC single drop-out -URA (Formedium)* 1.93 g/L
Agar (for solid media preparation) 16 g/L

*Note: For Kaiser other single, double or triple drop-out used to supplement encountered

auxothropies, use the amount indicated by the manufacturer
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SC-ura-pant (Synthetic complete defined medium without uracil and

panthotenate)

Glucose 20 g/L
Ammonium sufate 5g/L
Kaiser SC single drop-out -URA (Formedium)* 1.93 g/L
Agar (for solid media preparation) 16 g/L
*YNB without panthotenate:

Vitamins: Add 1 mL from 1000X and 10 mL from 100X stock solutions

1000 X STOCK

Biotin 0,002 g/L
Folic acid 0,002 g/L
100 X STOCK

Inositol 0,2 g/L
Niacin 0,04 g/L
p-aminobenzoic acid 0,02 g/L
Pyridoxine hydrochloride 0,04 g/L
Ribofalvin 0,02 g/L
Thiamine hydrochloride 0,04 g/L
Compounds supplying trace elements: Add 10mL from a 100X stock 0.05 g/L
solution

H3BO3 0.004 g/L
CuSO, - 5H0 0.01 g/L
Kl 0.02 g/L
FeCls 0.04 g/L
MnSO, xH-0 0.02 g/L
Na:MoO4 0.04 g/L
ZnS0O,

Salts

KH2PO4 1g/L
MgSOs4 0.5¢g/L
NaCl 0.1g/L
CacCl 0.1g/L
PBS (Phosphate-buffered saline medium)

NacCl 8 g/L
KCI 0.2g/lL
Na;HPO4 1.42 g/L
KH2PO4 0.24 g/L
SLT (Salt medium)

NacCl 59/L
Na,HPO, 50 mmol/L

*Citric acid for adjust the pH 5.8

85



MATERIAL & METHODS

SM (Synthetic must) adapted from Riou et al., (1997)

Sugars
Glucose

Fructose
Organic acids
Citric acid
Malic acid
Tartaric acid
Mineral salts
KH2PO4
K2S0Oq4
MgSO, 7H.O
CaCl; 2H,0
NaCl

NH4CI

Total NHsCl YAN (mg/l)

Amino acids: Add 13.09 mL from stock
STOCK Solution:
Tyrosine
Tryptophan
Isoleucine
Aspartic Acid
Glutamic Acid
Arginine
Leucine
Threonine
Glycine
Glutamine
Alanine
Valine
Methionine
Phenylalanine
Serine
Histidine
Lysine
Cysteine
Proline

Total amino acids (YAN mg N/I)

Total YAN (mg N/I)

Vitamins: Add 10 mL from stock solution

STOCK solution:
Myo-inositol
Pantothenate calcium
Thiamine hydrochloride
Nicotinic acid
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100 g/L
100 g/L

5g/L
0.5g/L
3g/L

0.75 g/L

0.5g/L
0.25 g/L
0.15 g/L
0.20 g/L
0.46 g/L

120 mg/L

159/l
13.4 g/L
2.59/L
3.4 g/L
9.2 g/L
28.3 g/L
3.7¢g/lL
5.8 g/L
1.4 g/L
38.4g/L
11.2 g/L
3.4 g/L
2.4 g/lL
2.9 g/L
6 g/L
2.6 g/L
1.3g/L
15¢9g/L
46.1 g/L

180 mg/L

300 mg/L

2g/L
0.15g/L
0.025 g/L
0.2g/lL
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Pyridoxine 0.025 g/L

Biotine 3 ml (from a stock 100
mg/L)

Oligo-elements: Add 1mL from stock solution

STOCK solution:

MnSOs H0 4 g/L

ZnS04 7 H20 4 g/lL

CuS0O4 5 H20O 1g/L

Kl 1lg/L

CoCl; 6 H20 0.4 g/L

H3BOs 1lg/L

(NH4)sM07024 1g/L |

* pH = 3.3 was adjusted with pellets of NaOH
SM w/o AA (Synthetic must without amino acids)
*SM modified with 200mg/L YAN in NHCl, form
Culture media for bacteria

LB (Luria Bertani medium)

Tryptone 10 g/L

Yeast extract 5¢g/L

NacCl 5g/L

Agar (for solid media preparation) 16 g/L

2x TY medium with 1% glucose

Tryptone 16 g/L

Yeast extract 16 g/L

NacCl 5g/L

*Glucose 10 g/L

S.0.C (Super Optimal broth with Catabolite repression)

Tryptone 20 g/L

Yeast extract 59/L

NaCl 0.5¢g/L

KCI 0.186 g/L

MgCl, 0.952 g/L

MgSQO4 7H.0 2.465 g/L

Glucose 3.603 g/L

* Complete SOC can be filter sterilized through a 0.22 ym filter
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Microbiological techniques
Culture conditions
Batch cultivations

Melatonin intermediates depletion /restoration experiments by arrested cells
(Sprenger et al. 1999) (Chapter 1 & Chapter 3)

Yeast cells were suspended at cell densities of ~108 cells/mL in the non-proliferative
medium SLT and incubated in Erlenmeyer flasks with orbital agitation (150 rpm) at
28°C in complete darkness for 4 h for 4 hours. After the incubation period in SLT,
indolic compounds of interest were added at a final concentration of 1 mM and cells
were incubated. Sampling was done at different times (5, 10, 15 and/or 30 min) after
adding the indolic compounds. For harvesting, 10 mL was centrifuged at 3220 x g
for 3 minutes at 4°C. The obtained pellet (~10° cells) was washed twice with sterile
distilled water. Pellets were frozen with liquid nitrogen and stored at -80°C, and the

supernatants were stored at —20°C until further extractions.

Melatonin intermediates depletion /restoration experiments in yeast cells

during exponential growth (Chapter 3)

Yeast cells, from an overnight preculture, were suspended at an optical density of
600 nm (ODeoo) of 0.1 (~10° cells/mL) in 100mL flasks with 20 mL of fresh SC or SD
medium. When cells were in the exponential growth stage (0.6~0.8), melatonin
intermediates at the 1 mM final concentration were added. A volume of ~ 10 units of
ODeoo was sampled at 15 minutes and centrifuged at 4000 rpm for 3 minutes at 4°C.
After centrifugation, the cell suspension was washed twice with sterile distilled water.
Finally, the pellet was frozen with liquid nitrogen and stored at -80°C until
intracellular extraction and the supernatant was stored at —-20°C until further

extraction.
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Treatment for melatonin uptake and intracellular enrichment (Chapter 2)

Melatonin solution was added to the exponential-growing cultures in SC at three
different concentrations (0.05, 0.1, and 20 mM) to establish a suitable dose for
further assays. After 30 min, cells were pelleted and washed twice with sterile water
to remove extracellular remains. The control cells were mock-treated with the same

volume of ethanol as the melatonin-treated ones.

Growth conditions to test the activity of the putative orthologues yeast genes
for the melatonin synthesis pathway (Chapter 4)

)] Heterologous overexpression of the selected genes in E. coli

For overexpression of heterologous genes in E. coli, the pGEX-5X-1 vectors
containing one gene of interest (Table M.3) were introduced into Rosetta™ E. coli
strain (Novagen). This strain enhanced expression of eukaryotic proteins that
contain codons rarely used in E. coli (tRNAs for AGG, AGA, AUA, CUA, CCC and
GGA on pRARE plasmid which confers resistance to chloramphenicol).
Transformants were grown for o/n at 37° with shaking 15 mL tubes with 5 mL of LB
supplemented with 100 mg/L ampicillin and 34 mg/L chloramphenicol. Next day, 15
uL of the saturated cultures were inoculated in1.5 mL of 2XTY with 1% glucose
medium supplemented with 100 mg/L ampicillin and 34 mg/L chloramphenicol at 37
°C up to an ODsoo nm of 0.6. When ODeoo reached 0.6, 0.25 mM IPTG and 1mM of
the indolic compound as a substrate was added to the culture. The culture was
grown at 28 °C under constant shaking in a microplate shaker at 300 rpm, and after
24 h of growth a sample was taken to analyze by liquid chromatography and to

recorded the ODeoo.
i) Overexpression of the selected genes in S. cerevisiae

BY4743 strain were transformed with p426GPD vectors containing one gene of
interest (Table M.3). Single colonies of each transformant were grown for o/n at 28°
with orbital shaking at 150 rpm in 1.5 mL tubes with 800 pL of SC-ura. Next day, 30
pL of the grown culture was inoculated in 1.5 mL of fresh SC-ura medium in 24-well
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plates of 2 mL capacity. This culture was incubated under constant shaking at 28 °C
in a microplate shaker at 300 rpm. When ODeoo reached 0.6 — 0.8, 1mM of the indolic
compound as a substrate was added to the culture. After 50 h of growth sampling

was conducted to analyze by liquid chromatography and to recorded the ODeoo.
Growth conditions for hydroxytyrosol production characterization (Chapter 5)

)] Evaluation of the hydroxytyrosol and higher alcohols production on

microplate system

Precultures of the corresponding strain were grown for o/n at 28° with orbital shaking
at 150 rpm in 1.5 mL tubes with 800 pL of medium. Next day, 25 pL of the grown
culture was inoculated in 1.5 mL of fresh medium in 24-well plates of 2 mL capacity.
This culture was incubated under constant shaking at 28 °C in a microplate shaker
at 300 rpm, and after 72 h of growth a sample was taken to analyze by liquid

chromatography and to recorded the ODeoo.

i) Time-profile of the hydroxytyrosol and higher alcohols production in

shake-flask fermentation

To evaluate the effect of time and glucose concentration on the production of
hydroxytyrosol, the laboratory strain with HpaBC integrated into its genome (BY4743
HpaBC) and this strain transformed with the plasmid p423GPD-ARO4K229L
(BY4743 ARO4K229L) were inoculated in 1 mL of SD supplemented with leucine
(380 mg/L) and grown overnight at 28°C with agitation. The next morning, 500 pL of
the grown culture were inoculated in 250-mL flasks containing 50 mL of fresh SD
supplemented with leucine with 20 and 160 g/L of glucose. This culture was
incubated under constant shaking at 150 rpm at 28°C and after 120, 144, 168, 197,
223, 247 and 295 h of growth, samples were taken to analyze by HPLC-PDA and to

measure ODeoo.
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Chemostat cultures (continuous cultures) (Chapter 3)

Continuous cultures were performance at 28 °C in 0.5 L reactor (MiniBio, Applikon
Biotechnology) with a working volume of 0.3 L. A temperature probe connected to a
cryostat controlled the temperature cultures. pH was measured online and kept
constant at 3.3 by the automatic addition of 1 N NaOH and 1 N HCI. The stirrer was
set at 300 rpm. The population inoculated in the chemostat was approximately ~2
x 10° cells/mL. The initial inoculum came from re-hydrating the active dry yeast
(ADY) cells in sterile distilled water during 30 minutes at 37°C, and it was inoculated
in the same media used for the indicated experiment. Previously to start the
continuous culture, cells were allowed to grow in batch mode to achieve enough
biomass. The continuous culture was connected when the batch culture entered the
stationary phase. The dilution rate (D) was 0.15 h™. The indolic compound interest
pulse in the culture was for a 0.5 mM final concentration and was performed only
after all the continuous cultures had been running for at least five residence times,
and the biomass values were constant. Once addition was done, a volume of ~35
units of OD600 was sampled at 15 minutes and centrifuged at 4000 rpm for 3
minutes at 4°C. After centrifugation, the cell suspension was washed twice with
sterile distilled water, and the pellet was frozen with liquid nitrogen and stored at
—-80°C until intracellular extractions. Finally, the supernatant was stored at —20°C
until further extractions. Two independent chemostat cultures were run for each

indolic pulse addition.

Oxidative and UV stress exposure to yeast cells and viable cell counting after
stress exposure (Chapter 2)

Control and melatonin-intracellular enriched cells were resuspended in PBS and

incubated for 1 h (30°C, 300 rpm) with H202 to a final concentration of 10 mM.

For UV stress, 2—3 x 108 cells were resuspended in sterile PBS and dispersed on
90-mm Petri dishes at a depth of no more than 1 mm. Cells were irradiated with
106.5 and 248.5 J/m? UVC (254 nm) under a Vilber VL-6.C filtered lamp (Fisher
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Biotec, Australia) using the lower radiation dose for the growth assays in liquid

media, while the higher dose was used for the viability assays.

To calculate the viable yeast after stresses, both the control and melatonin-enriched
yeast cells were washed twice and plated on solid media at an adequate dilution and

incubated for 2 days at 28 °C for counting the colony-forming units (CFU).
Intracellular ROS measurement by flow cytometry (Chapter 2)

After the treatment for melatonin enrichment, the intracellular ROS levels of the
exponentially growing yeast cells were measured as described in Ballester-Tomas
et al., (2015). Briefly, cells after 30 min treatment with melatonin and the untreated
controls were pelleted and resuspended (ODsoo = 0.25) in sterile PBS. Then
dihydrorhodamine 123 (DHR 123, Sigma) was added at 5 pg mL™" of cell culture
from a 2.5 mg mL~" stock solution in ethanol. Cells were incubated in the dark for 90
min at 28°C. Finally, cells were harvested, washed, resuspended in PBS and
analyzed using the “Annexin V and Cell Death” channel of a flow cytometer Muse
Cell Analyzer (Millipore, United States). The settings were adjusted using negative
(DHR 123-untreated cells) and positive (4 mM H202/60 min-stressed cells treated
with DHR 123) controls. Data were expressed as the percentage of cells that show

DHR 123-positive staining.
Spot test (Chapter 4)

For the spot analysis, the cells, after grown on SC at 28 °C up to the stationary phase
were harvested by centrifugation, washed with sterile water, resuspended in sterile
water to an ODsoo value of 0.5, and followed by serial dilution. From each dilution,
3.5 pyL were spotted onto SC-ura-panthotenate agar plates. Plates were incubated
at 28 for 2 and 5 days.
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Growth Curve Analysis (Chapter 5)

Yeast strain growth curves were screened by microtiter plate screening method. 96
well microtiter plates were used. Each well was filled with 250 pL of different
media/condition and with 10° yeast cells/mL. Growth curves were monitored by
recording the increase of optical density (OD) at wavelength 600 nm. The microtiter
plates were incubated in SPECTROstar Nano® microplate reader (BGM Labtech,
Offenburg, Germany) at 30°C with 500 rpm orbital shaking. The optical density of
each well was measured every 30 minutes until the growth reached the stationary
phase. The growth character of each strain under different media/condition can be
calculated by directly fitting OD measurements versus time to the Gompertz equation

proposed by Zwietering et al. (1990), which has the following expression:
y =D * exp {-exp[((umax * e)/D) * (A —t) + 1]}

Where y= In (ODt/ODO0), ODO is the initial OD and ODt is the OD at time t; D = In
(OD=/OD0) is the OD value reached with OD= as the asymptotic maximum, pmax
is the maximum specific growth rate (h-1), and A is the lag phase period (h). R code
(statistical software R, v.3.0) was used to facilitate calculating pmax and A with

Gompertz equation.

The Area Under the Curve (AUC) was calculated which represents the three main
growth parameters: lag phase, pmax and maximum population (yield) using Origin
Pro 2019.

Yeast strains

The yeasts used in the present thesis are shown in Table M.1. All strains are
belonging to genus Saccharomyces and to S. cerevisiae species, with the exception
of VellutoBMV58 which belongs to S. uvarum.

Yeast strains were maintained in Petri plates with the solid appropriated medium at
4 °C for short-term conservation and in appropriated liquid medium:glycerol (65:35)

at -80 °C for long-term conservation.
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Transformation of Saccharomyces yeast cells

Yeast transformation was carried out by the lithium acetate/single-stranded carrier
DNA/PEG method (Gietz and Woods 2002). Cells were incubated in the presence
of lithium acetate, polyethylene glycol, DNA "carrier" and the plasmid or "cassette"
of interest for 30 min at 30 ° C and subsequently are subjected to a thermal shock
of 42 ° C for 30 minutes. After this thermal shock, cells were washed with sterile
water and plated in selective solid media*. If the selection of transformants required
the presence of antibiotics, the cells were incubated YPD for two or three hours
under shaking after the heat shock. Subsequently, the cells were spread in the solid

media with the antibiotic of interest and incubated at 30 °C for 2 or 3 days.

For the construction of production strains, prior to transformation, the integrative
plasmids were digested by Notl and column-purified (NZYGelpure, NZYTech).
Approximately 1 pg DNA (single integrative) or 1.5 ug (multi-copy integrative, Ty2)
was transformed into competent yeast cells whereas 0.3 pg were used for 2u

plasmids.

*Note: The selection of plasmids in yeast was based on the use of auxotrophic
mutant strains that cannot grow without a specific media component (an amino acid,
purine or pyrimidine). Transformation with a plasmid containing the mutated gene

enables the transformant to grow on a medium lacking the required component.
Bacterial strains

Different bacterial strains were used for different purposes. Usually, DH5 Alpha cells
were used to maintain and amplify plasmids. XL10-Gold ultracompetent cells and
NZY5a were used for cloning large plasmids or ligated DNA. The information about
the genotype of the different bacterial strains used and constructed in this thesis is
in the table M.1.

Bacterial strains were maintained in Petri plates with LB solid medium with the
appropriated antibiotics at 4 °C for short-term conservation and in water:glycerol

(50:50) at -80 °C for long-term conservation.
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Transformation of bacterial cells

The solid LB media plates containing the antibiotic of interest were pre-heated at 37
°C during the transformation procedure. For transformation, 50 pl of competent cells
were used. Plasmid DNA (10-100 ng) or up to 5 pl of ligation-reaction product were
added to the cells and incubated on ice for 30 min. Heat shock at 42 °C for 45 s were
performed and then the cells were placed on ice for 2 min. Subsequently, 150 pl of
liquid S.0.C medium was added and cells were incubated at 37 °C for 45 min. After
this period of time, cells were plated (only 50 ul in the case of plasmid transformation)
onto the pre-heated LB plate with selective antibiotic. The plates were incubated at
37 °C for overnight (12-16 h).
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Table M.1 List of yeast and bacterial strains used in this thesis work

Yeast Strain

Relevant genotype/plasmid added

Chapter Source

S288c

BY4743

BY4741
BY4741 trpl-
QA23
VELLUTOBMV58
AROMA WHITE
BY4743Aaro10
BY4743Atrp1
BY4743Atrp2
BY4743Aabz1
BY4743Apha2
BY4743AAadh3

BY4743AAndel

MATa SUC2 gal2 mal2 mel flo1 flo8-1 hap1 ho biol bio6
MATa/a his3A1/his3A1 leu2A0/leu2A0 LYS2/lys2A0 met15A0/MET15
ura3A0/ura3A0

MATa; his3A 1; leu2A 0; lys2A 0; ura3A 0 met15A0
BY4741 trpl::loxP

Prototrophic (HIS3, TRP1, LEU2, URA3)

Prototrophic (HIS3, TRP1, LEU2, URA3)

Prototrophic (HIS3, TRP1, LEU2, URA3)

BY4743 aro10::kanMX4

BY4743 trpl::kanMX4

BY4743 trp2::kanMX4

BY4743 abz1:kanMX4

BY4743 pha2::kanMX4

BY4743 adh3::kanMX4

BY4743 ndel::kanMX4

4,5

P

21 41

(Mortimer and Johnston
1986)

EUROSCARF

EUROSCARF
This work

LALLEMAND
LALLEMAND
ENARTIS

EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF

EUROSCARF



BY4743AAnde2
BY4743Apaa1

QA23Atrp1

BY4743 DPL1
BY4743 GAD1
BY4743 DDC

BY4743 PAAL
BY4743 AANAT
BY4743 ERG6
BY4743 CRG1
BY4743 ASMT
BY4743 DIT2 NCP1
BY4743 ERG5 NCP1
BY4743 ERG11 NCP1
BY4743 A37TERG11 NCP1

BY4743 AA3ERG11 NCP1

BY4743 nde2::kanMX4
BY4743 paal::kanMX4

ho:: KanMX4; trpl::NatMX4

BY4743 with plasmid p426GPDDPL1 (URAS3)

BY4743 with plasmid p426GPDGAD1 (URA3)

BY4743 with plasmid p426GPDDDC (URA3)

BY4743 with plasmid p426GPDPAA1 (URA3)

BY4743 with plasmid p426GPD AANAT (URA3)

BY4743 with plasmid p426GPDERG6 (URA3)

BY4743 with plasmid p426GPDCRG1 (URA3)

BY4743 with plasmid p426GPDASMT

BY4743 with plasmid p426GPDDIT2 and p425GPDNCP1
BY4743 with plasmid p426GPDERGS5 and p425GPDNCP1
BY4743 with plasmid p426GPDERG11 and p425GPDNCP1
BY4743 with plasmid p426GPD A37ERG11 and p425GPDNCP1

BY4743 with plasmid p426GPD A43ERG11 and p425GPDNCP1

EUROSCARF
EUROSCARF

(Salvado et al. 2012; Lopez-
Malo et al. 2014)

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work



BY4743 AS51ERG11 NCP1
BY4743 ASOERG11 NCP1
BY4743 GST-A37T5H
BY4743 HpaB

BY4743 HpaC

BY4743 HpaB + HpaC
BY4743 HXT7p

BY4743 RTN2p

BY4743 HXT7 HpaB+HpaC
BY4743 RTN2 HpaB+HpaC
BY4743 HpaB(A10) + HpaC
BY4743 HpaBC

BY4743 + ARO10

BY4743 ARO3

BY4743 ARO4

BY4743 ARO7

BY4743 HpaBC + ARO10

BY4743 with plasmid p426GPD A51ERG11 and p425GPDNCP1
BY4743 with plasmid p426GPD A80ERG11 and p425GPDNCP1
BY4743 with plasmid p426GPDGST-A37T5H

BY4743 with plasmid p426GPDhpaB

BY4743 with plasmid p425GPDhpaC

BY4743 with plasmid p426GPDhpaB and p425GPDhpaC
BY4743 with plasmid p426 HXT7 and p425 HXT7

BY4743 with plasmid p426 RTN2 and p425 RTN2

BY4743 with plasmid p426HXT7 hpaB and p425HXT7 hpaC
BY4743 with plasmid p426RTN2 hpaB and p425 RTN2 hpaC

BY4743 with plasmid p426GPDhpaB(A10) and p425GPDhpaC

BY4743 with TEF1hpaC PGK1hpaB integrated into genome (Ty1Cons2)

BY4743 with plasmid p425GPD ARO10

BY4743 HpaBC with plasmid p423GPD ARO3
BY4743 HpaBC with plasmid p423GPD ARO4
BY4743 HpaBC with plasmid p423GPD ARO7

BY4743 HpaBC with plasmid p425GPD ARO10

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work



BY4743 ARO3K222L
BY4743 ARO4K229L
BY4743 ARO7G141S
BY4741 trpl- HpaBC

BY4741 HpaBC ARO3 ARO4
ARO10

BY4741 HpaBC ARO3 ARO4*
ARO10

BY4741 HpaBC ARO3* ARO4
ARO10

BY4741 HpaBC ARO3*
ARO4* ARO10

BY4741 HpaBC ARO3 ARO4
ARO10 ARO7

BY4741 HpaBC ARO3 ARO4*
ARO10 ARO7

BY4741 HpaBC ARO3* ARO4
ARO10 ARO7

BY4741 HpaBC ARO3*
ARO4* ARO10 ARO7

BY4743 HpaBC with plasmid p423GPD ARO3K222L
BY4743 HpaBC with plasmid p423GPD ARO4K229L

BY4743 HpaBC with plasmid p423GPD ARO7G141S

BY4741 trpl-::loxP withTEF1hpaC PGK1hpaB into genome (TylCons2)

BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD ARO4
p425GPD ARO10

BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD
ARO4K229L p425GPDARO10

BY4741 trpl- HpaBC with plasmids p423GPD ARO3 K222L p424GPD
ARO4 p425GPDARO10

BY4741 trpl- HpaBC with plasmids p423GPD ARO3K222L p424GPD
ARO4K229L p425GPDARO10

BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD ARO4
p425GPD ARO10 p426GPD ARO7

BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD
ARO4K229L p425GPD ARO10 p426GPD ARO7

BY4741 trpl- HpaBC with plasmids p423GPD ARO3K222L p424GPD
ARO4 p425GPD ARO10 p426GPD ARO7

BY4741 trp1- HpaBC with plasmids p423GPD ARO3K222L p424GPD
ARO4K229L p425GPD ARO10 p426GPD ARO7

ol

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work



BY4741 HpaBC ARO3 ARO4 BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD ARO4 5 This work

ARO10 ARO7* p425GPD ARO10 p426GPD ARO7G141S

BY4741 HpaBC ARO3 ARO4* BY4741 trpl- HpaBC with plasmids p423GPD ARO3 p424GPD 5 This work
ARO10 AROT7* ARO4K229L p425GPD ARO10 p426GPD ARO7G141S

BY4741 HpaBC ARO3* ARO4 BYA4741 trpl- HpaBC with plasmids p423GPD ARO3 K222L p424GPD 5 This work
ARO10 AROT7* ARO4 p425GPD ARO10 p426GPD ARO7G141S

BY4741 HpaBC ARO3* BY4741 trpl- p HpaBC with plasmids p423GPD ARO3 K222L p424GPD 5 This work
ARO4* ARO10 AROT* ARO4K229L p425GPD ARO10 p426GPD ARO7G141S

Bacterial Strain Relevant genotype/plasmid added Chapter Source

Thermo Fisher

DH5a Subcloning Efficiency™ F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17(rk-, mk+)
phoA supE44 thi-1 gyrA96 relA1 A-

NZYa fhuA2A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recA1 - NZYTech
relAl endA1l thi-1 hsdR17

One Shot TOP10 F- mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 A lacX74 recA1 - Thermo Fisher
araD139 A(araleu)7697 galU galK rpsL (StrR) endA1 nupG

XL10-Gold TetrD(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl - Agilent
gyrA96 relAl lac Hte [F" proAB laclqgZDM15

Tn10 (Tetr) Amy Camr
Rosetta (DE3)™ F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamR) - Novagen
Rosetta pGEX5X1 Rosetta transformed with pGEX-5X-1 4 This work

Rosetta DPL1 Rosetta transformed with pGEX-5X-1 DPL1 4 This work



Rosetta GAD1

Rosetta DDC

Rosetta PAAL

Rosetta AANAT

Rosetta ERG6

Rosetta CRG1

Rosetta ASMT

Rosetta DIT2

Rosetta ERG5

Rosetta ERG11

Rosetta AS7TERG11

Rosetta AA3ERG11

Rosetta AS1ERG11

Rosetta ABOERG11

Rosetta GST-A37T5H

Rosetta transformed with pGEX-5X-1 GAD1
Rosetta transformed with pGEX-5X-1 DDC
Rosetta transformed with pGEX-5X-1 PAAL
Rosetta transformed with pGEX-5X-1 AANAT
Rosetta transformed with pGEX-5X-1 ERG6
Rosetta transformed with pGEX-5X-1 CRG1
Rosetta transformed with pGEX-5X-1 ASMT
Rosetta transformed with pGEX-5X-1 DIT”
Rosetta transformed with pGEX-5X-1 ERG5
Rosetta transformed with pGEX-5X-1 ERG11
Rosetta transformed with pGEX-5X-1 A37ERG11
Rosetta transformed with pGEX-5X-1 A43ERG11
Rosetta transformed with pGEX-5X-1 A51ERG11
Rosetta transformed with pGEX-5X-1 A51ERG11

Rosetta transformed with pETDuet1-GST-A37T5H

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work




Molecular biology techniques

Oligonucleotides

Table M.2. List of primers used in this thesis work

Name

Sequence 5’ to 3’

Chapter

ACT1F
ACT1R
CTT1F
CTT1R
GPX2 F
GPX2 R
SOD1 F
SOD1R
TRX2 F
TRX2 R
CTA1F
CTA1R
GPX3 F
GPX3 R
SOD2 F
SOD2 R
TRX3 F
TRX3 R
RAD18 F
RAD18 R
RAD52 F

TCTGAGGTTGCTGCTTTGGT
CCGACGATAGATGGGAAGACA
ATTACATACGCCGCTCCATAC
CAGTGTCTGGTGTACCACTTT
CTTCACGCCGCAGTATAAAGA
CCTGCTTCCCGAACTGATTAC
TGCTGGTCCTCACTTCAATC
TTCGTCCGTCTTTACGTTACC
TTCTTCCATGCCTACCCTAATC
GCAATAGCTTGCTTGATAGCAG
TCTGCGGGTCTGCTATGTTT
TCGGCACTACCTTTATCACCAC
GAACCTGGCTCTGATGAAGAA
GGTCCTCATTGCCACCATTA
TGGGAACACGCCTACTACTT
TCTTTCCAGTTGACCACATTCC
GATGATGCAACCACACTTAACG
GCCGTCACTTCACACTCTT
AGGTTCATCGGACAGTTCAG
TCGGTTCCCTGGTCACTTT
TTCCAGCGAGTGTGCTAAAA

N DN DNDNDNDNDNDNDNDNDDNDNDNDNMNDNDDNMNDNMNDNMNMNDNNDDNDDNDDN




RAD52 R

DPL1 F BamHlI
DPL1 R Xhol
GAD1F Ssall
GAD1 R Xhol
DDC F BamHlI
DDC R Xhol

DIT2 F EcoRI
DIT2 R Xhol
ERG5 F EcoRl
ERG5 R Xhol
ERG11 F EcoRl
ERG11A37 F Fsel
ERG11A43 F Fsel
ERG11A51 F Fsel
ERG11A80 F Fsel
ERG11 R Xhol
A37 T5H F Smal
GST-A37 T5H F Xmal
A37 T5H R EcoRl
PAA1 F BamHI
PAA1 R Xhol
AANAT F BamHlI
AANAT R Xhol
ERG6 F BamHlI
ERG6 R Xhol
CRG1 F EcoRl

TACTTGATTCCCAGCCCCTTC

AGGTCGTGGGATCCCCATGAGTGGAGTATCAAATAAAACA

TGCGGCCGCTCGAGCTACTTGGTGGCGGTATCCT
ACGCGTCGACGTCATGTTACACAGGCACGGTT
TGCGGCCGCTCGAGTCAACATGTTCCTCTATAGTTTC
AGGTCGTGGGATCCCCATGAATGCAAGCGAATTTCGT
TGCGGCCGCTCGAGTTATTCACGTTCGGCACGCA
GGAATTCATGGAGTTGTTAAAGCTTCT
CCGCTCGAGTTATTCCATTATATTCTCGTTAA
CCGATATCATGAGTTCTGTCGCAGAAAAT
CCGCTCGAGTTATTCGAAGACTTCTCCAGTA
CCGATATCATGTCTGCTACCAAGTCAAT
TAAGGCCGGCCATGCCTTTCATTTACAATATTGT
TAAGGCCGGCCATGGTATGGCAATTACTATATTCTTTG
TAAGGCCGGCCATGAGAAAGGACCGTCCAC
TAAGGCCGGCCATGGAAGAATGTCAAAAGAAATA
CCGCTCGAGTTAGATCTTTTGTTCTGGATT
GCCCGGGATGCTGCCGCCGTCGLCLCGLCG
GCCCGGGATGTCCCCTATACTAGGTTATTG
GGAATTCTTAAACCTCACTAAGCTCCTC
AGGTCGTGGGATCCCCATGGCCTCCTCAAGTAGCA
TGCGGCCGCTCGAGCTAGTTGTCGTATTCTTCCTTAAT
AGGTCGTGGGATCCCCATGAGCACCCCGAGCAT
TGCGGCCGCTCGAGTTAACGATCGCTATTACGACGCA
AGGTCGTGGGATCCCCATGAGTGAAACAGAATTGAGA
TGCGGCCGCTCGAGTTATTGAGTTGCTTCTTGGGA
CGGAATTCATGCCTAAAACTAGTTATTTAAAC

AP DMDMAMMMMAMBMMMAMMAMAMMAMAMMMAEMAMSEASAEDND




CRG1 R Xhol
ASMT F BamHI
ASMT R Xhol
COMT BamHlI
COMT R Xhol
ARO10 F BamHI
ARO10 R Xhol
hpaB F BamHI
hpaB R Xhol
hpaC F BamHI
hpaC R Xhol

F A10 HpaB

R A10 HpaB
ARO3 F BamHI
ARO3 K222L R
ARO3 K222LF
ARO3 R Xhol
ARO4 F BamHI
ARO4 K229L R
ARO4 R Xhol
ARO4 K229L F
ARO7 F BamHI
ARO7 G141S R
ARO7 G141S F
ARO7 R Xhol
GV1R (HpaC)
GP1F (HpaC)

CCGCTCGAGTCATTCTCTTTTCCTACATAAG
AGGTCGTGGGATCCCCATGGGTAGCAGCGAAGATCA
TGCGGCCGCTCGAGTTATTTACGTGCCAGGATTGCA
AGGTCGTGGGATCCCCATGGGTTCAACGGCAGAGACA
TGCGGCCGCTCGAGTTAGAGCTTCTTGAGTAACTCAATAAGG
AGGTCGTGGGATCCCC ATGGCACCTGTTACAATT
TGCGGCCGCTCGAGCTATTTTTTATTTCTTTTAAGTG
AGGTCGTGGGATCCCCATGAAACCAGAAGATTTCCG
CCGCTCGAGTTATTTCAGCAGCTTATCCAGC
AGGTCGTGGGATCCCCATGCAATTAGATGAACAACGC
CCGCTCGAGTTAAATCGCAGCTTCCATTTCC
CATGATTGGCTTCGGCACCCTGGAAGTAATGGGCGAAAA
TTTTCGCCCATTACTTCCAGGGTGCCGAAGCCAATCATG
GTCGTGGGATCCTTATGTTCATTAAAAACGATCACGCCGGTG
GCAGTGACACCTGGCaaTGTGACAGAAAGG
CCTTTCTGTCACAUGCCAGGTGTCACTGC
CCGCTCGAGCTATTTTTTCAAGGCCTTTCTTCTGTTTCTAACACC
GTCGTGGGATCCAAATGAGTGAATCTCCAATGTTCGCTGCCAAC
GCAGCAACACCATGCaaAGTAACACCCATG
CCGCTCGAGCTATTTCTTGTTAACTTCTCTTCTTTGTCTGACAGC
CATGGGTGTTACTUGCATGGTGTTGCTGC
GTCGTGGGATCCATATGGATTTCACAAAACCAGAAACTGTTT
CTAGTGGCAACAGAAGAGAAGTTATTCTTA
TAAGAATAACTTCTCTTCTGTTGCCACTAG
CCGCTCGAGTTACTCTTCCAACCTTCTTAGCAAGTATTCC
CGTGCGAUTTAAATCGCAGCTTCCATTTCC
AGTGCAGGUAAAACAATGCAATTAGATGAACAACGC
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PG1R(TEF1p) ACCTGCACUTTTGTAATTAAAACTTAGATTAGATTGCTAT 5
PG2R (PGK1p) ATGACAGAUTTGTTTTATATTTGTTGTAAAAAGTAGATAATT 5
GP2F (HpaB) ATCTGTCAUAAAACAATGAAACCAGAAGATTTCCG 5
GV2R(HpaB) CACGCGAUTTATTTCAGCAGCTTATCCAGC 5
GPDPro-F CGGTAGGTATTGATTGTAATTCTG 4,5
p426GPD seq R GACCTAGACTTCAGGTTGTC 4,5
CYC1-R GCGTGAATGTAAGCGTGAC 4,5
HpaB mid R AACGAACATCAGTGCGAAGT 5
RTN2p F (Sacl) CCCGAGCTCTCCCCAGGGTCAATTGACAA 5
RTN2p R (Bcul) CCCACTAGTGTTGATGATAGTTTGTGGCAAGTTG 5
HXT7p F (Sacl) CCCGAGCTCAACAAACATCTCATCTAGTT 5
HXT7p R (Bcul) CCCACTAGTTTTTTGATTAAAATTAAAAAAAC 5

Plasmids

Table M.3 List of plasmids used in this thesis
Plasmid name Relevant characteristics Integration Marker Source Chapter

site/
replicon

pGEX-5X-1 Taqg promoter-GST-MCS pBR322 AmpR GE Healthcare 4
p423GPD TDH3p-MCS-CYC1t 2 HIS3 (Mumberg et al. 1995) 5
p424GPD TDH3p-MCS-CYC1t 2 TRP1 (Mumberg et al. 1995) 5
p425GPD TDH3p-MCS-CYCL1t 21 LEU2 (Mumberg et al. 1995) 4,5
p426GPD TDH3p-MCS-CYCL1t 21 URA3 (Mumberg et al. 1995) 4,5
p427GPD TDH3p-MCS-CYCL1t 21 MET15 This work 5
p425RTN2 RTN2p-MCS-CYC1t 2u LEU2 This work 5
p425HXT7 HXT7p-MCS-CYC1t 2 LEU2 This work 5



p426RTN2
p426HXT7
pCfB2988
p426GPD DPL1
pGEX-5X-1 DPL1
p426GPD GAD1
pGEX-5X-1 GAD1
p426GPD DDC
pGEX-5X-1 DDC
p426GPD DIT2
pGEX-5X-1 DIT2
p426GPD ERG5
pGEX-5X-1 ERG5
p426GPD ERG11
pGEX-5X-1 ERG11
p426GPD T5H
PETDuetl-GST-A37T5H
p426GPD PAAL
pGEX-5X-1 PAA1
p426GPD AANAT
pGEX-5X-1 AANAT
p426GPD ERG6
pGEX-5X-1 ERG6
p426GPD CRG1
pGEX-5X-1 CRG1

RTN2p-MCS-CYC1t
HXT7p-MCS-CYC1t

USER cloning cassette-ADH1&CYC1 t
TDH3p-DPL1-CYC1t

Taqg promoter-GST-DPL1
TDH3p-GAD1-CYC1t

Taq promoter-GST-GAD1
TDH3p-DDC-CYC1t

Taqg promoter-GST-DDC
TDH3p-DIT2-CYC1t

Taqg promoter-GST-DPL1
TDH3p-ERG5-CYC1t

Taq promoter-GST-ERG5
TDH3p-ERG11-CYCL1t
Taqg promoter-GST-ERG11
TDH3p-GSTA37aaT5H-CYC1t
GSTA37aaT5H
TDH3p-PAA1-CYC1t

Taqg promoter-GST-PAAl1
TDH3p-AANAT-CYC1t
Taqg promoter-GST-AANAT
TDH3p-ERG6-CYC1t

Taq promoter-GST-ERG6
TDH3p-CRG1-CYC1t

Tag promoter-GST-CRG1

2p
2p
TY1Cons2
2H

24

24

21

24

24

21

24

24

21

2u

URA3
URA3
LoxURA3
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR
URA3
AmpR

This work
This work
(Maury et al. 2016)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
(Park et al. 2011)
This work
This work
This work
This work
This work
This work
This work
This work
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pCfB1252
pCiB2628
p425GPDhpaC
p426GPDhpaB
p426GPDhpaB(A10)

p425HXT7hpaC
p425RTN2 hpaC
p426HXT7hpaB
p426RTN2 hpaB
pCfB2988 HpaBC
p423GPDARO3
p423GPDARO3K222L
p423GPDARO4
p423GPD-ARO4K229L
p424GPDARO4
p424GPD-ARO4K229L
p425GPDARO10
p423GPDARO10
p426GPDARO7
p426GPDARO7G141S
p423GPDARO7
p423GPDAROG141S

TEF1p-HSASMT

TEFp-HsDDC, PGK1p-BtAANAT
TDH3p-hpaC-CYC1t
TDH3p-hpaB-CYC1t

TDH3p-hpaB(S210T/A211L/Q212E) -

CYC1t
HXT7p-hpaC-CYC1t

HXT7p-hpaC-CYC1t
HXT7p-hpaB-CYC1t
HXT7p-hpaB-CYC1t
TEF1p::hpaC PGK1p::hpaB
TDH3p-ARO3-CYC1t
TDH3p-ARO3K222L-CYC1t
TDH3p-ARO4-CYCL1t
TDH3p-ARO4K229L-CYC1t
TDH3p-ARO4-CYCL1t
TDH3p-ARO4K229L-CYC1t
TDH3p-ARO10-CYC1t
TDH3p-ARO10-CYCL1t
TDH3p-ARO7-CYCL1t
TDH3p-ARO7G141S-CYC1t
TDH3p-ARO7-CYC1t
TDH3p-ARO7G414S-CYCL1t

XlI-1
XI-5
21
21
21

2u
2H
2H
2H
TY1Cons2
2u
2u
2H
2H
2H
2u
2u
2u
2H
2H
2p
24

LoxLEU2
HIS5
LEU2
URA3
URA3

LEU2
LEU2
URA3
URA3
LoxURA3
HIS3
HIS3
HIS3
HIS3
TRP1
TRP1
LEU2
HIS3
URA3
URA3
HIS3
HIS3

(Germann et al. 2016) 4
(Germann et al. 2016) 4

This work
This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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MATERIAL & METHODS

Molecular techniques for the study and manipulation of DNA
Genomic DNA extraction from yeast

Obtaining yeast genomic DNA was normally carried out from 1-5 ml of culture in
YPD medium following the isolation method described by Querol et al. (1992).
Yeasts were grown in 5 mL YPD at 28 ° C for overnight and collected by
centrifugation during 1 min at 4000 rpm. The supernatant was removed and the
cells were washed twice with 1 mL of sterile water. The cell pellet was
resuspended in 500 pL of Buffer 1 (0.9 M sorbitol, 0.1 M EDTA pH 7.5) and. 30
pL of Zimolyase (amsbio) was added, mixed by invertion and incubated for 30
min. at 37 °C. After centrifugation of 3 min. at 12000 rpm, the supernatant was
removed and the protoplasts were resuspended in 500 pL of Buffer 2 (50mM Tris
pH 7.4, 20mM EDTA). Then 13 pL of 10% SDS was added and incubated during
5 min. at 65 °C. After incubation, 200 pL of 5M potassium acetate was added,
and the tubes were mixed by invertion and incubated on ice for a minimum of 10
min. After incubation, the tubes were centrifuged at 4°C for 15 min. at 14000 rpm
to remove the SDS completely and the supernatant was transferred to a new
tube. 700 puL of isopropanol were added to the supernatant and the sample was
incubated at room temperature for 10 minutes. After incubation, the tubes were
centrifuged for 15 min. at 12000 rpm the cold and the supernatant was discarded.
The precipitated pellet was washed with 500 pL of 70% ethanol. After
centrifugation for 3 min. at 12000 rpm, the supernatant was eliminated and the
pelled was dried under vacuum and re-suspended in TE (10 mM Tris, 1mM EDTA
pH 8.0) or Milli-Q water.

Plasmid extraction from yeast cells

For plasmid extraction from yeast cells we adapted the method described by
Singh and Weil, (2002) in which silica gel-based columns are used. This protocol
is described using the NZYMiniprep from NZYTech. For plasmid extraction 2-5
mL of yeasts were grown on selective medium for overnight or alternatively ¥4 of
the surface (fully covered) from a fresh plate can be taken directly. Cells were re-
suspended in 500 pL of Buffer 1 (from genomic DNA extraction protocol) and. 30

uL of Zimolyase (amshbio) was added, mixed by invertion and incubated for 1 h.
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MATERIAL & METHODS

at 37 °C. After centrifugation of 1 min. at 11000 rpm, the supernatant was
removed and the protoplasts were re-suspended in 250 uL of the Buffer A1 and
then 100 - 200 pL of glass beads of 0.5 mm diameter were added. The protoplasts
were ruptured by glass bead beating by applying three shaking cycles at 30 s—1
for 30 s in a Tehtnica MillMix 20 homogenizer (Tehtnica, Slovenia) at 4-C. 250
uL of lysis Buffer A2 was added and homogenization was performed by inversion
6-10 times. The mixture was incubated at room temperature for a maximum of 5
min and after this time, 300 pL of Buffer A3 was added and mixed by inversion 6-
10 times to neutralize the lysis reaction. Immediately the mixture was centrifuged
at maximum speed to clarify the lysate and after centrifugation the supernatant
was transferred to a new 1.5 mL tube and centrifuged again for 1 min at maximum
speed. Then, up to 750 yL of supernatant was transferred to a NZYTech spin
column and centrifuged for 1 min at 11.000 g. The flow-through was discarded
and the column was washed with 500 uL of Buffer AY. After centrifugation for 1
min at maximum speed, the flow-through was discarded and 600 pL of Buffer A4
was added onto the column. After centrifugation for 1 min at maximum speed,
the NZYTech spin column was placed into a new empty 1.5 mL tube and
centrifuged at maximum for 2 min in order to dry the silica membrane. Finally, the
dried column was trasferred into a clean 1.5 mL microcentrifuge tube and 50 pL
of Buffer AE was added into the center part of the column. After 1 min incubation
at room temperature, the plasmidic DNA was eluted by centrifugation for 1 min at

maximum speed.
Plasmid extraction from bacterial cultures

For plasmid isolation and purification from E. coli transformed cells, the
NZYMiniprep or NZYMidiprep were used following the protocol provide by the
manufacturer. Usually, overnight cultures coming from tubes with 5 mL of of LB
with the antibiotic inoculated with a single colony, grown at 37 °C in a roller

shaker, were employed for NZYMiniprep.
Plasmid construction
The construction of plasmids was carried out following different strategies:

) Traditional cloning:
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The DNA sequence to be cloned (insert) was amplified by PCR using
oligonucleotides (Table M2) that introduce restriction sites at the ends of the
amplified fragment and that allow its insertion into the corresponding vector.
Next, the insert and the vector were digested with the corresponding
restriction enzymes and their ligation was performed using T4 DNA ligase
provided in the Rapid DNA ligation kit (Thermo Fisher Scientific) according to
the manufacturer's recommendations. The ligation reaction mixture was
directly used for bacterial transformation prior to heat inactivation of T4 DNA
Ligase at 65 °C for 10 min or at 70 °C for 5 min.

i) USER cloning:

The DNA sequences to be cloned (Biobricks) were amplified by PCR with
primers containing uracils (Table M.2) by using Phusion U Hot Start DNA. In
parallel, the EasyClone vectors containing USER cloning sites were prepared
by sequentially treatment with the enzymes AsiSI (SfaAl) (Thermo Fisher
Scientific) and Bsml (New England Biolabs). After purification, the prepared
vectors and the biobricks were mixed and treated with USER™ enzyme and

after the reaction, the mixture was directly used for bacterial transformation.

Successful cloning in the different vectors was identified by PCR in E. coli
colonies or by small-scale digestion of plasmid DNA, purified from recombinant
clones after overnight cultivation, using restriction enzymes. To verify the exact
sequence of the insert, the cloned inserts were sequenced using Sanger

sequencing (Eurofins genomics) and sequencing primers (Table M2).
Polymerase chain reaction and DNA electrophoresis in agarose gels

For the amplification of DNA fragments from a genomic DNA or plasmid template,
different DNA polymerases were used depending on the need for error correction
activity: Biotaq (Bioline) or NZYTaq Il DNA polymerase (NZYTech) without 3 —5"
exonuclease activity and Phusion High-Fidelity (ThermoFisher Scientific) with
3’— 5 exonuclease activity. Additionally, Phusion U Hot Start DNA Polymerase
(ThermoFisher Scientific) was used in order to construct biobricks with primers
containing uracils. The mixture of oligonucleotides complementary to the

template DNA sequence, dNTPs, buffer solutions and the DNA that acts as a
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template was performed as indicated by the manufacturer for each of the
enzymes. Primers were ordered from IDT. The Tm of the primers used and the
appropriate annealing temperature for the different DNA polymerases was
estimated with the on-line tool Tm  Calculator from  NEB

(https://tmcalculator.neb.com/). MultiGene™ OptiMax Thermal Cycler (Labnet)

was employed to synthesize the deletion/insertion cassettes, to check the
deletion/insertion, to perform site-directed mutagenesis, colony PCR and for
USER cloning. The usually conditions and cycling instructions for the different

programs used were the folowing:
Deletion cassette amplification

The deletion cassette was amplified from different plasmids (Table M.3) or by
amplifying the KanMX4 cassette and flanking regions (about 500-pb upstream
and downstream) from the corresponding mutant strain in the BY4743
background. Primers used have 50-nucleotide extensions corresponding to
regions upstream of the target gene start codon (forward primer) and downstream
of the stop codon (reverse primer). Reactions were run with an initial denaturation
period of 5 min at 94 °C, then 30 cycles consisting of denaturation at 94 °C for 30
sec, annealing at the correct temperature for each plasmid for 30 sec and
elongation at 72 °C for 1 min/kb or 15-30 sec/kb when Biotaq (Bioline) or NZYTaq
I (NZYTech) was used, respectively. The amplification terminated with an

extended incubation at 72 °C for 7 min and cooling to 16 °C.
Deletion/cassette insertion verification

The genomic DNA of possible mutants was analyzed by PCR using primers
upstream and downstream of the deleted/integrated region, and a combination
with primers from the insert/deletion cassette introduced (Table M.2). Reactions
were run as for deletion cassette amplification with an elongation time depending

on the different PCR product length.
Site-directed mutagenesis by PCR

Two target gene segments were amplified from genomic template DNA by a first

PCR using four primers, including two flanking primers containing restriction
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enzyme sites and two mutagenic primers. After the initial PCR, overlapping gene
segments were generated that were subsequently used as a DNA template for a
second PCR driven by only the flanking primers, generating the full-length
product with the mutation of interest (Figure M.1). This fragment can be cloned
into a vector since it is flanked by the restriction enzymes introduced by the

external primers.
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Figure M.1 Site-directed mutagenesis by PCR from yeast genomic DNA used in the present
work. In the diagram, primers B and C contain the mutation of interest (mutagenic primers)
whereas primers A and D contain a restriction enzyme site (flanking primers). The first round of
PCR uses primers A-B and C-D to create two products with the mutated sequence. In the second
PCR round, since primers B and C contain complementary sequences, the products from the first
round will hybridize after they are denatured following the first PCR cycle. Primers A-D can then
be used to amplify the full-length product that contains the desired mutation and the restriction
enzyme sites for later cloning the mutated gene into a plasmid. Alterations to this method can

also create deletions or longer additions.

Agarose gels were used to separate the DNA at different concentrations of
agarose D1 Low EEO (Condalab), between 0.8 and 2%, depending on the size
of the DNA fragments. The gels were prepared with 1X TAE buffer (Tris base pH
8,4 M glacial acetic acid, 1 mM EDTA) which was also used as electrophoresis

buffer. To visualize the nucleic acids under UV light, RedSafe™ Nucleic acid
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staining (iINtRON) was added to the agarose gels. The DNA was resuspended in
loading buffer and as a standard of sizes to estimate the fragment of the DNA
isolates, different ladders were used including GeneRuler 1Kb and GeneRuler
100 bp DNA Ladder (Thermo Scientific).

Molecular techniques for the study of RNA

Previous to RNA extraction, yeast cells were centrifuged at 4 °C and washed with

distilled water and frozen with liquid nitrogen and then stored at -80 °C.

The cells were resuspended in 500uL of LETS buffer (0.1 M LiCl, 10 mM EDTA
pH 8.0, 0.2% SDS, 10 mM Tris-HCI pH 7.4) and transferred to tubes containing
glass beads and 500ul phenol: chloroform (5 :1). Cells were disrupted by cold 30
second shaking cycles using Millmix 20 bead beater (Tehtnica). The supernatant
was transferred to another tube containing 1 volume of phenol: chloroform (5: 1)
and subsequently to another with chloroform-isoamyl alcohol (25: 1). Finally, the
RNA was precipitated by adding 2.5 volumes of cold 96% ethanol and 0.1 volume
of 5 M LiCl. A second precipitation was performed by adding 2.5 volumes of 96%
ethanol and 0.1 volume of 3 M sodium acetate. Subsequently, the RNA was
resuspended in RNase-free milliQ water and its concentration and integrity were
determined using the NanoDrop and agarose gel electrophoresis. Then, in order
to eliminate the DNA, 1 ug of RNA was treated was treated for 15 min at 25-C
with DNase | RNase-free (Roche) according to the manufacturer’s protocol. NZY
First-Strand cDNA Synthesis Kit (NZyTech) was used to synthesize cDNA from

the DNase I-treated RNA following the manufacturer’'s recommendations.

Quantitative real-time PCR was performed in a Light Cycler 480 Il (Roche) using
the TB Green Premix Ex Taq Il (Tli RNaseH Plus) (TaKaRa) for fluorescent
labeling. For this purpose, 2.5 pL cDNA were added to each reaction at a final
volume of 10 pL. The real-time PCRs were performed using 0.2 uM of the
corresponding oligonucleotides under the following conditions: 95-C for 10 s,
followed by 40 cycles of 10 s at 95°C and 15 s at 55°C. At the end of the
amplification cycles, a melting-curve analysis was conducted to verify the

specificity of the reaction. A standard curve was made with serial dilutions of the
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cDNA sample (2 x 1071, 1 x 1071, 2 x 1072, 1 x 1072, 2 x 1073, 1 x 1073). The

primers used to determine the transcript levels are in the table M.2.
Molecular techniques for the study of proteins

For check the maintenance of the reading frame between GTS and the
corresponding protein as well as the better conditions for expression induction
(IPTG concentration and temperature), aliquots of cells were collected by
centrifugation before and after IPTG induction. Cell pellets were either sonicated
on ice in minimal volumes of 50 mM Hepes pH 7.4 containing 0.1% Triton X-11
or directly resuspended in 75 pL of sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer. The sample for SDS-PAGE was
heated at 95°C for 10 min. Typically 5 pL of this was used for electrophoresis.

Electrophoresis under denaturing conditions to separate proteins were performed
in polyacrylamide gels (SDS-PAGE), varying the concentration of polyacrylamide
as a function of the molecular weight of the study protein. The MiniProtean 3
system (BioRad) was used with 1X SDS protein electrophoresis buffer (25 mM
Tris Base, 192 mM Glycine, 0.1% SDS, pH: 8.1 - 8.5) at a constant voltage of
100 V. PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) was used

as a protein standard and ladder.
In silico analysis
BLAST

Basic Local Alignment Search Tool (BLAST)
(https://blast.ncbi.nim.nih.gov/Blast.cgi) (Altschul et al. 1990) was used to identify
putative melatonin biosynthetic genes in S. cerevisiae from orthologous
sequences in other classes of organisms. More specifically BLASTp, which
searches protein databases using a protein query combined with the domain
enhanced lookup time accelerated BLAST (DELTA-BLAST) algorithm, which
searches a database of pre-constructed position-specific score matrix (PSSMs)
using the results of a Conserved Domain Database search before searching a
protein-sequence database, to yield better homology detection (Boratyn et al.
2012).
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Serial cloner

The molecular biology software Serial cloner was used for in silico DNA cloning,
sequence analysis and visualization and sequence alignment. This software is

free and can be downloaded from: http://serialbasics.free.fr/Serial_Cloner.html
Neighbour-joining tree construction

The phylogenetic tree, using different plant and vertebrate SNATSs including the
PAA1 sequence from S. cerevisiae, was constructed using the neighbor-joining
method and a bootstrap test with 1000 iterations. The GenBank accession
numbers of the sequences used for the aligment were: NP_442603
(cyanobacteria, Synechocystis sp. PCC 6803, SNAT), AK059369 (rice, O. sativa,
SNAT1), AK068156 (rice, O. sativa, SNAT2) ABD19662 (Arabidopsis, A.
thaliana, SNAT), NP_001009461 (sheep, O. aries, SNAT), NM_009591 (mouse,
M. musculus, SNAT), KJ156532 (apple, M. zumi, SNAT3), KJ156533 (apple, M.
zumi, SNAT4). The phylogenetic tree was constructed with the MEGAG6 software
(Tamura et al. 2011).

Analytical techniques
Voltammetry of immobilized particles (VIMP)

All the electrochemical determinations were carried out in the laboratory of Dr.
Antonio Doménech Carbo in the Department of Analytical Chemistry located in
the Faculty of Chemistry at the University of Valencia. Figure M.2 shown a
schematic representation of experimental setup for the electrochemical

measurements.
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Connexion to potentiostat

Connexion to computer

Potentiostat/galvanostat

Electrochemical cell D

Figure M.2 Experimental setup of the electrochemical measurements for melatonin
detection. electrochemical cell, potentiostat/galvanostat and personal computer. RE, reference

electrode; WE, working electrode; CE: counter electrode (Apetrei and Apetrei, 2016).

Chemicals and solutions

Stock solutions of each indolic compound (tryptophan, 5-hydroxytryptophan,
serotonin, N-acetylserotonin, 3-indoleacetic acid and tryptophol) were freshly
prepared and diluted as required. All reagents used were of analytical grade and

were purchased from Sigma Aldrich (Sigma-Aldrich, USA).

Supporting electrolytes used for electrochemical experiments were aqueous
acetic acid/sodium acetate (HAc/NaAc) buffer solutions, concentration 0.25 M
and 0.10 M, pH 4.75 (Panreac, Spain).

Electrochemical measurements directly on yeast cells

After incubation with the interest indolic compound, 10 mL of each culture was
centrifuged (10 min at 4000 rpm). The obtained pellet (~10° cells) was washed
twice with distilled water and transferred to a microcentrifuge tube to dry cells at
60 °C for around 16 h. 1 mg of dried cells was powdered with an agate mortar
and pestle by adding 0.5 mL of ethanol (Panreac, Spain) for 2 min. Then, 50 pyL
of the resulting suspension was dropped onto the GCE surface. After solvent
evaporation in air, the electrode was inserted into the electrochemical cell and
electrochemical runs were performed. Linear potential scan (LSV), cyclic (CV),

and square wave voltammetry (SWV) were used as the detection modes.
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Instrumentation and voltammetric measurements

Electrochemical measuraments were taken at 298 + 1 K in a CH cell using a
laboratory CH 1660 potentiostat (Cambria Scientific, Liwynhendy, Llanelli, Wales,
UK). A BAS MF2012 glassy carbon working electrode (GCE) (geometrical area
0.071 cm?), a platinum wire auxiliary electrode, and an Ag/AgCl (3 M NacCl)
reference electrode were used in a conventional three-electrode arrangement
(Figure M.1). Voltammetric measurements were taken in the solutions of an
intracellular metabolite content at unmodified GCE and with freshly prepared,
sample-modified GCEs immersed in aqueous acetate buffer. For electrode
conditioning, ca. 1 mg of dried cells was powdered with an agate mortar and
pestle by adding 0.5 mL of ethanol (Panreac, Spain) for 2 min. Then, 50 uL of the
resulting suspension was dropped onto the GCE surface. After solvent
evaporation in air, the electrode was inserted into the electrochemical cell and
electrochemical runs were performed. Linear potential scan (LSV), cyclic (CV),

and square wave voltammetry (SWV) were used as the detection modes.
High performance liquid chromatography (HPLC)
Intra- and extracellular extraction methods for HPLC analysis

Intracellular metabolites extraction with ethanol and glass beads for

melatonin and melatonin intermediates analyses

1 mL of cold mixture ethanol/water 50% (v/v) to the cell pellets and 0.3 mL of
glass beads. Cells were ruptured by a Tehtnica MillMix 20 homogenizer
(Tehtnica) with three shaking cycles at 30 s—1 for 30 s at 4°C. Lysed cells were
centrifuged at 5000 g and 4°C for 10 minutes to remove the insoluble particles.
The supernatant was transferred to a new tube, and stored at —20°C until further
analyzed by UHPLC-MS/MS.

Intracellular metabolites extraction by the boiling buffered ethanol (adapted

from Gonzalez et al., 1997)

Three mililiter of a solution of 75 % (v/v) boiling absolute ethanol that contained
70 mM (final concentration) of HEPES buffer (pH 7.5) was added to the cell pellet.

This mixture was incubated for 3 min at 80 °C and for 3 min on ice. The extract
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was concentrated by evaporation of the volume at 45 °C in a 5301 Concentrator
plus/Vacufuge® plus (Eppendorf, Spain). The final intracellular content was
resuspended in 1 mL of ultrapure Milli-Q water and centrifuged at 5000g for 10
min at 4 °C to remove insoluble particles. The supernatant was transferred to a

new tube and stored at =20 °C until analysis.

Extracellular content treatment for melatonin and melatonin intermediates

analyses

For the extracellular extraction, an equal amount of absolute ethanol was added

to the culture. The mixture was stored at —20°C until analysis.

Extracellular content treatment for higher alcohols and hydroxytyrosol

analyses

For the extracellular extraction, an equal amount of absolute methanol was added

to the culture. The mixture was stored at —20°C until analysis.
Melatonin and other indolic compounds determination by UHPLC-MS/MS

UHPLC-MS/MS analysis were performed in the mass spectrometry section of the
Central Support Service for Experimental Research of the University of Valencia
(SCSIE).

All the samples and standard solutions were diluted as required and prior injection
into HPLC the intra or extracellular samples were centrifuged at 7500 g for 5 min

at 4 °C and the supernatant was filtered by a 0.22 um nylon filter.
Standard solution preparation

The stock solutions of tryptophan, 5-hydroxytryptophan and serotonin were
prepared with water whereas for tryptamine, N-acetylserotonin and melatonin the
stock solutions were prepared in ethanol absolute (Panreac-AppliChem, Spain).
The prepared solutions were stored at -20 °C when not in use for a maximum of
one month. The patterns for HPLC calibration were prepared from stock solutions
of 1 mg/mL of each indolic compound in methanol and diluted in ultrapure Milli-Q
water. The final concentrations of the calibration standards were 0, 0.1, 1, 10,

100, and 1000 ng/mL, which were prepared freshly before use.
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Instrumentation and chromatographic conditions

Liguid chromatography was performed in an Acquity ultra high performance liquid
chromatography (U-HPLC) (Waters, USA) in an Acquity UPLC BEH C18 (2.1 x
50 mm, 1.7 ym) column (Waters, USA) with mobile phases A (0.5 % formic acid
in water) and B (acetonitrile). The flow rate was 0.4 mL/ min, and the injection
volume was 5 pL. The gradient program was as follows: 0—0.5 min, 95:5 % (v/v),
0.5-3.5 min 0:100 % (v/v), and 3.5—7 min 95:5 % (v/v). The column temperature
was set at 30 °C.

An ACQUITY® TQD triple quadrupole mass spectrometer equipped with a Z-
spray electrospray ionization source was used for detection purposes. Spectra
were acquired in the positive ionization mode using multiple-reaction monitoring
method employing an interchannel delay of 0.07 s. The multiple-reaction method
transitions were m/z 177 — 132.21 and 177 — 160.03 for serotonin, m/z 221 —
162.19 and 221 — 203.99 for 5-hydroxytryptophan, m/z 219 — 159.96 and m/z
219 — 202.00 for N-acetylserotonin, m/z 205 — 118.03 and m/z 205 — 145.85
for L-tryptophan, m/z 233 — 174.10 and 233 — 216.10 for melatonin, and m/z
162.82—117.20 and 162.82—144.10 for tryptophol.

Higher alcohols and hydroxytyrosol determination

All the samples and standard solutions were diluted as required and prior injection
into HPLC the intra or extracellular samples were centrifuged at 7500 g for 5 min

at 4 °C and the supernatant was filtered by a 0.22 um nylon filter.
Standard solution preparation

For standard solution preparation, individual stock solutions of shikimic, tyrosol,
hydroxytyrosol, 2-phenylethanol and tryptophol were prepared by dissolving the
compounds in methanol. The prepared solutions were stored at -20 °C. The
patterns for HPLC calibration were prepared from stock solutions of each
compound in methanol and diluted in ultrapure Milli-Q water. The final
concentrations of the calibration standards were 0, 10,100, 500, 1000 and 5000
ng/mL, which were prepared freshly before use.
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Instrumentation and chromatographic conditions
HPLC-PDA

The hydroxytyrosol and higer alcohols (tyrosol, 2-phenylethanol and tryptophol)
were detected by HPLC on Acquity ARC sytem core (Waters, USA) equipped
with a photodiode array wavelength detector (Waters 2998 PDA), a quaternary
pump, autosampler and on-line degasser. Chromatographic separation was
carried on an Accucore™ C18 (4.6 x 150 mm, 2.6 ym) column (Thermo Fisher
Scientific) with mobile phases A (0.01 % TFA acid in water) and B (acetonitrile).
The flow rate was 1 mL/min, and the injection volume was 10 yL. The gradient
program was as follows: 0—18 min, 100:0 % (v/v), 18—-19 min 90:10 % (v/v), 19—
28 min 75:25 % (v/v), 28 — 31 min 0:100 % (v/v) and 31 -39 min 100:0 % (v/v).
The column temperature was set at 30 °C and the samples were kept at 10 °C.
PDA detector was set at A = 210 nm. Identification of all the higher alcohols and
hydroxytyrosol was based on their retention times, determined injecting the
reference standards individually and as a mixture. The calibration curves of each
analyte, i.e., peak area versus concentration, were linear and data were fitted by
the least-squares method. Linearity was assessed by least squares fitting of
independent six-points calibration curves. The retention time for hydroxytyrosol,
tyrosol, 2-phenylethanol and tryptophol was 9.366 min, 13.112 min, respectively.

UHPLC-MS/MS

UHPLC-MS/MS analysis was performed in the mass spectrometry section of the
Central Support Service for Experimental Research of the University of Valencia
(SCSIE). Hydroxytyrosol, tyrosol and shikimic acid were detected by UHPLC on
ACQUITY® TQD system (Waters, USA) equipped with a Kinetex XB-C18 100 A
column (2.1x100 mm, 1.7 um; Phenomenex). Buffer A (milliQ water with 1mM
ammonium acetate, pH 5) and buffer B (acetonitrile) were used as a mobile
phase. Analytes were eluted at 40 °C with a flow rate of 0.4 mL/min and the
injection volume was 5 yL. The gradient program was as follows: 0-2.5 min
97:3% (v/v), 2.5-3.5 min, 10:90% (v/v), 3.6-8 min, 97:3% (v/v). Eluted
compounds were detected using an ACQUITY® TQD triple quadrupole mass
spectrometer (Waters) equipped with a Z-spray electrospray ionization source.
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Spectra were acquired in negative ionization multiple reaction monitoring mode
employing an interchannel delay of 0.1 s. The multiple-reaction method
transitions were m/z 137—93 & 137—106 for tyrosol, m/z 153—123 for
hydroxytyrosol and 173 > 93 & 173 > 111 for shikimic acid.

Statistical analysis

All the experiments were carried out at least in triplicate, with the exception of the
chemostat cultures conducted in Chapter 3 which were performed in duplicates.
Data were expressed as the mean values + standard deviation. Experimental
results were analyzed and compared by statistical analyses such as ANOVA,
Tukey’s honestly significant difference (HSD) and t-tests using R or GraphPad
Prism (GraphPad Software Inc., La Jolla, CA, USA) software. A significance level

between 1 and 5% was chosen as the cut-off point.
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Detecting and monitoring the production of
melatonin and other related indole compounds in
different Saccharomyces strains by solid-state
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1.1. Introduction

Originally, melatonin was seen as a unique product of the pineal gland of
vertebrates and was called a neurohormone. However, in the last two decades,
it has been identified within a wide range of invertebrates, plants, bacteria, and
fungi. Therefore, today, melatonin is considered a ubiquitous molecule present in
most living organisms (Tan et al. 2015). In particular, this indolamine has been
significantly detected in many food plants, and consequently, it can now be
considered a dietary component, even if its daily intake is very difficult to estimate
(Iriti et al. 2010; Iriti and Varoni 2015). Among food plants, grape vine (Vitis
vinifera) represents a source of melatonin that deserves being paid special
attention because of wine production, an alcoholic beverage of economic

relevance, with the presence of molecules with putative bioactivity.

Melatonin has been detected in wine, and despite the contribution of grapes to
the final concentration of melatonin and other indolamines, significant increases
in these molecules in the fermentation step of the wine-making process (Vigentini
et al. 2015), indicating the pivotal role of yeasts in this production. A pioneering
paper demonstrated that S. cerevisiae synthesizes melatonin and metabolizes it
to other 5-methoxylated indoles (5-methoxytryptamine and 5-methoxytryptophol)
(Sprenger et al. 1999). More recently, Rodriguez-Naranjo et al. (2012) proved the
synthesis of melatonin in several wine yeast strains under conditions that
mimicked grape must fermentation. These authors concluded that melatonin
synthesis largely depends on the growth phase of yeasts and the concentration

of L-tryptophan and sugars in the growth medium.

The synthesis by yeasts of this molecule and other derived indolic compounds,
with potential health benefits, opens up a new exciting research field, which can
lead to increase these bioactive molecules in food, in which yeasts take part. A
key point to improve the synthesis of these molecules during the fermentation
process is to elucidate the complete metabolic pathway involved in the
biosynthesis of these indolic compounds. Although very little information on
melatonin biosynthesis in organisms other than plants and vertebrates is
available, in yeast, the pathway seems to be similar to the synthetic route and

enzymes described in vertebrates (Sprenger et al. 1999). This synthesis route is
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very simple, with four enzymes involved in the conversion of tryptophan into 5-
hydroxytryptophan, this into serotonin and N-acetylserotonin intermediates, and
finally into melatonin (Figure 1.1.A). However, the genes that encode the
enzymes of this putative melatonin synthesis pathway are completely unknown.
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Figure 1.1. Synthesis of melatonin from trytophan (adapted from Mas et al. (2014)) A.
Representation of the structures of melatonin (Mel), tryptophol (Tol), 3-indoleacetic acid (3-1AA),
tryptophan (L-Trp), 5-hydroxytryptophan (5-OH-Trp), N-acetyl serotonin (N-AcSer), and serotonin
(Ser) B.

We were very interested in elucidating this melatonin route by searching other
homolog genes to those described in vertebrates and by assaying the enzymes
in the conversion of different intermediates into the final melatonin product
(results presented in chapter 3 and 4 of the present thesis). However, to achieve
this aim, we needed a sensitive, easy, reliable, and economic method to measure
intracellular melatonin. This molecule has been determined by HPLC with
fluorescence detection (Mercolini et al. 2008; Yin et al. 2016) and/or MS
detection (Yang et al. 2002; Iriti et al. 2006; Arnao and Hernandez-Ruiz 2007;
Kollmann et al. 2008; Fernandez-Cruz et al. 2016), GC and MS (Best et al. 1993;
Van Tassel et al. 2001), and ELISA (Pape and Lining 2006; Kollmann et al. 2008;
Maldonado et al. 2009). Nonetheless, given the low melatonin production levels

by yeasts (Rodriguez-Naranjo et al. 2012), these methods are poorly sensitive or
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technically complex to become a routine technique to detect melatonin production
in yeasts. Thus, our aim was to adapt and set up a simple, rapid, and low-cost
technique for detecting the presence of melatonin and its intermediates in S.

cerevisiae intracellular samples.

In this context, conventional solution-phase electrochemical techniques have
been used to determine different individual analytes (Yang et al. 2015), estimate
antioxidant capacities (Karadag et al. 2009; Milazimoglu and Mulazimoglu 2012),
and evaluate quality parameters (Ziyatdinova et al. 2015) of foods. Given the
electroactive character of melatonin ((Radi and Bekhiet 1998) and the peculiar
nature of the involved samples, we tested the possibility of using solid-state
electrochemical techniques to acquire analytical information based on the
voltammetry of immobilized particles (VIMP) methodology.

This technique, developed by Scholz et al. in the late 1980s (see comprehensive
reviews in Scholz and Meyer (1998) and Scholz et al. (2014), provides the
electrochemical response of sparingly soluble solids attached to inert electrodes
that come into contact with suitable electrolytes applied in a variety of fields
(Doménech-Carbé et al. 2013). By means of this approach, the voltammetric
response of the microparticulate deposits that result from evaporating ethanol,
acetone, etc., extracts from the cellular strains on the surface of solid electrodes
were measured in contact with aqueous electrolytes. Since melatonin as well as
directly related compounds in yeasts are sensitive to temperature changes and
oxidizing agents (Tan et al. 2007; Garcia-Parrilla et al. 2009), the proposed
methodology, involving room temperature operations and “smooth” extraction

pretreatment, offers in principle high representativity.

This allowed us to record the responses associated with selected electroactive
species without having to determine their entire extract composition. Application
for screening tomato fruits (Doménech-Carbé et al. 2015b) and tea (Liu et al.
2014; Dominguez and Doménech-Carb¢ 2015) varieties, studying the antioxidant
capacity associated with the interaction with reactive oxygen species
(Doménech-Carbé et al. 2015c), and monitoring plant defenses against external

stressors (Doménech-Carb6 et al. 2015a) have been described. In particular,

128



RESULTS: CHAPTER 1

VIMP has been proposed to access chemotaxonomic information to vyield

phylogenetic trees (Doménech-Carbo et al. 2015d).

This methodology was applied here into cellular samples to screen the capability
of melatonin biosynthesis by different industrial and laboratory Saccharomyces
strains and to explore melatonin production by testing different possible
pathways. This application exploits the fact that serotonin (Wrona et al. 1986;
Wrona and Dryhurst 1987), melatonin (Crespi et al. 1994), tryptophan, and other
directly related indolic compounds (Enache and Oliveira-brett 2011) are
electrochemically oxidized, which prompt their determination by voltammetric
techniques. Although a variety of modified electrodes have been reported for
melatonin (Radi and Bekhiet 1998; Xiao-ping et al. 2002; Beltagi et al. 2003;
Corujo-Antufia et al. 2003; Qu et al. 2005; Saber 2010; Wei et al. 2012; Caro et
al. 2016) and tryptophan (Safavi and Momeni 2010; Liu et al. 2013; Beitollahi et
al. 2015) determination in pharmaceutical formulations and biological fluids, their
application to direct cellular yeast strains, where a complex matrix exists and
several potential interferents are present, appears uncertain when such

conventional solution-phase electrochemistry methodologies are employed.

Thus, in this chapter, we report the setup of a solid electrochemical method that
allowed us to detect the synthesis of the main compound of the melatonin
metabolic pathways and other compounds related to tryptophan metabolism,
such as 3-indoleacetic acid and tryptophol. The application of this method was
conducted directly on yeast cells from laboratory and industrial strains.
Furthermore, the production of these compounds after the pulses of the initial
substrate, tryptophan, but also intermediates, such as 5-hydroxytryptophan and
serotonin has been assessed. Finally, we also tested the voltammetric changes

in the mutant strains with deleted genes of tryptophan metabolism.
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1.2. Results and Discussion
1.2.1. Electrochemistry of reference compounds

The electrochemistry of the relevant indolic compounds (see the structures in
Figure 1.1b), serotonin, 5-hydroxytryptophan, N-acetylserotonin, melatonin, and
tryptophan films on glassy carbon working electrode (GCE) from their ethanolic
suspensions, was studied upon immersion into agueous acetate buffer at pH
4.75. Under these conditions, the films remained stable for 10—-15 min and thus
allowed the determination of a well- defined electrochemical response, as
illustrated in Figure 1.2. In all cases, an apparently irreversible oxidation wave
was recorded, and the peak potential ranged between +0.45 and +1.05 V vs.
Ag/AgCI. As we suspected a possible overlapping between melatonin and other
major tryptophan metabolism compounds, we also included the analysis of films
on GCE pre- pared by the evaporation of ethanolic solutions of tryptophol and 3-
indoleacetic acid to define the electrochemistry response. As can see in Figure
1.2, the voltammetric signal for these three compounds was almost identical. In
order to solve this overlapping signal for melatonin, tryptophol, and 3- indoleacetic
acid, a generalized Tafel analysis and a modified Tafel analysis were applied as
explained in “Discrimination among melatonin, tryptophol and 3- indoleacetic

acid” section.
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Figure 1.2 Square wave voltammograms of different indolic compunds. Films of melatonin
(Mel), tryptophol (Tol), 3-indoleacetic acid (3-1AA), tryptophan (L-Trp), N-acetyl serotonin (N-
AcSer), serotonin (Ser) and 5-hydroxytryptophan (5-OH-Trp) on glassy carbon electrode in
contact with 0.25 M HAc/NaAc aqueous solution at pH 4.75. Potential scan initiated at -0.25 V in
the positive direction, potential step increment 4 mV, square wave amplitude 25 mV, and
frequency 5 Hz.

As reported by Wrona et al. (1986, 1987), oxidation of serotonin in aqueous
electrolytes proceeds via an initial one-electron one-proton oxidation step that
yields a phenoxyl radical that subsequently undergoes a second one-electron
one-proton oxidative step to give a very reactive quinone imine. This species
reacts with water to give 4,5-dihydroxytryptamine, which, in turn, undergoes a
two-electron two-proton oxidation to a quinone, tryptamine-4,5-dione, which thus
results in an overall four-electron process. The same pathway would be operative
for 5-hydroxytryptophan and N-acetylserotonin, which, consistently, produced an
oxidation peak at a potential essentially identical one to that of serotonin (Figure
1.2) +0.45 V.

The electrochemistry of 3-indoleacetic acid and tryptophan (the latter displayed
a broad anodic wave at ca. +0.95 V) would consist in the following two steps:
oxidation at position C2 on the pyrrole ring and hydroxylation at the C7 position
of the benzene moiety (Safavi and Momeni 2010; Beitollahi et al. 2015).

Melatonin and tryptophol produced an oxidation peak at +0.70 V, which can be
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described, following Wrona et al. (1986,1987), and in two-electron oxidation
terms, to form a quinoneimine, which is susceptible to nucleophilic attack to

subsequently form dimers.
1.2.2. Discrimination among melatonin, tryptophol and 3-indoleacetic acid

In the context of melatonin determination, it is pertinent to note that voltammetric
techniques can be considered in this context as complementary to
chromatographic techniques. HPLC provides high discriminating capability and
the concomitant unambiguous identification and quantification of individual
species; however, the need of extraction or sample pretreatments diminishes to
some extent the representativity of the sample. The voltammetric methodology
described here, although having less discriminating ability, offers the possibility
of analyzing samples with minimal pretreatment and fast measurement. As
previously noted, discrimination remained an analytical problem because of the
marked coincidence of the voltammetric signals. This can be seen in Figure 1.2,
where the SWVs, after semi-derivative convolution, of the films on GCE, prepared
by the evaporation of the solutions of tryptophol, melatonin, and 3-indoleacetic
acid in water, are depicted. After taking five independent measurements, the peak
potentials were 735 £ 5, 725 = 5, and 7555 mV, respectively, under our

experimental conditions.

In order to discriminate among melatonin, tryptophol, and 3-indoleacetic acid, the
generalized Tafel analysis and the modified Tafel analysis based on voltammetric
measurements in the solution phase (Reinmuth 1960, 1962), and previously
introduced to study solid samples (Doménech et al. 2011), were applied. This is
possible because in both linear potential scan and square wave voltammetries,
the peak current for reducing the surface-immobilized species can be
approached by an expression of the type (Lovri¢ and Komorsky-Lovric 1988;
Lovri¢ et al. 1991; Komorsky-Lovri¢ et al. 1992; Komorsky-Lovri¢ and Lovri¢
1995).
on_ F

L =HEE, (B
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Where H is an electrochemical coefficient of the response characteristic of the
electrochemical process and the electrode area, and v is the potential scan rate
(LSV) or the square wave frequency f (SQWYV). By assuming that both the linear
scan and square wave voltammograms behaved similarly, the current at the
beginning of the voltammetric peak can be tentatively represented as (Doménech-
Carbo et al. 2011).

on, F
RT

i ~q,k, exp(- E) (Eq.2)

where Qo represents the total charge involved in the complete reaction of the

electroactive solid. By combining Egs. (1) and (2), we obtain:

E (Eq.3)

In(i/i,) = In| <eRT_ | MaF
Han,F ) RT

This equation (Eqg. 3) characterizes the TA. Here both the generalized Tafel slope
(SL = anaF/RT) and the ordinate at the origin (OO = In(koRT/HanaF )) became
characteristic of the solid analyte, regardless of the amount of sample deposited on

the electrode.

The application of this formalism to the voltammograms of melatonin, tryptophol and
3- indoleacetic acid produced In(i/ip) vs. E-Ep plots, and exhibited excellent linearity

in terms of the linear regression coefficient (Table 1.1).

Table 1.1 Statistical parameters for the Tafel analysis of the voltammetric curves for films
melatonin, tryptophol and 3-indoleacet acid that came into contact with aqueous acetate buffer at
pH 4.75.

Analyte Slope (mV?1)  Ordinate at the origin r (N)

Melatonin —-0.029+0.0011 1.36+0.13 0.9990 (5)
Tryptophol -0.033+0.0011 1.35+0.10 0.9990 (5)
3-Indoleacetic acid -0.031+0.0004 1.50+0.04 0.9998 (5)
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Although the voltammetric peaks were essentially coincident and the slopes of the
three straight lines were essentially identical, the ordinates at the origin differed
slightly, but consistently, which allowed the discrimination among these
compounds, or even the identification of mixtures, where an intermediate ordinate

at the origin should be obtained.

In the intermediate region of the voltammetric peak, where E came close to E?, the
following approximate expression, which defined the MTA, can be taken
(Doménech et al. 2011):

i, —i N on,F ~
In[ . JJn(A AT J+In(E E,) (Eq.4)

Iy

For practical purposes, this equation offered greater applicability than Eq. (3)
because minor interfering peaks frequently appeared at the beginning of
voltammetric peak |. Application of the modified Tafel analysis to the blanks of
melatonin and tryptophol and to the mixtures of such compounds provided
straight lines, whose slope and ordinate differed at the origin for the pure
compounds, whereas a sigmoidal plot was obtained with the mixtures, which
approached the straight lines for tryptophol and melatonin in its extreme regions
(Figure 1.3).

O Melatonin
A Tryptophol

[  50:50 viv Melatonin +
Tryptophol mixture

-154

In((iy-1)/i)

-2.04

25

25 2.9 33 37

In((E-E,) / mV)
Figure 1.3 Application of the modified Tafel analysis to the central region of the voltammetric
wave | for linear potential scans of microparticulate deposits on glassy carbon electrode of ethanol
extracts of melatonin, tryptophol and a 50:50 mixture of both compounds. Electrolyte 0.25 M
HAc/NaAc, pH 4.75. Potential scan rate 20 mV s-1.
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The above analysis was consistent with the experimental data for the variation of
the voltammetric response of the cellular specimens spiked with tryptophan

during the incubation time.

Figure 1.4 illustrates the application of the modified Tafel analysis to the central
region of the voltammetric wave | for the linear potential scan voltammograms of
the microparticulate deposits on GCE of the ethanol extracts of samples
QA23Atrp1 without (wo) tryptophan, QA23Atrpl + tryptophan 30 min, QA23Atrpl
+ tryptophan 45 min, and QA23Atrpl + tryptophan 60 min. Here we can see that
(i) sample QA23Atrp1 without tryptophan yielded a curved path, which suggests
the existence of a mixture of components, and (i) sample QA23Atrpl +
tryptophan 30 min provided a path with high linearity. It is reasonable to
conjecture that here, melatonin largely predominated so that the Tafel plots
looked like that which corresponded to a unique component (straight line); (iii) the
Tafel plot for sample QA23Atrpl without tryptophan tended to present large
potentials to that for QA23Atrpl + tryptophan 30 min (Figure 1.4a). This suggests
that melatonin could be one of the components of the initial mixture in the sample
without tryptophan; (iv) samples and QA23Atrpl + tryptophan 60 min provided
curved Tafel plots, which suggests that these samples were composed of a
mixture of components. At low potentials, these curves tended to coincide with
that for melatonin (Figure 1.4b). This indicated that a certain proportion of this
compound remained in the QA23Atrpl + tryptophan 45 min and QA23Atrpl +

tryptophan 60 min mixtures.
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Figure 1.4 Application of the (a) Tafel analysis and (b) modified Tafel analysis methods to the
voltammetric wave at ca. +0.70 V recorded for linear potential scan voltammograms of
microparticulate deposits on glassy carbon electrode of ethanol extracts of QA23Atrp1 samples.
QA23Atrp1 wo L-Trp, QA23Atrp1 + L-Trp 30 min, QA23Atrp1 + L-Trp 45 min, and QA23Atrp1 +
L-Trp 60 min. Electrolyte 0.25 M HAc/NaAc, pH 4.75. Potential scan rate 20 mV s, Witout (wo);
L-tryptophan (L-Trp).

1.2.3. Indolic compound production in a commercial wine S. cerevisiae

Once we determined the electrochemical response of different indolic
compounds, we aimed to monitor the production of these metabolites after the
pulse of the different intermediates of the presumptive metabolic pathway.
Tryptophan, 5-hydroxytryptophan, and serotonin were added to the resting cells
of wine strain QA23, incubated in a non proliferant medium (salt medium). After
a time that ranged from 5 to 30 min (only 30 min for the tryptophan pulse), the
intracellular content was extracted and used as aqueous samples for
conventional electrochemical measuring. Before adding the indolic compounds,
cells displayed an oxidation signal close to +1.0 V, which can be attributed mainly
to the oxidation of water to oxygen (oxygen evolution reaction), overlapped to this
one of the original tryptophan. This oxidation signal was accompanied by weak
signals within the +0.4 to +0.8 potential range, attributed to the oxidation of the
intracellular metabolites already present in cells without addition (note that some
amounts of tryptophan, melatonin, etc., were in the original samples). The
voltammograms of QA23 + tryptophan (Figure 1.5) displayed an intense anodic
wave at +0.70 V, which was attributable to melatonin, and were eventually
accompanied by tryptophol and 3-indoleacetic acid, which were entirely absent

in the strain without tryptophan addition.
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Figure 1.5 Square wave voltammograms at glassy carbon electrode of aqueous samples a) QA23
without tryptophan addition and b) QA23 + tryptophan addition (two replicate experiments).
Potential scan initiated at -0.05 V in the positive direction, potential step increment 4 mV, square
wave amplitude 25 mV, frequency 5 Hz.

This result was consistently repeated in the replicate experiments for all the
tested samples, thus denoting excellent repeatability. Similar results were
obtained upon the addition of 5-hydroxytryptophan and serotonin pulses and after
examining the intracellular liquid content (Figure 1.6). This signal increased
significantly after 15 min with both indolic coumpound additions, and maximum
intensity of the melatonin peak was achieved at 30 min after the pulse for
serotonin. At this time, the signal that corresponded to serotonin appeared at
+0.45 V. At longer times, the melatonin signal was accompanied by signals at ca.

+0.45 V, which denoted the formation of secondary products.
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Figure 1.6 Monitoring the production of melatonin from its precursors using VIMP. Semi-
derivative convolution of linear potential scan voltammograms of at glassy carbon electrode of
QA23 liquid intracellular content at different times (5, 15 and 30 min) after addition of 5-
hydroxytryptophan (a) and serotonin (b). Potential scan initiated at +0.00 V in the positive
direction; potential scan rate 50 mV s-1. Oxidation signals of 5-hydroxytryptophan, serotonin and

melatonin+ tryptophol+ 3-indoleacetic acid (arrow) are marked.

Interestingly, in all the experiments, by varying the incubation time, variations in
the relative intensity of the anodic peaks that corresponded to the oxidation of the
Mel group (melatonin+ tryptophol+ 3-indoleacetic acid) and Trp, IMelG/ITrp
agreed well with those calculated from the HPLC data using the sum of the
concentrations of melatonin, tryptophol, and 3-indoleacetic acid and the
concentration of tryptophan. This can be seen in Figure 1.7 for QA23 + 5-
hydroxytryptophan. As previously noted, although the proposed voltammetric
methodology does not possess the high discriminating capacity of
chromatographic techniques, quantifications of groups of compounds from this
method were consistent with those obtained by HPLC, thus supporting the

possibility of a complementary use of such techniques.
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Figure 1.7 Comparison between HPLC and voltametric analysis data. Variation of the
IMelG/ITrp ratio from voltammetric data and the melatonin+ tryptophol+ 3-indoleacetic acid/L-
tryptophan concentration ratio determined from HPLC data (cMelG/cL-Trp) relative to the

respective initial values on the incubation time for the QA23 + 5-hydroxytryptophan system.

We were very interested in developing a simple and rapid procedure to monitor
the biosynthesis of these indolic compounds. To this end, intracellular metabolite
extraction is a time- and resource-consuming procedure that should be avoided.
Solid-state electrochemistry techniques can be applied to monitor compositional
changes with high sensitivity using microparticulate films on glassy carbon
electrodes, obtained upon the evaporation of the ethanolic extracts of dried cells.
The detection of voltammetric changes directly from dried QA23 cells after adding
the indolic compounds (5-hydroxytryptophan and serotonin) was also assessed
at different times (5, 10, 15, and 30 min; Figure 1.8).

139



RESULTS: CHAPTER 1

N\ ! X
(c |9
5-OH-Trp
\\/Tt 15 min Ser
\

Ser

~

by

o]

T

&

o
B
=z

t =30 min \

T T T T

+1.0 +0.5 00 +1.0 +0.5

Figure 1.8 Electrochemical response in the QA23 strain in the melatonin group oxidation
signal after the addition of 5-hydroxytryptophan and serotonin. Semi-derivative convolution
of linear potential scan voltammograms of at glassy carbon electrode of QA23 films at different
times (5, 10, 15 and 30 min) after addition of a (a-d) 5-hydroxytryptophan (5-OH-Trp) and (e-h)
serotonin (Ser). Potential scan initiated at +0.00 V in the positive direction; potential scan rate 5

mV s1. Oxidation signals of melatonin + tryptophol + 3-indoleacetic acid (arrow) are marked.

In this figure, we can see that the oxidation signal of the melatonin group at +0.70
V (marked by an arrow) increased with time compared to the tryptophan signal at
ca. +0.95 V, which peaked at times between 10 and 15 min and then slowly
decreased. At longer times, the Mel signal was accompanied by signals at ca.

+0.45 V, which denotes the formation of secondary products.
1.2.4. Screening different wine commercial strains

We set up a method to rapidly monitor metabolite changes using the variation of
the electrochemical responses of extracts taken directly from dried yeast cells
(and avoiding intracellular content extraction). For this purpose, the voltammetric
responses of the microparticulate deposits on the GCE of the ethanolic extracts
of the dried yeast cell samples were performed by procedures that have been
previously described for screening vegetal varieties (Doménech-Carbé et al.

2015d, b). We monitored the voltammetric response of the films from the
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ethanolic extracts of different Saccharomyces commercial wine strains and of lab
strain BY4743. These voltammetric responses were dominated by a series of
oxidation waves within the potential 0.0 and +1.2 V range, which can be attributed
to different metabolites, such as flavonoids and indolic compounds. As shown in
Figure. 1.9, the linear potential scan voltammetric profiles differed significantly
from one Saccharomyces wine strain to another and before and after the
tryptophan pulse. We can see that the response of strain BY4743 consisted in
almost isolated peaks for melatonin and tryptophan oxidation, and the first
increased at the expense of the second after the tryptophan pulse, whereas for
the wine strains (Figure 1.9), the initial voltammogram consisted in a more or less
complicated series of overlapping anodic signals, which yielded an increased
melatonin signal after the tryptophan pulse. This last effect, however, was low for
AROMA WHITE (Figure 1.9c, d), for which the relative enhancement of the

melatonin signal became less marked.

a) c)
1uA
b) d)
+14 07 00 +1.2 06 0.0
E /Vvs. AglAgCI E 7V vs. AglAgCI

Figure 1.9 Electrochemical response in wine yeast strains, BMV58 and AROMA WHITE,
with and without addition of tryptophan, in the melatonin oxidation signal. Linear potential
scan voltammograms, after semi- derivative convolution, of films of ethanolic extracts of
Saccharomyces strains of (a, b) BMV58 and (c, d) AROMA WHITE before (a, c) and after (b, d)
pulse of L-tryptophan 1 mM, on glassy carbon electrode in contact with 0.25MHAc/NaAc, pH 4.75.

Potential scan initiated at +0.0 V in the positive direction; potential scan rate 50 mV s™.
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By taking into account the different linear potential scan voltammetric profiles
observed for each Saccharomyces strain, this technique could also be applied for
typing different strains. This application has been already used for discriminating
other biological species and for establishing correlations with phylogenetic trees
(Doménech-Carbé et al. 2015d, b). The availability of techniques that can
discriminate at inter- and intra-specific levels is important for industry because
they allow yeast populations and the contribution of inoculated strains to the
process to be monitored. Many molecular methods have been developed for
yeast strains typing; most of which are based on the DNA (Esteve-Zarzoso et al.
2010). Since previous results on plant leaves suggested the possibility of
obtaining species-characteristic voltammetric profiles (Doménech-Carbé et al.
2015d), it would be possible to hypothesize that voltammetric data can be applied
for a fast screening of yeast strains. Further studies should be done with more

Saccharomyces strains for this purpose.

1.2.5. Effect of the deletion of tryptophan metabolism genes on the indolic
compound profile

Tryptophan metabolism seems the key metabolic route for the synthesis of
different indolic compounds. Thus, our aim was to compare the synthesis of these
compounds in two mutant strains with deletion in two key genes of tryptophan
metabolism (ARO10 and TRP1) in relation to their wild strain BY4743. ARO10 is
a phenylpyruvate decarboxylase that catalyzes the first tryptophan catabolism
steps (Kneen et al. 2011). Thus, a mutant strain of this gene should accumulate
more intracellular tryptophan than the wild type and be more metabolically
available for indolic compound synthesis. Figure 1.10 compares the
voltammograms of strains BY4743 and BY4743Aaro10 before and after adding a
pulse of tryptophan.
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Figure 1.10 Electrochemical response in yeast strains, BY4743 and BY4743Aaro10 with
and without addition of tryptophan, in the melatonin oxidation signal. Semi-derivative
convolution of linear potential scan voltammograms at glassy carbon electrode in contact with
0.25 M HAc/NaAc, pH 4.75. Films of ethanolic extracts from (a) BY4743 and (b) BY4743Aaro10
strains before (black line) and after (dotted line) addition of 1 mM of L-tryptophan. Potential scan

initiated at +0.0 V in the positive direction; potential scan rate 50 mV s—1

As this figure depicts, the voltammetric response to the exogenous tryptophan
addition was clearly higher in the mutant that in its parental strain. This is likely
because tryptophan catabolism, via the Ehrlich pathway, is lower or null in the
mutant strain and maintains a higher intracellular concentration of this amino acid
and more available substrate for the synthesis of different indolic compounds.
Conversely, TRP1 is a phosphoribosylanthranilate isomerase that catalyzes the
third tryptophan biosynthesis step. The mutant strains in this gene are auxotroph
for tryptophan because they are unable to synthesize this amino acid according
to the exogenous supply in the culture medium. The variation in the voltammetric
response of BY4743Atrpl after adding the tryptophan pulse was similar to the
aro10 mutant results. Hence, the melatonin peak at +0.70 V increased compared
to the tryptophan signal at more positive potentials. In this case, however, the

relative peak enhancement was lower than in strain BY4743Aaro10.
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We also tested this mutant Atrpl in wine strain QA23. Figure 1.11 compares the
voltammograms of the wild strain and the mutant before and after the tryptophan
pulse. Here, we can observe that the initial voltammograms of the wild and mutant
strains significantly differed. After the tryptophan pulse, however, the signal for
melatonin oxidation was dramatically enhanced in both cases compared to any

other voltammetric peaks.

a) C)
1nA
b) d)
+1.4 +0.7 0.0 +1.4 +0.7 0.0
E/Vvs. AglAgCI E 'V vs. AglAgCl

Figure 1.11 Linear potential scan voltammograms, after semi-derivative convolution, of
films of ethanolic extracts of Saccharomyces strains. QA23 (a, b) and QA23Atrpl(c, d),
before (a, ¢) and after (b, d) pulse of tryptophan 1 mM, on glassy carbon electrode in contact with
0.25 M HAc/NaAc, pH 4.75. Potential scan initiated at +0.0 V in the positive direction; potential
scan rate 50 mV s-1.

1.3. Conclusions

In this chapter, we report the setup of a solid electrochemical method that allowed
us to detect the synthesis of the main compound of the melatonin metabolic
pathways and other compounds related to tryptophan metabolism, such as 3-
indoleacetic acid and tryptophol. The application of this method to different lab
and industrial strains has revealed the production of not only these compounds
after the pulses of the initial substrate, tryptophan, but also intermediates, such
as 5-hydroxytryptophan and serotonin. The voltammograms obtained for the
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different strains showed different profiles, which denotes a distinct concentration
and distribution of the indolic compounds produced per strain. Moreover, these
differences in the voltammetric response could be applied to type different
commercial strains, which could be an important quality control tool for industry.
Finally, we also tested the voltammetric changes in the mutant strains with the
deleted genes of tryptophan metabolism. The deletion of a single gene of this
metabolic pathway impacted the synthesis of melatonin and other indole
compounds, which can be a promising strategy to improve the synthesis of these
bioactive molecules and to increase their concentration in different fermented

foods.
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2.1. Introduction

Melatonin has proved to be a highly efficient antioxidant molecule, capable of
detoxifying various ROS (Antolin et al. 1997). However, its antioxidant capacity
does not seem to be limited to its ability to scavenge free radicals. It has been
also reported that its presence is capable of stimulating the synthesis of other
important intracellular antioxidants, such as glutathione (Rodriguez et al., 2004),
inducing antioxidant enzymes by suppressing pro-oxidant enzymes, and
improving the mitochondrial function and thereby reducing free radical formation
(Acufia Castroviejo et al., 2011; Zhang and Zhang, 2014; Paradies et al., 2015).
Gene expression modulation by melatonin may underlie these functions, as
described for mammalian copper zinc superoxide dismutase (CuzZn SOD) and
glutathione peroxidase (GPx), whose gene expression is modulated by melatonin
in a dose-dependent manner (Mayo et al., 2002). However, the mechanisms by
which melatonin modulate antioxidant enzyme activities have not been

unequivocally identified (Reiter et al. 2018).

Melatonin has been significantly detected in many food plants, so consequently
it can now be considered a dietary component, even if its daily intake is very
difficult to estimate (Iriti and Varoni, 2015). In the last few years its presence has
been reported in fermented drinks, such as wine or beer, as a result of melatonin
content in the different vegetal sources used, but also notoriously as a result of
yeast metabolism (Rodriguez-Naranjo et al., 2011, 2012). However, there is still
uncertainty as to the conditions that trigger melatonin production, and its
biosynthetic pathway still remains unknown. For an organism like yeast,
unraveling melatonin production conditions and its effects is an exciting topic in
the food science field because presence of melatonin in food due to yeast activity
can confer numerous health benefits (Iriti and Varoni, 2015). Moreover, the use
of melatonin-producing yeasts can provide other technological gains, such as
application to post-harvest treatments as an antifungal control agent (Iriti and
Varoni, 2014; Sun et al., 2015; Li et al., 2016; Ma et al., 2016; Xu et al., 2016).

Saccharomyces cerevisiae is the main yeast used in the winemaking process,
where it is exposed to a number of stressors, each with the potential to cause

cellular damage and impair fermentation performance (Gibson et al., 2007). One
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of the main stressors described during wine fermentation is oxidative stress
(Auesukaree, 2017) and, the synthesis of melatonin can be a response to cope
with this stress, similarly to the role ascribed to other antioxidant molecules, e.g.,
glutathione, or a signaling molecule to trigger the molecular machinery of
antioxidant response. Previous studies on the origins of melatonin indicate that
its primary function is strongly related to defense against oxidative stress (Tan et
al., 2014). This antioxidant function is highly conserved among the organisms
that produce this compound, and antioxidant protection is indicated as a possible
function in aerobic non-vertebrates (Hardeland and Poeggeler, 2003). Despite an
undoubtedly powerful capacity to antagonize oxidative damage, the physiological
significance of antioxidative protection is less clear. Very little evidence is
available that shows an advantageous effect of endogenous melatonin at
physiological concentrations in yeasts, especially in the first stages of growth.
Above physiological concentrations, melatonin can even produce moderate
growth inhibition, which is presumably dose-dependent as demonstrated before
for mammal cells (Koziol et al., 2005; Owsiak et al., 2010; Zhang and Zhang,
2014). Since the ideal conditions for endogenous melatonin production remain
unknown, we set up a melatonin-charging method to emulate endogenous
production and to perform our different experiments with melatonin-charged cells
after removing extracellular melatonin. Before the oxidative stress treatments, we
tested the growth performance of melatonin-charged cells to assess growth
improvement and we measured intracellular ROS levels by flow cytometry. As
mentioned above, the presence of melatonin can modulate the synthesis of many
other molecules and enzymes that play an antioxidant role. This general
triggering of antioxidant response can rely on transcriptional regulation. Thus we
selected a group of four genes that encode the enzymes directly related to
antioxidant activity in the cytoplasm (SOD1, TRX2, GPX2, and CTT1) and their
four representatives in mitochondria (SOD2, TRX3, GPX3, and CTAl) since
melatonin has been considered as a mitochondria-targeted antioxidant due the
action at mitochondrial level (Tan et al. 2016; Reiter et al. 2017, 2018). We
perform gene expression analyses under H202 oxidative stress for both
melatonin-treated and control cells with the genes selected. Oxidative stress is
closely related to UV radiation since radiation is a significant source of ROS and
DNA damage (Farrugia and Balzan, 2012). In plants, melatonin has been
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reported on numerous species. The largest amounts of melatonin have been
determined in oily seeds and highly UV-exposed plant organs, which suggests
that melatonin also serves as a UV protector and promotes seed viability
(Hardeland, 2016). Thus we aimed to test the effect of melatonin on UV-irradiated
yeast as an interesting issue within the scope of melatonin’s protective
ability.Similarly to oxidative stress, we also performed expression analyses with
two radiation-sensitive genes involved in DNA damage repair, namely RAD18
and RAD52, using UVC light as a stress-triggering agent.

Recently, Vazquez et al. (2017) reported that melatonin supplementation to the
culture medium alleviates the oxidative stress generated in the stationary phase
and up-regulates the gene expression of the antioxidant defense-related genes
in S. cerevisiae. Also the same authors, observed a decrease in ROS
accumulation as well as in lipid peroxidation for both Saccharomyces and non-
Saccharomyces when melatonin was present in the culture (Vazquez et al. 2018).
In our study, in order to clearly assess the protective role of intracellular
melatonin, we developed an intracellular melatonin-charging method. These
melatonin-charged cells were then tested against oxidative and UV stress.
Following this approach, we were able to prove that melatonin is uptaken by yeast
cells and these melatonin-enriched cells improve its growth and tolerance to
oxidative and UV stress by modulating the gene expression in both unstressed
cells and during stress treatments. These results corroborate some of those
previously reported by Vazquez et al. (2017) and provide new evidence for the

protective role of this molecule against specific stresses in S. cerevisiae.
2.2. Results and discussion

2.2.1. Enrichment in intracellular melatonin and its impact on growth and

intracellular ROS

It was only until recently that melatonin was shown to reduce oxidative stress
damage to yeast cells when they grow in the presence of melatonin in the medium
(Vazquez et al. 2017, 2018). In this study, we followed a different approach by
using exponentially growing cells charged with melatonin to assess the protective

role of this molecule. This was because when we started this study, we were
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unable to induce reproducible melatonin synthesis in S. cerevisiae. Thus we
decided to charge cells with melatonin by incubating them during a short period
of time (30 min) in the presence of this molecule. The exponentially growing yeast
cells were incubated in the presence of different melatonin concentrations in
order to enrich them with this molecule and to assess its impact on growth. The
added melatonin was uptaken by yeast cells, which showed a significant
intracellular increase compared to the untreated control cells, with melatonin
levels of 37.60, 66.23, and 13577.25 ng/108 cells for the melatonin-treated cells
respectively for treatment doses 0.05, 0.1, and 20 mM (Figure 2.1).
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Figure 2.1 Yeast response to melatonin treatment. Intracellular melatonin detected in the
control and melatonin-treated cells with doses of 0.05, 0.1, and 20 mM. Values with a different

letter are significantly different with a P < 0.05.

Thus, analysis of melatonin-treated cells clearly demonstrated an increase in
intracellular melatonin and, therefore, the ability of yeast to absorb this indole.
Regarding the mechanism of melatonin intake in yeast is still unknown and there
is no clear evidence of whether this molecule can be absorbed by passive
diffusion or by active transport facilitated by any specific permease. Reiter and
Tan (2013) have reported that, given its amphiphilic nature, melatonin can cross
physiological barriers in both the lipid and aqueous environments of mammalian
cells. Conversely, Hevia et al. (2015) have proved that members of the
SLC2/GLUT family glucose transporters play a central role in melatonin uptake
in mice cells. Another question posed is whether the intracellular concentration
determined in the melatonin-treated cells is comparable to a physiological

concentration of endogenous synthesis. Although a wide variation in the standard
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physiological concentration of intracellular melatonin has been reported in yeasts,
Reiter and Tan (2003) consider that physiological levels of melatonin can be
acceptably variable, even when exceeding nanomolar ranges, which is consistent
with the intracellular concentration detected in the melatonin-treated cells we
used for the stress assays (~66 ng/108 cells). In fact, we are now able to induce
endogenous melatonin synthesis by pulses of tryptophan, and other
intermediates of the route, and can obtain similar concentrations to that obtained
in this study (Chapter 3).

To assess whether enrichment in melatonin can confer cells better fitness, the
melatonin-treated and untreated cells were grown in SC liquid media. These
growth assays revealed a significant increase (P < 0.05) in the area under the
curve (AUC) of the 0.1 mM melatonin-treated cells versus the untreated cells
(Figure 2.2B), while a decrease was observed for the 20 mM melatonin-treated
cells (Figure 2.2C) and no differences were found for the 0.05 mM treatment
(Figure 2.2A). These differences in AUC were primarily due to changes in the lag
phase of growth as there was no observable effect on the umax or the maximum

OD obtained by the different cultures.
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Figure 2.2 Effect of melatonin on yeast cell growth. Cell growth curve for the control cells
(black circles) and melatonin-treated cells (white triangles) with concentrations of 0.05 (A), 0.1
(B), and 20 mM (C).
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As the 0.1 mM melatonin-treated cells showed improved growth, we compared
their intracellular ROS levels against the control cells. As is depicted in the Figure
2.3, a significant decrease of ROS in the melatonin-charged cells during
exponential growth was observed. This results are in agreement with previously
obtained (Vazquez et al. 2018).

Thus, the first remarkable effect of the presence of intracellular melatonin was
the modulation of the lag phase, which depended on the treatment dose, showing
a shortened lag phase for cells treated with a concentration of 0.1 mM and prior
to stress treatments. We chose this melatonin dose for further testing. It is difficult
to consider explaining such advanced growth by using this molecule as a nutrient
because its intracellular concentration is very low but we may think of melatonin
as an inducer molecule that promotes growth. Melatonin as a trigger for an early
start-up of cell growth poses interesting questions about its role as a signaling
molecule involved in growth modulation in a population density-dependent
manner. Although melatonin has not been described as a quorum-sensing
molecule in yeast, its presence can directly or indirectly modulate the yeast
metabolism at different levels. Therefore, further insights into cell-to-cell
communication and melatonin membrane receptors are needed. In fact other
molecules that derive from tryptophan metabolism, such as tryptophol and other
aromatic alcohols, have been reported to act as quorum-sensing molecules
(Chen and Fink 2006; Gonzalez et al. 2017, 2018a).
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Figure 2.3 Melatonin effect on intracellular reactive oxygen species concentration in yeast.
Intracellular ROS concentration in the control and melatonin-treated cells with a dose of 0.1 mM,

represented as the percentage of cells showing positive DHR 123 staining (P < 0.05).
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2.2.2. Protective role of melatonin against oxidative stress and UV radiation

To evaluate the possible role of melatonin as an antioxidant agent in S.
cerevisiae, the melatonin-treated and untreated cells were subjected to oxidative
stress shock by H202. After this oxidative agent was present for 1 h, cells were
plated to determine the mortality percentage after oxidative stress shock. This
oxidative stress resulted in the non-viability of approximately half the population

in the control cells (not enriched in melatonin).

However, the intracellular presence of this molecule raised viability to 87%, which
clearly indicates the amelioration of oxidative damage by this molecule being

present (Figure 2.4A).

20

ODggo
o

Figure 2.4 Effect of melatonin and oxidative stress in yeast on the viability and growth of
yeast. (A) Viability of yeast cells before (NT) and after stress (H20:2) for the control and melatonin-
treated cells (solid black and stripes, respectively). (B) Effect of H202 on the control (solid circles)
and melatonin-treated cells (empty triangles) growth. Asterisks denote significance for control

compared to melatonin-treated cells for each condition (+*P < 0.01).

The same H202-challenged cells were also grown in SC to determine the impact
of this stressor on yeast growth. Growth curves were used to determine the AUC
of both the melatonin-treated and untreated cells (Figure 2.4B). The melatonin-
treated cells had a significantly higher AUC than the control cells. Similarly to the
above-mentioned growth of the unstressed cells, the main difference between
both growth curves relied on a shorter lag phase in the melatonin-treated than in

the untreated ones.
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As far as we know, melatonin has not been connected with UV protection for
yeast. To explore this possibility, the melatonin-treated and untreated cells were
irradiated with UVC light. According to the literature (Birrell et al., 2001), the dose
used for viability assays provokes loss of viability above 50%. The viability and
AUC of the UV-stressed cells were also determined as they were in oxidative
stress shock. The viability of the untreated cells lowered to 21% when challenged
with UVC light (248.5 J/m2), while the viability of the melatonin-treated cells was
significantly higher (62%) (Figures 2.5 and 2.6A). The growth curve of the UV-
stressed cells also showed a higher AUC for the melatonin-treated cells

compared to the stressed control (Figure 2.6B).

wo UV + UV

Figure 2.5 Protective effect of melatonin against UV radiation in S. cerevisiae. Cells treated
with melatonin (Mel +) and non-treated (Mel -) were irradiated with 0 J/m2 (wo UV) or with 248.5
J/m2 UVC (254 nm) (+UV). Cells were washed after irradiation and plated on solid media and
allowed to grow at 30°C at least 3 days. For more details see the material and methods section.
Each column consists of biological triplicates.

As far as we know, this is the first report to show a significant protection of
intracellular melatonin in yeast against UV irradiation, with a marked reduction in
cell mortality after exposure to radiation. ROS supression on UV-irradiated
leukocytes due to melatonin have been reported and melatonin also showed
protective effect on UV stressed melanocytes, which lends more support to this
function of melatonin (Fischer et al. 2002; Janjetovic et al. 2017; Skobowiat et al.
2018).
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Figure 2.6 Effect of melatonin against UV radiation on the viability and growth of yeast. (A)
Viability of yeast cells before (NT) and after UV radiation (248.5 J/cm2) for the control and
melatonin-treated cells (solid black and stripes, respectively). (B) Effect of UV radiation on the
control (circles) and melatonin-treated cells (triangles) growth. Asterisks denote significance for

control compared to melatonin-treated cells for each condition (x*P < 0.01).

Melatonin’s protective effect may occur due to several mechanisms. Melatonin
can directly act as a direct scavenger to detoxify reactive oxygen (Reiter et al.
2001; Anisimov et al. 2006), but can indirectly reduce oxidative stress by
increasing the activities of antioxidative defense systems by stimulating the
synthesis of other important intracellular antioxidants, such as glutathione
(Antolin et al. 1996; Rodriguez et al. 2004), by increasing the efficiency of the
mitochondrial electron transport chain (Martin et al. 2000; Ledn et al. 2005; Lopez
et al. 2009), and interacting synergistically with other antioxidants (Gitto et al.
2001; Lopez-Burillo et al. 2003a). Thus, one point to look at in-depth in the near
future is whether this protective role is the consequence of only direct antioxidant
and photoprotectant properties, or if it is mainly a signaling molecule that triggers
a molecular and physiological response to cope with these stress situations and
to regulate cellular growth. To this end, we compared the transcriptional activity
in Mel-treated and untreated cells in some key genes related to the response to

oxidative stress and UV radiation.

2.2.3. Transcriptional response to oxidative stress and UV radiation in the

melatonin-enriched cells

Several studies has been shown that melatonin possess genomic actions,

regulating the expression of several genes which influences both antioxidant
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enzyme activity and cellular mRNA levels for these enzymes (Rodriguez et al.
2004). Therefore, we wanted to determine if the transcriptional activity of genes
related to the response to oxidative stress and UV damage was modified by
intracellular melatonin. Quantitative polymerase chain reaction (QPCR) was used
for the transcriptional analysis of those genes involved in antioxidant defense. As
melatonin strongly affects mitochondrial activity (Zhang and Zhang, 2014; Reiter
et al., 2016), we selected four cytosolic genes (SOD1, TRX2, GPX2, and CTT1)
and their counterparts, mitochondrial genes (SOD2, TRX3, GPX3, and CTAl), to
analyze how melatonin modulated their early transcriptional response against

stress (Figures 2.7 and 2.8).
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Figure 2.7 Effect of melatonin and H>O, on expression of genes encoding cytosolic
enzymes involved in the response to oxidative stress. Expression profiles of the untreated
cells (solid black) compared to the melatonin-treated cells (stripes bars) showing the relative
amount of the transcripts of the antioxidant genes with cytosolic activity (A) SOD1, (B) TRX2, (C)
GPX2, and (D) CTT1 under oxidative stress conditions (H202). Changes in gene activity are
shown in relation to the expression of the untreated cells before stress exposure (set as value 1).
Asterisks denote significance for control compared to melatonin-treated cells for each time-point
(¥*P < 0.05; **P < 0.01).
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The first remarkable result was that the uptake of melatonin in the exponentially
growing cells, before the stress treatment, had already modified transcriptional
activity by up-regulating cytosolic gene TRX2 and down-regulating mitochondrial
genes SOD2, GPX3, and CTAL (Figures 2.7 and 2.8). The comparison of the
transcriptional activity in melatonin-treated and untreated cells before stress
exposure may indicate the signaling role of melatonin. Recently, the interaction
of melatonin with glycolytic proteins in both Saccharomyces and non-
Saccharomyces has been described (Morcillo-Parra et al. 2019b, 2020b), which

may reinforce the possible signaling role of melatonin in yeast.
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Figure 2.8 Effect of melatonin and H>O, on expression of genes encoding mitochondrial
enzymes involved in the response to oxidative stress. Expression profiles of the untreated
cells (solid black) in comparison to the melatonin-treated cells (stripes bars) showing the relative
amount of the transcripts of the antioxidant genes with mitochondrial activity (A) SOD2, (B) TRX3,
(C) GPX3, and (D) CTAL1 under oxidative stress conditions (H202). Changes in gene activity are
shown in relation to the expression of the untreated cells before stress exposure (set as value 1).
Asterisks denote significance for control compared to melatonin-treated cells for each time-point
(xP < 0.05).
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On the other hand, and contrarily to what was expected, oxidative shock did not
always result in the immediate induction of these antioxidant genes. In fact, most
mitochondrial genes showed down-regulation immediately after oxidative stress
(only TRX3 was up-regulated) (Figure 2.8). Regarding cytosolic genes (Figure
2.7) SOD1, TRX2, and GPX2 showed higher transcript levels after the H20:2
incubation, whereas CTT1 was also transiently down-regulated after stress,
followed by an immediate increase in transcripts. The melatonin-treated cells
showed a similar regulation trend as the untreated cells, but this up- or down-
regulation was more buffered, with less marked changes in the relative
expression. This smaller impact of oxidative shock on the melatonin-charged
cells can be explained because, as mentioned above, these genes were already

activated by melatonin uptake prior to the stress treatment.

Thus, intracellular melatonin seemed to somehow prepare the transcriptional
machinery to provide a quick response to oxidative stress. It is important to note
that the presence of intracellular melatonin is not constant over time, since
melatonin can be metabolized into different metabolites, as discussed in the
previous chapter. The mainly early down-regulation of the genes associated with
mitochondrial function (except for TRX3) has also been observed as a transient
effect in early stages of the stress response to other oxidants like cumene
hydroperoxide, while other cytosolic antioxidant genes are up-regulated at the
same time (Sha et al. 2013). Vazquez et al. (2017) reported the induction of many
antioxidant genes as an effect of the presence of melatonin in the medium, and
obtained higher transcript levels after 16 h of exposure to melatonin. In our case,
we studied the short transcriptional response of the key genes involved in
oxidative and UV protection after cell exposure to these stresses. However, we
observed no early induction of all the protective genes that we studied after stress
exposure. Further studies into the gene expressions that cover a wider time range
are likely to reveal the global up-regulation of redox and ROS-removing enzymes,
as previously described (Gasch et al. 2000; Causton et al. 2001; Vazquez et al.
2017).
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We also analyzed the gene expression levels of RAD18 and RAD52, two
sensitive genes to UV radiation that are involved in the repair of ionizing-radiation-
induced DNA damage in S. cerevisiae (Balilly et al., 1997; Symington, 2002). As
with the antioxidant genes, the melatonin-treated cells showed differences in

gene expression before being challenged with UV exposure (Figure 2.9).
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Figure 2.9 Expression profiles of the untreated cells (control) in comparison to the melatonin-
treated cells (solid black and stripes, respectively) showing the relative amount of the transcripts
of the DNA-repairing genes (A) RAD18 and (B) RAD52 after UV irradiation. Changes in gene
activity are shown in relation to the expression of the untreated cells before stress exposure (set
as value 1). Asterisks denote significance for control compared to melatonin-treated cells for each
time-point (**xP < 0.01; ***P < 0.001).

For RAD52 gene we observed a threefold induction by only melatonin uptake.
Exposure to UV radiation caused this gene to be induced in control cells, being
45 minutes after irradiation the time point with the highest expression.
Nevertheless, when the cells were treated with melatonin minimal changes were
observed across all time points keeping the expression levels as before UV
irradiation. In contrast, RAD18 was down-regulated with only melatonin
absorption. Furthermore, the trend after exposure to UV radiation and within the
time frame studied for control cells was a decrease in expression. In melatonin-
treated cells, expression was similar at all times, with a slight decrease at 45 min,
and which ended up equalizing with control cells at 65 min. Therefore, similar to
some antioxidant defense genes, the intracellular presence of melatonin modified

transcriptional activity, predisposing cells to UV stress.
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2.3. Conclusions

The results obtained in this chapter supports the role of melatonin as an
antioxidant molecule in yeast, as previously described, and provides new
evidences for its ability to confer yeast cells protection against oxidative stress.
Besides, it is described for the first time in yeast the role of melatonin in protection
against UV radiation by lowering mortality and improving growth performance
after stress. Among the possible mechanisms of action of melatonin, we proved
its ability to modify the gene expression of antioxidant and DNA-repairing genes
before and after the stress conditions. The transcriptional response of studied
genes revealed that melatonin itself provokes changes in expression (TRX2,
SOD2, GPX2, CTA1, RAD52 and RAD18), which seems to prepare cells against
upcoming stress. Nevertheless, more insight into further gene expression
profiles, plasma membrane transporters of melatonin and endogenous synthesis
conditions may shed some light on melatonin’s biological importance, and reveal

other features of this bioactive compound in yeast.
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3.1. Introduction

Sprenger et al. (1999) conducted the first study about melatonin synthesis in
yeast. In this work, the authors reported that baker's yeast was able to synthesize
melatonin  from  tryptophan, serotonin, N-acetylserotonin and 5-
methoxytryptamine as potential precursors. Since then, very few studies have
been carried out on this topic since most research has focused on demonstrating
the presence of melatonin or biosynthesis by yeasts in a fermentative context
(Rodriguez-Naranjo et al. 2011b; Garcia-Moreno et al. 2013; Fernandez-Pachén
et al. 2014; Vigentini et al. 2015; Fernandez-Cruz et al. 2016). Moreover, the
biosynthetic pathway of melatonin and other indolic compounds is completely
unknown in yeasts. The only gene described and characterized as being involved
in melatonin production is PAA1, a polyamine acetyltransferase identified as the
homolog of aralkylamine N-acetyltransferase (AANAT) (Ganguly et al. 2001),

while the remaining genes and enzymes of the route are unknown to date.

Another issue to find out in the coming future is the physiological sense of
melatonin synthesis in yeasts. As for its properties, it is clear that melatonin has
a multiple effect on different organisms, such as the regulation of circadian
rhythms and seasonal reproduction, immune system modulator, inhibitor of tumor
growth and protection against UV light, among others (Elsner et al. 2004;
Chowdhury et al. 2008; Tan et al. 2010; Kleszczynski et al. 2011; Reiter, RJ.;
Tan, DX; Rosales-Corral, S; Manchester 2013). Melatonin's antioxidant action is
well established, and it can act as a radical scavenger, by regulating antioxidant
enzymes or contributing to the homeostasis of mitochondria (Martin et al. 2000;
Rodriguez et al. 2004; Hardeland 2005; Dar et al. 2015). Recently, three
independent works have also proved the role of melatonin as an antioxidant and
as UV protector in S. cerevisiae (Vazquez et al. 2017, 2018; Bisquert et al. 2018).
Melatonin is also hypothesized to act as a growth signal molecule (Rodriguez-

Naranjo et al. 2012), but the role of produced melatonin is not very well known.

The work performed in this chapter aims to provide new empirical data to unveil
melatonin production in S. cerevisiae. To this end, we carried out several pulses
with the intermediates of the pathway (tryptophan, 5-hydroxytryptophan,

serotonin, N-acetylserotonin, tryptamine, and 5-methoxytryptamine) in cells in
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different growth stages. We evaluated the bioconversion of several indolic
compounds related with melatonin in exponentially growing yeast cells using
yeast minimal media (SD) in the batch mode and synthetic must (SM) in a
continuous culture. We also performed the experiment in arrested cells in salt
medium (SLT) by following, but extending, the study conducted by Sprenger et
al. (1999). The intracellular content of cells and extracellular media was analyzed
by ultrahigh-performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS).

3.2. Results and discussion

It is known that melatonin is produced by yeasts during alcoholic fermentation
and this production depends on the medium, mainly the tryptophan and sugar
concentrations, and also the growth phase (Rodriguez-Naranjo et al. 2011b;
Rodriguez-naranjo et al. 2013; Fernandez-Pachon et al. 2014; Meng et al. 2017,
Ferndndez-Cruz et al. 2018), among other conditions. However, the biosynthetic
pathway of melatonin and other indolic compounds is completely unknown in
yeasts. Conversely, this metabolic route has been extensively studied and well

established in other organisms.

Although differences in the intermediates and branches of the route have been
found in different organisms (Tan et al. 2016), there is a high degree of
conservation in the enzymatic reactions which leads to the synthesis of
melatonin. To unveil the putative biosynthetic route and the order of the
enzymatic steps in yeasts, we studied the production of indolic compounds, both
intra- and extracellularly, after pulses of different intermediates of the route in
different growth systems: exponential growth conditions in SD and continuous
culture with SM. Chemostat cultures help to accurately control many variables,
such as the specific growth rate, temperature and pH, among others. This steady
state is only disrupted by the pulses of different intermediates, to produce an

over-flow of its metabolic conversion.
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3.2.1. Pulses of melatonin intermediates to yeast cells: a general overview

Tryptophan, 5-hydroxytryptophan, serotonin, N-acetylserotonin, tryptamine, and
5-methoxytryptamine were pulsed to the cells grown in SD (the batch culture) or
SM (the continuous culture) and to the cells incubated in a nonproliferative
medium SLT (arrested cells). After 15 minutes of the pulses, the intracellular and
extracellular metabolites were analyzed by UHPLC/HRMS. As many data were
collected, and to provide a better understanding, we represented the increases
in the different indolic compounds on a heatmap (Figure 3.1), however all the

concentrations can be found in the Table 3.1.
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Figure 3.1 Effect of the addition of different potential melatonin precursors (rows) on the
increase in its related products (columns) extra- and intracellularly in S. cerevisiae.
Differences in concentrations were normalized and the increases in the compound used in each
pulse are not considered (gray boxes). Defined synthetic (SD), salt medium (SLT), and synthetic
must (SM)

Although different growth systems provide considerable similarities in the

different indole bioconversions after each pulse, we also detected differences in
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the production of the indolic metabolites among growth media, which could be
explained by either a higher permeability of cells to the pulsed compounds or a
different bioconversion rate in the various growth states. Most of the produced
metabolites were detected either intracellularly or extracellularly, but a direct
correlation was not always found between the presence in the medium and in the
cellular compartment. This could also be due to the fact that under specific
conditions, certain compounds are released to the medium or are rapidly
converted into other metabolites (Mueller et al. 2001). Previous publications have
also reported the rapid turnover of melatonin, as well as other 5-methoxylated-
related indoles, as a result of different mechanisms, such as photooxidation
(Poeggeler and Hardeland 1994), hydroxylation by free radicals (Tan et al. 2002),
or metabolization by different enzymes (Tan et al. 2015), which can also
contribute to these differences observed among the various growth systems and

cellular states.

The conversion of tryptophan into serotonin involves two reactions: hydroxylation
and decarboxylation. However, the order of these reactions described for distinct
organisms differs. On the one hand, tryptophan is hydroxylated to 5-
hydroxytryptophan, by the tryptophan hydroxylase (TPH) enzyme, and is then
decarboxylated, by aromatic L-amino acid decarboxylase (AADC), which gives
rise to serotonin. On the other hand, and alternative way, AADC can
decarboxylate tryptophan into tryptamine, and then tryptamine is hydroxylated by
tryptamine 5-hydroxylase (T5H), to result in serotonin. The second part of the
biosynthetic route consists in the conversion of serotonin into melatonin. Once
again, this conversion can also occur in two different ways and the enzymes
described as being involved are AANAT or acetylserotonin O-methyltransferase
(ASMT)/caffeic acid O- methyltransferase (COMT). If serotonin is acetylated by
AANAT, it produces N-acetylserotonin, which can then be O-methylated by
ASMT/COMT to produce melatonin. However, serotonin can first be O-
methylated and then the resulting 5-methoxytryptamine is acetylated by AANAT

to generate melatonin.
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3.2.1.1. Hydroxylation activity

As explained above, there are two hydroxylation activities involved in the
synthesis of serotonin. The hydroxylation of tryptophan to 5-hydroxytryptophan is
carried out by the TPH enzyme. This reaction is known as the first step in the
classic melatonin biosynthetic pathway described for animals. Conversely, in
plants, hydroxylation is a second step in the biosynthetic pathway and occurs by
T5H converting tryptamine into serotonin. In order to determine which
hydroxylation reaction preferentially occurs in S. cerevisiae, we used tryptophan
and tryptamine as substrates in feeding experiments. When tryptophan was
added as a precursor, we were not able to detect 5-hydroxytryptophan either

intra- or extracellularly for any of the growth systems (Figure 3.1).

Nonetheless, when we supplemented the media with tryptamine, we mostly
detected serotonin both extra- and intracellularly in all the growth systems (Table
3.1 and Figure 3.2A). We highlight the vast amount of intracellular serotonin
observed in SLT (more than 300 ng/mL), which was by far the highest
concentration detected for any analyzed conditions. In light of these results, the
conversion of tryptamine into serotonin seemed the preferential hydroxylation
reaction, whereas tryptophan hydroxylation must be a very scarce or a null

enzymatic reaction in S. cerevisiae.
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Figure 3.2 Metabolite production in yeast after addition of exogenous indolic compounds.
Tryptamine (A), 5-hydroxytryptophan (B), serotonin (C), and 5-methoxytryptamine (D) in the
extra- and intracellular production (dotted and stripped bars, respectively). Different growth
systems are defined synthetic (SD), salt medium (SLT), and synthetic must (SM). The error bars

represent standard deviation.

Aromatic amino acid hydroxylases (AAAH) are nonheme iron family of enzymes
in which TPH is encompassed together with phenylalanine and tyrosine
hydroxylase (PAH and TH) (Fitzpatrick 2000). Moreover, AAAH are pterin-
dependent enzymes that require the presence of special cofactors, such as
tetrahydrobiopterin or tetrahydromonapterin (Ehrenworth et al. 2015), although
there is an exception for a TPH from dinoflagellate Gonyaulax polyedra, which
does not require tetrahydropterin cofactors (Burkhardt and Hardeland 1996). In
fact, the heterologous expression of AAAH in S. cerevisiae has involved the
engineering of the biosynthetic and recycling pathways for these essential
cofactors in order to avoid continuous and expensive exogenous additions
(Ehrenworth et al. 2015; Germann et al. 2016; Zhang et al. 2016).

Notwithstanding, in these works some native fungi genes, such as dihydrofolate
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reductase (DFR1) and GTP cyclohydrolase | (FOL2), involved in tetrahydrofolate
and folic acid biosynthesis, have been shown to play a positive role in pterin-

based cofactors regeneration (Germann et al. 2016; Zhang et al. 2016).

Despite our data pointing out the lack of genes and enzymes for the biosynthesis
of 5-hydroxytryptophan from tryptophan, we observed the transformation of this
compound into other metabolites when it is present in the medium. The 5-
hydroxytryptophan pulse resulted mainly in the synthesis of tryptophan, but also
in that of tryptamine, serotonin, and N-acetylserotonin. This compound has been
detected in both grape must (Rosazza et al. 1973; Fernandez-Cruz et al. 2018),
and in a synthetic laboratory medium (Fernandez-Cruz et al. 2017). Thus, the
presence of 5-hydroxytryptophan in natural or synthetic media could be used by
yeasts to produce different indolic metabolites. In our case, the different media
that we used (SLT, SD, and SM) were modified and did not contain amino acids
as a nitrogen source. Thus, we avoided the presence of tryptophan or 5-

hydroxytryptophan, which could interfere with bioconversion assay.

Further evidence for the hydroxylation of tryptamine to serotonin in S. cerevisiae
relies on the direct correlation between an effective shikimate pathway for the
synthesis of tryptophan and the presence of tryptamine-hydroxylation activity, as
described in many organisms (Tan et al. 2016). The shikimate pathway is the
central core of the aromatic amino acid biosynthetic pathway in bacteria, fungi,

and plants (Braus 1991), but is not operative in animals.
3.2.1.2. Decarboxylation step

A lyase enzyme that belongs to the group of AADC is responsible for carrying out
the two possible alternative decarboxylation reactions involved in the synthesis
of serotonin: either the conversion of tryptophan into tryptamine or 5-
hydroxytryptophan into serotonin. We detected both metabolites after the pulse
of tryptophan and the pulse of 5- hydroxytryptophan, respectively, and with
differences in the concentration and location depending on the growth medium
(Figure 3.1 and Table 3.1). Tryptamine was detected mainly extracellularly after
the pulses in SD and SLT. As mentioned above, the decarboxylation of

tryptophan into the biogenic amine is the first step in most organisms with an
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active shikimate pathway (Tan et al. 2016). Our data also support this reaction
as being the most probabilistic step in the synthesis of melatonin in S. cerevisiae.
Yet despite being less abundant, the presence of 5- hydroxytryptophan has also
been evidenced in natural media (Rosazza et al. 1973; Fernandez-Cruz et al.
2018). In these cases, 5- hydroxytryptophan can also be decarboxylated to
directly produce serotonin. In fact, we detected intracellular and extracellular
serotonin after the 5- hydroxytryptophan pulse, with good accumulation in the
cells incubated in SLT (Figure 3.2B).

However, question marks appear with these results: Which enzyme carries out
this decarboxylation? Are both decarboxylation activities performed by the same
decarboxylase? In S. cerevisiae, the decarboxylation of the alpha-ketoacid from
tryptophan (indolpyruvate) could be performed by any of the different broad
substrate specificity decarboxylases PDC1, PDC5, PDC6, and ARO10
(Dickinson et al. 2003; Vuralhan et al. 2003). Yet despite the presence of several
decarboxylases in S. cerevisiae, none has been described with tryptophan
decarboxylase activity, but they have been reported in other fungi (Niedens et al.
2013; Kalb et al. 2016).

The mammalian AADC enzyme (DDC) catalyzes the decarboxylation of different
types of aromatic amino acids, whereas several decarboxylases with different
activity and substrate specificity have been described in plants (Torrens-Spence
et al. 2014). The tryptophan decarboxylase (TDC) of plants can use tryptophan
and 5-hydroxytryptophan as substrates (Noé et al. 1984; De Luca et al. 1989).
This TDC of plants can be functional in S. cerevisiae because serotonin was

produced, at the expense of the 5- hydroxytryptophan levels (Park et al. 2008b).

One interesting result, which has not been reported to date, was the significant
5- hydroxytryptophan production that took place when serotonin was used as a
precursor under all the conditions, mainly extracellularly (Figure 3.2C). This
production involved a reversible reaction of the decarboxylation step, that is, the
carboxylation of serotonin into 5-hydroxytryptophan. This way that 5-
hydroxytryptophan formation occurs has not been taken into account to date.
Nonetheless, more studies are needed to understand the mechanism and the

physiological relevance of this 5-hydroxytryptophan production.
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3.2.1.3. N-acetylation step

In the second part of the melatonin pathway, N-acetylation can occupy the first
step with the conversion of serotonin into N-acetylserotonin or with an alternative
step with the acetylation of 5-methoxytryptamine into melatonin. Both N-
acetylations are led by AANAT, and homologous yeast gene PAAl has been
described (Ganguly et al. 2001). Once again, we observed the production of both
metabolites N-acetylserotonin and melatonin under most of the conditions tested
after the respective pulses (Figure 3.1 and Table 3.1). The highest N-
acetylserotonin concentration was observed intracellularly in the cells incubated
in SLT, but the most striking result was the high melatonin concentration detected
in the growth medium after the 5-methoxytryptamine pulses (Figure 3.2D).
According to our experience, feeding cells with 5-methoxytryptamine was the
most reproducible and effective method to synthesize melatonin. The fact that
melatonin in S. cerevisiae can be preferentially synthesized from 5-
methoxytryptamine, and at higher concentrations, instead of from N-
acetylserotonin, supports the alternative pathway hypothesized by Tan et al.
(2016), and highlights that the last enzyme in this pathway must be N-acetyl
transferase instead of O-methyltransferase. This hypothesis has also been
supported by the results obtained by Ganguly et al, (2001) in which the
characterization of enzyme encoded by PAAl was able to acetylate 5-
methoxytryptamine to melatonin. Interestingly, in that work tryptamine was the
second amine preferably acetylated by PAAL1 (Ganguly et al. 2001). This finding
is important since N-acetyltryptamine has not been considered as a key
metabolite involved in the melatonin synthesis pathway. Additional studies on this
finding reveal further information about the importance of the N-acetyltryptamine

in the synthesis of melatonin.
3.2.1.4. O-methylation step

Axelrod and Weissbach (1960) described enzyme ASMT as being responsible
for performing the conversion of N- acetylserotonin into melatonin at the expense
of S-adenosyl-L-methionine (SAM). This enzyme, along with other enzymes that
possess N-acetylserotonin O-methyltransferase activity, such as COMT, has

been regarded as the last enzyme of the conventional melatonin biosynthesis
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pathway. This activity in plants is the penultimate one as it has been found that
both recombinant Arabidopsis thaliana ASMT and COMT are able to use
serotonin as a substrate to produce 5-methoxytryotamine (Lee et al. 2014; Byeon
et al. 2016). To elucidate what could take place in S. cerevisiae, we carried out
pulses with both substrates serotonin and N-acetylserotonin. However, we
cannot rule out any of these metabolic steps because we detected the production
of both metabolites under different growth conditions and at distinct locations. For
N-acetylserotonin used as a substrate, we observed melatonin production in both
intra- and extracellular compartments during growth in SM, but with wide
variability. As regards serotonin as a substrate, we observed an increase in 5-
methoxytryptamine under extracellular SLT and SM conditions and only under
intracellular conditions for SLT (Figure 3.1 and Table 3.1). Likewise, the key point
in future research is to discover which enzyme in yeasts is able to methylate both

substrates.
3.2.1.5. Catabolism

Regarding melatonin catabolism, hydroxylation, demethylation, deacetylation,
and deoxygenation reactions can lead to the synthesis of different metabolites,
such as N1-acetyl- N2-formyl-5-methoxykynuramine (AFMK), N1-acetyl-5-
methoxykynuramine (AMK), 2-hydroxymelatonin, or 6-hydroxymelatonin in
distinct organisms (Krotzky and Hardeland 2008; Hardeland 2017b) (Figure 3.3;
Figure 3.5).
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Figure 3.3 Hydroxylation reactions at ring atoms 2, 3, and 4 of melatonin. N1l-acetyl-N2-
formyl-5-methoxykynuramine (AFMK) (Hardeland, 2017)

Subsequent studies on yeast melatonin metabolism should include the
catabolites downstream of melatonin synthesis, to further enrich the
comprehension of this metabolic pathway. Tan et al. (2007) reported that some
of these melatonin-catabolites can reach up to 1000-fold melatonin levels. Thus,
melatonin should be considered as an intermediate rather than a final product in
the synthesis of indolic compounds in yeasts. In fact, the catalytic efficiency
(Vmax/Km) of melatonin 2-hydroxylase (M2H) from plants, which converts
melatonin into 2-hydroxymelatonin, is 2000-fold higher than that of ASMT (Byeon
and Back 2015; Byeon et al. 2015).

The conversion of melatonin into N-acetylserotonin by O-demethylation has been
described for humans and implies subforms of cytochrome P(450) (Young et al.
1985; Hardeland 2017b). To find out if this reaction also occurs in yeast, we

performed a pulse of melatonin to a wine S. cerevisiae strain incubated in SLT

174



RESULTS: CHAPTER 3

medium. Interestingly, we observed the production of large amounts of N-

acetylserotonin and 5-methoxytryptamine in the extracellular fraction (Figure 3.4).
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Figure 3.4 Melatonin catabolites produced extracellularly after 1 mM exogenous melatonin
addition to arrested yeast cells in salt medium. N-acetylserotonin (NAS), 5-methoxytryptamine
(5MT). Error bars represent standard deviation.

To date, the O-demethylation of melatonin into N-acetylserotonin had not been
reported in S. cerevisiae. The catabolic deacetylation pathway leading to 5-
methoxytryptamine formation was previously observed in S. cerevisiae (Sprenger
et al. 1999) (Figure 3.5).

This pathway it is really important in dinoflagellates and also exists in the
vertebrates (Hardeland 2015). In dinoflagellates the enzyme responsible for
melatonin deacetylation is aryl acylamidase which is induced by is induced by
high levels of melatonin (Hardeland et al. 2007).
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Figure 3.5 Role of 5-methoxytryptamine in melatonin metabolism and melatonin

catabolism pathways in other organisms.

Another reverse melatonin related pathway was recently discovered in plants, by
which N-acetylserotonin is converted into serotonin by N-acetylserotonin
deacetylase (ASDAC) rather than into melatonin (Lee et al. 2020) (Figure 3.5).
The gene with ASDAC activity has been found and it is a histone deacetylase
gene (HDAC10) which exhibited activity toward N-acetylserotonin, N-
acetyltyramine, N- acetyltryptamine, and melatonin, being the highest activity for

N-acetylserotonin (Lee et al. 2018).

In humans, melatonin is metabolized principally to 6-hydroxymelatonin, which is
further conjugated with sulfate and excreted in urine, whereas melatonin O-
demethylation represents a minor reaction (Ma et al. 2005). In our case, 5-
methoxytryptamine formation was greater than that of N-acetylserotonin, but both
catabolites were found in significant amounts in the growth medium. In future
experiments, we should broaden the metabolites analyzed to other melatonin

catabolism products such as 6-hydroxymelatonin.
3.2.2. Melatonin synthesis in yeast: a putative biosynthetic pathway

Based on the results obtained from the different bioconversion experiments, the
putative melatonin biosynthetic pathway is proposed in Figure 3.6. Unlike plants

and animals, it seems that the synthesis of 5-hydroxytryptophan by the
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hydroxylation of tryptophan does not occur in yeasts. Instead, tryptophan can be
decarboxylated into tryptamine as the first step of the route. Later this tryptamine

is used as a precursor for serotonin synthesis by hydroxylation.

Yet despite us not detecting the 5-hydroxytryptophan formation from tryptophan,
S. cerevisiae is able to transform this compound into serotonin, and its presence
in the medium can serve to produce different indolic compounds. Interestingly,
we also observed the 5-hydroxytryptophan production in larger amounts in a
reversible reaction from serotonin. This serotonin carboxylation has not yet been
reported and it is worth studying in forthcoming experiments to gain insights into
not only the physiological and metabolic conditions under which this
transformation happens in yeasts, but also into the putative genes and enzymes
involved in it. From serotonin, the two converted products were N-acetylserotonin
(N-acetylation) and 5MT (O-methylation), with the latter being the preferred
substrate to produce melatonin. Finally, the yeast was able to convert melatonin
into its two precursors, N-acetylserotonin and 5-methoxytryptamine, by N-

deacetylation or O-demethylation activities, respectively, in reversible steps to

most described melatonin pathways.
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Figure 3.6 The hypothesized melatonin biosynthetic pathway in yeast. L-Trp (tryptophan),
Tryp (tryptamine), 50H-Trp (5- hydroxytryptophan), Ser (serotonin), NAS (N-acetylserotonin),
5MT (5-methoxytryptamine). Enzymatic steps are shown in numbers: 1 (tryptophan
decarboxylation), 2 (tryptamine hydroxylation), 3 (5-hydroxytryptophan decarboxylation), 4 (5-
hydroxytryptophan carboxylation), 5 (serotonin N-acetyltation), 6 (N-acetylserotonin O-
methylation), 7 (N-acetylserotonin O-demethylation), 8 (serotonin O-methylation), 9 (5-

methoxytriptamine N-acetylation), 10 (melatonin deacetylation)
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3.3. Conclusions

In the present chapter, we provide new empirical data on the production of
melatonin and other indole-related compounds in the yeast S. cerevisiae. Based
on the results obtained from the different bioconverted indolic compounds tested
(tryptophan, 5-hydroxytryptophan, tryptamine, serotonin, N-acetylserotonin, 5-
methoxytryptamine, and melatonin), we have hypothesized a melatonin synthesis
pathway in yeast. Our results showed that serotonin, in yeast, was prevalently
formed via tryptophan decarboxylation, and followed by tryptamine hydroxylation
as occurs in plants. Melatonin production from serotonin can be accomplished by
serotonin N-acetylation, followed by O-methylation or, in turn, by N-acetylation of
5-methoxytryptamine. Accordingly, the classic pathway of melatonin synthesis in
vertebrates does not seems prevalent in yeast. As important observation,
bottlenecks in the pathway still exist as supplementation of a substrate did not
lead to the synthesis of all downstream metabolites. Additionally, when melatonin
was added to the cells, both, N-acetylserotonin and 5-methoxytryptamine were
produced revealing the importance of melatonin catabolism. Thus, melatonin

itself should not be considered as a final metabolite, but rather as an intermediate.
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Table 3.1. Intracellular and extracellular indolic compounds detected after the pulses

growth systems.

of different intermediates of the melatonin route in different

G&:Zévi? Sogrc Pulse Tryptophan 5-OH-tryptophan Tryptamine Serotonin N-Ac-serotonin 5-methoxytryptamine Melatonin
SD E w/o 0.2674 + 0.1941 0.0254 + 0.0359 0.4043 + 0.5342 0.0837 + 0.0027 0.1317 £ 0.0599 0.1944 + 0.1936 0.0693 + 0.0083
SD E Tryptophan 22647.5084 + 120.7965 0.0509 + 0.0550 2.0203 + 0.0154 0.0247 + 0.0234 0.4372 + 0.0049 0.3704 + 0.0527 0.0148 + 0.0150
SD E 5-hydroxytryptophan 79.7982 + 1.4358 14543.4494 + 146.2267 0.0477 + 0.0543 1.0397 +0.0389 0.0207 + 0.0240 0.2757 +0.1134 0.0300 + 0.0141
SD E Tryptamine 0.8681 + 0.5288 0.1171 +0.0324 13307.44 + 449.3404 8.6904 + 0.6549 0.2129 + 0.0569 0.2029 + 0.0241 0.0300 + 0.0049
SD E Serotonin 1.2826 +0.7311 36.9021 + 1.2747 0.0641 + 0.0039 16955.0487 + 432.8983 1.1657 + 0.2085 0.2554 +0.1921 0.0586 + 0.0190
SD E N-acetylserotonin 1.0836 + 0.0187 0.0256 + 0.0362 0.1020 + 0.0187 0.6205 + 0.1445 37319.7851 + 561.5968 0.3521 + 0.0028 0.0000 + 0.0000
SD E 5-methoxytryptamine 2.0843 +0.1933 0.0573 + 0.0088 0.1059 + 0.0146 0.2303 + 0.1220 2.6075 + 0.9223 42274.437 + 1508.9679 85.8813 + 4.7885
SD | w/o 74.5135 + 3.4763 0.0551 + 0.0076 0.0891 + 0.1229 0.1745 + 0.0442 5.3070 + 1.8632 0.0899 * 0.0552 0.1043 + 0.0786
SD | Tryptophan 11959.2169 + 336.8456 0.1363 + 0.1300 1.1449 + 1.3576 0.0251 + 0.0297 0.2163 + 0.0059 0.3713 £ 0.3251 0.2048 +0.2724
SD | 5-hydroxytryptophan 57.2145 + 7.0238 5303.4599 + 616.3556 2.4362 + 0.1242 0.2043 + 0.0272 0.0000 + 0.0000 0.1035 +0.0179 0.3894 + 0.0054
SD | Tryptamine 47.4219 + 1.0914 0.1124 +0.0784 55.7071 £+ 9.0436 0.3405 + 0.1206 0.0037 +0.0018 0.1307 + 0.0349 0.2105 + 0.1397
SD | Serotonin 62.5730 + 6.7399 0.7249 + 0.3309 0.0966 + 0.0078 122.0935 + 32.245 2.1048 +0.1749 0.0746 + 0.0374 0.0105 + 0.0049
SD | N-acetylserotonin 74.3907 + 14.8681 0.2242 + 0.0069 0.1073 + 0.0855 0.1094 + 0.0136 15.4426 + 2.8555 0.1459 + 0.0542 0.0370 + 0.0238
SD | 5-methoxytryptamine 64.1768 + 4.5060 0.0616 + 0.0048 0.0612 + 0.0796 0.0000 + 0.0000 0.3932 + 0.0606 240.6263 + 24.5659 0.3366 + 0.2203
SLT E w/o 1054.9180 + 68.4860 0.5537 + 0.0303 0.1043 + 0.1296 0.0427 + 0.0603 0.0874 + 0.0368 1.0125 + 0.2041 0.6478 + 0.0518
SLT E Tryptophan 34027.8124 + 629.6247 1.6358 +0.2279 2.9763 + 0.0371 0.0000 + 0.0000 0.1961 + 0.0095 0.7951 + 0.1269 0.6269 + 0.1599
SLT E 5-hydroxytryptophan 1668.3005 + 69.1821 28216.1233 + 905.2998 0.1231 + 0.0117 3.8754 +0.2389 1.1355 + 0.1681 0.5414 +0.0424 0.0000 + 0.0000
SLT E Tryptamine 938.0967 + 33.9517 0.0137 + 0.0049 16352.4395 + 136.1437  352.6379 + 205.1763 4.0657 + 0.5506 3.9708 + 2.6940 0.0000 + 0.0000
SLT E Serotonin 1000.8418 + 10.2509 105.9437 + 2.8974 0.1722 + 0.0886 26457.218 £ 71.5183 0.4966 + 0.1147 1.2994 + 0.2817 0.6807 + 0.1437
SLT E N-acetylserotonin 1101.0848 + 47.4869 0.0388 + 0.0009 0.3274 + 0.2792 1.5679 + 1.4752 2359%2;1711?11 0.6443 + 0.0959 0.0000 + 0.0000
SLT E 5-methoxytryptamine 1279.5899 + 23.6798 0.2609 + 0.0256 0.1827 + 0.0005 0.0881 + 0.0303 1.2525 + 0.5609 30077.8073 + 149.742 17.7405 + 0.7654
SLT | w/o 2490.6281 + 519.0069 0.0000 + 0.0000 0.2563 + 0.0313 0.0000 + 0.0000 0.0000 + 0.0000 0.0198 + 0.0279 0.1097 + 0.0530
SLT | Tryptophan 32%753132283i 0.0000 + 0.0000 0.0284 +0.0151 0.7345 +0.7692 0.1781 + 0.0082 2.2086 + 0.2324 0.1378 + 0.0230
SLT | 5-hydroxytryptophan 2302.9020 + 64.3623 831.5195 + 282.9551 0.0000 + 0.0000 23.8890 + 6.0981 0.7085 + 0.1945 0.0000 + 0.0000 0.0180 + 0.0000
SLT | Tryptamine 2993.1536 + 62.9527 1.7425 + 2.4642 19003.837 + 388.055 11.2836 + 1.5078 1.1322 + 0.0668 0.0000 + 0.0000 0.0000 + 0.0000
SLT | Serotonin 9619.9673 + 3081.2890 64.6768 + 0.6196 1.4838 + 1.6560 171%?;%%?1%3; 10.5000 + 0.7071 1.0439 + 0.3084 0.1406 * 0.0057
SLT | N-acetylserotonin 3%3222%‘;%14: 0.0000 + 0.0000 0.0354 + 0.0004 0.7160 + 1.0126 281.0747 + 40.4686 2.3216 + 0.9038 0.1148 + 0.0558
SLT | 5-methoxytryptamine 1693.6094 + 38.7502 0.0000 + 0.0000 0.1442 +0.0877 0.1401 + 0.0826 0.0366 + 0.0061 3373.9563 + 121.4355 6.6868 + 0.4310
SM E w/o 0.7654 + 0.5502 0.0243 + 0.0421 0.0237 +0.0383 0.0384 + 0.0556 0.4106 + 0.4674 0.2705 + 0.2740 0.0662 + 0.0542
SM E Tryptophan 24897.4552 « 1.4387 + 1.9264 0.4067 + 0.5751 0.0587 + 0.0829 0.2650 + 0.1853 0.0000 + 0.0000 0.0598 + 0.0845

9065.2042
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148.5039 + 87.4412

0.7325 + 0.0455
0.4388 + 0.0349

0.5534 + 0.2883

0.3812 + 0.2804

166.2032 * 4.6980

44584.4186 *
42896.4949

489.2274 + 394.4147
231.6399 + 15.5569
238.3308 * 63.4051
307.5429 + 126.141

134.9343 £ 4.1042

35058.6258 +
18321.8693

0.0107 + 0.0024
66.2582 + 6.0893

0.1108 + 0.0079
0.0248 + 0.0351
0.0007 +0.0010
0.7940 + 1.1229

42457.06 + 28784.8354

0.2444 + 0.0533
5.8774 +6.2779
1.5787 +£2.1388
0.0356 + 0.0503

0.0460 + 0.0650

4806.1775 * 166.7591

0.0610 + 0.0019
0.0306 + 0.0432

0.0755 + 0.0083
0.2422 +0.2391
0.6218 +0.8793
0.0460 + 0.0650
31.8801 + 1.3526
0.0348 + 0.0491
0.0044 + 0.0062
0.0036 + 0.0051

0.6162 + 0.1302
17.7168 + 0.8374

7605.9533 + 233.9142

0.1712 + 0.1097

0.0890 + 0.0209
0.0239 +0.0176
0.1727 + 0.2442

2.3447 +2.3142
0.4828 + 0.1208

1065.2192 + 1281.1118
21.0041 + 29.5258

0.0755 + 0.0992

1.3499 + 1.8663

0.8200 + 0.1531

0.5950 + 0.1383

15611.3433 +
1926.9269

0.2134 +0.2017
0.0253 + 0.0325
0.0000 + 0.0000

0.0151 +0.0214
0.0038 + 0.0012
0.8135 +0.9479

49.5579 * 40.6246

0.0674 + 0.0926

0.0928 + 0.1312

0.8953 + 0.0363
0.4166 + 0.0676

0.3829 + 0.5414

32364.6409 +
1503.9003

0.1549 + 0.0953
0.8079 + 1.1425
0.0928 +0.1312
0.7779 + 0.5653

0.1184 +0.1674
0.0000 + 0.0000

511.6347 £ 61.7613

0.1462 + 0.1542

0.0697 + 0.0056
0.0632 + 0.0257

17.1135 + 24.2021

17.9945 + 1.0043
0.0158 + 0.0181
0.1274 £ 0.1333
0.2709 + 0.3306
0.0079 + 0.0085
0.2225 +0.2163
7.1477 +10.0949
0.5714 + 0.3041

Batch exponential growth (SD), continuous culture (SM) and arrested-cells (SLT); I: Intracellular; E: Extracellular; w/o: without
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4.1. Introduction

After the discovery of melatonin outside the animal kingdom, the research of
melatonin in other clades emerged. Thus melatonin was found to be a ubiquitous
phylogenetically ancient molecule in almost every organism, from primitive
photosynthetic bacteria to humans (Tan et al. 2016). For melatonin synthesis, the
majority of studies have been performed in vertebrates, particularly in mammals
(hamster, rat, mice), and more recently in plants (Axelrod and Weissbach 1960;
Byeon et al. 2014a; Tan et al. 2015).

As explained in previous chapters, there are several key differences in the
melatonin synthetic pathway in plants and animals. In the first part, in which
serotonin is synthesized from tryptophan, the main differences are as follows: (i)
the synthetic capacity of melatonin in plants is not limited by tryptophan
availability in their environments as plants can synthesize tryptophan through the
shikimic acid pathway; (ii) for serotonin biosynthesis in plants, tryptophan is first
decarboxylated and then hydroxylated, while this order is reversed in animals. In
the second part of the route, by which melatonin is formed from serotonin, the
following differences have been described: (i) the origins of plant and animal
serotonin N-acetyltransferases (SNATs) are completely different and share no
homology. Many SNATs and acetylserotonin O-methyltransferase (ASMT)
homologs are present in plants, which is not the case in animals, especially
mammals; (ii) in plants, caffeic acid 3-O-methyltransferase (COMT) may be the
dominant enzyme in N-acetylserotonin methylation instead of ASMT, and there
are no reports that COMT exists in animals; (iii) the subcellular location for
melatonin synthesis differs between both. Chloroplasts and mitochondria are both
involved in melatonin synthesis in plants. Under normal conditions, chloroplasts
are dominant sites that produce melatonin in plants. If normal processes are
blocked, for example the transcriptional suppression of T5H, the dominant
melatonin synthetic pathway would shift from the chloroplast to the mitochondrion
(Roseboom et al. 1998; Park et al. 2013; Byeon et al. 2014b, a; Lee et al. 2014,
Tan et al. 2014b, 2015).

The enzymes found to be involved in this melatonin biosynthetic pathway from

both plants or animals include: tryptophan hydroxylase (TPH), aromatic-L-amino-
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acid decarboxylase (AADC/DDC/TDC), tryptamine hydroxylase (T5H), SNAT,
and ASMT/ COMT.

The nomenclature of several of these enzymes should be clarified. For example,
aralkylamine N-Acetyltransferase (AANAT), which has also been previously
called SNAT and N-acetyltransferase (NAT). They are not just synonyms, but
differ in substrate specificity (Tan et al. 2016). AANAT/SNAT and NAT can all
catalyze the acetylation of indolamines at different rates depending on substrate
specificity and their concentrations. However, NAT is not selective for indoles,
whereas AANAT/SNAT is more selective for arylalkylamines, including indole-
ethylamines (e.g., tryptamine) (Tan et al. 2016). Currently, only one homolog of
SNAT has been identified in mammals, whereas several homologues of SNAT
have been discovered in vertebrates other than mammals. For instance, at least
three SNAT homologs have been identified in fish (Tan et al. 2015). Moreover, O-
methylating enzymes are ASMT and COMT, but can also be known as

hydroxyindole-O-methyltransferase (HIOMT).

Although the ability to synthesize melatonin has been determined in
microorganisms like bacteria, microalgae and yeasts (Manchester et al. 1995;
Poeggeler and Hardeland 2003; Rodriguez-Naranjo et al. 2012; Rodriguez-
naranjo et al. 2013), very few attempts have been made to identify melatonin
synthetic pathways in microorganisms, and currently very little is known about the
processes involved. Based on the results obtained from the bioconversion
experiments in Chapter 3, a putative melatonin biosynthetic pathway for yeast
has been put forward. In this proposed route, serotonin would be formed
predominantly by decarboxylation of tryptophan, followed by hydroxylation of
tryptamine, which mainly happens in plants. Thereafter, melatonin production
from serotonin can be accomplished by N-acetylation, followed by O-methylation
or O-methylation and, in turn, by N-acetylation.

Despite the obtained results, definitive biochemical and molecular evidence is still
lacking to understand the complete metabolic pathway. The search for genes
homologous to those described in vertebrates and plants represents a key point

to improve the synthesis of these molecules during the fermentation process.
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Thus, the biosynthetic pathway of melatonin in yeast remains to be identified with

certainty.

To date, no reports have been found or characterized for the enzymes
responsible for melatonin synthesis and the genes that encode the enzymes in
any yeast with only one exception: gene PAA1, a polyamine acetyltransferase,
has been proposed as a homolog of AANAT of vertebrates, which converts
serotonin into N-acetylserotonin (Ganguly et al. 2001). This gene has been
cloned and characterized in vitro. The kinetic studies of PAA1 have revealed that
the Kms with 5-methoxytryptamine and serotonin are 2.7+0.6 and 5.1+£0.4 mM,
respectively, and enzyme activites 14.5 and 3.0 pmol/pmol enzyme/h,
respectively. Hence the calculated catalytic efficiency of the PAAT reaction with
5-methoxytryptamine is approximately 7-fold greater than that with serotonin,
which indicates that the predominant substrate is 5-methoxytryptamine instead

of serotonin (Ganguly et al. 2001; Tan et al. 2016).

Based on the results of Chapter 3, we aimed to identify the genes that may
encode for melatonin biosynthetic steps in S. cerevisiae. To this end, we searched
the S. cerevisiae proteins with the highest percentages of homology to the
proteins involved in the synthesis of each intermediate in the biosynthetic
pathway for both vertebrates and plants by an in silico analysis. The putative
genes selected as candidates were cloned and overexpressed in both E. coli and
S. cerevisiae to determine if they possessed the catalytic activity of the reference
enzyme. Additionally, to clarify the role of PAA7 in melatonin biosynthesis in
yeast, we tested the differences in the mutant, the wild type and the
overexpressing PAAT strains by measuring the acetylated amine products by
UHPLC-MS/MS.

4.2. Results and discussion

4.2.1. In Silico analysis and identification of potential genes involved in

melatonin biosynthetic pathway in S. cerevisiae genome

As previously mentioned, several enzymes involved in melatonin metabolism
from both vertebrates and plants have been cloned and characterized (Coon et
al. 1995; Ichihara et al. 2001; Isorna et al. 2011; Park et al. 2012; Byeon et al.
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2014b, 2016; Byeon and Back 2015; Lee et al. 2018). We used the sequences
from these organisms to identify the putative orthologs in the yeast genome for
TPH, T5H, AADC/TDC/DDC, AANAT, SNAT, ASMT/HIOMT and COMT. The
identification of the putative S. cerevisiae orthologs was performed with the Basic
Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
(Altschul et al. 1990), more specifically BLASTp, which searches protein

databases using a protein query combined with the domain enhanced lookup time
accelerated BLAST (DELTA-BLAST) algorithm to yield better homology detection
(Boratyn et al. 2012). From the in silico screening of the available genome yeast
sequences, the potential orthologs of the melatonin biosynthesis genes from
plants or vertebrates are shown in Table 4.1. The BLAST results are sorted by
the expected value (E-value) by default. A low E-value indicates a few hits, but
high quality ones. The term query coverage is the percent of the query length
included in the aligned segments. The similarity between two sequences can be
expressed as a percent sequence identity, regardless of the position in the
alignment, while identity is restricted to the same residues at the same positions

in the alignment of both sequences.

For TPH, no orthologous sequences were found when using Mus musculus or
Homo sapiens TPH1 or TPH2 as a query. The previous results obtained in the
bioconversion experiments in Chapter 3 already showed that S. cerevisiae was
unable to produce 5-hydroxytryptophan from tryptophan, which denotes lack of
TPH activity. Furthermore, the domain required for the union of essential
cofactors for aromatic amino acid hydroxylating enzymes (AAAH), such as
tetrahydrobiopterin or tetrahydromonapterin, was also absent. In previous
metabolic engineering works in which AAAH was overexpressed in yeasts, the
authors had to insert the necessary pathways for the de novo biosynthesis and
recycling of these cofactors to gain TPH activity (Germann et al. 2016; Zhang et
al. 2016). However, an alternative hydroxylase activity should be expected in the
biosynthetic pathway of S. cerevisiae because melatonin is produced from
tryptophan as a substrate. One possible alternative is the hydroxylation step of
the tryptamine to be converted into serotonin (T5H), as occurs in plants. For T5H
activity, Oryza sativa CYP71P1 (GenBank: AK071599) was used as a query. The
hits obtained by the BLAST search were three genes, ERG11, ERG5 and DIT2,
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with 3x10798 2x107% and 1x1078" E-values, respectively. Those genes encode
for the three unique cytochromes P450 (CYPs) present in S. cerevisiae (Park et
al. 2008a). More specifically, CYP51 (encoded by ERG117), which is a sterol 14a-
demethylase, undertaking the C14-de-methylation of lanosterol (Karst and
Lacroute 1977), and CYP61 (encoded by ERGS5), which is a C-22 sterol
desaturase (Skaggs et al. 1996), are both involved in the ergosterol biosynthetic
pathway (Sokolov et al. 2019), whereas CYP56 (encoded by DIT?2) is a dityrosine
hydroxylase involved in yeast sporulation (Briza et al. 1990, 1994). These CYPs
are localized in the endoplasmic reticulum via an N-terminal anchor and are
associated with a separate NADPH-cytochrome P450 reductase (CPR). Query
cover and similarity were 90-95% and 31-33% for the three alignments

respectively, whereas the identity of the three sequences was 16-18% (Table 4.1).

To discover possible AADC activity in S. cerevisiae, we used the TDC/DDC
sequences from O. sativa (GenBank: AK069031), Catharanthus roseus
(GenBank: P17770), H. sapiens (GenBank:1644), M. musculus (GenBank:
AF071068.1) and Bos Taurus (GenBank: BT026145.1). S. cerevisiae genes
DPL1 and GAD1 were selected as candidates with 3x107%" and 6x1078 E-values,
respectively. DPL1 is described as a dihydrosphingosine phosphate lyase that
regulates intracellular levels of sphingolipid long-chain base phosphates (LCBPs)
and degrades phosphorylated long-chain bases, but prefer C16
dihydrosphingosine-I-phosphate as a substrate (Saba et al. 1997). GAD1 is a
glutamate decarboxylase that converts glutamate into gamma-aminobutyric acid
(GABA) during glutamate catabolism (Coleman et al. 2001). The results in query

cover, identity and similarity terms were 90-95%, 15% and 29% respectively.

Regarding serotonin N-acetyltransferase activity, we used different sequences
from either AANAT or SNAT as a query. When the AANAT protein sequence from
vertebrates was used, PAA7 was one of the obtained results and its E-value was
1x107"9, This result was expected as PAA1 has been previously characterized as
a homolog from vertebrate AANAT. The query cover for the alignment was 70%,

with an identity percentage of 18% and 33% similarity (Table 4.1).

Finally, for N-acetylserotonin O-methyltransferase activity, two ASMT/HIOMT
candidate genes were selected in yeast based on BLAST in H. sapiens
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ASMT/HIOMT (ENA: AAA58582.1) and O. sativa and Arabidopsis thaliana COMT
(ENA: BAF22945.1 and AED96460.1, respectively). ERG6 and CRG1 were the
S. cerevisiae genes selected as possible candidates for this activity with 9x10-16
and 6x107'® E-values, respectively. ERG6 showed 45% query cover and 17%
identity with B. taurus ASMT, whereas CRG1 yielded 18% identity an 46% query
cover (Table 4.1). Both genes encode for methyltransferase enzymes. ERG6
encodes for delta(24)-sterol C-methyltransferase, which is involved in ergosterol
biosynthesis (Gaber et al. 1989), whereas CRG7 encodes for an S-
adenosylmethionine-dependent = methyltransferase  implicated in  lipid
homeostasis and also mediates resistance to a drug cantharidin (Lissina et al.
2011). From these results obtained by a BLAST analysis, the genes with the best
score for subsequent overexpressions in E. coli and S. cerevisiae organisms
were chosen. Although no high identity values were obtained, positive similarities
at the function domain level were observed for the selected candidates. However,
as the protein structure is more conserved during evolution than the protein
sequence, analyzing the structure to establish orthology is recommended when
the protein of interest is in the twilight zone (20-35% sequence identity), which

will be considered for future searches.
4.2.2. Bacterial and yeast overexpression of selected S. cerevisiae genes

Whole-cell biotransformation consists in the chemical modification of a compound
carried out by a living organism (unlike using purified enzyme preparation)
(Zolliner et al. 2010). By this system, the activity of a certain enzyme can be
measured directly from the supernatant of the growth medium by taking
advantage of the cofactors generated by the cell, which avoids having to add
exogenously them (Lin and Tao 2017). Additionally, the presence and protective
nature of the cell envelope or compartments help to stabilize enzymes, and may
allow enzymes to be applied under severe reaction conditions (Lin et al. 2013).
Both E. coli and S. cerevisiae are the most frequently used host organisms for
the overexpression of heterologous proteins largely because of their well-studied
genetic background, which is a mature and powerful genetic toolset for metabolic
engineering. E. coli can produce high expression levels of recombinant proteins,
and yeasts combine the simplicity of a unicellular organism with the ability to
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perform most of the post-translational modifications required for a biologically

active recombinant protein (Vieira Gomes et al. 2018).

To determine the activity of the genes selected from the BLAST analysis,
plasmids containing the different genes were constructed and transformed into
E. coliand S. cerevisiae. For E. coli, an IPTG induction system and GST-tagging
were implemented in the heterologous system by using the pGEX-5X-1 vector
(GE Healthcare Life Sciences). For S. cerevisiae, a constitutive overexpressing
system was followed through the 2u derived vectors with GPD1 as the promoter
(Mumberg et al. 1995). The different strains were cultivated as detailed in the
Material and Methods section, and the metabolites of interest were measured
from the extracellular fraction. Following the methodology described in Chapter
3, enzyme activity was determined by spiking culture media with the substrate
and following the production of the metabolite as a consequence of the candidate

gene overexpression.

As a quality control of the overexpressing system, the gene responsible for the
activity of interest in other organisms was also overexpressed in both organisms.
For T5H, AADC, SNAT and ASMT activity, we used rice (O. sativa) CYP71A1,
human (H. sapiens) DDC, bovine (B. taurus) AANAT and human (H. sapiens)
ASMT as positive controls, respectively. For rice CYP71A1, in the work by Park
et al. (2011), the authors found that only when the N-terminal deletion of 37 amino
acids was combined with GST tagging did functional T5H activity in E. coli occur.

Thus, we used this version of the protein in our T5H control.
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Table 4.1. Identification of putative orthologs in yeast of enzymes involved in the biosynthesis of melatonin in plants and animals by basic local alignment search

tool.
Enzyme activity Putative ortholog Description E- Query Identity Similarity
in yeast value*  cover** Percentage*** Percentage***
Trytptophan - - - - - -
hydroxylase
Aromatic amino acid DPL1 Dihydrosphingosine 3x107%"  92% 15% (69/472) 29% (139/472)
decarboxylase phosphate lyase
GAD1 Glutamate decarboxylase 6x1078 90-95% 15% (75/518) 29% (151/518)
Tryptamine DIT2 N-formyltyrosine oxidase 1x107%"  91% 16% (79/489) 31% (153/489)
hydroxylase
ERG5 C-22 sterol desaturase 2x107%¢  959% 16% (84/511) 32% (165/511)
ERG11 Lanosterol 14-alpha- 3x10™%®  90% 18% (87/490) 33% (162/490)

demethylase




Serotonin N- PAA1

acetyltrasnferase

N-acetylserotonin ERG6
O-methyltransferase

CRG1

Polyamine 1x1071°

acetyltransferase

Delta(24)-sterol C- 0x10-16
methyltransferase
S-AdoMet-dependent 6x10-16
methyltransferase

70% 18% (27/152) 33% (51/152)
45% 17% (28/164) 29% (49/164)
46% 18% (30/166) 29% (49/166)

Note: Numbers in parentheses are the numbers of identical or similar residues divided by the length of the region used for the calculations.

* The expected value (E-value) is a parameter that describes the number of hits "expected" to be seen by chance when searching a database of

a particular size.

** Query cover is the percentage of query length included in the aligned segments

*** |dentity indicates the extent to which two (nucleotide or amino acid) sequences have the same residues at the same positionsin an alignment,

whereas similarity refers to the extent to which nucleotide or protein sequences are related (including the percent sequence identity and/or

percent positive substitutions
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4.2.2.1. Activity of the candidate genes in E. coli
4.2.2.1.1. Decarboxylation step

A lyase enzyme that belongs to the AADC group may be responsible for carrying
out the decarboxylation of tryptophan into tryptamine or 5-hydroxytryptophan into
serotonin in the melatonin biosynthetic pathway. The in silico analysis results
suggested that DPL1 or GAD1 could be potential candidates to perform any of
these reactions involved in serotonin synthesis. To test this hypothesis, we
overexpressed DPL1 and GAD1 in E. coli.

However, neither DPL1 nor GAD1 overexpression resulted in the increase
detection of tryptamine or serotonin compared to the control strain. As expected,
the H. sapiens DDC overexpression yielded about 50 ng-mL-" of tryptamine and
400 ng-mL™" of serotonin after grown in the presence of 1 mM of tryptophan or 5-
hydroxytryptophan, respectively (Figure 4.1). Preference for the decarboxylation
of 5-hydroxytryptophan to serotonin, compared to the conversion of tryptophan
into tryptamine shown by H. sapiens DDC, is consistent with its role in serotonin

synthesis in the classic melatonin biosynthetic pathway described for animals.

191



RESULTS: CHAPTER 4

o]}

- ryptophan ryptamine
500 Tryptop! M Trypramine N2
NH
3 RN
>
N N
H H

450 4

Q
Serotonin Tryptamine

5-hydroxytryptophan IOH NH
‘_-"_' 400:- HO " NH, HO m .
@{) \ [ serotonin
N T N
H H

60

[ng-mL

40

204

Figure 4.1 Effect of the overexpression of DPL1, GAD1 and DDC in tryptamine and
serotonin production in E. coli. Rosetta cells were transformed with empty vectors pGEX-5X-
1 (control), pGEX-5X-1 DPL1 (DPL1), pGEX-5X-1 GAD1 (GAD1) and pGEX-5X-1 DDC (DDC).
Tryptamine and serotonin were determined after culturing the different strains for 24 h in 2xTY
with 1% glucose supplemented with 1 mM tryptophan or 5-hydroxytryptophan, respectively.
Cultivation conditions and expression induction are detailed in the Materials and Methods.
Tryptamine and serotonin were determined from the supernatant extracted with ethanol by HPLC-
MS/MS.

4.2.2.1.2. Hydroxylation step

There are two hydroxylation activities involved in the synthesis of serotonin in
melatonin’s biosynthetic pathways. The first reaction in the vertebrate pathway
consists in the hydroxylation of tryptophan to 5-hydroxytryptophan, which is
carried out by the TPH enzyme. However, it is shown in Chapter 3 of this thesis
that this hydroxylation reaction must be residual or null in S. cerevisiae as we
were unable to detect the conversion of tryptophan into 5-hydroxytryptophan
intra- or extracellularly for any of the growth systems during the bioconversion
experiments. Furthermore, the in silico search for the orthologous genes from the
TPH sequence of the different organisms did not yield any results for both the
hypothetical protein and the synthesis of the essential cofactor required by it,
which supports our hypothesis.

Thus by taking our results into account, we focused on the possible candidate to

perform the hydroxylation reaction of tryptamine into serotonin. From the BLAST
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search using plant T5H, we obtained ERGS5, ERG11 and DIT2 as possible
candidates. As previously mentioned, we overexpressed these genes together
with a N-truncated and GST-tagged version of TSH as native TSH cannot be
functionally expressed in E. coli (Park et al. 2011). None of the selected
Saccharomyces genes showed tryptamine hydroxylation activity when
overexpressed in E. coli in a medium enriched with 1 mM of tryptamine.
Conversely, rice T5H led to the production of large amounts of serotonin, which

exceeded 1000 ng-mL" after 50 h of T5H overexpression in the same medium.
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Figure 4.2 Effect of the overexpression of DIT2, ERG5, ERG11 and T5H in tryptamine
hydroxylation in E. coli. Rosetta cells were transformed with empty vectors pGEX-5X-1
(control), pPGEX-5X-1 DIT2 (DIT2), pGEX-5X-1 ERG5 (ERG5), pGEX-5X-1 ERG11 (ERG11) and
pGEX-5X-1 T5H (T5H). Serotonin was determined after culturing the different strains for 24 h in
2xTy with 1% glucose supplemented with 1 mM tryptamine. Cultivation conditions and expression
induction are detailed in the Materials and Methods. Serotonin was determined from the
supernatant extracted with ethanol by HPLC-MS/MS.

We used low IPTG concentration (0.25 mM), since the expression rate of target
protein is much lower, and more chaperones can be available to assist
recombinant protein folding and prevent p-bodies formation (Utekal et al. 2014).
The lack of catalytic activity observed in these genes may be due to their non
functional expression as previously described for several membrane-bound

CYPs in E. coli (Park et al. 2011). For this reason, we constructed a series of
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truncates at the N-terminal end for ERG11 fused with GST as ERG11 was the
gene with the best results in the in silico search. Several authors have shown that
the solubility and functionality of these membrane-bound protein types improve
in these truncated versions (Park et al. 2011; Ichinose and Wariishi 2013; Zelasko
et al. 2013; Hausjell et al. 2018). We also supplemented the medium with 0.5 mM
of 5-aminolevulinic acid, which is a heme precursor that has sometimes been
shown to be beneficial for increasing the expression of active P450s (Quehl et al.
2016; Hausijell et al. 2018). However, these strategies did not lead to tryptamine
hydroxylase activity to be detected after any of the several modifications made
(data not shown). Future works could consider further potential optimization to
overcome the problems related with the expression of P450s in E. coli. For
instance, the co-expression of auxiliary proteins or cultivation-parameter tuning
has been reviewed (Hausjell et al. 2018). Moreover, the use of microsomal
fractions for activity assays by combining microsomal preparations of the different
CYPs from S. cerevisiae, together with the CPR, could be interesting

approximations to bear in mind.
4.2.2.1.3. O-methylation step

The conversion of N-acetylserotonin into melatonin is the last step in the classic
melatonin biosynthetic pathway. ERG6 and CRG1 were the candidate genes to
carry out this activity in S. cerevisiae as possible orthologs to ASMT, which is the
enzyme responsible for N-acetylserotonin O-methyltransferase activity in

vertebrates.

We overexpressed ERG6 and CRG1 from S. cerevisiae and ASMT from H.
sapiens in E. coli, and we measured the melatonin concentration after 50 h of 1
mM N-acetylserotonin supplementation in the medium. As shown in Figure 4.3,
the overexpression of ERG6 or CRG1 did not produce melatonin detection in the
medium. Only ASMT overexpression yielded a large amount of melatonin in the

medium, which ranged from 200 to 2000 ng-mL"".
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Figure 4.3 Effect of the overexpression of ERG6, CRG1 and ASMT in N-acetylserotonin O-
methylation in E. coli. Rosetta cells was transformed with empty vectors pGEX-5X-1 (control),
PGEX-5X-1 ERG6 (ERG6), pGEX-5X-1 CRG1 (CRG11) and pGEX-5X-1 ASMT (ASMT).
Melatonin was determined after culturing the different strains for 24 h in 2xTY with 1% glucose
supplemented with 1 mM N-acetylserotonin. Cultivation conditions and expression induction are
detailed in the Materials and Methods. Melatonin was determined from the supernatant extracted
with ethanol by HPLC-MS/MS.

4.2.2.1.4. N-acetylation step

Two different N-acetylation reactions can occur from serotonin to melatonin: the
conversion of serotonin into N-acetylserotonin or, alternatively, the acetylation of
5-methoxytryptamine into melatonin. Unlike the other genes in the melatonin
biosynthetic pathway, gene PAA1 from S. cerevisiae has been already described
as SNAT/AANAT homolog by Ganguly et al. (2001), which was why we did not
perform any search of orthologs for this activity and we simply validated the
activity of the referenced gene PAAT.

As expected, PAA1 showed SNAT activity (Figures 4.4 and 4.5). In fact PAA1
overexpression in this system led to 9661260, 48+15 and 515+93 ng/mL of N-

acetyltryptamine, N-acetylserotonin and melatonin after incubating in the
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presence of 1 mM of tryptamine, serotonin and 5-methoxytryptamine,
respectively. These results slightly differ from those previously obtained by
Ganguly et al. (2001), in which the preferred substrate for PAA71 was 5-
methoxytryptamine, followed by tryptamine. Our results revealed a marked
preference by tryptamine and its conversion into N-acetyltryptamine. It was
noteworthy that the latter compound has not yet been related to melatonin
synthesis. In any case, the titers of acetylated products by PAA7 were much less
abundant that the product obtained by the transformation with the bovine AANAT
gene (positive control).
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Figure 4.4. Effect of the overexpression of PAAL1 and AANAT in E. coli on the acetylation
of different substrates. The extracellular medium fractions were obtained after culturing the
different strains for 24 h in 2xTY with IPTG and 1 mM tryptamine, serotonin or 5-metoxitriptamine
treatment and centrifuging the culture medium. The acetylated product levels were subjected to
HPLC-MS/MS. Data are the meanststandard deviations of triplicate experiments. For more
details on the experiment (IPTG induction, growth, HPLC-MS/MS analysis, etc.), see the Material
and Methods section.

Interestingly enough, when 1 mM of tryptamine was added to the E. coli harboring
the empty pGEX-5X-1 vector (control strain), and the same plasmid containing
PAA1 or AANAT (PAA1 and AANAT strains, respectively), we observed serotonin
production for both the control and PAA1 strains (Figure 4.5). For the AANAT
overexpressing strain, we did not detect serotonin, but 989+43 ng/mL of N-
acetylserotonin was observed. This indicates that E. coli was able to natively

produce serotonin from tryptamine. With the AANAT strain, it would seem that
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this strain was capable of converting practically all the tryptamine added in N-
acetyltryptamine and the serotonin natively produced in N-acetylserotonin.
Furthermore, 78+132 ng/mL of melatonin were produced by the AANAT strain
with 230 ng/mL in one of the analyzed clones. More studies are needed to gain a
more in-depth understanding of how this melatonin was produced in the AANAT
strain, but one possibility is that 5-methoxytryptamine could be originated and

AANAT would perform the acetylation needed to produce melatonin.
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Figure 4.5 Heterologous expression of PAAL1 and AANAT in E. coli on the production of
tryptamine derivatives. Production of tryptamine, N-acetyltryptamine, serotonin, N-
acetylserotonin and melatonin in the control E. coli harboring an empty pGEX-5X-1 vector and
the recombinant E. coli harboring pGEX-5x-1-PAAl or pGEX-5x-1-AANAT. The extracellular
medium fractions were obtained after culturing the different strains for 24 h in 2xTy with IPTG and
1 mM tryptamine and after centrifuging the culture medium. Tryptamine derivative levels were
subjected to HPLC-MS/MS. Data are the meanszstandard deviations of triplicate experiments.
For more details on the experiment (IPTG induction, growth, HPLC-MS/MS analysis, etc.), see
the Material and Methods section.

4.2.2.2. Activity of the candidate genes in S. cerevisiae

As in E. coli, the same genes were overexpressed in the plasmid of strong
expression p426GPD in S. cerevisiae strain BY4743 to assess their putative
enzymatic activities related to the melatonin biosynthetic pathway. The same
substrates were added to the culture medium, and the transformation activity of
each overexpressed gene was assessed by analyzing the product yield in the

supernatant.
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4.2.2.2.1. Decarboxylation step

Similarly, to the E. coli system, DPL1 and GAD1 overexpression did not
significantly increase tryptamine production compared to the control strain
(BY4743 harboring the p426GPD empty vector) (Figure 4.6). Conversely, the
overexpression of the positive control H. sapiens DDC vyielded 37-fold more
tryptamine than the other overexpressing strains (5-8 ng-mL™" vs. 240 ng-mL-")
(Figure 4.6).

Regarding serotonin production from 5-hydroxytryptophan, no serotonin was
detected for any of the overexpressing strains, except for the positive control
DDC, which produced about 600 ng-mL". Interestingly, the preference of DDC
for 5-hydroxytryptophan decarboxylation into serotonin, in comparison to
tryptophan decarboxylation into tryptamine, was observed in the S. cerevisiae or

E. coli overexpressing systems.
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Figure 4.6 Effect of the overexpression of DPL1, GAD1 and DDC in tryptamine and
serotonin detection in S. cerevisiae. BY4743 was transformed with empty vectors p426GPD
(control), p426GPD DPL1 (DPL1), p426GPD GAD1 (GAD1) and p426GPD DDC (DDC).
Tryptamine and serotonin were determined after culturing the different strains for 50 h in SC-ura
supplemented with 1 mM tryptophan or 5-hydroxytryptophan, respectively. Tryptamine and

serotonin were determined from the supernatant extracted with ethanol by HPLC-MS/MS.
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4.2.2.2.2. Hydroxylation step

Unfortunately, the DIT2, ERG5 and ERG11 overexpression in S. cerevisiae did
not show any tryptamine hydroxylase activity. Surprisingly, neither did rice T5H
overexpression indicate any transformation activity of tryptamine into serotonin
(data not shown). This was surprising because we previously observed marked
conversion into E. coli (Figure 4.2). Conversely, we observed the native
conversion of tryptamine into serotonin by yeast in the bioconversion experiments
of Chapter 3. These contradictory results with both experiments could be due to

differences in the growth conditions and sampling times between them.

The lack of functionality observed in the control gene T5H could be due to the
host system or the construction type used, which consists of fusing GST together
with the deletion of 37 amino acids at the N-terminal end. This construction was
the only one to display tryptamine hydroxylase activity in E. coli (Park et al. 2011),
but this truncated version of the gene might not work in S. cerevisiae. In a
previous study, it was concluded that the approach consisting in the use of fusion
partners to generate chimeric constructs and directed mutagenesis is useful for
bacterial hosts but not always effective for yeast (Oberg et al. 2011).
Unfortunately, we were unable to amplify T5H without GST fusion. Thus in the
near future, we will attempt to use a chemically synthesized gene and codon

optimized for its overexpressing use in S. cerevisiae.
4.2.2.2.3. O-methylation step

Both ERG6 and CRG1 encode the methyltransferase enzymes involved in
ergosterol synthesis and lipid homeostasis, respectively. To test whether any of
them could transform N-acetylserotonin into melatonin, we overexpressed those
genes and we measured melatonin levels after 50 h of growth in a medium
enriched with 1 mM N-acetylserotonin. However, the strain overexpressing the
control gene ASMT was the only one to show significantly more melatonin
production than the control strain (Figure 4.7) (820 ng-mL-"). Therefore, we were
unable to assign the capability to methylate N-acetylserotonin to enzymes ERG6
and CRG1. A new search for alternative methyltransferases will be done to

identify new candidates.
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Figure 4.7 Effect of the overexpression of ERG6, CRG1 and ASMT in melatonin detection
in S. cerevisiae. BY4743 was transformed with empty vectors p426GPD (control), p426GPD
ERG6 (ERGS6), p426GPD CRG1 (CRG1) and p426GPD ASMT (AMST). Melatonin was
determined after culturing the different strains for 50 h in SC-ura supplemented with 1 mM N-
acetylserotonin. Melatonin was determined from the supernatant extracted with ethanol by HPLC-
MS/MS.

4.2.2.2.4. N-acetylation step

When we overexpressed PAA1T in yeast in a medium supplemented with 1 mM 5-
methoxytryptamine, as this precursor has been described as the best amine
substrate for PAA7 (Ganguly et al. 2001), as shown in Figure 4.8, no differences
in melatonin concentration were detected between the control strain (transformed
with the empty vector) and the PAA7T overexpressing strain. Conversely,
vertebrate AANAT overexpression produced a 25-fold higher melatonin

concentration than the control and PAA1 strains.

This was an unexpected result because the acetyltransferase activity of this
enzyme toward this substrate has been previously characterized in vitro (Ganguly
et al. 2001). Furthermore, the acetylation activity of PAA7 toward tryptamine,
serotonin and 5-methoxytryptamine was also observed in our single substrate
conversion experiment in E. coli (Figures 4.4 and 4.5). Therefore, in order to

clarify the role of PAA1 in vivo, we continued to examine in-depth the validation
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of PAA1 in S. cerevisiae with different experiments, as we indicate in the next

section.
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Figure 4.8 Effect of the overexpression of PAAL1 and AANAT in melatonin detection in S.
cerevisiae. BY4743 was transformed with empty vectors p426GPD (control), p426GPD PAAl
(PAA1) and p426GPD AANAT (AANAT). Melatonin was determined after culturing the different
strains for 50 h in SC-ura supplemented with 1 mM 5-methoxytryptamine. Melatonin was
determined from the supernatant extracted with ethanol by HPLC-MS/MS.

4.2.3. Validation of PAALl acetyltransferase activity on polyamines and

arylalkylamines

The non acetyltransferase activity observed for PAA1 after its overexpression in
S. cerevisiae made us rethink its possible involvement in melatonin synthesis. Liu
et al. (2005) suggested that polyamines are the true substrate for PAAT in vivo.
These authors explained the in vitro activity observed by Ganguly et al. (2001)
given the similarity of the ethyl amine group in the arylalkylamines with the propyl
and butylamines present in polyamines. Non canonical metabolic activity in S.
cerevisiae in the formation of metabolic side products under unbalanced
physiological conditions has also been described, such as cellular stress
situations (Piedrafita et al., 2015), which may explain this PAA71 activity in

arylalkylamines with an in vitro system.
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Therefore, we decided to complement the experiment by including two other
amines, tryptamine and serotonin. Thus, we determined if there were any
differences in the acetylation of tryptamine, serotonin or 5-methoxytryptamine
between the knockout of PAA71 (AApaal) belonging to the EUROSCARF
collection of the wild-type BY4743 (control strain) and the over-expressing strain

constructed by us in the same genetic background (Figure 4.9).
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Figure 4.9 Effect of PAA1 on acetylation of different arylalkylamines in S. cerevisiae.
BY4743 harboring p426GPD (control), BY4743 strain knockout for PAA1l transformed with
p426GPG (AApaal) and BY4743 overexpressing PAA1 with p426GPD (PAA1). Strains were
grown in SC-ura, as described in material and methods. The media was supplemented with 1 mM
tryptamine, serotonin or 5-methoxytryptamine (5-MT) for the detection of the acetylated products
N-acetyltryptamine, N-acetylserotonin and melatonin respectively. After 50 h of the
supplementation, the extracellular fraction was obtained by centrifugation of the culture medium
and it was subjected to HPLC-MS/MS. Data are means * standard deviations of triplicate

experiments.

Although we detected the acetylated products for all the used substrates, no
significant differences were found between strains. It should be noted that
melatonin was still produced by PAAl-deficient strains when 1 mM of 5-
methoxytryptamine was added exogenously to the medium, which indicates that
PAAl1l does not seem involved, or is not at least an exclusive enzyme, in
melatonin synthesis. Furthermore, our results showed that tryptamine seemed to

be the favorite substrate for PAA1, which is contradictory to the results of Ganguly
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et al. (2001), who reported preference acetylation activity with 5-

methoxytryptamine.

In order to assure if the induction of PAA1 in the over-expressing strain had been
performed, we determined the gene transcriptional activity of both this strain and
the wild type by qPCR (Figure 4.10). PAA1 was found to be expressed over 270
time-fold compared to the control strain, which indicates that PAA71

overexpression had been correctly achieved.

3004

200+

1004

relative mRNA level

Figure 4.10. PAA1 was effectively overexpressed in BY4743 p426GPD PAA1 starin. PAAL
gene expression in BY4743 control strain (p426GPD empty vector) and BY4743 with p426GPD
PAAl. Changes in PAALl gene expression are shown in relation to the control wild type strain
during exponential growth in SC-ura medium (set as value 1). The relative amount of PAAL1 mRNA

was determined by gPCR, normalizing against ACT1 levels.

As we evidenced that PAA1 overexpression was not connected with the increase
in acetylation activity toward the different aralkylamines, we wondered if the
problem could lie in the induction of this gene not being translated into functional
proteins. Liu et al. (2005) previously reported that PAAL overexpression caused
partial growth inhibition in a medium without pantothenate, but not in a rich
medium. To this end, we performed a drop test in a SC-ura medium with and
without pantothenate to indirectly verify if we had functionally overexpressed
PAAL. Besides overexpressing the PAAL strain, we also used the wild-type strain
BY4343 transformed with the empty vector p426GPD and the mutant strain for
FMS1 (AAfms1-BY4743), a strain that cannot grow in medium without
pantothenate because it is necessary for (-alanine and pantothenic acid
biosynthesis (White et al. 2001). The growth defect observed by PAAl
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overexpression is caused by a drop in the availability of coenzyme A (CoA), which
is consumed as a consequence of the marked acetylation activity of polyamines,
mainly spermine, by PAA1 (White et al. 2001, Liu et al. 2005) (Figure 4.11).

putrescine ——> acetyl putrescine
PAA1

SPE3

spermidine —— > acetyl spermidine
PAA1

SPE4 l
spermine > acetyl spermine

PAA1
FMS1 l

3-aminopropanal + spermidine

!
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v
pantothenate

\Z
coenzyme A

Figure 4.11 Schematic representation of the biosynthetic pathway for the synthesis of
coenzyme A in yeast.

The drop tests showed a growth defect when overexpressing PAAL and a total
inhibition in the AAfms1 strain, as previously reported (Liu et al. 2005), which
implies that PAA1 was not only overexpressed, but also translated, into functional
proteins (Figure 4.12).
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Figure 4.12 PAA1 overexpression causes growth inhibition in a pantothenate-free medium.
The BY4743 cells transformed with plasmids p426GPD-PAA1 (PAAl), p426GPD (empty vector),
and the BY4743 AAfms1 cells transformed with p426GPD (AAfms1), were grown on SC-ura
overnight. Growth tests were carried out in solid medium, as described in the Material and

Methods, and in the SC-ura media with and without pantothenate. They were allowed to grow at

30°C for at least 3 days.

CoA is the common acyl carrier required for the conversion of pyruvate into
Acetyl-CoA, which is an essential cofactor for the acetylation of various molecules
like histones, proteins and small molecules. PAA1 overexpression is assumed to
consume more Acetyl-CoA during the acetylation of its substrates and, in parallel,

lead to low CoA levels.

This result prompted us to deduce that the Acetyl-CoA that dropped in the PAAL
overexpressing strain could possibly explain the lack of acetylation activity with
the arylalkylamines as substrates. Therefore, we decided to determine if the
external addition of Acetyl-CoA would have any effect on the transformation of 5-
methoxytryptamine into melatonin by PAAL. We supplemented the medium with
0.3 mM of Acetyl-CoA and measured the 5-methoxytryptamine conversion into
melatonin in the BY4743 wild type, PAALl overexpressing, B. taurus AANAT
overexpressing and AApaa1 strains. However, the addition of acetyl-CoA did not
increase the acetylation of 5-methoxytryptamine in any case, including bovine
AANAT (Figure 4.13). This finding indicates that lack of a cofactor is not limiting
for the melatonin production by these enzymes.
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Figure 4.13 Effect of Acetyl-CoA on 5-methoxytryptamine acetylation in different yeast
strains. Cells from the wild-type (wt), PAAl-deficient (AApaa1), PAA1 overexpressing (PAA1)
and Bos taurus AANAT overexpressing (AANAT) strains were cultured 72 h at 30°C in SC-ura
with 1 mM of 5-methoxytryptamine (blue) and the same medium supplemented with 0.3 mM of
Acetyl-CoA (red). The melatonin concentration was determined from the supernatant diluted 50%
with ethanol and analyzed by UHPLC-MS/MS.

Thus, in view of these results, we suggest that there may be other N-
acetyltransferases in S. cerevisiae capable of acetylating serotonin and 5-
methoxytryptamine, which would be responsible for the acetylation of these

substrates in a strain defective for PAA1.

In alphaproteobacteria, N-acetylating enzymes with some homology to AANAT
may be involved in the N-acetylation of 5-methoxytryptamine, whereas in both
plants and cyanobacteria, SNAT lacks substantial homology to AANAT and, thus,
must classified as a paralog (Hardeland 2015). Some SNAT homologs can
respond to photoperiodic changes, while others may be up-regulated by oxidative
stress. In addition, some homologs of SNAT have very little to do with melatonin
production, but can be related to the detoxification of toxic amines (Falcon et al.
2014). Enzyme PAA1 showed fair similarity to vertebrate AANAT, but lacks the
regulatory N- and C-terminal flanking regions conserved in all vertebrate AANATs
(Ganguly et al. 2001). We constructed a phylogenetic tree to see the relation of
S. cerevisiae SNAT, PAA1, with the SNATSs in other species. The results revealed
that evolutionarily PAA1 is more closely related to the SNATSs in vertebrates rather

than to the lineage of plants (Figure 4.14).
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Figure 4.14 Phylogenetic tree of S. cerevisiae SNAT (PAA1). The phylogenetic tree was
constructed by the neighbor-joining method and a bootstrap test with 1000 iterations with the
MEGAS.2 software. The GenBank accession numbers are NP_442603 (cyanobacteria,
Synechocystis sp. PCC 6803, SNAT), AK059369 (rice, O. sativa, SNAT1), AK068156 (rice, O.
sativa, SNAT2) ABD19662 (Arabidopsis, A. thaliana, SNAT), NP_001009461 (sheep, O. aries,
SNAT), NM_009591 (mouse, M. musculus, SNAT), KJ156532 (apple, M. zumi, SNAT3),
KJ156533 (apple, M. zumi, SNAT4), KJ156534 (apple, M. zumi, SNAT5).

Thus, in summary, PAA7 has been previously considered to be a SNAT/AANAT
homolog. However, our results show that PAA1 is, at least, not the exclusive
enzyme for the acetylation of serotonin, tryptamine and 5-methoxytryptamine in
S. cerevisiae. When we performed the BLAST searches for the AANAT
candidates, we obtained other hits by employing different SNAT sequences as
queries. For example, GNA1, which encodes an evolutionarily conserved
glucosamine-6-phosphate acetyltransferase, was obtained with an E-value of
9x10", 73% of query cover, 16% identity and 36% similarity when B. taurus
AANAT was used as a query. We also included an SNAT5 isoform from M. zumi
as a BLAST search query because it this isoform has been reported to be closer
to animal SNATSs than other SNAT isoforms from this species (Wang et al., 2017)
(Figure 4.14). When a BLAST search was done with amino acid sequence SNAT5
from M. zumi, MAK3 from S. cerevisiae was obtained with as the best hit with an
E- value of 3x10-'8, query cover was 85%, and with almost 20% identity and 35%

similarity. The MAK3 product comprises a catalytic subunit of the NatC type N-
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terminal acetyltransferase. These new searches with the combination of a more
in-depth analysis of the protein structure are promising candidates to find out

alternative AANAT activity in S. cerevisiae.
4.3. Conclusions

In this chapter, we aimed to identify the possible melatonin biosynthetic genes in
S. cerevisiae. No candidate genes were found for TPH activity in yeast. However,
for TDC, two genes were selected (DPL1 and GAD1), three for T5H (DIT2, ERG5
and ERG11), one for SNAT (PAA1) and two for ASMT (ERG6 and CRG1) by an
in silico analysis using BLASp. Unfortunately, all the candidate genes as potential
orthologs involved in the synthesis of overexpressed melatonin did not display
greater activity than the wild type on the different substrates in S. cerevisiae, but
much less transformation capacity than the strains harboring the positive control

genes of other organisms.

Only PAAl displayed activity toward serotonin, tryptamine, and 5-
methoxytryptamine, but only if it was overexpressed in E. coli. Lack of in vivo
acetylation activity for PAAL in yeast was due to neither a limitation of cofactor
Acetyl-CoA nor a non functional translated protein. In fact, the melatonin
production from 5-methoxytryptamine in the PAA1 mutant, the wild type or the
PAAL overexpressed strains did not significantly differ in the concentration of the
acetylated products. According to our results, PAAL1 may not be the exclusive
enzyme in the acetylation of arylalkylamines, such as serotonin, tryptamine and
5-methoxytryptamine, in S. cerevisiae. The presence of other N-
acetyltransferases in yeast capable of acetylating serotonin and 5-
methoxytryptamine may be responsible for the acetylation of these substrates in
a mutant strain for PAAL. Nevertheless, more insight into the protein structure
homology could help us to search and detect more plausible genes involved in

melatonin production in S. cerevisiae.
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Metabolic engineering of Saccharomyces
cerevisiae to enhance hydroxytyrosol production
and other metabolites related to shikimate

metabolism

The information of this chapter has been partially published in:
Food Chemistry 308 (2020)

https://doi.orq/10.1016/j.foodchem.2019.125646

In addition, as a result of this work, we have submitted this
overproducing strain to the Spanish Patent and Trademark Office with
application number 202031186 and it can be found in Annex | of this
thesis.
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5.1. Introduction

Hydroxytyrosol is a polyphenol considered as a potent natural antioxidant present
in leaves and fruits of olive, extra-virgin olive oil and in olive oil industrial by-
products and wastewaters (Angerosa et al. 1995; Lesage-Meessen et al. 2001).
Furthermore, in both white and red wines, hydroxytyrosol has also been detected
in concentrations ranging from 0.28 to 9.6 mg/L (Di Tommaso et al. 1998; Minussi
et al. 2003; Minuti et al. 2006; Pifieiro et al. 2011; Bordiga et al. 2016). Moreover,
hydroxytyrosol is a molecule with great interest due to its multiple bioactivities
and human health benefits (Fernandez-Mar et al. 2012; Hu et al. 2014; Ylksel
Aydar et al. 2017). The presence of hydroxytyrosol in wine has been related to
different sources including the hydroxylation of tyrosol by the endogenous
polyphenol oxidase from grapes (Garcia-Garcia et al. 2013). However, some
studies directly relate hydroxytyrosol to the metabolism of yeasts during alcoholic
fermentation (Romboli et al. 2015; Bordiga et al. 2016; Alvarez-Fernandez et al.
2018; Gonzalez et al. 2018b; Guerrini et al. 2018; Rebollo-Romero et al. 2020).

In yeast, the higher aromatic alcohol tyrosol is synthesized from tyrosine through
the well-established Ehrlich pathway. Briefly, amino acids are first transaminated
into a-keto acids followed by decarboxylation in aldehydes, and finally reduced to
the fusel alcohol (Dickinson et al. 2003; Hazelwood et al. 2008; Ooi et al. 2008).

Various strategies have used yeast genes to overproduce tyrosol and
hydroxytyrosol in E. coli. For instance, the heterologous co-expression of yeast
ARO8 and ARO10 genes led to an important accumulation of tyrosol when
tyrosine was added to the medium (Xue et al. 2017a; Xu et al. 2020).
Furthermore, the co-expression of yeast ARO10 and ADH6, and the
overexpression of the native aromatic hydroxylase complex HpaBC produced
important amounts of hydroxytyrosol in E. coli (Chung et al. 2017; Li et al. 2018).
HpaBC encodes the 4-hydroxyphenylacetate 3-hydroxylase (HPAH), a member
of the two-component flavin-dependent monooxygenase family. The large
subunit flavin-dependent monooxygenase is encoded by hpaB, whereas hpaC
encodes for the NAD(P)H:flavin oxidoreductase subunit, which supplies FADH:
to HpaB (Ballou et al. 2005; Ellis 2010). The broad substrate specificity of HpaBC
from different bacterial species has enabled its utilization for the hydroxylation of
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multiple substrates including tyrosol, naringenin, p-coumaric acid, afzelechin,
caffeic acid, 3-(4-hydroxyphenyl) propanoic acid, ferulic acid and coniferaldehyde
(Liebgott et al. 2009; Furuya and Kino 2014; Lin and Yan 2014; Jones et al. 2016;
Chen et al. 2019).

In this study, we have firstly cloned the E. coli hydroxylase HpaBC complex
components (hpaB and hpaC genes) to overproduce hydroxytyrosol in S.
cerevisiae cultivated in different media. After determining the effectiveness of
HpaBC in converting tyrosol to hydroxytyrosol, we integrated HpaBC in multiple
copies in the genome of S. cerevisiae. Afterwards, we increased productivity of
hydroxytyrosol by redirecting the metabolic flux towards the synthesis of tyrosol
in order to avoid the exogenous tyrosol or tyrosine supplementation. The
combination of the selected modifications in our engineered strain combined with
optimization of the culture conditions, resulted in elevated levels of hydroxytyrosol
from glucose. So far there are only a few reports of biosynthesizing tyrosol in S.
cerevisiae (Jiang et al. 2018; Torrens-Spence et al. 2018; Guo et al. 2019).
However, to the best of our knowledge, this is the first report on heterologous

production of hydroxytyrosol from glucose in yeast.
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Figure 5.1 Formation of hydroxytyrosol in yeast from its precursor tyrosol in the presence
of heterologous HpaBC from E. coli. The aromatic amino acid tyrosine is formed from the
central carbon metabolism through the seven-step metabolic pathway known as “shikimate
pathway”. Briefly, prephenate is converted by the yeast prephenate dehydratase (TYR1) into 4-
hydroxyphenylpyruvate (4-HPP). The aromatic aminotransferases ARO8 and ARO9 convert 4-
HPP into tyrosine, but these enzymes can also convert tyrosine into 4-HPP through the first
transamination-step of the catabolic degradation route known as the Ehrlich pathway. After the
decarboxylation of 4-HPP in 4-hydroxyphenylacetaldehyde (4-HPAA), the reduction of 4-HPAA
results in the higher alcohol tyrosol through the last step of the Ehrlich pathway. Finally, tyrosol is
converted into hydroxytyrosol by the 4-hydroxyphenylacetate-3-hydroxylase (HpaBC) from E.
coli. It is worth mentioning that yeast is able to endogenously synthesize hydroxytyrosol and,

therefore, there are one or several unknown enzymes that can lead to hydroxytyrosol.
5.2. Results and discussion
5.2.1. Effect of hpaB and hpaC overexpression on yeast growth

The growth of the strains overexpressing hpaB, hpaC or both hpaB and hpaC
was significantly lower than the control strain in a SC medium (Figure 5.2). On
the other hand, since we fed our media with tyrosol, we evaluated the growth
kinetics of the control and overexpressing strains in a SC medium supplemented
with different tyrosol concentrations ranging from 0 to 5 mM (Figure 5.3). This
was due to phenolic compounds such as tyrosol and hydroxytyrosol previously

exhibited antimicrobial and antifungal activity (Ghalandari et al. 2018; Canal et al.
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2019). The maximum growth rate (umax) and the area under the growth curve
(AUC) were determined for all the different tyrosol concentrations. Tyrosol
addition caused no differences in growth parameters across all the
concentrations assayed for each strain. According to these results a
concentration of 1mM of tyrosol was established as a supplementation condition
(Figure 5.3).
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Figure 5.2 Effect of overexpression of hpaB and hpaC in yeast growth. The maximun growth
rate (Umax) (A) and the area under the curve (AUC) at 35 h (B) were determined for BY4743
overexpressing hpaB (green), hpaC (yellow) or both hpaB and hpaC (orange) from E. coli and
the control (transformed with empty vectors) (blue) in SC. Error bars represent standard
deviations calculated from biological triplicates. The values under the same letter are not

significantly different according to the Tukey HSD test (a = 0.01).
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Figure 5.3 Effect of tyrosol concentration and overexpression of hpaB and hpaC on yeast
growth. The maximun growth rate (Umax) (A) and the area under the curve (AUC) at 35 h (B) were
determined in SC supplemented with tyrosol ranging from 0 to 5mM for BY4743 overexpressing
E. coli hpaB or both hpaB and hpaC, and the control (transformed with empty vectors). Error bars

represent standard deviations calculated from biological triplicates.
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We hypothesized that the growth defect must be due to a redox imbalance in
these strains that overexpressing could cause this growth reduction because both
enzymes, HpaB and HpaC, consume the reduced cofactors FADH2 and NADH,
respectively. A decrease in biomass production caused by a decreased on
NADH or NADPH content has previously been reported in yeast (Heux et al.
2006; Vemuri et al. 2007; Suastegui et al. 2017). To test this hypothesis, we
ventured to increase the cytosolic NADH by using knockout mutant strains for
ADH3, NDE1 and NDE2, which are NADH-oxidating enzymes. ADH3 encodes
for mitochondrial alcohol dehydrogenase isozyme Il which is involved in the
reoxidation of mitochondrial NADH under anaerobic conditions and ethanol
production (Bakker et al. 2000, 2001). In a AAadh3 strain, the excess of
intramitochondrial NADH is transferred to the cytosol through an ethanol-
acetaldehyde shuttle in order to restore the redox balance (van Dijken and
Scheffers 1986). NDE1 and NDE2 encode for mitochondrial external NADH
dehydrogenases which provide cytosolic NADH to the mitochondrial respiratory
chain (Luttik et al. 1998; Bakker et al. 2000). We evaluated the growth kinetics of
these mutant strains in comparison with the wild type, all of them overexpressing
hpaB + hpaC.

As it is depicted in Figure 5.4, the strains AAadh3, AAndel and AAnde2, which
overexpressed hpaB and hpaC, showed a better growth than the BY4743 HpaB
+HpaC strain. Our hypothesis about the redox imbalance as consequence of the
overexpression of the genes of the complex HpaBC was right. We will take into

consideration this result to improve the yield of hydroxytyrosol.
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Figure 5.4 Yeast deletion mutants for ADH3, NDE1 or NDE2 showed better growth, when
overexpressing hpaB and hpaC, than the BY4743 HpaB +HpaC strain. The maximum growth
rate (Umax) and the area under the curve (AUC) at 30 h were determined for BY4743 (control) and
BY4743 knock-out mutants for ADH3 (AAadh3), NDE1(AAnde1) and NDE2 (AAnde2). All these
strains were transformed with p426GPD-hpaB and p425GPD-hpaC. Growth was conducted in
SC-ura-leu at 28 °C as detailed in materials and methods. Error bars represent standard
deviations calculated from biological triplicates. The values under the same letter are not

significantly different according to two-tailed student's t-test. (a = 0.05).

5.2.2. Tyrosol and hydroxytyrosol production in strains overexpressing
hpaB and hpaC

We determined the tyrosol and hydroxytyrosol production of the hpaB and hpaC-
overexpressing and control strains after growth for 72 h in SC or MM medium,
with or without spiking of 1mM tyrosine or 1mM tyrosol (Figures 5.5 and 5.6; Table
5.1).

Curiously, the titers of both products were higher in MM medium, in spite of a
higher ODeoo was reached in SC than in MM medium (Figure 5.5B). The
combination of nitrogen limitation (MM) together with the addition of tyrosine
resulted in the best condition for tyrosol production. It has been widely reported
that nitrogen limitation strongly promotes the production of aromatic alcohols in
different yeast species (Beltran et al. 2005; Gonzalez et al. 2018b). Furthermore,
the increase in precursors, in the form of aromatic amino acids, also resulted in
a general increase of the synthesis of these compounds via the Ehrlich pathway
(Ghosh et al. 2008; Gori et al. 2011). The strains expressing hpaB or both hpaB
and hpaC displayed lower levels of tyrosol than the control strain in both media,
which is consistent with tyrosol being a substrate for HpaBC in yeast (Figure 5.5).
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However, no difference in

overexpressing cells.

tyrosol concentration was observed between both
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Figure 5.5 Tyrosol production (A) and growth (B) of hpaB and hpaC expressing
cells in MM and SC. The yeast strains used were BY4743 overexpressing hpaB (green)
or both hpaB and hpaC (orange) and the control strain BY4743 transformed with the
empty vectors (blue). Cells were cultured 72 h at 30 °C in MM or SC and the same media

supplemented with tyrosine or tyrosol 1mM. Error bars represent standard deviations

calculated from biological triplicates. Tyrosol concentrations were determined from
supernatant extracted with methanol and subjected to UHPLC-MS/MS.
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Table 5.1 Tyrosol and hydroxytyrosol (HT) production by control (BY4743 + p425GPD +p426GPD), hpaB (BY4743 + p425GPD +p426GPDhpaB)
and hpaB hpaC (BY4743 + p425GPDhpaC +p426GPDhpaB) strains after 72 h growing in MM and SC media with 1 mM tyrosine or tyrosol
supplementation. Values for detected tyrosol are represented in mg/L + SD, while concentration for HT is represented in pug/L + SD.

hpaB hpaB hpaC
tyrosol HT tyrosol HT tyrosol HT
(mg/L) (ng/L) (mg/L) (ng/L) (mglL) (Hg/L)
MM 231+0.11 543+221 0.7 +£0.07 2.85+1.06 0.96 + 0.03 33.39+6.82
MM + tyrosine 54.25 +0.76 19.75+0.77 38.72 + 0.65 59.37 £ 6.5 39.25 + 2.03 1150.95 + 53.97
MM + tyrosol - 38.09 + 3.23 - 147.98 + 24.82 - 4576.59 + 852.77
SC 5.95+0.73 2.28+0.47 3.23+0.17 18.91+1.26 4.17 £ 0.59 103.55+ 17.7
SC +tyrosine 17.2 +1.08 3.33+1.81 6.97 £ 0.19 28.99+4.04 8.53+1.04 127.54 + 11.01
SC + tyrosol - 12.32 £ 2.8 - 262.06 + 7.56 - 3433.97 + 466.63
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The hydroxytyrosol titers of the control strain ranged within the pg/L scale
whereas tyrosol production reached mg/L. However, the overexpression of the
genes of the flavin-dependent monooxygenase family significantly improved the
production of hydroxytyrosol. Namely, the control strain was able to produce from
5 to 40 pg/L hydroxytyrosol in both media, with a higher production in the
presence of tyrosine and, mainly, tyrosol (Figure 5.6A). Remarkably, the
overexpression of hpaB increased between 20 and 22-fold the concentration of
hydroxytyrosol in the growth medium, whereas the overexpression of both genes
of the complex increased hydroxytyrosol levels between 240 and 316-fold (Figure
5.6). Despite no differences between both overexpressing strains were observed
for tyrosol production (Figure 5.5), the cells co-expressing both hpaB and hpaC
genes exhibited a higher production of hydroxytyrosol (Figure 5.6). These results
suggest that, in the absence of hpaC, tyrosol can be converted into a product
different to hydroxytyrosol, decreasing the final hydroxytyrosol yield. This is
consistent with previous studies, which reported that the complex HpaBC exhibits
a broad substrate spectrum, including chloro- and methyl-aromatic compounds
(Prieto et al. 1993; Lin and Yan 2014).
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Figure 5.6 Effect of overexpression of hpaB or hpaB and hpaC in BY4743 on
hydroxytyrosol production. Hydroxytyrosol produced by yeast strain BY4743 transformed with
the empty vectors p425GPD and p426GPD (blue) (A), with hpaB (green) (B), and hpaB hpaC
(orange) (C) from E. coli under different media. Cells were cultured 72 h at 30 °C in MM or SC
and the same media supplemented with tyrosine or tyrosol 1 mM. Hydroxytyrosol concentration

was determined from supernatant extracted with methanol, and analyzed by UHPLC-MS/MS

Interestingly enough, the overexpression of both hpaB and hpaC genes in a
medium without any added precursors was able to produce levels of HT similar
to those achieved by the control strain in a medium with a high concentration of
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tyrosol. In any case, the highest levels of hydroxytyrosol production (4600 + 900
pg/L) were obtained for the strain overexpressing both hpaB and hpaC in MM
with added tyrosol (Figure 5.6C). After this proof of concept, we decided to
integrate both genes into the yeast genome, and we used the integration plasmid
pCfB2988 from the EasyCloneMulty series (Maury et al. 2016). This vector
contains a USER cassette to insert two genes using a bidirectional promoter and
a target sequence for multiple integrations at sites sharing homology with
TylCons2 in S. cerevisiae genome. After integration of pCf2988 containing
HpaBC into BY4743, we evaluated the hydroxytyrosol production of 24 different
strains in SC media with 1 mM of tyrosol (Figure 5.7).

100000
100004 ©® : : .

1000 E E : .

HT concentration (mg/L)

100

Figure 5.7 Production of hydroxytyrosol (HT), in SC medium with tyrosol, by different
BY4743 strains harboring hpaBC integrated in several copies. The most productive strain
was selected for further studies and is indicated with a triangle

Interestingly, although all the colonies increased the production of hydroxytyrosol,
a clear difference in production was observed in the different colonies
transformed with the integrative HpaBC cassette. This can be explained by the
fact that each colony could have integrated a different copy number of the HpaBC
complex. These findings established the basis for continuing to optimize yeast
strains that could synthesize hydroxytyrosol from glucose, without having to add
precursors to the medium. This is very interesting, due to glucose is ~600, ~6250

and ~5000000 times-cheaper than tyrosine, tyrosol and hydroxytyrosol,
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respectively. Therefore, we selected the most productive colony (BY4743
HpaBC) (Figure 5.7), to explore additional modifications in order to increase the

hydroxytyrosol synthesis from glucose.
5.2.3. Engineering atyrosol and hydroxytyrosol-overproducing yeast strain

5.2.3.1. Effect of gene-knockouts of competitive pathways for tyrosol

synthesis

Given the potential for HpaBC to hydroxylate tyrosol, we first decided to increase
the flux towards this endogenous precursor for hydroxytyrosol synthesis. To this
end, we evaluated the elimination of TRP2, PHA2 or ABZ1 since they are
involved in chorismate metabolism, which is the last common substrate for all the
AAA synthesis (Figure 5.8). TRP2 encodes an anthranilate synthase which
catalyzes the initial step of tryptophan biosynthesis, ABZ1 encodes a para-
aminobenzoate synthase involved in the synthesis of p-aminobenzoic acid from
chorismate but also has been related with 2-phenylethanol production, and PHA2
encodes prephenate dehydratase which consumes prephenate in phenylalanine
biosynthesis pathway. We thought that by eliminating enzymes that uses this
common substrate, the flow of chorismate towards the synthesis of tyrosine and
tyrosol would be increased. However, when we evaluated the tyrosol levels in the
different yeast strains derived from the single knockouts for the ABZ1, TRP2 or
PHA2 genes in MM medium, we did not observe any significant improvement in
tyrosol production in TRP2 knockout strain or even a decrease was observed for
ABZ1 and PHAZ2 (Figure 5.8). Thus, the single deletion of those genes was not

an optimal strategy in order to increase the tyrosol production in yeast.
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Figure 5.8 Effect of the knockout ABZ1, TRP2 or PHA2 on tyrosol production in BY4743
background growing in MM. Overview of the shikimate pathway S. cerevisiae (A) (Figure
adapted from Winter et al., 2014). Tyrosol levels produced by BY4743 wild type strain (control),
BY4743 mutant for ABZ1 (abz1-), BY4743 mutant for TRP2 (trp2-) and BY4743 mutant for PHA2
(pha2-) were determined at 72 h (B). Tyrosol concentration was determined from supernatant
extracted with methanol and subjected to UHPLC-MS/MS.

5.2.3.2. Modification of aromatic amino acid metabolism
5.2.3.2.1. Effect of ARO10 on tyrosol and hydroxytorosol production

Tyrosol in S. cerevisiae is naturally produced from the catabolism of amino acids
via Ehrlich pathway and the phenylpyruvate decarboxylase ARO10 catalyzes the
entrance reaction into this pathway through the conversion of 4-
hydroxyphenylpyruvate (4HPP) to 4- hydroxyphenylacetaldehyde (4HPAA)
(Figure 5.1). The overexpression of ARO10 in E. coli has led to a high de novo
production of tyrosol in this microorganism (Xue et al. 2017a; Xu et al. 2020).
Therefore, we decided to overexpress ARO10 in BY4743 and see the effect on
tyrosol production. As is shown in the Figure 5.9, ARO10 overexpression

increased 5-fold the tyrosol levels respectively in SC media.
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Figure 5.9 Effect of ARO10 overexpression on tyrosol and hydroxytyrosol production.
BY4743 was transformed with the empty vector p426GPD (control) and p426GPD ARO10
(ARO10) and grown in SC-ura medium at 30 °C for 72h. Tyrosol (solid bars) and hydroxytyrosol
(stripped bars) were determined from supernatant extracted with methanol and subjected to
UHPLC-MS/MS.

This is in agreement with the previous results in which the substitution of the
ARO10 promoter, by one of stronger expression, led to an increase in the
production of higher alcohols (Trenchard et al. 2015; Hassing et al. 2019). We
also wanted to determine if ARO10 had an effect on increasing not only on tyrosol
but also hydroxytyrosol levels. The overexpression of ARO10 produced 45 pg/L
of hydroxytyrosol from glucose in SC-ura medium (Figure 5.9), which were similar
than the hydroxytyrosol produced by the BY4743 in MM with tyrosol
supplementation (Figure 5.6A). This is a relevant result because it evidenced that
the increase in tyrosol represented an enhanced activity of the native hydroxylase

of S. cerevisiae, which also produced an increase in hydroxytyrosol.

Logically, the next step consisted in overexpressing ARO10 in the strain
harboring the HpaBC. Thus, we introduced the 2u plasmid harboring
p425GPD::ARO10 into the BY4743 HpaBC (hpaBC + ARO10) strain and
evaluated the hydroxytyrosol production from glucose in MM and SC (Figure
5.10). Hydroxytyrosol titers produced from glucose by strain hpaBC + ARO10
reached mg/L whereas the strain harboring hpaBC with the empty vector only
reached pg/L, showing the clear effect of ARO10 overexpression in

hydroxytyrosol production. Remarkably, hpaBC + ARO10 produced ~45-times
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more hydroxytyrosol than the wild type BY4743 overexpressing ARO10 (Figure
5.9). These results, highlighted the synergic effect between the HpaBC and
ARO10.
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Figure 5.10 Effect of overexpression of ARO10 on hydroxytyrosol (HT) production in
BY4743 HpaBC strain. BY4743 HpaBC transformed with empty p425GPD plasmid (solid bars)
or with p425GPDARO10 (stripped bars) were cultured for 72 h at 30 °C in MM or SC-leu.
Hydroxytyrosol concentration was determined from supernatant extracted with methanol, and
analyzed by UHPLC-MS/MS.

5.2.3.2.2. Effect of individual ARO genes overexpression, and their
feedback resistant derivatives forms, on hydroxytorosol and tyrosol

production

After checking the potential ARO10 to increase the synthesis of tyrosol and
hydroxytyrosol, we wanted to examine other modifications that could increase the
endogenous pool of hydroxytyrosol precursors. The first step in amino acid
biosynthesis is the condensation of phosphoenolpyruvate (PEP) and erythrose
4-phosphate (E4P) to form 3-deoxy-D-arabino-heptulosonate-7-phosphate
(DAHP) via the shikimate pathway. This step is performed by one of the two
DAHP synthase isozymes, ARO3 and ARO4 (Figure 5.1). ARO3 is allosterically
inhibited by phenylalanine whereas ARO4 by tyrosine (Braus 1991). The
chorismate mutase, encoded by ARO7, has been identified as a second reaction
subjected to allosteric regulation, so that it is inhibited by tyrosine and stimulated
by tryptophan (Schmidheini et al. 1989). ARO7 catalyzes the conversion of
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chorismate to prephenate (Figure 5.1), the last precursor common to both

phenylalanine and tyrosine.

Previous works described that modified ARO3K222L ARO4K229L and ARO7C141S
results in feedback inhibition-insensitive enzymes (Schmidheini et al. 1989;
Fukuda et al. 1991; Luttik et al. 2008; Reifenrath and Boles 2018). Thus, different
engineered strains in order to improve the titers of the intermediates of tyrosine
and phenylalanine pathway as well as the shikimate and Ehrlich pathway
intermediates have included the expression of these variants (Luttik et al. 2008;
Curran et al. 2013; Trenchard et al. 2015; Reifenrath and Boles 2018; Reifenrath
et al. 2018; Hassing et al. 2019).

Therefore, we next examined whether the single overexpression of ARO3, ARO4,
ARO7 and its feedback resistant derivatives (ARO3K222L  ARQ4K22%L and
ARQ76C141S) in the 2u plasmid p423GPD had any effect on increasing the pool of
hydroxytyrosol precursor, tyrosol, and on hydroxytyrosol itself. These
constructions were directly carried out in the BY4743 HpaBC because it was
evidenced the synergistic effect between these genes of the AAA metabolism
and the hydroxylase complex HpaBC for hydroxytyrosol production. As shown
Figure 5.11, the single overexpression of all the genes resulted in an increase in
tyrosol levels for SD medium, being ARO3, ARO4, ARO10, ARO3K222L and
ARQ4K229L gyerexpression which had the most pronounced impact (~20 to ~110-
fold increase). In SC medium, the fold-increase on tyrosol was much lower (~1.5
to ~3.35) and only ARO3K222L ARO4K229L and ARO10 showed a slight increase
in tyrosol, compared to the control strain, while both ARO7 and ARQ76141S

produced a significant decrease (Table 5.2).
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Table 5.2 Tyrosol and hydroxytyrosol (HT) production by control (BY4743 HpaBC + p423GPD)
and BY4743 HpaBC containing the same plasmid but with one of the following genes: ARO3,
ARO4, ARO7, ARO10, ARO3K?22L ARO4K?2%L and ARQ7C141S after 72 h growing in SD and SC
media. Values for detected tyrosol are represented in mg/L + SD, while concentration for HT is

represented in pg/L + SD.

SD SC

Tyrosol (mg/L) HT (ug/L) Tyrosol (mg/L)  HT (pg/L)
control 0.75+0.42 14.84 +4.79 10.99 + 0.48 25.22+1.18
ARO3 24.82 +0.30 591.52 + 267.49 11.51+1.69 1975.93 + 1384.29
ARO4 11.32 +0.09 577.05 + 45.63 9.63+0.19 1341.17 + 1156.43
ARO7 0.64 £ 0.01 32.82 £ 4.06 0.93+0.09 176.44 + 35.19
ARO10 24.27 £ 0.52 554.83 + 76.39 36.87 +1.33 2016.36 + 76.99
ARO3K22L 26.85 + 0.99 1344.05 + 152.11 16.84 + 0.17 2697.58 + 478.92
ARO4K229L 57.24+2.15 2078.13 + 274.09 27.30+1.77 6006.30 + 912.46
ARO7G141S 1.05+0.14 30.47 £ 2.60 1.49+0.20 373.09 + 32.48

Regarding hydroxytyrosol levels, the overexpression of all the genes (ARO3,
ARO4, ARO7, ARO10, ARO3K222L = ARO4K22%L and ARO76141S) in the BY4743
HpaBC resulted in a substantial improvement in hydroxytyrosol production
compared to the control strain in both media. The higher amount of
hydroxytyrosol titers (about 6 mg/L) was achieved by overexpressing the tyrosine
feedback resistant ARO4K229L
hydroxytyrosol in SC medium (Table 5.2, Figure 5.11).

resulting in an increase of 240-times of

226



RESULTS: CHAPTER 5

300 -

250 - I
S 2007 c § 2004
_EE 150 %g
& § 100 § 5 100+ Ill |"| ﬁﬂ
52 %] | : ll‘j 52 sl alld &
538 12“ - % o 20+
55 T = 154
£8 “= 351 NI . U RI S
“g ) 5 NI N i NI NI R
2 2 ol.— N NI sl NH NI NI o
0- R T T S S R
<& O o o 'O'\ .-af Oy .b:\
F & &8 G & T @S
‘b’Q 'a \'al v.q' ,Sl'- ﬁk_q' ,\0 ?.Q'-O Q-o q_o
& O O g ¥
Aol S o

Figure 5.11 Effect of single overexpression of several genes involved in amino acid
metabolism on tyrosol and hydroxytyrosol production. BY4743 HpaBC was transformed with
empty p423GPD plasmid (control) or with p423GPD containing one of the following genes: ARO3,
ARO4, ARO7, ARO10, ARO3K222L ARQ4K229L and AROQ7G141S. Each strain harboring one plasmid
was cultured for 72 h at 30 °C in SD +leu (stripped bars) or SC-his (solid bars). Strains were
cultured for 72 h at 30 °C in SC-his. Tyrosol and hydroxytyrosol were determined from supernatant
extracted with methanol, and analyzed by UHPLC-MS/MS. Measured concentrations were
normalized to metabolites produced by control strain and error bars representing standard

deviations calculated from biological triplicates of one cultivation.

The huge improvement on hydroxytyrosol levels produced by ARQ4K229L
overexpression, suggest that carbon flux increases to the aromatic amino acid
pathway by releasing the feedback inhibition. In previous works, mutations in
AROA4 are frequently used in order to increase carbon flux into the aromatic amino
acid biosynthetic pathway for the overproduction of valuable secondary
metabolites, including tyrosol (Luttik et al. 2008; Curran et al. 2013; Gold et al.
2015; Jiang et al. 2018; Hassing et al. 2019). The highest subsequent
hydroxytyrosol levels were obtained by the overexpression of ARO3 followed by
its alleviated feedback resistant form ARO3K22%L (116 and 107-fold-change,
respectively). Interestingly, although overexpression of ARO7 and ARO7CG141S |ed
to a decrease in tyrosol production in SC, it did produce a 7 to 10-fold increase
in hydroxytyrosol in the same medium (Figure 5.11). Nevertheless, a great
positive correlation between tyrosol levels and hydroxytyrosol was observed

(r=0.92; data not shown).

227



RESULTS: CHAPTER 5

5.2.3.2.3. Effect of combined overexpression of ARO genes on

hydroxytyrosol and tyrosol production

A possible additive effect in the production of hydroxytyrosol might result from the
combination of overexpressing some of the previous genes. The combined
overexpression of up to four ARO genes, together with the overexpression of the
complex HpaBC, was carried out in the BY4741 strain. The availability of a high
number of auxotrophies in the reference strain forced us to change from the
BY4743 to its haploid version that harbors four auxotrophies (Aura3, Aleu2, Ahis3,
Amet15). Furthermore, we additionally deleted TRP1 gene in BY4741 in order to
generate a new auxotrophy (see more details in Material and Methods). This
strain was transformed with the pCfB2988 cassette containing the HpaBC and
screened in the presence of tyrosol for select the clone with higher tyrosol
hydroxylation activity as we did before for BY4743 HpaBC. After clone selection,
we removed the auxotrophic marker by using the Cre/loxP-mediated marker
removal procedure system (Gueldener et al. 2002) and overexpressed the
different combinations of ARO3, ARO4, ARO7, ARO10, ARO3K22%L = ARQ4K229L
and ARO7C141S py using different 2u plasmids as is detailed in materials and
methods. For these new constructed strains, besides tyrosol, we also measured
the other higher alcohols (tryptophol and 2-phenylethanol) in order to understand
better the carbon flux direction. Figure 5.12 shows the production of the three

higher alcohols produced by the different engineered strains.
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Figure 5.12 Effect of the combination overexpression of several genes involved in aromatic
amino acid metabolism on higher alcohols production. BY4741 HpaBC was transformed with
different plasmids containing each a S. cerevisiae gene for its overexpression (ARO3, ARO4,
ARO7, ARO10 and feedback resistant derivatives ARO3K222L ARQ4K22%L gnd AROQ76141S), These
plasmids were combined as is shown by an asterisk in one column in the table. The different
strains were cultured for 72 h at 30 °C in SC-his. For more details about each strain see materials
and methods section. Tryptophol (TOL), 2-phenylethanol (2PE) and tyrosol concentration were
determined from supernatant extracted with methanol, and analyzed by HPLC-PDA.

Remarkably, all the overexpression combinations showed a huge increase in
higher alcohols, compared with the control strain. Among the three different
higher alcohols, 2-phenylethanol was the detected with greater concentration in
all the engineered strains, followed by tyrosol and finally tryptophol (Figure 5.12).
We detected up to 90 mg/L of 2-phenylthanol in one clone of the strain that co-
overexpressed ARO3, ARO4K229L ' ARO10 and ARO76C141S These concentrations
are similar to those obtained by Shen et al. (2016), who achieved 96 mg/L of 2-
phenylethanol by overexpression of the ARO10 and ADH1 genes together with
the deletion of the AROS8 gene in BY4741. Regarding tyrosol levels, about 20 ~
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45 mg/L were obtained by our engineered strains (Figure 5.12). Interestingly, the
engineered strain which lead the highest 2-phenylethanol levels (AROS3,
ARO4K229L - ARO10 and ARO76141S) was the same that produced higher tyrosol
concentrations, in agreement with the high correlation previously observed
between tyrosol and 2-phenylethanol (r=0.98; data not shown). Interestingly, the
single overexpression of both ARO7 wild type allele or the feedback-insensitive
form ARO76G141S alone produced a huge decrease in tyrosol levels (Figure 5.11),
but, when this allele, specially the ARO7G141S, was co-overexpressed with other
modifications, including ARO3/ARO3K222L ARQ4K22%L gnd ARO10, tyrosol
production increased by about 20-fold compared with the control strain (Figure
5.12).

Regarding to tryptophol, the levels detected ranged from 1 to 11 mg/L, being the
strain that co-overexpressed ARO3K222L ARQ4K229L gnd ARO10 the best
producer. Remarkably, when the modified strains overexpressed ARQ7G141S,
together with other modifications, a significant decrease on tryptophol levels were
observed (Figure 5.12). For example, when we introduced ARO7G141S into the
higher tryptophol producer strain (ARO3K222L, ARQ4K22%L and ARO10) the
tryptophol levels dropped from 11.05 £+ 0.95 to 3.33 + 0.27 mg/L. A similar, but
milder effect was observed when co-overexpressed ARO7 with other
combinations (Figure 5.12). This result makes sense since the tryptophol
pathway is competing with the synthesis pathways of tyrosol and 2-phenylethanol
at the chorismate node. Therefore, when ARO7 is overexpressed, chorismate is
used preferentially for the production of prephenate and its derivatives (2-
phenylethanol and tyrosol), which results in a lower availability of chorismate for
the synthesis of the precursor of tryptophol, anthranilate. The overexpression of
the insensitive-feedback allele ARO7¢141S enhanced even more this metabolic

flux towards the tyrosol and 2-phenylethanol synthesis.

Moreover, when we examined the shikimic acid production, all the modified
strains showed an increase in shikimic levels ranging from 1100 to 4500 pg/L
(Figure 5.13). The higher producer strain was the same as for tyrosol and 2-
phenylethanol production (ARO3, ARO4K22%L ' ARO10 and ARQ76141S),
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Figure 5.13 Effect of the combination of several overexpressed genes involved in aromatic
amino acid metabolism on shikimic acid and hydroxytyrosol production. BY4741 HpaBC
was transformed with different plasmids containing each a S. cerevisiae gene for its
overexpression (ARO3, ARO4, ARO7, ARO10 and feedback resistant derivatives ARO3K222L,
ARO4K229L and ARO7G141S). These plasmids were combined as is shown by an asterisk in
one column in the table. The different strains were cultured for 72 h at 30 °C in SD+Met. For more
details about each strain or growth conditions see materials and methods section. Shikimic acid
(SHK) and hydroxytyrosol (HT) concentration were determined from supernatant extracted with
methanol, and analyzed by UHPLC-MS/MS.
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Table 5.3 Tyrosol and hydroxytyrosol (HT) production by control (BY4741 HpaBC) and the same
strain overexpressing ARO3, ARO4, ARO7, ARO10, ARO3K222L ARQ4K229%L and ARO7C141S jn
different combinations, after 72 h growing in SD+Met medium. Values for detected tyrosol are

represented in mg/L+ SD, while concentration for HT is represented in pg/L+ SD.

Tyrosol (mg/L) HT (ug/L)
BY4741 HpaBC 2.27+£0.10 65.39 £ 4.76

ARO3 ARO4 ARO10 26.16 £ 4.98 585.33 +198.90

ARO3 ARO4°’ARO10 34.73 £2.37 754.04 £202.81

ARO3*ARO4 ARO10 25.46 £1.23 547.64 £ 71.25

ARO3*ARO4*ARO10 36.58 + 0.57 818.16 £77.11

ARO3 ARO4 ARO10 ARO7 21.41 + 2.47 518.85 + 102.21
ARO3 ARO4*ARO10 ARO7 37.22+7.25 1030.77 £ 269.70
ARO3*ARO4 ARO10 ARO7 24.61 + 3.19 570.86 + 134.17
ARO3*ARO4*ARO10 ARO7 36.62 £5.30 1050.33 + 255.10
ARO3 ARO4 ARO10 ARO7* 26.58 £ 5.43 716.86 £ 165.73
ARO3 ARO4*ARO10 ARO7* 4595+ 1.91 1428.13 + 57.75
ARO3*ARO4 ARO10 ARO7* 33.54+0.78 1195.31 +92.74
ARO3*ARO4*ARO10 ARO7* 43.18 + 2.88 1226.08 £123.54

Asterisk indicates overexpression of the mutant variant of the gene (e.g. ARO3 * to indicate
ARO3K222L)

Regarding hydroxytyrosol production, the combination of ARO3, ARO4K229L
ARO10 and ARO7C141S gverexpression in BY4741 HpaBC strain was the best
producing strain, which produced about 1.5 mg/L of hydroxytyrosol (Figure 5.13,
Table 5.3).

Nonetheless, these strains harboring several combinations of overexpressed
genes did not overcome in titers of hydroxytyrosol to the previous construction in
the diploid BY4743 HpaBC that only overexpressed ARO4K229 (Figure 5.11 and
Table 5.2). Variations in the production levels of aromatic compounds, such as
shikimic acid, between BY4743 and BY4741, genetically modified in the same
way, have been previously reported (Suastegui et al. 2016). The authors
demonstrated that differences in the production of aromatic compounds were
highly dependent on the ability of each strain to self-adjust the copy number of
episomal vector. The capacity of auto-adjust plasmid copy humber in accordance
to the burden of excessive enzyme expression has been demonstrated
previously (Carquet et al. 2015). However, since the levels of alcohols produced
between our both strains were similar, the difference in the number of integrated
copies of the HpaBC complex could explain the differences in the observed

hydroxytyrosol levels. Therefore, we decided to select the diploid BY4743 HpaBC
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ARO4K22%L as the best producing hydroxytyrosol strain for further optimization
experiments. We aimed to assess the best growth conditions of this strain for

hydroxytyrosol production.

5.2.3.3. Modification of culture conditions to improve the hydroxytyrosol

production: glucose concentration and sampling time.

Previously we studied the effect of the addition of tyrosine and tyrosol in the
medium on the production of tyrosol and hydroxytyrosol (Figures 5.5 and 5.6; and
Table 5.1). Since we wanted to achieve sugar-based hydroxytyrosol biosynthesis
in yeast, we investigated whether the increase in precursor glucose would lead
to an increase in the production of hydroxytyrosol levels. We therefore analyzed
the hydroxytyrosol production by BY4743 HpaBC AROQ4K229L (our selected
engineered strain for hydroxytyrosol biosynthesis) and BY4743 HpaBC as a
control, in SD medium with 160g/L in a time-lapse of 319 h (Figure 5.14).
Surprisingly, the effect of glucose was remarkably important on hydroxytyrosol
titers. By increasing the glucose concentration to 160 g/L, the hydroxytyrosol
titers increased to 370 mg/L in the HpaBC ARO4K22°L gverexpressing strain. This
was more than a 100-fold increase compared to the same medium with 20 g/L of
glucose. Interestingly, hydroxytyrosol was accumulated and its concentration
increased until it reached 295 h, while at 319 h it began to decrease. On the
contrary, we did not see this trend in SD with 20 g/L of initial glucose, in which
the amounts remained constant from 120 to 197 h. For this reason, we do not
continue sampling longer in this medium. Likewise, the higher alcohols
accordingly showed a great increase with 160 g/L of glucose. The titers of tyrosol,
2-phenylthanol and tryptophol increased 2.4, 5.6 and 5.4 for HpaBC ARO4K225L
strain at 197 h (Figure 5.14). Nonetheless, we would like to remark that, for the
first time, we got more hydroxytyrosol production than its substrate tyrosol for the
HpaBC AROQ4K229L strain in 160 g/L of glucose.
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Figure 5.14 Time profile of higher alcohols and hydroxytyrosol titers production. BY4743

HpaBC (stripped bars) and the same strain but overexpressing ARO4K22%L (solid bars) were
cultured in 250 mL flaks with 50 mL of SD with 20 or 160g/L of glucose. The culture was allowed
to grow until 319 h at 30 °C with orbital shaking at 150 rpm. For more details about each strain or

growth conditions see materials and methods section. Error bars representing standard

deviations calculated from biological triplicates of one cultivation. Hydroxytyrosol HT), Tryptophol

(TOL), 2-phenylethanol (2PE) and tyrosol concentration were determined at different time points

from supernatant extracted with methanol, and analyzed by HPLC-PDA.
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This significant increase in hydroxytyrosol and the AAA higher alcohols can be
partially explained by a higher growth in the high glucose concentration medium
(Figure 5.15). However, the increases observed in these metabolites are much
higher than the increase in biomass production, therefore, this higher yield must
rely on an enhanced metabolic flux in the AAA biosynthesis pathway as

consequence of a higher concentration of substrate.
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Figure 5.15 Yeast growth does not explain the hydroxytyrosol production from glucose by
ARO4K??%L gyerexpressing strain. BY4743 HpaBC strain (solid bars) and BY4743 HpaBC
overexpressing ARO4K229L (pattern bars) were cultured in 250 mL flaks with 50 mL of SD with 20
or 160g/L of glucose (grey and pink color bars, respectively). The culture was allowed to grow
until 197 h at 30 °C with orbital shaking at 150 rpm, and ODeoo Was recorded at different time
points. Error bars representing standard deviations calculated from biological triplicates of one

cultivation.

Finally, we decided to compare the improvement in the production of
hydroxytyrosol, tyrosol, 2-phenylethanol and tryptopol produced by our different
constructed strains in the best cultivation conditions. Therefore, we included the
wild-type strain BY4743 transformed with empty vectors as a control together with
the BY4743 HpaB + HpaC (in 2 p plasmids), the BY4743 HpaBC (integrated) and
our best producer strain, BY4743 HpaBC ARO4K229L. We took samples at 120
and 240 h of growth in SD medium with 160 g/L of glucose, and we normalized
the metabolites produced by the different strains with the metabolites produced
by the control strain. Generally, the largest increase observed for the production
of various metabolites was for HpaBC ARO4K229L strain as we expected (Figure

5.16, Table 5.4). The highest increase determined for this strain was with the
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production of hydroxytyrosol, which exceeded the production by more than

230,000 times compared to the control strain (Figure 5.16).
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Figure 5.16 Improvement in the production of hydroxytyrosol and higher alcohols by yeast
strains with various genomic modifications. BY4743 control strain (transnformed with empty
vectors), BY4743 HpaB + HpaC, BY4743 HpaBC and BY4743 HpaBC ARO4K229L were cultured
in SD medium with 160 g/L of glucose. Metabolites were measured from the supernatant
extracted with methanol at 120 and 240 h, and analyzed by HPLC-PDA. Measured concentrations

were normalized to metabolites produced by control strain.

The HpaBC was the second strain that showed the highest increase, although
not for all metabolites and in lower magnitude orders than HpaBC ARO4K229L
(Figure 5.16). Curiously, the HpaBC strain also significantly increased the
production of tyrosol and hydroxytyrosol but not of the other AAA higher alcohols,
tryptophol and 2-phenyl ethanol, suggesting that the complex HpaBC only
impacts on the tyrosine biosynthetic pathway. Moreover, these results reinforce
the idea that deregulation of ARO4 is essential to increase fluxes towards the
production of aromatic 'fusel' metabolites as previously reported (Luttik et al.
2008).
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Table 5.4 Hydroxytyrosol (HT), tyrosol, 2-phenylethanol (2PE) and tryptophol (TOL) titers produced by BY4743 control strain (transnformed with empty vectors),
BY4743 HpaB + HpaC, BY4743 HpaBC and BY4743 HpaBC ARO4K229L, after 120 and 240 h growing in SD with 200 g/L of glucose. Values are represented

in mg/L+ SD.
120 h 240 h

HT Tyrosol 2PE TOL HT Tyrosol 2PE TOL

control 0.001 + 1.677 5.948 + 0.416 + 0.002 + 2.948 + 8.437 0.388
0.001 0.104 0.021 0.002 0.000 0.139 0.124 0.083

HpaB +HpaC 0.473 £ 2.366 + 6.023 + 0.468 + 2.850 4.588 * 9.219 + 0.572 £
0.149 0.339 1.833 0.112 0.875 0.915 1.860 0.083

HpaBC 2.402 + 7.350 + 5.706 0.533 7.363 £ 12.014 + 9.140 0.755 £
0.794 1.609 1.300 0.151 2.186 7.131 0.957 0.052

HpaBC 95.119 + 155.576 + 308.121 + 49.387 + 374.484 + 210.704 + 579.669 + 73.353
ARO4K229L 8.388 3.226 2.609 1.011 52.042 16.677 50.043 5.671

237



RESULTS: CHAPTER 5

5.2.4. Further strategies for improving production titers of hydroxytyrosol

In this study, we have obtained an engineered S. cerevisiae strain that produce
the higher concentration of hydroxytyrosol, and its related higher alcohols, from
glucose ever reported so far, providing promising basis for future improvements.
Besides the different constructions explained in the previous sections, which
driven to the overproducer strain, we also assessed other strategies that are
worth to mention, in spite of the fact that they did not finally improve the
hydroxytyrosol synthesis. Firstly, we explored the replacement of GPD promoter
for hpaB and hpaC overexpression by two promoters (HXT7 and RTN2) of
induction during the stationary phase. They were selected for their weak
expression during cultivation with excess of glucose and their induction in glucose
limiting conditions. HXT7 is highly expressed at transcriptional level under low
hexose conditions but they are strongly repressed at high glucose concentrations
(Ye et al. 2001; Lai et al. 2007), and has been used previously for controlling the
production phase of 3-hydroxypropionic acid (Maury et al. 2018). RTN2 is
activated upon the diauxic shift and it has been previously characterized as
stronger promoter for the production of foreign proteins (Kim et al. 2006). When
we used these promoters for controlling hpaB and hpaC overexpression in
plasmids, we observed a better growth, however, this approach did not lead to
any measurable improvement on hydroxytyrosol production (data not shown).
Thus, we decided to continue with constitutive strong promoters. However,
glucose-dependent promoters have been shown different dynamic expression
control in batch and fed-batch cultivations (Maury et al. 2018). Since we
performed only batch cultivations, further optimization of culturing conditions such
as fed-batch in a bio-reactor could be interesting strategies for decoupling the
production and growth phases and increase hydroxytyrosol levels.

As noted, the tyrosol hydroxylation to hydroxytyrosol performed by the complex
HpaBC is one of the main bottleneck in our engineered strain since accumulated
tyrosol occurred. In a recent work, it was found that three amino acid substitutions
in HpaB (S210T/A211L/Q212E) produced ~19-fold higher activity on tyrosol than
the wild-type enzyme (Chen et al. 2019). Thus, we decided to overexpress this

mutant form (A10) and screened its activity in hydroxytyrosol formation. However,
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when we compared tyrosol hydroxylation between wild type and A10 in SC
supplemented with 1 mM tyrosol, we observed ~ 5-fold lower activity for the
mutant enzyme A10 (data not shown) than for the native alleles. Therefore, we
decided to go on with the with the wild-type allele for our overproducer strain.

Furthermore, we investigated if the supplementation of medium growth with
ascorbic acid could decrease oxidation of hydroxytyrosol since it has been shown
to be beneficial for hydroxytyrosol production in E. coli (Li et al. 2017). However,
we did not observe any significant improvement on hydroxytyrosol production

between with or without ascorbic acid addition (data not shown).

However, we also consider that we have not reached the maximum potential
production of HT and further metabolically engineering strategies can be applied
in the near future to improve its yield. One strategy could be to increase the flux
of necessary precursors into the shikimate pathway. According to previous
studies, the overexpression of the transketolase (TKL1) and the deletion of the
glucose-6-phosphate dehydrogenase (ZWF1) increase the entrance of the
glycolytic intermediates, glucose-6-phosphate and fructose-6-phosphate into the
pentose phosphate pathway, which turns out in the increase of E4P (an essential

precursor for the shikimate pathway).

The heterologous overexpression of the shikimate kinase Il from E. coli (encoded
by aroL) has been used to boost the carbon flux toward chorismate synthesis and
this effort successfully eliminated the formation of shikimate and improved 2-
phenylethanol (Hassing et al. 2019) and p-coumaric acid production (Rodriguez
et al. 2015).

Although upstream modifications of the aromatic amino acid biosynthesis may be
interesting, due to the fact that the overexpression of the deregulated DAHP
synthase revealed the accumulation of intermediates such as higher alcohols, we
think that improvements in downstream steps could result more effective for our
HpaBC ARO4K22%L gyerexpressing strain. Concerning 2-phenylethanol, it was the
higher alcohol produced in greater amount compared to the rest, reaching over
550 mg/L (Figure 5.14). This means that prephenate (the last common substrate

for the phenylalanine and tyrosine branches) is being more directed to 2-
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phenylethanol than tyrosol synthesis. Despite the fact that the deletion of PHA2
in the BY4743 wild type strain did not have a statistically significant (p > 0.05)
effect on tyrosol levels (Figure 5.7), we think that the downregulation of this gene,
by replacing its native promoter by one of weaker activity, might be of interest in
our best hydroxytyrosol producer strain to improve hydroxytyrosol yields. Since
PHAZ2 is competing with TYR1 to prephenate, future investigations for improving
the flux of prephenate through tyrosol formation could include overexpression of
TYR1 and/or the downregulation of PHA2 expression by its native promotor-
replacement. The main advantage of using weaker promoters to regulate PHA2
expression would be that the strain would not be auxotrophic for phenylalanine.
TYR1 overexpression has been identified as the bottleneck for tyrosine
production and its overexpression resulted successful to increase tyrosine levels
(Mao et al. 2017).

Another future strategy could aim the increase of NADH pool for improving growth
of our selected strains. As mentioned above, the growth defect observed by hpaB
and hpaC overexpression is ameliorated by the deletion of genes which are

responsible for the decrease on NADH cytosolic levels (Figure 5.4).

Finally, since yeast strain background, even among those belonging to the same
species, can play a major role in ensuring optimal titers, yields, and productivities
(Strucko et al. 2015; Suastegui et al. 2016), further transfer into other strains of

the key modifications in hydroxytyrosol production is strongly recommended.
5.3. Conclusions

In this chapter we report the successfully introduction of the HpaBC hydroxylase
complex from E. coli in S. cerevisiae and we demonstrate the ability of this
complex to transform tyrosol into hydroxytyrosol in yeast. Further, we
metabolically engineered S. cerevisiae for high-level production of hydroxytyrosol
from glucose, by integrating HpaBC complex into the genome and
overexpressing several AAA pathway-related genes. Single overexpression of all
the genes (ARO3, ARO4, ARO7, ARO10, ARO3K222L  ARO4K229L gnd ARQ7G141S)
did have a statistically significant effect on hydroxytyrosol production. However,

the overexpression of ARO4K229L showed the greatest effect. By additional
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optimization of the medium and culture conditions, the strain harboring HpaBC
and overexpressing ARO4K22%L produced the highest titer of hydroxytyrosol,
reaching 374.5 mg/L in shake flask experiments. The reported results are the
highest hydroxytyrosol titer in S. cerevisiae to date. This work lays down the first
steps for overproducing hydroxytyrosol in yeasts form glucose by a metabolic
engineering approach and for further developing a yeast cell factory for
hydroxytyrosol production. Due to the high price of hydroxytyrosol in the market
(approximately 8000 ~18500 €/g), this constructed strain could be a very useful
biotechnological tool for producing this molecule. Hydroxytyrosol is a very
interesting molecule for the food, pharmaceutical and cosmetic industries. In fact,
we have patented this overproducer strain (patent number P202031186; Annex |
of this thesis) for the future exploitation in the case that a company of these

sectors would be interested.
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The improvement of analytical techniques has allowed the scientific community
to identify molecules present in the wine that are in lower concentration. This fact
turns the wine into a complex mixture of more than hundreds of molecules
present in different concentrations (Nisbet et al. 2014). Although a part of these
molecules may have a plant origin and its content can vary as a consequence of
enological practices such as fermentation temperature, grape cultivar, oak-wood
aging, duration of wine aging, etc... (Vitalini et al. 2011; Fernandez-Cruz et al.
2018), the metabolism of microorganisms plays an important role in both
modifications and de novo production of different metabolites during the AF
process (Guerrini et al. 2018). Thus, during AF, wines are enriched in molecules
characterized by specific chemical and biological properties, which leads to a
greater number of bioactive compounds than those of the corresponding grapes
(Guerrini et al., 2018; Rodriguez-Naranjo et al., 2011; Romboli et al., 2015).

Recently, phenol and indole derivatives compounds from yeast catabolism of
AAA, such as serotonin, melatonin or hydroxytyrosol, are receiving considerable
attention due to their activity and effects on human health (Fernandez-Mar et al.
2012; Aredes-Fernandez et al. 2016; Varoni et al. 2018; Gallardo-Fernandez et
al. 2019). Since the presence of melatonin in wine was described and the
increase in its levels was related to the activity of yeasts, research on this topic
has increased the interest of different research groups. Both Saccharomyces and
non-Saccharomyces yeast have been shown to have the ability to produce AAA-
derived molecules during alcoholic fermentation (Ferndndez-Cruz et al. 2017,
Alvarez-Fernandez et al. 2018; Fernandez-Cruz et al. 2019), and an increase in
melatonin production has been described when both types of yeast were co-
inoculated with respect to the single one (Valera et al. 2019), highlighting the
importance of the metabolic interaction between yeast on the production of this
kind of molecules. Additionally, O. oeni has been shown, in a recent work, to be
capable of producing melatonin during MLF, although yeast was described as a
more efficient producer (Fracassetti et al. 2020). Therefore, the metabolic
interactions that can occur between yeast-yeast and yeast-LAB during
winemaking cannot be overlooked. Furthermore, some of the metabolites derived

from AAA have already been identified that can act as quorum sensing
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molecules; e.g. tryptophol and other aromatic alcohols (Chen and Fink 2006;

Gonzalez et al. 2018a).

Some works highlight a key role of fermentation kinetics in the production and
accumulation of these molecules in wine. For example, Romboli et al. (2015)
found that by aerating the must during AF, S. cerevisiae significantly improved its
fermentation vigor but led to lower levels of tyrosol and hydroxytyrosol. Regarding
melatonin, recent studies describe that melatonin can bind glycolytic enzymes
such as glyceraldehyde-3-phosphate dehydrogenase, enolase and pyruvate
kinase, and it seems that this binding only occurs in yeasts with high fermentative
capacity (Saccharomyces, Starmerella, Torulaspora) but not in other yeasts that
show a predominance of oxidative metabolism (Hanseniaspora, Metschnikowia).
Other studies suggested that melatonin production by yeasts is directly related
with growth phase (Vigentini et al. 2015; Fernandez-Cruz et al. 2016) but, there
appears to exist a significant strain dependent effect on melatonin production
(Vigentini et al. 2015). So, still further research is required to ascertain the
combination of inoculation strain and inoculation strategy that could optimize the
concentration of bioactive compounds. Furthermore, the metabolic biosynthetic
pathway and the physiological functions of melatonin in yeast are not fully
understood. The study of these two issues is a key point to improve the synthesis
of these molecules during the fermentation process. Therefore, this thesis aimed
to gather deeper understanding of the biochemical bases involved in the
synthesis of molecules derived from AAA in S. cerevisiae and to understand it
better from a molecular point of view. To this end, the development of rapid
detection methods of melatonin in terms of reliability, easy-to-use and quickness,
as alternative to HPLC that allows the realization of extensive screenings with a
large number of strains and fermentation conditions, can be a useful tool. Thus,
the first aim of this thesis was to set up and optimize an electrochemical method

for yeast samples.
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Detection method for melatonin in yeast samples

The study on the presence of melatonin in fermented products or in yeast derived
samples have been performed with several methods as it is described in the
introduction of the present thesis. Among the different methods, HPLC-MS/MS
allows to follow the behavior of several metabolites during the fermentation
process, in parallel for both intracellular and extracellular media, with higher
resolution and a lower LOD than other methodologies. However, these methods
also require special and expensive facilities and, depending on the platform,
“harsh” sample pretreatment, all of which makes it difficult to carry out extensive

screening tests.

In this context, we adapted a solid-state electrochemical technique for the
detection of melatonin and other related metabolites directly from dried cells
(avoiding intracellular content extraction), to improve the detection and
monitoring melatonin production in yeast samples in a reliable and sensitive, and

more easy and economical way compared with HPLC methods.

The voltammetric methodology adapted was applied first to the metabolites of
interest: melatonin, serotonin, 5-hydroxytryptophan, N-acetylserotonin,
tryptophol, 3-indoleacetic acid, and tryptophan. Once the corresponding signals
of each compound have been characterized, we proceed to the determination of
melatonin directly on yeast cells. Comparison among melatonin detection by our
voltammetry methodology and HPLC, which required and additional intracellular
extraction, was performed and a good agreement between the results were
obtained by both methodologies. This methodology has been successfully
applied to other organisms, such as plants, for testing the antioxidative capacity
of samples or obtaining electrochemistry-based chemotaxonomy information
(Doménech-Carbé et al. 2015c; Ortiz-Miranda et al. 2016). Also identification of
fungal species based on the record of the voltammetric response due to
metabolites containing phenolic units has been achieved by VIMP directly on
fungal colonies (Mateo et al. 2017).

Other rapid methods based on fluorescence have been used for melatonin

determination. Enzyme-linked immunosorbent assays (ELISA) in grape skin,
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wine and beer samples was employed (Iriti et al. 2006; Maldonado et al. 2009;
Rodriguez-Naranjo et al. 2011a). However, accordingly with several studies the
main disadvantages of the ELISA test are non-linearity, false positive and false
negative results, and the relatively high price of the commercial kits (Horwitz
1982; Hernandez-Ruiz and Arnao 2008; Paredes et al. 2009; Rodriguez-Naranjo
et al. 2011a). For this reason, we are developing a competitive indirect ELISA
with new antibodies (in collaboration with Dr. Antonio Abad from IATA-CSIC)
suitable for the detection of melatonin in fermented beverages. Preliminary
assays with this method showed good specificity and sensitivity, and LOD and
LOQ values similar to LC-MS / MS.

Morcillo-Parra et al. (2019) optimized a novel method based on BLA cell-based
bioassay using the mammalian melatonin receptor MTNR-1B. This method
allowed melatonin quantification with higher sensitivity than HPLC-MS/MS and
no cross reaction was observed between melatonin and its precursors. However,
in complex matrices, such as grape must or wine, sample extraction prior to
melatonin detection was needed mainly because the culture cells were affected
by ethanol or high sugar concentrations. A new method based on the other
mammalian melatonin receptor MTNR1A has been employed using yeast cells
as biosensor (Shaw et al. 2019). The use of yeast cells instead of cell cultures
overcomes the problems related to detection in complex matrices, allowing it to
be a continuous detection system since there is no need for extraction of the
sample prior to detection. However, the sensitivity of this system must be
improved for its applicability in samples derived from alcoholic fermentation in
which melatonin presence is low. So, suitability of the method for detection and
quantification of melatonin is strongly subjected to sample’s features and it should

be chosen accordingly to the intended application.

In summary, the electrochemical method presented here is fast, cheap and easy
to monitor melatonin production directly in yeast cells. However, our voltammetric
technique is rather semi-quantitative and, therefore, it should be considered in
this context complementary to chromatographic techniques. Even so, our

voltammetric method could be very useful for initial screenings with a large
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number of samples before HPLC analysis, which significantly reduces the cost of

the analysis.

Role of melatonin in yeast

The connection between AAA metabolism in yeast and the presence of bioactive
compounds during the fermentation is well established. However, the melatonin
biosynthesis pattern is not well understood and a clear condition that resulted in
consistent melatonin production has not been vyet identified. In fact,
inconsistences in melatonin production has been observed in different studies
(Fernandez-Cruz et al. 2017; Morcillo-Parra 2019; Motlhalamme 2020). The
knowledge of the effect of melatonin in yeast could shed some light to the

conditions that trigger melatonin production.

Melatonin’s physiological effects have been widely studied in a variety of
organisms in animal and plant kingdoms. Although the role of melatonin in yeast
is still not clear, some recent works have connected melatonin as antioxidant in
response to oxidative stress damage by hydrogen peroxide in S. cerevisiae
(Vazquez et al. 2017; Sunyer-Figueres et al. 2020).

To assess the possible role of melatonin in yeast, we performed intracellular
enrichment of melatonin by incubating the cells during 30 min in the presence of
different doses of this molecule. The intracellular melatonin enriched levels after
this treatment highlighted the capacity of yeast to take up this indole. However,
the intake mechanism is still unknown and it could be conducted by passive
diffusion or by the active transport facilitated by any specific permease. In
mammalians cells melatonin can easily cross physiological barriers due to its
amphiphilic nature (Reiter and Tan 2003), while members of the SLC2/GLUT
family glucose transporters have also shown be involved in melatonin uptake in
mice cells (Hevia et al. 2015). The enrichment of the cells in melatonin decreased
the latency growth phase and the ROS formation, but not at all the assayed
concentrations. Thus, it seems that the antioxidant effect of this molecule is
concentration-dependent, being able to show a pro-oxidant effect at high levels.

A few studies, using several tumor and non-tumor culture cells, reported that, at
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pharmacological concentrations, melatonin can act as a conditional pro-oxidant
and stimulates ROS production (Reviewed in Zhang & Zhang, (2014)). This
happens in the study of Vazquez et al. (2017), in which the presence of melatonin
in the culture medium, without the presence of any oxidant agent, turned out in a
slightly accumulation of ROS, which was later associated with increased catalase
activity (Vazquez et al. 2018). The different concentration of intracellular
melatonin in our work and that of Vazquez et al. (2017) could explain the
observed difference on the effect of melatonin itself (prior stress) on ROS

formation.

The improved growth observed in the melatonin-enriched cells cannot be
explained owing to this molecule is used as a nutrient by yeast, considering that
its intracellular concentration was very low. Therefore, we think that melatonin
may act as an inducing molecule that promotes growth. Melatonin as a trigger for
an early start-up of cell growth raises interesting questions about its role as a
signaling molecule involved in modulating growth in a population density
dependent manner. This possibility has been recently studied by Valera et al.,
(2019). They found that melatonin supplementation had no impact on the
biomass of yeast but, caused changes in fermentation kinetics, viability and
species distribution during fermentation. Specifically, when melatonin was added
to the must, the fermentations performed by mixed Saccharomyces and non-
Saccharomyces cultures were faster than for the single culture of both species.
Although the observed changes were dependent on the levels of nitrogen in the
media and the composition of the inoculum, they also observed that non-
Saccharomyces species persisted until the end of fermentation when melatonin
was available in low-nitrogen conditions. Thus, the presence of this molecule
seems to somehow determine the microbial interactions between species during

the alcoholic fermentation.

Intracellular melatonin was able to protect against oxidative and UV stresses and
improve yeast growth after both stressors in S. cerevisiae. To the best of our
knowledge, this is the first study utilizing UV radiation as oxidative stress inducer
to investigate the physiological response of melatonin in S. cerevisiae. Our results

showed a significant protection of intracellular melatonin in yeast against UV
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irradiation. In keratinocytes or leukocytes, melatonin and its derivatives (including
AFMK and N-acetylserotonin) has been related to counteract the UV radiation-
induced damage and oxidative stress (Elsner et al. 2004; Fischer et al. 2006;
Skobowiat et al. 2018). It would be of great interest to analyze in more detail the
mechanism by which melatonin can exert this protective role. Interestingly, a
protective role of serotonin against ionizing radiation was related for several S.
cerevisiae species (Goncharenko et al. 1978). Also, serotonin synthesis from
tryptophan or 5-hydroxytryptophan precursors were shown to exert
photoprotection in Candida guilliermondii (Fraiking et al. 1981) and an increase
in serotonin synthesis was observed after irradiation to near UV (334 nm)
(Goncharenko et al. 1980). The study of the synthesis of melatonin after different
stress exposure could help to reveal conditions that trigger its synthesis. In plants,
UV light, cadmium, cold and drought-induced significantly increased the
production of melatonin (Hardeland, 2016; Lee et al., 2017; Zhang et al., 2015).
Mothalame (2020) evaluated the melatonin production on yeast after different
stressor addition in the culture medium. Specifically, sublethal concentrations of
H202, ZnClz2, CuSO4 and NaCl were added to YPD, both after inoculation and
during exponential phase growth. The results obtained by these authors
suggested that yeast synthesized melatonin as a defense mechanism. These
indications raise the possibility that yeasts found in hostile or natural
environments, in which they have to fight against stressors, could retain or

present a greater melatonin-producing capacity.

Therefore, the melatonin levels in yeast after exposure to different stressors need
further investigation and may help explain the observed inconsistencies in the
levels of melatonin observed for several authors (Mothalame, 2020; Morcillo-
Parra et al., 2020).

Comparison of transcriptional activity in untreated and melatonin-treated cells
could be an interesting way to reveal if the exhibited protection observed in our
conditions is due to the direct antioxidant and photoprotective properties of the
molecule itself, or whether it is mainly a signaling molecule that triggers a
molecular and physiological response to cope with these stress situations and to

activate cellular growth. Our results evidenced that transcriptional activity of the
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genes involved in response to oxidative stress was modified by intracellular
melatonin without any stressor. When these cells were subjected to the stress
situation, induced by H202 or UVC light, the changes in gene activity in terms of
more marked transcriptional changes were more buffered than in non-enriched
cells. These results seem to indicate that melatonin could prepare the cells to
better endure stress situations by early modifying the mRNA levels of these
antioxidant and photoprotective genes, in agreement with Vazquez et al., (2017).
These authors suggested that the presence of melatonin, which generated non-
toxic levels of ROS, could play a role as a cell signaling molecule to pre-adapt
and prepare cells for subsequent lethal exposure. Similarly, transcriptomic
analysis conducted by Motlhalamme (2020) revealed that the melatonin
supplementation buffered the genomic response to oxidative stress. Thus,
melatonin have been demonstrated to modulate gene expression of genes
involved in detoxification of ROS (Zhang and Zhang 2014) and, in yeast, this
molecule has been related with the overexpression of genes involved in sulphur
metabolism (MET28, MET1, MET2, MET14, MET16 and MET17) (Motlhalamme
2020).

Likewise, our results showed that among all the genes analyzed after stress
exposure, we observed no early induction and mainly a down-regulation of the
genes that coded for mitochondrial enzymes, with the exception of TRX3. This
early down-regulation of the genes associated with mitochondrial function has
also been observed as a transient effect in early stages of the stress response to
other oxidants like cumene hydroperoxide, while other cytosolic antioxidant
genes are up-regulated at the same time (Sha et al. 2013). Further studies into
the gene expressions that cover a wider time range are likely to reveal the global
up-regulation of redox and ROS-removing enzymes, as previously described
(Gasch et al. 2000; Causton et al. 2001; Vazquez et al. 2017). Recently, Sunyer-
Figueres et al. (2020) reported a transcriptomic analysis of the role of
supplemented melatonin at the transcriptional level in S. cerevisiae, in the
presence and absence of oxidative stress. In this study, the authors found that
melatonin modulated the expression of many genes, mainly downregulating the
expression of mitochondrial genes in the absence of oxidative stress while

upregulating them under oxidative stress. However, we observed a down-
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regulation of mitochondrial genes after stress exposure although we studied a
shorter transcriptional response after stress exposure than these authors.
Further, they also observed the upregulation of cytosolic genes after stress
exposure which is clearly in agreement with our observations. The transient
down-regulation of mitochondrial genes in early stages of the stress response
while other cytosolic antioxidant genes are up-regulated at the same time has

been reported previously (Sha et al., 2013).

To conclude this point, the protection exerted by melatonin against oxidative
stress was investigated in terms of lowering mortality and improving growth
performance after stress, which supports the role of melatonin as an antioxidant
molecule. Melatonin was found to protect yeast cell against H202 and, for the first
time, UV radiation. We have demonstrated the ability of melatonin to modify the
gene expression of antioxidant and DNA-repairing genes under stress conditions
but, melatonin itself (prior any stress) provokes changes in expression, which
seems to prepare cells against upcoming stress. However, other gene expression
profiles, plasma membrane transporters of melatonin and endogenous synthesis
conditions needs to be investigated further and could reveal other features of this
bioactive compound in yeast and shed some light on biological importance of

melatonin in yeasts.
Melatonin synthesis in S. cerevisiae

The biosynthetic pathway of the synthesis of melatonin from tryptophan is still
unknown in yeast. In animals and specially in plants, more than one pathway can
be involved in the conversion of tryptophan to this indoleamine and the genes or
enzymes involved are well characterized. Therefore, several metabolites are
connected with melatonin biosynthetic pathways such as tryptophan, 5-
hydroxytryptophan, tryptamine, serotonin, N-acetylserotonin and 5-
methoxytryptamine. Considering all these aspects, our first objective was to
follow the bioconversion pathway of tryptophan into melatonin in yeast by pulsing
pathway intermediates in cells at different growth stages and analyzing
intracellular and extracellular samples for the presence of all the indolic
compounds (Chapter 3). Besides, we aimed to identify and to study possible

ortholog genes in yeast involved in melatonin synthesis (Chapter 4).
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From the bioconversion experiments conducted in Chapter 3, we found that the
highest amount of serotonin quantified was after tryptamine supplementation.
Tryptamine was formed mainly from tryptophan but also, to a lesser extent, from
5-hydroxytryptophan. On the other hand, 5-hydroxytryptophan supplementation
resulted in the synthesis of serotonin and N-acetylserotonin. However, the
hydroxylation of tryptophan to 5-hydroxytryptophan does not seem to occurs in
yeasts, despite their ability to transform this molecule into serotonin when it is
present in the medium. In agreement with that, Germann et al., (2016), had to
heterologously insert the enzyme responsible for hydroxylation of tryptophan into
5-hydroxytryptophan in yeast. Furthermore, the authors had to insert the
biosynthetic and regenerative pathway of BH4, the main cofactor needed for the
hydroxylase activity, since the genes involved are not present in yeast.
Additionally, a reversible steps conversion from serotonin into 5-
hydroxytryptophan were observed in our experiments. With these observations,
we hypothesized that the first part of the melatonin synthesis pathway in yeast
differs from the description for mammals since the first step would consist in the
decarboxylation of tryptophan to tryptamine and not to its hydroxylation.

Subsequently, tryptamine would be converted to serotonin by hydroxylation.

From serotonin precursor, N-acetylserotonin and 5-methoxytryptamine were both
possible melatonin intermediates. Although the detected N-acetylserotonin levels
were higher, 5-methoxytryptamine appeared to be the preferred substrate for
producing melatonin. Finally, we detected N-acetylserotonin as a melatonin
catabolite in yeast for the first time, and 5-methoxytryptamine was also produced
from melatonin. Both catabolites were present in significant amounts in the
growth medium, which highlight the importance of consider melatonin as an
intermediate rather than a final product in the synthesis of indolic compounds in

yeasts.

The melatonin production that we observed for all the conditions tested from 5-
methoxytryptamine as a substrate, together with the production of tryptamine
from tryptophan, strengthen the hypothesis that the predominant biosynthetic
pathway in yeast could be more similar to that of plants than mammals (Tan et

al. 2016). Also, higher tryptamine formation from tryptophan in several yeast
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strains belonging to Saccharomyces and non-Saccharomyces has been reported
by Fernandez-Cruz et al., (2019). Furthermore, the high levels of 5-
methoxytryptamine accumulation observed in the pioneering study by Sprenger
et al. (1999) adds additional support to this idea. Another fact that supported this
hypothesis was that Ganguly et al. (2001) reported a greater catalytic efficacy of
the acetyltransferase PAA1 towards 5-methoxytryptamine than for serotonin
(Ganguly et al. 2001). This led to the suggestion that PAA1 could be the final
enzyme in the melatonin biosynthetic pathway using 5-methoxytryptamine as the

substrate.

We further performed an in silico analysis, by using BLAST, with the protein
sequences of plant and animal enzymes involved in melatonin pathway, to select
S. cerevisiae genes as possible orthologs. Among the genes obtained, PAAl1 was
selected as the possible ortholog of AANAT, as was previously reported by
Ganguly et al. (2001). However, we observed that the absence or overexpression
of this enzyme in yeast did not produce significant differences in the production
of melatonin from the 5-methoxytryptamine. Conversely, when PAAl was
overexpressed in E. coli, it did show activity towards the different arylalkylamines
(tryptamine, serotonin and 5-methoxytryptamine). Liu et al. (2005) already
indicated that arylalkylamines were unlikely in vivo subtrates of PAA1, and that
the activity previously described through in vitro characterization was probably
due to the similarity of the ethyl amine moiety present on arylalkylamines to the
propyl and butyl amines present on polyamines. Thus, they indicated that
polyamines and more specifically spermine, was the actual substrate for PAAL.
Taking in account these and our results, we conclude that PAA1 seems not to be
involved, or at least not an exclusive enzyme, in the synthesis of melatonin, but
that there must be other N-acetyltransferases in yeasts capable of acetylating 5-
methoxytryptamine and serotonin. Phylogenetic analysis revealed that PAA1 had
closer relationship with the SNATSs in vertebrates, rather than to the lineage of
plants. However, apple SNAT isoform, SNAT5 showed a closer relationship with
the animals SNATs (Wang et al. 2017) and with yeast SNAT than that of plants.
This SNAT isoform is localized in mitochondria (Wang et al. 2017), and it can be

considered for further searches of putative SNATS on yeast.
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Of the rest of the selected yeast genes in silico, none showed the expected
activity (aromatic hydroxylation, decarboxylation, O-methylation) in the
overexpression tests in E. coli or S. cerevisiae. Ganguly et al. (2001) suggested
that melatonin synthesis in yeast may reflect the opportunistic action of metabolic
enzymes unrelated to broad functions. We also think that the production of
melatonin by yeast may not be done by dedicated biosynthetic melatonin
enzymes, but by substrate-promiscuous enzymes that are involved in this
process in certain circumstances. Regarding to the method used for selection of
putative orthologs, inferring functional similarity based solely on significant local
similarity is less reliable that inferences based om global similarity and conserved
active site residues (Pearson 2013). Additional searches for possible candidate
orthologs based on structural homology and protein-docking models with different
substrates could help identify other possible acetyl transferases as well as the
other melatonin-involved enzymes in yeast. This is specially recommended when
the pairwise sequence identity between two proteins is 25 ~ 30% identity, what is
known as the “twilight zone” (Rost 1999).

On the other hand, we realized that important bottlenecks existed since the
supplementation of a particular metabolite as a substrate did not lead to the
synthesis of all subsequent metabolites. Further studies including time-sampling
points more frequently would be needed in order to clarify the conversion fate of
the different metabolites. Nevertheless, this strategy meets practical limitations
which can be addressed by using continuous metabolite monitoring strategies
like in vivo fluorescent biosensor systems. Also, fluctuations inherent to
population-level measurements may mask bioconversion of metabolites that
occur at different times or different paces between individuals. Morcillo-Parra et
al. (2020) partially overcame fluctuations between sampling points by
synchronizing cell phases prior to sampling. However, variability in melatonin
production was still observed to some extent despite synchronizing almost the
total of cells in the culture. Such variability was suggested to occur due to rapid
appearance and disappearance of melatonin in the culture media. In this context,
new analytical techniques with a sensitivity at the single-cell level and the ability
to perform quantitative analyses will be needed. Single-cell metabolite analysis
using the microarrays for mass spectrometry (MAMS) platform has been used
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with S. cerevisiae cells and worked to unravel metabolite-metabolite correlations
(Ibaneza et al. 2013).

We cloned and overexpressed genes involved in the various steps of the plant or
animal melatonin synthesis pathway and used them as a positive reference
control in order to test the putative ortholog yeast genes. Specifically, human
DDC, rice T5H, human ASMT and bovine AANAT were overexpressed as a
positive control in both E. coli and S. cerevisiae.

By single overexpression of these heterologous genes, we realized the host
importance for heterologous protein overexpression. This observation has been
highlighted in several works (Bernaudat et al. 2011; Vieira Gomes et al. 2018).
Our data revealed differences on the activity for the different genes. For example,
the DDC overexpressed in S. cerevisiae showed much greater activity to their
substrates than its overexpression in E. coli. In contrast, the heterologous
expression of AANAT in E. coli far outweighed its activity relative to its

overexpression in S. cerevisiae.

Finally, it is important to highlight that melatonin does not have to be considered
a final metabolite since different catabolic pathways have been reported in
different organisms (Krotzky and Hardeland 2008; Hardeland 2017c), including
yeast (Sprenger, 1999). We observed in our experiments the conversion of
melatonin into N-acetylserotonin by O-demethylation, which had not been
reported in S. cerevisiae. Therefore, subsequent studies on the metabolism of
yeast melatonin should include catabolites downstream of melatonin synthesis
such as 6-hydroxymelatonin, 2-hydroxymelatonin, AFMK, AMK, etc., for a better

understanding of this metabolic pathway.

To sum up, we proposed a putative melatonin biosynthetic pathway in yeast
based on the bioconversion of several intermediates of the pathway in different
cellular growth phases. The data generated suggests that yeast may utilize more
than one pathway to synthesis melatonin and indicates, for the first time, that
melatonin synthesis in yeast could be more similar to plants than vertebrates. We
found that 5-methoxytryptamine pulse resulted in melatonin consistent production

and that PAA1 is not an exclusive enzyme in the synthesis of melatonin from this
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substrate. Additionally, we think that it is probable that there are not specific
biosynthetic enzymes for melatonin in S. cerevisiae and that the synthesis of this
molecule could be due to the action of nonspecific enzymes with broad substrate

specificity.

Production of other bioactive compounds derived from aromatic amino

acid metabolism in yeast

Tyrosol is produced by yeast during AF in large quantities from the catabolism of
aromatic amino acid tyrosine. On the other hand, hydroxytyrosol is a high-value-
added compound, formed by tyrosol hydroxylation, which has been recently
connected with yeast metabolism (Romboli et al. 2015; Alvarez-Fernandez et al.
2018; Rebollo-Romero et al. 2020).

Both compounds are considered bioactive compounds (Fernandez-Mar et al.
2012), with antioxidant, antimicrobial, free-radical scavenging, cardioprotective
and neuroprotective activities (Thirunavukkarasu et al. 2008; Fernandez-Mar et
al. 2012; Hornedo-Ortega et al. 2018a). Conversely to melatonin, the pattern of
hydroxytyrosol synthesis during AF is more reproducible and consistent (Rebollo-
Romero et al. 2020).

There are several methods for obtaining hydroxytyrosol, as is reviewed in the
introduction of the present thesis, including chemical synthesis and
biotechnological approaches. Since chemical synthesis is not suitable for large-
scale industrial production due to expensive substrate, harsh conditions,
complicated steps or low yield (Li et al. 2019), biotechnology offers an interesting
alternative to produce hydroxytyrosol. Whole cell biosynthesis of hydroxytyrosol
have been achieved with different bacterial microorganisms (Liebgott et al. 2007;
Bouallagui and Sayadi 2018; Hassing et al. 2019; Li et al. 2019; Yao et al. 2020).

S. cerevisiae can be an interesting candidate for hydroxytyrosol overproduction
since it produced endogenous tyrosol and through rational metabolic
engineering, tyrosine and tyrosol yields from glucose have been significant
improved (Gold et al. 2015; Gottardi et al. 2017; Averesch and Kromer 2018; Guo
et al. 2019). With this premise, we seek to produce high levels of hydroxytyrosol

in S. cerevisiae (Chapter 5). We successfully engineered a yeast strain capable
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of producing huge levels of hydroxytyrosol from tyrosol and tyrosine provided in

the culture media by overexpressing hpaB and hpaC genes from E. coli.

Remarkably, the control BY4743 strain was natively able to produce extracellular
hydroxytyrosol in these conditions, evidencing the ability of S. cerevisiae to
hydroxylate tyrosol into hydroxytyrosol. However, the unknown hydroxylase
which converts tyrosol into hydroxytyrosol was not as efficient as the alcohol
dehydrogenase (ADHG6) that converts p-hydroxyphenylacetaldehyde to tyrosol. A
key point for the improvement of natively hydroxytyrosol production will be to find
out the gene encoding this hydroxylase activity. Thus, this is an important task

for future works.

Tyrosine and tyrosol were used for hydroxytyrosol production, being tyrosol the
preferred starting material, however the price of tyrosol and tyrosine is around
6250 and 600 times higher than that of glucose, respectively. Therefore, glucose
iS a more appropriate source to increase the endogenous levels of tyrosine and
tyrosol, via the central yeast metabolic pathway, and finally hydroxytyrosol
production. Thus, we next proceeded to engineer a tyrosol-overproducing yeast

strain in order to overproduce hydroxytyrosol from glucose.

Since the use of plasmids that require maintenance of the selective pressure is
not desired, we proceed to integrate the hpaB and hpaC genes into the S.
cerevisiae by using an integrative vector that causes multiple integration at sites
sharing homology with Tyl. Yeast Ty retrotransposon sites are a family of
transposable elements that are dispersed throughout the genome in high
numbers (Cameron et al. 1979; Kazazian 2004). The strain selected with multiple
integrations of HpaBC in the Ty sites showed better tyrosol hydroxylation capacity
than that the strain overexpressing plasmids.

After obtaining this HpaBC overexpressing strain, we were focused on the tyrosol
increase, the preferred substrate for hydroxytyrosol synthesis. In previous studies
ARO10 from S. cerevisiae was overexpressed to increase tyrosol levels in E. coli
(Chung et al. 2017; Xue et al. 2017b). Moreover, overexpression of genes of the
shikimate pathway including ARO3, ARO4 and ARO7; and the elimination of the

feedback inhibition by overexpressing the feedback insensitive forms ARO3K222L

258



GENERAL DISCUSSION

ARO4K22%L and ARO76C141S has been previously implemented for the successfully
increase in the production of various compounds deriving from the aromatic
amino acid biosynthetic pathway (Curran et al. 2013; McKenna et al. 2014;
Deloache et al. 2015; Williams et al. 2015; Gold et al. 2015; Rodriguez et al. 2015;
Suastegui et al. 2017; Gottardi et al. 2017; Mao et al. 2017; Jiang et al. 2018;
Reifenrath and Boles 2018; Hassing et al. 2019).

Thus, we analyzed the effect of the individual overexpression of either the wild-
type or feedback insensitive alleles of ARO3, ARO4 and ARO7 in our HpaBC
integrated strain. Among all the modifications carried out, the overexpression of
the tyrosine insensitive ARO4 allele (ARO4K22%L) was by far the greatest
producer. This strain has shown the highest amount of hydroxytyrosol produced
from glucose by using a metabolically engineered yeast and establish the basis
for its upgrading in the future. However, we consider that the potential of
hydroxytyrosol yield by this strain has not been reached yet and further
modification can be implemented to improve this production. Growth-limiting
issues, as the ones observed as consequence of HpaBC overexpression, could
be solved by decoupling the growth phase from the production phase (David et
al. 2016; Maury et al. 2018). The optimization of culturing conditions and the study
of the best production system, such as the use of fed-batch in a bio-reactor, could
be interesting strategies for decoupling the production and growth phases and to

increase hydroxytyrosol levels.
Concluding remarks and future perspectives

In this thesis work, the main goal was to study the molecular and physiological
mechanisms involved in the production of bioactive compounds derived from the
aromatic amino acid metabolism. We have mainly focused in the production of
melatonin and hydroxytyrosol, two metabolites derived from the metabolism of
tryptophan and tyrosine in S. cerevisiae. It is important to note that melatonin
synthesis by yeast was framed in a context of poor bibliographic background on
the subject. Despite the increase in the number of research groups starting to
study the melatonin production by yeast in the recent years, the biosynthetic
pathway and its physiological role remains unclear. Thus, we wanted to shed light

on both processes. In this way by different experiments, we demonstrated for the
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first time a protective role of intracellular melatonin against UV light radiation. We
also support the role of melatonin as an antioxidant molecule in yeast, being
capable of modulating the expression of related genes in the antioxidant
response. Even so, in the near future it should be examined in more detail
whether this protective function is the consequence of the direct antioxidant and
photoprotective properties of the molecule, or whether it is due to its signaling
action triggering a molecular and physiological response to cope with these
situations of stress and to regulate cell growth.

Furthermore, we realized that the biosynthetic melatonin pathway was more
similar with plants than with animals and we hypothesized the possible metabolic
pathway that occurs in S. cerevisiae. Also, we found that melatonin in yeast was
reproducibly synthesized from spiked 5-methoxytryptamine in the culture
medium. However, physiological conditions that stimulate consistent melatonin
production in yeast remain unanswered. In addition, there appear to be
bottlenecks or regulation based on metabolite concentration, as supplementation
with a metabolite as a precursor did not always lead to subsequent metabolite

synthesis and, in some cases, even a reverse step in the pathway was observed.

It is important to note that in future studies we should focus on melatonin
catabolites in our analyses, which could help explain the pattern of rapid
synthesis and disappearance of this molecule and to identify the predominant

catabolic pathways present in S. cerevisiae.

Unfortunately, the identification of putative orthologous genes involved in the
synthesis of melatonin in yeast, by in silico searches, was not successful since
none of the genes selected by sequence similarity was found to exert the
expected activity. New searches should be carried out but based on models of
structural homology and protein-docking with different substrates to identify the
most important protein domains involved in the activity of interest. This approach
could help to identify other possible enzymes involved in melatonin synthesis in
yeast. Once identified, the selected genes can be tested using mutant knockout
and overexpressing strains, and ultimately enzyme purification and in vitro

characterization. Nonetheless we cannot rule out that melatonin could be a by-
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product of unrelated metabolic activities produced by the opportunistic action of

metabolic enzymes with broad functions.

With regard to hydroxytyrosol, to date, none physiological role has been ascribed
to the synthesis of hydroxytyrosol in yeast. We have designed a yeast strain to
overproduce hydroxytyrosol, a high-added-value phenolic compound, from
glucose. This overproducing strain opens future approaches to study the possible
role of hydroxytyrosol in yeast by phenotyping this strain against different types
of stresses (oxidative, osmotic and temperature), as well as its capability in
controlling bacterial populations, or its capacity as a potent antioxidant in wine

that could help to reduce SO: levels during winemaking.

The possibility of carrying out extensive screenings of different strains could
identify those that are more endogenously overproducers. The selection of these
strains and the use of techniques that are not considered GMOs, such as
adaptive evolution or artificial hybridization, are interesting strategies to explore
in the future for obtaining non-GMO strains, which can be used in the production
of fermentation beverages with a higher added-value by the presence of bioactive

molecules.

Finally, we must bear in mind that the bioactive molecules detected in wine may
have a non-exclusive origin from yeasts and may also be due to the metabolic
cooperation between yeast and bacteria. Thus, the microbial interactions
between these organisms could be responsible for the final metabolic and
analytical profile of the wine. So, in the future, the study and identification of the
molecular and microbial interactions, which determine the final dynamics of the
microbial population and how these interactions affect the final metabolic profile,
could be a tool for the design of a strain/species consortium of yeast and bacteria,
with the highest conversion rate of different metabolites into bioactive compounds

in fermented beverages or products.
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CONCLUSIONS

The main conclusions drawn from the results obtained in this thesis are:

264

. Melatonin can be measured directly from yeast cells by the adapted

electrochemical method, avoiding intracellular extraction, which allows

monitoring the melatonin biosynthesis of different yeast strains.

. S. cerevisiae can uptake melatonin from the medium in a concentration-

dependent manner and its presence can modify:
a) the growth performance mainly by modulation of the lag phase
b) the intracellular levels of ROS

c) the transcriptional activity of the genes involved in response to

oxidative stress and UV damage

. Melatonin exerts protection against UV radiation by lowering mortality and

improving growth performance after stress in yeast.

. Melatonin confers yeast cells protection against oxidative stress by

preparing cells to better endure stress situations through early modifying

the mRNA levels of antioxidant and photoprotective genes.

. Serotonin, in yeast, was prevalently formed via tryptophan

decarboxylation, followed by tryptamine hydroxylation whereas melatonin
production from serotonin can be accomplished by serotonin N-
acetylation, followed by N-acetylserotonin O-methylation or, in turn, by N-
acetylation of 5-methoxytryptamine. The classical pathway for vertebrate

melatonin synthesis does not seems to be prevalent in yeast.

. Melatonin is produced consistently by the addition of 5-

methoxytryptamine in the medium. On the contrary, tryptophan, 5-
hydroxytryptophan, serotonin and N-acetylserotonin additions did not

always led to production of melatonin in a reproducible way.



CONCLUSIONS

7. Gene overexpression systems in E. coli and S. cerevisiae resulted in a
suitable method to test candidate genes’ function in vivo despite we were
not able to identify any gene directly related with the melatonin
biosynthesis pathway.

8. PAAL, is not an exclusive enzyme in the acetylation of arylalkylamines,
including serotonin, tryptamine and 5-methoxytryptamine, in S.
cerevisiae. There must be other N-acetyltransferases in yeast capable of
acetylating serotonin and 5-methoxytryptamine.

9. S. cerevisiae has the native capacity to hydroxylate endogenous tyrosol
into hydroxytyrosol. However, the gene encoding this activity is still

unknown in this yeast.

10.The combination of the co-overexpression of HpaBC complex from E. coli
and the yeast ARO4K22%L gllele in S. cerevisiae produced a high impact

on hydroxytyrosol production.

11.The metabolically engineered strain for hydroxytyrosol production
represents a landmark in the use of S. cerevisiae as a cell factory for the

production of high added-value metabolites.
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Saccharomyces cerevisiae, comunmente conocida como la levadura del vino o
la cerveza, es un organismo eucariota unicelular que pertenece al reino de los
hongos y al filo Ascomycota (debido a la formacion de ascosporas durante la

esporulacion) y que se reproduce principalmente asexualmente por gemacion.

Dada su arquitectura eucariota, la levadura tiene varios atractivos como
organismo experimental. Por un lado, se utiliza como organismo modelo para
obtener conocimientos adicionales sobre las células humanas. Esto puede ser
posible debido al alto grado de conservacion de muchos procesos celulares clave
entre la levadura y nuestras células (Nielsen 2019). En cuanto a los genes de
levadura, casi la mitad (47%) de ellos pueden ser reemplazados con éxito por
sus ortdlogos humanos (Kachroo et al. 2015). La autofagia, la translocacion y
secrecion de proteinas, asi como degradacion de proteinas asociadas con el
reticulo endoplasmico, funciones celulares mediadas por actina, choque térmico
y plegamiento de proteinas y funciones de chaperona son algunos ejemplos de
procesos realmente adecuados para su estudio en levaduras (Nielsen 2019;
Akram et al. 2020). Por otro lado, S. cerevisiae puede ser util para descubrir
efectos diana de compuestos especificos necesarios para el descubrimiento y
desarrollo de farmacos. Aunque S. cerevisiae no es un patdgeno amenazante,
se ha utilizado como modelo para la patogénesis fangica, asi como un valioso
banco de pruebas para desarrollar tratamientos (Goldstein y McCusker 2001,
Parsons et al. 2006; Hanson 2018).

También S. cerevisiae es una opcion popular para ser utilizada como "factoria
celular". Esto se debe a su rapido crecimiento, que contribuye a su rentabilidad
y facilidad de uso, junto con una gran cantidad de investigaciones previas sobre
su fisiologia y metabolismo. También su excelente maleabilidad genética se ve
facilitada en gran medida por una preferencia conveniente por la recombinacion
homodloga (HR) sobre la no homologa o de union de extremos no homdélogos
(NHEJ) para la reparacion de rotura bicatenaria (DSB), que ha permitido la
insercion especifica de material genético externo en el sitio deseado y diferentes
ediciones gendmicas (Nielsen et al.2013; Hanson 2018). Ademas, en
comparacion con E. coli, S. cerevisiae tiene la designacion generalmente
reconocida como segura (GRAS) de la Administracion de Alimentos y

Medicamentos de los EE. UU. (FDA) y es microorganismo robusto y libre de
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endotoxinas (Guo et al.2019). Todas estas ventajas han llevado al uso de
levaduras para la produccién de multitud de compuestos como alcoholes de
segunda generacion, quimicos aromaticos, enzimas, &cidos grasos,
aminoé&cidos y compuestos derivados, entre otros, utilizando materias primas
renovables en la fermentacion (Hansen et al. 2009; Nandy y Srivastava 2018; Yu
et al.2018; Cordente et al.2019; Hu et al.2019; Levisson et al.2019; Nielsen
2019).

Por otra parte, quizas una de las utilidades industriales mas importantes de esta
levadura es la produccién de cerveza, pan y vino a través de la fermentacion
alcohdlica. Durante la fermentacion alcohdlica los azucares de la masa o el
mosto (esencialmente glucosa, fructosa, sacarosa o maltosa) son metabolizados
para generar didéxido de carbono y etanol. Una caracteristica fisioldgica
fundamental de S. cerevisiae es su capacidad para fermentar azlcares tanto en
condiciones anaerdbicas como aerébicas (PiSkur et al. 2006). En condiciones
aerodbicas, la respiracion es posible con Oz como aceptor de electrones final, pero
S. cerevisiae es capaz de realizar la fermentacion alcohélica hasta que el azucar
se agota del medio. Este comportamiento se conoce como el efecto Crabtree
(Crabtree 1928; De Deken 1966) y las levaduras que expresan este rasgo se
denominan levaduras Crabtree-positivas. Debido a este efecto, S. cerevisiae
producird etanol en condiciones aerobias y con una gran concentracion de
glucosa externa en lugar de producir biomasa mediante el ciclo de Krebs,
proceso que ocurre mayoritariamente en las levaduras Crabtree-negativas. Se
cree que este fendmeno se desarroll6 como mecanismo competitivo con el fin de
inhibir el crecimiento de otros microorganismos debido a la toxicidad del etanol
producido.

En cuanto a la composicion del vino, las concentraciones medias de los
principales componentes son agua 86%; etanol, 12%; glicerol y polisacéaridos u
otros oligoelementos, 1%, diferentes tipos de acidos, 0,5%; y compuestos
volatiles, 0,5% (Markoski et al. 2016). Por tanto, el etanol, junto con otros
metabolitos de la glucdlisis, como el glicerol y los acidos organicos, son
cuantitativamente los principales componentes del vino que se producen durante
la fermentacién alcohdlica. Sin embargo, la mejora de las técnicas analiticas ha

permitido a la comunidad cientifica identificar moléculas en concentraciones mas
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bajas. De hecho, el vino debe considerarse mas bien como una mezcla compleja
de mas de cientos de moléculas presentes en diferentes concentraciones (Nisbet
et al. 2014). Parte de estas moléculas pueden proceder de uva, pero sin lugar a
duda la actividad de los microorganismos durante la fermentacion del mosto
resulta relevante en la aportacion y/o conversion de las moléculas que forman
parte del vino final. Por tanto, el vino es una bebida fermentada que, a pesar de
la presencia de etanol, un metabolito toxico para la salud, contiene metabolitos
secundarios, algunos de ellos en pequefias concentraciones, que pueden

determinar la calidad, la estabilidad y la bioactividad final de este producto.

En vinos, la investigacién sobre compuestos bioactivos y promovedores de la
salud durante afios se ha centrado principalmente en los polifenoles, presentes
de forma natural en las uvas. Principalmente los flavonoides (como antocianinas
y flavan-3-oles) y no flavonoides (principalmente estilbenoides y &cidos
fendlicos), han sido los méas estudiado debido a su excelente potencial
antioxidante (Zamora 2009; Iriti and Varoni 2014). Sin embargo, algunos estudios
recientes se han centrado en los compuestos producidos a partir del
metabolismo de los amino&cidos aromaticos. Entre algunas de estas moléculas
bioactivas destacan las de caracter inddlico, derivadas del metabolismo del
triptéfano, como la melatonina, la serotonina, la N-acetilserotonina o el 4cido 3-
indolacético (Rodriguez-Naranjo et al., 2011a; Fernandez-Cruz et al., 2016), asi
como los llamados alcoholes superiores derivados de aminoacidos aromaticos,
como el triptéfol, el 2-fenil etanol, el tirosol y el hidroxitirosol. La presencia de
estos compuestos en los vinos se ha relacionado con el metabolismo de la
levadura durante la fermentacion alcoholica (Rodriguez-Naranjo et al., 2011b;
Alvarez-Fernandez et al., 2019a) y se ha visto que puede contribuir tanto a la
calidad y estabilidad del vino final (Cordente et al., 2019) como a la salud del
consumidor (Vilela 2019).

La melatonina originalmente fue considerada como un producto Unico de la
glandula pineal de vertebrados, sin embargo, ha sido identificada su presencia
en una amplia gama de invertebrados, plantas, bacterias y hongos en las ultimas

dos décadas.

La sintesis de melatonina por S. cerevisiae en condiciones de laboratorio fue

demostrada por primera vez por Sprenger et al. (1999). El hecho de que S.
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cerevisiae sea el principal responsable de la fermentacion alcohdlica podria
implicar un papel principal de la levadura en la sintesis de melatonina en
condiciones de fermentacion alcohdlica. Esta hipétesis fue demostrada de
manera inequivoca por Rodriguez-Naranjo et al. (2011). Estos autores realizaron
el proceso de vinificacidn y monitorearon la sintesis de melatonina durante la
fermentacion alcoholica y observaron la produccion de melatonina a partir de
mostos que inicialmente carecian de esta molécula, antes de convertirse en vino.
Posteriormente, evaluaron la capacidad de produccion de melatonina en un
medio sintético y observaron que la fase de crecimiento de la levadura y la
composicién del medio, especialmente las concentraciones de triptofano y
azucares reductores, afectaban la sintesis de esta molécula de diferente manera
dependiendo de la cepa de levadura (Rodriguez-Naranjo et al. 2012). En otro
estudio muy reciente, se evaluaron distintos parametros de fermentacion
(incluyendo la concentracion de azucar y nitrdgeno, la temperatura de
fermentacién o la poblacion inicial) en cuanto a su efecto en la sintesis de
melatonina (Morcillo-Parra et al. 2020a). Lo que los autores vieron fue que el
contenido de azucar y la baja temperatura (12°C) fueron los parametros que
incidieron en el perfil de produccion de melatonina intracelular, siendo la baja
temperatura la condicion que condujo a la mayor produccién. En la ultima
década, diferentes estudios se han centrado en demostrar la produccion de
melatonina tanto por Saccharomyces como por no Saccharomyces en diferentes
medios (Vigentini et al.2015; Fernandez-Cruz et al. 2016, 2017, 2018, 2019;
Fernandez-Cruz 2018; Morcillo-Parra, 2019; Motlhalamme, 2020).

Sin embargo, todavia se desconoce mucha informacion con respecto a la
sintesis de estas moléculas bioactivas por la levadura porque es un tema de
estudio muy reciente. En este contexto, el objetivo principal de este trabajo de
tesis ha sido estudiar los mecanismos moleculares y fisioldégicos
implicados en la produccién de compuestos bioactivos derivados del
metabolismo de los aminoacidos aromaticos, principalmente compuestos
derivados del triptéfano como la melatonina y la serotonina, en S.
cerevisiae. Para ello, este objetivo general se dividié en los siguientes objetivos

especificos:

271



RESUMEN EN ESPANOL

Objetivo 1: Adaptar y establecer unatécnica sencilla, rapiday de bajo coste
para detectar la presencia de melatonina en muestras intracelulares de S.

cerevisiae.

Dado que la melatonina, asi como los compuestos directamente relacionados en
las levaduras, son sensibles a los cambios de temperatura y a los agentes
oxidantes, las concentraciones de estas moléculas pueden variar durante su
determinacion. El método de analisis de melatonina validado es la cromatografia
liguida de alta resolucion acoplada a la espectrometria de masas (HPLC-
MS/MS). Sin embargo, se requieren costosos procesos de limpieza de la muestra
(como la extraccion en fase solida), asi como la disponibilidad del equipo, lo que
encarece el analisis. Establecimos una técnica rapida y simple basada en un
método electroanalitico para monitorear rapidamente la melatonina y los
metabolitos derivados del triptéfano relacionados (como el &cido 3-indolacético
y el triptofol) usando la variacién de las respuestas electroquimicas de extractos
tomados directamente de células de levadura secas (y evitando extraccion de
contenido intracelular). Este método se basa en el hecho de que estos
compuestos inddlicos se oxidan electroquimicamente, lo que impulsa su
determinacién mediante técnicas voltamétricas. Una vez adaptada la técnica,
obtuvimos las respuestas de voltamperometria en varias cepas industriales de
Saccharomyces enriquecidas con triptéfano (QA23, BMV58, AROMA WHITE).
Para la cepa vinica QA23, también se monitorizd la produccion de melatonina a
partir de los sustratos 5-hidroxitriptéfano y serotonina. Finalmente, comparamos
la sintesis de estos compuestos en dos cepas mutantes con delecion en dos
genes clave del metabolismo del tript6fano (ARO10 y TRP1) en relacién con su
cepa silvestre BY4743, cuando se afadio triptéfano. Finalmente, se compararon
las variaciones en la intensidad relativa de los picos del anodo correspondientes

a la oxidacion de las moléculas inddlicas con el método HPLC-MS/MS.

Objetivo 2: Determinar el efecto de la melatonina sobre la levadura S.

cerevisiae como antioxidante y protector UV.

En humanos, la melatonina es una hormona multifuncional que modula distintos
procesos fisioldgicos, como los ritmos circadianos y las funciones reproductivas,
y que también actia como molécula antioxidante. Un gran namero de estudios

han demostrado que la melatonina juega un papel adicional en el envejecimiento
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celular y en enfermedades relacionadas con la edad, antiinflamatorias e
inmunorreguladoras, asi como anticancerigeno para algunos tipos de cancer
(Mediavilla et al.2011; Escriva et al.2016; Fathizadeh et al.2019). Recientemente,
se ha sugerido que la melatonina puede ser una terapia complementaria o
incluso regular para infecciones virales mortales como SARS, MERS, COVID-
19, Ebola y gripe aviar) debido a la capacidad de controlar la respuesta inmune
innata y reducir la inflamacion derivada de la infeccién (Tan et al. 2014a;
Anderson et al. 2015; Bahrampour Juybari et al. 2020; Reiter et al. 2020; Tan y
Hardeland 2020).

De forma similar en plantas, se han descrito multiples roles reguladores
fisiologicos para la melatonina. Ademas, en muchas especies de plantas, la
melatonina se ha visto que confiere una mayor tolerancia durante sus respuestas
a estimulos ambientales como la sal, la sequia, las temperaturas extremas, los

metales pesados o el dafio de los rayos UV.

El posible efecto que ejerce la melatonina en levaduras se estudio en la cepa de
laboratorio BY4743 en presencia y ausencia de H20:2 y radiacion UV (ambos
descritos como generadores de especies reactivas del oxigeno (ROS) (Farrugia
et al. 2012) . Para ello, primero evaluamos distintas concentraciones de
melatonina (0.05, 0.1 y 20 mM) y su captacién intracelular, para establecer una
dosis adecuada para ensayos posteriores. Nuestros resultados mostraron una
captacion dependiente de dosis, y seleccionamos 0.1 mM (equivalente a 66.23
ng/108 células) debido a que fue la dosis que ejercié tanto una mejora en el
crecimiento, principalmente debido a un acortamiento de la fase de latencia,
como una disminucién de los niveles de ROS intracelulares. Por el contrario, los
cultivos tratados con 0.05 mM no mostraron diferencias para estos parametros y
20 mM incluso produjo una disminucion del crecimiento, sugiriendo que a
concentraciones elevadas la melatonina puede llegar a ejercer un efecto

prooxidante.

A continuacion, se determind el crecimiento y la viabilidad de la levadura después
de la exposicion a los diferentes estreses (H202 y UV), tanto en células
enriquecidas con melatonina como en las no enriquecidas (control). Nuestros
resultados mostraron que la melatonina intracelular ejercié proteccion frente a

ambos estreses, reduciendo marcadamente la mortalidad celular después de la
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exposicion a la radiacion. Finalmente, se realizaron analisis transcripcionales por
PCR en tiempo real (QPCR) para genes, citosOlicos y mitocondriales,
involucrados en la defensa antioxidante para las células tratadas con melatonina,
y tratadas y sin tratar con H202 y luz UV. El primer efecto notable que
observamos fue que la presencia de melatonina intracelular modificé la actividad
transcripcional de los genes de respuesta a estrés sin haber un estrés presente.
Cuando las células enriquecidas en melatonina se sometieron a la situacion de
estrés, los cambios transcripcionales mostraron una mayor amortiguacion que
en las células sin melatonina. Estos resultados parecen indicar que de alguna
forma la melatonina prepara a las células para soportar mejor las situaciones de
estrés mediante la modificacién temprana de los niveles de ARNm de estos
genes antioxidantes y fotoprotectores. Resultados similares fueron descritos por
Vazquez et al. (2017), en los que la presencia de melatonina externa en el medio
indujo la expresion de varios genes antioxidantes. Sin embargo, no observamos
una induccién temprana después de la exposicion al estrés de todos los genes
protectores que estudiamos. De hecho, observamos una disminucion de
expresion de los genes que codifican las enzimas mitocondriales, con la
excepcion del gen TRX3, mientras que la expresion de otros genes antioxidantes
citosolicos es inducida al mismo tiempo. Por otra parte, se ha observado como
un efecto transitorio en las primeras etapas de la respuesta al estrés para otros
oxidantes como el hidroperéxido de cumeno (Sha et al., 2013). Por altimo, dado
gue hemos estudiado la respuesta transcripcional temprana, probablemente,
estudios adicionales sobre las expresiones de genes que cubran un rango de
tiempo mas amplio revelen la induccion global de las enzimas redox y de

eliminacion de ROS.
Objetivo 3: Desvelar la via biosintética de la melatonina en S. cerevisiae

El primer trabajo relacionado con la biosintesis de melatonina en levaduras,
llevado a cabo por Sprenger et al. (1999) demostré la capacidad de producir
melatonina a partir del triptéfano, asi como otros sustratos potenciales (también
presentes en las vias de la melatonina de animales y plantas), en células
cultivadas en un medio de ayuno. Tras este trabajo, ningln estudio posterior se
ha centrado en estudiar la ruta de sintesis de melatonina en levadura. Nuestro

objetivo fue por tanto proporcionar nuevos datos empiricos sobre la produccion
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de melatonina en levaduras siguiendo, pero ampliando, este trabajo anterior para
aclarar los pasos involucrados en la via biosintética de la melatonina. Para ello,
se evalud los productos generados a partir de diferentes sustratos de la ruta (L-
triptéfano, 5-hidroxitriptéfano, serotonina, N-acetilserotonina, triptamina y 5-
metoxitriptamina), en la cepa de levadura vinica QA23. Este estudio se realizo
utilizando distintos medios y diferentes fases de crecimiento. Mas concretamente
se analiz6 la bioconversion de sustrato utilizandose un medio salino (SLT) (en el
que las células se encuentran en una fase de ayuno), un medio pobre (SD) (en
el que las células se encuentran en fase de crecimiento exponencial) y por ultimo
en un mosto sintético con una concentracion de nitrégeno de 100 mg/L
procedente del NH4Cl (SM) (en el que las células fueron crecidas en cultivo
continuo). En todos los casos, tras 15 minutos tras la adicion del compuesto
inddlico de interés como sustrato se tom6 muestra del contenido intracelular y

extracelular y se determinaron los metabolitos por HPLC-MS/MS.

La ruta de sintesis de melatonina descrita para vertebrados y plantas podemos
dividirla en dos partes, siendo la primera la que transcurre en la produccion de
serotonina desde el triptéfano, y la segunda en la conversién de la serotonina en

melatonina.

En cuanto a los resultados mas relevantes obtenidos de estos experimentos, lo
primero que vimos es que, la conversion de triptéfano a serotonina, parece no
ocurrir como en vertebrados sino como ocurre en plantas. En vertebrados, el
primer paso de la ruta de sintesis de melatonina empieza con la hidroxilacion del
triptéfano en 5-hidroxitriptéfano por la enzima triptéfano hidroxilasa (TPH; EC
1.14.16.4). Sin embargo, en plantas, el tript6fano suele ser descarboxilado a
triptamina por la enzima triptéfano descarboxilasa (AADC; EC 4.1.1.28) en la
primera reaccidon. Cuando afadimos triptéfano como precursor, no fuimos
capaces de detectar 5-hidroxitriptofano intra- o extracelularmente en ninguno de
los medios o condiciones de crecimiento. Sin embargo, si que detectamos

triptamina sobre todo extracelularmente en los medios SD y SLT.

El segundo paso para la sintesis de serotonina en vertebrados consiste en la
descarboxilacion del 5-hidroxitriptofano en serotonina por la AADC, mientras que
en plantas la triptamina es hidroxilada a serotonina por la triptamina hidroxilasa

(T5H). En nuestros ensayos fuimos capaces de detectar ambas conversiones
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por parte de S. cerevisiae de forma mas pronunciada en medio SLT. Ademas,
vimos reversibilidad en la conversion de 5-hidroxitriptéfano en serotonina, el cual
no habia sido descrito hasta la fecha. También cabe destacar que la conversién
de triptamina en serotonina condujo a la produccion adicional de metabolitos

posteriores de la ruta como N-acetilserotonina y 5-metoxitriptamina.

En la segunda parte de la ruta de sintesis de melatonina, en vertebrados, la
serotonina es preferiblemente acetilada en N-acetilserotonina por la serotonina
N-acetiltransferasa (SNAT; EC 2.3.1.87) y posteriormente convertida a
melatonina tras la O-metilacion llevada a cabo por la N-Acetilserotonina O-
metiltransferasa (ASMT). Sin embargo, en plantas puede ocurrir estas mismas
actividades o bien la formacion de 5-metoxitriptamina a partir de serotonina, tras
la actuacion O-metiltransferasa de las enzimas O-metiltransferasa del acido
cafeico (COMT) o la ASMT y la conversion de la misma en melatonina a través
de la SNAT de plantas. Para dilucidar lo que sucede en S. cerevisiae, realizamos
pulsos con los sustratos serotonina, 5-metoxitriptamina y N-acetilserotonina.
Nuestros resultados mostraron un aumento de 5-metoxitriptamina en
condiciones extracelulares de SLT y SMy solo en condiciones intracelulares para
SLT cuando suplementamos los medios con serotonina. Ademas, la adicion de
5-metoxitriptamina como sustrato siempre condujo a la produccién de
melatonina. Sin embargo, no podemos descartar ninguno de los pasos
metabdlicos que conllevan a la sintesis de melatonina desde serotonina porque
detectamos la produccion de melatonina a partir de ambos sustratos (5-
metoxitriptamina y N-acetilserotonina) en las diferentes condiciones de

crecimiento.

Cabe comentar que la mayoria de los metabolitos producidos se detectaron
intracelularmente o extracelularmente, pero no siempre se encontr6 una
correlacion directa entre la presencia en el medio y en el compartimento celular.
Esto podria deberse al hecho de que, en condiciones especificas, ciertos
compuestos se liberan al medio o se convierten rapidamente en otros

metabolitos.

Todos los resultados de los experimentos de bioconversion realizados nos
permitieron reconstruir y plantear una posible ruta de sintesis de melatonina

desde el aminoécido inicial triptéfano. Con respecto a los genes y enzimas
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implicados, se sabe muy poco sobre los genes implicados en la sintesis de
melatonina en levaduras. El Unico gen que se ha propuesto como homologo de
la SNAT de los vertebrados es el PAAL. Sin embargo, el papel de PAAL en la
via biosintética de la melatonina todavia debe dilucidarse. Trabajos previos
indican la posibilidad de que las arilalquilaminas (como la triptamina, la
serototonina o la 5-metoxitriptamina) no sean sustratos reales in vivo de PAAL
en S. cerevisiae, siendo las aminas bidégenas espermina, espermidina o
putrescina sus sustratos naturales. En un intento por arrojar luz sobre el papel
de PAA1 en la sintesis de melatonina en levadura, evaluamos las diferencias en
los niveles de acetilacion para diferentes arilalquilaminas en la cepa de
laboratorio BY4743 silvestre, la BY4743 mutante para PAAl y la BY4743
sobreexpresante de PAAL. Nuestros resultados no mostraron diferencias en la
produccion de los distintos productos acetilados e incluso detectamos
produccion de melatonina por la cepa mutante de PAA1L. La presencia de otras
SNATs en levaduras, capaces de acetilar serotonina y 5-metoxitriptamina,
pueden ser las responsables de la acetilaciébn de estos sustratos en la cepa
mutante para PAAL. Estos resultados sugieren que esta enzima, al menos, no

es exclusiva para la sintesis de melatonina.

Con el fin de identificar los genes que responden a la sintesis de melatonina en
levaduras, realizamos un analisis BLAST utilizando las secuencias de proteinas
de vertebrados y plantas. Los genes de levadura seleccionados como supuestos
ortélogos, asi como un gen de animales o plantas utilizado como control positivo
del sistema, se sobreexpresaron tanto en S. cerevisiae como de forma
heter6loga en E. coli. Ninguno de los genes identificados como posibles
ortélogos mostré actividad esperada al sobreexpresarse en ninguno de los dos
huespédes, con la excepcion de PAAL que si mostré curiosamente actividad
SNAT en E. coli pero no en S. cerevisiae. En cuanto a los controles utilizados a
partir de los genes de otros organismos, todos mostraron la actividad esperadas
con la excepcion de T5H en S. cerevisiae, probablemente debido al tipo de

construccion empleada.

Objetivo 4: Sobreproduccién de moléculas bioactivas en S. cerevisiae

mediante ingenieria genética
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El hidroxitirosol se considera uno de los antioxidantes mas potentes de la
naturaleza. La mayor parte del hidroxitirosol actualmente disponible en el
mercado proviene de extractos de hoja de olivo o de residuos de la industria del
olivo (alpechin). Sin embargo, el hidroxitirosol extraido en muchas ocasiones
resulta con baja pureza. Por el contrario, el hidroxitirosol puro alcanza precios de
mercado muy elevados debido a la baja concentracion en sus fuentes naturales,
los bajos rendimientos de extraccién y la dificultad de sintetizar quimicamente el
hidroxitirosol. Por tanto, es de gran interés producir este compuesto mediante
enfoques biotecnolégicos, utilizando microorganismos para obtener
rendimientos que puedan ser viables para la produccion industrial. Como se ha
descrito previamente, la levadura S. cerevisiae presenta una serie de ventajas
respecto a otros microorganismos que la hacen una candidata idonea para

convertirla como factoria celular de distintos compuestos.

Por todo ello, decidimos generar una cepa de levadura capaz de producir
elevados niveles de hidroxitiriosol. En primer lugar, clonamos dos genes que
forman parte del complejo de hidroxilasa HpaBC de E. coli (hpaB y hpaC) para
producir un aumento del hidroxitirosol en diferentes medios. La mayor cantidad
de hidroxitirosol obtenida tras sobreexpresar dichos genes fue de 4.6 mg/L a las
72 h de crecimiento en un medio minimo, pero con la adicion exégena de 1 mM

de tirosol.

Debido a que el tirosol es producido de forma enddgena por S. cerevisiae a
través de la ruta de Ehrlich, y tras determinar la efectividad de HpaBC para
convertir tirosol en hidroxitirosol, integramos HpaBC en multiples copias en el
genoma de S. cerevisiae y, posteriormente, aumentamos la productividad del
hidroxitirosol redirigiendo el flujo metabdlico hacia la sintesis de tirosol
enddgeno. Las modificaciones que probamos consistieron en la sobreexpresion
de los genes ARO, (ARO3, ARO4, ARO7 y ARO10), asi como las versiones
desreguladas insensibles a la represion catabdlica por triptéfano, fenilalanina y
tirosina, (ARO3K222L ) ARQ4K229L y ARQ7G141S), La combinacion de la integracion
en el genoma de HpaBC junto con la sobreexpresion de ARO4K22%L vy |a
optimizacién de las condiciones de cultivo, dio como resultado niveles elevados

de hidroxitirosol desde glucosa, llegandose a superar los 370 mg/L de
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hidroxitirosol. Ademas de hidroxitirosol, se produjeron también elevados niveles

de los alcoholes superiores tirosol, triptofol y 2 feniletanol

Dado que la glucosa es aproximadamente entre 600 y 6000 veces mas
econdmica que la tirosina y el tirosol, respectivamente, y al elevado precio del
hidroxitirosol puro en el mercado (8000 ~18500 €/g, Sigma), esta cepa podria
ser una herramienta biotecnoldgica muy util para producir esta molécula de forma
segura, simple y disminuyendo los costes. Por ello, se ha depositado ante la
Oficina Espafola de Patentes y Marcas la solicitud Patente de referencia con el
namero de referencia 202031186.
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Abstract Recently, melatonin (Mel) has been detected in
wine, and as its quantity increases during alcoholic fer-
mentation, yeasts are primarily responsible for its produc-
tion during the process. L-tryptophan (L-Trp) is an indolic
molecule that plays an important role as a precursor of a
large amount of tryptamine molecules, including Mel. We
propose a novel method for detecting Mel and other de-
rived indole compounds directly on yeast cells based on
the voltammetry of immobilized particles methodology.
This will abridge and facilitate the detection of these high-
ly conserved and electroactive molecules. Tafel and modi-
fied Tafel analyses have been used to distinguish among Mel,
tryptophol, and indole-3-acetic acid. We obtained different
voltammetry responses in various Saccharomyces strains
treated with L-Trp, 5-hydroxytryptophan, and serotonin and
without them. The different responses allowed us to assess
the production of indole compounds from L-Trp and oth-
er precursors. The voltammetric changes in mutant
strains with deleted genes of tryptophan metabolism were
also tested.
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Introduction

Originally, melatonin (Mel) was seen as a unique product of
the pineal gland of vertebrates and was called a neurohor-
mone. However, in the last two decades, it has been identified
within a wide range of invertebrates, plants, bacteria, and fun-
gi. Therefore, today, Mel is considered a ubiquitous molecule
present in most living organisms (Tan et al. 2015). In particu-
lar, this indolamine has been significantly detected in many
food plants, and consequently, it can now be considered a
dietary component, even if its daily intake is very difficult to
estimate (Iriti et al. 2010; Iriti and Varoni 2015) Among food
plants, grape vine (Vitis vinifera) represents a source of Mel
that deserves being paid special attention because of wine
production, an alcoholic beverage of economic relevance,
with the presence of molecules with putative bioactivity.

Mel has been recently detected in wine, and despite the
contribution of grapes to the final concentration of Mel and
other indolamines, significant increases in these molecules in
the fermentation step of the wine-making process (Vigentini
et al. 2015) indicate the pivotal role of yeasts in this produc-
tion. A pioneering paper demonstrated that Saccharomyces
cerevisiae synthesizes Mel and metabolizes it to other 5-
methoxylated indoles (5-methoxytryptamine and 5-
methoxytryptophol) (Sprenger et al. 1999). More recently,
Rodriguez-Naranjo et al. (2012) proved the synthesis of Mel
in several wine yeast strains under conditions that mimicked
grape must fermentation. These authors concluded that Mel
synthesis largely depends on the growth phase of yeasts and
the concentration of L-tryptophan (L-Trp) and sugars in the
growth medium.

@ Springer



ANNEX I: PUBLICATIONS

iﬁ‘ frontiers
in Microbiology

ORIGINAL RESEARCH
published: 28 February 2018
doi: 10.3389/fmicb.2018.00318

OPEN ACCESS

Edited by:
Joaquin Bautista-Gallego,
Instituto de la Grasa (CSIC), Spain

Reviewed by:

Atte Von Wright,

Universtty of Eastern Finland,
Joensuu, Finland

Kwok-Ming Yao,

University of Hong Kong, Hong Kong

*Correspondence:
José M. Guitamon
gullamon@iata.csic.es

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 13 December 2017
Accepted: 09 February 2018
Published: 28 February 2018

Citation:

Bisquert R, Muniz-Calvo S and

Guilamén JM (2018) Protective Role
of Intraceliular Melatonin Against
Oxidative Stress and UV Radiation

in Saccharomyces cerevisiae.

Front. Microbiol. 9:318.

doi: 10.3389/fmich.2018.00318

Check for
updates.

Protective Role of Intracellular
Melatonin Against Oxidative Stress
and UV Radiation in Saccharomyces
cerevisiae
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Melatonin (Mel) is considered a potent natural antioxidant molecule given its free-
radical scavenging ability. Its origin is traced back to the origin of aerobic life as early
defense against oxidative stress and radiation. More complex signaling functions have
been attributed to Mel as a result of evolution in different biological kingdoms, which
comprise gene expression modulation, enzyme activity, and mitochondrial homeostasis
regulation processes, among others. Since Mel production has been recently reported
in wine yeast, we tested the protective effect of Mel on Saccharomyces cerevisiae
against oxidative stress and UV light. As the optimal conditions for S. cerevisiae to
synthesize Mel are still unknown, we developed an intracellular Mel-charging method
to test its effect against stresses. To assess Mel's ability to protect S. cerevisiae from
both stresses, we ran growth tests in liquid media and viability assays by colony count
after Mel treatment, followed by stress. We also analyzed gene expression by gPCR
on a selection of genes involved in stress protection in response to Mel treatment
under oxidative stress and UV radiation. The viability in the Mel-treated cells after HoO»
stress was up to 35% greater than for the untreated controls, while stress amelioration
reached 40% for UVC light (254 nm). Mel-treated cells showed a significant shortened
lag phase compared to the control cells under the stress and normal growth conditions.
The gene expression analysis showed that Mel significantly modulated gene expression
in the unstressed cells in the exponential growth phase, and also during various stress
treatments.

Keywords: mel in, Y cerevisiae, UV radiation, oxidative stress, gene expression

INTRODUCTION

Melatonin (Mel, N-acetyl-5-methoxytryptamine) is an indole-amine that is considered ubiquitous
in most living organisms. Mel antioxidant properties have been widely studied in higher organisms
such as mammals or plants. However, its antioxidant capacity does not seem to be limited to its
ability to scavenge free radicals. It has been also reported that its presence is capable of stimulating
the synthesis of other important intracellular antioxidants, such as glutathione (Rodriguez et al.,
2004), inducing antioxidant enzymes by suppressing pro-oxidant enzymes, and improving the
mitochondrial function and thereby reducing free radical formation (Acuna Castroviejo et al., 2011;
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1 | INTRODUCTION

José M. Guillamén

1

Abstract

Melatonin (Mel), originally considered a neurohormone, has been detected in bever-
ages and food-fermented products in which yeast metabolism is highly important.
This indolamine is synthesized from serotonin, with L-tryptophan being the initial
substrate of both. Regarding Mel metabolism, the biosynthetic pathway in mammals
consists in four-step reactions. However, six genes are implicated in the synthesis of
Mel in plants, which suggest the presence of many pathways. The aim of this study
was to provide new empirical data on the production of Mel and other indole-related
compounds in the yeast Saccharomyces cerevisiae (S. cerevisiae). To this end, we
performed the addition of the pathway intermediates in S. cerevisiae cells in different
growth stages (exponential and arrested cells) to follow the bioconversion and new
indolic compound production from them. The different bioconverted indolic com-
pounds tested (L-tryptophan, 5-hydroxytryptophan, tryptamine, serotonin, N-acetyl-
serotonin, 5-methoxytryptamine, and Mel) were analyzed by UHPLC-MS/MS from
the extra- and intracellular contents. Our results showed that serotonin, in yeast, was
prevalently formed via tryptophan decarboxylation, followed by tryptamine hydrox-
ylation as in plants. Mel production from serotonin can be achieved by either N-
acetylation, followed by O-methylation or O-methylation, in turn followed by
N-acetylation. Accordingly, the classic pathway of Mel synthesis in vertebrates does
not seems prevalent in yeast.

KEYWORDS
bioconversion, indole biosynthesis pathway, indolic compounds, melatonin metabolism, substrate pulses,

yeast

In 1999, Sprenger et al’ conducted the first study about Mel
synthesis in yeast. In this work, the authors reported that baker's

Lerner et al' in 1958 described melatonin (Mel) to be a neu-
rohormone in the bovine pineal gland. It was subsequently
demonstrated that this indoleamine was also present in mul-
tiple extrapineal tissues.” In the last two decades, Mel has
been well accepted as a ubiquitous molecule present in many
organisms belonging to different biological kingdoms.*®

yeast was able to synthesize Mel from L-tryptophan (L-Trp), sero-
tonin (Ser), N-acetylserotonin (NAS), and 5-methoxytryptamine
(5MT) as potential precursors. Since then, very few studies have
been carried out on this topic since most research has focused on
demonstrating the presence of Mel or biosynthesis by yeasts in a
fermentative context.®'? Moreover, the biosynthetic pathway of

J Pineal Res. 2019:e12554.
https://doi.org/10.1111/jpi.12554
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ARTICLEINFO ABSTRACT

Keywords:
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Polyphenols

Hydroxytyrosol (HT), which is a polyphenol with a high antioxidant power and many associated health benefits,
has been found in wines. Wine yeasts are capable of producing high amounts of the higher alcohol tyrosol, which
is the precursor for HT synthesis. We have improved the ability of Saccharomyces cerevisiae to produce HT by
heterologously expressing the HpaBC enzyme complex of Escherichia coli, which hydroxylates tyrosol into HT. By
overexpressing the hpaB and hpaC genes, we achieved HT titers of 1.15 + 0.05mg/Land 4.6 + 0.9mg/Lina

minimal medium in which either 1 mM tyrosine or 1 mM tyrosol were respectively added. This work demon-
strates that the overexpression of HpaBC in yeast is a promising tool to overproduce HT at the expense of
endogenous tyrosol through central carbon catabolism flux redirection to tyrosine catabolism.

1. Introduction

Hydroxytyrosol (HT) is a polyphenol considered as a potent natural
antioxidant present in leaves and fruits of olive, extra-virgin olive oil
and in olive oil industrial by-products and wastewaters (Angerosa,
D’Alessandro, Konstantinou, & Di Giacinto, 1995; Lesage-Meessen et al.,
2001). Moreover, HT is a molecule with great interest due to its mul-
tiple bioactivities and human health benefits (Fernandez-Mar, Mateos,
Garcia-Parrilla, Puertas, & Cantos-Villar, 2012; Hu, He, Jiang, & Xu,
2014; Yiiksel Aydar, Oncii Oner, & Elif Fatma, 2017). Furthermore, in
both white and red wines, HT has also been detected in concentrations
ranging from 0.28 to 9.6mg/L (Bordiga et al., 2016; Di Tommaso,
Calabrese, & Rotilio, 1998; Minussi et al., 2003; Minuti, Pellegrino, &
Tesei, 2006; Pifieiro, Cantos-Villar, Palma, & Puertas, 2011). The pre-
sence of HT in wine has been related to different sources including the
hydroxylation of tyrosol by the endogenous polyphenol oxidase from
grapes (Garcia-Garcia, Hernandez-Garcia, Sanchez-Ferrer, & Garcia-
Carmona, 2013). However, some studies directly relate HT to the me-
tabolism of yeasts during alcoholic fermentation (Alvarez-Ferndndez,
Ferndndez-Cruz, Cantos-Villar, Troncoso, & Garcia-Parrilla, 2018;
Bordiga et al., 2016; Gonzdlez et al., 2018; Guerrini et al., 2018;
Romboli, Mangani, Buscioni, Granchi, & Vincenzini, 2015). In yeast,
the higher aromatic alcohol tyrosol is synthesized from tyrosine
through the well-established Ehrlich pathway. Briefly, amino acids are

* Corresponding author.
E-mail address: guillamon@iata.csic.es (J.M. Guillamén).

https://doi.org/10.1016/j.foodchem.2019.125646

first transaminated into a-keto acids followed by decarboxylation in
aldehydes, and finally reduced to the fusel alcohol (Dickinson, Salgado,
& Hewlins, 2003; Hazelwood, Daran, Van Maris, Pronk, & Dickinson,
2008; Ooi, Wanamaker, Markuszewski, & Chong, 2008).

Various strategies have used yeast genes to overproduce tyrosol and
HT in E. coli. For instance, the heterologous co-expression of yeast
ARO8 and ARO10 genes led to an important accumulation of tyrosol
when tyrosine was added to the medium (Xue et al., 2017). Further-
more, the co-expression of yeast AROI0 and ADH6, and the over-
expression of the native aromatic hydroxylase complex HpaBC pro-
duced important amounts of HT in E. coli (Chung, Kim, & Ahn, 2017; Li
et al, 2018). HpaBC encodes the 4-hydroxyphenylacetate 3-hydro-
xylase, a member of the two-component flavin-dependent mono-
oxygenase family. The large subunit flavin-dependent monooxygenase
is encoded by hpaB, whereas hpaC encodes for the NAD(P)H:flavin
oxidoreductase subunit, which supplies FADH, to HpaB (Ballou, Entsch,
& Cole, 2005; Ellis, 2010). The broad substrate specificity of HpaBC
from different bacterial species has enabled its utilization for the hy-
droxylation of multiple substrates including tyrosol, naringenin, p-
coumaric acid, afzelechin, caffeic acid, 3-(4-hydroxyphenyl) propanoic
acid, ferulic acid and coniferaldehyde (Furuya & Kino, 2014; Jones,
Collins, Vemacchio, Lachance, & Koffas, 2016; Liebgott, Amouric,
Comte, Tholozan, & Lorquin, 2009; Lin & Yan, 2014).

In this study, we have used the E. coli hydroxylase HpaBC complex

Received 15 July 2019; Received in revised form 1 October 2019; Accepted 3 October 2019
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ABSTRACT

The recently established relation between the metabolism of aromatic amino acids of yeast and
the production of different bioactive molecules during fermentation opens up new and interesting
research topics. Among these molecules, melatonin has drawn researchers’ attention in the last
decade given its potential benefits for human health. This review summarizes melatonin
production in fermented beverages, and conventional and current methods for detecting melatonin
in yeast-derived samples. In addition, the role of melatonin in yeast is discussed and the
biosynthetic pathway of melatonin is presented in Saccharomyces cerevisiae.

Keywords: Saccharomyces cerevisiae, fermentation, bioactive, antioxidant, indoleamine
serotonin, tryptophan, melatonin.

1. INTRODUCTION

The development of precise analytical tools allows us to detect most food components, even
those at very low concentrations, and with much interest shown in their potential bioactivity. Apart
from tryptophan being a proteinogenic amino acid, it is a key precursor of the different relevant
molecules deriving from its metabolism, such as indole-3-acetic acid (IAA), serotonin, N-acetyl
serotonin and melatonin. For example, IAA is known as the major auxin-type phytohormone that
regulates many cellular processes and plant development. However, it has been shown that it can
act as a signaling molecule in microorganisms, and it exerts tolerance to various toxic compounds
and stress conditions in E. coli (1), which means it is capable of regulating gene expression.
Moreover, the exogenous administration of IAA in Saccharomyces cerevisiae leads to the
conversion of vegetative cells into their filamentous form (2). Other structurally related molecules
like indole derivate molecules, including tryptamine and melatonin, are synthesized through the
metabolism of tryptophan in plants, but also by many microorganisms, including bacteria and yeast
(3). Although a large proportion of compounds deriving from tryptophan in food is of plant origin,
their presence in fermented products can also be related to the microorganisms involved in the
fermentation process which, through their metabolism, increase the levels of such molecules of

Melatonin Res. 2020, Vol 3 (2) 144-160; doi: 10.32794/mr11250053 144
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electrénica utilizando la conexion segura de la O.E.P.M. De acuerdo con lo dispuesto en el art. 16.1 del
Reglamento de ejecucion de la Ley 24/2015 de Patentes, se han asignado a su solicitud un nimero de
expediente y una fecha de recepcion de forma automatica. La fecha de presentacion de la solicitud a la
que se refiere el art. 24 de la Ley le sera comunicada posteriormente.

Numero de solicitud:
Fecha de recepcion:

Oficina receptora:

P202031186
26 noviembre 2020, 14:24 (CET)

OEPM Madrid

Su referencia:

Solicitante:

Numero de solicitantes:

Pais:

Titulo:

ES1641.1569

Consejo Superior de Investigaciones Cientificas (CSIC)
1

ES

SACCHAROMYCES CEREVISIAE RECOMBINANTE PARA LA
PRODUCCION DE HIDROXITIROSOL

Documentos enviados:

Descripcion.pdf (28 p.)
Reivindicaciones-1.pdf (3 p.)
Dibujos-1.pdf (5 p.)
Resumen-1.pdf (1 p.)
OLF-ARCHIVE.zip
FEERCPT-1.pdf (1 p.)
FEERCPT-2.pdf (1 p.)
SEQLPDF.pdf (33 p.)
SEQLTXT .txt

package-data.xml
es-request.xml
application-body.xml
es-fee-sheet.xml
feesheet.pdf
request.pdf
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