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Abstract: Given the pharmacological properti es and the potential role of kynurenic acid (KYNA) in
human physiology and the pleiotropic activity of the neurohormone melatonin (MEL) involved in
physiological and immunological functions and as regulator of antioxidant enzymes, this study
aimed at evaluating the capability of Saccharomyces cerevisine EC1118 to release tryptophan
derivatives (dTRPs) from the kynurenine (KYN) and melatonin pathways. The setting up of the
spectroscopic and chromatographic conditions for the quantification of the dTRPs in LC-MS/MS
system, the optimization of dTRPs’ production in fermentative and whole-cell biotransformation
approaches and the production of dTRPs in a soybean-based cultural medium naturally enriched
in tryptophan, as a case of study, were included in the experimental plan. Variable amounts of
dTRPs, with a prevalence of metabolites of the KYN pathway, were detected. The LC-MS/MS
analysis showed that the compound synthesized at highest concentration is KYNA that reached
9.146 + 0.585 mg/L in fermentation trials in a chemically defined medium at 400 mg/L TRP. Further
experiments in a soybean-based medium confirm KYNA as the main dTRPs, whereas the other
dTRPs reached very lower concentrations. While detectable quantities of melatonin were never
observed, two MEL isomers were successfully measured in laboratory media.

Keywords: kynurenine pathway; MEL biosynthesis; Saccharomyces cerevisiae; yeast; tryptophan
extraction; LC-MS/MS; soybean

1. Introduction

L-tryptophan (L-TRP) is a non-polar amino acid and is the only amino acid
containing an indole ring: in addition to being involved in the biosynthesis and turnover
of proteins and peptides, tryptophan (TRP) after its absorption into the body is converted
into a series of small bioactive, pleiotropic compounds, each capable of influencing certain
cellular metabolic pathways and physiological responses. Concerning these bio-
transformations, L-TRP is processed through different pathways: 90-97% lead to the
breakdown of the indole ring with the formation of kynurenine (KYN) and derivatives;
3-10% keep the indole ring intact and produce chemical messengers of the indolamine
family, among which is melatonin (MEL) [1].
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The KYN pathway is a metabolic route in which TRP is converted into compounds
with different biological functions [2]. In humans, the KYN pathway is involved in
neurodegenerative and autoimmune disorders, including Alzheimer’s, Huntington’s
disease, amyotrophic lateral sclerosis diseases, and in cancer and psychiatric syndromes,
including schizophrenia [3-5]. KYN itself is a ligand of the aryl receptor and therefore
regulates gene expression and immune function [6,7]. The metabolites deriving from the
KYN pathway are considered cytoprotective (kynurenic acid, KYNA) or cytotoxic/pro-
epilepsy (30H kynurenine, 30H KYN, 30H anthranilic acid, 30H AA, quinolinic acid,
and nicotinic acid). KYNA is an endogenous neuroprotector that is usually present in the
brain in nanomolar concentrations. It is an antagonist of the nicotinic cholinergic receptor
a7 and a non-competitive antagonist of ionotropic N-methyl-D-aspartate (NMDA)
receptors [8], the activation of which would facilitate the initiation of the processes leading
to the death of neurons after a short period of anoxia. KYNA has been shown to be the
endogenous agonist of the GPR35 receptor expressed mainly in immune cells and
peripheral monocyte/macrophage cells where it is able to reduce the secretion of tumor
necrosis factor a (TNFa) induced by lipopolysaccharides [9]. It is an antioxidant and
neuroprotective compound [10]; in particular, altered KYNA levels may suggest an
inflammatory response, as shown in Alzheimer’s disease patients [11]. KYNA reduces the
heart rate and glaucoma in mice and it has a role in carcinogenesis and cancer therapy
[12-14].

Several studies have shown the existence of the KYN pathway in yeasts [15-18].
Panozzo and co-authors (2002) identified the genes that encode several KYN pathway
enzymes in Saccharomyces cerevisize [19]. Bna3p has been reported as a KYN
aminotransferases (KAT) present in yeast, which converts KYN to KYNA [20]. According
to Ohashi et al. (2017) [21], the KAT enzymes Aro8 and Aro9 reduce the toxic effects of
some metabolites of TRP, allowing their conversion to less toxic metabolites for the cell. It
has been shown that the biosynthesis of NAD* and niacin through the KYN pathway is
present in S. cerevisize and S. uvarum [15,17]. Actually, the synthesis of NAD- in yeasts
occurs not only through de novo biosynthesis from TRP but also through the recovery
pathway of the NAD* precursors which are well-known vitamins such as nicotinic acid
and nicotinamide. Furthermore, nicotinamide-ribose, nicotinamide mononucleotide, and
nicotinic acid-ribose have been identified as NAD* precursors [17,22-24]; they are
transported into the yeast cells from the culture media and assimilated for the NAD*
supply [25,26]. KYNA production has been optimized in Y. lipolytica [27], an
unconventional yeast with a high biotechnological potential. The results showed that Y.
lipolytica S12 strain is able to produce KYNA in high concentrations (up to 21.38 ug/mL in
culture broth and 494.16 pg/g cell dry weight in biomass) in optimized conditions in a
medium supplemented with tryptophan (200 mg/L). Recently. Wrobel-Kwiatkowska et
al. 2020 reported that KYNA may be efficiently produced by the yeast Y. lipolytica S12 in
media containing chestnut honey up to 68 mg/L in culture broth and 542 mg/kg in yeast
biomass [28]. KYNA release has been also reported in brewing experiments performed by
S. cerevisiae and Saccharomyces pastorianus [18].

A little information is available on the biosynthesis of MEL in fungi; it can be
synthesized by S. cerevisiae via two routes. Serotonin (5OH TRY) can be acetylated to N-
acetyl serotonin (NAC 50H TRY) or it can be converted to MEL through 5-
methoxytryptamine (SOME TRY) [29,30]. To date, only the PAAI gene in S. cerevisiae,
which codes for a polyamine acetyltransferase, has been proposed as a homologue of the
AANAT coding for the enzyme arylalkylamine N-acetyltransferase present in vertebrates
[31]. Kinetic studies have shown that this enzyme has a higher catalytic efficiency for
50ME TRY than 50H TRY, suggesting that this could be the final enzyme in the MEL
biosynthesis pathway. In another study, a different strategy was used to investigate the
MEL production by S. cerevisiae. Through the addition of intermediates of the pathway in
the cells, at different growth phases, intracellular and extracellular samples were analyzed
to evaluate the presence of indole compounds. The data suggest that the first step of the



Int. ]. Mol. Sci. 2021, 22, 472

3 of 20

pathway is the decarboxylation of TRP to tryptamine (TRY). TRY is then hydroxylated to
50H TRY which is converted into NAC 50H TRY or 50ME TRY [32]. This implies that S.
cerevisige may use more than one pathway for MEL biosynthesis. MEL, however, is not
the only existing N-acetyl-methoxindolamine. Its structural isomers have also been
discovered in the past 10 years. It has been calculated that 42 combinations could be
possible considering the position of the two side chains connected to the indole ring. From
the point of view of biological functions, the MEL isomers (Mls) show antioxidant and
cytoprotective activity depending on the modification of the position of the two side
chains in the indole ring [33-35]. In recent years, investigations regarding the beneficial
effects of fermented foods on human health have increased considerably. This effect is
often associated with the metabolism of microorganisms that, proliferating in different
matrices, lead to the synthesis of neuroactive compounds [36]. As introduced above, food
supplementation with dTRPs could be considered a strategy in the prevention of several
diseases. However, dTRPs in natural sources are often in a little amount [37,38]. Thus, the
natural enrichment in TRP of food raw materials potentially fermentable by selected
dTRPs high-producing microorganisms represent a novel and feasible approach in the
setup of novel functional foods. The present study aimed at evaluating and optimizing
the release of dTRPs by S. cerevisize EC1118 in laboratory cultural media. Then, dTRPs
production was assessed in a medium naturally enriched in TRP by soybean addition with
potential functional properties on human health. This last approach can be considered as
a “case of study” since it cannot be compared with the current literature; indeed, no
studies have investigated so far about the use of raw materials of food origin as a natural
source of TRP aimed at obtaining dTRPs.

2. Results and Discussion

This section presents the results obtained from laboratory scale cultures of S.
cerevisige EC1118 aimed at evaluating the potential production of dTRPs both from the
KYN pathway and, partially, from the serotonin and indole degradation routes. This yeast
strain is a well-studied wine yeast strain showing a relevant fermentative fitness [39] and
it was found to release dTRPs in a previous investigation [40]. After the assessment of the
main compounds released in YNBT100 medium, the increase of the production of dTRPs
was successfully reached by optimization of the cultural medium and through
experiments of whole-cell bioconversion (WCB). Then, fermentation experiments in a
medium with soy flour, naturally rich in TRP, were performed as case of study in order
to assess the effects of yeast fermentation in the synthesis of dTRPs.

2.1. Quantitation of dTRPs during the Fermentation of S. Cerevisiae EC1118 in YNBT100
Medium

TRP is one of the most unstable amino acids and the two parameters that can mainly
influence its stability are temperature and pH. In order to evaluate the thermal stability of
a chemically defined medium containing 100 mg/L TRP, a preliminary test was carried
out in YNBT100 in absence of inoculation applying the experimental conditions adopted
in study (25 °C, static, aerobic). The initial concentration of TRP was estimated at 98.49 +
3.16 mg/L. The concentration was detected at 101.19 mg/L +4.32 mg/L after 144 h from the
beginning of the experiment, demonstrating that there was no significant degradation of
TRP; therefore, a decrease of TRP content in subsequent trials must be exclusively linked
to the metabolism of S. cerevisine EC1118, employed as selected yeast in this work.

The consumption of TRP and the cellular growth of S. cerevisiae EC1118 in YNBT100
medium during the fermentation is shown in Figure 1. The maximum level of yeast
biomass was obtained after 24 h from the inoculum (7.00 + 0.78 x 107 CFU/mL); this level
remained stable up to 144 h. At the end of the experiment, viable cells were reduced at
2.25 + 0.46 x 107 CFU/mL. The content of TRP at the starting time was 104.100 + 10.800
mg/L. According to the yeast proliferation, its consumption mainly occurred in the first
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KYNA (mg/L)

day of fermentation showing a 91.6% decrease. At 144 h from the inoculum, the TRP was
almost depleted reaching a final amount of 0.549 + 0.001 mg/L.
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Figure 1. S. cerevisine EC1118 growth curve in YNBT100 medium and TRP consumption.

The KYN pathway is an important metabolic pathway in which TRP is converted to
compounds with different biological functions along three different branches (Figure 2a).
The KYN route of the TRP degradation was followed throughout the kinetics production
of TRP, KYN, 30H KYN, KYNA, AA, and 30H AA (Figure 2b).
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Figure 2. (a) Schematic view of the metabolites from the KYN pathway accumulated in YNBT100 medium and (b,c)
kinetics production of the extracellular intermediates of the KYN pathway in S. cerevisiae EC1118. (d) Kinetics production
of the extracellular intermediates of the MEL pathway in S. cerevisiae EC1118 in YNBT100.
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Preliminary dosages demonstrated the absence of the analyzed molecules in the not
inoculated cultural medium. Most of the assayed compounds increased accordingly with
the yeast biomass level in the first 24 h after the inoculation. Indeed, KYN and KYNA
accumulated in the supernatant up to 24 h (0.104 = 0.046 and 6.603 = 0.491 mg/L,
respectively). Then, both compounds showed an accumulation plateau between 24-72 h.
At 144 h, the trends of KYN and KYNA concentrations were opposite: while for KYN a
significant decrease to 0.048 + 0.040 mg/L (p <0.05) was observed, KYNA conversely raised
at 8.452 + 1516 mg/L. This finding confirms that in S. cerevisize EC1118 the TRP
consumption mainly leads to the breakdown of the indole ring with the formation of KYN
and derivatives (KYN pathway) while a little proportion of reaction keep the indole ring
intact and produce chemical messengers such as indolamines (serotonine and indole
derivatives routes) [1]. Currently, there are no bibliographical references showing
quantifications of KYN pathway metabolites by the yeast strain under study but Shin and
collaborators (1991) [15] showed that Saccharomyces uvarum can potentially synthesize
KYNA when TRP is present in the cultural medium. Recently, TRP and its derivatives
were quantified in different beer samples and during the fermentation of wort by S.
cerevisiae and S. pastorianus demonstrating that differences in KYN and KYNA levels could
be related to the different fermentation conditions, process, and yeast strains [18]. In
particular, S. pastorianus produced a smaller amount of the two compounds in comparison
to S. cerevisiae. These results suggest that a significant portion of TRP is metabolized by
the cells as a nitrogen source for the growth and the production of biomass; being an
essential aromatic amino acid, TRP is used by yeast for the synthesis of proteins and other
cellular compounds [41]. Also, the nitrogen requirement depends on the yeast species,
explaining the observed difference in the consumption of TRP for S. pastorianus and S.
cerevisiae [19,42]. Minor changes in AA production were detected; the evolution of this
compound was quite stable during the experiment except for the sample point at 48 h
where a significant but slight decrease of the molecule was found. On the contrary, a peak
corresponding to the highest extracellular release of 30H AA occurred at 72 h (0.355 =
0.037 mg/L), when cells were in stationary phase. 30H KYN failed to be accumulated in
the medium.

Regarding the MEL biosynthesis pathway, 50H TRP, serotonin (5OH TRY), NAC
SER (NAC 50H TRY), and MEL were measured, together with TEE (Figure 2c) and other
potential MIs. Serotonin was the only intermediate detected. Its production trend was
similar to the one of TEE up to 48 h. While the serotonin concentration was stable until
the end of the trial, the TEE content decreased at the sampling time 72 h reaching its lowest
value (between 0.004-0.007 mg/L). TEE was probably used by the yeast as a TRP source
in the serotonin route since the amino acid in the medium was almost completely depleted
already after 24 h from the beginning of the fermentation. 50H TRP and NAC SER (NAC
50H TRY) were never detected under the adopted experimental conditions. Moreover,
unlike to what was observed for S. cerevisine EC1118 [40], MEL levels were under the
detection limit in the analyzed supernatants. This result could explain a poor technical
caution in handling the samples that determined a rapid conversion of MEL to other
indoles [43-45] or conversely, to confirm the already reported inconsistency in MEL
release observed among biological replicates during yeast fermentations in standardized
growth conditions [46]. However, the TRP metabolism of S. cerevisize appears very
sensitive to micro-environmental situation and physiological cell state. Indeed, Muniz-
Calvo and collaborators (2019) were unable to detect melatonin formation in S. cerevisiae
cultivated under different growth systems after tryptophan supplementation [32]; only by
pulsing yeast cells with serotonin the melatonin production was observed. These results
suggest that the TRP uptake and its further transformation to serotonin are heavily
dependent by growth conditions and they are key elements in the MEL biosynthesis
pathway.

The release of two MIs at 4.7 min (MI1) and 5.6 min (MI2) retention times was
measured (Figure 3). Literature reports that S. cerevisine EC1118 is capable to produce Mls
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[40]; however, also their accumulation can significantly vary among the biological
replicates or under different experimental conditions. In order to verify whether the
formation of Mls was consistent in the biological replicates, three independent six-well
plate yeast cultures of S. cerevisine EC1118, prepared inoculating different pre-cultures
obtained from different glycerol stocks, were monitored over the time. The analysis of
variance and the grouping test of the mean values and the relevant sum of the two isomers
showed differences statistically significant (p < 0.05) at the sampling times 24-48, 72, and
144 h (Table 1). This outcome suggests that MIs production is potentially dependent by
the yeast growth phase and that, in YNBT100 medium, the higher release of MlIs is
obtained at 72-144 h. Contrarily, the ANOVA of the means of the ratio (MI1/MI2) resulted
not significant along the sampling times (Table 1) indicating that the N-acetylserotonin
methyltransferase enzyme, involved in the synthesis of MEL and its possible isomers,
maintained a stable accumulation of the derived products (MI1 and MI2) during the yeast
growth.

Table 1. MI1 and MI2 productions. Letters indicate different significant values (p < 0.05) at the yeast growth phases (24,
48, 72, and 144 h). Concentrations of MIs and their sums are here expressed in ug/L, considering the melatonin response.
Letters indicate the grouping information using the Fisher LSD Method and 95% confidence.

Time (h) YNBT100 YNBT400
MI1 MI2 Sum MI1/MI2 MI1 MI2 Sum MI1/MI2
24 146+1.72 69+1.02 21.8+152 22+04 548+1.42 243+622 791+49a 24+0.7
48 142+2.02a 64+152 206+302 23+04 995+5.0b 423+6.0> 141.8+1.3% 24+04
72 204 +2.7b 104+1.6% 30.7+38» 20+03 109.5+25¢ 447+3.7b 1542+6.0¢ 25+0.2
144 27.8+1.7¢ 11.2+12% 389+23¢< 25+0.3 106.2 £8.5P 375+1.8b 143.6+99bc  28+0.2
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Figure 3. Melatonin isomers (MI) production by S.cerevisiae EC1118. Chromatogram in (A) shows the melatonin transition
(m/z 233.2 > 174.2) of a pure standard containing melatonin (MEL, rt 6.80) tryptophan ethyl ester (TEE, rt 6.11) both at a
concentration of 2 ng/mL and internal standard (MEL OCD3, rt 6.84, m/z 236.2 > 177.2, black). Chromatograms in (B) show
the superimposition of melatonin trace (m/z 233.2 > 174.2) from three different S. cerevisine EC1118 fermentation
supernatants at 24 h (blue), 48 h (red), and 72 h (green). In (B) is evident the absence of the melatonin peak that should be
expected at the same retention time of its labeled analogue (rt 6.80, black). Among melatonin isomers in fermentation
medium it was evidenced the presence of tryptophan ethyl ester (TEE, rt 6.06) and two isomers, named MI1 (rt 4.70) and
MI2 (rt 5.6), with a not-elucidated structure.
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2.2. Production of dTRPs in YNBT400 Medium and in WCB Trials

In order to optimize the release of dTRPs by S. cerevisiae EC1118, fermentation and
whole-cell biocatalysis processes were set up. In the first approach the growth test was
performed in YNBT400 medium for 144 h, whereas in the second one the
biotransformations were carried out in a buffer with TRP excess for 24 h. The comparison
of these two approaches might be useful to assay the production of commercially valuable
compounds that can be used in pharmaceutical and cosmetics fields or in the food and
beverages sectors [47].

As far the fermentations in YNBT400 medium, the cultural broth was prepared with
400 mg/L TRP and increasing the carbon and nitrogen sources, vitamins, salts, and trace
elements. In general, the fermentation trend YNBT400 medium in 144 h was comparable
to the one obtained in YNBT100 medium for the entire duration of the experiment (data
not shown), showing a considerable increase of cells in the first 24 h; however, at this time
point a two-fold increase in yeast cell count was registered (7.00 + 0.07 x 107 versus 1.40 *
0.11 x 108 CFU/mL in YNBT100 and YNBT400, respectively). At 48 h from the inoculation,
glucose become a limiting factor for the yeast proliferation being almost depleted (0.0030
+0.0001 g/L). Accordingly, TRP consumption was rapid and it occurred almost completely
within 48 h (Figure 4). However, the decrease of the cell viability did not correspond with
a decrease in the optical density, which remained constant between 24-144 h (data not
shown). This result suggests that cell autolysis did not occur under the investigated
growth conditions.

YNBT400
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Figure 4. S. cerevisiae EC1118 growth curve in YNBT400 medium and TRP consumption.

As described for the YNBT100 medium, a TRP catabolism oriented towards the KYN
pathway was confirmed (Figure 5). Despite the biomass improvement, a significant
increase in all the dTRPs analyzed in this study was not always obtained. While KYNA
and 30H AA (9.146 + 0.585 and 0.101 + 0.013 mg/L, respectively) reached concentrations
comparable to the levels found in YNBT100 medium, four-fold higher KYN and MIs
amounts were detected in YNBT400 cultures (Table 1).
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Figure 5. TRP derivatives produced by S. cerevisine EC1118 in YNBT400 medium. Error bars indicate the standard

deviation.

Concerning the whole-cell biotransformation experiments, after yeast biomass was
harvested and washed from pre-cultures grown in a rich medium, cells were suspended
in the biocatalysis buffer containing 1 g/L TRP and glucose. The high TRP concentration
aimed at forcing the production of dTRPs. The presence of glucose in the
biotransformation medium represents an important element for the metabolic activity of
cells since it helps cells restoring the redox potential, given by the NAD*/NADH ratio, and
other cofactors such as ATP and those of the TCA cycle (i.e., 2-oxoglutarate, acetyl-CoA).
After 24 h from the beginning of the WCB experiments glucose was depleted and a
significant cell biomass increased was not detected (1.107 + 0.012 ODeoo/mr at the inoculum
time versus 1.123 + 0.017 ODeoo/mi at 24 h). As observed in YNBT400 trials, cell autolysis
did not occur (data not shown). TRP consumption was about 390 mg/L (from 923.41 +
25.46 mg/L to 529.14 + 46.57 mg/L); this amount was comparable with the one observed in
fermentation tests in YNBT400 medium in 24 h, where about 410 mg/L TRP (from 413.32
+12.40 mg/L to 21.43 + 0.047 mg/L) were used by cells. Only KYN, TRY, and 50H TRY
started to be accumulated immediately after 15 min from the beginning of the experiment,
reaching a maximum concentration between 4 and 24 h of 0.653 + 0.052 mg/L, 0.066 + 0.001
mg/L, and 0.096 + 0.010 mg/L, respectively (Figure 6).
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Figure 6. TRP derivatives produced by S. cerevisize EC1118 in WCB experiments. Error bars indicate the standard deviation
among the mean values of biological replicates.

The results confirm that S. cerevisiae EC1118 decarboxylates the TRP to TRY [32]. The
extra and intracellular production of MEL and indoles in S. cerevisiae by adding
intermediates to cells in different growth phases (exponential and stationary) was recently
evaluated [32]; these authors revealed that serotonin mainly derived from the
decarboxylation of TRP, followed by hydroxylation of TRY, as occurs in plants. Thus, MEL
biosynthesis from serotonin can occur by N-acetylation followed by O-methylation or vice
versa. KYNA, AA, NAC 50H TRY, MI1, and MI2 were only detected at the end of the
experiment (at 144 h) at 0.199 + 0.014 mg/L, 0.052 + 0.004 mg/L, 0.027 + 0.006 mg/L, 0.201 +
0.025 mg/L and 0.102 + 0.016 mg/L, respectively. The synthesis of 50H TRP, by TRP
hydroxylase, was not detected. However, since 50H TRP is an intermediate of the MEL
biosynthesis pathway, further tests like a fluxomic analysis would be necessary to have
more indications on its fate.

In order to directly compare the concentrations of the dTRPs synthesized in
fermentations in YNBT400 and in WCB experiments, normalized data against the biomass
levels and the fold change between the considered approaches were calculated (Table 2).
This estimation was possible because at 24 h from the beginning of both processes the
obtained dTRPs may potentially derive from a comparable TRP consumption (about 400
mg/L TRP, as an average). KYNA was the only compound that showed a higher
concentration in fermentations in YNBT400 compared to the WCB tests (about 8 times).
The other dTRPs gained higher concentrations in WCB experiments. Thus, depending on
the compound a fermentation or a bioconversion can be settled; briefly, KYN increased 35
times, TRY 15 times, 50H TRY 14 times, MI1 and MI2 15 and 24 times, respectively in
bioconversion in respect to the fermentation (Table 2).
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Table 2. Comparison of the production of dTRPs in fermentations in YNBT400 medium and in WCB experiments at 24 h.
The productions were normalized against the yeast biomass and expressed as mg L™ 10-¥ cells. The fold change of the main
dTRPs was calculated as the ratio between the concentration of the corresponding metabolite in the two investigated

approaches.
dTRPs YNBT400 (mg L-1 108 Cells) WCB (mg L1 10-8 Cells) Fold Change
KYNA 5.449 + 0.276 0.622 + 0.000 8.76
KYN 0.044 £ 0.003 1.538 + 0.008 0.029
TRY 0.014 + 0.004 0.206 £ 0.010 0.068
50H TRY 0.022 + 0.003 0.301 £ 0.008 0.073
MIl 0.040 + 0.003 0.626 £ 0.035 0.064
MI2 0.015 + 0.003 0.354 + 0.024 0.042

2.3. dTRPs from YNB-Soybean-Based Culture Medium

In order to evaluate the capability of S. cerevisiae EC1118 to release dTRPs in a food-
based matrix naturally rich in TRP, an experiment in a soybean-based cultural medium
(YNBSQY) was set up as a case of study. Nowadays, the beneficial effects on human health
of several raw materials fermented throughout spontaneous or controlled processes has
been proposed [48,49]. Thus, showing that the supply of dTRPs with diet—including
KYNA, 50H TRY, or MEL and its isomers—could be implemented by the consumption
of fermented foods represents a health and marketing plus value concept. Vitalini and co-
authors (2020) [50] have recently demonstrated that toasted soybean flour treated by a
water extraction at room temperature allows to obtain free TRP potentially bioavailable
during yeast fermentation as precursor of dTRPs. The controlled fermentation of the
YNBSOY medium with S. cerevisinze EC1118 showed a high fermentative power; indeed, a
weight loss of about 10 times higher was obtained at 72 h in comparison to the control
(not inoculated). Contrarily to what was observed in previous fermentations in YNBT100
and YNBT400 media, the yeast growth increased up to the end of the trials. Glucose was
completely consumed in 72 h (0.015 + 0.009 g/L); however, in the control sample it
decreased (from 47.632 + 0.188 to 37.880 + 1.126 g/L) indicating the presence of an
indigenous soy flour microbiota that could trigger uncontrolled spontaneous
fermentations. An increase in acetic acid concentration (from 0.126 + 0.004 to 0.192 + 0.001
g/L) was detected in the inoculated YNBSOY medium. Generally, S. cerevisiae is
characterized by low production of acetic acid, with an average value of 300 mg/L [51];
the yeast under study, being an oenological strain, produces smaller quantities in the
conditions under study. On the other hands, a more consistent increase in acetic acid
concentration (0.302 * 0.001 g/L), possibly attributable to the development of
microorganisms already present in the flour, was observed in the control.

Regarding the TRP available as substrate for indoles production, its initial
concentration was detected at 61.301 + 2.310 mg/L. Since YNBSOY is a YNB-based
medium (already containing 20 mg/L TRP), it can be calculated that the soybean flour
naturally enriched the growth culture of about 40 mg/L TRP. At the end of the experiment
the TRP concentration was measured at 6.170 + 0.003 mg/L. A preliminary investigation
concerning the dTRPs content in YNBSOY medium revealed that some indoles were
already present at the inoculum time; however, depending on the compound different
fates were observed during the fermentation (Figure 7). While a decrease trend was found
for KYN (from 0.039 + 0.007 to 0.016 + 0.004 mg/L), AA (from 0.027 + 0.003 to 0.004 + 0.001
mg/L), and 50H TRP (0.090 + 0.001 to 0.077 + 0.005 mg/L), other compounds such as
KYNA (from 0.009 + 0.001 to 0.0137 + 0.002 mg/L), TEE (from 0 to 0.006 + 0.001 mg/L), and
50H TRY (from 0.026 + 0.001 to 0.036 + 0.003 mg/L) increased. No significant variation of
TRY and NAC 50H TRY was observed. The two isomers, MI1 and MI2, detected in the
fermentation trials in YNBT100 and YNBT400 media, failed to be released. Once again,
the cultural conditions proved to be a key factor in the production of derivatives from the
MEL biosynthesis pathway.
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Figure 7. TRP derivatives produced by S. cerevisine EC1118 in fermentation experiments in YNBSOY medium. Error bars
indicate the standard deviation among the means of biological replicates. Letters indicate the grouping information using
the Fisher LSD Method and 95% confidence.

3. Materials and Methods
3.1. Yeast Strain

The yeast strain used in this work is Saccharomyces cerevisiae EC1118, commercial
wine strain. The pure culture is maintained in YPD medium (1% yeast extract, 2%

peptone, 2% glucose (w/v)) with 20% (v/v)

glycerol at —80 °C.
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3.2. Growth Conditions in YNB-Based Media

To evaluate the production of TRP derivatives (dTRPs) by S. cerevisize EC1118, the
strain was preliminary grown in a chemically defined cultural medium (20 g/L glucose;
6.7 g/L yeast nitrogen base (Difco, Heidelberg, Germany), pH 5.4) containing 20 mg/L TRP
as a precursor (YNBT20). Then, the experiment was conducted in YNBT100 containing a
final TRP concentration of 100 mg/L; to obtain this TRP amount, the amino acid was
supplemented into YNBT20 medium as a stock solution (4 mg/mL) prepared in sterile
demineralized water (sdH20) and sterilized by filtration with 0.22 um filters, immediately
before inoculation. Growth tests were performed in sterile six-well plates with 10 mL of
YNBT100 medium at 25 °C, 110 rpm Briefly, from the glycerol stock the yeast strain was
preliminarily inoculated in three separated tubes containing 5 mL of YPD medium at 25
°C for 24 h to obtain biological replicates. From the three pre-cultures, cells in the
exponential growth phase [about 2—4 ODsoonm measured in a UV-vis spectrophotometer,
Jenway 7305, Stone, United Kingdom)] were inoculated at 1% (v/v) in three clean and
sterile tubes containing 5 mL of YNB-based medium without amino acids [20 g/L glucose;
6.7 g/L YNB without amino acids, pH 5.4] at 25 °C for 72 h. Replicates were centrifuged at
4000 rpm (Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min, cells were
washed with sdH20 and further centrifuged under the above-mentioned conditions. Each
cell pellet was resuspended in three clean and sterile tubes containing 5 mL of YNB
medium without amino acids and glucose [6.7 g/L. YNB without amino acids, pH 5.4] for
24 h to allow nutrients depletion. Then, starved yeasts were centrifuged at 4000 rpm
(Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min and resuspended in 2
mL of sdH20. A 6-well plate was inoculated at 0.2 ODsoonm per well from each pre-culture.
The plates were sealed with sterile parafilm to avoid any possible contamination. In
addition, they were covered with aluminum foil to preserve the dTRPs from oxidative
photodegration. The experiment lasted 144 h and the monitoring of the growth (by
ODsoonm measurement and by cell plate counting) and the production of dTRPs was carried
out at 0, 24, 48, 72, and 144 h after inoculation. Regarding the cell count, 100 uL of
appropriate decimal serial dilutions in sdH20 water were spread on Petri dishes
containing WL nutrient agar medium (Scharlab, Barcelona, Spain) and, after incubation at
25 °C for 3 days, the colonies were enumerated. For the quantification of dTRPs, 1 mL of
culture was collected from two wells/plate, centrifuged at 10,000x g for 10 min and
supernatants were 0.22 um filtered and stored at —20 °C for further LC-MS/MS analysis.
The analysis was carried out in triplicate on each biological replicate.

3.3. TRP Conversion Tests

A sterile six-well plate containing 10 mL of YNBT100 medium per well was placed
at 25 °C, 110 rpm, the same experimental conditions further used in this study, for 6 days
monitoring the content of TRP at 0, 24, 48, 72, and 144 h. The plate was sealed with sterile
parafilm and covered with aluminum foil. One mL of medium was collected at each
sampling time from three wells and the supernatant were 0.22 um filtered and stored at
—20 °C until to be subjected to the LC-MS/MS analysis.

3.4. Optimization of the Production of dTRPs: Approaches and Experimental Conditions

In order to increase the quantity of biomass produced and, consequently, the dTRPs
formed by S. cerevisize EC1118, two experiments were developed under different
conditions: fermentation growth test in an optimized cultural medium (YNBT400) and
whole-cell bioconversion (WCB) trials.

3.4.1. YNBT400 Trials

All tests were prepared in sterile 250 mL flasks, closed with sterile cotton caps,
containing 100 mL of YNBT400 medium (100 g/L glucose; 26.8 g/L yeast nitrogen base
(Difco, Heidelberg, Germany), pH 5.4) containing 400 mg/L TRP as precursor of dTRPs.
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The yeast strain was first inoculated into YPD medium. Flasks were inoculated at 0.2
ODsoonm and incubated at 25 °C, 110 rpm for 6 days. Monitoring of cell growth was carried
out at 0, 24, 48, 72, and 144 h by evaluating optical density at 600 nm (UV-vis
spectrophotometer, Jenway 7305, Stone, United Kingdom) and plate count on WL nutrient
agar medium. Residual glucose was determined with an enzymatic kit (K-FRUGL assay
kit-Megazyme, Wicklow, Ireland). All tests were performed in triplicate.

3.4.2. WCB Trials

Experiments were carried out to evaluate the capability of S. cerevisize EC1118 to
produce dTRPs working as a cell factory using TRP as a precursor. WCB trials were
carried out with a total yeast biomass of 350 ODeowonm. Three biological replicates were
prepared in flasks at 25 °C, 110 rpm, in 300 mL bioconversion buffer containing 0.1 M
phosphate buffer pH 6.7, 1 g/L TRP and 20 g/L glucose. Briefly, a pre-culture in 100 mL of
YPD medium was obtained by inoculating the strain at 1% (v/v) from glycerol stocks and
incubated for 24 h at 25 °C under stirring at 110 rpm. Then, cells were centrifuged at 4000
rpm (Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min, washed with
sdH20 and further centrifuged under the above-mentioned conditions. The cell pellet was
resuspended in 100 mL of YNB without amino acids and glucose, overnight incubated at
25 °C at 110 rpm for nutrient depletion. Then, biomass was spectrophotometrically
determined (600 OD/mL) and a volume of cell suspension corresponding to a total
biomass of 350 ODsoonm was centrifuged at 4000 rpm (Hettich Zentrifugen, Rotina 380r,
Tuttlingen, Germany) for 10 min, cells were washed with 20 mL sdH:O, centrifuged again
at the same above conditions and transferred to the bioconversion flask. The experiment
lasted 24 h and the production of dTRPs was evaluated at 0, 15, and 30 min; and 1, 2, 4,
and 24 h after the inoculation. One mL of culture was collected from the three biological
replicates, centrifuged at 10,000x g for 10 min and the supernatants were 0.22 um filtered
and stored at —20 °C until to be subjected to the LC-MS/MS analysis. The final glucose
concentration was measured via enzymatic kit (kit-Megazyme, Wicklow, Ireland).

3.5. TRP Extraction from Toasted Soybean

The organic soy flour was purchased from the “Fior di Loto” company (Turin, Italy).
An aliquot of flour was placed in a fan oven for 24 h at 50 °C before extraction to eliminate
as much water as possible. Different techniques were applied for the extraction of TRP
from the food matrix, in order to compare their efficiency: Soxhlet extraction, methanol
extraction at room temperature and extraction in water at room temperature [50]. All
procedures were performed in low light conditions, to prevent degradation of
metabolites. The extractions were set up in triplicates.

3.5.1. Soxhlet Extraction

The extraction with Soxhlet apparatus was performed following two different
procedures: (i) 21 grams of toasted soybean flour were first defatted with petroleum ether
and dichloromethane and subsequently extracted with methanol; (ii) The soy flour was
also subjected to extraction in Soxhlet directly in methanol. Each obtained extract was
dried with a rotary evaporator, frozen at —80 °C overnight and freeze-dried for about 5 h.
The lyophilized sample was then stored at 4 °C until analysis.

3.5.2. Methanol Extraction at Room Temperature

A mixture of flour and methanol (1:10, w/v) was sonicated for 10 min, then stirred for
20 min (DLAB SK-O180-E). After decanting, the supernatant was centrifuged at 28,000x g
for 10 min and filtered with 0.22 pm nylon filters. The extraction was repeated, and the
combined supernatants were stored at 20 °C until analysis.
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3.5.3. Extraction in Water at Room Temperature

A mixture of flour and distilled water (1:10, w/v) was sonicated, then stirred for 20
min (DLAB SK-O180-E). After decanting, the supernatant was centrifuged at 28,000x g for
10 min and filtered with 0.22 um nylon filters. The obtained sample was stored at —20 °C
until analysis.

3.6. Fermentation Tests in Soybean Flour

A triplicate destructive test was set up in 100 mL sterile flasks containing 15 g of
toasted organic soybean flour and 45 mL of YNBT20 medium added with 50 g/L of glucose
(YNBSOY). Experiments were run at 25 °C for 72 h, in anerobiosis with GasPack jar system
(Merck Millipore, Burlington, MA, USA). The yeast was preliminarily inoculated in YPD
at 25 °C for 48 h. Each flask was inoculated at 0.2 ODsoonm. Three non-inoculated flasks
were also set up as a negative control. The microbial growth was monitored by flask
weight loss due to CO2 loss and cell plate count at 0, 24, 48, and 72 h after inoculation. The
flasks were weighed daily with a technical balance until a constant weight. Cell count was
determined on WL agar medium after incubation at 25 °C for 2-3 days. At each sampling
time, supernatants for the determination of glucose, acetic acid, and dTRPS was collected
as well: 1 mL of culture was collected and centrifuged at 11,000x g for 15 min. The
supernatants were 0.22 um filtered and frozen at —20 °C. Glucose and acetic acid were
determined with enzymatic kits (kit-Megazyme, Wicklow, Ireland). All tests were
performed in triplicate. The production of dTRPs was measured by LC-MS/MS analysis.

3.7. Chemical Analysis of TRP Derivatives

Methanol and formic acid (FA) were purchased from Sigma-Aldrich (Milan, Italy).
All the aqueous solutions were prepared using Milli-Q purified water (Millipore, Milan,
Italy). The pure chemical standards (analytical grade) of TRY, NAC TRY, 50H TRY,
50ME TRY, NAC 50H TRY, 5F TRY, 50H TRP, TRP, TRP D5, TEE, AA, 30H AA, KYNA,
KYN, 30H KYN, and MEL were purchased by Sigma-Aldrich (St. Louis, MO, USA). The
isotopic isomer MEL OCD3 was synthesized by Prof. Andrea Penoni (Department of
Science and High Technology, University of Insubria, Varese, Italy).

3.7.1. Purification of Supernatants Deriving from Yeast Fermentation

Supernatants deriving from fermentation (10 uL) were added to 50 puL of MIX IS
(internal standards) (20 ng of TRP D5, 1 ng of 5F TRY and 1.1 ng of MEL OCD3) and 100
uL of precipitating solution (methanol + 0.5% FA). After stirring by vortexing and
centrifugation 5 min at 12,000 rpm (Hettich Zentrifugen, MIKRO200, Tuttlingen,
Germany), 100 uL were taken and dried under nitrogen. Subsequently, the sample was
resuspended with 50 uL of dH20 + 0.5% FA and 10 uL were injected directly into LC-
MS/MS.

3.7.2. Selective Extraction of Melatonin from Yeast Fermentation

Supernatants deriving from the fermentations (500 uL) were added to 50 pL of MIX
IS; subsequently, they were purified by solid-phase extraction (SPE) with Strata X-
Polymeric Reversed Phase 30 mg/1 mL (Phenomenex, Torrance, CA, USA) [52]. Before
use, the cartridges were conditioned with 1 mL of methanol and 1 mL of dH20. The
samples, diluted with water to 1 mL as final volume, were loaded into the cartridges and
then washed with 1 mL of water and 1 mL of 5% MeOH (v/v). After 5 min of vacuum
drying to remove the excess of water, the residual compounds were eluted with 1 mL of
methanol. The eluate was dried by nitrogen, the residue was resuspended with 100 puL of
dH20 +0.5% FA and 10 pL was injected for LC-MS/MS analysis.
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3.7.3. LC-MS/MS Analysis for the Detection of dTRPs

The analytical system consisted of an HPLC coupled to a tandem mass spectrometer,
specifically a Dionex 3000 UltiMate instrument (Thermo Fisher Scientific, MA, USA)
coupled to a tandem mass spectrometer (AB Sciex 3200 QTRAP, Concord, ON, Canada).
The separation was obtained on reverse phase Zorbax Eclipse XDB-C18 (4.5 x 50 mm, 1.8
pm). The linear gradient was obtained by mixing the eluent A (dH20 + 0.1% of formic
acid) and eluent B (methanol + 0.1% of formic acid). The elution gradient was set as
follows: 0-1 min (20% B), 1-5 min (20-60% B), 5-7 min (60% B), 7.0-7.2 min (60-95% B),
7.2-8.2 min (95% B), 8.2-8.5 min (95-5% B), 10 (5% B). The flow rate was 0.4 mL/min, and
the column temperature 40 °C. Multiple reaction monitoring (MRM) mode was used in
electrospray positive mode (Table Al, Appendix A). A quantitative analysis was
performed interpolating each area of the analyte peak/IS area with the calibration curve
of each derivative of the TRP. Further analytical details can be found in [50].

3.7.4. Validation of the Analytical Method

The method performances (specificity, precision, accuracy, linearity, the limit of
detection (LOD) and limit of quantification (LOQ)) were reported in full details elsewhere
[50]. The LOQ (the lowest concentration that produces a signal-to-noise ratio greater than
10) of analytes extracted from medium following the described procedure ranged from 2-
50 ng/mL. The performance of melatonin extracted by SPE was studied in a range of 2—
0.25 ng/mL and resulted to be acceptable for our purposes (linearity equation y = 0.7582x
-0.0062, coefficient of determination R? 0.994, LOQ 50 pg/mL and LOD 20 pg/mL).

3.8. Statistical Analysis

Where indicated the results were reported as mean + standard deviation. Significant
differences (p < 0.05) were evaluated by analysis of variance (one-way ANOVA) by using
MINITAB Statistical Software 19 (Pennsylvania State University, PA, USA). Grouping
information was determined using the Fisher LSD Method and 95% confidence.

4. Conclusions

Thanks to the advent of microbiological and chemical cutting-edge researches, many
of the health benefits attributed to fermented foods and beverages are nowadays
recognized. In particular, omics studies of traditional fermented foods have highlighted
the microbiota of several spontaneous fermentations, revealing its role in the production
of bioactive molecules [48]. The involvement of yeasts in the fermentation of several raw
materials is well recognized in numerous productions, starting from the manufacture of
alcoholic beverages (wine, beer, cider, and fruit wines) to fermented cereal-based doughs,
and dairy, meat and fish products [53]. Yeasts share with animals several metabolic
pathways which are relevant reservoirs of functional molecules, TRP derivatives above
all [49]. The present study revealed the presence of variable amounts of dTRPs with a
prevalence of metabolites of the KYN pathway, emphasizing that TRP metabolism of S.
cerevisige EC1118 pushed in this direction. The LC-MS/MS analysis showed that the
compound synthesized in higher concentrations is KYNA, a molecule with
neuroprotective and antioxidant properties. The fermentation in YNBT400 resulted the
most promising approach for KYNA production which reached the highest
concentrations (9.146 + 0.585 mg/L). In comparison to literature data, the maximum
concentration of KYNA measured in the post-culture medium was higher than KYNA
levels in plasma of healthy subjects (5.8 ng/mL) [54] and milk of healthy breast-feeding
women (3.9-56.6 microg/L) [55]. In addition, KYNA was detected in artificial baby
formulas at lower concentrations (5.0-7.3 microg/L) [55]. Therefore, the
supraphysiological levels of KYNA found in our experiments may exert therapeutic
effects in human, even if the latter were mainly investigated in patients with neurological
and psychiatric disorders in relation to brain and cerebrospinal fluid KYNA [56]. It is
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worth noting that the supplementation of rat maternal diet with KYNA in drinking water
resulted in its increase in milk harvested, and the rat offspring fed with breast milk with
artificially enhanced KYNA content demonstrated a lower mass gain during the first 21
days of life, which indicates that KYNA may act as an anti-obesity agent, as demonstrated
from the body composition analysis [55]. Although the KYNA obtained in this way should
be purified from the medium, probably with high costs compared to the organic synthesis,
this work highlights the chance to obtain functional foods enriched with molecules with
nutritional or therapeutic potential throughout the use of natural biological systems. Cells,
for example, could be naturally oriented towards the production of specific dTRPs by
enriching the cultures with more specific precursors other than TRP. However, the
feasibility of the method proposed as an alternative approach of obtaining bioactive
metabolites using biological systems needs to be evaluated, in terms of costs, instruments,
time required, and yield.

As far MEL, detectable amounts were not measured in our experimental conditions
(LOQ 50 pg/mL and LOD 20 pg/mL). However, two MEL isomers were successfully
detected both in fermentation in YNBT400 and WCB experiments. In general, since the
production of dTRPs could be a species- and strain-specific character [40] a full screening
of dTRPs capable yeasts from wine, brewer and distillery should be performed in future
investigations.

In conclusion, considering the high interest toward the dTRPs in the panorama of
functional foods, the results of the present research provide the basis for in-depth studies
on the effects of fermentation in the synthesis of compounds with important bioactive
properties in novel food products.
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Abbreviations

TRY Tryptamine

NACTRY N-Ac Tryptamine

50H TRY 5-OH Tryptamine or Serotonin
50ME TRY 5-OCHs Tryptamine
NAC50H TRY N-Ac-5-OH Tryptamine
5F TRY; IS1 5-F Tryptamine

50H TRP 5-OH Tryptophan

TRP Tryptophan

TRP D5; IS2 Tryptophan Ds

TEE Tryptophan Ethyl Ester

AA Anthranilic acid
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30H AA 3-OH Anthranilic acid

KYNA Kynurenic acid

KYN Kynurenine

30H KYN 3-OH Kynurenine

MEL Melatonin or N-Ac-5- OCH3 Tryptamine
MEL OCD3, IS3 Melatonin OCD3

SPE Solid Phase Extraction

Appendix A

Table A1. MRM transitions for LC-MS/MS analysis of indolic species. Each subclass is preceded
by the correspondent IS (in italics) used for quantification.

Name MW 01 Q3 DP CE Rt

5F TRY(IS1) 178  179.2 1622 20 15.2 3.89
TRY 160 1612 1442 20 148 289
50H TRY (or Ser) 176 1772 160.2 20 14.7 1.30
50CH3 TRY 190 1912 1742 20 143 313
NAc TRY 202 2032 1442 20 19.1 6.87
NAc50HTRY (or N-AcSER) 218 2192  160.2 20 185 371
TRP D5 (IS2) 209 2102 192.2 20 148  3.03
30H AA 153 1541 1359 21 170 2091
30H KYN 224 2251  208.1 16 13.0 1.30
AA 137 1381 1198 21 150  5.63
KYNA 189  190.1  89.1 36 51.0 456
KYN 208 2092 1922 21 15.0 1.72

TRP 204 2052 1882 20 134 312

TEE 232 2332 2162 20 13.1 6.06

50H TRP 220 2211 2042 16 15.0 1.60
MEL OCD3 (IS3) 235 2362 1772 20 19.1 6.80
MEL 232 2332 1742 20 18.8 6.84

MW: molecular weight, Q1: molecular ion, Q3: daughter ion, DP: declustering potential, CE:
collision energy, Rt: retention time.

References

1. Ruddick, J.P,; Evans, A.K,; Nutt, D.J.; Lightman, S.L.; Rook, GA.; Lowry, C.A. Tryptophan metabolism in the central nervous
system: Medical implications. Expert Rev. Mol. Med. 2006, 8, 1-27, doi:10.1017/51462399406000068.

2. Erhardt, S.; Olsson, S.K.; Engberg, G. Pharmacological manipulation of kynurenic acid: Potential in the treatment of psychiatric
disorders. CNS Drugs 2009, 23, 91-101, doi:10.2165/00023210-200923020-00001.

3. Chen, Y.; Guillemin, G.J. Kynurenine pathway metabolites in humans: Disease and healthy states. Int. |. Tryptophan Res. 2009,
2, 1-19, doi:10.4137/ijtr.s2097.

4. Schwarcz, R.; Bruno, ].P.; Muchowski, P.].; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology.
Nat. Rev. Neurosci. 2012, 13, 465-477, d0i:10.1038/nrn3257.

5. Sedlmayr, P.; Blaschitz. A.; Stocker, R. The role of placental tryptophan catabolism. Front. Immunol. 2014, 5, 230,
d0i:10.3389/fimmu.2014.00230.

6.  Veldhoen, M.; Hirota, K.; Westendorf, A.M.; Buer, J.; Dumoutier, L.; Renauld, J.C.; Stockinger, B. The aryl hydrocarbon receptor
links TH17-cell-mediated autoimmunity to environmental toxins. Nature 2008, 453, 106-109, doi:10.1038/nature06881.

7. Opitz, C.A,; Litzenburger, U.M.; Sahm, F.; Ott, M; Tritschler, I.; Trump, S.; Schumacher, T.; Jestaedt, L.; Schrenk, D.; Weller, M.;
et al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 2011, 478, 197-203,
d0i:10.1038/nature10491.

8.  Fuertig, R,; Ceci, A.; Camus, S.M.; Bezard, E.; Luippold, A.H.; Hengerer, B. LC-MS/MS-based quantification of kynurenine
metabolites, tryptophan, monoamines and neopterin in plasma, cerebrospinal fluid and brain. Bioanalysis 2016, 8, 1903-1917.

9.  Wang, J.; Simonavicius, N.; Wu, X.; Swaminath, G.; Reagan, J.; Tian, H.; Ling, L. Kynurenic acid as a ligand for orphan G protein-

coupled receptor GPR35. |. Biol. Chem. 2006, 281, 22021-22028, doi:10.1074/jbc.M603503200.



Int. ]. Mol. Sci. 2021, 22, 472 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lugo-Huitrén, R.; Blanco-Ayala, T.; Ugalde-Muniz, P.; Carrillo-Mora, P.; Pedraza-Chaverri; J.; Silva-Adaya, D.; Maldonado,
P.D.; Torres, I; Pinzon, E.; Ortiz-Islas, E.; et al. On the antioxidant properties of kynurenic acid: Free radical scavenging activity
and inhibition of oxidative stress. Neurotoxicol. Teratol. 2011, 33, 538-547, doi:10.1016/j.ntt.2011.07.002.

Gonzalez-Sanchez, M.; Jiménez, J.; Narvaez, A.; Antequera, D.; Llamas-Velasco, S.; Martin, A.H.S.; Arjona, ].A.M.; Munain,
A.L.D.;Bisa, A.L.; Marco, M,; et al. Kynurenic Acid Levels are Increased in the CSF of Alzheimer’s Disease Patients. Biomolecules
2020, 10, 571, doi:10.3390/biom10040571.

Badzynska, B.; Zakrocka, I.; Turski, W.A.; Olszynski, K.H.; Sadowski, J.; Kompanowska-Jezierska, E. Kynurenic acid selectively
reduces heart rate in spontaneously hypertensive rats. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2020, 393, 673-679,
d0i:10.1007/s00210-019-01771-7.

Nahomi, R.B.; Nam, M.H.; Rankenberg, ].; Rakete, S.; Houck, J.A.; Johnson, G.C.; Stankowska, D.L.; Pantcheva, M.B.; MacLean,
P.S.; Nagaraj, R.H. Kynurenic Acid Protects Against Ischemia/Reperfusion-Induced Retinal Ganglion Cell Death in Mice. Int. ].
Mol. Sci. 2020, 21, 1795, doi:10.3390/ijms21051795.

Walczak, K.; Wnorowski, A.; Turski, W.A.; Plech, T. Kynurenic acid and cancer: Facts and controversies. Cell Mol. Life Sci. 2020,
77,1531-1550, doi:10.1007/s00018-019-03332-w.

Shin, M.; Sano, K.; Umezawa, C. Metabolism of tryptophan to niacin in Saccharomyces uvarum. . Nutr. Sci. Vitaminol. 1991, 37,
269-283, doi:10.3177/jnsv.37.269.

Kucharczyk, R.; Zagulski, M.; Rytka, J.; Herbert, C.J. The yeast gene YJR025c encodes a 3-hydroxyanthranilic acid dioxygenase
and is involved in nicotinic acid biosynthesis. FEBS Lett. 1998, 424, 127-130, doi:10.1016/s0014-5793(98)00153-7.

Ohashi, K.; Kawai, S.; Murata, K. Secretion of quinolinic acid, an intermediate in the kynurenine pathway, for utilization in
NAD?* biosynthesis in the yeast Saccharomyces cerevisiae. Eukaryot. Cell 2013, 12, 648-653, doi:10.1128/EC.00339-12.

Yilmaz, C.; Gokmen, V. Kinetic evaluation of the formation of tryptophan derivatives in the kynurenine pathway during wort
fermentation using Saccharomyces pastorianus and  Saccharomyces cerevisiae. Food Chem. 2019, 297, 124975,
doi:10.1016/j.foodchem.2019.124975.

Panozzo, C.; Nawara, M.; Suski, C.; Kucharczyka, R.; Skoneczny, M.; Bécam, A.M.; Rytka, J.; Herbert, C.J. Aerobic and anaerobic
NAD* metabolism in Saccharomyces cerevisiae. FEBS Lett. 2002, 517, 97-102, doi:10.1016/s0014-5793(02)02585-1.

Wogulis, M.; Chew, E.R.; Donohoue, P.D.; Wilson, D.K. Identification of formyl kynurenine formamidase and kynurenine
aminotransferase from Saccharomyces cerevisiae using crystallographic, bioinformatic and biochemical evidence. Biochemistry
2008, 47, 1608-1621, d0i:10.1021/bi701172v.

Ohashi, K.; Chaleckis, R.; Masak Takaine, M.; Wheelock, C.E.; Yoshida, S. Kynurenine aminotransferase activity of Aro8/Aro9
engage tryptophan degradation by producing kynurenic acid in Saccharomyces cerevisiae. Sci. Rep. 2017, 7, 12180,
d0i:10.1038/s41598-017-12392-6.

Belenky, P.; Christensen, K.C.; Gazzaniga, F.; Pletnev, A.A.; Brenner, C. Nicotinamide riboside and nicotinic acid riboside
salvage in fungi and mammals. Quantitative basis for Urh1 and purine nucleoside phosphorylase function in NAD* metabolism.
J. Biol. Chem. 2009, 284, 158-164, doi:10.1074/jbc.M807976200.

Bieganowski, P.; Brenner, C. Discoveries of nicotinamide riboside as a nutrient and conserved NRK genes establish a Preiss-
Handler independent route to NAD* in fungi and humans. Cell 2004, 117, 495-502, d0i:10.1016/s0092-8674(04)00416-7.
Ghislain, M.; Talla, E.; Frangois, ].M. Identification and functional analysis of the Saccharomyces cerevisiae nicotinamidase gene,
PNCI1. Yeast 2002, 19, 215224, doi:10.1002/yea.810.

Belenky, P.A.; Moga, T.G.; Brenner, C. Saccharomyces cerevisine YOR071C encodes the high affinity nicotinamide riboside
transporter Nrtl. J. Biol. Chem. 2008, 283, 8075-8079, d0i:10.1074/jbc.C800021200.

Llorente, B.; Dujon, B. Transcriptional regulation of the Saccharomyces cerevisine DALS5 gene family and identification of the high
affinity nicotinic acid permease TNA1 (YGR260w). FEBS Lett. 2000, 475, 237241, doi:10.1016/s0014-5793(00)01698-7.
Wrébel-Kwiatkowska, M.; Turski, W.; Kocki, T.; Rakicka-Pustutka, M.; Rymowicz, W. An efficient method for production of
kynurenic acid by Yarrowia lipolytica. Yeast 2020, 37, 541-547, doi:10.1002/yea.3469.

Wrobel-Kwiatkowska, M.; Turski, W.; Juszczyk, P.; Kita, A.; Rymowicz, W. Production of KYNA on media containing various
honeys. Sustainability 2020, 12, 9424, d0i:10.3390/su12229424.

Sprenger, J.; Hardeland. R.; Fuhrberg, B.; Han, S.Z. Melatonin and other 5-methoxylated indoles in yeast: Presence in high
concentrations and dependence on tryptophan availability. Cytologia 1999, 64, 209-213, d0i:10.1508/cytologia.64.209.

Tan, D.X.; Hardeland, R.; Back, K.; Manchester, L.C.; Alatorre-Jimenez, M.A.; Reiter, R.J. On the significance of an alternate
pathway of melatonin synthesis via 5-methoxytryptamine: Comparisons across species. ]. Pineal Res. 2016, 61, 27-40,
doi:10.1111/jpi.12336.

Ganguly, S.; Mummaneni, P.; Steinbach, P.J.; Klein, D.C.; Coon, S.L. Characterization of the Saccharomyces cerevisine homolog of
the melatonin rhythm enzyme arylalkylamine N-acetyltransferase (EC 2.3.1.87). J. Biol. Chem. 2001, 276, 47239-47247,
doi:10.1074/jbc.M107222200.

Muniz-Calvo, S.; Bisquert, R.; Fernandez-Cruz, E.; Garcia-Parrilla, M.C.; Guillamon, ].M. Deciphering the melatonin metabolism
in Saccharomyces cerevisiae by the bioconversion of related metabolites. ]. Pineal Res. 2019, 66, 12554, doi:10.1111/jpi.12554.
Mor, M.; Spadoni, G.; Diamantini, G.; Bedini, A.; Tarzia, G.; Silva, C.; Vacondio, F.; Rivara, M.; Plazzi, P.V.; Franceschinit, D.; et
al. Antioxidant and cytoprotective activity of indole derivatives related to melatonin. Adv. Exp. Med. Biol. 2003, 527, 567-575,
d0i:10.1007/978-1-4615-0135-0_65.



Int. ]. Mol. Sci. 2021, 22, 472 20 of 20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

Mor, M.; Silva, C.; Vacondio, F.; Plazzi, P.V.; Bertoni, S.; Spadoni, G.; Diamantini, G.; Bedini, A.; Tarzia, G.; Zusso, M.; et al.
Indole-based analogs of melatonin: In vitro antioxidant and cytoprotective activities. J. Pineal Res. 2004, 36, 95-102,
doi:10.1046/j.1600-079x.2003.00102.x.

Spadoni, G.; Diamantini, G.; Bedini, A.; Tarzia, G.; Vacondio, F.; Silva, C.; Rivara, M.; Mor, M.; Plazzi, P.V.; Zusso, M.; et al.
Synthesis, antioxidant activity and structure-activity relationships for a new series of 2-(N-acylaminoethyl)indoles with
melatonin-like cytoprotective activity. J. Pineal Res. 2006, 40, 259269, d0i:10.1111/j.1600-079X.2005.00309.x.

Lyte, ].M. Eating for 3.8 x 1013: Examining the impact of diet and nutrition on the microbiota-gut-brain axis through the lens of
microbial endocrinology. Front. Endocrinol. 2019, 9, 796, doi:10.3389/fend0.2018.00796.

Turski, M.P.; Turska, M.; Zgrajka, W.; Kuc, D., Turski, W.A. Presence of kynurenic acid in food and honeybee products. Amino
Acids 2009, 36, 75-80, doi:10.1007/s00726-008-0031-z.

Turski, M.P.; Kaminski, P.; Zgrajka, W.; Turska, M.; Turski, W.A. Potato-an important source of nutritional kynurenic acid.
Plant. Foods Hum. Nutr. 2012, 67, 17-23, d0i:10.1007/s11130-012-0283-3.

Novo, M,; Bigey, F,; Beyne, E.; Galeote, V.; Gavory, F.; Mallet, S.; Cambon, B.; Legras, J.L.; et al. Eukaryote-to-eukaryote gene
transfer events revealed by the genome sequence of the wine yeast Saccharomyces cerevisine EC1118. Proc. Natl. Acad. Sci. USA
2009, 106, 16333-16338; Available online: https://www.yeastgenome.org/strain/EC1118 (accessed on 25 November 2020).
doi:10.1073/pnas.0904673106.

Vigentini, I.; Gardana, C.; Fracassetti, D.; Gabrielli, M.; Foschino, R.; Simonetti, P.; Tirelli, A.; Iriti, M. Yeast contribution to
melatonin, melatonin isomers and tryptophan ethyl ester during alcoholic fermentation of grape musts. J. Pineal Res. 2015, 58,
388-396, doi:10.1111/jpi.12223.

O'Connor-Cox, E.S.C.; Ingledew, W.M. Wort nitrogenous sources—their use by brewing yeasts: A review. J. Am. Soc. Brew.
Chem. 1989, 47, 102-108, d0i:10.1094/ASBC]J-47-0102.

Manginot, C.; Roustan, J.L.; Sablayrolles, ].M. Nitrogen demand of different yeast strains during alcoholic fermentation.
Importance of the stationary phase. Enzyme Microb. Technol. 1998, 23, 511-517, doi:10.1016/50141-0229(98)00080-5.

Poeggeler, B.; Hardeland, R. Detection and quantification of melatonin in a dinoflagellate, Gonyuulax polyedru: Solutions to
the problem of methoxyindole destruction in non-vertebrate material. J. Pineal Res. 1994, 17, 1-10, doi:10.1111/j.1600-
079x.1994.tb00106.x.

Tan, D.X,; Reiter, R.J.; Manchester, L.C.; Yan, M.T.; El-Sawi, M.; Sainz, R.M.; Mayo, J.C.; Kohen, R.; Allegra, M.C.; Hardeland,
R. Chemical and physical properties and potential mechanisms: Melatonin as a broad spectrum antioxidant and free radical
scavenger. Curr. Top. Med. Chem. 2002, 2, 181-197, d0i:10.2174/1568026023394443.

Tan, D.X.; Manchester, L.C.; Esteban-Zubero, E.; Zhou, Z.; Reiter, R.J. Melatonin as a Potent and Inducible Endogenous
Antioxidant: Synthesis and Metabolism. Molecules 2015, 20, 18886—1906, d0i:10.3390/molecules201018886.

Motlhalamme, T. Characterization of Melatonin Production and Physiological Functions in Yeast. Ph.D. Thesis, Stellenbosch
University, Stellenbosch, South Africa, March 2020.

Lin, B.; Tao, Y. Whole-cell biocatalysts by design. Microb. Cell Fact. 2017, 16, 106, d0i:10.1186/s12934-017-0724-7.

Sanlier, N.; Gokcen, B.B.; Sezgin, A.C. Health benefits of fermented foods. Crit. Rev. Food Sci. Nutr. 2019, 59, 506-527,
d0i:10.1080/10408398.2017.1383355.

Shiferaw Terefe, N.; Augustin, M.A. Fermentation for tailoring the technological and health related functionality of food
products. Crit. Rev. Food Sci. Nutr. 2020, 60, 2887-2913, doi:10.1080/10408398.2019.1666250.

Vitalini, S.; Dei Cas, M.; Rubino, F.M.; Vigentini, I.; Foschino, R.; Iriti, M.; Paroni, R. LC-MS/MS-Based Profiling of Tryptophan-
Related Metabolites in Healthy Plant Foods. Molecules 2020, 25, 311, doi:10.3390/molecules25020311.

Vincenzini, M.; Romano, P.; Farris, G.A. Microbiologia Del Vino, 1st ed.; Casa Editrice Ambrosiana, Distribuzione Esclusiva
Zanichelli: Bologna, Italy, 2005.

Paroni, R.; Dei Cas, M.; Rizzo, J.; Ghidoni, R.; Montagna, M.T.; Rubino, F.M.; Iriti, M. Bioactive phytochemicals of tree nuts.
Determination of the melatonin and sphingolipid content in almonds and pistachios. J. Food Compos. Anal. 2019, 82, 103227,
doi:10.1016/j.jfca.2019.05.010.

Tofalo, R.; Fusco, V.; Bohnlein, C.; Kabisch, J.; Logrieco, A.F.; Habermann, D.; Cho, G.S.; Benomar, N.; Abriouel, H.; Schmidt-
Heydt, M.; et al. The life and times of yeasts in traditional food fermentations. Crit. Rev. Food Sci. Nutr. 2020, 60, 3103-3132,
doi:10.1080/10408398.2019.1677553.

Huang, X,; Ding, W.; Wu, F.; Zhou, S.; Deng, S.; Ning, Y. Increased Plasma Kynurenic Acid Levels are Associated with Impaired
Attention/Vigilance and Social Cognition in Patients with Schizophrenia. Neuropsychiatr. Dis. Treat. 2020, 16, 263-271,
d0i:10.2147/NDT.S5239763.

Milart, P.; Paluszkiewicz, P.; Dobrowolski, P.; Tomaszewska, E.; Smolinska, K.; Debinska, I.; Gawel, K.; Walczak, K.; Bednarski,
J.; Turska, M.; et al. Kynurenic acid as the neglected ingredient of commercial baby formulas. Sci. Rep. 2019, 9, 6108,
d0i:10.1038/s41598-019-42646-4.

Linderholm, K.R.; Skogh, E.; Olsson, S.K.; Dahl, M.L.; Holtze, M.; Engberg, G.; Samuelsson, M.; Erhardt, S. Increased levels of
kynurenine and kynurenic acid in the CSF of patients with schizophrenia. Schizophr. Bull. 2012, 38, 426-432,
doi:10.1093/schbul/sbq086.



