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Figure 1. The basic chemical structure of pectins. Pectins are heterogeneous molecules
consisting of “smooth” linear and “hairy” branched regions that are highly variable
(not depicted). The linear regions consist of a-(1,4)-linked galacturonic acid residues that may
be methylated (red) or acetylated (blue). Pectins show various degrees of branching and may
contain various other carbohydrate residues.®...........ccccvoiiiiiiiie e 5

Figure 2: Mode of action of polygalacturonases. The cleavage of the a-(1,4)-glycosidic bond
between two non-methylated galacturonic acid residues results in destruction of cell structures
and reduces viscosity. Therefore, the juice yield and the extraction of aroma and flavor
COMPONENTS IS IMPIOVEU. ... 5

Figure 3: Wine proteins and haze formation during fermentation. A) Typical electrophoretic
profiles of two unfined grape juices (CHA: Chardonnay, SAB: Sauvignon blanc) with protein
band identities assigned by proteomic analysis, B) Clear white wine and turbid wine caused by
protein aggregation, C) Repeated differential scanning calorimetry scans: Thaumatin-like
protein C from Semillon juice showing a melting temperature of 61 °C and reversibility of
thermal unfolding (upper side) and Chitinase F1 from Sauvignon blanc juice showing a melting
temperature of 55 °C, no reversibility of thermal unfolding, and aggregation after unfolding
(lower side). Reprinted with permission of ° (Paragraph 7.5). Copyright 2023 American
CREMICAI SOCIEY.. .. e e e e e e e e e e e e e e e e ettt e s e e e e e e eerttt e e aeeaes 7

Figure 4: The most widely accepted mechanism for aspartic peptidases is an acid-base
mechanism involving the coordination of a water molecule between two aspartate residues.
Activation of the water molecule by abstraction of a proton by an aspartate residue enables
the water to perform a nucleophilic attack. A tetrahedral oxyanion is generated, which is
stabilized by hydrogen-bonding with the second aspartic acid. Hydrolysis of the peptide is
caused by rearrangements of this intermediate.’® (lllustration adapted™)...........ccccceeverennen. 10

Figure 5: Exemplary enzymatic hydrolysis of terpenol-diglycosides. After cleavage of the inter-
sugar bond by exoglycosidases (blue), the resulting B-D-glycoside is hydrolyzed by
B-glycosidases. (lllustration adapted™®L).........cc.eeiiiiiiiiie e 14

Figure 6: Most common surrogate substrates for the detection of B-glycosidase activities.
A) 4-MUG, B) Esculin, C) pNPG, D) Arbutin. The parts of the molecules that can be
photometrically determined after hydrolysis are illustrated in red............cccccoeeeeiiieeenieiiiinnnnn. 18

Figure 7: 3MHA is originating from 3MH through an esterification with acetic acid. This reaction
is mainly catalyzed by the yeast acetyltransferase Atf1p. ........oocveeiiiieeiiiieiiie e, 22

Figure 8: The potent volatile thiols 3MH and 4MMP are released from cysteinylated precursors
through carbon-sulfur lyases. Several enzymes like Bna3p, Cys3p, Glolp and Irc7p are
assumed to catalyze this reaction in YEASIS. .......cccuuii i 23
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Figure 9: Genesis of glutathione-conjugated volatile thiol precursors. Asterisk: Conjugation
with glutathione occurs either through chemical reactions or through catalysis by glutathione-
S-transferases. The formation of an aldehyde intermediate is described for the conjugation of
(E)-2-NEXENAL. ... e 24

Figure 10: Transformation of glutathione-conjugated precursor structures to cysteinylated
precursors is catalyzed by several enzymatic reactions. Volatile thiols are subsequently
released from the synthesized cysteine conjugates by B-lyases. R) 3MH or 4AMMP residues.

Figure 11: Exemplary presentation of the release of 3MH from cysteine- and glutathione-
conjugated precursors by yeasts. After import of Glut-3MH, conversion to Cys-3MH occurs.
However, Cys-3MH can also be imported directly into the cell. Subsequently, 3MH is released
from the cysteinylated precursor by a B-lyase. (Modified from 224) ..........cccccevieiiiieeciieeeenen. 27

Figure 12: Pathway for the production of thiol structures from aldehydes and alcohols with
genetically modified yeasts. After conjugation of the substrate with glutathione by a
glutathione-S-transferase (GST), the glutathione residue is converted to cysteine (described
in Figure 10, not illustrated). The cysteine-conjugate is subsequently cleaved by a carbon-
sulfur lyase (CSL) and the volatile thiol is released. Increase of the glutathione concentration
through overexpression of a glutamylcysteine synthetase (GCL) might be beneficial for the
achieved ProduCt @MOUNES. ......ccooiieieeeee e 29

Figure 13: Principle of the applied method for the generation of yeasts with improved nitrogen
utilization from SMC. A) Import and export mechanisms, as well as B-lyase activity, are
required to metabolize SMC and make the incorporated nitrogen available for the
microorganisms. B) Cells with improved nitrogen utilization accumulate in the culture after
repeated over-inoculation. (lllustration partly adapted®*)..........cccceevveiiiieeiiie e 31

Figure 14: Relevant features of the pBKD-derived plasmid used in this study. Plasmids were
linearized with Xhol endonuclease. (Adapted from %) .............cccoovviiiii i 33

Figure 15: Principle of operation of the DTNB assay for the indirect quantification of B-lyase
activity at pH 7. A) Methanethiol is released from SMC by B-lyase activity. B) TNB? is
generated by the reaction of methanethiol with DTNB.2° ..........ccccooiiiiiiiieie e 35

Figure 16: Screening procedure using skim-milk-agar plates. Strains with reproducible
peptidase activity were identified by clear halos around their colonies due to protein
(o =To] =T F= 1 1o o 1R 44
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Figure 17: BCA signal reduction after 96 h cultivation of the identified strains in various musts.
Some of the selected strains led to strong reduction of the protein signal at 562 nm. The
measured absorbance values for the non-inoculated negative controls of A) Muller-Thurgau
must: 0.41 AU, B) Gewdrztraminer must: 0.46 AU, C) Muscaris must: 0.56 AU were set to
100 % (WHItE DAIS). .uvvueii i e e e e e et e e e e e r 45

Figure 18: BCA signal reduction after 96 h and 168 h cultivation of the identified strains in
Muscaris must derived from grapes harvested in the year 2020. The absorbance values of the
negative controls without yeast addition after 96 h (0.56 AU) and 168 h (0.54 AU) were set to
100 % (white Bars). Metschnikowia chrysoperlae strains are illustrated in light grey. ........... 46

Figure 19: Positive control of the polygalacturonic acid agar plate assay with commercial
preparations advertised with pectinase activity. 50 uL of a 100 mg mL* enzyme solution was
applied and the plate was incubated overnight at 37 °C. Subsequently, the plate was flooded
with 5 M HCI and incubated for one hour at room temperature. ...........cccoovvviieeeeeeeeeeevvennnnnn. 47

Figure 20: Comparison of esculin-based B-glycosidase activity detection on agar plates and in
liquid culture. The B-glycosidic activity of commercial wine yeasts was detected by the
occurrence of dark staining after cultivation on esculin-agar plates (top row) and in liquid
esculin-containing media (bottom row). Details are described in the material and methods
section. 1) Kitzinger Champagner, 2) Kitzinger Portwein, 3) Kitzinger Universal, 4) Kitzinger
Bordeaux, 5) Kitzinger Steinberg, 6) Kitzinger Aromatic, 7) Bioferm Blanc, 8) Bioferm Doux,
9) Bioferm Killer, 10) Bioferm Malic, 11) Bioferm ROUQE. ........ccoeiiieiiiiiiiiiiiin e 48

Figure 21: Photometric detection of B-glycosidase surrogate substrate hydrolysis in liquid
assays. Shown are the resulting changes of signal intensity after the addition of almond
B-glycosidase to a final concentration of 0.23 U mL™to 100 pL of a 5 mmol L™ solution of
A) Arbutin, B) Esculin, C) pNPG, D) 4-MUG. Used wavelengths are given in the material and
methods section. Experiments were conducted in triplicates. The values represent the mean
values of three experiments and respective standard deviations. ............cccccceeeveeeeeereeeiinnnnnn. 49

Figure 22: Comparison of enzyme activity quantification using 4-MUG or pNPG as surrogate
substrates. The intensity increases of A) 4-MU and B) pNP signals after the addition of almond
B-glycosidase to a final concentration of 100 pU mL™, 50 pU mL™, 10 pU mL™, 5 pU mL™,
1 pU mLt and 0.5 pU mL™ are illustrated. The signal emission slopes were calculated from
measurements for 5 min after the addition of almond B-glycosidase. Experiments were
conducted in triplicates. The values represent the mean values of three experiments and
respective standard deviations. The values for fluorescence and absorbance increase per
minute are given in arbitrary units and were calculated as described in paragraph 4.4.1.4...50

Figure 23: Investigation of 4-MU fluorescence variation due to changes of pH and ethanol or
glucose addition. The absorbance spectra illustrate the 4-MU emission spectra at A) different
pH values, B) different concentrations of glucose or C) different concentrations of ethanol. The
excitation wavelength was 330 nm. Experiments were conducted in triplicates. The values
represent the mean values of three experiments and respective standard deviations........... 51
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Figure 24: Visualization of 4-MU localization before (left) and after (right) the incubation of
yeast cultures with 4-MUG. A. pullulans (A, B) and I. terricola (C, D) cultures were incubated
with 4-MUG and analyzed via fluorescence microscopy as described in the material and
methods section. The exposure time was identical for all pICtures. .............ccccccvvvviiiiiiinnnnnnns 52

Figure 25: Comparative investigation of the top 50 strains obtained in the four different
screenings. Each of the four graphs shows the data for one of the selected strain sets, which
were analyzed again for B-glycosidase activities in the culture at pH 7 or pH 3, in the
supernatant at pH 7 or in the cell lysate at pH 7. A) Strain set obtained in screening for high
activity in whole culture samples measured at pH 7, B) Strain set obtained in screening for high
activity in whole culture samples measured at pH 3, C) Strain set obtained in screening for
high activity in culture supernatant samples measured at pH 7, D) Strain set obtained in
screening for high activity in cell lysate samples measured at pH 7. The asterisk indicates the
strains used in further experiments. The values for fluorescence increase per minute are given
in arbitrary units and were calculated as described in paragraph 4.4.2.1. The calculated values
are listed iN TaADIE S L. ..o 53

Figure 26: Influence of cellobiose, naringin or hesperidin addition on B-glycosidic activity.
Measurements were performed with whole cultures at pH 3 after cultivation of the strains for
two days in YPD-medium containing 5 % glucose or 0.5 % glucose and 1.5 % of the respective
compound added. The values for fluorescence increase per minute are given in arbitrary units
and were calculated as described in paragraph 4.4.2.1. ......ccccoooiiiiiiiiiiiiii e, 55

Figure 27: Investigation of the subcellular localization of the 4-MU fluorescence signal in cells
of A) N. ishiwadae, B) H. occidentalis, C) C. railenensis and D) B. albus. Cells were incubated
with 4-MUG and analyzed with a confocal laser scanning microscope as described in the
material and MEthOAS SECHION. .........coiiiiiiicie e e e e e e e e e aaaea s 56

Figure 28: Comparison of pH profiles of 8-glycosidase activity of cell cultures and cell lysates.
Equal amounts of cells were used as biocatalysts in the form of cells or cell lysates. 4-MUG
hydrolysis rates were determined as described in the material and methods section for
A) N. ishiwadae, B) H. occidentalis, C) B. albus, and D) C. railenensis. The values for
fluorescence increase per minute are given in arbitrary units and were calculated as described
INPAragraph 4.4.2.1. ... oot e e e e e e a 57

Figure 29: Comparative analysis of terpene release from Muscaris must glycoside extract by
cell culture or cell lysate samples. After a 24 h incubation of glycoside extract with 100 pL of
culture sample or cell lysate prepared from 100 pL cell culture at room temperature, the
amounts of released terpenes were determined by trapping with a twister in the gas phase and
subsequent GC-MS analysis. Solid bars show the peak areas determined in experiments with
cell culture samples, dashed bars show the peak areas determined in experiments with cell
Y S AL . e 58
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Figure 30: Impact of glucose, ethanol and Muscaris must on the 3-glycosidase activity of whole
cells. 4-MUG hydrolysis was measured for the different cell culture samples in buffers
containing different amounts of glucose, ethanol or Muscaris must harvested in the year 2020.
The values for fluorescence increase per minute are given in arbitrary units and were
calculated as described in paragraph 4.4.2.1. ........coiiiiiiiiiicce e 59

Figure 31: A) Observed cell densities of the 2112 non-Saccharomyces yeast strains after 48 h
of cultivation in SMC medium. The experimental procedure is described in the material and
methods section in 4.5.1.1. B) Comparative analysis of yeast strains for thiol release activity
during incubation in 100 mmol L™ citrate-phosphate buffer. The 32 strains with highest values
identified in a preliminary experiment (Figure S 9) were analyzed again in triplicates. Shown
are the absorbance increase values measured in the DTNB assays. For the six strains with
the highest values (dashed bars) taxonomic investigation was performed. All experimental
details are described in the material and methods Section.............cccoeeeeeeiie e, 60

Figure 32: Comparison of B-lyase activities of different strains measured via two different
assays at different pH values. DTNB-assays at A) pH 7 indicated high activities for the
identified strains from the screening, whereas headspace measurements of the reaction
B) revealed a strong decrease of the respective enzyme activities at pH 3. The value given
corresponds to the relative B-lyase activity value described by Belda et al.?*¢ ...................... 62

Figure 33: Comparison of the growth curves of evolved strains and corresponding parental
strains (WT) in SMC medium. Precultures were grown in 600 pL synthetic medium with
0.1 mmol L™ (NH4)2S04 for 24 h at 30 °C, 600 rpm and 80 % humidity. ............ccccveerverenen. 64

Figure 34: Indirect measurement of B-lyase activity increase of yeast cells after transformation
with the E. coli tnaA expression construct by quantifying the amount of free thiol-groups with
an assay based on DTNB. White bars: Wild type strains, Grey Bars: Transformants tested,
Dashed Bars: Strains with highest values selected for further experiments. Assay details are
described in the material and methods section. The data points and error bars represent the
mean values and standard deviations for three biological replicates. A significant difference
with a 95 % level of significance (p<0.05) for the values of the tnaA-transformed strains in
comparison to the untransformed strains was found via a two-sample t-test assuming equal
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2 Abstract

In the presented work, investigations of enzyme activities related to the processing of fruits,
especially grapes, and the release of aroma-relevant molecules from musts during
fermentation are described. For this purpose, among other investigations, a library of more
than 2000 yeasts isolated at Hochschule Geisenheim University was screened with respect to
their B-glycosidase, pectinase, peptidase and S-lyase activities. Co-fermentation of yeasts with
high activities of the mentioned enzyme classes is an attractive alternative to the application

of enzyme preparations in winemaking.

While no relevant pectinase activities were detected in the isolates studied, high peptidase
activities were identified for some Metschnikowia pulcherrima isolates, resulting in greater
decreases in the protein signal of musts compared to a selected commercial preparation of the

same species.

To test organisms for the presence of 8-glycosidase activities and to be able to characterize
this enzyme activity, four different surrogate substrates are currently mainly used. In another
part of the present work, the properties and applicability of these compounds (arbutin, esculin,
pPNPG and 4-MUG) are compared and the advantages and disadvantages of their use are
discussed. All four substrates were found to be suitable for photometric assays. 4-MUG was
found to be the most suitable for the intended work due to its high sensitivity, high robustness
and ease of use. A direct comparison of these compounds has not been described to date and
will facilitate selection for screening approaches and other applications. In addition, the study
of the accumulation of the product of hydrolysis of 4-MUG is described, which may provide

indications to the localization of 8-glycosidases.

Following the identification of 4-MUG as the most suitable surrogate substrate, the
aforementioned strain library was assayed for B-glycosidase activity. The activity in the
supernatant and after cell disruption, as well as the activity of whole cultures at pH 7 and pH 3
were evaluated. Several cell lysates showed high activity, which strongly decreased under
wine-typical conditions. Similar results were obtained for the activity in supernatants, with only
one strain of the species Rhodotorula mucolaginosa, already known for 8-glycosidase activity,

showing high activity at low pH values.

Currently, most of the known B-glycosidases identified with the above mentioned surrogate
substrates are secreted enzymes. These enzymes are easy to find and characterize, but
intracellular enzymes with interesting properties may have been previously overlooked. By
studying yeasts with cell-associated B-glycosidase activity, the use of whole cells as flavor-
enhancing catalysts in winemaking or the processing of other fruit juices should be further

established as an alternative to the addition of enzyme preparations, which is currently the
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predominant practice. Such an approach using whole cells could not only have the advantage
of protecting the enzymes against low pH values, but could also lead to different selectivity
profiles, as substrate and product transport through the cell membrane is required and whole
cells may additionally influence the final flavor composition. The screening identified four yeast
strains whose whole cells showed high B-glycosidase activity even at low pH values.
Subsequent comparative analyses of the aroma compaosition in the headspace of assays with
whole cells and cell lysates after combination with glycoside extracts indicated a specific
influence of intact cells on the released aroma compounds. The highest B-glycosidase activity

in must was measured in the experiments with a strain of the species Nakazawaea ishiwadae.

Another part of the work presented deals with volatile thiols, which are potent flavor and
fragrance compounds found in many fruits and can impart tropical aroma sensations such as
passion fruit, guava or blackcurrant. Since these thiols are also characteristic for some wine
varieties such as Sauvignon Blanc, their biosynthetic pathways were intensively researched
and strategies have been developed to increase their concentrations in winemaking. These
include the use of yeast strains with a pronounced ability to release thiols from precursors
present in the must. A key enzyme activity for this release, among other enzymes and
transporters, is the yeasts' B-lyase activity encoded, for example, by the IRC7 gene. In this
context, the compound SMC has been described as a B-lyase surrogate substrate that can be
used to evaluate the thiol-releasing ability of certain microorganisms, since SMC cleavage is
the only way for the cell to assimilate nitrogen. In the presented work, SMC was used as a
screening tool to identify yeasts with potentially high thiol-releasing ability. In addition, the use
of SMC as a tool for targeted evolutionary approaches aimed at introducing high thiol-releasing

activity into microorganisms is demonstrated.

SMC-based growth screening and subsequent testing identified two strains of the species
Pichia kudriavzevii and Wickerhamomyces anomalus with promising thiol-release properties.
Furthermore, the directed evolution approach resulted in mutants of four different yeast strains
with improved growth in SMC medium. The experiments described could enable the
application of an adaptive evolutionary approach to improve thiol release from natural
precursors in non-Saccharomyces yeasts and established yeast strains for wine and beer

production, which could have very broad applications.

Furthermore, in the work described, a thiol synthesis pathway comprising the corresponding
plant and the yeast enzymes was introduced into a laboratory yeast strain, optimized for higher
productivity, and characterized in terms of the biosynthetic diversity. In addition to genome
integration of the Escherichia coli gene tnaA, which encodes an enzyme with high B-lyase
activity, a glutathione synthetase and glutathione-S-transferases were overexpressed. Up to

8.9 ug L* 3-mercaptohexan-1-ol could be formed with the strain from externally added
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(E)-2-hexen-1-ol. Well-characterized thiols such as 2-methyl-2-butanthiol,
3-mercapto-3-methylbutan-1-ol, and 8-mercapto-p-menthan-3-one could be formed by feeding
the yeast cells with the corresponding alcohol, alkenol, aldehyde or ketone precursors. In
addition, several previously undescribed thiol compounds could be synthesized. This concept
allows the discovery of thiols with interesting odor properties and could be optimized for a
biotechnological production process in the future. Furthermore, the selectivity of yeast- and
wine-based glutathione-S-transferases for specific substrates can be analyzed using the

described system.
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In der vorliegenden Arbeit werden Untersuchungen von Enzymaktivitaten beschrieben, die im
Zusammenhang mit der Verarbeitung von Frichten, insbesondere von Trauben, und der
Freisetzung von aromarelevanten Molekilen aus Mosten wahrend der Fermentation stehen.
Hierflr wurde unter anderem eine Bibliothek von tUber 2000 Hefen, die an der Hochschule
Geisenheim isoliert wurden, in Hinblick auf ihre B-Glykosidase-, Pektinase-, Peptidase- und
B-Lyase-Aktivitaten durchmustert. Die Co-Fermentation von Hefen mit hohen Aktivitaten der
genannten Enzymklassen ist eine attraktive Alternative zur Anwendung von Enzympréaparaten

in der Weinherstellung.

Wahrend bei den untersuchten Isolaten keine relevanten Pektinase-Aktivitaten festgestellt
werden konnten, wurden fur einige Metschnikowia pulcherrima Isolate Peptidase-Aktivitaten
identifiziert, die in Vergleichsversuchen in Most starker ausgepragt waren als die Peptidase-

Aktivitdten von einem ausgewéhlten kommerziellen Praparat der gleichen Spezies.

Um Organismen auf das Vorhandensein von B-Glykosidase-Aktivitéaten zu testen und diese
Enzymaktivitat charakterisieren zu kénnen, werden zur Zeit hauptsachlich vier verschiedene
Surrogatsubstrate verwendet. In einem weiteren Teil der vorliegenden Arbeit werden die
Eigenschaften und die Anwendbarkeit dieser Verbindungen (Arbutin, Esculin, pNPG und
4-MUG) verglichen und die Vor- und Nachteile bei der Verwendung diskutiert. Alle vier
Substrate wurden als geeignet fur photometrische Tests befunden. 4-MUG stellte sich
aufgrund der hohen Empfindlichkeit, der hohen Robustheit und der einfachen Anwendung als
am besten fur die angestrebten Arbeiten geeignet heraus. Ein direkter Vergleich dieser
Substanzen ist bislang nicht beschrieben und wird die Auswahl fur Screening-Ansétze und
andere Anwendungen in Zukunft erleichtern. Darliber hinaus wird die Untersuchung der
Akkumulation des Produktes der Hydrolyse von 4-MUG beschrieben, die Hinweise auf die

Lokalisierung der untersuchten B-Glykosidasen geben konnte.

Im Anschluss an die Identifizierung von 4-MUG als das am besten geeignete Surrogat-
Substrat wurde die genannte Stammbibliothek mit Hinblick auf B-Glykosidase-Aktivitat
untersucht. Hierbei wurde die Aktivitat im Uberstand und nach dem Zellaufschluss, sowie die
Aktivitat von intakten Zellen bei pH 7 und pH 3 bewertet. Mehrere Zelllysate zeigten eine hohe
Aktivitat, die jedoch unter weintypischen Bedingungen stark abnahm. Ahnliche Ergebnisse
ergaben sich fur die Aktivitat in den Uberstanden, wobei nur ein Stamm der Art
Rhodotorula mucolaginosa, die bereits fur B-Glykosidase-Aktivitdt bekannt ist, eine hohe

Aktivitat bei niedrigen pH Werten aufwies.

Zur Zeit handelt es sich bei den meisten bekannten B-Glykosidasen, die mit den oben

genannten Surrogatsubstraten identifiziert wurden, um sekretierte Enzyme.
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Diese Enzyme sind leicht zu finden und zu charakterisieren, aber intrazellulare Enzyme mit
interessanten Eigenschaften kénnten bisher Gibersehen worden sein. Durch die Untersuchung
von Hefen mit zellassoziierter B-Glykosidase-Aktivitat soll die Verwendung ganzer Zellen als
aromaverbessernde Katalysatoren bei der Weinherstellung oder der Verarbeitung anderer
Fruchtsafte im Vergleich zur derzeit vorwiegend praktizierten Zugabe von Enzympraparaten
starker etabliert werden. Ein solcher Ansatz mit ganzen Zellen kénnte nicht nur den Vorteil des
Schutzes der Enzyme gegen niedrige pH-Werte haben, sondern auch zu unterschiedlichen
Selektivitatsprofilen fihren, da der Substrat- und Produkttransport durch die Zellmembran
erforderlich ist und ganze Zellen die endglltige Aromazusammensetzung zusatzlich
beeinflussen kdnnen. Bei der durchgefiihrten Durchmusterung konnten vier Hefestamme
identifiziert werden, deren ganze Zellen auch bei niedrigen pH-Werten eine hohe
B-Glykosidase-Aktivitat ~ zeigten.  AnschlieBende  vergleichende  Analysen  der
Aromazusammensetzung im Kopfraum von Assays mit ganzen Zellen und Zelllysaten nach
der Kombination mit Glykosidextrakten deuten auf einen spezifischen Einfluss intakter Zellen
auf die freigesetzten Aromastoffe hin. Die hochste B-Glykosidase-Aktivitat in Most wurde bei

einem Stamm der Art Nakazawaea ishiwadae identifiziert.

Ein weiterer Teil der vorgestellten Arbeit befasst sich mit flichtigen Thiolen, die als potente
Geschmacks- und Duftstoffe in vielen Friichten vorkommen und tropische Aromeneindriicke
wie Passionsfrucht, Guave, oder schwarze Johannisbeere vermitteln konnen. Da diese Thiole
auch fur einige Weinsorten wie Sauvignon Blanc charakteristisch sind, werden ihre
Biosynthesewege intensiv erforscht und Strategien zur Steigerung ihrer Konzentrationen bei
der Weinherstellung entwickelt. Dazu gehort die Verwendung von Hefestammen mit
ausgepragter Fahigkeit zur Freisetzung von Thiolen aus im Most vorhandenen Vorstufen. Eine
wesentliche Enzymaktivitat fir diese Freisetzung ist neben anderen Enzymen und
Transportern die zum Beispiel vom IRC7-Gen kodierte B-Lyase-Aktivitat der Hefen. Die
Verbindung SMC wurde in diesem Zusammenhang als f-Lyase-Surrogatsubstrat
beschrieben, das zur Einschatzung der Thiol-Freisetzungsfahigkeit bestimmter
Mikroorganismen verwendet werden kann, da die SMC-Spaltung fur die Zelle die einzige
Mdglichkeit ist Stickstoff zu assimilieren. In der vorliegenden Arbeit wird diese Verwendung
von SMC als Screening-Tool zur lIdentifizierung von Hefen mit potenziell hoher Thiol-
Freisetzungsfahigkeit genutzt. Dartber hinaus wird die Verwendung von SMC als Werkzeug
fur gezielte Evolutionsansatze demonstriert, die auf die Einfihrung einer hohen Thiol-

Freisetzungsaktivitat in Mikroorganismen abzielen.

Im Rahmen eines SMC-basierten Wachstumsscreenings und anschlieender Tests wurden
zwei Stamme der Arten Pichia kudriavzevii und Wickerhamomyces anomalus mit

vielversprechenden Eigenschaften zur Thiol-Freisetzung identifiziert.
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Ein Ansatz der gerichteten Evolution fiihrte dariiber hinaus zu Mutanten von vier
verschiedenen Hefestammen mit verbessertem Wachstum in SMC-Medium. Die
beschriebenen Experimente kénnten die Anwendung eines adaptiven evolutiven Ansatzes zur
Verbesserung der Thiol-Freisetzung aus natirlichen Vorlaufern in nicht-Saccharomyces-
Hefen und etablierten Hefestammen fir die Wein- und Bierproduktion mit sehr breiter

Anwendung ermdglichen.

Darlber hinaus wurde in den beschriebenen Arbeiten ein Thiol-Syntheseweg, der die
entsprechenden Pflanzen- und Hefeenzyme umfasst, in einen Laborhefestamm eingebracht,
im Hinblick auf eine héhere Produktivitat optimiert und hinsichtlich seiner biosynthetischen
Vielfalt charakterisiert. Neben der Genomintegration des Escherichia coli Gens tnaA, das fur
ein Enzym mit hoher B-Lyase-Aktivitat kodiert, wurden eine Glutathionsynthetase und
Glutathion-S-Transferasen tberexprimiert. Bis zu 8,9 ug L™ 3-Mercaptohexan-1-ol konnte mit
dem Stamm aus extern zugegebenem (E)-2-Hexen-1-ol synthetisiert werden. Zudem konnten
gut charakterisierte Thiole wie 2-Methyl-2-butanthiol, 3-Mercapto-3-methylbutan-1-ol und
8-Mercapto-p-menthan-3-on durch Futterung der Hefezellen mit den entsprechenden Alkohol-,
Alkenol-, Aldehyd- oder Ketonvorlaufern gebildet werden. Darlber hinaus konnten mehrere
bisher unbeschriebene Thiolverbindungen synthetisiert werden. Dieses Konzept ermdglicht
die Entdeckung von Thiolen mit interessanten Geruchseigenschaften und kénnte in Zukunft
fur einen biotechnologischen Produktionsprozess optimiert werden. Darlber hinaus kann mit
dem beschriebenen System die Selektivitat von Hefe- und Wein-basierten

Glutathion-S-Transferasen fur bestimmte Substrate analysiert werden.
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3 Introduction

Wine is a complex mixture of many components that influence the appearance, aroma, taste
and mouthfeel. The main sources of these components are the grapes, the microorganisms
present during fermentation and the wood (mainly oak) if the wine is aged in wooden barrels.
The term flavor describes both effects of odor and taste. The aroma of wine is mainly
associated with the volatile components perceived through the olfactory system while the
bouquet is caused by more complex, non-volatile flavor compounds.! Grape-derived
components in the must lead to varietal distinction and cause the basic wine structure typical
for each grape variety, while the acids and tannins from the grape, together with ethanol and

glycerol, contribute to the mouthfeel of the wine.

The usage of specific enzyme activities in winemaking has increased greatly in recent times.
The treatment of grapes, musts and wines takes place to improve wine clarification and
filtration, but also to improve juice yield, color and aroma.? An alternative to the use of enzyme
preparations could be the inoculation with indigenous starter yeasts which produce these

enzymes naturally during fermentation.®

The aroma components present in wine are either directly present in the grapes or emerge
during the wine-making process. In order to better categorize them, they are divided into
classes. The class of varietal aroma compounds is responsible for the primary aroma, which
includes the odorless components that are converted into volatile aroma components during
wine production. The class of prefermentation aromas are formed between harvest and
fermentation by processes triggered, for example, by the destruction of the berries during
transport (primary aroma). Fermentation aromas (secondary aroma), such as ethyl esters, are
secondary products of microorganisms that are present during fermentation and contribute, for
example, to the fruity impressions of wine. Postfermentation aromas (tertiary aroma) are
formed during aging and contribute to the complexity of the wine.*® In this context, the aroma
compounds discussed among other aspects in this thesis are classified as varietal aroma
compounds or primary aroma, since they result from the cleavage of odorless precursors

already existing at the time when fermentation begins.

In order to meet the demands of consumers, the production of wines with defined
characteristics is becoming increasingly important. To be able to modulate the great variety of
aromas in wines accordingly, it is important to understand the synergies between different
grape varieties and aroma-modifying yeast strains. The usage of this knowledge can result in

tailored wines that appeal to specific customer groups® and corresponding studies may open



up opportunities for yeast starter strains that can significantly alter the aroma of wines’ by

releasing certain aroma compounds at specific concentrations.®

While some of the aroma compounds are derived from the metabolism of the microorganisms
involved in the fermentation process, many grape-derived components are also modified by
microorganisms. Thus, fermentation with yeasts not only causes the conversion of sugar to
ethanol, but also releases a variety of sensory important volatile metabolites that cause the
significant increase in flavor complexity between must and wine.® During these processes,
95 % of the initial sugar concentration of 22-24 % sugar is converted to ethanol while 1 % is
converted to cellular material and the remaining 4 % to other end products during model
fermentations.! This is the reason why wine in general has more aroma than the musts from

which it is produced.

As described, yeasts are responsible for the conversion of sugars into alcohol and other
by-products during wine production. Yeasts are unicellular microorganisms which belong to
the fungi kingdom. Compared to bacteria, yeasts are larger and have an oval or elliptical cell
shape. Yeasts are also traditionally used for many other processes in the food industry, such

as baking for a long time.

It has also become increasingly clear that wine fermentation is not only dependent on yeast of
the species Saccharomyces cerevisiae, but also on a variety of other wine yeasts that enter
the fermentation process from both the grapes and the wine environment. Although grape
musts contain all the necessary nutrients for cell growth, only specialized strains can establish
during fermentation because of the high sugar content and low pH values. Nevertheless, a
variety of different microorganisms can survive during spontaneous fermentation. Since they
naturally occur in the described habitats, they are described as autochthonous

microorganisms.

Although S. cerevisiae is the predominant species in fermentations, the process of wine
production is not sterile.* The yeasts that occur in spontaneous wine fermentations can be
divided into two general groups. The Saccharomyces yeasts, which consist partly of
S. cerevisiae, and the non-Saccharomyces yeasts, which include members of the genera
Candida, Pichia, Rhodotorula, Debaromyces, Metschnikowia, Hansenula, and
Hanseniaspora.! The microflora of grapes initially consists mainly of low alcohol tolerant
strains, while S. cerevisiae is present only in small numbers.! For example, two
Saccharomyces and 10 non-Saccharomyces strains were detected in spontaneous

fermentations, with non-Saccharomyces yeasts accounting for 30 % of the identified isolates.*°



While non-Saccharomyces yeasts dominate the early stages of fermentation, their growth is
often limited to the first days of fermentation due to the increasing ethanol content.
Subsequently, S. cerevisiae dominates growth until the end of fermentation.! The application
of antioxidants and anaerobic conditions during fermentation leads to further selection of the
wine microbiome.® Although the populations of non-Saccharomyces yeasts are no longer
detectable at the end of vinification, the majority of their secreted enzymes is present until the

end of this process.*?

Although non-Saccharomyces yeasts were long considered a contaminant and fermentations
were carried out using only Saccharomyces yeasts,*? it has become increasingly apparent that
these yeasts can also have many beneficial influences on the resulting wine'* by increasing

the complexity in mixed fermentations.>16

For example, Metschnikowia pulcherrima was found to contribute to a decrease in final ethanol
concentration,” while Hanseniaspora vineae led to an increase in fruity aromas.*® In addition,
after co-fermentation with Torulaspora delbrueckii, increased amounts of esters were
observed,'® while Lachancea thermotolerans led to an increase in acidity.?® This increase in
acid concentration, for example, is particularly interesting in terms of climate change, as the
increasing temperatures lead to higher alcohol contents and lower acid concentrations. In
general, it can be stated that non-Saccharomyces yeasts help to obtain "fresher" wines after

fermentation.?*

The positive influence of non-Saccharomyces yeasts is often due to hydrolytic extracellular
enzymes,?? which interact with must components and can thus have a major impact on the
properties of the fermented wine.?® Non-Saccharomyces yeasts can directly cause the release
of aromatic substances typical of varietal must, such as aromatic glycosylated precursors and
thiols conjugated to cysteine and glutathione, through the activity of these enzymes. In
addition, many other extracellular enzyme activities with technological advantages, such as
pectinases or enzymes with proteolytic activities, have recently become interesting for
winegrowers. The corresponding enzyme activities have been found, for example, in the
genera Kloeckera, Candida, Debaryomyces, Rhodotorula, Pichia, Wickerhamomyces,

Zygosaccharomyces, Hanseniaspora, Kluyveromyces and Metschnikowia.?*

Because non-Saccharomyces yeasts often have low fermentative power, sequential or mixed
use with S. cerevisiae is usually necessary for complete fermentation.?! It is believed that co-
fermentation of non-Saccharomyces strains together with S. cerevisiae in these cases even
partially results in yeast-yeast interactions that lead to further changes of the aroma profile®
which can lead to masking or suppression of negative properties caused by non-

Saccharomyces yeasts.?



However, when using non-Saccharomyces yeasts, these possible negative impairments such
as the increase in volatile acidity or the increase of unintended sulfur components and fusel
alcohol aromas?’ should be taken into account. For this reason, the microorganisms used have

to be carefully selected.

However, the use of non-Saccharomyces yeasts is a useful extension of the methods for
improving the production processes in wine making and for increasing the varietal aromas
during fermentation. Since the described enzyme activities of oenological relevance
(like B-glycosidases, B-lyases, pectinases and peptidases)® can vary greatly not only between
different species but also between individual strains of a species,'??¢ it is necessary to screen
high numbers of organisms to identify those with interesting properties. In order to find
organisms that are also adapted to the harsh environmental conditions during fermentation, it
makes sense to screen autochthonous microorganisms, since they have their natural habitat
on grapes or in wine fermentations and may be added to the fermentation process without
further labeling requirements. For scientific studies, the microorganisms are isolated, for
example, from spontaneous fermentations or from the surface of the grapes. In contrast to
filamentous fungi, yeasts with beneficial enzymatic endowment, could be used directly as

starter cultures, obviating the application of enzyme preparations.?®

The basis of the presented screening approaches is a library of the described autochthonous
microorganisms. On one hand, these organisms were isolated from crushed grapes of the
2018 vintage as part of a related subproject at the Hochschule Geisenheim University (HGU).
On the other hand, parts of the microorganisms originate from the strain collection of the HGU
and were isolated from grape berries and from fermentations in previous projects. After
exclusion of obvious isolates of the yeast-like fungus Aureobasidium pullulans, a total of 2112
isolates could be used in the screening for relevant enzyme activities. These enzyme activities
are described in the following sections on the basis of their mechanism and significance for

wine production.

Pectins are polysaccharides and the main components of the middle lamella and primary cell
wall of higher plants. They play a decisive role in the integrity of the cell wall.? As a central
component of plant cells, pectins are found in many plant-based raw materials and influence
their viscosity, the efficiency of extraction of liquid and raw material components and inhibit
growth of desired microorganisms. For example, pectins lead to a reduction in the quality of
paper, pulp and textile products.® During the pressing of fruits and therefore also in wine

production, pectins pose a major challenge.



Pectins consist of long linear o-(1,4)-linked polymers of D-galacturonic acid, which can be

methylated or actetylated (Figure 1).
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Figure 1: The basic chemical structure of pectins. Pectins are heterogeneous molecules
consisting of “smooth” linear and “hairy” branched regions that are highly variable (not
depicted). The linear regions consist of a-(1,4)-linked galacturonic acid residues that
may be methylated (red) or acetylated (blue). Pectins show various degrees of
branching and may contain various other carbohydrate residues.3!

There are two types of pectins: Homogalacturonic pectins, consisting solely of D-galacturonic
acid, and rhamnogalacturonic pectins, in which the galacturonic acid chains are interrupted by
L-rhamnose residues joined together by an «a-(1-2) bond, to which possible side chains
consisting of sugars such as galactose and arabinose can be attached.3-3 All side chains of
neutral sugars are usually branched to rhamnose via 1,4-linkages and the D-galacturonic acid
residues may be methylated.® Pectic substances have a high molecular weight and are

negatively charged.

3.2.1 Pectinases

Many enzyme activities are known that can degrade pectins. Pectinase is a generic name for
this family of enzymes which is involved in the degradation of pectic substances.® Pectinases,
also called pectolytic or pectic enzymes, belong to the family of polysaccharidases and

degrade pectin by cleaving the linear and branched regions.

3.2.1.1 Pectinases in winemaking

The ability of pectinases to degrade the cell wall has been used for many years in the process
of wine production and fruit juice pressing. Polygalacturonases, which catalyze the cleavage
of the o-(1,4)-glycosidic bond between two non-methylated galacturonic acid residues are

mainly used (Figure 2).34
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Figure 2: Mode of action of polygalacturonases. The cleavage of the a-(1,4)-glycosidic
bond between two non-methylated galacturonic acid residues results in destruction of
cell structures and reduces viscosity. Therefore, the juice yield and the extraction of
aroma and flavor components is improved.



These enzymes thus help to improve the clarification and filterability processes and lead to
higher release of color and flavor components.*® The basic effect is the destruction of cell
structures, as a result of which the substances can be better extracted from the pulp, the skin
and from the peripheral zone of the grape skin. For example, the application of pectinases
facilitates the diffusion of anthocyanins, tannins, and aroma molecules in the skins.3®
Commercial wineries also frequently apply pectinases to increase the yield of must. The
commercial enzyme preparations also often have useful side activities such as glycosidases
and petidases® and in most cases are derived from fungi such as Aspergillus niger.3” However,
fungal pectinases have several disadvantages. For example, impurities can occur in the form
of undesired enzyme activities such as pectinesterases and enzymes derived from fungi are

rarely active at low temperatures.33’

3.2.1.2 Yeast pectinases

In addition to higher fungi, plants, and bacteria, pectinases are also synthesized by yeasts.
These yeast enzymes are known to be active at a wide temperature range of 0-60 °C.%" These
"cold-active" enzymes allow fermentation at lower temperatures® reducing the growth of
unwanted microorganisms (spoilage) and preserving sensory and nutritional properties.*
In addition, yeasts often express only the desired type of pectinolytic enzymes,

polygalacturonases,® and rarely exhibit unwanted side activities.

Yeasts synthesize pectolytic enzymes depending on their environment and genetic
background.®” These pectinolytic properties have been noted for example for the genera
Candida, Kluyveromyces, Rhodotorula, and Saccharomyces.*® Since it has been described
that many S. cerevisiae strains have low pectinase activities,*® high pectinase activities have
only been detected for a few isolates.*! For example, when 678 different species of yeast were
examined, activity was detected in only a few,*? while of 300 yeasts isolated from tropical fruits,

only 7 % showed polygalacturonase activity.>?

3.2.1.3 Genetic background of pectinases

Consequently, only a few genes coding for polygalacturonases have been characterized in
yeasts. For example, EPG1 and EPG1-2 are known from Kluyveromyces marxianus,*® while
S. cerevisiae contains the gene PGUL (PGL1), which is also associated with galacturonase
activity.3* It has also been shown that polygalacturonase activity depends on the carbon
source. Thus, the replacement of glucose with galactose, as well as the addition of pectins or

their degradation products, resulted in higher enzyme activities.**



3.2.1.4 Further applications of pectinases

Pectins also lead to problems in the processing of plant raw materials other than grapes. For
example, pectinases are also used during the extraction of vegetable oil,* for the removal of
citrus fruit peels®® and in paper production.®” Because of this, about 25 % of the global market
for food enzymes is related to microbial pectinases.®® Thus, there is a great need for yeast

strains that exhibit strong polygalacturonase activities.
3.3 Proteins

Typical protein concentrations in white wine are in the range of 10-500 mg L4647 with proteins
having molecular masses of 6 to 200 kDa (Figure 3 A).*® Chitinases account for approximately
50 % of soluble proteins in ripe grapes,*® while the exact protein composition depends on the
type of grapevine and cultivation.>® The proteins contained in wine play a major role in the haze
formation of bottled wines (Figure 3 B) and are of great importance to the wine industry. Haze
formation due to for example elevated temperatures after bottling®® is caused by the
precipitation of grape pathogenesis related proteins, which are mainly found in the grape
pulp.®? For this reason, pathological conditions during grapevine growth>® and during grape

transport and handling® have a great influence on the subsequent turbidity of the wine.
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Figure 3: Wine proteins and haze formation during fermentation. A) Typical
electrophoretic profiles of two unfined grape juices (CHA: Chardonnay,
SAB: Sauvignon blanc) with protein band identities assigned by proteomic analysis,
B) Clear white wine and turbid wine caused by protein aggregation, C) Repeated
differential scanning calorimetry scans: Thaumatin-like protein C from Semillon juice
showing a melting temperature of 61°C and reversibility of thermal unfolding
(upper side) and Chitinase F1 from Sauvignon blanc juice showing a melting
temperature of 55 °C, no reversibility of thermal unfolding, and aggregation after
unfolding (lower side). Reprinted with permission of * (Paragraph 7.5). Copyright 2023
American Chemical Society.

The proteins mainly involved in these processes are grape chitinases and thaumatin-like-

proteins,*” which are positively charged in wine. Due to a high number of disulphide bonds,®?



these proteins are stable under wine conditions (despite the pH and processes like proteolysis)
and remain in the wine after fermentation,>® whereas the majority of other grape proteins
precipitate or degrade during this process.>® Chitinases and thaumatin-like proteins exhibit
structural differences in the secondary structure,>”-°8 in the mechanisms of denaturation and in
aggregation. For example, the final step of chitinase aggregation is irreversible and
denaturation occurs at comparatively low temperatures (Figure 3 C).*° Since chitinases also
exhibit significantly shorter half-lives at lower temperatures, this enzyme class is presumably

mainly responsible for wine turbidity.®°

This fact has already been demonstrated with the correlation between chitinase concentration
and the severity of turbidity.®® Although other proteins such as B-(1-3)-glucanases and the
ripening-related protein Grip22p have also been identified as parts of protein turbidity,%* their

contribution to total turbidity is comparatively small.®?

3.3.1 Wine turbidity

As described, proteins form insoluble aggregates over prolonged periods during the storage
of white wines®? that lead to wine turbidity.° Although this turbidity does not cause health risks®*
and does not significantly affect taste,®® it is seen by consumers as a sign of poor quality®® and
is therefore negative for marketing. Protein instability in wine is thus one of the most
widespread non-microbial defects of commercial wines®? and causes major economic damage.
In red wines, on the other hand, large parts of unstable proteins already react with the existing

tannins during fermentation, which is why the problem of turbidity occurs rather rarely.5®

The formation of turbidity by the different protein classes is also strongly influenced by many
other wine components and conditions, such as pH value, the concentration of phenolic
compounds and especially sulfate anions.*”’ In this context, sulfates may be involved in the
conversion of soluble aggregates into larger turbidity particles.®* For this reason, the protein

content and type of wine cannot necessarily be used to infer the risk of turbidity.®

3.3.1.1 Prevention of wine turbidity

To prevent haze formation, clarification of the wine with bentonite is often carried out before
bottling to remove the proteins before storage. Although bentonite clarification is based on the
electrical charge of the protein classes described, it is not specific to proteins and charged
molecules. Therefore, important uncharged aroma components are also partly extracted at the
same time.53 In addition, further costs are arising, which is why more sustainable and gentle

methods for preventing turbidity in wine are being sought.

Thus, other adsorbents for wine proteins have been investigated in the past. ZrO,, for example,
is able to bind unstable wine proteins® without a major impact on the sensory properties and

can be easily regenerated.®® The addition of natural zeolites, on the other hand, leads to
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complete heat stability of the treated wine within three hours without significant influence on

the aroma and the zeolites can be recycled in agriculture.”

Another way to minimize the general input of proteins into the fermentation process is to apply
certain winemaking practices, such as preventing the grapes from extensive ripening in order
to prevent high levels of proteins. In addition, the use of pectolytic enzymes with proteolytic
side activities, the avoidance of maceration before fermentation, or the minimization of SO-

levels can contribute to the reduction of turbidity in the finished wines.”

Another way of preventing visible haze in wines is stabilization by mannoproteins, which lead
to less visible haze by reducing particle size.®® Although the reduction of haze formation by
certain mannoproteins from yeasts has already been described, the amounts secreted by
yeasts during fermentation and storage are too small to make a significant difference.’
However, the treatment of wine with mannoproteins from yeasts is approved by the

Organization of Vine and Wine.”

Moreover, since the proteins responsible for turbidity are also responsible for protecting the
plant from pathogens, the development of more resistant grape varieties poses a challenge by

increasing the number of proteins potentially responsible for turbidity in wine.>3

For this reason, additional possibilities to reduce the haze of the wines were investigated. One
approach is based on the fact that the addition of polysaccharides such as chitin has been
shown to strongly reduce haze,” as they bind to the chitinases, which are significantly involved
in the processes responsible for haze. It has also been shown that the amounts of chitin in the
cell walls of the organisms used and the reduction of turbidity correlated. It is likely that binding

of the chitinases to the cell membrane occurs, thus contributing to the reduction of turbidity.”

All other methods of reducing proteins in wine, such as ultrafiltration, binding to flavonoids, and
flash pasteurization, have adverse effects such as the loss of important organoleptic

components, or are expensive and cumbersome to apply.4%:°8

3.3.1.2 Yeasts with high peptidase activity

In addition to the previously mentioned methods for stabilizing proteins in wine, enzymatic
degradation of wine proteins has been discussed as a useful alternative for clarification. The
use of peptidases can take place without the reduction in volume that occurs when bentonite
or other adsorbents are used, and the aroma composition of the treated wines is rarely

negatively affected.

Peptidases are divided into the four classes of serine endopeptidases, cysteine
endopeptidases, aspartic endopeptidases and metalloendopeptidases on the basis of their

catalytic mechanism. Each of these classes catalyzes the hydrolysis of specific peptide bonds



and has a characteristic composition of amino acids in the catalytic center.”® The aspartic
peptidases secreted by non-Saccharomyces yeasts consist of two symmetrical regions in the
tertiary structure, which form the catalytic center with the aid of aspartic acid residues. Similar
to other classes of peptidases, the enzyme activity of this class is pH dependent.”” The most

widely accepted mechanism for aspartic peptidases is illustrated in Figure 4.

2SI B

Figure 4: The most widely accepted mechanism for aspartic peptidases is an acid-base
mechanism involving the coordination of a water molecule between two aspartate
residues. Activation of the water molecule by abstraction of a proton by an aspartate
residue enables the water to perform a nucleophilic attack. A tetrahedral oxyanion is
generated, which is stabilized by hydrogen-bonding with the second aspartic acid.
Hydrolysis of the peptide is caused by rearrangements of this intermediate.”
(llustration adapted™)

Although it has been confirmed that peptidase A, an intracellular enzyme for the degradation
of polypeptides and proteins, is released during autolysis of S. cerevisiae,® the influences of
this peptidase are minor in the overall context. Sequential fermentation of yeasts with
proteolytic properties eliminates the possible legal restrictions and purification prior to the
addition of enzyme preparations, and a large effect can be achieved by initially using small
amounts of cells.®! Although the proteins responsible for cloudiness in wine are largely stable
to yeast peptidases,®® it may be possible to identify individual strains that enable the
degradation of these proteins based on the variety of microorganisms that occur
autochthonously on the surface of wine grapes. For example, Hanseniaspora strains have

already been identified that could strongly influence protein levels in the final product.®?

In addition of preventing turbidity in wine, the use of peptidases can have a further advantage
in terms of the available nitrogen content in the must, thus preventing fermentation from
stopping due to low nitrogen content.® The degradation of amino acids by yeasts also leads
to esters, higher alcohols and volatile fatty acids, which play a major role in the aroma of the

wine.®

Peptidases from Aspergillus niger and Botrytis cinerea have also been successfully used to
reduce wine turbidity.84® In addition, plant enzymes such as bromelain, in free and

immobilized form, have been used to reduce wine haze potential by up to 70 %.8¢
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The presence of aroma glycosides is confirmed for many industrially processed fruits like
apricot, peach, yellow plum, quince, sour cherry, passion fruit, kiwi, papaya, pineapple, mango,
lulo, raspberry and strawberry®” in concentrations from 2-8 fold®®° to their volatile
counterparts. These glycosides are not directly accessible to the human aroma perception due
to the high polarity (and thus low volatility) of the sugar residues and do not contribute to the
aroma profile.*®* More than 200 compounds bound to glucose have also been identified in
Vitis vinifera.®* Studies with grape juices or vine grapes showed that aroma glycoside
concentrations are two to ten times higher than the concentrations of the free aromatic
molecules.®”:92 While in Riesling the bound aroma molecules were 3-5 times higher than the
free aroma molecules,® 90 % of the monoterpenes, which dominate as aroma molecules, were
found to be bound to glycosides in Muscat.®*% Thus, the largest proportion of odor-active
compounds at the time of full ripeness of grapes is glycosidically bound,®® with glycoside

precursors occurring in absolute concentrations between 6.5 and 28 mg L™ in grape juice.*®

For example, alcohols, terpenes, Cis-norisoprenoids, volatile phenols, benzene derivatives,
aromatic alcohols and acids are bound to glycosides in grapes.®’~% Of these substances,
terpene glycosides are among the most important for the aroma of wine and are described, for
example, in Muscat, Gewdrztraminer, Riesling, or Sauvignon Blanc.'® Precursors of linalool,
nerol, and geraniol are found primarily in these grape varieties.°>1%2 Conversions of glycoside
precursors and the release of terpenes result in wines that exhibit floral, spicy, and sweet

characteristics.%

3.4.1 Monoterpenes

The above-mentioned terpenes essentially consist of two isoprene units, whose synthesis
takes place via the mevalonate pathway or the 1-deoxy-D-xylulose-5-phosphate pathway.
According to current knowledge, the synthesis of terpenes in the plastids of grapes takes place
via the 1-deoxy-D-xylulose-5-phosphate pathway.?® Starting from geranyl diphosphate,
various terpenes are subsequently formed via different mechanisms. Due to the reactivity of
the terpenes caused by their hydroxy-groups and double bonds, further reactions and

isomerizations often occur.%

Terpenoid compounds play a central role in wine. At least 70 different monoterpene
components are known, while linalool, geraniol, nerol, a-terpineol and citronellol dominate.1®
Those structures show perception thresholds between 100 and 400 pg L in wine.'% However,
some terpenes also have significantly lower odor thresholds, such as citronellol with

15 pg L.%7 Terpenes also frequently occur as monoterpene ethyl esters and acetates.
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The composition of the monoterpene compounds of wines is very characteristic. For this
reason, wine varities have been classified on the basis of gas chromatographic analysis of so
called "fingerprint patterns".1°® The amounts of free terpenes used for this purpose are also

reflected in the concentrations of the glycosylated precursors.®’

3.4.2 Glycosidically bound aroma compounds

As described, large parts of the aroma components present in wine, such as the terpenes, are
covalently bound to B-D-glucopyranose. Depending on the grape variety, two sugar molecules
may also be bound to the substances and diglycosides such as arabinofuranosyl glycosides,
rutinosides, or apiofuranosyl glycosides may be present.®” In the distribution of glycoside
residues of the most aromatic aglycones, apiosyl glycosides are the most represented with
50 %, followed by rutinosides (6-13 %) and glucosides (4-9 %).8” Thus, disaccharides
represent the major part of the bound terpenes, while monoterpene B-D-glucosides occur only

in relatively small amounts. Trisaccharides also occur rarely in wines.’

Studies of glycosidically bound aroma precursors in ripe grapes described the localization of
large amounts of the precursors for Muscat, Cabernet Sauvignon and Tempranillo in the berry
skin,® whereas they are evenly distributed in Riesling and Gewdrztraminer.1°® The authors
suggested that berry size is causal for this shift in the ratio towards the pulp. The site of

synthesis of these substances has not been definitely determined.

The formation of glycosylated precursors can be influenced during grape ripening by
environmental factors, microbial infestation,®® and viticultural methods.’®® The transfer of

glycosides into the must can also be significantly influenced by the mashing time. 108110

3.4.3 Cellular reasons for glycoside formation

Molecules like monoterpenes, which are increasingly formed during ripening, have to be
accumulated by the plant. Due to their lipophilic character, however, these substances are
toxic to the cells in higher concentrations, as they can destroy cell components of the plant,
such as membrane structures. Due to the binding to sugars, the substances are easier to store
and transport into the vacuole.*'! Thus, the formation of glycosides primarily serves to improve
chemical solubility, stabilization, transport, storage, and also contributes to detoxification
mechanisms.®1112-116 The binding of the respective aglycones to the corresponding sugar
residue via the anomeric C-atom of the (-D-glucose residue and the hydroxyl group of the

respective monoterpene alcohol is mainly catalyzed by glycosyltransferases.!'4

As described, terpene-glycosides represent a great opportunity to enhance the aroma intensity
of the products during the industrial processing of fruits. The hydrolysis of these molecules is

either a result of acidic hydrolysis or an enzymatic process mainly catalyzed by 3-glycosidases.
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3.4.4 Acid catalyzed hydrolysis

Acid catalysis results in the release of the aglycones without catalysis by an enzyme at low
pH values. Acid hydrolysis is strongly dependent on the pH value, temperature and structure

of the aglycone.!!3

Moreover, due to the acid catalytic cleavage of aroma glycosides, which in some cases takes
place slowly, the aroma profile of wines can change significantly during storage.'’ It has been
shown that, in particular, tertiary alcohols such as linalool as well as linalool oxides and
a-terpineol are more frequently cleaved from the sugar residue by acid hydrolysis compared

to primary alcohols such as geraniol and nerol .28

A comparison of acid hydrolysis at pH 2.5 to enzymatic hydrolysis with the enzyme preparation
AR2000 of synthetic glucosides showed in both cases an almost complete cleavage of the
compounds of 85-91 %. However, acid hydrolysis results in strong rearrangements of the
molecules,®’1%” whereas enzymatic hydrolysis preserves the native structure of the

compounds.%’

3.4.5 B-Glycosidases

As an alternative to acid-catalytic cleavage, the hydrolysis of glycosides can be enzymatically
catalyzed by glycosidases. Glycosidases belong to the hydrolases and hydrolyze
carbohydrates with aryl, amino or alkyl-B-D-glycoside residues, as well as oligosaccharides
and disaccharides.?®'! |n the field of glycosidases, B-glycosidases have been studied
particularly intensive. 3-Glycosidases hydrolyze glycosidic linkages for example of terminal
non-reducing glucosides.'*® B-Glycosidases occur ubiquitously and catalyze the hydrolysis of
B-1,4-bonds™® in many biological processes, host-parasite interactions, cell wall degradation
and in biotechnological applications such as flavor intensification of beverages.®113
B-Glycosidases are often classified according to their substrate specificity as
aryl-B-glycosidases, cellobiases which hydrolyze disaccharides like cellobiose and broad
substrate specificity enzymes, with most characterized 3-glycosidases belonging to the latter
category.’®® There are two mechanisms of glycoside hydrolysis, one occurring while
maintaining the stereochemistry at the anomeric carbon atom and the other leading to an

inversion.12°

The enzymatic hydrolysis of diglycosidic structures takes place in two steps (Figure 5). First,
the inter-sugar bond is cleaved by exoglycosidases such as a-rhamnosidases or
a-arabinofuranosidases. The resulting B-D-glycoside is subsequently hydrolyzed by a

B-glycosidase.'?
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Figure 5: Exemplary enzymatic hydrolysis of terpenol-diglycosides. After cleavage of
the inter-sugar bond by exoglycosidases (blue), the resulting B-D-glycoside is
hydrolyzed by B-glycosidases. (lllustration adapted???)

Although B-glycosidases are also present in plants such as grapevine, these enzymes are not
stable at the pH values present during fermentation'?? and are therefore not relevant for the
winemaking process.!® The enzyme preparations currently used commercially for wine aroma
improvement are therefore often originating from fungi.!?® Treatment of wines with
B-glycosidase preparations from fungi can lead to an increase in free volatile compounds of
265-2,000 %.% However, the application of these preparations is only successful in dry wines,
as the enzymes are otherwise inhibited by sugar. For this reason, their use is more effective
towards the end of fermentation, preventing the aromatic substances from further reactions
which contribute to positive aging effects.®® The enzymes are thus limited in their enzymatic
capacity due to the harsh fermentation parameters,*?* also including low pH values and, in the
course of the fermentation process, the increasing amounts of ethanol. Moreover, fungal
B-glycosidases can also mediate hydrolysis of unstable pigments like anthocyans and the

release of unpleasant flavors like vinyl-phenols.®”12°

Because of this, other exogenous enzymes are often used to compensate for insufficient
enzyme activities in grapes in viticulture. Yeasts and lactic bacteria can be a good source of
these enzymes?'® by adding strains with known B-glycosidase activities to the fermentations.*?
For this purpose, the strains are used in co-inoculations?’ or sequential fermentations?®

together with S. cerevisiae.
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3.4.5.1 Inhibition of B-glycosidases

As described, B-glycosidases are inhibited by various factors such as glucose and ethanol
concentration, pH value, temperature, and SO content during fermentation.'?® It should be
noted that the individual factors can also have combined influences on the activity of
B-glycosidases. In addition, other components of must can negatively affect enzyme activity .
The optima of glycosidases from different non-Saccharomyces yeasts vary greatly and cannot

be generalized.®’

In addition, B-glycosidases can be influenced by increasing glucose concentration due to its
hydrolysis activity.*3>13! The fact that 8-glycosidase from Wickerhamomyces anomalus strain
AL112 still exhibited 50 % of its maximum enzyme activity at 20 % glucose (w/v),'*? but the
activity of B-glycosidase from Wickerhamomyces anomalus strain MDD24 was significantly
reduced at a glucose concentration of 5 %' illustrates, that the sugar tolerance of the
respective B-glycosidase is strain dependent. The B-glycosidases secreted by eukaryotes
belong to the GH3 family. This family has a shallow binding site that is easily occupied by
glucose due to the specific conserved domains which leads to the loss of activity.'3
B-Glycosidases are also inhibited by substrate-analogous glycosides, by sugar analogs in the

transition state, by free aglycones, and by substrates that are only slowly hydrolyzed.%

High ethanol concentrations can also lead to the inhibition of B-glycosidase activities. %
However, many -glycosidases have been found to be tolerant to high ethanol concentrations.
For example, B-glycosidases from non-Saccharomyces yeasts were described that still
showed 60-80 % of their initial activity at 20 % ethanol.1?%133137.138 Fyrthermore, a
B-glycosidase from Pichia anomala was characterized that even showed increased activity

(150 %) in the presence of 4-20 % ethanol and stability at low pH values.**3

Low pH values in fermentations also play an important role in the inhibition of 8-glycosidases.
The pH optimum of most B-glycosidases is between 4 and 7.5, with enzyme stability between
pH values of 4 and 9.*° In various screenings, however, extracellular 8-glycosidases have
already been identified that showed activity at the typical wine pH values between 3 and 4. In
particular, B-glycosidases secreted from Hanseniaspora and Debaryomyces, as well as from
Rhodotorula strains should be mentioned, which are stable even at low pH values and still
exhibited 40-60 % of their initial activity at pH values of 3.12>13° A strain dependency of

B-glycosidase pH tolerance has also been described.°

3.4.5.2 Induction of B glycosidases

Although inducible B-glycosidase activities have been described for Hansenula yeasts, these
activities are inhibited by low glucose concentrations and are therefore not suitable for the

application during the fermentation process.'*° In other studies, the presence of substrates in
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culture media was described to contribute to enzyme production?® and for
Aureobasidium pullulans, Rhodotorula glutinis, and Debaryomyces hanseni, for example,
increased Q-glycosidase activities were found after cultivation in medium containing

cellobiose. 141143

3.4.5.3 Specificity of B glycosidases

The substrate spectrum of potentially glycosidase-active enzymes is highly dependent on their
biological origin.®” For example, the structure of the aglycone influences the activity of plant
B-glycosidases. Thus, glycosides of primary and secondary alcohols are good substrates for
plant glycosidases, whereas B-glycosidases of higher fungi primarily hydrolyze glycosides of

tertiary alcohols 87113

In contrast, most of the described microbial B-glycosidases show a broad substrate
specificity.’?° The specificity of these enzymes rarely relates to the aglycone but mainly to the
glycosidic portion of the precursor molecule. Because of this, aryl-B-glycosidases are
distinguished from cellobiases and nonspecific glycosidases.®* Most B-glycosidases that have

been characterized up to now belong to the category of non-specific glycosidases.

The cleavage of the outer sugar residue in the presence of disaccharides is also independent
of the aglycon.'*® This is due to the fact that the orientation of the terminal sugar molecule
remains the same regardless of the aglycone. For example, the B-glycosidases of non-
Saccharomyces yeasts such as Candida molischiana and Candida wickerhamii cleaved many

diglycosides, with the structure of the aglycone causing only low-level effects.'44

Thus, the B-glycosidases expressed by yeasts are not very specific!*® and release a high

variety of glycosidically bound substances from the must.

3.4.5.4 Localization of B-glycosidases

B-Glycosidases produced from yeasts are from the GH3 class, which are found in various
locations such as the cytosol, cell membrane, and cell wall, but rarely reach high
concentrations intracellularly.*?%14¢ For this reason, the usage of yeasts with intracellular
B-glycosidases is currently of small importance for industrial application. Research in recent
years has focused on extracellular activities in the supernatant.’® To determine extracellular
B-glycosidase activity, activity in the supernatant and in the cell pellet was evaluated'*” and
compared. Currently, however, only a few methods for determining B-glycosidase localization,
such as using cellobiose as a substrate and measuring the released glucose in different cell
fractions,'*® have been described. For some strains, such as Brettanomyces bruxellensis, 48149

Hanseniaspora uvarum, Hanseniaspora osmophila and Metschnikowia pulcherrima,4®
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intracellular B-glycosidase activity has been reported, but the application possibilities of these

yeasts have not been studied in detail.

These extracellular enzymes are easy to find and characterize, but intracellular enzymes with

interesting properties might have been missed.

3.4.5.5 Alternative applications of B-glycosidases

Moreover, B-glycosidases are not only interesting with regard to the release of aroma-active
substances, but also play an important role in several other industrial applications like the
degradation of lignocellulosic biomass through the enzymatic route,*®*%! processing of laundry

and detergents, paper and pulp industry, biofuel production and textile industry.120:152

B-Glycosidases are also involved in the hydrolysis of other bioactive compounds.®? For
example, autochthonous yeasts with 8-glycosidase activity have been found to increase the
concentration of phenolic components such as resveratrol by hydrolyzing the glycosidic
precursors in red wine.'® Resveratrol is known for health benefits by reducing coronary events

in humans.

B-Glycosidases can also be used in reverse hydrolysis reactions in which monosaccharides
are used as glycosyl donors. This reaction can be thermodynamically shifted toward the
synthesis of glycosides by removing them from the system or adding glucose and alcohol

substrates in excess.1%?

It has also been described, that volatile phenols that come into contact with grapevines through
the air after bushfires, are glycosylated by glycosyltransferases. Application of glycosidases
then results in undesirable aroma from smoke as the captured phenols are released
again.’®*1% |n this way, glycosidases can also have a negative impact on the taste of wines at

specific conditions.

3.4.6 B-Glycosidase screening

Because of the immense industrial relevance, several surrogate substrates for -glycosidase
screening are described. Since the first description of 4-nitrophenyl-B-D-glucopyranoside
(pNPG) for the assessment of B-glycosidase activities,**® this substrate has been widely used
for the kinetic characterization of enzymes. Arbutin (hydroquinone-B-D-glucopyranoside) was
used previously as a surrogate substrate for the screening of 8-glycosidase activities in yeasts
of oenological origin.}*® 6-O-(-D-Glucosyl)aesculetin (esculin) has traditionally been used to
identify bacteria,’®” and has recently been used in an esculin-glycerol solid medium for rapid
screening of larger collections of native wine yeast strains.*® Beside the frequent use of

4-methylumbelliferyl-B-D-glucopyranoside (4-MUG) in the context of human B-glycosidase
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research,'®%° the use of agar plates containing this surrogate substrate for microbiological
screening purposes was described.!! In 2005, a modified fast 4-MUG-based assay method in

microplates with the possibility of 8-glycosidase activity quantification was developed.6?

The structures of the aforementioned compounds are very similar (Figure 6). Hydrolysis of the
B-glycosidic bond can be photometrically detected due to the absorbance or fluorescence

properties of either the glycoside or the aglycon forms.

CH,OH CHZDH
D

A

CH.OH CHz0OH

Q0—0 0 0—0

Figure 6: Most common surrogate substrates for the detection of B-glycosidase
activities. A) 4-MUG, B) Esculin, C) pNPG, D) Arbutin. The parts of the molecules that
can be photometrically determined after hydrolysis are illustrated in red.

However, these surrogate substrates differ in their spectroscopic properties and in their

application possibilities for 3-glycosidase screening.

3.4.7 Organisms exhibiting B-glycosidases

The search for yeasts with B-glycosidase activity has been intensively pursued in the past
using the formerly described surrogate substrates. Especially non-Saccharomyces yeasts are
attractive due to their generally higher B-glycosidase activity and the resulting influence on
primary and secondary aroma.* B-Glycosidase activity is dependent on the yeast species and
strain, with some strains not producing these enzymes at all.'%3 Most often, B-glycosidases are
produced during the exponential growth phase of the organisms.1%21%4 However, the
observation and determination of the effects of the release catalyzed by B-glycosidases is
difficult, because the microorganisms also release aromatic substances through other ways,
partly synthesize them and further modify the molecules produced. For example, S. cerevisiae
is able to convert geraniol and nerol to citronellol**” and synthesizes terpenes de novo.®® This
ability has also been described for many other non-Saccharomyces yeasts. For example, the

synthesis of a-terpineol and linalool has been demonstrated in relevant amounts.®’

The importance of S. cerevisiae for the hydrolysis of glycosylated aromatic compounds is
controversially discussed.®”108:165-171 Qyerall, high B-glycosidase activity is rare in indigenous

S. cerevisiae strains with generally lower activity than non-Saccharomyces yeasts.t®
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Thus, B-glycosidase activity has been described for S. cerevisiae only in exceptional cases.
For example, in a study of 153 strains of this species, glycosidase activity was detected in only
one strain’*® and the observed release is most likely caused by side activities of the

exo-B-glucanase Exglp.t’217

B-Glycosidase activities of non-Saccharomyces yeasts, on the other hand, have been
described in varying degrees for many genera such as Candida, Brettanomyces,
Debaryomyces, Hanseniaspora, Lachancea, Metschnikowia, Pichia, Rhodotorula,
Trichosporon, Torulaspora, Wickerhamomyces, and Zygosaccharomyces.!'® Particularly
promising activities have been found for Hanseniaspora uvarum and Wickerhamomyces
anomalus strains,'#%14° as well as for Aureobasidium pullulanst**174175 and Issatchenkia

terricola.1’®

In addition to the B-glycosidase activities addressed, many non-Saccharomyces yeasts, such
as Hanseniaspora uvarum, Wickerhamomyces anomalus, Torulspora delbrueckii, and
Issatchenkia tericola, also exhibit the enzyme activities necessary for the cleavage of
diglycosides.'*® It is equally suggested that the cleavage of small amounts of diglycosidic

bonds is also catalyzed by side activities of the B-glycosidase activity studied.'3*

3.4.8 B-Glycosidase activities during malolactic fermentation

After the completion of yeast fermentation, malolactic fermentation of the must often follows,
especially in red wines.'”” During this process, certain species of lactic acid bacteria, mainly
Oenococcus strains, grow. This second fermentation is used for deacidification of the wine,
but can also influence the organoleptic quality. Oenococcus oeni is the main species
responsible for this fermentation'’® and is also able to release high amounts of

B-glycosidase.?¢

3.4.9 Further methods for the application of 3-glycosidases in
fermentations

B-Glycosidases have also been immobilized and used for repeated use in musts.'”®
Immobilized B-glycosidases are more stable.}?%1%* The use of immobilized B-glycosidases is

still at the experimental stage and only free enzyme forms are currently used commercially.

Genetically modified S. cerevisiae cells expressing an Aspergillus niger 8-glycosidase on their
cell wall released comparatively higher amounts of terpenols during the fermentation of
synthetic medium supplemented with precursor extract than the commercial B-glycosidase
preparation AR2000. The authors hypothesized that glucose in the direct surrounding of the

enzymes is consumed by the cells and the formation of a "low glucose zone" attenuates the
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inhibitory effect of glucose.’** Such a system could also be a new solution for aroma

improvement if genetically modified organisms were approved and accepted by customers.

Another good example for tailored processes in wine production are Sauvignon Blanc wines,
one of the world's most commercially important grape varieties, grown second most often in
France and most often in California and Australia.'® The aroma of this grape variety can vary
greatly depending on origin and aging. Sauvignon Blanc wines are often divided into two
classes, "green" and ‘“tropical”. The green aromas are mainly caused by
methoxypyrazines,®1182 while the tropical aromas are caused by esters, higher alcohols, fatty

acids, monoterpenes and volatile thiols.8

These volatile thiols belong to the group of volatile sulphur compounds, which, in addition to
the positive effects described, can also result in negative aromas. For example, the formation
of H,S leads to odors of rotten eggs, while the reductive sulfurous off-odors such as thioacetic
esters and mercaptans lead to imprints of cooked vegetables, which are held responsible for

up to 30 % of defective wines.'8

As described, volatile thiols can also cause strong impressions of guava, tropical fruits and
passion fruit on the other hand and improve wine aroma.'®® The properties of the most
important volatile thiols responsible for the described odor impressions of for example
Sauvignon Blanc wine are shown in Table 1. 4-Mercapto-4-methylpentan-2-one (4AMMP) has
a characteristic odor of passion fruit and boxtree, while 3-mercaptohexan-1-ol (3MH) and its
acetylated form 3-mercaptohexyl acetate (SMHA) lead to the impression of grapefruit and
citrus.83

Table 1. The most important volatile thiols contributing to Sauvignon blanc aroma.
Structures of the molecules are given in the following sections. (Modified from 183)

Compound Olfactory description Range in wines | Perception threshold
[ng L] [ng L]
AMMP Box tree, passion fruit, | 4-40 0.8
black currant
3MH Passion fruit, grapefruit, | 26-18,000 60
guava
3MHA Passion fruit, grapefruit, | 0-2,500 4.2
box tree, guava

As for many aroma molecules, stereochemistry also plays a role in the human perception of
thiols. The different enantiomers of 3MH and 3MHA differ in occurrence, odor thresholds, and

perception, and occur in different proportions in wines of different regions.>1
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For example, (R)-3MHA smells like passion fruit, while (S)-3MHA is more commonly perceived

as boxwood.®”

In addition to the described volatile thiols, which are responsible for tropical odor impressions,
storage in oak barrels leads to the formation of other aroma-relevant thiols such as the
furanthiol derivatives 2-furanmethenethiol and 2-methyl-3-furanthiol, which contribute to the
empyreumatic aroma of wines.® In addition, the characteristics of the wines can still change
in the bottle after bottling, as 3MH and 3MHA degrade during storage. The formation of 3MH

from 3MHA during storage has also been observed.®®

Although volatile thiols are often only present in trace amounts in the wines, their
concentrations are mostly above the odor thresholds and thus these molecules may have a
major influence on the aroma perception of these wines. However, since volatile thiols in higher
concentrations lead to negative odor impressions such as cat urine,® the concentrations must

lie within certain concentration ranges for a pleasant perception.

Volatile thiols are also part of the aroma impression of the resulting wines from other white
grape varieties such as Gewdrztraminer, Riesling and Colombard, Petit Manseng and
Semillon'®® and also influence the taste of red wines such as Merlot and Cabernet
Sauvignon.?®! In general, the volatile thiols 3MH and 3MHA are more prevalent than 4MMP.5
However, 4AMMP is found in high concentrations in the Scheurebe grape variety, for example,

where it has a considerable influence on the aroma.'®?

3.5.1 Formation of thiols in wines

Unlike other aroma components, the volatile thiols described above are rarely present in the
grape juice, but are formed during fermentation with the help of yeasts and released from
precursors through various pathways. Although most of the research was performed with focus
on the release mechanisms of 3MH, it is presumed, that these results can be transferred to
the release of AMMP.

3.5.1.1 Formation of SMHA

The formation of 3MHA occurs through the esterification of acetic acid and 3MH by the yeast
alcohol acetyltransferase Atf1p (Figure 7).1% While the final concentration of 3MHA can be up
to 10 % of the amount of 3MH,% there are significant differences between yeast strains in

their ability to catalyze this reaction.®
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Figure 7: 3MHA is originating from 3MH through an esterification with acetic acid. This
reaction is mainly catalyzed by the yeast acetyltransferase Atflp.

In addition to the acetyltransferase Atflp described above, S. cerevisiae expresses other
acetyltransferases such as Atf2p and Ehtlp, which catalyze the formation of major aroma
components such as ethyl acetate and isoamyl acetate.!®® Involvement of these enzymes in

the formation of 3MHA is likely, but occurs at a comparatively lower level.1%

3.5.2 Cysteine conjugates

One of the described pathways for thiol release is the formation from cysteinylated and
glutathionylated precursors. In addition to their occurrence in wine grapes, aroma compounds
bound to cysteine residues have also been found, for example, in onions and garlic*®” and

could be a good source of aroma compounds for the aroma industry in the future.%

Although these precursors in berries are present in the pulp of the berries as well, higher
concentrations are often found in the skin.!®2 The formation of precursors occurs mainly in the
last days before the harvest at the ripe stage of the grapes,*®® as the decay of the grapes favors

the processes of their formation.2®

The concentration of the precursors of volatile thiols in the final wine is influenced by many
factors during vine growth and winemaking. For example, ripening or growth conditions such
as low nitrogen availability, location, or infection with pathogens such as Botrytis cinerea, as
well as certain conditions during winemaking can alter the concentrations of precursors.8320!
These include, for example, methods with longer contact of the must to the grape skin, higher
temperatures during pressing and the application of higher pressure, which result in increased

Cys-3MH concentrations.?%?

It was also found that large portions of the cysteine-conjugated precursors are already present

in the berries, whereas the glutathione-bound precursors are mostly formed after harvesting.*°

The release of thiols from the cysteinylated precursors already present in berries with the help
of specific B-lyase activities was first demonstrated using extracts of Eubacterium limosum and
purified tryptophanase from Escherichia coli.?®® Since then, it has been assumed that these
B-lyase reactions also lead to the release of thiols during fermentation. This is supported by
further studies showing that the concentration of Cys-3MH in model fermentations decreases

at the same rate as the concentration of 3MH increases. Although (S)-Cys-3MH is most
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abundant, the distribution of isomers can differ greatly, whereas stereocisomerism is unlikely to

affect the cleavage rates of B-lyases.?%*

Cysteine-S-conjugate lyases are part of the large enzyme family of carbon-sulfur lyases. These
enzymes catalyze the cleavage of a carbon-sulfur compound in an «,3-elimination reaction.
This reaction leads to the formation of the thiol molecule and an intermediate that

spontaneously decomposes into pyruvate and ammonia (Figure 8).”

(o]
(@] HS HsC
J\l/\ + 3 + NH;
HO T S 0
2 OH
OCH |
Cys-3MH Prlyase - 3MH Pyruvate Ammonia
o] (0]
o (0]
NH, o)
Cys-4MMP AMMP Pyruvate Ammonia

Figure 8: The potent volatile thiols 3MH and 4MMP are released from cysteinylated
precursors through carbon-sulfur lyases. Several enzymes like Bna3p, Cys3p, Glolp
and Irc7p are assumed to catalyze this reaction in yeasts.

Some studies suggest the involvement of the genes BNA3, CYS3, GLO1 and IRC7 in the
release of 4AMMP,” while others postulate that only Irc7p can release 3MH and 4MMP from
cysteinylated precursors.?% The expression of IRC7 is also thought to be controlled by nitrogen
catabolite repression through the transcriptional regulation of Ure2p/GIn3p proteins.?® It is also
known that a large number of wine yeasts used for fermentation contain a 38 bp deletion,
resulting in a truncated version of Irc7p that lacks cysteine-S-conjugate B-lyase activity.2%
However, it has also been shown that the ability of a yeast to release thiols is not solely
dependent on the IRC7 allele length, as many yeasts contain single nucleotide polymorphisms
that can significantly reduce B-lyase activity, yet are still able to release thiols.?° Presumably,

therefore, the cleavage of cysteine precursors cannot be attributed to a single gene.”

With the protein Str3p, an additional pyridoxal-5-phosphate-dependent cystathionine B-lyase
was identified in S. cerevisiae, that is capable of cleaving cysteinylated precursors of 3MH and

4MMP with low side activities and the release of the corresponding thiols.?°’

However, it was found that although Cys-3MH was cleaved more effectively by yeast cells in
synthetic musts,?® it quantitatively may not be the major precursor, since the concentration of
the corresponding glutathionylated precursor Glut-3MH is up to 35 times higher in the musts.2%°

For this reason, the release of thiols from glutathione conjugates was also studied.
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3.5.3 Glutathione conjugates

The formation of glutathione conjugates has already been characterized for 3SMH and 4MMP?
and occurs through the chemical or enzymatic synthesis from glutathione and mesityl oxide or
(E)-2-hexenal (Figure 9).209219 The enzymatic catalysis is part of detoxification mechanisms
known in many organisms. For the genesis of Glut-3MH, the intermediate formation of an
aldehyde molecule (Glut-MHAI) is described, which is subsequently modified by reductive
enzymes to Glut-3MH.1%°

O§/\|/\/ HOW
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(E)-2-hexenal H
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2
glutathione

mesityl oxide

Glut-4MMP

Figure 9: Genesis of glutathione-conjugated volatile thiol precursors.
Asterisk: Conjugation with glutathione occurs either through chemical reactions or
through catalysis by glutathione-S-transferases. The formation of an aldehyde
intermediate is described for the conjugation of (E)-2-hexenal.

The role of Glut-3MH as a precursor molecule for the generation of 3MH was confirmed by the
finding that lower levels of 3MH were observed after deletion of the OPT1 gene encoding the
main glutathione transporter.?! In general, uptake of glutathione precursors by amino acid

transporters is likely due to structural similarity.?%

3.5.3.1 Conversion of glutathione precursors to cysteine precursors

It is assumed that the Glut-3MH molecule acts as a pro-precursor and in later reactions is
converted by enzymes to Cys-3MH (Figure 10),83211.212 which is subsequently cleaved by a
B-lyase. For this purpose, after the transfer of glutathione to a volatile thiol compound by a
glutathione transferase, glutamic acid is cleaved by a y-glutamyl transpeptidase and glycine is
removed by a carboxypeptidase.'® Glutamyltranspeptidases that may catalyze this reaction
are Ecm38p and Cis2p,?**24 whereas the carboxypeptidase that catalyzes the final formation
of Cys-3MH has not yet been identified. The conversion of Glut-4MMP to 4MMP has also not
yet been validly demonstrated.2°® Degradation of conjugated glutathione molecules could also

be accomplished in parallel by alternative pathways of glutathione degradation.?'®
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Figure 10: Transformation of glutathione-conjugated precursor structures to
cysteinylated precursors is catalyzed by several enzymatic reactions. Volatile thiols are
subsequently released from the synthesized cysteine conjugates by B-lyases. R) 3MH
or 4AMMP residues.

The assumption that precursors bound to glutathione are first degraded to cysteinylated
precursors is supported by experiments in which Sauvignon Blanc must was passed through
a column containing immobilized yglutamyltranspeptidase and the subsequent measurement
of elevated 3MH-cysteine levels.?'® The use of labeled Glut-3MH in Sauvignon Blanc must and
the subsequent detection of labeled 3MH further confirmed the role of Glut-3MH as a precursor
for the formation of free thiols. Regardless of the amount of Glut-3MH used, the conversion
rate in these experiments was 4.5 %. Similar experiments with Glut-4MMP also confirmed the
release of labeled 4MMP at a rate of 0.3 %, which was accounting for 20 % of the total AMMP

release.?’

However, it was found that there was no direct correlation between the concentration of the
previously described precursors present in the must and the final thiol concentrations.52%°
Another formation pathway of volatile thiols that could fill this gap is the reaction of mesityl

oxide and (E)-2-hexenal with sulfur donors.?%°

3.5.4 Hexenal pathway

(E)-2-hexenal is a known component in grape must which is present in large amounts before
the fermentation. It is formed in the must from unsaturated lipids in amounts ranging from a
few to hundreds of micrograms per L, depending on the grape variety and the treatment of the
must, and could therefore have very large effects on the amounts of volatile thiols. Other similar
components such as (E)-2-hexen-1-ol and (Z)-2-hexen-1-ol could similarly contribute to the
formation of thiols.?'® These assumptions are confirmed by experiments in which musts spiked
with H>S showed significantly increased 3MH amounts and the fact that the molecules

(E)-2-hexenal and (E)-2-hexen-1-ol were identified as precursors in this reaction.?*®

Furthermore, the transformation of (E)-2-hexenal and mesityl oxide into the structurally similar

thiols 3MH and 4MMP during fermentation was demonstrated using deuterated analogues.?*°

Thus, a possible pathway of Glut-3MH synthesis could take place during the prefermentation
operations, during which (E)-2-hexenal reacts with glutathione in the oxidative environmental

conditions.??® It has also been shown that the content of glutathione and (E)-2-hexenal in
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grapes increases at the time before harvest.??! An increase in reactant concentrations could

be a reason for the formation of these precursors at this time.

According to the current opinion, the amounts of the three precursors described and the
conversion rates observed cannot account for the amounts of volatile thiols released. In studies
in Melon B. most, for example, only 10 % of the total 3MH could be attributed to labeled
(E)-2-hexenal.?'° For this reason, there are most likely other, currently unknown pathways that
contribute to the formation of volatile thiols. A possible additional source could be derivatives
of the described molecules, like aldehydes??? or cyclic forms,® or dipeptide conjugates of

3MH (cysteinyl glycinhexan-1-ol and S-3-j-glutamyl cysteinylhexan-1-ol).?*322

3.5.5 Release during fermentation

During fermentation, volatile thiols are released from their precursors, contributing to the aroma
of the resulting wines. It has been found that this release can be influenced during
fermentation. Thus, higher temperatures can lead to higher amounts of volatile thiols released,
while rather low temperatures promote the formation of esters and acetates.’®® During
fermentation, the number of volatile thiols released is also influenced by the addition of certain
agents such as glutathione or SO,.18 But in most cases, the choice of the fermenting yeast

strains has the greatest influence on the detected amounts of volatile thiols.

The B-lyase expression of yeasts appears to limit the production of varietal thiols in wines.'%
Thus, an up to 10-fold difference in the ability to release thiols between different S. cerevisiae
strains was observed.2% The different ability of various wine yeasts of other species to release
volatile thiols from the precursors during fermentation was also investigated and
demonstrated.’®! In fermentations, it was also found that co-fermentation of S. cerevisiae and
Torulaspora delbrueckii resulted in a synergistic effect, thanks to which higher concentrations

of 3MH and 3MHA were measured than after the fermentation with T. delbrueckii alone.??*

Another essential aspect is the transport of precursor molecules into the cells (Figure 11). For
3MH, the mechanisms of uptake have already been studied in more detail. Thus, the transport
of the glutathione conjugated form of the precursor is carried out by the glutathione transporter
Optlp,?! while in synthetic medium the amino acid transporter Gaplp was found to be one of
the transporters of Cys-3MH.?*® Since Gaplp is at least partially dependent on nitrogen
catabolite repression, this could be a cause for the increase in volatile thiol components after
nitrogen feeds.?? It has also been found that nitrogen availability is responsible for 35 % of the

observed variation in thiol release.?%

26



Glut-3MH

Glut-3MH

Cys-3MH

I

3MH

Cys-3MH

Figure 11: Exemplary presentation of the release of 3MH from cysteine- and glutathione-
conjugated precursors by yeasts. After import of Glut-3MH, conversion to Cys-3MH
occurs. However, Cys-3MH can also be imported directly into the cell. Subsequently,
3MH is released from the cysteinylated precursor by a B-lyase. (Modified from 214)

In general, only a small fraction of the present precursors appears to be converted during
fermentation. While Cys-3MH is converted up to 12 %, the conversion rates of Glut-3MH are
significantly lower with only up to 5 %.191:194.208.212 Eor this reason, large aroma potentials of
musts are currently not exploited. The identification of new yeast strains with high B-lyase
activity and the improvement of existing strains could thus help to better exploit the existing

potential of wines.

3.5.6 Oxidation

During the production of wines, the must components may come into contact with high
amounts of O,. This can lead to oxidation of various components, including the thiols. Since
the thiol precursors have a relatively stable thioether bond, they are less susceptible to these
oxidation reactions® and the oxidation of thioethers to sulfones and sulfoxides during wine
processing has not yet been described. The volatile thiols, on the other hand, are reactive
components that can easily oxidize and whose aroma potential is lost as a result.88 This
oxidation can not only occur during production but also, especially for 3MH, during aging due
to dissolved oxygen or reaction with other reactive species such as polyphenols.??° This
oxidation can be prevented by the addition of SO,.18 Another reason for the decrease in the
concentrations of volatile thiols during storage could be the specific adsorption of the aroma
components 3MH and 3MHA by the cork.??

3.5.7 Analytics and synthesis

Since volatile thiols are only present in very low concentrations and wine or grape musts are
highly complex matrices, purification, concentration and sample preparation are often
necessary prior to measurement. This makes the quantification of volatile thiols complex. For

the determination of volatile thiols by gas chromatography—mass spectrometry measurements,
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derivatizations with the aid of ethyl propiolate,??” 2,3,4,5,6-pentafluorobenzyl bromide??® or

extraction with metal ions such as mercury or silver??® are therefore often necessary.

In contrast, the precursors, which also occur in very low concentrations, can be quantified
directly with liquid chromatography—mass spectrometry measurements (LC-MS) without
derivatization.2%°216.2%0 Another approach, but less accurate, involves indirect measurement of
precursors after the cleavage or derivatization of these molecules. For example, the first
quantification method for thiol precursors was realized by measuring the free thiols after

passing through a column containing immobilized tryptophanase enzyme.?!

The simplest way to synthesize thiols is a Michael addition of a sulfur donor to «,-unsaturated
ketones, aldehydes or esters. Through this way, deuterated analogues can be prepared for
more detailed studies and as standards. The same route of synthesis is also possible for
synthesis of the cysteinylated and glutathionylated precursors. Moreover, the introduction of
labeling into the aglykon region of these molecules allows studies on the release from such

molecules.®

As described earlier, volatile thiols have great importance for the wine sector as well as for
many other parts of the food industry due to their low odor thresholds. The chemical synthesis
for many of these molecules is already known. For example, volatile thiols are formed by
nucleophilic substitution of halide ions by the nucleophilic sulfhydryl ion either spontaneously
or with the use of catalysts.?*? Furfural and H,S, for example, react in a Maillard reaction to
give furfurylthiol, 223234 while the synthesis of p-1-Menthen-8-thiol (terpineolthiol) by H.S
addition to a-terpineol, limonene and B-pinene is described.?®23¢ p-1-Menthen-8-thiol is
described as the substance with the lowest known odor threshold and is the key aroma of
grapefruits.?® The reaction of pulegone with H,S in alkaline medium results in
8-mercapto-p-menthan-3-one formation, a compound that is known for its black currant and

tropical flavours.235236

However, due to possible negative environmental impacts, lack of matrix selectivity and
customer perceived value, alternative approaches for the production of certain volatile thiols
known from the food sector are increasingly established.?” A promising attempt to enable the

release of certain volatile thiols is to realize the catalysis with the help of microorganisms.

However, until now, the synthesis of specific compounds has been only described via the
addition or prior chemical synthesis of glutathione and cysteine conjugates. A patent from
1987,%8 for example, involves the production of 8-mercapto-p-menthan-3-one starting from

pulegone-cysteine conjugates, while the synthesis of 2-furfurylthiol from furfural after the
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synthesis of this conjugate has also been described.?**2?4° Moreover, the synthesis of
5-methyl-2-furfurylthiol,  benzylthiol,  2-thiophenemethanethiol,  3-methyl-2-thiophene-
methanethiol and 2-pyrrolemethanethiol was obtained by S. cerevisiae from cysteine-aldehyde
precursors. In addition, the production of 8-mercapto-p-menthan-3-one from a pulegone-

cysteine conjugate using Eubacterium liosum was already mentioned in a patent in 1987.2%

Another aim of the presented work was to establish the one-step synthesis of volatile thiols
from alcohol- and aldehyde structures with an optimized yeast laboratory strain and to enable
the synthesis of previously undescribed volatile thiol compounds from the respective
substrates via the optimized whole cell catalyst (Figure 12). This could be highly useful for
aroma compound studies and the engineered strains are furthermore ideal models for the
described natural volatile thiol biosynthesis, which are well equipped to perform comparative

studies with regard to for example substrate acceptance of specific plant or yeast enzymes.

Figure 12: Pathway for the production of thiol structures from aldehydes and alcohols
with genetically modified yeasts. After conjugation of the substrate with glutathione by
a glutathione-S-transferase (GST), the glutathione residue is converted to cysteine
(described in Figure 10, not illustrated). The cysteine-conjugate is subsequently cleaved
by a carbon-sulfur lyase (CSL) and the volatile thiol is released. Increase of the
glutathione concentration through overexpression of a glutamylcysteine synthetase
(GCL) might be beneficial for the achieved product amounts.

To enable the synthesis of volatile thiols, the pathway described in the previous chapters for
the synthesis of precursors and subsequent cleavage needs to be established and
overexpressed in yeast cells. The first step of the targeted reaction is the transfer of the applied
substrates to glutathione and the formation of a glutathione-substrate conjugate, which could

be facilitated by glutathione-S-transferases (GSTSs).

3.6.1GSTs

The enzymes belonging to the superfamily of GSTs are multifunctional proteins that occur
naturally in eukaryotes and prokaryotes. In order to fulfill their multiple functions, which include
protection against toxic substances and oxidative stress, many different hydrophobic and
electrophilic substances are transferred to GSH by these enzymes and the conjugates are

subsequently transported out of the cell. GSTs additionally have functions in many other
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catalytic reactions such as glutathione peroxidase activities and organic hydroperoxide
reduction and can modulate signal transduction pathways.?*! In the targeted pathway, these
enzymes are used to increase the formation of glutathione-conjugated precursors of the
molecules used as substrates. For this purpose, the two central GSTs GTT1 and GTT2 from

S. cerevisiae, and VVGST4, a GST with strong activity from Vitis vinifera,?*? were selected.

3.6.2GSH1

To further push the production of glutathione conjugates, it is an obvious target to increase the
intracellular concentration of GSH. For this purpose, the overexpression of GSH1 was
selected. GSH1 is a glutamate-cysteine ligase (formerly also named j-glutamylcysteine
synthetase) that catalyzes the rate-limiting step in yeast glutathione synthesis.?*® This reaction
is the first step in the synthesis of GSH and represents the condensation of cysteine and
glutamate with the help of ATP to form dipeptide j-glutamylcysteines.?** The resulting
y -peptide bond is unique in its form?*° and cannot be degraded by cellular peptidases, but can
only be cleaved by the special enzyme j-glutamyl transpeptidase.?*® The activity of GSH1 is
critical for cell survival and its expression is normally tightly regulated in yeast, including the

transcriptional regulation of YAP-1.243

3.6.3thaA

To accelerate the cleavage of the resulting conjugates, carbon-sulfur lyases are particularly
useful because of their role during the release of thiols from cysteinylated precursors. These
enzymes are normally involved in the transfer of sulfur-containing molecules in amino acid
metabolism, for example by catalyzing the hydrolysis of cystathionine from which homoserine

and pyruvate are formed.?*’ Pyridoxal-5-phosphate is required as a cofactor for this reaction.

An extraordinarily high B-lyase activity has been found for the tryptophanase enzyme tnaA of
E. coli, whose physiological function is tryptophan cleavage towards indole, a carbon-carbon
lyase reaction.?*® Expression of E. coli tnaA in yeast has been demonstrated to result in a
25-fold increase of released thiol levels from cysteine- or glutathione-bound precursors during
must fermentation.®3 For this reason, tnaA was selected for the attempt to increase the B-lyase

activity within the cells.

Since genetic modification of yeasts for wine production is not allowed in nearly all parts of the
world and is not accepted by consumers, the improvement of yeast properties useful for the

winemaking process by adaptive evolution is a promising method.
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For example, an adaptive laboratory evolution of S. cerevisieae was carried out under
hyperosmotic stress, resulting in increased production of glycerol and lower ethanol
concentration?® and with the addition of sulfite at alkaline pH as a selective agent, it was
possible to isolate a mutant that produced 41 % more glycerol than the parental strain after the
adaptive evolution experiments.?®° In addition, the application of ethanol stress enabled the
development of strains that showed increased tolerance to ethanol.?®! Moreover, scientists
were able to identify mutants that showed altered production of succinic acid and acetic acid
and were able to metabolize sugar more rapidly.?®? It was also possible to identify yeast cells
that exhibited higher fermentation rates, increased production of aroma components?3 and
showed higher GSH-contents which resulted in higher oxidative resistance.?** Finally, multiple-
stress resistant cells were observed, which survival after freezing-thawing was improved

among other desired properties.?®®

The aforementioned examples impressively demonstrate how evolutionary approaches can be
used as a powerful tool for the improvement of targeted wine yeast properties. Another part of
the presented work is an attempt to improve the ability of volatile thiol release from cysteine-
and glutathione-precursors by means of an evolutionary approach using the substrate SMC
(Figure 13 A).

A
o B-lyase activity o
\s/\HLOH —_— > CHs\rHLO. + NH; +  HC-SH
NH, 0
S-methyl-L-cysteine Pyruvate Methanethiol
B

NN TN
Enhanced growth
due to selective pressure

Figure 13: Principle of the applied method for the generation of yeasts with improved
nitrogen utilization from SMC. A) Import and export mechanisms, as well as B-lyase
activity, are required to metabolize SMC and make the incorporated nitrogen available
for the microorganisms. B) Cells with improved nitrogen utilization accumulate in the
culture after repeated over-inoculation. (lllustration partly adapted??*)

Yeast with improved
ability to assimilate NH;
from SMC

In these experiments, a selective pressure is applied to the cultures, resulting in cells that have
randomly undergone advantageous mutations under the selected conditions. These cells have
a growth advantage and therefore accumulate in the culture (Figure 13 B). The application of
the described adaptive laboratory engineering approach for the purpose of improving thiol
release from natural precursors in non-Saccharomyces yeasts and commercial wine yeast
strains could lead to the discovery of mutant yeasts with significantly improved properties

without the use of genetic engineering methods.
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4 Materials and Methods

4.1.1 Chemicals

Unless otherwise stated, all chemicals were purchased from Sigma Aldrich (Merck KGaA,

Taufkirchen, Germany).

4.1.2 \Water
Double distilled water (ddH»O) derived from a PureLab Ultra Model ULXXXGEM2 water

purification system (ELGA LabWater, Paris, France) was used for the experiments.

4.1.3 Media

4.1.3.1 YPD-Medium

YPD-medium was prepared by autoclaving a solution of 20 g L™ bacto peptone and 10 g L™
of yeast extract in water. Subsequently, the solution was supplemented with 50 mL L™ of a
400 g L™ glucose solution and 34 pg mL™* of chloramphenicol. For YPD-Plates, 24 g L™ bacto

agar were added before the autoclaving step and the mixture was poured into Petri dishes.

4.1.3.2 SMC-Medium

SMC-Medium was prepared according to Belda et al.?®® The pH of a 10 x stock solution
containing 0.01 g L™ SMC, 0.001 g L™ pyridoxal-5-phosphate and 0.12 g L™ BD DIFCO Yeast
Carbon Base (Becton Dickinson, New Jersey, USA) was adjusted to a pH value of 3.5 with
HCI. All components were sterile filtered through 0.22 um filters and the medium was stored

at 4 °C until use.

4.1.3.3 SC-Medium

The components of 100 mL SC-Medium (10 x stock solution) are shown in Table 2. The
solution was filtrated through a 0.22 um filter before use and stored at 4°C. 24 g L™t agar were
added for pouring of agar plates.

Table 2: Composition of the SC-Medium stock solution. Amino acids were added
according to the transformed plasmid. Yeast Nitrogen Base was purchased from Carl

Roth GmbH & Co. KG (Karlsruhe, Germany), yeast synthetic drop-out medium and
supplements were purchased from Sigma Aldrich (Taufkirchen, Germany).

Compound Amount [g]

Yeats Nitrogen Base

w/0 amino acids 6.7
W NH4SOZ
Glucose 5
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Compound Amount [g]
Yeast synthetic

drop-out medium 14
supplements without histidine,

leucine, tryptophane and uracil

Histidine 0.076
Leucine 0,38

Uracil 0.076
Tryptophane 0.076

4.1.4 Yeast transformation

4.1.4.1 Yeast strains
CEN.PK2-1C cells were obtained from EUROSCARF (SRD GmbH, Oberursel, Germany).

AWRI1631 cells were obtained from the Australian Wine Research Institute.

4.1.4.2 Plasmids

4.1.4.2.1 pBKD_tnaA
The pBKD_tnaA plasmid was obtained from the Macquarie University in Sydney, Australia.

The expression construct including a KanMX resistance marker cassette is flanked by delta
sequences from the Ty retrotransposon of S. cerevisiae, which can be integrated into the
genome of S. cerevisiae after plasmid digestion with Xhol.%” The full plasmid map is depicted

in Figure S 1. Figure 14 illustrates the relevant features of the plasmid.

SO M SO
N DELTA § PGK1p tnaA PGK1t KanMX DELTA N
. ] .

Figure 14: Relevant features of the pBKD-derived plasmid used in this study. Plasmids
were linearized with Xhol endonuclease. (Adapted from %)
pBKD_tnaA plasmid digestion was performed for 2 h at 37 °C with 35 pL plasmid solution
(600 ng pL?), 4 uL NEB CutSmart Buffer and 1 pyL Xhol (NEB).

4.1.4.2.2 pPK245/pPK448
Empty vectors pPK245 and pPK448 were obtained from EUROSCARF (SRD GmbH,

Oberursel, Germany). The used DNA constructs were synthesized by BioCat GmbH
(Heidelberg, Germany) and cloned into the pPK plasmids. Table 3 provides an overview of the
constructed plasmids. The gene sequences used are shown in Table S 2. The full plasmid

maps are depicted in Figure S 2 — Figure S 5.
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Table 3: Overview of the genes used for plasmid construction. The genes were
overexpressed with the plasmids pPK245 or pPK448. The V. vinifera VvGST4 DNA
sequence was codon-optimized for expression in S. cerevisiae. An overview of the DNA
sequences is given in Table S 2.

Plasmid name | Backbone | Origin of protein encoding gene | GenBank accession number
GSH1 pPK245 S. cerevisiae NM_001181534.1

GTT1 pPK448 S. cerevisiae NM_001179560.1

GTT2 pPK448 S. cerevisiae NM_001181880.1

VWGST4 pPK448 V. vinifera AY971515.1

4.1.4.3 Transformation procedure
Transformation took place according to a published method for quick and easy yeast
transformation using the LiAc/SS carrier DNA/PEG method.?%®

4.1.5 Strain identification

Sequencing of internal transcribed spacer 1 and 2 regions was used to conduct a taxonomic
classification after BLAST analysis using the NCBI nucleotide database. DNA isolation and
sequencing were performed by GENEWIZ GmbH (Germany, Leipzig) according to their
standard procedure.

4.1.6 Photometric measurements
A multimode microplate reader (Tecan Spark, Tecan AG, Mannedorf, Switzerland) was used

for all photometric measurements in microtiter plates.

4.1.7 Cultivation in microtiter plates
Yeast cells were cultivated in microplates at 30 °C, 600 rpm and 80 % humidity in an Infors HT

microtron incubator (Infors AG, Bottmingen, Switzerland).

4.1.8 Centrifugation
If not other stated, centrifugation steps took place at 1190 x g for 10 minutes at 20 °C in an

Eppendorf 5810R centrifuge. Suitable inlets were used for centrifugation of microtiter plates.

4.1.9 GC-MS-Instrument

Desorption of PDMS twisters with 10 mm length and 1 mm film thickness (Gerstel GmbH &
Co.KG, Muhlheim an der Ruhr, Germany) took place in a Shimadzu TD30 thermo-desorption-
unit. A VB5 column with 30 m length, 0.25 pm film thickness und 0.25 mm diameter (VICI AG
International, Schenkon, Switzerland) was used in a Shimadzu GC-2010 device with a
Shimadzu QP2020 Mass Spectrometer (Shimadzu Europa GmbH, Duisburg, Germany).

For direct injection of gas phases, a Shimdazu AOC600 autosampler was used.
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4.1.10 Determination of B-lyase activity

The assays were conducted in a microtiter plate format. Figure 15 represents the principle of
the performed assay. Cells which exhibit B-lyase activity are able to release methanethiol from
SMC. The resulting methanethiol subsequently reacts with DTNB to form TNB#, whose yellow

coloration can be quantified using a photometer.

S-methyl-L-cysteine pyruvate methanethiol
o} o
B-lyase activity H-C
\3/\I)I\OH ¢ & + NH, + HS—CHy
NH» le}
B
thiol colorless DTNB mixed disulfide yellow TNBZ
o NO, NO, NO,
_ . 2 S. O
R-S OJ@/ S ” R,S\SQ(,O + S > Q
O3N ° 0 g

Figure 15: Principle of operation of the DTNB assay for the indirect quantification of
B-lyase activity at pH 7. A) Methanethiol is released from SMC by B-lyase activity.
B) TNB?Z is generated by the reaction of methanethiol with DTNB.2°°

After growing the yeasts for 24 h in 600 pL YPD-medium, the cells were centrifuged and
resuspended in 100 mmol L™ citrate-phosphate buffer pH 7. The cell suspensions were

subsequently diluted to an optical density of 2 at 600nm.

150 pL of each cell suspension was transferred to two different microtiter plates. One sample
was mixed with 150 pL of a 100 mmol L™ citrate-phosphate buffer pH 7 containing
400 umol L™t DTNB and 40 umol L™ pyridoxal-5-phosphate, the other sample with the same
buffer additionally containing 4 mmol L™ SMC.

Subsequently, all samples were incubated for 24 h at 25 °C and 350 rpm. After incubation, the
samples were centrifuged and 100 pL of the supernatant was transferred to a new microtiter
plate to perform the absorbance measurements at 412 nm. To minimize background signals
due to sulfur-containing metabolites of the cells, the measured values of the assays without
SMC addition were subtracted from the measured values of the assays which contained SMC.

The calculated difference was used to quantify the relative amount of liberated methanethiol.

4.1.10.1 Detailed comparison of B-lyase activities
For a detailed comparison of B-lyase activities at different pH values, the DTNB assays were
prepared in 10 mL headspace vials in this experiment. The previously described basic

methodology was used with modifications. The cultures were grown in 50 mL YPD-medium in

35



250 mL Erlenmeyer flasks. 25 mL of this culture was centrifuged, resuspended in 100 mmol L™
citrate-phosphate buffer pH 7, and diluted with the same buffer to an ODsgonm Value of 2. 4 mL
of this cell suspension was mixed with 4 mL of 100 mmol L™ citrate-phosphate buffer pH 7
containing the assay components with or without SMC. The values shown represent the
difference of the measured absorbance values of the two assays with or without SMC,
respectively. To analyze thiol release activity at pH 3 via detection of the released thiols, the
remaining 25 mL of the yeast cultures were centrifuged. The cells were resuspended in
100 mmol L™t citrate-phosphate buffer pH 3 and diluted with the same buffer to an ODsoonm
value of 2. 4 mL of the cell suspension was mixed with 4 mL 100 mmol L™ citrate-phosphate

buffer pH 3 with the assay components with SMC or without DTNB.

Headspace detection of the B-lyase-mediated release of thiols from SMC took place with a
direct injection of 200 pL of headspace gas into the GC-MS instrument. The GC program
started with a hold time of two minutes at 30 °C, then the temperature was increased to 40 °C
at a rate of 2 °C min. Afterwards, the temperature was further raised to 300 °C at a rate of 25
°C mint. The peaks of interest eluted after 1.85 minutes (methanethiol) and 5.45 minutes
(dimethyl disulfide) with the described method. Peak areas were determined with a SIM
method using the three most abundant ions for methanethiol (m/z 45, m/z 47, and m/z 48) and
dimethyl disulfide (m/z 94, m/z 79, and m/z 45).

As methanethiol partly dimerizes to dimethyl disulfide under the given conditions, the proposed

methodology of Belda et al. for the calculation of relative B-lyase activity was used.?°®

4.2.1 Screening with skim milk agar plates at pH 3

For initial screening, skim milk agar plates were used, on which peptidase activity could be
identified by clear halos around the cultures. For the preparation of these plates, 5 g L™ casein
and 28 g L™ skim milk powder were dissolved in ddH.O, the pH was adjusted to a value of 3
with HCI and the solution was boiled several times in the microwave for a period of 15 minutes.
The solution was then stored for one hour at 80 °C in a drying oven and incubated overnight
at room temperature. On the next day, the solution was again boiled several times in the

microwave for 15 minutes and stored in the drying oven at 80 °C for one hour.

After cooling to approximately 70 °C, the solution was combined with 700 mL of an autoclaved
solution of 2.5 g L™ yeast extract, 1 g L™ glucose, and 15 g L™ agar in ddH,O. 34 pg mL™

chloramphenicol was added and plates were poured.
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10 pL of yeast cultures grown overnight in microplates in YPD-medium were transferred to the
plates and the plates were incubated at 30 °C for 48 h. Subsequently, the formation of clear

halos was examined.

4.2.2 Assessment of peptidase activity in must

The must peptidase assays were performed using a Pierce BCA protein assay kit from
ThermoFisher scientific (Massachusetts, USA) in a microtiter plate format. Prior to the
experiments, the strains were cultured in YPD-medium. Subsequently, the cultures were
centrifuged and resuspended in ddH»O. The optical density of the suspensions was measured
at 600 nm and diluted to a value of 0.1. 600 pL of the respective must were inoculated with

10 pL of the cell suspension and incubated for the indicated period of time.

Subsequently, the cultures were centrifuged again and 25 pyL of a 1:100 dilution of the
supernatant was added to the BCA assays. The BCA assay was performed according to the

protocol for use in microtiter plates.

The illustrated results represent the relative reduction of the measured signal in relation to the

signals of the corresponding must without yeast inoculation.

4.3.1 Initial screening on pectin agar plates

Since an antimicrobial effect of pectin has been described,?®® an initial screening was first
performed to check whether the yeast strains are able to grow well in the presence of pectin.
For this purpose, 5 g pectin from citrus peel in 300 mL ddH-O and 7.5 g agar in 150 mL ddH,O
were separately autoclaved. After cooling to 70 °C, the two solutions were combined with
50 mL of a sterile-filtered (0.22 ym) 10 x stock solution of yeast nitrogen base with sugar
(67 g L™ Yeast Nitrogen Base, 50 g L™ glucose). Subsequently, 10 pL of a culture grown over
48 h in YPD-medium from each isolate of the library of autochthonous microorganisms was
dropped onto the agar plates. After 48 h of incubation at 30 °C, the growth of the cultures was
observed. The cultures that stood out by forming large colonies were selected for the screening

on polygalacturonic acid plates.

4.3.2 Screening on polygalacturonic acid plates

For galacturonase screening, the same recipe as for the pectin plates was used in which pectin
was replaced with 2.5 g polygalacturonic acid. After 48 h of incubation at 30 °C, the agar plate
was flooded with 5 mol L™ HCI and incubated at room temperature for one hour. Subsequently,
the appearance of clear halos due to polygalacturonic acid degradation was evaluated. The

enzyme preparations for positive controls were purchased from https://schnapsbrenner.eu/.
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4.4.1 Comparative investigations on different (-glycosidase
surrogate substrates

4.4.1.1 Agar plate assays

For esculin agar plates a solution of 0.3 g ferric chloride, 1 g casein hydrolysate, 25 g yeast
extract, 8 mL glycerol, 20 g agar and 1 g esculin in 1 L ddH20 was autoclaved and poured into
Petri dishes.*® For arbutin plates, an equal amount of arbutin instead of esculin was used
(respective data is not shown). For liquid assays with arbutin or esculin, the medium was
prepared without agar. After incubation of the commercially available yeasts for 48 h, the

formation of brown color was examined.

4.4.1.2 Photometric measurements

The below mentioned wavelengths for the measurements were previously identified for each
surrogate substrate by performing excitation and emission scans between 300 and 600 nm of
100 pL samples with 5 mmol L™ surrogate concentration in 100 mmol L™ citrate-phosphate
buffer pH 7. The absorbance of p-nitrophenol (pNP) was measured at 400 nm. Fluorescence
emission of 4-methylumbelliferone (4-MU) was measured at 450 nm after excitation at 330 nm,
whereas fluorescence emission of esculin was measured at 454 nm after excitation at 367 nm.
Fluorescence emission measurements of arbutin were performed at 325 nm after excitation at
260 nm. For the assay with pNP, transparent microplates were used. Arbutin, esculin and 4-MU
were analyzed in black microplates. The amplification of the fluorescence signal after the
transformation from light into electricity (Gain) was set to 60 AU for all fluorescence

measurements.

4.4.1.3 B-Glycosidase substrate hydrolysis in solution

Enzyme kinetics were measured in 100 mmol L™ citrate-phosphate buffer pH 7 at room
temperature after the addition of 10 pL of a 2.5 U mL™ solution of B-glycosidase from almonds
to the samples. Arbutin, esculin or 4-MUG were added using 100 pL of a 5 mmol L™* solution.
Fluorescence spectra were measured in the same samples following the kinetic
measurements. Accordingly, 50 pL of a 10 mmol L™ solution of pNPG were used for the
experiments. Before measurement, 50 pL of 0.1 mol L™ Na,CO; was added to the sample.
The absorbance spectra of pNP were determined 20 min after enzyme addition. The total

assay volume was 110 pL.
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4.4.1.4 Comparison of assay sensitivity and linearity

50 pL of a 10 mmol L™ 4-MUG or pNPG solution in 100 mmol L™ citrate-phosphate buffer pH 7
were used and the assay was started by the addition of 10 pL of different almond S-glycosidase
sample dilutions. Afterwards, the increase in absorbance or fluorescence was measured for
five minutes. Samples of pNPG were mixed with 40 pL of a 0.1 mol L™ Na.COs solution,
samples of 4-MUG with 40 pL H,O before measurement. The signal emission slope per minute
was calculated based on the measured values. For the pNPG assays, enzyme amounts which

resulted in constant slopes over an assay time of five minutes were used.

4.4.1.5 Determination of pH robustness of 4-MU quantification

Fluorescence spectra were measured in 50 puL of a 10 mmol L™ 4-MU solution which was
combined with 50 pL of a 100 mmol L™ citrate-phosphate buffer of the mentioned pH value.
For the estimation of glucose and ethanol influences, the applied buffer was supplemented

with the respective component. The total volume of the reaction mixture was 100 pL.

4.4.1.6 Fluorescence microscopy

The investigated cultures were grown for 48 h in deepwell plates containing 600 pL
YPD-Medium. After 10 min incubation at room temperature, images were acquired with an
Axio Imager Z1 m fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) using a
DAPI filter. The exposure time was set to 15 seconds.Prior to imaging, 50 pL of cultures of
Aureobasidium pullulans (CBS 100280) and Issatchenkia terricola (obtained from the strain
collection of the HGU) were combined with 50 uL of a 0.76 mmol L™ 4-MUG solution®? in
100 mmol L™ citrate-phosphate buffer pH 5.6.

4.4.2 Investigation of non-Saccharomyces yeasts with intracellular
B-glycosidase activity for wine aroma modification

4.4.2.1 Screening

A library of 2112 strains, originating from the strain collection of the HGU, was cultivated in
YPD-medium for 48 h. Activity in the supernatant was measured after a centrifugation step.
For the activity assessment of the cell lysates, the cells were resuspended in an equivalent
amount of 100 mmol L™ citrate-phosphate buffer pH 7 after the centrifugation and mixed with
0.1 g glass beads. Cell disruption was performed by mixing for 20 minutes at 2000 rpm on a
BioShake iQ shaker (QlInstruments, Jena, Germany). The cell lysate was centrifuged again

followed by careful separation of the supernatant.

B-Glycosidase activity was measured using the surrogate substrate
4-methylumbelliferyl-B-D-glucopyranoside (4-MUG) in a microtiter plate assay.'®> 10 pL of

culture, supernatant or cell lysate were combined with 50 uL of 100 mmol L™ citrate-phosphate
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buffer of the respective pH value. 50 mmol L 4-MUG stock solution in DMSO was diluted with
the appropriate buffer to a concentration of 0.76 mmol L. After starting the reaction by mixing
the 4-MUG solution with the buffer and the sample, the fluorescence signal was measured
every 30 seconds for 15 minutes. Respective graphs show the calculated increase of the

fluorescence signal per minute in arbitrary units (AU).

4.4.2.2 Cultivation in the presence of putative B-glycosidase inducers

In preliminary studies, the exponential growth phase of the investigated strains was observed
after 48 h of cultivation under the applied conditions. Therefore, this cultivation time was
selected for conducting the experiments. The strains were cultivated for 48 h either in YPD-
medium (50 g L™ glucose), or in YPD-medium with reduced glucose content (5 g L™) and the
addition of 15 g L™ naringin, hesperidin or cellulose. In all cases, B-glycosidase activity was

determined with the aforementioned assay in 100 mmol L™ citrate-phosphate buffer at pH 3.

4.4.2.3 Investigation of pH-tolerance of whole cells and cell lysates

For the examination of whole cells, the cells were centrifuged and resuspended in the
respective buffer. Cell lysates were obtained following the procedure described above, using
100 mmol L citrate-phosphate buffer of the pH value mentioned. The 4-MUG assay'®? was
performed after 2 h of incubation at room temperature. Subsequently, the differences in

fluorescence signal strength caused by the released 4-MU were determined.

4.4.2.4 Confocal laser scanning microscopy
A Leica TCS SP8 microscope with an HC PL AP0 CS2 63x/1.20 objective was used for the
images shown. The laser intensity was set to 12 % with a 405 nm diode, a PMT detector

(415 nm - 600 nm) was operated with a scanning speed of 400 Hz.

4.4.2.5 Aroma compound release from glucoside extracts

The used glucoside extracts were obtained following a modified method for solid phase
microextraction®® from Muscaris must derived from grapes harvested in 2018.
200 mg Lichrolut EN tubes were equilibrated with 4 mL dichloromethane and 4 mL methanol,
then 20 mL must was passed through the column. Afterwards, the column was rinsed with
10 mL distilled water and free terpenes were separated with 2 mL dichloromethane. The
terpene-glycosides were eluted with 2 mL methanol, concentrated to dryness and dissolved in
2 mL 100 mmol L™ citrate-phosphate buffer pH 5.6. For the negative control, the glycoside

extract was incubated under the same conditions without addition of culture or cell lysate.

200 pL of the glycoside extract was added to 100 pL of the cell suspensions or extracts and
incubated in 2 mL glass vials at room temperature. A Gerstel PDMS twister (Gerstel GmbH &
Co. KG, Mulheim an der Ruhr, Germany) was attached to the headspace of the vial with a

magnet.
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After 24 h of incubation, the substances bound to the twister were measured by GC-MS. The
GC program started with a hold time of 1.5 minutes at 40 °C, then the temperature was
increased to 100 °C at a rate of 10 °C min. Afterwards, the temperature was elevated to
165 °C at a rate of 4 °C mint. The column was then heated to 250 °C at a rate of 10 C° min*
and finally reached 300 °C at 13 °C mint. The components were tentatively identified using
the NIST Mass Spectral Library.

4.4.2.6 Determination of ethanol, glucose and must effects on B-glycosidase
activity

To determine the influence of glucose and ethanol, assays were performed according to the
screening procedure. The cells were centrifuged after cultivation and resuspended in
100 mmol L™ citrate-phosphate buffer pH 3. The buffer was mixed with 2.2 times the indicated
concentration of glucose or ethanol. For the investigation of the activity in must, the whole

assay was performed directly in must or the indicated dilutions.

4.5.1 Engineering yeast strains for high thiol release activity by a
directed evolution approach using SMC

4.5.1.1 Screening in medium with SMC as sole nitrogen source

For growth-based screening for strains with high B-lyase activity, a SMC-medium?® was used
as described previously. For further investigations, a synthetic medium according to the same
recipe but without the addition of SMC was prepared and supplemented with nitrogen sources
as described in the figure legends. Cells were first grown in 600 pL YPD-medium for 48 h.
From these cultures, 20 pL were transferred into 180 pL of SMC medium and cultured under
identical conditions for additional 48 h. Subsequently, the cell density of the cultures (ODsoonm)
was determined using a microtiter plate reader and adjusted to a value of 1.0 by addition of
SMC medium. 180 pL SMC medium was inoculated with 20 uL of these cell suspensions and
incubated for 48 h before the cell density (ODsoonm) Was determined using a microtiter plate

reader.

4.5.1.2 Transformation procedure
After transformation with pBK_tnaA, the cells were plated on YPD-agar containing 0.2 mg mL?
G418.1% A strain linked to the highest B-lyase activity in previous experiments (data not shown)

was used for the described experiments.

4.5.1.3 Adaptive laboratory engineering approach with SMC medium
The directed evolution approaches were performed in 10 mL SMC medium in 100 mL

Erlenmeyer flasks. The cultures were grown for 48 h at 180 rpm and 30 °C. Subsequently,
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10 uL of the culture was transferred to another flask containing new SMC medium, followed
by further cultivation. In total, the over-inoculation procedure was performed 25 times before

the growth of the populations was characterized.

To determine the growth characteristics of the different strains in SMC medium, cells were
precultured in microtiter plates for 24 h. Afterwards, the cell density (ODeoonm) Was determined,
and the cultures were diluted with SMC medium to achieve an ODeggonm Value of 1.0. 180 pL of
SMC medium in microtiter plates was inoculated with 20 pL of this cell suspension and
incubated at 30 °C. Every 30 minutes, shaking was performed for 10 seconds at 240 rpm with
an amplitude of 2 mm, and the optical density was determined at 600 nm with a microtiter plate

reader.

4.6.1 Post-transformation procedure

Post-transformation methods differed depending on the transformed plasmid. After
transformation with the tnaA expression construct, the cells were plated on YPD-agar
containing 0.2 mg mL?! G418.1% Twelve transformants were randomly selected from the
transformation plate and used in the DTNB assays. After transformation with the pPK plasmids,
the yeast cells were plated on synthetic complete dextrose (SCD) medium (6.7 g L yeast
nitrogen base without amino acids and with ammonium sulfate, appropriate yeast synthetic
drop-out medium supplements and 20 g L? glucose) plates. SCD medium pH was adjusted to
6.3 with potassium hydroxide. SCD medium agar plates lacked uracil or L-tryptophan or both,

depending on the used plasmid or plasmids.

4.6.2 Whole cell bioconversions

For the assessment of thiol production, cells were cultivated for 48 h at 30 °C and 180 rpm in
50 mL SCD medium in 250 mL Erlenmeyer flasks. Since the integration of tnaA into the
genome is stable, G418 was not added to the media after the initial selection. S. cerevisiae
strains were cultivated in YPD-medium or SCD medium. If needed for selection or plasmid

maintenance, medium without uracil and L-tryptophan was used.

After 48 h of growth, the cultures were transferred to 50 mL falcon tubes and centrifuged.
Subsequently, the cells were resuspended in 5 mL 100 mmol L™ citrate-phosphate buffer pH 7
and the cell density was determined by measuring the ODsgo value with a photometer. For the
assay, 100 pL of 1 mg L* substrate stock in H,O were combined with the amount of cell
suspension corresponding to the indicated optical density in the final volume.
Afterwards, 100 mmol L™ citrate-phosphate buffer pH 7 was added until the final volume of

1 mL was reached. The assays were performed in 10 mL screwcap-vials and a twister was
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attached to the headspace of the vial with a magnet. Thereafter, the assays were incubated

for 24 h at 25 °C and 350 rpm on a BioShake iQ shaker (QInstruments, Jena, Germany).

2 h before the end of the incubation period, the magnet was removed, the twister was
transferred to the liquid and subsequently stirred with a magnetic stirrer at 80 rpm. Afterwards,
the twister was removed from the vial, rinsed with ddH.O, dried and transferred to sample

tubes for thermodesorption.

For the pH value optimization, 100 mmol L™ citrate-phosphate buffer of the specified pH value
was used for all steps. Pyridoxal-5-phosphate, glutathione and cysteine were added to the
assays via 10 mmol L™ stock solutions. Furthermore, different buffers and media were used

instead of 100 mmol L™ citrate-phosphate buffer for the reactions to test resulting effects.

4.6.3 GC-MS analysis

The GC program started with a hold time of 1.5 min at 40 °C, then the temperature was
increased to 100 °C at a rate of 10 °C min™. Afterwards, the temperature was elevated to
115 °C at a rate of 4 °C min™. The column was heated to 300 °C at a rate of 13 °C min. The
thiol compound measurements were performed in scan mode between m/z 45 and m/z 400.
After a twister was incubated for 2 h in 1 mL solution of water containing 100 pg L* of each
substrate, a preliminary measurement was taken with a split setting of 20 to determine the
elution time of the substrate peak. The split ratio was adjusted according to higher product
volumes to prevent overloading of the column and the detector. For the same reason, the
detector was switched off 0.1 s before and after the substrate peak. In the comparative analysis
of the product peaks using aldehydes and alkenols as substrates, the samples of the
Cs-compounds were measured with a split setting of 20 while the samples of the C¢- and

C,-compounds were measured with a split setting of 60.

The 3MH reference compound eluted after 10.84 min with the described method. For the
detection of 3MH, a SIM method based on the three most abundant fragments m/z 55, m/z 57,

and m/z 100 and measurements between 10 and 12 min was used.

To quantify the measured 3MH amounts, calibrations were performed at pH 7 with different
cell densities and split settings. For this purpose, assays were prepared without the addition
of substrate and incubated with twisters in the headspace for 21 h. The reactions were then
supplemented with 3MH concentrations between 0.5 pug L' and 25 pg L and incubated for
1 h. Afterwards, the twisters were transferred to the liquid and measured after an additional
incubation time of 2 h. Since the slope of the calculated calibration lines differed considerably

between large and small 3MH concentrations, two independent calibrations were prepared.
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5 Results

5.1.1 Initial screening on milk-agar plates

The procedure of the prescreening is visualized in Figure 16. After the initial screening of 2112
examined yeasts, 179 isolates (8.5 %) were found to produce noticeable clear halos around
the colonies. These 179 strains were reapplied to milk agar plates and the size of the halos
was examined. Subsequently, 45 isolates were selected for which the largest halos around the

colonies were observed.

2112 _Mﬁﬁ_ 179 _m?@— 45 _mﬁ_@_ 30

. Confirmation Halo size
Screening + (triplicates)

Selection

Figure 16: Screening procedure using skim-milk-agar plates. Strains with reproducible
peptidase activity were identified by clear halos around their colonies due to protein
degradation.

These selected 45 isolates were re-examined in triplicates. The 30 isolates with reproducible

large halos were used in the subsequent experiments.

5.1.2 Activitiy confirmation with BCA-Protein assays

The 30 identified isolates from the previously described screening procedure were cultivated
for 96 h in grape must. Afterwards, the reduction of BCA signal corresponding to the protein

amount was examined in comparison to must samples without inoculation (Figure 17).

In general, the BCA signal reduction was lowest in Miller-Thurgau must. After incubation, the
values decreased up to 39 %. The samples of the grape varieties Gewdirztraminer and
Muscaris revealed even greater reductions of the measured values. The strains 1-8 showed
the steepest decrease in signal strength in Gewdirztraminer must, while strain 7 led to the
highest decrease with 76 % reduction. In Muscaris must, the strains 1-8 led to a BCA signal
decrease of over 60 %, while strain 7 again led to the lowest values which were reduced about
74 %.
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Figure 17: BCA signal reduction after 96 h cultivation of the identified strains in various
musts. Some of the selected strains led to strong reduction of the protein signal at
562 nm. The measured absorbance values for the non-inoculated negative controls of
A) Muller-Thurgau must: 0.41 AU, B) Gewdurztraminer must: 0.46 AU, C) Muscaris must:
0.56 AU were set to 100 % (white bars).

The 8 strains with the greatest reduction of the BCA signal after the cultivation in
Gewdrztraminer and Muscaris must (dashed bars) were identified by sequencing of their ITS
regions. While all strains belonged to the Metschnikowia genus, two strains were identified as
Metschnikowia chrysoperlae (Table 4).

Table 4: Classification of the selected strains which resulted in strong decreased values
in the protein quantification assays. Strains with the most pronounced reduction in

protein signals were identified using ITS sequencing. All identified isolates were
assigned to the genus Metschnikowia.

5]

Identification

Metschnikowia pulcherrima

Metschnikowia pulcherrima

Metschnikowia chrysoperlae

Metschnikowia chrysoperlae

Metschnikowia pulcherrima

Metschnikowia pulcherrima

Metschnikowia pulcherrima

| N of g A W N|

Metschnikowia pulcherrima
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The identified isolates of Table 4 were subsequently inoculated into Muscaris must of a
different vintage (2020) and the decrease of BCA signal was additionally examined after a
longer period of time (168 h). To better assess the peptidase activity of the identified isolates,
a commercially available Metschnikowia pulcherrima preparation (Lallemand Flavia MP346)

was also included in these experiments.
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Figure 18: BCA signal reduction after 96 h and 168 h cultivation of the identified strains
in Muscaris must derived from grapes harvested in the year 2020. The absorbance
values of the negative controls without yeast addition after 96 h (0.56 AU) and 168 h
(0.54 AU) were set to 100 % (white Bars). Metschnikowia chrysoperlae strains are
illustrated in light grey.

As shown in Figure 18, some of the previously identified isolates led to significantly reduced
values in the BCA assay with Muscaris must of the 2020 vintage. The commercial
Metschnikowia pulcherrima preparation Flavia MP346 led to a reduction of the protein signal
by 38 % after 96 h. No further decrease in signal was detected after 168 h. Isolates 1 and 3-6
showed similar patterns to the commercial preparation. Values of isolate 8, after an initial 40 %

reduction at 96 h, again increased to levels comparable to the non-inoculated must at 168 h.

Strains 2 and 7, however, showed even more significant changes in the protein concentrations.
In strain 2, the signal was reduced by 48 % after 96 h and by 68 % after 168 h. Strain 7 resulted
in a reduction of 60 % after 96 h and 80 % after 168 h.

The strains associated above with the highest peptidase activities were subsequently used in

fermentation experiments with the assessment of the liberated aroma compounds at the HGU.
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5.2 Pectinase activities

Out of the 2112 screened isolates, only 161 isolates (7.6 %) were able to grow well on the
pectin medium. An additional screening on YNB plates with polygalacturonic acid was

performed with the 161 strains exhibiting strong growth on pectin media.

PanzymArome6 | P?pzym Fiﬁ:ﬁ
W

Figure 19: Positive control of the polygalacturonic acid agar plate assay with
commercial preparations advertised with pectinase activity. 50 uL of a 100 mg mL™*
enzyme solution was applied and the plate was incubated overnight at 37 °C.
Subsequently, the plate was flooded with 5 M HCI and incubated for one hour at room
temperature.

Unfortunately, no clear halo formation could be detected for any isolate during the screening
performed. Figure 19 illustrates a positive control with commercial pectinase preparations, the

application of which resulted in the formation of the sought-after clear halos.

5.3 B-Glycosidase activities

5.3.1 Comparative investigations on different [B-glycosidase
surrogate substrates

5.3.1.1 3.1. Necessity of photometric assays for reliable B-glycosidase activity
determination
In published B-glycosidase activity screenings, arbutin and esculin are often used in the context
of agar plates to which iron compounds like ferric ammonium citrate'* or ferric chloride®® are
simultaneously added. The complexation of iron by the released aglycons leads to the visible
formation of a dark brown precipitate which indicates B-glycosidase activity. Initial tests with
both compounds confirmed their suitability for the respective assays in liquid culture. However,
the outcome of the respective tests with yeast suspension cultures of several commercially

available wine yeasts was different from the corresponding agar plate assay result in many
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cases (Figure 20). Only two of the commercial wine yeast strains caused a dark staining in the
agar plate assay and in the liquid culture assay with esculin. According to the supplier
specifications, Kitzinger Aromatic is able to improve flavor diversity during fermentation, while
Bioferm Malic improves the degradation of malic acid. One strain (Bioferm Rouge) caused no
staining in both assays, but the other eight strains led to contrary results. Whereas the Kitzinger
strains Champagner, Portwein, Universal, Bordeaux and Steinberg showed positive signals
only in the liquid assays, the Bioferm strains Blanc, Doux and Killer caused iron complexation

only in the agar plate assays.

1 2 3 4 5 6 7 8 9 10 1"
Assc--abbes-

Figure 20: Comparison of esculin-based B-glycosidase activity detection on agar plates
and in liquid culture. The B-glycosidic activity of commercial wine yeasts was detected
by the occurrence of dark staining after cultivation on esculin-agar plates (top row) and
in liquid esculin-containing media (bottom row). Details are described in the material
and methods section. 1) Kitzinger Champagner, 2) Kitzinger Portwein, 3) Kitzinger
Universal, 4) Kitzinger Bordeaux, 5) Kitzinger Steinberg, 6) Kitzinger Aromatic,
7) Bioferm Blanc, 8) Bioferm Doux, 9) Bioferm Killer, 10) Bioferm Malic, 11) Bioferm
Rouge.

Because previous experiments revealed the possibility of direct fluorescence measurement of
arbutin and esculin (data not shown), these compounds were measured in the following

experiments without the addition of iron to estimate their suitability for photometric assays.

5.3.1.2 Comparison of the surrogate substrates for photometric assays

After investigation of the absorbance or fluorescence properties of all compounds in form of
the glycoside or the aglycon in scanning experiments (Figure S 6), their hydrolysis was
followed photometrically in experiments with 100 pL of a 5 mmol L™ glycoside solution to which
almond B-glycosidase was added to a final concentration of 0.23 U mL™ (Figure 21). The

corresponding fluorescence emission and absorbance spectra are presented in Figure S 6.

Investigation of the arbutin solution showed fluorescence signals with an emission maximum
at 325 nm under the selected conditions (Figure 21 A). After the addition of almond
B-glycosidase, the signal intensity slowly decreased within 12 h of measurement. Esculin
showed higher fluorescence signals with an emission maximum at 455 nm, which rapidly

decreased over 5 min after the addition of 8-glycosidase (Figure 21 B).
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Figure 21: Photometric detection of B-glycosidase surrogate substrate hydrolysis in
liguid assays. Shown are the resulting changes of signal intensity after the addition of
almond B-glycosidase to a final concentration of 0.23 U mL™to 100 puL of a5 mmol L™
solution of A) Arbutin, B) Esculin, C) pNPG, D) 4-MUG. Used wavelengths are given in
the material and methods section. Experiments were conducted in triplicates. The

values represent the mean values of three experiments and respective standard
deviations.

In comparison, B-glycosidase-catalyzed pNPG hydrolysis led to increasing absorbance values
with a maximum at 400 nm (Figure 21 C). 4-MUG hydrolysis led to increasing fluorescence

signals at 450 nm up to 50,000 units within 10 min after addition of the enzyme (Figure 21 D).

Hydrolysis of arbutin, esculin, pNPG or 4-MUG by almond B-glycosidase clearly resulted in
changes of the detectable photometric signals.
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5.3.1.3 Assessment of assay limitations and linearity

Based on the previously performed experiments, 4-MUG and pNPG were identified as the
most promising surrogate substrates. However, for the detailed characterization of
B-glycosidases, a reliable quantification of the activity is of high importance. Due to the different
measurement methods of the two surrogate substrates, differences in the quantification limits
are very likely. To further investigate these differences, varying amounts of almond
B-glycosidase were added to the surrogate substrates and the resulting signal increase was

compared (Figure 22).
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Figure 22: Comparison of enzyme activity quantification using 4-MUG or pNPG as
surrogate substrates. The intensity increases of A) 4-MU and B) pNP signals after the
addition of almond B-glycosidase to a final concentration of 100 pU mL™, 50 pU mL™,
10 pU mL™%, 5 pU mL™, 1 pU mL™ and 0.5 pU mL™ are illustrated. The signal emission
slopes were calculated from measurements for 5 min after the addition of almond
B-glycosidase. Experiments were conducted in triplicates. The values represent the
mean values of three experiments and respective standard deviations. The values for
fluorescence and absorbance increase per minute are given in arbitrary units and were
calculated as described in paragraph 4.4.1.4.

While a fluorescence signal intensity increase of 30763 AU per minute could be detected with
100 pU mL™ of the enzyme in the reaction with 4-MUG as substrate, the signal strength was
reduced from 14706 AU per minute (50 pU mL™ B-glycosidase), over 1470 AU (5 pU mL™
B-glycosidase) to 64 AU (0.5 pU mL™ B-glycosidase). In comparison, the absorbance increase
resulting from pNP formation by equal amounts of almond S-glycosidase declined unequally
especially with high enzyme concentrations. The absorbance signal increase of 0.1735 AU per
minute determined with 100 pU mL™ of enzyme dropped to an absorbance increase of
0.0016 AU after the addition of 5 pU mlI of almond B-glycosidase.

The fluorescence signal increase of 4-MU is proportional to concentrations of almond

B-glycosidase from 100 pU mL™ to 1 yU mL™. Only the lowest tested enzyme amount
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(0.5 pU mL™1) was outside of the linear range. The observed changes in the absorbance signal

of pNP, in contrast, did only show a linear correlation for enzyme concentrations up to
10 pU mL™,

5.3.1.4 Investigation of the pH robustness of 4-MUG assays

Due to the strong pH-dependence of pNP absorbance,?®? the samples have to be mixed with
a Na.COs solution before the measurement. This procedure is time consuming, increases
measurement inaccuracies and complicates kinetic measurements. To identify potential
changes in the spectral properties of 4-MU, its emission spectra were analyzed at different
pH levels (Figure 23 A). Furthermore, the influence of different concentrations of glucose
(Figure 23 B) or ethanol (Figure 23 C) was investigated.
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Figure 23: Investigation of 4-MU fluorescence variation due to changes of pH and
ethanol or glucose addition. The absorbance spectra illustrate the 4-MU emission
spectra at A) different pH values, B) different concentrations of glucose or C) different
concentrations of ethanol. The excitation wavelength was 330 nm. Experiments were
conducted in triplicates. The values represent the mean values of three experiments
and respective standard deviations.

Whereas the addition of glucose did not affect the fluorescence emission, changes in the
pH value or ethanol concentration resulted in slight changes of the signal intensity. With
decreasing pH values, the fluorescence signal of 4-MUG was reduced from 150, 000 units

(pH 7) to 130,000 units (pH 3). Moreover, the signal decreased from 150,000 units without the
addition of ethanol to about 135,000 units at 15 % v/v ethanol.

5.3.1.5 Microscopic investigation of 4-MU localization in cultures with
B-glycosidase activity

In order to evaluate, if 4-MUG can be used to investigate the localization of B-glycosidase
enzymes in different strains, fluorescence microscopy analyses of cell cultures before and after
the addition of 4-MUG (Figure 24) were performed.
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Figure 24: Visualization of 4-MU localization before (left) and after (right) the incubation
of yeast cultures with 4-MUG. A. pullulans (A, B) and I. terricola (C, D) cultures were
incubated with 4-MUG and analyzed via fluorescence microscopy as described in the
material and methods section. The exposure time was identical for all pictures.

After addition of the surrogate substrate, A. pullulans cells exhibited 4-MU fluorescence signals
in the cytoplasmic area (Figure 24 B). In the case of I. terricola, 4-MU fluorescence could be

detected in the cells and in the culture medium (Figure 24 D).

5.3.2 Investigation of non-Saccharomyces yeasts with intracellular
B-glycosidase activity for wine aroma modification
5.3.2.1 Screening approach to identify yeasts with cell-associated
B-glycosidase activity
To identify yeast strains with cell-associated 8-glycosidase activity, the strain collection was
screened under different conditions. Besides sampling of culture supernatants, untreated
culture samples including the cells and cell lysates were tested. A high diversity of
B-glycosidase properties in the investigated yeast cultures was observed. Figure 25 shows
exemplary data of the respective 50 strains with the steepest increase of the fluorescence
signal resulting from hydrolysis of 4-MUG for each condition. Nearly all strains, whose cell
cultures showed very high activity values at pH 7 (Figure 25 A), showed lower activity levels
at pH 3. After glass beads treatment, the values decreased in comparison to the untreated cell

culture values at pH 7 in all cases.

Figure 25 B shows the top 50 strains with regard to high activity of the culture samples at pH 3.
Several cultures showed higher activity at pH 3 than at pH 7. Most of the presented strains

showed almost no activity in the supernatant.
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Figure 25: Comparative investigation of the top 50 strains obtained in the four different
screenings. Each of the four graphs shows the data for one of the selected strain sets,
which were analyzed again for B-glycosidase activities in the culture at pH 7 or pH 3, in
the supernatant at pH 7 or in the cell lysate at pH 7. A) Strain set obtained in screening
for high activity in whole culture samples measured at pH 7, B) Strain set obtained in
screening for high activity in whole culture samples measured at pH 3, C) Strain set
obtained in screening for high activity in culture supernatant samples measured at pH 7,
D) Strain set obtained in screening for high activity in cell lysate samples measured at
pH 7. The asterisk indicates the strains used in further experiments. The values for
fluorescence increase per minute are given in arbitrary units and were calculated as
described in paragraph 4.4.2.1. The calculated values are listed in Table S 1.

Although the focus of the approach was on the identification of strains with cell-associated
B-glycosidase activity, the top 50 organisms with the highest values in supernatant samples
measured at pH 7 (Figure 25 C) are also illustrated. In most cases, B-glycosidase activity of
comparable extent could be detected at pH 7 in the untreated culture samples. It is however
noticeable, that strains with high activity in the supernatant revealed only low activity in cell

culture samples measured at pH 3. In general, a high number of organisms showed highly

similar activity patterns.

In order to investigate the 96 strains with the highest activity in the culture supernatants for so
far undiscovered organisms with suitable properties, a more detailed investigation was

performed (Figure S 7). To simulate the particular conditions prevailing during must
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fermentation, the activities of individual strains were additionally measured after addition of
glucose and ethanol. Only a few strains showed B-glycosidic activity at low pH values, while
one strain was capable of 4-MUG hydrolysis at pH 3 and at pH 5.6 after the addition of glucose
and ethanol. Further experiments (Figure S 7 B) confirmed the properties of this strain

identified as Rhodotorula mucolaginosa.

Most of the strains with the highest activities after cell disruption (Figure 25 D) showed only
marginal activity in the culture samples measured at pH 7 or pH 3. As shown in Figure S 8,
further investigations about the activity in cell lysates revealed, that there was no substantial
B-glycosidase activity detectable at pH 3 and pH 5.6 with the addition of glucose and ethanol,
while some strains showed activity at pH 5.6 after the addition of glucose. As mentioned before,
the investigations were focused on the whole-cell biocatalyst approach using the top twelve
candidates from Figure 25 B due to the promising activity levels at pH 3. The results of the
sequencing of the ITS regions are illustrated in Table 5.

Table 5: Identity and quantity of the further investigated strains associated with
promising B-glycosidase activity of whole cells at pH 3.

Strain identification Number of identified strains

Wickerhamomyces spec. 4

Issatchenkia terricola

Aureobasidium pullulans

Hanseniaspora occidentalis

Candida railenensis

1
2
Nakazawaea ishiwadae 2
1
1
1

Bulleromyces albus

As the B-glycosidic properties of the yeast strains H. occidentalis, C. railenensis and B. albus
have not been studied so far, these strains and the N. ishiwadae strain with higher activity at

pH 3 were selected as potential whole cell biocatalysts for the following investigations.

5.3.2.2 Investigation of influences of possible B-glycosidase inducers

It has been reported that the addition of potential substrates to the culture medium can increase
the production of hydrolytic enzymes.?®® For this reason, the selected strains were cultivated
in media containing the natural glycosylated flavonoids hesperidin or naringin, or the
disaccharide cellobiose. Figure 26 illustrates the measured activities of whole cultures of the

selected strains at pH 3.
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Figure 26: Influence of cellobiose, naringin or hesperidin addition on B-glycosidic
activity. Measurements were performed with whole cultures at pH 3 after cultivation of
the strains for two days in YPD-medium containing 5 % glucose or 0.5 % glucose and
1.5 % of the respective compound added. The values for fluorescence increase per
minute are given in arbitrary units and were calculated as described in
paragraph 4.4.2.1.

N. ishiwadae demonstrated the highest B-glycosidase activity (4427 AU min') after cultivation
on YPD, while other media led to a slight decrease in activity. In case of H. occidentalis, the
compounds showed no clear effect on the 4-MUG conversion rate. B. albus showed clearly
higher conversion rates after cultivation in the presence of cellobiose (5350 AU min't), while
cultivation with naringin or hesperidin led to a decrease in activity. The activity of C. railenensis
in media with cellobiose, naringin or hesperidin was much lower compared to the culture

cultivated in YPD-medium (2440 AU min‘t).

5.3.2.3 Further investigation of B-glycosidase localization

The cultures of N. ishiwadae, H. occidentalis, C. railenensis and B. albus showed high
B-glycosidase activity at pH 3 in untreated cell cultures, which suggests the involvement of
cell-associated enzymes. However, it cannot be excluded that cells were partially lyzed before
or during the assays and therefore 4-MUG hydrolysis did not necessarily involve import of the
substrate. To investigate this issue in detail, the fluorescence of intact cells incubated with

4-MUG was examined under a confocal laser scanning microscope (Figure 27).
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Figure 27: Investigation of the subcellular localization of the 4-MU fluorescence signal
in cells of A) N. ishiwadae, B) H. occidentalis, C) C. railenensis and D) B. albus. Cells
were incubated with 4-MUG and analyzed with a confocal laser scanning microscope as
described in the material and methods section.

After addition of the surrogate substrate, cells of N. ishiwadae and C. railenensis showed
predominantly homogeneous distribution of fluorescence all over the cytoplasma (Figure
27 A, D). For B. albus, an intensification of the signal at the periphery of many cells could be
observed (Figure 27 C). H.occidentalis showed an accumulation of 4-MU-derived

fluorescence signals in specific compartments of the cells (Figure 27 B).

5.3.2.4 Impact of whole cells on the pH stability of intracellular B-glycosidases

In order to investigate the proposed preservation of intracellular B-glycosidase activity by the
cells, comparative measurements of enzyme activities of whole cells and cell lysates at
different pH values were performed. Figure 28 illustrates the B-glycosidic activity of cells

compared to disrupted cells at different pH values.
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Figure 28: Comparison of pH profiles of B-glycosidase activity of cell cultures and cell
lysates. Equal amounts of cells were used as biocatalysts in the form of cells or cell
lysates. 4-MUG hydrolysis rates were determined as described in the material and
methods section for A)N.ishiwadae, B) H. occidentalis, C) B. albus, and
D) C. railenensis. The values for fluorescence increase per minute are given in arbitrary
units and were calculated as described in paragraph 4.4.2.1.

In the cell lysate samples of B. albus, no significant activity was found. The highest values of
the cell lysates of N. ishiwadae, H. occidentalis and C. railenensis were found at pH 5.6. The
intact cells showed different results. For N. ishiwadae and C. railenensis, the highest activity
was found at pH 4.2 and enzyme activity was still detectable at pH 3. For the selected strains,

only whole cells showed B-glycosidic activity at low pH values.

5.3.2.5 Aroma liberation potential of whole cells and cell lysates

To investigate possible selectivity effects of whole cells on the release of terpenes as
prominent example of aglycons in comparison to the free enzymes in cell lysates, the
biocatalyst samples were combined with a glycoside extract prepared from Muscaris must
(Figure 29). Since the highest activity levels after disruption were found at pH 5.6, this pH value

was selected for the following experiments.
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After 24 h, the samples of C. railenensis did not release any measurable amounts of aroma-
active compounds derived from the hydrolysis of a B8-glycosidic bond (data not shown). The
other strains were able to release distinct amounts of different terpenes from the glycoside
extract. Intact cells of B.albus and H. occidentalis released comparable amounts of
(2)-geraniol, a-terpineol and linalool. In addition, (E)-geraniol could be measured only after
incubation with the cell lysates. The cell lysate of H. occidentalis furthermore released
hotrienol. For N. ishiwadae, differences in the terpene profile released from the glycoside
extract by whole cells and cell lysates were more pronounced. Whereas the amounts of
(E)-geraniol, o-terpineol and linalool were higher with whole cells, the cell lysate released
higher amounts of (Z)-geraniol. Hotrienol and terpinen-4-ol were only released from the

glycoside extract by intact cells.

1.2x10%
1.0x10° S
T B (5)-Geraniol
B (2)-Geraniol
5 [ alpha-Terpineol
< 3x10° 1 [ Hotrienol
® - -1[ [ ]Linalool
= T FA [ | Terpinen-4-ol
- 5 _|
E 2x10 ~
=104 T T
JIE i Lkl [ i ﬂ

B. albus H. occidentalis | N. ishiwadae | Negative control

Figure 29: Comparative analysis of terpene release from Muscaris must glycoside
extract by cell culture or cell lysate samples. After a 24 h incubation of glycoside extract
with 100 pL of culture sample or cell lysate prepared from 100 pL cell culture at room
temperature, the amounts of released terpenes were determined by trapping with a
twister in the gas phase and subsequent GC-MS analysis. Solid bars show the peak
areas determined in experiments with cell culture samples, dashed bars show the peak
areas determined in experiments with cell lysates.

To further investigate the oenological potential of the described strains, the effect of glucose,
ethanol or must on the 4-MUG hydrolysis rate of the cells was measured (Figure 30). A strong
decrease of the B-glycosidic activities measured at pH 3 after the addition of glucose and

ethanol was observed.
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Figure 30: Impact of glucose, ethanol and Muscaris must on the B-glycosidase activity
of whole cells. 4-MUG hydrolysis was measured for the different cell culture samples in
buffers containing different amounts of glucose, ethanol or Muscaris must harvested in
the year 2020. The values for fluorescence increase per minute are given in arbitrary
units and were calculated as described in paragraph 4.4.2.1.

The high B-glycosidic activity of B. albus disappeared completely after the addition of glucose
and ethanol. H. occidentalis showed only very low residual activity after the addition of glucose.

For N. ishiwadae and C. railenensis, B-glycosidase activity was still measurable.

5.4 3-Lyase activities

5.4.1 Engineering yeast strains for high thiol release activity by a
directed evolution approach using SMC

5.4.1.1 Identification of yeast strains with high B-lyase activity via growth-based
screening in SMC medium
To test, if growth-based screenings in medium with SMC as sole nitrogen source can be used
to isolate yeast strains with high B-lyase activity, a previously described agar plate-based
screening procedure was transferred to liquid medium and applied to 2112 yeast strains. This
modification, in combination with the use of 96-well plates, offers the advantage of a simple
cell growth screening via quantification with a microplate reader. Figure 31 A illustrates an
overview of the cell densities determined for the 2112 investigated yeasts after 48 h of growth

in SMC medium. The isolates were sorted from high (left) to low (right) ODesoonm Values.
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A minimal ODeoonm value of 0.34 AU was observed for all yeasts examined. For 168 of the
yeasts screened, the measured ODesoonm Value after 48 h of incubation was between 0.34 AU
and 0.35 AU. 314 yeasts reached higher optical densities which remained below 0.43 AU. For
1168 yeasts, even higher ODsoonm Values up to 0.88 AU were measurable. Furthermore, 366 of
the investigated yeasts achieved ODegoonm Values of up to 1.23 AU, whereas for the 96 yeast

strains with the highest cell densities, ODesoonm Values of up to 3.09 AU were measured.
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Figure 31: A) Observed cell densities of the 2112 non-Saccharomyces yeast strains after
48 h of cultivation in SMC medium. The experimental procedure is described in the
material and methods section in 4.5.1.1. B) Comparative analysis of yeast strains for
thiol release activity during incubation in 100 mmol L™ citrate-phosphate buffer.
The 32 strains with highest values identified in a preliminary experiment (Figure S 9)
were analyzed again in triplicates. Shown are the absorbance increase values measured
in the DTNB assays. For the six strains with the highest values (dashed bars) taxonomic
investigation was performed. All experimental details are described in the material and
methods section.

The 96 yeasts with the highest measured optical densities in the previous screening were
afterwards characterized for their thiol release capability during incubation in 100 mmol L™
citrate-phosphate buffer at pH 7. Figure S 9 illustrates the determined values sorted by the

calculated absorbance differences of the performed assays, in which the reaction of thiols with

DTNB leads to an absorbance increase at a wavelength of 412 nm.

The 32 isolates with the highest differences between the assays with and without the addition
of SMC were subsequently investigated with identical measurements in triplicates (Figure

31 B). As shown, clear differences in the amount of released methanethiol were observed.
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The six strains with the highest values in these experiments (ID 1-6) were taxonomically

classified by sequencing of their ITS regions.

Table 6: Identity and strain ID of the investigated strains associated with high signals in
the B-lyase screening experiments.

Strain ID | Identification

Pichia kudriavzevii

Pichia kudriavzevii

Wickerhamomyces anomalus

Wickerhamomyces anomalus

Pichia kudriavzevii

o g »f W N|

Pichia kudriavzevii

The P. kudriavzevii strain with ID 1 and the W. anomalus strain with the ID 3 were selected for

the following experiments.

As already described, an alternative way for the determination of 8-lyase activity relies on the
detection of methanethiol and dimethyl disulfide, which are products resulting from the
cleavage of SMC, via GC-MS headspace measurements.?*® In order to compare the results of
the DTNB assay performed at pH 7 with headspace thiol measurements in reactions performed
at pH 3, the following experiments were carried out on a 5 mL scale, in which the outcome of
the DTNB assay and the relative B-lyase activity were comparatively analyzed. Figure 32
illustrates the results of the headspace measurement from reactions performed at pH 3 in
comparison to the absorbance difference values of the DTNB assay at pH 7. To be able to
classify the results obtained with the two most promising strains from the screening, the wine
yeast strains Anchor VIN13 and Oenoferm X-thiol were included, hereafter named VIN13 and
X-thiol. Whereas a low thiol release activity was observed for VIN13,254 X-thiol was developed

to enable the release of high thiol amounts.
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Figure 32: Comparison of B-lyase activities of different strains measured via two
different assays at different pH values. DTNB-assays at A) pH 7 indicated high activities
for the identified strains from the screening, whereas headspace measurements of the
reaction B) revealed a strong decrease of the respective enzyme activities at pH 3. The
value given corresponds to the relative B-lyase activity value described by Belda et al.?%®
The measured absorbance differences of the DTNB assays were highest for P. kudriavzevii
(0.82 AU) and significantly higher than the values of X-thiol (0.45 AU). The DTNB assay with
W. anomalus, on the other hand, resulted in lower values (0.31 AU), which were still
significantly higher than the values of VIN13 (0.16 AU). The negative control without the
addition of yeast cells showed only very small absorbance differences. Within the experiment
aiming at quantification of the SMC-derived thiols in the headspace, incubation of X-thiol cells
resulted in the highest peak areas which were set to 100 %. The peak areas after incubation
of the P. kudriavzevii strain (38.6 %) and the W. anomalus strain (19.5 %) identified in the
screening were lower. Incubation with VIN13, on the other hand, resulted in the lowest peak
area corresponding to 12.8 % of the X-thiol value. For the negative control without addition of

cells, a negligible amount of methanethiol and dimethyl disulfide was found.

5.4.1.2 Improvement of SMC usage by adaptive laboratory engineering

Although the screening approach using SMC led to the identification of two yeast strains with
reasonable thiol release capabilities, a comparison with the respective activity of wine yeast
strain X-thiol demonstrated their inability to compete or even outperform established and
commercially available products. However, due to the principal functionality of linking thiol
release activity to growth via the provision of SMC as sole nitrogen source, an attempt was

made to further optimize this trait by means of a directed evolution approach.
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To check whether the intended evolutionary approach using SMC medium is promising, the
growth of P. kudriavzevii, W. anomalus, VIN13 and X-thiol was investigated in synthetic
medium with different (NH4).SO4 concentrations and in SMC medium (Figure S 10). Without
the addition of a nitrogen source in the medium, no growth was detectable for any of the
selected strains. In contrast, addition of (NH4).SO. as nitrogen source in different amounts
enabled growth for all strains tested with a correlation between (NH.).SO4 concentration and
maximal cell density. If SMC was used as sole nitrogen source, long lag phases were observed
for all strains. For P. kudriavzevii, W. anomalus and VIN13, exponential growth started after

20 h. Exponential growth of the X-thiol cells was only observable after 30 h.

A comparison of the growth of the selected cells with different nitrogen sources (Figure S 11)
showed slight inhibitory effects of SMC in media, which contained (NH.).SOs and SMC.
However, these effects are only minor. Therefore, the observed slowed growth in SMC medium
is most probably due to limited nitrogen uptake from SMC and the intended evolutionary
approach was found to be a straightforward approach.

To further investigate the proposed correlation between B-lyase activity and cell growth in SMC
medium, a wine yeast AWRI1631 strain expressing a highly active B-lyase was investigated
with respect to growth behavior in SMC medium (Figure S 12). In comparison to the wild type,

the AWRI1631 tnaA cells grew faster, although the difference was not very pronounced.

These preliminary tests indicated that the use of SMC as nitrogen source and thereby its
uptake and/or cleavage limits cell growth in the investigated strains and that an increase of
B-lyase activity can at least partially improve the use of SMC as nitrogen source and growth.
Therefore, a directed evolution approach with the selected strains P. kudriavzevii,
W. anomalus, VIN13 and X-thiol towards better growth in SMC medium via a very simple serial
transfer procedure was performed. After 25 over-inoculations, the populations were streaked
out to isolate single clones for detailed characterization. For each yeast, three clones were
examined (Figure S 13), which in some cases exhibited slightly different growth behavior. The
respective clones with the greatest differences to the starting strain were chosen for further
characterization. Figure 33 demonstrates the growth curves for the selected strains in SMC

medium in comparison to the growth curve of the corresponding starting strain.
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Figure 33: Comparison of the growth curves of evolved strains and corresponding
parental strains (WT) in SMC medium. Precultures were grown in 600 pL synthetic
medium with 0.1 mmol L™ (NH4)2SO4 for 24 h at 30 °C, 600 rpm and 80 % humidity.

For all four yeasts, an evolved mutant strain has been isolated, that shows clear growth
improvement in SMC medium. All mutants obviously have an improved growth rate in
comparison to the starting strain. In case of P. kudriavzevii, the 25-2 strain reached furthermore
higher cell densities, which cannot be found for at least the X-thiol and VIN13 mutants.
Compared to the other organisms, the growth improvement for the evolved W. anomalus strain
is least pronounced. Interestingly, the VIN13 25-2 strain shows an elongated lag phase, but

nevertheless an increased growth rate in comparison to the wild type.

To rule out the possibility that the mutants acquired a general growth improvement irrespective
of the SMC metabolization, their growth behavior in medium with (NH4).SO.4 as sole nitrogen
source was also investigated. However, the growth curves revealed only minor differences
between the nevolved strains and wild type strains (Figure S 14). For W. anomalus and VIN13,

the evolved mutants even showed a slight growth disadvantage.
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5.5.1 Conversion of (E)-2-hexenal into 3MH by thaA-expressing yeast
strains

The synthesis of 3MH from (E)-2-hexenal was used as a model reaction to demonstrate the
possibility of production of volatile thiols by genetically modified yeasts. The initial focus for
optimizing thiol synthesis was on increasing the g-lyase activity, as the endogenous enzyme
activity of yeast cells was found to be relatively low in contrast to cells expressing the
tryptophanase-encoding E. coli gene tnaA.” To increase the B lyase activity of the cells, the
E. coli gene tnaA was integrated into the delta sequences of the genome of the two yeast
strains AWRI1631 and CEN.PK2-1C. Figure 34 illustrates the indirect measurement of g-lyase
activity of both yeast strains with and without expression of the thaA gene. The absorbance
values at 412 nm after incubation of cells with SMC and DNTB are shown. The B-lyase reaction
releases methanethiol from SMC and after the reaction of methanethiol and DNTB, the TNB?

anion is formed which shows absorbance at 412 nm.25°
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Figure 34: Indirect measurement of B-lyase activity increase of yeast cells after
transformation with the E. coli thnaA expression construct by quantifying the amount of
free thiol-groups with an assay based on DTNB. White bars: Wild type strains, Grey
Bars: Transformants tested, Dashed Bars: Strains with highest values selected for
further experiments. Assay details are described in the material and methods section.
The data points and error bars represent the mean values and standard deviations for
three biological replicates. A significant difference with a 95 % level of significance
(p<0.05) for the values of the tnaA-transformed strains in comparison to the
untransformed strains was found via a two-sample t-test assuming equal variance for
all strains except AWRI 1631 + tnaA transformant 1.

After genome integration of tnaA, the AWRI1631 transformants 2-12 showed a significantly

increased difference in the measured absorbance at 412 nm. As the values obtained with the
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different transformants were comparable, transformant 5 was randomly selected for further
experiments. Untransformed CEN.PK2-1C cells led to an absorbance difference of 0.014, but
most thaA gene transformants showed values between 0.2 and 0.3. Transformant 4 however
showed an exceptionally high value of 0.49 and was therefore selected for the following
experiments, in which the peak area of synthesized 3MH was quantified after the addition of

(E)-2-hexenal on a 10 mL scale (Figure 35).
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Figure 35: Comparison of the 3MH production capability of the yeast strains AWRI1631
and CEN.PK2-1C with or without tnaA expression construct in the genome at a pH value
of 3 and of yeast strains with tnaA expression construct at a pH value of 7. The 3MH
peak areas were determined after incubation of cells (ODsoonm Of 15) in 100 mmol L™
citrate-phosphate buffer with 100 ug L (E)-2-hexenal for 48 h. The data points and error
bars represent the mean values and standard deviations for three biological replicates.
Since formation of Cys-3MH from (E)-2-hexenal and cysteine was described to occur
spontaneously at low pH,?®® pH 3 was also examined in addition to a neutral pH value. From
the peak areas of the product 3MH detected for the AWRI1631-based strain, it is apparent that
the reactions with the wild type cells did not result in detectable amounts of the product (lower
than 0.5 pug L), whereas the tnaA-transformed cells were able to produce higher amounts of
3MH at pH 3 and pH 7. The wild type strain of CEN.PK2-1C was able to produce small amounts
of 3MH and increased 3MH amounts after genomic integration of thaA. The measured peak

areas of the product were larger at pH 7 than at pH 3 for both investigated strains.

Since biotransformations with CEN.PK2-1C-based cells resulted in slightly higher 3MH values
and plasmid transformations are easy to perform due to the strain’s auxotrophies, the tnaA-

expressing CEN.PK2-1C strain was used for the following experiments.
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5.5.2 Optimization of bioconversion reaction parameters

The experiments of the previous section suggested that the pH value has major influence on
the produced 3MH amount. For this reason, different pH values were investigated for
optimization of the reaction conditions (Figure S 15 A). These results confirmed the observed
trends from Figure 35. Whereas only a small peak area was observed after incubation at pH 3,
the highest product concentration could be determined in the bioconversion reaction performed
at pH 5.6. A further increase of the pH value did not lead to higher product amounts. Another
important aspect is the incubation time of the reaction. Figure S 15 B illustrates that high

product concentrations could already be observed after a bioconversion time of 24 h.

Based on the described findings, the basic reaction parameters were set to pH 7 and an
incubation time of 24 h. Figure S 16 represents further optimizations of the assay conditions,
in which different concentrations of (E)-2-hexenal or the corresponding alkenol
(E)-2-hexen-1-ol were used. In case of (E)-2-hexenal, 100 ug L resulted in the highest product
concentration. When (E)-2-hexen-1-ol was used as substrate, higher amounts of 3MH were
detected if compared to the (E)-2-hexenal conversion reactions. Here again, a substrate
concentration of 100 ug L* yielded the highest product concentration. Based on these results,

(E)-2-hexen-1-ol at a concentration of 100 pg L™ was used in the following experiments.

In the next step, the influence of the reaction volume and cell growth time was investigated
(Figure S 17). In both cases, the tested variation resulted in strong decrease of the observed
3MH product concentrations. Moreover, supplementation of the reaction with different amounts
of pyridoxal-5-phosphate, an important cofactor for 3-lyases, did not influence the amounts of
3MH (Figure S 18 A). The same applies for the reaction supplementation with glutathione or
cysteine (Figure S 18 B).

However, variations of cell density and reaction medium, as well as supplementation with
glucose, H»02, and ZnCl, showed strong effects on the detectable 3MH amounts (Figure S
19). The peak area increased in proportion to the cell density used in 100 mmol L™
citrate-phosphate buffer between an optical density of 5 to an optical density of 12.5.
Further increase in cell density did not further increase the amount of product.
Supplementation of the reaction buffer with glucose led to inconsistent results with partly strong
decreases of the product concentration and addition of H>O, and ZnCl; led to even stronger
decreases of the product concentration. Use of YPD- or SCD-medium as bioconversion
reaction media led to relatively low product concentrations. For the following experiments,

a cell density of 15 (ODgoonm) @and 100 mmol L™ citrate-phosphate pH 7 were used.
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To quantify the produced 3MH amounts, calibrations were performed using spiked cell
suspensions in 100 mmol L™ citrate-phosphate buffer pH 7 (Figure S 20) with which the
concentrations of 3MH could be estimated. Figure 36 summarizes the results of the previously
performed optimizations. CEN.PK2-1C wild-type cells without genetic modifications produced
only very low 3MH amounts (9.9 ng L). After genomic integration of tnaA and the selection of
the best-performing clone, this strain with the highest B-lyase activity was found to produce
220 ng L 3MH. Using (E)-2-hexen-1-ol as alternative substrate, the product amount was
further increased to 450 ng L After the optimizations described in the previous part, the

product amount could be finally increased to 730 ng L.
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Figure 36: Quantitative comparison of bioconversion results before and after strain and
reaction condition optimizations. All assays were performed in 100 mM
citrate-phosphate buffer pH 7. The growth and bioconversion time was 24 h each. Under
optimized conditions, a cell density (ODeowonm) of 15 instead of 7.5 was used.
White bar: CEN.PK2-1C wild type cells without tnaA expression construct. The data
points and error bars represent the mean values and standard deviations for three
biological replicates.

5.5.3Improving Glut-B3MH formation by increased glutathione

production and GST activity

Aim of the further strain engineering approaches was the increase of product formation by
elevating the glutathione content and the GST activity. As the external addition of glutathione
did not result in the synthesis of higher 3MH concentrations (Figure S 18 B), the
»-glutamylcysteine synthetase-encoding gene GSH1 was overexpressed to increase the
intracellular glutathione concentration. The corresponding enzyme catalyzes the first step in
glutathione biosynthesis in S. cerevisiae and gene overexpression was found to result in 42 %
increased intracellular glutathione levels compared to the wild type.?®” Furthermore, attempts
were made to enhance the synthesis of 3MH by overexpressing different GST’s, which are

known to transfer glutathione to electrophiles.
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The yeast genes GTT1 and GTT2 as well as the gene VvGST4 from wine were used for
episomal overexpression experiments (see also Table 3). Figure 37 represents the estimated
3MH concentrations in bioconversion reactions with different transformants.
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Figure 37: Comparison of the produced 3MH amounts under the optimized conditions
after further genetic modification of CEN.PK2-1C tnaA. The reference strain
CEN.PK2 1C tnaA contained no plasmids. All other strains contained expression
constructs for the jy-glutamylcysteine synthetase-encoding gene GSH1 and/or one of
the GST-encoding genes GTT1, GTT2 or VVGST4 on one or two plasmids, respectively.
100 pug L™ (E)-2-hexen-1-ol was used as substrate. The data points and error bars
represent the mean values and standard deviations for three biological replicates.

As previously described, the CEN.PK2-1C cells transformed with tnaA produced nearly
0.8 ugL* 3MH within an incubation time of 24 h. Cells, which harbored the GSH1
overexpression plasmid in addition, synthesized higher amounts of 6.6 pug L'* 3MH in the same
time. Cells transformed with the three different GST gene overexpression plasmids also
produced higher amounts compared to CEN.PK2-1C tnaA. Cells transformed with the plasmid
for overexpression of GTT1 produced higher amounts (5.3 pug L) of 3MH than cells
transformed with the GTT2 gene (1.85 pg L?). Overexpression of the codon-optimized
V. vinifera-derived gene VVGST4 resulted in 4.6 ug L™ of 3MH.

Strains, which were overexpressing one of the GST genes in addition to thaA and GSH1, partly
showed even higher 3MH concentrations. Strains overexpressing GSH1 and GTT1 reached

the highest product concentrations observed in this set of experiments (8.9 ug L?).
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5.5.4 Product spectrum expansion of engineered thiol-synthesizing

yeast strains

An attempt was made to expand the described conversion of (E)-2-hexen-1-ol via the use of
other substrates. For this purpose, a number of different compounds was used as substrates
in reactions with the established conditions. The results of these experiments are described
subsequently and summarized in Table 7. The corresponding chromatograms and mass

spectra are presented in the supplementary section (Figure S 21 to Figure S 32).

Table 7: Used substrates and the expected products in bioconversion reactions with
engineered yeast strains. Products were identified by comparison of the
chromatograms of CEN.PK2-1C tnaA cells containing plasmids for overexpression of
the GSH1 gene and one of the described GST genes to areference strain of CEN.PK2-1C
cells with empty plasmids. Peaks which only occurred in reactions with engineered
strains were indicative for bioconversion and were tentatively identified. Some products
showed similarity in their mass spectra to the spectra of the assumed products
deposited in the NIST database. Two peaks were tentatively identified after the
incubation with (R)-(+)-pulegone, three peaks were tentatively identified after the
incubation with 3-penten-2-one.

Specific peak
identified Similarity
Exact Mass
(occurred only | (value
of
Substrate(s) Expected product(s) in reactions given by
products(s)
with GC-MS
[u] ,
engineered software)
strains)
(2)-3-Hexenylacetate 3-Mercaptohexyl acetate, 176.09 X X
4-Mercaptohexyl acetate
Furfural Fufurylthiol 114.01
(2)-6-Nonenal 6-Mercaptononan-1-ol, 176.12
7-Mercaptononan-1-ol
B-Pinene 2,6,6-Trimethylbicyclo[3.1.1]heptane-2-thiol 170.11 X X
Citronellol 6-Mercapto-3,7-dimethyloctan-1-ol, 190.14 X X
7-Mercapto-3,7-dimethyloctan-1-ol
Limonene 1-Methyl-4-(prop-1-en-2-yl)cyclohexane-1-thiol, 170.11 X X
2-Methyl-5-(prop-1-en-2-yl)cyclohexane-1-thiol,
2-(4-Methylcyclohex-3-en-1-yl)propane-2-thiol
a-Terpineol 2-(4-Mercapto-4-methylcyclohexyl)propan-2-ol, 188.12 X X
2-(3-Mercapto-4-methylcyclohexyl)propan-2-ol
3-Methyl-2-buten-1-ol 3-Mercapto-3-methylbutan-1-ol 120.06 v 86 %
2-Mercapto-3-methylbutan-1-ol
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Specific peak
identified Similarity
Exact Mass
(occurred only | (value
of
Substrate(s) Expected product(s) in reactions given by
products(s)
with GC-MS
(u]
engineered software)
strains)
3-Buten-2-one 4-Mercaptobutan-2-one, 104.03 v 90 %
3-Mercaptobutan-2-one
(R)-(+)-Pulegone 8-Mercapto-p-menthan-3-one derivate 186.11 v (2 peaks) 90%/
92 %
(2)-2-Hexen-1-ol 2-Mercaptohexan-1-ol, 134.08 v 89 %
3-Mercaptohexan-1-ol
(E)-3-Hexen-1-ol 3-Mercaptohexan-1-ol, 134.07 4 X
4-Mercaptohexan-1-ol
(E)-2-Pentenal, 3-Mercaptopentan-1-ol, 120.06 v X
(E)-2-Penten-1-ol 2-Mercaptopentan-1-ol
(E)-2-Heptenal, 3-Mercaptoheptan-1-nol, 148.09 NG X
(E)-2-Hepten-1-nol 2-Mercaptoheptan-1-ol
(E)-2-Nonenal 3-Mercaptononan-1-ol, 176.12 v X
2-Mercaptononan-1-ol
1-Octen-3-ol 1-Mercaptooctan-3-ol, 162.11 NG X
2-Mercaptooctan-3-ol
3-Pentene-2-one 4-Mercaptopentan-2-one 118.05 v (3 peaks) X
3-Mercaptopentan-2-one

As not all of the expected thiol products were commercially available, tentative product
identification was performed via the comparison of potential product peak mass spectra with
NIST database entries or via the search for compound peaks with the expected molecular ion
masses and the comparison of the calculated estimated mass intensity ratios based on the
natural occurring isotope distribution to the measured values in order to identify potential
products containing thiol groups (an overview is given in Table S 3). After incubation with some
of the selected substrates, no peaks could be identified that corresponded to the expected
products. In addition, no potential product peaks could be detected by searching for the
calculated masses of these molecules. For some other substrates, however, peaks could be
identified that were clearly detectable for all transformed cells, while they were not or only to a
small extent visible in the control reaction with a CEN.PK2-1C wild type strain transformed with
empty plasmids. A comparison led to similarities of the measured spectra with the spectra

deposited in the NIST database as further described.
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Compared to the reference spectrum deposited in the NIST library for the estimated product
3MH, the mass spectra after incubation with (Z)-2-hexen-1-ol comprised similarities
concerning the fragments with m/z 100, m/z 82, m/z 67, m/z 61, m/z 57, and m/z 55. These
commonalities result in a similarity value of 88 % given from the GC-MS software. Although
the described peak had a similar retention time to reference measurements with a 3MH
standard (10.75 min), the masses calculated based on the natural isotope distribution could

not be confirmed in the respective mass spectrum.

When comparing the mass spectra of the identified peak after bioconversion of 3-methyl-2-
buten-1-ol and the tentative product 3-mercapto-3methylbutan-1-ol, analogies in the intensities
of the fragments with m/z 87, m/z 86, m/z 71, m/z 69, m/z 59, m/z 57, m/z 55, and m/z 53 are
noticeable, resulting in a similarity value of 86 %. However, the calculated mass intensities for
identifying the expected products containing a thiol group showed very large standard

deviations between the three yeast strains.

For the substrate 3-buten-2-one, the observed peak in the bioconversion attempt with the
GSH1-GTT1 transformant showed an ion with the expected molecular mass in the mass
spectrum, but it could not be assigned to a specific compound by comparison of the mass
spectrum with the NIST database. However, a similar ratio of the measured mass intensity of
the fragments as in the theoretically calculated values based on the isotope distribution was

identified in the recorded data.

In the bioconversion reaction with (R)-(+)-pulegone as substrate, two peaks could be detected
in the chromatogram, whose mass spectra both strongly resembled the mass spectrum of the
sought product 8-mercapto-p-menthan-3-one containing the most prominent fragments
m/z 186, m/z 153, m/z 135, m/z 123, m/z 109, m/z 81, m/z 69 and m/z 55. These two spectra
also showed strong similarities to each other. For both mass spectra, reasonable ratios of
mass intensities based on the estimated values for products containing a thiol group were
identified. Moreover, the calculated molecular mass of the product was observable in both

spectra.

In comparison to (E)-2-hexen-1-ol, (E)-3-hexen-1-ol only differs in the position of the double
bond. However, the mass spectrum of the tentative product did not correspond to the spectrum
of the product 3MH and did not contain a signal for the expected molecular ion (m/z 134). The
biggest ion detected was m/z 124. Furthermore, the observed ratios of the masses expected
due to the natural occurring isotope distribution did not allow any conclusions about the

presence of a sulfur group in the tentative product.
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In case of (E)-2-pentenal and (E)-2-pentenol, the retention times and the mass spectra of the
products were identical for both substrates. Identical products were furthermore observed for
the C;-compounds (E)-2-heptenal and (E)-2-hepten-1-ol. In all these mass spectra, signals for
the expected molecular ions could be detected and the observed distribution of mass
intensities in the spectra are matching the calculated values based on the estimated products

containing a thiol group.

After the bioconversion reaction with (E)-2-nonenal, a peak was identified whose fragments
had the expected molecular mass of m/z 176 and the observed distribution of mass intensities

was similar to the calculated values for the expected sulfur containing molecules.

For (E)-2-heptenal, (E)-2-hepten-1-ol and (E)-2-nonenal-derived products very high peak
areas were observed. Incubation with 1-octen-3-ol, on the other hand, led to a potential product
with lower peak area whose mass spectrum did neither contain a signal for the expected

molecular mass of m/z 162 nor the expected mass distribution for the expected molecules.

After the conversion of 3-penten-2-one, three peaks were identified that occurred only in the
reactions with the engineered strain, but not in the reaction with the CEN.PK2-1C wild type
strain. The corresponding mass spectra of the peak at 6.6 min and the peaks at 16.25 min and
16.4 min are shown in Figure S 32. The spectra of the peaks at the later retention times were
virtually identical, but the spectrum of the peak at 6.6 min showed clear differences. While all
three mass spectra contained the expected molecular ion with a mass of m/z 118, only the
mass intensity ratio of the peak at 6.6 min was matching the calculated values based on the

naturally occurring isotope distribution.

5.5.5 Influence of the functional group on the product amount

As described in the previous section, peaks with identical retention times and mass spectra
were observed for the products of each pair of Cs-, Cs- and C;- aldehydes and the
corresponding alkenols. In addition, it was already observed for (E)-2-hexenal and
(E)-2-hexen-1-ol, that the alkenol led to higher product concentrations in direct comparison
(Figure S 16). In order to investigate this issue in more detail, respective experiments were
carried out again in triplicates to compare the product amounts produced from the aldehyde

and the alkenol, respectively (Figure 38).
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Figure 38: Comparison of thiol formation from pairs of aldehyde and alkenol by
CEN.PK2-1C tnaA strains additionally overexpressing GSH1 and one GST gene
(GTT1, GTT2 or VvGST4). Dashed bars represent the values for the aldehyde
compounds. A) Cs-compounds (E)-2-pentenal / (E)-2-penten-1-ol, B) Cs-compounds
(E)-2-hexenal / (E)-2-hexen-1-ol, C) Crs-compounds (E)-2-heptenal / (E)-2-hepten-1-ol.
It should be noted that the peak areas are not comparable between the graphs
A), B) and C) because different split settings were used as stated in the material and
methods section. The used substrate concentration was 100 pug L. The data points and
error bars represent the mean values and standard deviations for three biological
replicates.

When comparing the product amounts after incubation with the Cs-molecules, it is noticeable
that the relative product concentrations of all three strains overexpressing different GST s were
comparable in each case. However, the product peak areas were twice as large if
(E)-5-penten-1-ol was used as substrate in comparison with the substrate (E)-2-pentenal

(Figure 38 A).

After incubation with the Cg molecules, similar product peak areas were obtained with
(E)-2-hexenal for the three different strains. In contrast, with the use of (E)-2-hexen-1-ol, there
were pronounced differences. For the strain expressing GSH1 and GTT2, the peak area only
reached 1.84x10° AU, whereas a peak area of 3.05x10° AU was determined for the strain
expressing GSH1 and VGST4 and a peak area of 3.37x10% AU was found for the strain
expressing GSH1 and GTT1 (Figure 38 B).

The results of the C;-molecule bioconversions revealed different patterns. With (E)-2-heptenal
as substrate, a peak area of 2.0x10” AU was obtained for the strains expressing GSH1 and
GTT1or GSH1 and GTT2, whereas only 1.16x107 AU were detected with the strain expressing
GSH1 and VvGST4. When the corresponding alkenol (E)-2-hepten-1ol was used, the peak

areas were clearly higher compared to the aldehyde (Figure 38 C).
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5.5.6 Assessment of GST selectivity

As the results in the previous section suggest that the type of expressed GST gene contributes
to the bioconversion efficiency, this issue was investigated in more detail. Therefore,
substrates for which the single determination of product amounts in the substrate testing data
set revealed strong differences between strains with different GST genes were analyzed again
in triplicates (Figure 39).
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Figure 39: Bioconversion reactions with strong effects of different GST-encoding genes
on product amounts. Shown are the peak areas for the products after bioconversion
reactions with CEN.PK2-1C strains expressing tnaA, GSH1 and one GST-encoding gene
(GTT1, GTT2 or VWGST4). Substrates used were A) (Z)-2-hexen-1-ol, B) 3-buten-2-one,
C) (E)-2-nonenal, D) 1-octen-3-ol or E) (E)-3-hexen-1-ol. The substrate concentration
used was 100 pg L in all experiments. For the bioconversions shown in C), D) and E),
the identity of the product structure could not be verified (see Table 2). The data points
and error bars represent the mean values and standard deviations for three biological
replicates.
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The amounts of 3MH synthesized after the addition of (Z)-2-hexen-1-ol (Figure 39 A) varied
strongly between the strains transformed with the different GST-encoding genes. The
bioconversion with the strain expressing GTT2 resulted in much lower product amounts in
comparison to bioconversion reactions with strains expressing GTT1 or VWGST4. In case of
the substrate 3-buten-2-one (Figure 39 B), reactions with the strain expressing GTTL1 clearly
showed much higher amounts of the product tentatively identified as 2-methyl-2-butanethiol in
comparison to bioconversions with strains expressing GTT2 or VWGST4. Figure 39 C-E
demonstrate other examples for substrates, for which strains expressing different GST-
encoding genes showed clearly different product amounts based on the peak areas. The

product identity is however unclear in these cases.
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6 Discussion

After analysis of more than 2000 isolates of autochthonous yeasts, only a small proportion of
8.5 % revealed an observable peptidase activity at pH 3. However, it should be noted that
strains that grow fast under the selected conditions are more likely to be selected than slow-

growing strains. This can lead to false conclusions about peptidase activity.

Further investigation of 30 isolates in grape must and subsequent ITS sequencing of the
isolates with the most promising results led to the identification of four Metschnikowia
pulcherrima and two Metschnikowia chrysoperlae isolates.

The yeast Metschnikowia pulcherrima occurs ubiquitously, including the surfaces of many
fruits, and is therefore frequently found in spontaneous fermentations.?” It has already been

discussed for diverse applications in biotechnology.?58

Compared to Saccharomyces cerevisiae and other non-Saccharomyces yeasts,
M. pulcherrima is characterized by higher robustness to the composition of nitrogen-containing
nutrients.?%® In addition to reducing ethanol content in wine,?° this yeast is also associated with
a variety of extracellular enzymes such as B-glycosidases, B-lyases, and also peptidases.?*
For this reason, the identification of Metschnikowia strains in the performed screening is not
surprising. In previous screenings of oenological isolates, M. pulcherrima isolates that could

hydrolyze casein have already been determined.?":2/2

Moreover, the aspartic peptidase MpAPr1 of M. pulcherrima has already been identified using
sequence similarities to known aspartic peptidases?® and was further characterized.?”* In
addition, its activity towards wine proteins and thus the reduction of turbidity in wine was
demonstrated?”® and the response of the production of this peptidase to available nitrogen
sources was investigated.?”® Since MpAPr1 is currently the only identified aspartic peptidase
of M. pulcherrima, this or a closely related enzyme is a potential candidate for the observed
enzyme activity. Since it has been observed that different strains of the same genus can exhibit
different peptidase activities and several different peptidases,?’’ the observed differences in

protein signal reduction are also conclusive.

Although peptidase activity has already been described for M. pulcherrima, the partly strong
reductions in protein concentrations are remarkable. In contrast to the partially described
peptidases of M. pulcherrima, which showed activity only in model solutions at neutral
pH values,?’® strains could apparently be identified during the screening at low pH values,

which are also active in wine conditions. The demonstrated stronger effect on protein signals
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after must fermentation compared to the commercially available Flavia MP346 strain confirms
that the identified M. pulcherrima strains are interesting candidates for co-fermentations.
However, when considering these results, it must also be noted that the differences in the
measured protein concentrations could also be partly due to different growth rates during the
incubation period. The two identified M. chrysoperlae isolates are also noteworthy because

this strain is uncharacterized so far.

Since the genus Metschnikowia is also associated with major influences on the aroma
composition of wines, for example the increase of 2-phenylethanol and esters,!62° an analysis

of the aroma composition of fermented wines is reasonable in the future.

The screening for pectinase activity led to the identification of 161 isolates that showed
significant growth in the presence of high amounts of pectin and the associated low pH values.
The ability for strong growth is essential for the initial approach of reducing pectin
concentrations, for example in pomace and cocoa beans, prior to pressing by fermentation
with one of these yeasts. Unfortunately, the subsequent screening for polygalacturonase
activity did not reveal any pronounced signals for these isolates. This finding is not surprising,
since only a small percentage of yeasts are known to exhibit this enzyme activity to a high

extent and therefore rather pectinases of higher fungi are used in the industry.?8

6.3.1 Comparative investigations on different (-glycosidase
surrogate substrates

In the comparative study of the most commonly used surrogate substrates, 4-MUG turned out

to be most suitable for the photometric identification of 8-glycosidase activities.

Photometric measurements of liquid assays additionally enable precise activity quantification
and are feasible in a high-throughput format using 96-well plates. The described differences in
solid and liquid assay conditions can be caused, for example, by the different availabilities of
oxygen. Since the possible application of such strains takes place in a liquid environment (for
example in must fermentation) and the liquid culture approach simplifies activity quantification,
liquid assay conditions are most appropriate for screening, which has been recently stated also

by two other studies.?81:282

Although arbutin and esculin were so far mainly used for the qualitative determination of
B-glycosidic activities on agar plates, photometric determination and quantification is also

possible under liquid assay conditions. While the detected compounds of 4-MUG and pNPG
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derive from products of the enzymatic reaction (4-MU and pNP), the hydrolysis of arbutin and
esculin can be followed photometrically via the reduction of the substrate’s fluorescence.
Whereas the slow hydrolysis of arbutin is clearly a drawback for its potential use in a screening,

esculin revealed to be suitable for this purpose.

Although the detection of fluorescence intensity decrease during B-glycosidase-mediated
esculin hydrolysis represents a suitable assay, the detection of increasing absorbance or
fluorescence signal intensities during conversion of pNPG or 4-MUG s less error-prone. This
is due to the fact that many parameters can lead to the decrease of absorbance or fluorescence
signals, for example precipitation phenomena or pH changes, whereas an increase of signal
intensity is rarely caused by artifacts. In conclusion, photometric detection of the substrate is
more amenable to artifacts if compared to the detection of hydrolysis products in case of pPNPG
or 4-MUG.

A comparison of these two surrogate substrates and the respective photometric
measurements revealed, that the fluorescence-based assay is much more sensitive and
apparently does not show saturation effects with the used enzyme concentrations. The
possibility of adjusting the strength of the fluorescence signal amplification after the
transformation from light into electricity (gain setting) in the case of more strongly deviating
enzyme activities also leads to a considerable expansion of the measurable enzyme activities.
In addition, the measurement of a fluorescent molecule is less influenced by cells and other
sample ingredients compared to absorbance-based assays. Although pNPG has been
commonly used as substrate for B-glycosidase characterization in previous studies,!’3283-285
4-MUG represents a highly suitable alternative surrogate substrate for screenings and kinetic

investigations of B-glycosidase activities.

The detected changes in the spectral properties of 4-MU due to the variation of pH or the
addition of ethanol should be taken into account, but do not prevent the use of 4-MUG as a
surrogate substrate for B-glycosidase assays. To determine the amount of surrogate
converted, separate calibration curves can be established for each tested condition. Therefore,
4-MUG assays were proven to be sufficiently robust against changes in the pH value and the

addition of glucose or ethanol.

So far, 4-MUG has been frequently used in the context of Gaucher’s disease®®%¢ to detect
the lack of B-glycosidase activity in human cells.?®"288 Few reports exist about its use for the
characterization of B-glycosidases in bacteria?®® and yeast?®® or for the staining of functional
B-glycosidases in native polyacrylamide gels.?®® The use of 4-MUG for quantitative photometric

B-glycosidase activity assays during a screening was reported by only two groups.1622°1
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After addition of the surrogate substrate, A. pullulans cells clearly accumulated 4-MU in the
cytoplasm which indicates a cytoplasmic localization of the responsible B-glycosidase
enzymes. In the case of I. terricola, 4-MU fluorescence could be detected in the cells and in
the culture medium. This observation is consistent with the previously described secretion of
significant amounts of B-glycosidase by this strain.1’® These experiments suggest 4-MUG to
be a useful probe for microscopic assessment of the potential enzyme localization. However,
it should be noted that direct conclusions concerning the subcellular localization of the
enzymes are difficult to draw. Although preliminarily conducted experiments (data not shown)
reveiled no indication for transport processes, it is also possible that the aglycon is transported
into or out of the cells. However, 4-MUG might be useful for future investigations of subcellular

B-glycosidase localization.

6.3.2 Investigation of non-Saccharomyces yeasts with intracellular
B-glycosidase activity for wine aroma modification

The performed screening led to the discovery of several interesting non-Saccharomyces yeast
strains with relevant B-glycosidase activity. Strains with activity in cell lysates showed no
activity at low pH and glucose or ethanol concentrations usually present during must
fermentations. Whole cells, however, were at least partly able to hydrolyze terpene-glycosides
at low pH values, most probably after import in the cells. The observed differences of
B-glycosidase properties in the investigated yeast cultures confirms the high diversity of this

enzyme activity in non-Saccharomyces yeasts.

Possible explanations for the decrease of B-glycosidase activity in the disrupted cell samples

are incomplete cell disruption or partial inactivation of the respective enzymes.

The described rare appearance of 8-glycosidase activity in the supernatant clearly indicates a
strong cell association of the enzymes in most of the screened candidates. Since only a few
strains showed high activity after disruption, an intact cell seems to be furthermore essential
for the hydrolysis of 4-MUG. These conclusions are in line with the hypothesis of beneficial

effects of whole cell systems on the pH tolerance of the conversion system.

Further investigation of the B-glycosidase activities in the supernatant revealed comparable
activities in the supernatant and the untreated culture samples. As the culture samples used
for the measurements included the supernatant, this result is not surprising. The strain with
high B-glycosidase activities in the supernatant at wine conditions was identified as
Rhodotorula mucolaginosa. R. mucolaginosa is known for extracellular B-glycosidic activity
and has already been successfully tested for the possible application in wine aroma
enhancement.'® Currently, four genes in the genome of R. mucolaginosa in the NCBI

database (NCBI:txid5537) are associated with 8-glycosidases, but none of them has been
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clearly identified. Further investigations could clarify, if one of these entries is responsible for

the extracellular enzyme activity described above.

The strains with high activities after cell disruption showed only marginal activity in the culture
samples. Therefore, it is likely that 4-MUG was not transported into the intact cells, at least
under the conditions used in these experiments. The detailed investigation of the activities in
cell lysates illustrates the adaptation of the so far overlooked intracellular B-glycosidases to
intracellular conditions. The high activities are therefore not directly applicable and would

require additional protection by the intact cell.

ITS sequencing of the twelve strains with the highest activity of whole cell samples at pH 3
revealed, that 4 strains belonged to the genus Wickerhamomyces, which is well known for its
B-glycosidase activity.?®? For this genus, intra- and extracellular B-glycosidase activity was
described® and in 14 genomes deposited in the NCBI taxonomy browser (NCBI:txid599737),
20 proteins were found to be associated with B-glycosidases. 7 of the named proteins are
classified as B-glycosidases, whereas three were identified in Wickerhamomyces anomalus

and four in Wickerhamomyces ciferri.

Another yeast was identified as Issatchenkia terricola, for which an extracellular 8-glycosidase
is described in wine context.1’® The gene coding for this B-glycosidase activity was recently
identified as g4180. Furthermore, the authors were able to identify ten additional genes for
putative B-glycosidases which could also be responsible for the described enzyme activity.?*2
Surprisingly, the screening results suggested higher cell-associated activities than in the
supernatant for this strain. This could be reasoned by the fact, that different surrogate
substrates (which might be transported into the cell to different extents) were used. A search
for Issatchenkia terricola B-glycosidases using the NCBI taxonomy browser (NCBI:txid4909)
yielded 30 hits related to 8-glycosidases. Three of these enzymes are described as possible
B-glycosidases and were identified in a strain isolated from fermented masau fruits. Two of
these proteins (SUN4 and ADG3) are described as secreted enzymes, while the remaining

protein could be responsible for the observed intracellular activity.

Two strains with high activity were the yeast-like basidiomycete Aureobasidium pullulans,
which is already well known for 8-glycosidase activity in the cell supernatant,*** while cell-
associated activity has not been studied. The in-depth characterization of the B-glycosidase
activities of these species is confirmed by 1012 entries for B-glycosidases in the NCBI
taxonomy browser (NCBI:txid5580). However, as mentioned before, the identification of an
intracellular activity has not been described yet. The fact that strains with high cell-associated
activities in the screening have been already described for their extracellular activities

reinforces the assumption that many cell-associated activities could have been overlooked so
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far. The described B-glycosidases may also be capable of even higher activities at low

pH values before secretion.

Two strains associated with high (-glycosidase activity could be identified as
Nakazawaea ishiwadae, which was recently described to occur in wine fermentations.?**
A search with the NCBI taxonomy browser led to a genome sequence (NCBI:txid1538179) for
which only 13 proteins are annotated. None of these sequences was identified as
B-glycosidase. Recently, whole-genome sequencing analysis of Nakazawaea ishiwadae strain
GDMCC 60786  revealed, that this strain  expresses phosphoglucomutases,
phosphofructokinases, phosphoglycerate kinases, phosphoglycerate mutases, pyruvate
decarboxylases, and pyruvate dehydrogenases.?®® However, B-glycosidases were not
described in this study. Based on the available genome sequence and the confirmed relevance
for wine fermentation, a more detailed investigation of the responsible B-glycosidases, for
example by purification of the enzyme activity and subsequent sequencing, could be

interesting for future studies.

Additionally, one strain each of Hanseniaspora occidentalis, Candida railenensis and
Bulleromyces albus could be associated with high cell-related activity at lower pH values.

These species are well known to occur in wine fermentations,2%6-2%

For Hanseniaspora occidentalis, the deposited genome sequence (NCBI:txid56407) in the
NCBI taxonomy browser contains 20 annotations for proteins, none of which is associated with
B-glycosidase activity. In a more detailed examination of the genome sequence of the closely
related non-conventional wine yeast Hanseniaspora guilliermondii Strain UTAD222 and a
comparison with two strains of the same genus, 879 ‘Hanseniaspora-specific’ proteins were
identified. Three of these proteins (HGUI_02084, HGUI 02647 and HGUI_02781) were
identified as B-glycosidases.?*® Although these enzymes have not been characterized in detail,

it is possible that a structurally related enzyme is responsible for the observed activity.

A genome sequence for Candida railenensis has also been deposited in the NCBI taxonomy
browser (NCBI:txid45579). 5972 proteins are annotated for this sequence, two of which
(Sun4lp and Simlp) have been identified as secreted B-glycosidases. Furthermore, there is
one ergosteryl-B-glycosidase identified and two possible B-glycosidases with the accession
numbers CAH2352108.1 and CAH2353540.1, which originate from a draft genome of the
Candida railenensis strain CLIB 1423. Since the enzyme activities described in the context of
this study are rather cell-associated, only the latter two putative enzymes can be considered

to be responsible for the observed B-glycosidase activity.

The genome sequence deposited for Bulleromyces albus (NCBI:txid157611) contains only

seven protein annotations, none of which has been identified as g-glycosidase.
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There is no further evidence in the literature for possible enzymes of this strain capable of the

identified B-glycosidase reaction. This further emphasizes the novelty of the identified strain.

The described effects of the investigated substrates on S-glycosidase activity revealed strongly
different influences of the added substrates on the different organisms. Although increased
B-glycosidase activity can be partially achieved with supplementation of the culture medium,
negative effects may also result. Before application, the influences of potential substrates
during cultivation should therefore be investigated in detail. However, the results are consistent
with previously published results. The positive effect of cellobiose in the culture medium on the
B-glycosidic activity, which was observed for B. albus, has been described for several other
organisms.#-143 The extracellular B-glycosidase activity in the Issatchenkia terricola culture

was not affected after the cultivation with naringin and hesperidin.'4°

Further investigation of B-glycosidase localization after the addition of the surrogate substrate
using a confocal laser scanning microscope revealed additional indications for an intracellular
or at least cell-associated localization of the hydrolytic enzymes of N. ishiwadae and
C. railenensis. For B. albus, indications of cell-associated B-glycosidase activity localized at
the cell membrane were observed. The described observations for H. occidentalis cells could
either be caused by a specific location of the responsible enzymes or by transport of the

cleaved surrogate substrate into certain parts of the cell, for example the vacuole.

The described observations are supported by the fact, that no significant activity could be
detected in the investigation of cell lysates of B. albus. This is probably due to inefficient cell
disruption or enzyme inactivation. Additionally, the potential membrane localization might be
causal for the activity loss, as cells and membrane compartments were separated before the
cell lysate measurements. Looking at the activity of the cell lysates of N. ishiwadae,
H. occidentalis and C. railenensis, it could be concluded that intact cells protect the enzymes
and thereby maintain their activity. After the cells were disrupted, activity at low pH values was
clearly decreased. This observation is in line with the general opinion that whole cells provide

the best known environment for enzymes under harsh reaction conditions.3%

The measured profiles of selected terpenes in the sample headspaces after the incubation of
a must-derived glycoside mixture with whole cells or corresponding cell lysates revealed clear
differences, especially for N. ishiwadae. These results are either an indication of the filter
function of the membrane, or the organisms are able to further metabolize or modify
substances. The proposed filter function can be explained by the fact that glycosides must be
transported across the cell membrane to get in contact with intracellular enzymes. This would
be a decisive difference to extracellular -glycosidases, which have direct access to all aroma-
glycosides present in the must. The frequently described transformation of aglycones after

glycosidase-catalyzed release has been well reviewed.>!
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For example, geraniol can be partially transformed into citronellol by microbial cells after
precursor hydrolysis. It must be considered that these transformations could also be partly

responsible for the observed differences.

The observed changes of B-glycosidase activity of B. albus in must and citrate-phosphate
buffer supplemented with glucose and ethanol could be related to the previously postulated
membrane association, as enzymes on the surface of the cell are more exposed to exogenous
additives than intracellular enzymes. In addition, the B-glycosidase activity of H. occidentalis
seems to be highly inhibited by glucose. The measured activity decrease for N. ishiwadae and
C. railenensis in must furthermore suggests the presence of other inhibiting factors in addition

to glucose and sugar.

Although the determined activities of the strains strongly decreased under conditions related
to wine production, a significant influence of N. ishiwadae and C. railenensis on the terpene
concentrations after mixed fermentations with Saccharomyces cerevisiae was already
demonstrated after transfer of the selected strains with respective data to the HGU.2%? This
confirms the potential of the investigated strains to influence aroma compositions and is a proof

for the use of strains with intracellular or cell-associated -glycosidase activity.

Therefore, the described strains can be used as aroma liberation catalysts at low pH values,
whereby a filter function of the cell membrane is conceivable and could yield selectivity
benefits. This might be a first indication that intracellular B-glycosidases can represent an
attractive alternative to the so far mainly investigated extracellular 8-glycosidases and might

enable more selective aroma release applications.

The described studies showed that the screening approach using 4-MUG as a surrogate
substrate can deliver strains with specific B-glycosidase properties, for example in whole
cultures measured at pH 3. The obtained results strongly suggested that the responsible
enzymes are located intracellularly or at least cell-associated. This assumption was in line with
the observation of a protective effect of the whole cell catalyst against low pH values via the
cellular pH homeostasis. From this property and the selectivity of aroma molecule release
indicated by the respective experimental data, it can be concluded that strains with intracellular

B-glycosidase activity have strong application potential during fruit juice processing.
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6.4.1 Engineering yeast strains for high thiol release activity by a
directed evolution approach using SMC

Due to the importance of several volatile thiols for the aroma impression of wine and other
beverages, the aim of the following experiments was the use of SMC as a screening and
selection tool for the identification and optimization of microorganisms with high capability to
convert precursor compounds into thiols. Due to the fact that SMC must be cleaved by a
B-lyase enzyme to provide nitrogen for cell growth, the compound had been promoted to be

useful for linking growth to the B-lyase activity,?%® which is the key reaction for thiol release.

The initial attempt of screening a collection of wine-related non-Saccharomyces yeasts for
efficient growth in medium with SMC as sole nitrogen source first revealed that only few strains
showed cell densities which were considerably above the average value. Although two
consecutive growth phases in SMC medium were used, most strains either had some nitrogen
reserves available or a basal SMC cleavage rate seems to be present in all cells. As a high
B-lyase activity was assumed for the strains with highest cell density values, they were selected
for further investigation using the DTNB assay. In general, the SMC-based screening approach
in liquid medium also allows a rapid quantification of cell densities achieved and is thus
advantageous compared to the previously published procedure with agar plates.?°® However,
as the thiol synthesis pathways as well as the SMC degradation route in yeast cells have not
been investigated in detail, efficient SMC usage should not be equated with high 4AMMP or
3MH release activity and vice versa.

Other previously published methods for B-lyase activity assessment often rely on the
conversion of Cys-4MMP and, in some cases, the subsequent detection of the resulting
pyruvate after further conversion with lactate dehydrogenase.'®*3% Since these assays are
relatively laborious, a growth-independent quantitative assay, which is also based on SMC as
substrate was established. It furthermore uses DTNB, which forms a pigment after reaction
with thiols and is very similar to a recently published method: Li et al. also applied DTNB in
similar assays, but in combination with other thiol precursors such as L-cystathionine, L-cystine,
L-methionine, or Cys-4MMP instead of SMC.2%" Although using Cys-4MMP is closer to reality,
this molecule is very expensive and therefore not suitable for large-scale pre-screenings like

conducted in this work.

Two consecutive rounds with a photometric DTNB assay for SMC cleavage product detection
and a headspace GC-MS assay for direct detection of SMC cleavage products finally led to
the selection of six candidates, for which high cleavage activity was assumed. Whereas in the

growth-based initial screening organisms with low nitrogen demand vyield unjustified
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advantages, the SMC cleavage assays should correlate better with B-lyase activity or SMC
conversion in general, respectively. The fact that only small amounts of methanethiol and
dimethyl disulfide were detected in the headspace of the assays including DTNB suggests that
all thiols formed during the assay react with DTNB and could be quantified by the absorbance

of TNBZ. The top six strains could be assigned to P. kudriavzevii and W. anomalus.

P. kudriavzevii is known in the wine sector for several positive effects such as deacidification.*
W. anomalus is known for a variety of different enzyme activities, which can also influence the
aroma composition of wines.?°23% |nterestingly, both species could be isolated from Chinese
sesame-flavored Baijiu, in which 2-furfurylthiol seems to be responsible for the characteristic
sesame flavor.2® In case of W. anomalus, a 2-furfurylthiol release activity could be indeed

observed for some of the isolated strains of this species.3%®

Although the SMC-based thiol release properties for the two identified species could not
compete with the commercial strain X-thiol, the potential of using SMC for optimization of thiol
release properties in a directed evolution approach was evaluated. The optimization of yeast
strains with evolutionary approaches has been described in several studies,®¢- 254306308 |0 in
the beer3®® and wine environment.?4%2%3 |n these experiments, a selective pressure is applied
to the cultures, resulting in cells that have randomly undergone mutations conferring fithess
advantages under the selective conditions applied. These cells have a growth advantage and

therefore accumulate in the culture.

Different tests were performed to assess the improvement potential for growth in SMC medium
and the influence of high B-lyase activity on the ability of a yeast strain to grow with SMC as
sole nitrogen source. Comparative growth studies with SMC or different amounts of (NH4)2.SO4
as nitrogen source showed that the available nitrogen limits growth, mainly the reachable cell
density. While this observation was consistent for P. kudriavzevii, X-thiol and VIN13, the longer
lag phases of W. anomalus in medium with (NH4).SO4 concentrations of 0.4 mmol L™ and
0.5 mmol L™ indicated, that high concentrations have negative influences on the growth of this
strain. The significantly reduced growth rates and longer lag phases of all cultures during
growth in SMC medium furthermore proved that utilization of nitrogen from SMC strongly limits
cell growth, which indicated improvement potential within the evolutionary approach. The
possibility that growth in SMC medium is limited due to strong toxic effects of SMC was also
ruled out. In comparison to other potential 8-lyase substrates, a relatively low toxicity has been
already described for SMC.2%¢

Unexpectedly, it was observed that although X-thiol has been noted for the highest release of
methanethiol and dimethyl disulfide in the SMC cleavage assay, this strain grew poorly in SMC
medium. Furthermore, the effect of thaA expression in AWRI1631 showed weaker effects than

expected. The increase in B-lyase activity after transformation!*®* should have led to
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significantly increased growth rates, if 8-lyase-catalyzed SMC cleavage limits its utilization, but
the observed effects were only moderate. An explanation could be that, at least in this strain,
not only B-lyase activity limits nitrogen release from SMC, but also other mechanisms such as
transport of SMC into the cells. Since B-lyases are mainly located intracellularly, transport is

an important aspect of this reaction.3°

Examination of the evolved strain’s growth rates indicated significant and specific changes in
the ability to utilize nitrogen from SMC after the 25 sequential batch cultivations in SMC
medium. For X-thiol and VIN13 in most cases clearly increased growth rates were observed,
indicating an improved utilization of nitrogen from SMC. While the observed growth difference
between mutated and wild type cells were comparable for all three selected clones of
P. kudriavzevii, X-thiol and VIN13, the examined clones of the evolved W. anomalus
population showed slightly different growth curves, some of which showed no or only a slight
improvement to that of the starting strain. As the growth improvement in SMC medium even
for the finally selected clone W. anomalus 25-2 is minor, the evolved population was probably

not homogeneous with regard to this trait after the evolution procedure.

The previously discussed differences in the growth curves suggested possible advantages of
the evolved cells with regard to the release of 4AMMP and 3MH from their precursors. To further
investigate the strain’s thiol release properties with regard to respective aroma-relevant
molecules with importance in wine, the strains could be cultured in a must with low natural
precursor concentrations (for example Miller-Thurgau) supplemented with the natural
precursors Cys-4MMP and Glut-3MH in the future.

However, it has to be considered that the structures of SMC and the aroma thiol precursors
have marked differences and the involved uptake factors or B-lyases in the evolved strains
might accept SMC, but not the glutathione and cysteine conjugates. This fact might result in
more efficient flux of SMC through this pathway but is not necessarily a prove for differences
in the conversion of the aroma thiol precursors. In this context it has to be kept in mind that
several other enzymes, for example jyglutamyltranspeptidase and carboxypeptidase are
essential for conversion of these precursors, but not necessary for the utilization of SMC. Such
factors might still limit flux through the aroma thiol release pathway without limiting higher SMC
conversion. Recently, it was also indicated that the growth ability in SMC medium does not

correlate well with B-lyase activity or aroma thiol release improvement, respectively.3!!

Since the observed growth differences of the cells transformed with tnaA and the associated
strong increase in B-lyase activity turned out to be much smaller than the effects after the
evolution experiments, a sole increase in B-lyase activity as a consequence of random

mutations of natural B-lyases such as STR3%7 and IRC73% is unlikely.
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Much more probable, a transporter for SMC and the thiol precursors such as OPT1 for import?*3

or GEX1 for export®? from the cell, or YBT1 for transport into the vacuole?'® is also affected.

Genetically modified S. cerevisiae strains overexpressing SB-lyases like IRC7 or tnaA have
been developed for wine aroma improvement'®325” and also for application in the craft beer
sector by the US companies Omega Yeast and Berkeley Yeast. Direct comparisons in future
will show if the strains developed via adaptive laboratory evolution might be even more efficient

than those GMO yeasts due to altered enzymes of the aforementioned classes.

To further investigate the causes of the observed enhancement in growth and thiol release,
the obtained strains of X-thiol and VIN13 were sent for genome sequencing. Analysis of
genome sequence data and testing of sequence-phenotype relationships are addressed in
ongoing work and detailed analysis of the thiol liberation properties will be conducted in the

future.

Especially when combined with grape varieties rich in thiol precursors, application of strains
evolved by this way could probably lead to a significant increase of thiol levels. In addition, the
directed evolution approach can also be applied in a more selective way by using not SMC,
but a specific thiol precursor. Such procedures, maybe even combined with counter selection
steps, could enable a variety of specific thiol release properties that can be introduced in strains
without genetic engineering. As thiol release is furthermore important also for preparation of
beer, liquor and juices, the application of the directed evolution principle presented here allows
a much more efficient use of the plant-derived aroma precursors and facilitates the

development of many novel beverage variants.

Within the described experiments, yeast strains and bioconversion conditions were established
and optimized for the synthesis of thiols from a number of respective substrates via a natural
biosynthetic route. To assess the synthesized 3MH quantities, an external calibration line was
created, on the basis of which the produced 3MH quantities were estimated. The first
engineering step towards whole cell catalysts with high flux through the whole pathway was
the expression of the thaA gene from E. coli, which has been described to lead to high 8-lyase
activity.*®® Comparison of the two different yeast strains AWRI1631 and CEN.PK2-1C showed
increased values in B-lyase activity in an indirect assay after genomic integration of a thaA
expression construct. Although the CEN.PK2-1C transformants exhibited much higher
activities in this assay, first tests for bioconversion of added (E)-2-hexenal into 3MH showed
comparable productivities of both strains. The discrepancy between the S-lyase assay and the

3MH production experiments with regard to differences between the two strains might be the
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result of for example a lower (E)-2-hexenal uptake capability of AWRI1631. Another
explanation might be the possibility of different H.S production levels in the strains
investigated, which can also contribute to thiol formation. Although unlikely, this could be true

also for some of the conditions tested and should be evaluated in future experiments.

To test whether conversion of (E)-2-hexenal to 3MH was enabled after genome integration of
tnaA and the concomitant strong S8-lyase activity of the cells, the selected transformants were
incubated on a 10 mL scale in 100 mmol L™ citrate-phosphate buffer and synthesized 3MH
was quantified. The data suggests, that 3MH formation from added (E)-2-hexenal is probably
not the result of a spontaneous reaction with cysteine at low pH values to form a precursor
molecule,?®® which is subsequently hydrolyzed by the yeast cells. The increase of produced
3MH amount at neutral pH rather indicates an enzymatic reaction that takes place to higher
extentat pH 7.

The absence of the product 3MH in reactions without the addition of (E)-2-hexenal or
(E)-2-hexen-1-ol confirms that these substances act as substrates of the described thiol
biosynthesis pathway. Higher amounts of substrate, however, led to higher product amounts
only up to a substrate concentration of 100 pg L. Although the mechanism behind is unclear,
one can assume that both substrates have an inhibitory effect on the enzymes involved in thiol
formation or on the cells” fitness in general. As (E)-2-hexenal and (E)-2-hexen-1-ol can be
interconverted by endogenous yeast alcohol dehydrogenases,®? it is unclear, if one of them
or both are actually responsible for the inhibition of product formation at elevated substrate
concentration. Although in the described experiments, (E)-2-hexen-1-ol yielded higher 3MH
levels, a higher thiol conversion was found for (E)-2-hexenal during must fermentation.?*®
Although it has not been experimentally proven to which extent the aldehyde or the alkenol or
both can be converted to their respective glutathionylated forms by GSTSs, a higher activity for
the aldehyde due to its high electrophilicity is expected. The latter is a general property of
substrates of GSTs, which show a high level of substrate promiscuity apart from that.3'* In case
the aldehyde is in fact the main converted substrate, the higher product levels obtained with
the alkenol substrate would point to a higher inhibitory or destructive action of the alkenol,
which might be partly prevented by the in situ aldehyde production. The comparisons of the
product peak areas after the use of Cs-, Cs- and C7- aldehydes and respective alkenols clearly

demonstrated the generality of higher thiol product levels obtained with alkenol substrates.

The pronounced decrease in the product levels at higher reaction volumes in the 10 mL vials
suggests, that probably the lack of oxygen limits the conversion efficiency due to lower cell
capacity. Although oxygen is not directly involved in the described reaction, oxygen availability
can also affect the synthesis of enzymes necessary in the thiol synthesis pathway, such as

oxidoreductases and peptidases. In addition, older cells seem to be unable to perform the
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bioconversion towards the thiols, since longer cultivation times in the cell preparation step also
led to a strong decrease of measurable product concentrations. After the assays were
supplemented with pyridoxal-5-phosphate, no change in the amounts of the produced 3MH
was detected. This suggests that pyridoxal-5-phosphate, although it is the essential co-factor
for B-lyases,3'5316 js either not taken up or is not limiting product formation under the selected
conditions. In order to provide the cells with nutrients to support the maintenance metabolism
or even enable growth, addition of glucose and complex media like YPD and YCB containing
a variety of supplements were tested. However, these conditions led to clearly decreased
productivities, which suggests that only resting cells have the ability to produce 3MH. Since
GSH is involved in the cell’s response to oxidative stress,3!"31® attempts were also made to
increase the amount of GSH contained in the cells by causing oxidative stress in form of
Zn,CI?8319 and H,O,. However, at least under the conditions tested, these additions almost

abolished the synthesis of measurable amounts of 3MH.

The productivity of the biocatalyst was strongly improved by the overexpression of one of the
two enzymes j-glutamylcysteine synthetase or GST. The overexpression of GSH1 and the
proposed associated increase in the intracellular GSH concentration led to a strong
improvement in contrast to the external addition of GSH. Limitations of GSH uptake for
example through the high affinity glutathione transporter Hgtlp®° might explain these
differences.

Positive effects of overexpression of a GST-encoding gene on product concentration were
different depending on the specific gene. These enzymes are probably part of the thiol
synthesis pathway by catalyzing the transfer of (E)-2-hexen-1-ol to glutathione. Moreover, for
specific substrates specific GSTs were optimal with regard to high product levels. Thus, a
specificity of the transformed enzymes for the used substrate is likely. The simultaneous
overexpression of GSH1 and a GST-encoding gene led to higher product concentrations, if
compared to the reference strain only expressing a GST-encoding gene. However, only the
GSH1/GTT1 and GSH1/VvGST4 co-expression strains yielded higher product levels
compared to the strain only overexpressing GSH1. As no determination of enzyme levels in
the individual strains was performed, it is unclear, how the presence of two plasmids influenced
the expression levels. Therefore, additional conclusions about pathway flux limitations in the

strains cannot be drawn.

After the sequential optimization of reaction conditions and catalyst engineering towards higher
3MH productivity, expansion of the product portfolio was examined by the use of a number of
alternative substrates. Some of the identified peaks could probably not be assigned to a
possible product based on their mass spectra as respective spectra are not contained in the

NIST database. However, based on the calculated molecular mass and the fact that the peaks
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were only found in reactions with cells overexpressing genes encoding TnaAp, a GST and

Gshlp, some of the products could be tentatively identified with high probability.

For seven of the 18 substrates used, the predicted product could not be detected. This is true
for example for the applied terpenes and (2)-6-nonenal, which confirmed the assumption that
the substrate for the described reaction needs to be unsaturated in the ¢,8-position. In addition,
this applies to (Z2)-3-hexenyl acetate, a green leaf fragrance that occurs in the leaves and
berries of many plants®® and to furfural, the thiol equivalent of which, 2-furfurylthiol, is one of
the main components of the roast aroma in coffee and is therefore of great economic
interest.>*® Despite a report about the formation of 2-furfurylthiol from cysteine-furfural
conjugates?® and L-cysteine and furfural?*® by yeasts, this product could not be identified.
Although a possible product was identified for (E)-2-nonenal, no product was detected for
(2)-6-nonenal. This additionally confirms that the position of the double bond is important for
the conversion of linear substrates. Since a standard was available for 3MH, it was possible to
clearly identify this product on the basis of the retention time and the similarity in the mass
spectra measured after the bioconversions of either (Z)-2-hexen-1-ol or (E)-2-hexen-1-ol
although the comparison with the collected data to the calculated expected mass ratios did not
give any additional indications for this product. In these cases, glutathione is obviously
conjugated to the same carbon atom in both molecules. The use of (E)-3-hexen-1-ol instead
resulted in a potential product peak, in whose mass spectrum the molecular ion of the expected
products could not be found. The detected ion with m/z 124 may be a fragment ion of the
compound synthesized from (E)-3-hexen-1-ol. The compound’s retention time and its mass
spectrum showed clear differences to the values obtained for 3MH, which is one possible
product for this substrate. Instead, this peak might be caused by 4-mercaptohexan-1-ol.
However, the examination of the natural occuring isotope distribution revealed no indication
for a sulfur group. Therefore, the identification as a possible product peak will require further

investigation in the future.

The incubation with (E)-2-pentenal, (E)-2-pentenol, (E)-2-heptenal and (E)-2-hepten-1-ol led
to the identification of product peaks, for which the predicted products could be tentatively
identified by their expected molecular mass and the mass intensity distribution. In
bioconversion tests with terpenoids, except for (R)-(+)-pulegone no conversion products could
be detected in the described approach. This observation is in line with the assumption, that
these substances are weak electrophiles because they do not have the respective
arrangement of double bond and alcohol/carbonyl. The conversion of 3-methyl-2-buten-1-ol,
on the other hand, led to the tentative identification of the expected product 3-mercapto-
3-methylbutan-1-ol based on the comparison of the mass spectra to a reference database and

identification of the molecular ion.
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This molecule is known as an aroma component in Sauvignon Blanc wines.*?! Investigation of
the possible product peak after incubation with 3-buten-2-one revealed a fragment of the
expected molecular ion, as well as the expected distribution of mass intensities for a sulfur
containing molecule. Based on these observations, it is very likely that the identified peak is
caused by one of the two expected products 4-mercaptobutane-2-one or 3-mercaptobutane-

2-one.

For the bioconversion reactions with 3-penten-2-one, three possible product peaks were
identified, two of which showed identical mass spectra. Since the calculated mass intensity
distribution for the predicted sulfur containing products was only matching for the peak at 6.6
min, this is most probably the sought molecule containing a thiol group. After incubation with
(R)-(+)-pulegone, two peaks with very similar mass spectra were identified which most
probably contain a thiol group. These are most probably the expected product 8-mercapto-p-
menthan-3-one and its enol form or two different 8-mercapto-p-menthan-3-on isomers.3?> Due
to the similar mass spectra, no more precise statements can be made based on the described
measurements. In the future, further investigations of the synthesized molecules will be
necessary to clarify their identity. After the conversion of 1-octen-3-ol, one of the key aromas
of fungi,?® efficient synthesis of a product could be observed, but it was not possible to identify
the expected molecular ion mass or an indication for sulfur isotope patterns in its mass
spectrum. Even the conversion of (E)-2-nonenal, an aldehyde with nine C-atoms, could be
proven by identification of a putative product. This shows the high general substrate
promiscuity of the whole pathway, which might be further expanded by the use of other GSTs.
Moreover, nearly no knowledge exists so far on the substrate specificity of other factors
involved in the pathway — transporters, dehydrogenases or reductases,
r-glutamyltranspeptidases, carboxypeptidases and B-lyases. Although more detailed studies
are necessary to identify the flux-limiting steps in the whole pathway with respect to certain
substrates, the platform can be extremely useful for the synthesis of many different thiol

compounds.

The biosynthetic route engineered in the yeast strains within this work resembles the pathway
which contributes strongly to the formation of volatile thiols during the production of wine and
other beverages. Therefore, the established system also allows testing for example the
activities of specific GSTs from certain Vitis vinifera varieties or the activities of specific
B-lyases or other pathway enzymes from wine yeast strains towards certain substrates.
Furthermore, it enables the simple preparation of small amounts of thiols for example for
olfactory tests in flavour research. However, if the system should be used for biotechnological

production in future, considerable optimization of productivity will be necessary.
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7 Supplementary information

7.1 Plasmid maps

7.1.1 BKD_tnaA

XhoI (200)

BKD_tnaA
7290 bp

CAP binding site) |

lac operator)

(4979) Xhal

Figure S 1: Map of the BKD_tnaA plasmid used for tnaA integration into the delta
sequences of yeast cells.
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7.1.2 pPK-Plasmids

(6618) KpnI ——|

pPK245_GSH1
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Figure S 2: Map of the pPk245 GSH1 plasmid used for GSH1l overexpression in
CEN-PK2-1C cells.
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Figure S 3. Map of the pPk448 GTT1 plasmid used for GTT1l overexpression in
CEN-PK2-1C cells.

95



2000 1

q%b

‘19CZ

pPK448_GTT2
7115 bp

ToRUIMLRL-EHA]

2000

(5041) KpnI

ot

(4329) EcoRI

Figure S 4. Map of the pPk448 GTT2 plasmid used for GTT2 overexpression in
CEN-PK2-1C cells.
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Figure S 5: Map of the pPk448 VvGST4 plasmid used for VVGST4 overexpression in
CEN-PK2-1C cells.
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7.2.1 Comparative investigations on different [B-glycosidase
surrogate substrates
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Figure S 6: Fluorescence emission and absorbance spectra of the investigated
surrogate substrates in case of arbutin (A) and esculin (B) or the conversion products
pNP (C) and 4-MU (D). Fluorescence was measured after excitation at the excitation
maximum wavelength determined in the experiments. Experiments were conducted in

triplicates. The values represent the mean values of three experiments and the
respective standard deviations.
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7.2.2 Investigation of non-Saccharomyces yeasts with intracellular
B-glycosidase activity for wine aroma modification
Table S 1: Calculated values for the increase in fluorescence over time of the 50 isolates

with the highest values for the conditions studied. The results are illustrated in Figure
25 and the calculation of the values is described in section 4.4.2.1.

Position | Isolate ID CUIT;E]pH7 CuItEJArE;aH?: Supern[::laj?t pH7 | Cell I.[flljs]pH7
Top 50 whole culture pH 7
1(26b/8 4943.22459 5121.77005 67.0211216 4319.10732
2(26b/4 4820.19343 4198.86479 244.556518 629.760562
3(25b/75 4168.31451 3761.12159 328.713709 646.175369
4| 1bGspbN91 4002.30222 2207.9234 222.075356 1755.31474
5| Gk-bN-13 3558.94922 47.1168291 1039.69377 748.956138
6 | 1bTspoaN1 3501.27044 1303.52757 1683.92464 834.72098
7(40b/70 3030.15166 2306.6642 -31.733518 908.581463
8| Gk-bN-11 2868.07786 17.2276201 559.771476 252.941146
9| 1bGspbN31 2838.94354 1877.0895 328.933316 1670.40022
10| Gk-bN-15 2829.79868 30.7120393 883.220677 667.178883
11| 1bGspbN43 2821.17824 1234.8009 286.657985 1532.32073
12| 1bGsaN79 2793.71174 77.6699835 2007.82117 706.035714
13 | 1bGsaN1 2766.67917 422.518514 1774.07987 533.852646
14| 1bGshcN4 2732.55322 342.509641 1487.93443 626.864179
15| 1bGspcN4 2670.68506 847.355198 746.881254 305.93438
16|26b/2 2432.26558 1585.19918 -44.80417 1617.78978
17 | 1bGshaN32 2405.73786 1091.88209 506.777552 701.887292
18 | Gk-bN-8 2268.19571 6.16265575 820.488233 180.293635
19| 1bGspbN23 2115.85291 965.630838 73.7853126 664.173521
20| 1bGspbN78 2100.84656 1271.97424 32.8674862 1798.68107
21| 1bGspbN26 2092.10085 822.759408 947.591118 1516.11774
22 | 1bGshcN7 2031.52009 983.197167 342.590177 1190.53452
23| 13b /60 1993.71246 4059.7104 78.0314336 310.881868
24 | 1bGshaN18 1932.99488 1533.14314 397.082543 1162.35365
25| 1bGshcN6 1888.44516 967.736644 492.270894 1218.15929
26 | Gk-bN-12 1827.95155 20.1958666 308.54206 511.386202
27(27b /29 1785.10266 982.578956 -12.413634 53.9053255
28 | 1bGshcN67 1717.99493 80.3498293 572.916166 259.847695
29| 1bGspbN93 1703.06811 950.296966 169.05414 888.743335
30 | Gk-bN-7 1680.32648 -10.480129 625.024004 156.036861
31|34b /12 1676.03474 1841.27849 316.96895 103.825817
32(33b/49 1637.70312 2131.07934 91.7160023 173.217654
33| GS-B-9 1607.43136 79.944398 1480.14423 239.068812
34 | 1bGspbN94 1600.04736 87.2592554 1005.37808 346.150857
35 | 1bGshcN2 1571.95389 683.18314 113.636872 1012.45879
36 | GS-B-43 1567.32815 77.6639756 1464.01023 455.732981
37| 1bTA-al3 1554.70926 2620.92308 -468 32.6
38(26b /74 1521.67591 1089.68321 -43.246678 750.396229

99



Position | Isolate ID CuItF;E;JH 7 CuItE:E]pH 3 Supern[aAtS?t pH7 | Cell I.[y:,Lljs]pH 7
39| 1bGspbN60 1513.12494 713.460906 218.135532 983.014752
40 | GSCN13 1432.4466 170.269108 1299.76841 191.898286
41(35b /27 1418.59669 772.915806 533.95754 310.35539
42 | GS-B-30 1398.95047 76.1069369 1248.0954 258.969893
43 | GS-B-26 1370.07809 179.458689 1207.10974 229.410052
44 | GSCN10 1366.41703 117.843365 1267.10757 143.641339
45 | GS-B-38 1365.00993 174.795672 1157.02863 140.497237
46 | GSCN36 1352.39326 154.675153 1269.70949 158.777983
47|28b /72 1338.98837 1900.5098 98.6030093 50.1461731
48 | 1bGspbN79 1333.76348 12.5762802 879.175903 514.57845
49 | GS-B-6 1329.20324 109.393961 1270.40025 319.847206
50| GSCN5 1316.62834 127.083658 1048.53093 125.089875

Top 50 whole culture pH 3
1/26b/8 4943.22459 5121.77005 67.0211216 4319.10732
2(26b/4 4820.19343 4198.86479 244.556518 629.760562
3(13b/60 1993.71246 4059.7104 78.0314336 310.881868
4|25b/75 4168.31451 3761.12159 328.713709 646.175369
5|1bTA-al3 1554.70926 2620.92308 -468 32.6
6|/01b/3 23.4988925 2395.1067 -36.215459 120.668195
7|40b/ 68 584.796176 2392.00668 -41.054896 410.409663
8|40b /70 3030.15166 2306.6642 -31.733518 908.581463
9| 1bGspbN91 4002.30222 2207.9234 222.075356 1755.31474
10| 1bTA-c42 877.266667 2182.96667 117.5 64.2222222
11|01b /11 -21.283776 2141.16121 -33.733798 -40.238237
12 (33b /49 1637.70312 2131.07934 91.7160023 173.217654
13|01b/7 38.1304512 1997.73673 -25.943678 -3.6847256
14 |28b /72 1338.98837 1900.5098 98.6030093 50.1461731
15| 1bGspbN31 2838.94354 1877.0895 328.933316 1670.40022
16(01b/9 178.626463 1847.73438 -21.692545 307.2738
17|34b /12 1676.03474 1841.27849 316.96895 103.825817
18 | 1bTA-c56 847.533333 1824.76667 120.822222 26.6222222
1929 /1 1297.09945 1702.20239 179.98223 -2.3154188
20(34b/ 10 1184.00601 1673.11256 43.3056585 -0.9252127
21|26b /2 2432.26558 1585.19918 -44.80417 1617.78978
22|28b /76 1155.84317 1576.67596 101.188837 7.39873589
23| 1bGshaN18 1932.99488 1533.14314 397.082543 1162.35365
24|35b /25 1111.78903 1512.23199 -13.568548 181.759996
25(28b /78 1140.3263 1496.57181 103.929067 30.27444
26(34b/6 812.164626 1312.48326 10.5524126 -28.576989
27| 1bTspoaN1 3501.27044 1303.52757 1683.92464 834.72098
28| 1bGspbN78 2100.84656 1271.97424 32.8674862 1798.68107
29| 1bGspbN43 2821.17824 1234.8009 286.657985 1532.32073
30(23b /41 104.527409 1210.50812 -58.770371 2005.53153
31|25b/41 938.04428 1199.21839 -31.027049 1094.38524
32(35b/35 926.85813 1187.61354 90.2254746 353.829547
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Position | Isolate ID CUIT;E]pH7 CuIt;:E]pH3 Supern[aAtS?t pH7 | Cell I.[y:,Lljs]pH7
33|35b/41 953.275504 1185.43081 202.893432 74.8707218
34|16b /52 1240.64218 1147.48823 -43.063681 12517.3766
35(26b /50 1077.92555 1131.37468 -27.07344 1085.77807
36 | 1bGshaN32 2405.73786 1091.88209 506.777552 701.887292
37|26b /74 1521.67591 1089.68321 -43.246678 750.396229
38|42b /12 406.137006 1047.53145 -46.047864 356.094446
39| 1bGshaN35 143.223659 1035.15513 -8.5104714 87.874467
40(35b /33 798.464082 1025.15179 66.8145835 87.5242179
41 | 1bGshcN7 2031.52009 983.197167 342.590177 1190.53452
42(27b /29 1785.10266 982.578956 -12.413634 53.9053255
43(35b/31 508.692937 970.838651 40.5810195 -8.1910064
44 | 1bGshcN6 1888.44516 967.736644 492.270894 1218.15929
45 | 1bGspbN23 2115.85291 965.630838 73.7853126 664.173521
46 | 1bGspbN93 1703.06811 950.296966 169.05414 888.743335
47125b /77 353.640145 907.491619 -40.924268 1153.63324
48 |25b /25 183.93179 879.418198 -26.396699 1230.03962
49 | 1bGspcN4 2670.68506 847.355198 746.881254 305.93438
50|24b /78 693.074923 841.258651 -35.366719 347.206303

Top 50 supernatant pH 7
1|1bGsaN79 2793.71174 77.6699835 2007.82117 706.035714
2| 1bGsaN1 2766.67917 422.518514 1774.07987 533.852646
3| 1bTspoaN1 3501.27044 1303.52757 1683.92464 834.72098
4| 1bGshcN4 2732.55322 342.509641 1487.93443 626.864179
5| GS-B-9 1607.43136 79.944398 1480.14423 239.068812
6 | GS-B-43 1567.32815 77.6639756 1464.01023 455.732981
7 | GSCN13 1432.4466 170.269108 1299.76841 191.898286
8| GS-B-6 1329.20324 109.393961 1270.40025 319.847206
9| GSCN36 1352.39326 154.675153 1269.70949 158.777983
10| GSCN10 1366.41703 117.843365 1267.10757 143.641339
11| GS-B-30 1398.95047 76.1069369 1248.0954 258.969893
12| GS-B-26 1370.07809 179.458689 1207.10974 229.410052
13| GS-B-38 1365.00993 174.795672 1157.02863 140.497237
14 | GSCN44 1294.32533 141.437414 1142.75291 199.529406
15| GS-B-27 1234.17273 64.9143841 1117.65352 152.833203
16 | GSCN14 1288.09777 152.7512 1102.81941 124.786364
17 | 1bTHna-46 1195.42708 127.887771 1088.55384 244.572079
18 | 1bMAna-70 1157.37778 83.1444444 1074.84444 340.644444
19| GSCN43 1224.81916 145.139844 1066.73162 212.204019
20| 1bMAna-24 1136.58889 92.9 1062.23333 401.266667
21| GSCN3 1232.60042 124.064989 1054.49965 79.2452605
22 | GSCN5 1316.62834 127.083658 1048.53093 125.089875
23 | Gk-bN-13 3558.94922 47.1168291 1039.69377 748.956138
24 | GSCN12 1171.74357 130.491443 1032.36605 176.126478
25| GSCN1 1164.59322 122.633374 1030.48371 175.758761
26 | GSCN40 1160.13544 132.168567 1018.20387 161.292709
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Position | Isolate ID CuItE:'E]pH7 CuIt;:E]pH3 Supern[aAtS?t pH7 | Cell I.[y:,Lljs]pH7
27| 1bGspbN94 1600.04736 87.2592554 1005.37808 346.150857
28| GS-B-15 990.184717 61.6657622 980.215569 196.623163
29| GSCN11 1106.24556 122.203907 975.767919 122.90758
30| 1bTHna-43 1078.4103 203.568051 954.141939 154.697252
31| 1bTHna-1 1071.14158 89.1821861 948.818161 718.638253
32| 1bGspbN26 2092.10085 822.759408 947.591118 1516.11774
33 | MspBN24 1030.88689 53.8365178 946.986036 255.614361
34| GS-B-31 1138.84899 133.5363 945.47726 164.327229
35| GSCN9 1128.59499 107.898717 921.982011 138.285794
36 | 1lbMAna-25 1051.32222 76.6222222 920.966667 303.544444
37 | MspBN57 1017.49843 39.3629086 917.046748 124.802888
38| GS-B-44 1098.15439 157.333799 909.982201 290.788778
39| 1bMAna-49 1033.64444 100.044444 904.011111 507.677778
40 | GS-B-17 983.318952 74.9661795 894.454103 416.226866
41| GS-B-21 981.127732 84.7816056 886.925492 200.785049
42 | GSCN48 1013.93115 82.4766393 884.179259 180.831738
43| GS-B-39 972.812811 41.3489303 884.030165 75.4829821
44 | Gk-bN-15 2829.79868 30.7120393 883.220677 667.178883
45 | 1bGspbN79 1333.76348 12.5762802 879.175903 514.57845
46 | 1bMAna-10 1025.46667 116.288889 871.888889 74.1666667
47| GS-B-37 1032.61531 61.2932974 864.425756 121.898268
48 | GS-B-8 912.383819 26.6998717 853.556413 163.585466
49 | 1bTHNna-56 1011.63399 191.08156 851.910507 212.702699
50| 1bTHNna-100 977.565244 168.217489 841.211748 303.898086

Top 50 cell Lysis pH 7
1|16b /52 1240.64218 1147.48823 -43.063681 12517.3766
2|16b/ 46 379.578912 651.982219 -42.22421 6201.78228
3(26b/8 4943.22459 5121.77005 67.0211216 4319.10732
4| 1bTmaN23 18.0664955 35.7089111 -45.179807 3594.91064
5| 1bGkdN-14 278.504164 94.082087 49.1322321 3008.06247
6/01b/1 237.939085 -153.35977 -43.967262 2661.2173
7 | 1bGkdN-57 313.333304 111.207793 54.0479859 2657.70846
8|16b /60 -0.6314651 226.397943 -49.98042 2312.32395
9|13b/21 -45.53086 -47.963323 -51.141463 2286.25722
10| 16b /58 -1.0866457 208.945697 -46.429622 2164.41642
11|15b/4 99.1481158 373.823694 -51.443539 2012.44829
12 (23b /41 104.527409 1210.50812 -58.770371 2005.53153
13| 16b /68 89.6537275 241.721963 -39.488828 1979.7135
14 | 1bGeaN-15 278.600535 112.737028 43.0223457 1909.39417
15 | 1bGkdN-63 294.350911 111.584223 2.11138237 1880.5051
16 | 1bGkdN-68 273.017344 102.982363 39.9229281 1845.99876
17|26b /76 23.2409204 117.64726 -53.679727 1812.48663
18 | 1bGspbN78 2100.84656 1271.97424 32.8674862 1798.68107
19| 16b/ 66 -10.372384 37.3485239 -41.145222 1784.51515
20| 1bGspbN91 4002.30222 2207.9234 222.075356 1755.31474
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Position | Isolate ID CUIT;E]pH7 CuIt;:E]pH3 Supern[aAtS?t pH7 | Cell I.[y:,Lljs]pH7
21|13b /66 893.717249 260.514521 14.7843172 1741.19463
22| 1bTspobN1 583.527485 165.315777 158.510222 1703.18678
23| 1bGspbN31 2838.94354 1877.0895 328.933316 1670.40022
24|15b /1 -5.2246385 279.262224 -45.449791 1641.38262
25|26b /2 2432.26558 1585.19918 -44.80417 1617.78978
26| 1bGkdN-13 327.168745 135.966754 82.4511874 1600.14211
27 | 1bGkdN-65 240.515491 59.6313516 20.5155812 1552.8092
28| 1bGspbN43 2821.17824 1234.8009 286.657985 1532.32073
29| 1bGkdN-60 262.324474 98.5242796 30.9451475 1525.19326
30| 1bGkdN-55 297.09908 136.371936 50.1583414 1523.7594
31| 1bGspbN26 2092.10085 822.759408 947.591118 1516.11774
32| 1bGkdN-11 266.997151 107.081937 82.0770094 1506.80021
33| 1bGsbN8 208.346097 105.537969 52.7022908 1485.55207
34 | 1bGkdN-58 322.603066 120.390903 109.72605 1483.32231
35| 1bGkdN-53 371.06384 159.186301 77.5299749 1459.29621
36|09b /67 9.38517998 178.659167 -49.186883 1440.73954
37| 1bGsbN18 285.084368 101.683374 -41.99095 1413.03325
38| NC8 -15.891786 395.442812 -50.567341 1386.88574
39(17b /51 74.9186442 133.657777 -42.263151 1368.35044
40 | 1bTspub85 739.668312 150.239694 572.641096 1342.15346
41 | 1bGkdN-10 344.841053 152.277708 51.4920571 1326.21912
42 | 1bGshbN7 223.905481 99.4169626 47.9259364 1314.50749
43 | 1bGkdN-3 235.531812 71.050546 57.5580453 1313.82169
44 (14b /76 20.7546417 49,5131951 -45.386629 1285.12475
45 | 1bGkdN-39 298.089977 97.6771252 -14.848867 1246.20554
46 (24b /14 1247.56143 628.75859 -27.278349 1233.14158
47(25b /25 183.93179 879.418198 -26.396699 1230.03962
48 (17b /37 44.3134646 178.156596 -50.052622 1222.49745
49 | 1bGshcN6 1888.44516 967.736644 492.270894 1218.15929
50|15b /35 93.6213811 212.286784 -44.912765 1213.89813
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Figure S 7: Comparison of the B-glycosidase properties of the 96 strains with the
highest activity from the screening for high culture supernatant activity. The strains
with the highest activity in the supernatant at pH 7 were examined under conditions
similar to those encountered in wine fermentation, using lower pH values and the
addition of glucose and ethanol. A) One strain, which was later identified as
R. mucolaginosa, showed measurable activity at pH 3 and in the presence of glucose
and ethanol (arrow), B) Detailed characterization of the enzyme activity in
R. mucolaginosa supernatant. The values for fluorescence increase per minute are
given in arbitrary units and were calculated as described in paragraph 4.4.2.1.
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Figure S 8: Comparison of the B-glycosidase properties of the 96 strains with the
highest activity from the screening for high activity in the cell lysate. The strains with
the highest activity in the supernatant at pH 7 were examined under conditions similar
to those encountered in wine fermentation, using lower pH values and the addition of
glucose and ethanol. Decreasing pH values strongly influenced the measured activities,
none of the tested strains showed activity at pH 3. Some strains showed activity at
pH 5.6 after the addition of sugar while the addition of ethanol led to a sharp decrease
of the measured enzyme activities. The values for fluorescence increase per minute are
given in arbitrary units and were calculated as described in paragraph 4.4.2.1.
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7.3.1 Engineering yeast strains for high thiol release activity by a
directed evolution approach using SMC

0.00 __HHHHHHHHHHHHHHHHHHHHHHHHﬂﬂﬂHﬂﬂﬂHﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂmﬂmﬂ

' I 96 non-Saccharomyces yeasts

Absorbance Difference at 412 nm
o
o
[e7)
1

Figure S 9: Comparison of SMC cleavage activity of the 96 yeast strains selected from
the SMC-based growth screenings. The DNTB assay was used for activity
determination. The whole experimental setup is described in the material and methods
section. Asterisk: 32 selected yeast strains for the assessment of methanethiol release
in triplicates.

106



16 1.6
1.2 1.2 -~ W
! s I
S 4 L S
© 0.8 A . © 0.8 L A o
Q & a Lo
(@] A o (@] Aoa #
& Lo
. . t/ 0.41 :‘A ﬁé -~
0.0 0.0-
0 10 20 30 40 50 0 10 20 30 40 50
Time [h] Time [h]
C D
1.6- 1.6
Af_
1.2 1.21 5
Iy 'y
3 3 3 -~
[m] Y A [m] f
o Y o P
}&A‘ “
0.4+ ?A / 0.4 j
0.0 0.0-
0 10 20 30 40 50 0 10 20 30 40 50
Time [h] Time [h]

0.1 mM (NH,),SO, 0.2 mM (NH,),SO, + 0.3 mM(NH,),SO, + 0.4 mM (NH,),SO, +« 0.5mM(NH,),SO,
= 0.5 mMSMC + w/o nitrogen source

Figure S 10: Growth of the selected strains in synthetic medium without nitrogen
source, with SMC as nitrogen source or with varying (NH4).SOs amounts.
A) P. kudriavzevii, B) W. anomalus, C) X-thiol, D) VIN13. The tested media resulted in
strongly different growth patterns. The cell density of P. kudriavzevii cells raised at
comparable rates for all (NH4).SO4 concentrations tested. In addition, the maximum cell
density achieved increased with increasing amounts of (NH.).SO4. The observations
were similar for W. anomalus with prolonged lag phases to approximately 15 h at higher
(NH,4)2S04 concentrations of 0.5 and 0.6 mmol L™. However, comparable growth rates
and maximum optical density are achieved even at these concentrations. The growth of
X-thiol shows a higher increase in optical density during the exponential phase with
increasing (NH4).SO, concentrations. At the lower (NH4):SOs4 concentrations
(0.2 mmol L™ and 0.1 mmol L™), the maximum cell density was not reached within 50 h.
Similar patterns to P. kudriavzevii are observed for VIN13, where the amount of
(NH4).SO4 used appears to have a strong influence on the maximum cell density
achieved. When SMC was used as sole nitrogen source, alonger lag phase and strongly
reduced growth rates were observed. Precultures were grown in 600 pL synthetic
medium with 0.1 mmol L™ (NH,4).SO4 for 24 h at 30 °C, 600 rpm and 80 % humidity.
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Figure S 11: Comparison of the cell growth of the selected strains on synthetic medium
with different nitrogen sources to investigate potential growth inhibition effects of SMC.
A) P. kudriavzevii, B) W. anomalus, C) X-thiol, D) VIN13. Addition of SMC to the medium
containing (NH4).SO4 caused a growth inhibition effect in all cultures. However, the
growth in the medium containing SMC and (NH.).SO4 was only slightly compromised,
whereas growth in medium with SMC as sole nitrogen source was strongly inhibited.
Precultures were grown in 600 pL synthetic medium with 0.1 mmol L™ (NH4).SO4 for 24 h
at 30 °C, 600 rpm and 80 % humidity.
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Figure S 12: Comparison of the growth of the AWRI1631 wild type strain with the
AWRI1631 tnaA strain in SMC medium. After genomic integration of a tnaA expression
construct, the AWRI1631 cells showed slightly faster growth characteristics in SMC
medium. Precultures were grown in 600 pL synthetic medium with 0.1 mmol L™
(NH4)2SO4 for 24 h at 30 °C, 600 rpm and 80 % humidity.
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Figure S 13: Detailed illustration of the growth curves of three individual clones from
the evolved populations in SMC medium. While the selected colonies of P. kudriavzevii,
X-thiol and VIN13 showed relatively comparable results with distinctive differences to
the starting strain, the growth curves of the selected W. anomalus cultures were more
diverse and transformant 1 did not show improved growth compared to the wild type
strain. Precultures were grown in 600 pL synthetic medium with 0.1 mmol L™ (NH4)2SO4
for 24 h at 30 °C, 600 rpm and 80 % humidity.
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Figure S 14: Comparison of the cell growth before and after the evolutionary
experiments on synthetic medium with 0.5 mmol L™ (NH4),SO4. The growth curves of
the evolved strains and the respective wild type strains exhibited only minor
differences. Precultures were grown in 600 pL synthetic medium with 0.1 mmol L™

(NH4)2SO4 for 24 h at 30 °C, 600 rpm and 80 % humidity.
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Table S 2: Overview of the DNA sequences used in this work to enhance thiol formation
in yeasts. The selected sequences were flanked with the corresponding digestion sites
of the enzymes used for cloning (grey). An additional restriction site in the sequence of
GSH1 was replaced with a different codon encoding the same amino acid, while VVGST4
was codon-optimized for the overexpression in S. cerevisieae (red).

Protein Sequence

GSH1 ATGGGACTCTTAGCTTTGGGCACGCCTTTGCAGTGGTTTGAG
TCTAGGACGTACAATGAACACATAAGGGATGAAGGTATCGAGCAGTTG
TTGTATATTTTCCAAGCTGCTGGTAAAAGAGACAATGACCCTCTTTTTTG
GGGAGACGAGCTTGAGTACATGGTTGTAGATTTTGATGATAAGGAGAG
AAATTCTATGCTCGACGTTTGCCATGACAAGATACTCACTGAGCTTAAT
ATGGAGGATTCGTCCCTTTGTGAGGCTAACGATGTGAGTTTTCACCCT
GAGTATGGCCGGTATATGTTAGAGGCAACACCAGCTTCTCCATATTTGA
ATTACGTGGGTAGTTACGTTGAGGTTAACATGCAAAAAAGACGTGCCAT
TGCAGAATATAAGCTATCTGAATATGCGAGACAAGATAGTAAAAATAAC
TTGCATGTGGGCTCCAGGTCTGTCCCTTTGACGCTGACTGTCTTCCCG
AGGATGGGATGCCCCGACTTTATTAACATTAAGGATCCGTGGAATCATA
AAAATGCCGCTTCCAGGTCTCTGTTTTTACCCGATGAAGTCATTAACAG
ACATGTCAGGTTTCCTAACTTGACAGCATCCATCAGGACCAGGCGTGG
TGAAAAAGTTTGCATGAATGTTCCCATGTATAAAGATATAGCTACTCCA
GAAACGGATGACTCCATCTACGATCGAGATTGGTTTTTACCAGAAGACA
AAGAGGCGAAACTGGCTTCCAAACCGGGTTTCATTTATATGGATTCCAT
GGGTTTTGGCATGGGCTGTTCGTGCTTACAAGTGACCTTTCAGGCACC
CAATATCAACAAGGCACGTTACCTGTACGATGCATTAGTGAATTTTGCA
CCTATAATGCTAGCCTTCTCTGCCGCTGCGCCTGCTTTTAAAGGTTGG
CTAGCCGACCAAGATGTTCGTTGGAATGTGATATCTGGTGCGGTGGAC
GACCGTACTCCGAAGGAAAGAGGTGTTGCGCCATTACTACCCAAATAC
AACAAGAACGGATTTGGAGGCATTGCCAAAGACGTACAAGATAAAGTC
CTTGAAATACCAAAGTCAAGATATAGTTCGGTTGATCTTTTCTTGGGTG
GGTCGAAATTTTTCAATAGGACTTATAACGACACAAATGTACCTATTAAT
GAAAAAGTATTAGGACGACTACTAGAGAATGATAAGGCGCCACTGGAC
TATGATCTTGCTAAACATTTTGCGCATCTCTACATAAGAGATCCAGTATC
TACATTCGAAGAACTGTTGAATCAGGACAACAAAACGTCTTCAAATCAC
TTTGAAAACATCCAAAGTACAAATTGGCAGACATTACGTTTTAAACCCC
CCACACAACAAGCAACCCCGGACAAAAAGGATTCTCCTGGTTGGAGAG
TGGAGTTCAGACCATTTGAAGTGCAACTATTAGATTTTGAGAACGCTGC
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GTATTCCGTGCTCATATACTTGATTGTCGATAGCATTTTGACCTTTTCCG
ATAATATTAACGCATATATTCATATGTCCAAAGTATGGGAAAATATGAAG
ATAGCCCATCACAGAGATGCTATCCTATTTGAAAAATTTCATTGGAAAA
AATCATTTCGCAACGACACCGATGTGGAAACTGAAGATTATTCTATAAG
CGAGATTTTCCATAATCCAGAGAATGGTATATTTCCTCAATTTGTTACGC
CAATCCTATGCCAAAAAGGGTTTGTAACCAAAGATTGGAAAGAATTAAA
GCATTCTTCCAAACACGAGAGACTATACTATTATTTAAAGCTAATTTCTG
ATAGAGCAAGCGGTGAATTGCCAACAACAGCAAAATTCTTTAGAAATTT
TGTACTACAACATCCAGATTACAAACATGATTCAAAAATTTCAAAGTCGA
TCAATTATGATTTGCTTTCTACGTGTGATAGACTTACCCATTTAGACGAT
TCAAAAGGTGAATTGACATCCTTTTTAGGAGCTGAAATTGCAGAATATG
TAAAAAAAAATAAGCCTTCAATAGAAAGCAAATGTTAA

GTT1

ATGTCGTTGCCAATTATCAAAGTCCATTGGTTGGACCATTCCA
GAGCGTTCAGACTTTTGTGGTTATTAGACCATTTGAACCTTGAATATGA
AATTGTCCCTTATAAAAGAGATGCTAACTTCCGTGCTCCACCAGAATTA
AAGAAAATTCACCCATTAGGAAGATCTCCATTGTTAGAAGTTCAAGACA
GAGAAACTGGTAAGAAGAAGATACTTGCCGAGTCCGGTTTCATCTTCC
AATATGTCTTGCAGCATTTTGATCATTCACACGTTTTAATGAGCGAAGAT
GCTGATATTGCAGACCAGATTAACTATTATCTGTTTTATGTAGAAGGTTC
CTTGCAACCACCTTTAATGATTGAGTTCATTCTTTCAAAGGTGAAGGAT
TCTGGTATGCCCTTCCCTATTTCGTACTTGGCAAGAAAAGTGGCAGACA
AGATCAGTCAGGCATACTCTAGTGGTGAAGTTAAGAACCAGTTCGACTT
TGTGGAGGGTGAAATTTCCAAAAATAACGGCTACCTGGTTGATGGGAA
GTTGAGCGGTGCCGATATCTTGATGTCTTTCCCTTTGCAGATGGCGTTT
GAAAGAAAGTTTGCCGCACCAGAGGATTATCCTGCCATTTCCAAATGG
TTAAAGACCATAACCTCAGAGGAGTCGTATGCTGCTTCTAAGGAAAAG
GCGCGTGCTTTAGGTAGCAATTTCTAA

GTT2

ATGAATGGCAGAGGTTTCCTGATTTACAATGGAGGTGAAAAGA
TGAAACAAAAAATGATAATATATGACACACCCGCAGGGCCTTATCCGG
CCCGAGTCCGCATTGCCTTGGCTGAGAAGAACATGCTATCAAGTGTGC
AATTTGTGAGGATCAACCTCTGGAAGGGAGAGCACAAGAAGCCTGAAT
TTCTTGCCAAGAACTATTCAGGCACAGTGCCAGTGCTTGAACTTGATGA
CGGGACTTTAATCGCTGAATGCACAGCCATTACTGAATACATTGATGCA
CTTGATGGTACACCCACTCTTACCGGCAAAACACCGCTGGAAAAAGGC
GTAATCCACATGATGAACAAACGCGCAGAGTTGGAACTGCTCGACCCT
GTTAGTGTTTATTTTCACCATGCTACACCTGGATTGGGGCCTGAAGTCG
AGCTTTACCAAAACAAAGAGTGGGGACTTCGCCAGCGCGACAAAGCCC
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TACATGGAATGCATTATTTTGATACCGTTCTCAGAGAACGCCCATATGT

TGCTGGTGATTCATTCTCAATGGCTGACATCACAGTAATAGCTGGTCTA
ATATTTGCTGCAATTGTAAAACTACAAGTGCCGGAAGAGTGCGAGGCG

CTTCGAGCTTGGTATAAGAGAATGCAACAGCGCCCCAGCGTGAAGAAA
CTGCTAGAAATCCGTTCAAAATCCTCGTAA

VVGST4
(optimized
for

expression

cerevisiae)

in S.

ATGGTTATGAAGGTTTACGGTCCAGTTAGAGCTGCTTGTCCAC
AAAGAGTTTTGGCTTGTTTAGTTGAAAAAGGTGTTGAATTTGAGGTTGT
TCATGTTGATTTGGATTCTGGTGAACAAAAAAGACCAGATTTTCTATTAA
GGCAACCATTTGGTCAAGTTCCAGTTGTTGAAGATGGTGACTTTAGATT
GTTTGAATCTAGAGCTATTGTCAGATATATCGCTGCTAAATATGCTGAA
CAAGGTCCAGATTTGTTAGGTAAATCTTTAGAAGAAAAGGCTGTTGTTG
ATCAATGGTTGGAAGTTGAAGCTCATAATTTTAATGAGTTGGTTTACAC
ACTGGTTATGCAATTAGTTATTTTGCCAAGAATGGGTGAAAGAGGTGAC
TTGGCTTTGGCTCATACTTGTGAACAAAAATTAGAAAAGGTCTTCGATG
TTTACGAACAAAGATTGTCTAAATCTAGATACTTGGCTGGTGACTCTTTT
ACTTTAGCTGATTTGTCTCATTTGCCAGCTATTAGATATTTGGTTAAAGA
AGCTGGTATGGCTCATTTGGTTACTGAAAGAAAATCTGTTTCTGCTTGG
TGGGAAGATATTTCTAATAGAGCTGCTTGGAAAAAAGTTATGGAATTGG
CTGCTTAA
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Figure S 15: Determination of 3MH peak area at different pH values (A) and after different
bioconversion times of CEN.PK2.1C tnaA cells (B). The pH assays were conducted with
a cell density corresponding to ODsoonm Of 10, the bioconversion time experiments with
a cell density corresponding to ODeoonm Of 5. The data points and error bars represent
the mean values and standard deviations for three biological replicates
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Figure S 16: Substrate concentrations and type highly affect the efficiency of 3MH
production. Different amounts of either (E)-2-hexenal or (E)-2-hexen-1-ol were added as
substrate for the biotransformation with a cell density corresponding to ODeoonm Of 7.5
with CEN.PK2.1C tnaA cells. The data points and error bars represent the mean values
and standard deviations for three biological replicates.
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Figure S 17: Influences of different reaction volumes (A) and different cell growth phase
times before the reaction (B) with CEN.PK2.1C tnaA cells. The cell density (ODgoonm) Was
set to 7.5. 100 ug (E)-2-hexen-1-ol per L was used as substrate. The data points and error
bars represent the mean values and standard deviations for three biological replicates.
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Figure S 18: Effects of CEN.PK2.1C tnaA-based bioconversion reaction
supplementation with different amounts of pyridoxal-5-phosphate (A) and cysteine or
glutathione (B). The cell density (ODsoonm) Was set to 10. 100 pg L (E)-2-hexen-1-ol was
used as substrate. The data points and error bars represent the mean values and
standard deviations for three biological replicates.
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Figure S 19: Assessment of the effects of different cell densities of CEN.PK2.1C tnaA
cells (A) and various reaction media (B) on 3MH production. In (B) a cell density
corresponding to an ODgoonm Of 15 was used. 100 ug L? (E)-2-hexen-1-ol was used as
substrate. The data points and error bars represent the mean values and standard
deviations for three biological replicates.
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Figure S 20: Calibration curves for quantification of 3MH concentrations in the assays.
Determination of the correlating 3MH peak area at a split value of 5 (A), as well as at a
split value of 60 (B and C).
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Figure S 21. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VwGST4 (red) after 24 h incubation with the substrate
(2)-2-hexen-1-ol. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 22: GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
3-buten-2-one. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 23. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1-VvGST4 (red) after 24 h incubation with the substrate 3-methyl-
2-buten-1-ol. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the

identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 24: A) GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1-VvGST4 (red) after 24 h incubation with the substrate
(R)-(+)-pulegone. The chromatogram section, in which possible product peaks were
identified, is shown. Arrows: Identified product peaks. B) Mass spectrum of the peak at
15.45 min, C) Mass spectrum of the peak at 15.65 min. Below: Mass spectrum of the
identified peaks after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 25. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VwGST4 (red) after 24 h incubation with the substrate
(E)-3-hexen-1-ol. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.

123



(x1,000,000)

2.00
] I
-51.75‘:. U \
< 150 1 i
B 1.25: U‘ l
[ 1 |
£ 1.00- || |
g 0.75: ' {
= 1 | I
“ 0.50- | l‘ |
1 | i 1
Y N\ S ' |
] 4 1\ A \
"“VT’W"“"“' U T ‘wa;" T L e "r_'*"‘\‘/\%'-_\/;‘h-'_"
7.75 8.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00 10.25
min
%
100 57 86
SH SH
=)
= 757 ANET = /\)\/OH HO/\)\/
E 50 (E)-2-pentenal 2-mercaptopentan-1-ol  3-mercaptopentan-1-ol
£
=
oo
» 25 47
120
0 ‘||1‘.‘ ‘|! ‘ |u' ‘1‘['].2. | | 140 157 | 191 ‘2‘0"2‘15| i ?4@53 _ 281 295I _ ‘3‘2‘7|341‘ | 365 I, 390 i
50.0 75.0 100.0 125.0 150.0 175.0 200.0 2250 250.0 275.0 300.0 325.0 350.0 3750 400.0
m/z

Figure S 26: GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
(E)-2-pentenal. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 27. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
(E)-2-penten-1-ol. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 28. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
(E)-2-heptenal. The chromatogram section, in which a possible product peak was
identified, is shown. Below: Mass spectrum of the identified peak after conversion with
GSH1-GTT1. The mass spectra of the peaks were identical for all three strains.
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Figure S 29. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 22 h incubation with the substrate
(E)-2-heptenol. The chromatogram section, in which a possible product peak was
identified, is shown. Below: Mass spectrum of the identified peak after conversion with
GSH1-GTT1. The mass spectra of the peaks were identical for all three strains.
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Figure S 30: GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
(E)-2-nonenal. The chromatogram section, in which a possible product peak was
identified, is shown. Below: Mass spectrum of the identified peak after conversion with
GSH1-GTT1. The mass spectra of the peaks were identical for all three strains.
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Figure S 31. GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1l-VvGST4 (red) after 24 h incubation with the substrate
1-octen-3-ol. The chromatogram section, in which a possible product peak was
identified, is shown. Arrow: Identified product peak. Below: Mass spectrum of the
identified peak after conversion with GSH1-GTT1. The mass spectra of the peaks were
identical for all three strains.
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Figure S 32: A) GC-MS chromatograms of bioconversion reaction samples with
CEN.PK2.1C empty vector control (black), CEN.PK2.1C tnaA GSH1-GTT1 (pink), GSH1-
GTT2 (blue), and GSH1-VvGST4 (red) after 24 h incubation with the substrate 3-pentene-
2-one. The chromatogram sections, in which possible product peaks were identified,
are shown. B) Mass spectrum of the peak at 6.6 min, C) Mass spectrum of the peaks at
16.25 and 16.4 min. Below: Mass spectra of the identified peaks after conversion with

GSH1-GTT1. The mass spectra of the peaks were identical for all three strains.
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Table S 3: Chemical formulae and calculated isotopic distributions of the tentatively
identified product peaks. The calculated mass intensity values stated were calculated
with ChemDraw Prime based on the chemical formulae and the natural occurring
isotope distribution. The mean values of the measured mass intensities were calculated
based on the GC-MS measurements of the three CEN.PK2.1C tnaA transformants GSH1-
GTT1, GSH1-GTT2 and GSH1-VvGST4. Asterisk: Since a product peak could only be
identified after the incubation of 3-methyl-2-buten-1-ol with CEN.PK2.1C tnaA GSH1-
GTT1, no mean value was calculated for this product.

Calculated Calculated Measured
Chemical
mass of mass mass
Substrate(s) Expected product(s) formula of
product(s) intensity intensity
product (s)
[u] ratios (%) ratios (%)
120.06 100
3-Mercapto-3-methylbutan-1-ol,
3-Methyl-2-buten-1-ol CsH120S 121.06 6.2 16.4+2.6
2-Mercapto-3-methylbutan-1-ol
122.06 4.6 9.9% +1.6
104.03 100
4-Mercaptobutan-2-one,
3-Buten-2-one C4HsOS 105.03 5.2 5.8*
3-Mercaptobutan-2-one
106.03 4.8 4.8*
186.11 100
(R)-(+)-Pulegone 8-Mercapto-p-menthan-3-one
187.11 11.9 8374
(Peak at 14.45 min) derivate
188.1 45 44+37
C1oH180S
186.11 100
(R)-(+)-Pulegone 8-Mercapto-p-menthan-3-one
187.11 11.9 7.0+6.0
(Peak at 15.65 min) derivate
188.1 45 3.0+28
134.08 100
2-Mercaptohexan-1-ol,
(2)-2-Hexen-1-ol
3-Mercaptohexan-1-ol 135.08 7.5 13.3+6.3
CeH140S
136.07 45 8.1+37
134.08 100
3-Mercaptohexan-1-ol,
(E)-3-Hexen-1-ol 135.08 7.5 156.8 +49.9
4-Mercaptohexan-1-ol
136.07 45 99.4+11.8
120.06 100
(E)-2-Pentenal, 121.06 6.2 6.3+0.2
3-Mercaptopentan-1-ol, 122.06 4.6 57+13
CsH120S
2-Mercaptopentan-1-ol 120.06 100
(E)-2-Penten-1-ol 121.06 6.2 6.3+0.2
122.06 4.6 5.0+0.1
3-Mercaptoheptan-1-nol, 148.09 100
(E)-2-Heptenal, C7H160S
2-Mercaptoheptan-1-ol 149.1 7.8 9.7+04
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Calculated Calculated Measured
Chemical
mass of mass mass
Substrate(s) Expected product(s) formula of
product(s) intensity intensity
product (s)
[u] ratios (%) ratios (%)
150.09 4.6 5.0+0.2
148.09 100
(E)-2-Hepten-1-nol 149.1 7.8 10+ 0.0
150.09 4.6 55+0.1
176.12 100
3-Mercaptononan-1-ol,
(E)-2-Nonenal CoH200S 177.13 10 126+1.2
2-Mercaptononan-1-ol
178.12 45 55+0.1
162.11 100
1-Mercaptooctan-3-ol, 163.11 9.7 108.6 + 82.4
1-Octen-3-ol CsH1s0S
2-Mercaptooctan-3-ol 1352 +
164.1 4.5
146.4
118.05 100
3-Pentene-2-one
119.05 5.6 6.6 £0.2
(Peak at 6.6 min)
120.04 4.5 48+0.1
118.05 100
3-Pentene-2-one 4-Mercaptopentan-2-one
CsH100S 119.05 5.6 24.1+0.3
(Peak at 16.25 min) 3-Mercaptopentan-2-one
120.04 4.5 42+0.2
118.05 100
3-Pentene-2-one
119.05 5.6 240+04
(Peak at 16.4 min)
120.04 4.5 42+0.1
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