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ABSTRACT

Glutathione-rich inactivated dry yeasts (GSH-IDYie apurported to accumulate
glutathione intracellularly and then released ithte@ must. Glutathione is beneficial for wine
quality, but research has highlighted that GSH-IDvége a synergic antioxidant effect similar
to that of molecular GSH. Combination of negativede ultra-high-resolution Fourrier-
Transform lon-Cyclotron-Resonance Mass SpectromatfyyFT-ICR-MS), ultra-high-
performance liquid chromatography coupled to a Quaaole-Time of Flight mass
spectrometer (UHPLC-Q-ToF-MS)nd HPLC/Diode Detector Array (DAD)-Fluorescence
spectroscopy was applied to three inactivated dgsts soluble fractions, with increasing
intracellular glutathione concentration, in ordereixplore the chemical diversity released in
different synthetic media.
Using the mean of size exclusion chromatography/Ce&iD fluorescence detection we report
than most of the signals detected were below th& SDa-calibrated region of the
chromatogram, indicating that most of the solubtetgin fraction is composed of low
molecular weight soluble peptides. In light of thessults, high-resolution mass spectrometry
was used to scan and annotate the low moleculghiveompounds from 50 to 1500 Da and
showed that GSH level of enrichment in IDYs wasrelated to a discriminant chemical
diversity of the corresponding soluble fractionsur @esults clearly show an impact of the
GSH accumulation process not only visible on thdaghione itself, but also on the global
diversity of compounds. Within the 1674 ions detdcby (-)FT-ICR-MS, the ratio of
annotated elemental formulas containing carbonrdgegh, oxygen, nitrogen and sulphur
(CHONS) to annotated elemental formulas contairtagoon, hydrogen, oxygen (CHO)
increased from 0.2 to 2.1 with the increasing lev&l IDYs GSH content and 36 unique
CHONS annotated formulas were unique to the IDYhwiite highest concentration of GSH.

Amongst the 1674 detected ions 193 were annotatedogential peptides (from 2 to 5
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residues), 61 ions were annotated as unique amsidaambinations and 46% of which being
significantly more intense in GSH-rich IDY. Thubgtprocess leading to the accumulation of
glutathione also involves other metabolic pathwaysich contribute to an increase in
CHONS containing compounds potentially releasediie, notably peptides.

KEYWORDS: Mass spectrometryl/ine; Oenology;Untargeted analysis

CHEMICAL COMPOUNDS STUDIED IN THISARTICLE

Glutathione (PubChem CID: 124886); Leucyl-arginiifabChem CID: 3800205); Leucyl-
lysine (PubChem CID: 14299197); Adenosine (PubCl@d: 60961); Glutamyl-cysteine
(PubChem CID: 123938); Pantothenic acid (PubCherd: G3613); Cysteinyl-glycine
(PubChem CID: 439498); Pipecolic acid (PubChem CH39227); Homocitric acid

(PubChem CID: 5460287); Methyl-thioadenosine (Pu@ICID: 439176)
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1. Introduction

There has been a growing interest for yeast dérastin winemaking over the last
few decades, as these products can improve fertrmnt@processes and organoleptic
properties of wine (recently reviewed by Pozo-Bagad collaborators (2009)). They divided
enological preparations of yeast derivatives inte fclasses depending on the industrial
process of production : the yeast hulls, yeast maroieins, the yeast autolysate, the yeast
protein extracts and the inactivated dry yeastsrJID he latter are mainlysaccharomyces
cerevisiaestrains grown under aerobic condition in a non-limiting med before being
inactivated and dried and can then be used fromittegards through to the fermentation and
barrel aging steps of the winemaking process.

Although IDY have already been largely used in wieg scientific explanations for
their impact on winemaking have only recently bekrtidated. IDY can release amino acids
and peptides expressed in yeast assimilable nrr¢glethe order of a few mgy/L) which
contribute to enrich the must in nutrief(Pozo-Bayon et al., 2009). Since the amount of
nitrogen released by inactivated yeast is low (carg to yeast autolysates), these products
are more generally advised for micronutrient andisal factors (notably vitamins and fatty
acids). However, the extent of the fraction of msigible nitrogen related to the presence of
small peptides and proteins released by both aciive IDY is still unexplored (Liu et al.,
2017). Polysaccharides are also significantly sedaby IDY (Pozo-Bayon et al., 2009). The
main component of the yeast cell wall is mannami@hof mannose) arfiiglucan (chains of
glucose) which could be linked to proteins. Cellllwalysaccharides mainly have color
stabilization properties (Escot et al., 2001; Gugaa & Ayestaran, 2008), notably through
polyphenolic interactions (Andujar-Ortiz et al.,12). It is however acknowledged that cell
walls can exhibit a potential antioxidant activitgt only due to the linked proteins but also

due to the polysaccharides structures themseleehi(g et al., 2008; Jaehrig & Rohn, 2007).
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Recently there has been an interest in the use tYisng winemaking, notably with a focus
on their antioxidant properties. The concept of 108 in glutathione (GSH), as natural
antioxidant for a use in winemaking originated 003 with the first patent for naturally rich
inactive yeast (PCT/FR2005/00011%6lutathione is a cysteine-containing peptide and is
considered to be the most abundant low molecuial ithyeast cells (Elskens et al., 1991). In
winemaking, GSH has been proposed to reduce théation phenomena that leads to
browning, and thus improves wine preservation aadetal aroma stability during aging
(Antoce et al., 2016; Kritzinger et al., 2013; Nikotonaki et al., 2018; Webber et al., 2016).

IDY can have a higher GSH content by activating B8H yeast intracellular
production during processing (Li et al., 2004; Watral., 2004).The increase in GSH content
of IDYs during processing can be achieved after utadtbn of the sulfur metabolic pathway
when cysteine is present in the culture mediumgisdtinov et al., 2011). However, it is
well known that sulfur-containing compounds canrexa antioxidant activity and these
reactive compounds are more abundant in GSH-ermtitD¥ than in IDY (Elias et al., 2008;
Rodriguez-Bencomo et al., 2014). Even though tierpiite a lot of literature on the general
metabolites which could impact the wine quality aadety, there is a lack of knowledge on
the global diversity and functionality of IDY comads released during winemaking and
their impact on wines composition (Liu et al., 20L& et al., 2017).

In this study, we combined various non-targetedyaea in order to characterize the
diversity of compounds, which can be potentiallyrasted from GSH-enriched inactivated
dry yeasts when added to wines. Three IDYs withreasing GSH enrichments were
characterized for their potential molecular and mawlecular release, and the diversity of
the annotated/identified compounds provides newglrs on IDY functionalities under
winemaking conditions, and underlines crucial ID¥mpositional differences in a GSH-

accumulation process-dependent manner.
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2. Material and methods
2.1. Sample preparation

Three non-commercial inactivated dry yeasts weriiobd from Lallemand SAS
(Blagnac, France). These products were produced laboratory scale process allowing
optimizing chemical, physical and nutritional fe&@si of the bio-process in order to maximize
the intracellular concentration of metabolites, atby glutathione. Two products were
specifically produced from different yeast straiosncrease the bioavailability of glutathione
(G-IDY and GplustDY which release 18 mg and 25 mg of glutathione geam of IDY,
respectivel). The third product (N-IDY) was produced with tekame strain as for G-IDY
without following the specific process of GSH aceuation andreleases 12 mg of
glutathione per gram of ID.YAt the first opening of the sealed prepared pcteluhe three
IDY products were aliquoted in pre-weighed 2 mUsiander nitrogen and stored at -18°C in
dark. Three different extractions were made to iobtdne acidified Water-Soluble Fraction
(WSF) from ultrapure water (18.2®) Millipore, Germany) with 0.01%uv(v) formic acid at
pH 3.2, the Model Wine Soluble Fraction (MWSF)nrd2% ¢/v) ethanol in ultrapure water
with 0.01% ¢/v) formic acid at pH 3.2, and the Methanol Solubladion (MSF), from
methanol with 0.1%wvV) formic acid. IDYs were resuspended ai/4 and soluble fractions
were obtained after 1h stirring at room temperatardark. Samples were then centrifuged
(22000 g, 5 min, 4°C) and the supernatants wetpi@ied and stored under nitrogen at 4°C
until analysis.

2.2.Gel Permeation Chromatography (GPC)

GPC was performed with a high-performance liquidoamatography (HPLC) (Elite
LaChromElite, VWR, Radnor, Pennsylvanie) coupled &0 Diode Array Detector
(DAD)/Fluorescence detector. 50 uL of sample wejected through a column Yarra 3u

SEC-2000 300 x 7.8 mm (Phenomenex, Sartrouvillenée) connected to a stationary phase
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guard column with SecurityGuard (Phenomenex, Sarille, France). Elution was
performed with hydro-alcoholic solution (120#/v) ethanol, 6g/L of tartaric acid at pH 3.5)
in an isocratic gradient (500_/min which corresponds to a pressure of 75)bfrs45 min.
The temperature of the sampler and the column Wkep constant at 4°C and 25°C
respectively during analysis. Fluorescence deteatas set at 280 nm for the excitation
wavelength and 350 nm for the emission wavelengtid the DAD enabled absorption
spectra acquisition from 200 to 400 nm. Data werqaed with the EZChrom Elite (Agilent
Technologies, Santa Clara, California) softwarepogted as .dat converted into .asc and
processed with CHROMuULAN v0.79 (PIKRON Ltd.). Datgere calibrated against a low
molecular weight standards mix (LMW Gel Filtratiaralibration kits, GE Healthcare,
Buckinghamshire) with the following standards: Cboanin (75 kDa), Ovalbumin (43 kDa),
Ribonuclease A (13.7 kDa), Aprotinin (6.5 kDa) afwgiotensine (1.1 kDa). Elution times
were converted into molecular weight masses accgrdio the calibration curve

(Supplementary information 1).

Ultra-high-resolution mass spectra were acquirechégative mode on a Bruker
SolariX lon Cyclotron Resonance Fourier Transfornas®l Spectrometer ((-)FT-ICR-MS)
(BrukerDaltonics GmbH, Bremen, Germany) equippethvd 12 Tesla superconducting
magnet (Magnex Scientific Inc., Yarnton, GB) anAROLO II ESI source (BrukerDaltonics
GmbH, Bremen, Germany), and operating in negatne @ositive ionization modes. 20 pL
sample was diluted in 1mL of pure methanol and thgcted at a flow rate of 120L/h into
the microelectrospray. Spectra were acquired withma-domain of 4 mega words over a
mass range ah/z147 to 2000. A total of 300 scans were accumuléde@ach sample’

External
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calibration was done with clusters of arginine (@/L in methanol). Internal calibration was
performed for each sample by using yeast ubiquitoasipounds for negative mode
(Gougeon et al., 2009) (Supplementary informatiprE&ternal and internal calibration led to

a day-to-day mass accuracy lower than 0.1 ppm.

Metabolite separation was performed with an uligiHperformance liquid
chromatography (Dionex Ultimate 3000, ThermoFistlteupled to a MaXis plus MQ ESI-
Q-ToF mass spectrometer (Bruker, Bremen, Germamize non-polar and low polar
metabolites were separated in reversed phase lchuiomatography (RP-LC) by injecting
5uL in an Acquity UPLC BEH ¢ 1.7 um column 100 x 2.1 mm (Waters, Guyancourt,
France). Elution was performed at 40°C by (A) dmdi water with 0.1%\(/v) of formic acid
and (B) acetonitrile with 0.1%v{v) of formic acid with the following gradient: 0-DInin 5%
(viv) of B and 95% \{/v) of B at 6.40 min. The flow rate was set at 400/min and
maintained for 5min at initial conditions beforeckanjection Solvent and analytes were
ionized with an electrospray (Nebulizer pressurg bars and nitrogen dry gas flow = 10
L/min). lons transfer was done with an end plate o#$&00 V and transfer capillary voltage
at 4500 V. A divert valve was used to inject fdunes diluted ESI-L Low Concentration
Tuning Mix (Agilent, Les Ulis, France) at the begiimg of each run, allowing a recalibration
of each spectrum. The mass spectrometer was dalibrvath undiluted Tuning Mix before
batch analysis in enhanced quadratic mode, with tlean 0.5 ppm errors after calibration.
Spectra were acquired on the 100 to 159@ mass range, both in negative and positive

ionization modes. UHPLC-Q-ToF-MS

UHPLC-Q-ToF-MS
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batch to avoid batch-to-batch variabiliffeatures (couple ah/zvalues and retention times)
fragmentation was performed using the AutoMS/MScfiom on the most intense features
with a frequency of 2 Hz. The fragmentation waselan three different collision energies:
15, 25 and 35 eV.

2.5.Data analysis

Results were expressed as the average of thraeategl with the associated standard
deviations.

(-)FT-ICR-MS data were handled with DataAnalysis4\8, Bruker Daltonik GmbH).
Calibrated data were filtered to keep only m/z geakh a signal to noise (S/N) ratio above
10 and an absolute intensity higher than 2.8xBeaks alignment was made biatrix
Generator software (v. 0.4, Helmholtz-Zentrum Muengwith a mass accuracy window of
1 ppm (Lucio, 2009). Peaks with intensity equalOten more than 80% of samples were
removed from the analysis. Finally, the in-houskveare NetCalc 2015 (v. 1.1&lelmholiz-
Zentrum Muencheénwas used to annotate peaks (Tziotis et al., 2048% of the initially
aligned peaks were annotated by NetCalc and ugethio study.Van Krevelen diagrams,
which plot the H/C against the O/C ratio of annetiatnetabolites were generated by an Excel
file, providing instantaneous chemical pictureshed metabolites diversity (Brockman et al.,
2018; Kim et al., 2003). The OligoNet webservers\aéso used to annotate potential peptides
with a max error of 1 ppm (Liu et al., 2017).

The UHPLC-Q-ToF-MS data were calibrated internalyl/4 diluted tuning mix with
DataAnalysis (v. 4.3, Bruker Daltonik GmbH). Calibrd features were filtered to retain
those with signal/noise ratio (S/N) higher thanad@ an absolute intensity of at least 1000.
Before features extraction, the spectral backgrowmsle was removed. The extracted features
were aligned with & scriptwith am/ztolerance of 2 ppm and retention time tolerance.?f

seconds.
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Parent ions and fragments were submitted to diffedatabases with the MassTRIX

interface (http://masstrix.org) (Suhre & Schmittgfdin, 2008), Metlin

(https://metlin.scripps.edu) and YMDB 2.0 (httpww.ymdb.ca) (Ramirez-Gaona et al.,

2017). According to the precision S HPLC-Q-ToF-MSand (-)FT-ICR-MS, an error of 3
ppm and 1 ppm was chosen respectively for the atinatof the metabolites (Roullier-Gall
et al., 2014; Roullier-gall et al., 2015). The conation of these databases enabled covering
the widest range of metabolites found in biologeatems, and notably in yeast.
3. Resultsand discussion
3.1.IDY macromolecular profile

Besides the obvious discrimination between solwsid non-soluble fractions in a
specific medium, the gel permeation chromatograpliedicated to determine the global size
repartition of compounds within complex samples.isThrst experiment was a good
introduction to understand the relatively unknoviwedsity of compounds released by IDY in
different extraction media. Acidified water and nebavine media were chosen to identify
what can be released by IDY in must and wine, respdy. Methanol was used to have an
overview of the mildly hydrophobic soluble fractipmesent in our samples, independent of
the oenological conditions in winemaking process.tHis experiment, it was possible to
separate macromolecules from 300 kDa to 5 kDa letv@e5 min and 22.5 min depending on
the column specification. Separation was performeth model wine and without any
denaturant to keep macromolecules in their nativen$. The fluorescent detector was set up
to track the presence of potent proteinaceousdplwsres among the chromophore extracted
from yeast extracts (Coelho et al., 2017). Figushdws GPC chromatograms of MWSF for
G-IDY, Gplus-IDY and N-IDY and supplementary infaation 3 shows those for WSF and
MSF. These chromatograms clearly revealed thrderdift time frame windows common to

all MWSF extracts. The first time-frame (I) betwe®rb and 17.3 minoutside of the

10
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calibrated regionjepresents about 1 % of the total fluorescentarsp and had a mass range
from 300 to 75 kDa. G-IDY, Gplus-IDY and N-IDY shed no significant differences in
abundance of high molecular weight molecules is thgion. This result is in agreement with
Pozo-Bayon and collaborators (2009), who reported high molecular weight compounds
are in lower concentration than peptides and aragwds in the model wine soluble fraction of
different IDY (Pozo-Bayédn et al., 2009). Under @axperimental conditions, the percentage
of high molecular weight compounds released froniD®; Gplus-IDY and N-IDY was
always low, whatever the solvent used (Supplemegntdormation 3).However, methanol
extracts showed limited high molecular weight coomuts response, probably because of
organic solvent precipitation (Chertov et al., 2004

FIGURE 1

The second time-frame window (Il) in the chromagogr between 17.3 and 22.5 min,
represents medium molecular weight compounds imssmange from 75 to 5 kDa, the latter
corresponding to the exclusion limit of the colun@DY, Gplus-IDY and N-IDY relative
concentrations in medium molecular weight compouvased from 7 to 14% of the total
fluorescence of the sample, in an extraction medig@mendent manner. In detail, WSF and
MWSEF exhibited concentrations in medium moleculaight compounds, which were 1.5
times higher for Gplus-IDY compared to those forllX¥ and N-IDY. However, MSF
presented relatively low concentrations of mediuolaoular weight compounds, of about 3%
of the total fluorescence responses (Supplemenmttogmation 3).

Finally, the most abundant fluorescent responséat@ver the extraction media) were
observed for the third time-frame (lll) from 22.6 45 min, where fluorescent compounds
accounted for 92%, 91% and 86% of the total flucease response of G-IDY, N-IDY, and

Gplus-IDY respectively in model wine extraction med. This chromatographic region is
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out of the molecular size exclusion limit of 5 kbathe column and suggests the importance
of low molecular weight compounds on the IDY so&ultaction independently of the
extraction medium.

In addition, in order to get a more representatharacterization of IDY soluble
fractions, UV detection at 210 nm was also considletV detection is less sensitive and less
specific compared to fluorescence, but allows thgtide bond, carbon to carbon and carbon
to oxygen double bond detection (Stoscheck, 1980pplementary information 2 shows
chromatograms of G-IDY, Gplus-IDY and N-IDY for thieree extraction media, recorded at
210 nm. UV responses were far less important thaset monitored with fluorescence, and
concerned specifically the third time-domain coomesding to the low molecular weight
compounds (below 5 kDa).

On the basis of these results, and whatever thectitedt method or the extraction
medium used, GPC could not discriminate IDY solufskctions. The medium and high
molecular weight compounds showed a similar fluogas profile among samples which
indicated that the bio-process enrichment wouldy anipact the low molecular weight
fraction of IDYs. In that respect, to further theacacterization of IDY soluble fractions, ultra-
high-resolution mass spectrometry was used to sgbes diversity of the abundant low

molecular weight compounds.

3.2.IDY low molecular weight chemical diversity
The ultra-high accuracy of (-)FT-ICR-MS enables taeact mass of ionizable
compounds present in complex matrices to be deteahiincluding wine, thus allowing to
have a more comprehensive picture of the chemigalsty present in the sample (Roullier-
Gall et al., 2017, 2014). Figure 2A gives an ovewiof the number of ions detected in one

specific IDY (G-IDY) in the three different extramh media. Within the 1280 ions detected

12
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for G-IDY, 701 (54.8%) were common to the threerastion media and only a total of 40
ions (3.2%) were found to be medium specific. MWsBIBwed the best extraction yield with
97.4% of the total extractabie/zions (N-IDY and Gplus-IDY MWSF had similar extremt
yields with 85.4% and 89% respectively, data naivst). The polarity of the model wine
appears to lead to a better solubilization of IDdMPounds than water and methanol alone.
Based on this result, G-IDY, Gplus-IDY and N-IDY M3K¥s were compared in order to
characterise the diversty of IDY extractible compast For all conditions, yeast derivatives
were inactivated by short term heating before belingd and sealed hermetically for storage.
In that respect, compounds potentially releasetDlYyare a combination of bio-accumulated
metabolites and bio-transformed compounds relatethé production process. Since the
inactivation and drying process were identicaltfoe three IDYSs, it can be assumed that the
major contribution to the diversity could be maialyributed to the bio-process.

As shown in Figure 2B, 37.1% of the overall 1674r&stable ions were common to
each IDY and only 1.8%, 3.9% and 11.7% of the iatese unique to G-IDY, N-IDY and
Gplus-IDY, respectively. We also observed that N¢IBnd G-IDY, obtained from the same
yeast strain, shared more common ions (62.1%) wi#m Gplus-IDY (46.1% and 48.6%
respectively). These results show that both thegaetlular accumulation of glutathione and
the yeast strain are key factors modifing the natalsignatures of IDY soluble fractions, in
agreement with existing literature (Allen et al003; Brauer et al., 2006; Dikicioglu et al.,
2012).

FIGURE 2

Network annotation of then/zions present in MWSF by NetCalc software allows
access to the molecular formulas of 53% of the 164 detected. The extensive chemical

differences between G-IDY, Gplus-IDY and N-IDY MWsSkere clearly visible from the
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histograms depicting the distribution of elememampositions (CHO, CHON, CHOS, and
CHONS), along with Van Krevelen diagrams of theF{SICR-MS derived molecular
formulas (Figure 3). Figure 3A presents the 37%¢atedm/zions (42.7%) common to the
three IDYs soluble fractions in model wine (MWSHFhese ions could be considered as
representative of extractable metabolites from ID¥Wsatever the strain or the production
processCommon ions were found in different chemical spaceth as lipid-like, peptide-like
and saccharide-like domains, which agrees withusatilione accumulation bioprocess that
preserves the yeast basic metabolism during thatuptimn.

FIGURE 3

Figure 3B, 3C and 3D show annotated masses unamaach MWSFs, colored according to
their chemical compositions and sized accordinghtgr mass peak relative intensityn
overview of the Van Krevelen diagrams reveals sicgmt differences between the samples
in terms of number of unique formulas (alreadyblssin Figure 2) and chemical families. N-
IDY (Figure 3D) appeared much richer in unique Cetihtaining formulas (16) than G-IDY
(3) and Gplus-IDY (Q) These formulas are mainly in peptide-like anddHike domains,
which could correspond to small chain fatty acids éxample. In contrast, Gplus-IDY
(Figure 3B) was characterized by a significantight@ir number of uniqgue CHONS containing
formulas compared to G-IDY and N-IDY (36 againsdr®l 1, respectively). These formulas,
mainly located in the peptide-like domain couldrespond to peptides with sulfur-containing
amino acid residues, such as methionine and cygstdihe high diversity of sulfhydryl
containing compounds (-SH group) could explain thkative activity of these products
against oxidation, as it is known than peptides tmls could have antioxidant property in
wine (Elias et al., 2008; Nikolantonaki et al., R02014). It is remarkable to note how the

glutathione enrichment process, which is desigoeactumulate intracellular glutathione, is
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actually accompanied by an overall increase ofGREONS/CHO ratio when going from N-
IDY to Gplus-IDY (Figure 3E), with G-IDY potentiall releasing 3 times more CHONS
compounds than N-IDY, and Gplus-IDY releasing miti@n 10 times more compounds than
N-IDY. With a moderate hypothesis of 3 isomers GEFT-ICR-MS ion, these results show
altogether that Gplus-IDYs would be discriminateg more than 100 different N,S-
containing compounds, compared to G-IDY and N-IDiys providing an unprecedented
molecular representation of the actual metabolgpoase of glutathione enrichmentie
relatively low number of unique compounds releasech G-IDY is not surprising since it is
obtained from the same strain as N-IDY, and itdwk the same bio-process as Gplus-IDY,
thus most of the released compounds are likelyeshaith at least one other ID¥Although

it was not the aim of this study, it is furtherargsting to note the strain-dependency of the
glutathione enrichment process, with Gplus-IDY aslag nearly 4 times more CHONS

compounds than G-IDY while the released glutathisrniacreased by 2.

3.3.Impact ofGSH enrichment process @nYs peptides diversity

The presence of cysteine in the growth medium dutibY GSH accumulation
processing at industrial scale (Li et al., 20049difies the global metabolism of sulfur amino
acids and leads to over representation of sulfatasning metabolites (Thomas & Surdin-
Kerjan, 1997). As the Van Krevelen diagrams hidftligne increasing diversity of CHON and
CHONS containing compounds along with the enrichnpocess, this diversity could be
putatively attributed to peptides containing cysteor methionine residues. Amongst the
1674 m/z submitted to the OligoNet webserver, 193 were tatad as potential peptides
(from 2 to 5 residues) with an error below 1ppmp@amentary information 4). Within the
193 annotated ions, 132 have a Multiple Amino Act@smbination (MAAC) and 61 a

Unique Amino Acids Combination (UAAC) (Figure 4AYlost of the peptides (144h/2) are
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common to at least two out of three IDYs, wherepfu&IDY presents the greatest diversity
with 40 peptides against 7 and 2 for G-IDY and N¢JDespectively. (Figure 4B). Amongst
the UAAC, 26 out of 65 contain a cysteinyl resididwese unambiguous annotations of
peptides allowed all possible connections betweleesda peptides to be determined
(Supplementary information 5). The Gplus-IDY clgarkleased more unique peptides and
more peptides with a cysteinyl residue. Nevertlslesost of the UAAC are shared between
the IDYs (regardless of their relative concentmaglo The global similarity between our
samples analyzed by (-)FT-ICR-MS allowed us to caraphe absolute intensity between
samples providing an indication of the abundanceaifh compound released. Figure 4C
reveals that within the 61 UAAC released by the |D3plus-IDY released 28 peptides
significantly more intense than G- and N-IDY (3 pees and 1 peptides respectively). These
results are in accordance with the Van Krevelergrdia (Figure 3B) showing a higher
diversity of compounds in the peptide-like doman&plus-IDY.
FIGURE 4

In addition to the peptides enrichment, other maitds could be impacted by the bio-
process(-)FT-ICR-MS enables to have access to the ele&ah&rmulas of detected ions and
thus to acquire instantaneous metabolic fingerprafitwhat can be released by IDYs. Since a
single CHONS elemental formula can be associatéd mamerous compounds, (especially
for high m/zions) the combination with separative UHPLC-Q-TdB-and UHPLC-Q-ToF-
MS S/MS methods was used to access structural aadtitative information about these
molecular markers (Roullier-Gall et al., 2014). Tiighest resolution of the (-)FT-ICR-MS
(600,000 against 20,000 for UHPLC-Q-ToF-MS ndiz 306) was used to annotate UHPLC-
Q-ToF-MS peaks which could be aligned with (-)FIRFMS peaks, using an in-house
designed alignment script. Up to 188z peaks of the UHPLC-Q-ToF-MS spectra where

found to match (-)FT-ICR-MS peaks (with an absolgor lower than 2 ppm)
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(Supplementary information 6)Alignment was done on the basis of the similaritynuz
without consideration of the retention time, onty the negative mode of tHeHPLC-Q-
ToF-MS. The aim was to have both an unambiguous anoataflUHPLC-Q-ToF-MSions
with the ultrahigh resolution of (-)FT-ICR-MS, andantitative information frotHPLC-Q-
ToF-MS. lons present UHPLC-Q-ToF-MS data but nainfb in (-)FT-ICR-MS data (Figure
4B) were likely molecules easily suppressed inadirefusion with ESI, showing the added
value of using chromatographic separation beforead&@ysis (Roullier-Gall et al., 2014).
Keeping in mind the formula annotationmfzions with the (-)FT-ICR-MS data, the
fragmentation of 16 important ions (issued from ifpos and negative ionization mode)
enabled to have access to molecular structurakrmrdton. Fragments were submitted to
metabolomic databases, and annotation of the parearis are summarized in Table 1.
Following the new prescriptions of Sumner and dmlators, the identification point (which
gives the identification confidence level) of eanbtabolite is 5.5 (High resolution retention
time, accurate mass of parent ion, molecular foarhdsed upon accurate m/z and isotope
pattern and accurate tandem mass spectrum) (Swethakr 2014) Most of these compounds
were already described in yeast metabolic pathwlaysnever so far as compounds which
could be potentially extracted from IDY in winemagi conditions. Most interestingly,
glutathione and its precursor (glutamyl-cysteinegravfound in the three extracts, but
consistently with the enrichment proceiss, with a relative abundance following the Gplus >
G > N trend. In contrast, lysine-leucine and amgrieucine dipeptides appeared as GPlus-
IDY markers, whereas homocitric acid appeared dB¥-marker. Amino acids (glutamate,
tyrosine, phenylalanine), which have been extehgistudied in IDY (Pozo-Bayon et al.,
2009) were examples of contrasted trends withivelatoncentrations that did not appear to
be directly correlated to the GSH accumulation essc Similarly, methyl-thioadenosine, a

precursors of adenosylmethionine which is a su#ind nitrogen stock molecule in poor
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medium (Shapiro & Schlenk, 1980), and thus a pa@krférmentation enhancer already
putatively annotated in IDYs (Rodriguez-Bencomaoakt 2014) were identify in the three
samples. Weak organic acids like citric acid haeerbdescribed for their sensory impact
(fresh notes), whereas homocitric acid and pipecale related to the lysine metabolism in
yeast (He, 2006; Tucci & Ceci, 1972), but not yesatibed in IDYs. Finally, the pantothenic
acid, which exhibits a promoting effect on yeasbvgh (Richards, 1936) is much more
present in N-IDY than in G-IDY and Gplus-IDY. Adesine and arginine-leucine were
recently shown to possibly promote bacteria gro(idin et al., 2016; Liu et al., 2017) and
thus facilitate the malolactic fermentation. Wheresdenosine are abundant in the three
IDYs, the dipeptide Arg-Leu is specific to Gplus¥Cand almost absent in the other IDYs.
Such structural identifications provide a good @@y of the richness and the diversity of
compounds released by IDYs, and it also highligisyet unknown potential contribution of
IDY's during fermentation.
TABLE 1

Most of the ions detected by (-)FT-ICR-MS and UHPQEToF-MS are difficult to
isolate and fragment, which implies that most & dompounds present in the MWSFs are
still largely unknown. Supplementary Informatiomives the list of NetCalc annotated (-)FT-
ICR-MS peaks found in the database, with the nedatitensity of each ion and these possible
database ID with an error lower than 2ppm. In thésy we can have a quick overview of
specific and common compounds from each IDY andexqpgte how the medium is modified
by using specific IDY.
4. Conclusion

In this work, the soluble fraction that can be agted from three inactive dry yeasts
by model wine, were characterized by a combinabtbrGel Permeation chromatography

(GPC), (-)FT-ICR-MS and UHPLC-Q-ToF-MS in order goovide a comprehensive picture
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of the diversity of potentially active compounds@gated with the glutathione accumulation
process. To that purpose, the extract of non-eadidDYs (N-IDY) was compared to extracts
of an GSH-rich IDY from the same strain (G-IDY) aad even more GSH-rich IDY, but
from a different strain (Gplus-IDY). Consistentlyitiv the expected GSH accumulation
process, Gplus-IDY exhibited higher amounts of aotable glutathione (and its glutamyl-
cysteine precursor) than G-IDY, which in turn apeeéaricher than N-IDY. Moreover, the
increase in peptides containing cysteinyl residue&plus-IDY shows than the glutathione
accumulation bio-process also impacts the peptidofitbe yeast. Modulation of the GSH
pathway leads to a global modification of cysteineorporation and thus could have
important implications in wine making.

Our metabolomic approach provided a comprehensiwéecular picture of the
detailed impact of the glutathione accumulationcpss. It further revealed how the yeast
strain can modulate the extent of the accumulgtimtess, with the annotation of more than
hundred N,S-containing potential active compounals Gplus-IDYs, most of them being
unknown yet. Altogether, our results shed importattt on the potential activity of IDYs on

musts and wines, in terms of organoleptic andéaikty properties.

ACKNOWLEDGEMENTS

The authors acknowledge the Regional Council ofrBogne — Franche-Comtée, the “Fonds
Européen de DEveloppement Régional (FEDER)” andebwnd SAS (31, Blagnac), for

financial support. They also would like to thank Breline Bartowsky for a careful reading

of the manuscript by a native English speaker.

Conflicts of interest

19



456 The authors wish to confirm that there are no cotsflof interest associated with this
457  publication.

458

459  Abbreviations used

460 IDY, inactivated dry yeast; GSH, glutathione; MSasa spectrometry; WSF, water soluble
461 fraction; MWSF, model wine soluble fraction; MSFetinanol soluble fraction; GPC, gel
462 permeation chromatography; HPLC, high pressuradigiromatography; DAD, diode array
463 detector; LMW, low molecular weight; UHPLC-Q-ToF-M%®JItra-High-Performance Liquid
464 chromatography triple quadrupole time of flight mapectrometry; RP-LC, reversed phase
465 liquid chromatography; (-)FT-ICR-MS, Negative mod@urier-transform ion-cyclotron-
466 resonance mass spectrometry; S/N, Signal/Noise; kikaDalton; MAAC, Multiple Amino
467 Acid Combination; UAAC, Uniqgue Amino Acid Combinati; CHO, Carbon-Hydrogen-
468 Oxygen; CHON, Carbon-Hydrogen-Oxygen-Nitrogen; CH&)NCarbon-Hydrogen-Oxygen-
469 Nitrogen-Sulfur

470

471 REFERENCES

472 Allen, J., Davey, H. M., Broadhurst, D., HealdKJ. Rowland, J. J., Oliver, S. G., & Kell, D.
473 B. (2003). High-throughput classification of yeasitants for functional genomics using
474 metabolic footprintingNature Biotechnology21(6), 692—696.

475  Andujar-Ortiz, 1., Pozo-Bayon, M. A., Garrido, Martin-Alvarez, P. J., Bartolomé, B., &

476 Moreno-Arribas, M. V. (2012). Effect of using glthi@one-enriched inactive dry yeast
477 preparations on the phenolic composition of rosnhache wines during winemaking.
478 Journal International Des Sciences de La Vigne @M, 46(3), 241-251.

479 Antoce, A. O., Badea, G. A., & Cojocaru, G. A. (B)1Effects of Glutathione and Ascorbic

480 Acid Addition on the CIELab Chromatic Charactedstiof Muscat Ottonel Wines.

20



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

Agriculture and Agricultural Science Procedi0, 206-214.

Brauer, M. J., Yuan, J., Bennett, B. D., Lu, W.nHall, E., Botstein, D., & Rabinowitz, J. D.
(2006). Conservation of the metabolomic responsstaovation across two divergent
microbesProceedings of the National Academy of Scienb@¥51), 19302—-19307.

Brockman, S. A., Roden, E. V., & Hegeman, A. D. 80 Van Krevelen diagram
visualization of high resolution-mass spectrometngetabolomics data with
OpenVanKrevelenVetabolomics14(4), 48.

Chertov, O., Biragyn, A., Kwak, L. W., Simpson,TJ, Boronina, T., Hoang, V. M., Fisher,
R. J. (2004). Organic solvent extraction of prateand peptides from serum as an
effective sample preparation for detection and tifleation of biomarkers by mass
spectrometryProteomics4(4), 1195-1203.

Coelho, C., Parot, J., Gonsior, M., Nikolantondi, Schmitt-Kopplin, P., Parlanti, E., &
Gougeon, R. D. (2017). Asymmetrical flow field-flofvactionation of white wine
chromophoric colloidal matteAnalytical and Bioanalytical Chemistr¢0910), 2757—-
2766.

Dikicioglu, D., Dunn, W. B., Kell, D. B., Kirdar, B& Oliver, S. G. (2012). Short- and long-
term dynamic responses of the metabolic network gere expression in yeast to a
transient change in the nutrient environméfalecular BioSystem$(6), 1760.

Elias, R. J., Kellerby, S. S., & Decker, E. A. (83DOAntioxidant Activity of Proteins and
PeptidesCiritical Reviews in Food Science and Nutritidi&(5), 430—441.

Elskens, M. T., Jaspers, C. J., & Penninckx, M(1991). Glutathione as an endogenous
sulphur source in the yeast Saccharomyces cerevisiarnal of General Microbiology
137, 637-644.

Escot, S., Feuillat, M., Dulau, L., & Charpenti€r, (2001). Release of polysaccharides by

yeasts and the influence of released polysacclgarade colour stability and wine

21



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

astringencyAustralian Journal of Grape and Wine Researt{8), 153—-159.

Gougeon, R. D., Lucio, M., Frommberger, M., Peyrbn, Chassagne, D., Alexandre, H.,
Schmitt-Kopplin, P. (2009). The chemodiversity ofines can reveal a
metabologeography expression of cooperage oak weaxteedings of the National
Academy of Sciencel§23), 9174-9179.

Guadalupe, Z., & Ayestaran, B. (2008). Effect ofmeoercial mannoprotein addition on
polysaccharide, polyphenolic, and color composition red wines. Journal of
Agricultural and Food Chemistrp6(19), 9022-9029.

He, M. (2006). Pipecolic acid in microbes: Biosyatth routes and enzymedournal of
Industrial Microbiology and Biotechnolog$3(6), 401-407.

Jaehrig, S. C., Rohn, S., Kroh, L. W., WildenawkerX., Lisdat, F., Fleischer, L. G., & Kurz,
T. (2008). Antioxidative activity of (3), (1—6)-8-d-glucan from Saccharomyces
cerevisiae grown on different medlaWT - Food Science and Technolpg¥(5), 868—
877.

Jaehrig, S., & Rohn, S. (2007). In Vitro PotenAaltioxidant Activity of (1-3), (1—6)-p-d-
glucan and Protein Fractions from Saccharomycesvigae Cell WallsJournal of
Agricultural and Food Chemestrg(12), 4710-4716.

Kim, S., Kramer, R. W., & Hatcher, P. G. (2003).a@hical Method for Analysis of
Ultrahigh-Resolution Broadband Mass Spectra of Nét®rganic Matter, the Van
Krevelen DiagramAnalytical Chemistry75(20), 5336-5344.

Kritzinger, E. C., Bauer, F. F., & Du Toit, W. 2013). Role of glutathione in winemaking: A
review.Journal of Agricultural and Food Chemisti§l(2), 269-277.

Li, Y., Wei, G., & Chen, J. (2004, October). Glit@ne: A review on biotechnological
production Applied Microbiology and Biotechnology

Liu, Y., Forcisi, S., Harir, M., Deleris-Bou, M.,rkeger-Weber, S., Lucio, M., Alexandre, H.

22



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

(2016). New molecular evidence of wine yeast-b#tarmteraction unraveled by non-
targeted exometabolomic profilingletabolomics12(4).

Liu, Y., Forcisi, S., Lucio, M., Harir, M., Bahug., Deleris-Bou, M., Schmitt-Kopplin, P.
(2017). Digging into the low molecular weight pelmtme with the OligoNet web server.
Scientific Reports7(1), 11692.

Liu, Y., Rousseaux, S., Tourdot-Maréchal, R., SaioM., Gougeon, R., Schmitt-Kopplin,
P., & Alexandre, H. (2017). Wine microbiome: A dyma world of microbial
interactionsCritical Reviews in Food Science and Nutritiéfi(4), 856—873.

Lucio, M. (2009).Datamining metabolomics: the convergence pointaf-target approach
and statistical investigatiorFakultat Wissenschaftszentrum Weihenstephan.

Nikolantonaki, M., Chichuc, I., Teissedre, P.-L.,[Farriet, P. (2010). Reactivity of volatile
thiols with polyphenols in a wine-model medium: kmep of oxygen, iron, and sulfur
dioxide.Analytica Chimica Actg660, 102—-109.

Nikolantonaki, M., Julien, P., Coelho, C., Roulii@all, C., Ballester, J., Schmitt-Kopplin, P.,
& Gougeon, R. D. (2018). Impact of Glutathione oriné¢ Oxidative Stability: A
Combined Sensory and Metabolomic Stueontiers in Chemistry6(June), 1-9.

Nikolantonaki, M., Magiatis, P., & Waterhouse, A. [2014). Measuring protection of
aromatic wine thiols from oxidation by competitikeactions vs wine preservatives with
ortho-quinonest-ood Chemistryl63 61-67.

Nisamedtinov, I., Kewvai, K., Orumets, K., Arike,, ISarand, I., Korhola, M., & Paalme, T.
(2011). Metabolic changes underlying the higheruaudation of glutathione in
Saccharomyces cerevisiae mutardpplied Microbiology and Biotechnologg9(4),
1029-1037.

Pozo-Bayon, M. A., Andujar-Ortiz, 1., Alcaide-Hidm, J. M., Martin-Alvarez, P. J., &

Moreno-Arribas, M. V. (2009). Characterization obnemercial inactive dry yeast

23



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

preparations for enological use based on theiityaltd release soluble compounds and
their behavior toward aroma compounds in model svideurnal of Agricultural and
Food Chemistry57(22), 10784-10792.

Ramirez-Gaona, M., Marcu, A., Pon, A., Guo, A. &jed, T., Wishart, N. A., Wishart, D. S.
(2017). YMDB 2.0: a significantly expanded versiminthe yeast metabolome database.
Nucleic Acids ResearcHb.

Richards, O. W. (1936). The stimulation of yeastlifgration by pantothenic acidournal of
Biological Chemistry1134360), 531-536.

Rodriguez-Bencomo, J. J., Andujar-Ortiz, |., Moréxwibas, M. V., Sima, C., Gonzalez, J.,
Chana, A., Pozo-Bayon, M. A. (2014). Impact of gthtone-enriched inactive dry yeast
preparations on the stability of terpenes duringdehowine aging.Journal of
Agricultural and Food Chemistr$2(6), 1373-1383.

Roullier-Gall, C., Hemmler, D., Gonsior, M., Li, ,YNikolantonaki, M., Aron, A., Schmitt-
Kopplin, P. (2017). Sulfites and the wine metabaoRood Chemistry237, 106—113.
Roullier-Gall, C., Witting, M., Gougeon, R. D., &Bmitt-Kopplin, P. (2014). High precision

mass measurements for wine metabolonkosntiers in Chemistry2, 102.

Roullier-gall, C., Witting, M., Tziotis, D., Ruf, A & Gougeon, R. D. (2015). Integrating
analytical resolutions in non-targeted wine metabwots. Tetrahedron 71(20), 2983—
2990.

Shapiro, S. K., & Schlenk, F. (1980). Conversion ®fmethylthioadenosine into S-
adenosylmethionine by yeast ceBsochimica et Biophysica Actéd332), 176-80.

Stoscheck, C. M. (1990). Quantitation of protéftethods in Enzymolog$821987), 50—68.

Suhre, K., & Schmitt-Kopplin, P. (2008). MassTRIXass translator into pathwaysucleic
Acids Research Web Seryv@6, 481-484.

Sumner, L. W., Lei, Z., Nikolau, B. J., Saito, RRpessner, U., & Trengove, R. (2014).

24



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

Proposed quantitative and alphanumeric metabalégtification metricsMetabolomics
Springer US.

Thomas, D., & Surdin-Kerjan, Y. (1997). Metabolisof sulfur amino acids in
Saccharomyces cerevisiablicrobiology and Molecular Biology ReviewsVIMBR,
61(4), 503-32.

Tucci, A. F., & Ceci, L. N. (1972). Homocitrate gliase from yeastArchives of
Biochemistry and Biophysic$532), 742—-750.

Tziotis, D., Hertkorn, N., & Schmitt-Kopplin, P.@21). Letter: Kendrick-analogous network
visualisation of ion cyclotron resonance Fourieangform mass spectra: improved
options for the assignment of elemental composstiand the classification of organic
molecular complexityEuropean Journal of Mass Spectrometty(4), 415.

Webber, V., Dutra, S. V., Spinelli, F. R., CarnigB. J., Cardozo, A., & Vanderlinde, R.
(2016). Effect of glutathione during bottle storadesparkling wineFood Chemistry
Wen, S., Zhang, T., & Tan, T. (2004). Utilizatioh @mino acids to enhance glutathione
production in Saccharomyces cerevisiBazyme and Microbial Technolgg$y(6-7),

501-507.

25



598

599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619

620
621
622
623
624
625
626
627
628
629

Figure and Table Captions

Figure 1. Gel permeation chromatograms of model wine seldtaictions (MWSF) of G-IDY
(red), Gplus-IDY (green) and N-IDY (black) with Brescence detection (EX/EM = 280/350
nm). Dotted lines indicate the calibration areasebleon standard compounds.

Figure 2: Venn diagrams presenting the total counts ofafeteions by (-)FT-ICR-MS, with
percentages in brackets. (A) Extraction yield foe specific G-IDY in the three extraction
media, and (B) unique and common ions to the madie¢ soluble fractions of N-IDY, G-
IDY and Gplus-IDY.

Figure 3: Van Krevelen representation of annotated massaes (-)FT-ICR-MS analyses of
the MWSFs (Model Wine Soluble Fraction) of Gplus¥lDG-IDY and N-IDY. (A) masses
shared by Gplus-IDY, G-IDY and N-IDY MWSFs. (B) Syec m/zions to Gplus-IDY , (C)
specificm/zions to G-IDY, and (D) specifim/zions to N-IDY. In B, C and D commam/z
ions were depicted in grey. Van Krevelen plots west®ured according to molecular classes
i.e CHO (blue), CHOS (green), CHON (orange), CHQI). Bubble sizes correspond to
the triplicate averaged relative intensities of snpsaks. Bar histograms indicate the number
(and corresponding percentage at the bar-top) décutar formulae presented in the Van
Krevelen diagrams. (E) Relative abundance of CH@g&nst CHO for the three MWSFs.
For each IDY, the total number of annotated massagsponding to CHO and CHONS were

used to calculate this ratio.

Figure 4. 193 potential peptides annotation, out of the 4167/z from (-)FT-ICR-MS
submitted to the OligoNet webserver. (A) Annotasiaccorrespond to 142 Multiple Amino
Acid Combination (MAAC, with 89 and 43 with and wadut cysteinyl residue respectively)
and 61 Unique Amino Acid Combination (UAAC, with 28d 35 with and without cysteinyl
residue respectively). (B) Within the 193 potenpaptides N-IDY (red), G-IDY (blue) and
Gplus-IDY (green) released 2, 7 and 40 unique attributed to peptides, respectively. The
144 remaining potential peptides are shared (dgogyat least 2 IDYs. (C) Amongst the 61
UAAC, 28 are significantly more released by GplD¥] in contrast only 3 and 1 are more

abundant using G- or N-IDY respectively (p-valué.e5).
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Table 1. Metabolites fragmented by UHPLC-Q-ToF-MS/MS iretMWSF for the three
IDYs, and their corresponding chemical family. Mdmagments used to identify features
from databases are listed in the discriminant fraigg: column allowing a high confidence
level. Relative abundance of metabolites betwee¥islix expressed as percentage of the
biggest area. The identification is the combinatidrtomposition elucidation by (-)FT-ICR-
MS (when available) and structural elucidation HyRILC-Q-ToF-MS /MS.

27



Area (%)

m/z Ret.time  Collision Discriminant ~ Annotation Error I dentified Database |D
; Gplus ) atabase
Adduct (min) energy (eV) Fragments [M] (ppm) N-IDY G-IDY |FE)Y metabolite
130.0863
(M+H] 0.7 30 84.0808 C,H,;NO, 0.35 43 41 Pipecolic acid C00408 (KEGG)
+H]+
148.0601 o
. . ;130. -2. utamic aci
(M+H] 0.6 15 84.0447;130.0497 CHNO, 2.03 Glut d C00025 (KEGG)
+H]+
165.0548 147.0442;119.0492 . ) C12621/
0.7 10 CyHO,4 1.08 Coumaric acid
[M+H]+ ;91.0544 C00811 (KEGG)
166.0861 166.0862;120.0806 .
. -1 enylalanine
[M+H] 1.0 15 131.0490 C,H,,NO, 1.20 Phenylal C00079 (KEGG)
+H]+ ; .
179.0485 162.0222;144.0116 ) .
(M+H] 0.7 10 116.0164 CH,N,O,S 0.06 Cysteinyl-glycine ~ C01419 (KEGG)
+H]+ ; .
182.0811 136.0757;123.0438 )
. -0. yrosi
(M+H] 0.7 15 1470442 C,H,,NO, 0.55 Tyrosine C00082 (KEGG)
+H]+ : .
191.0199 173.0095;129.0197 -
. . itric aci
[M-H] 0.7 15 11,0094 C,H 0, 1.05 Citric acid C00158 (KEGG)
205.0355 o
[M-H] 0.8 15 143.0352;125.0248 C.,H, 0O, 0.49 Homaocitric acid C05662 (KEGG)
218.1037 o
[M-H] 11 15 146.082 CoH;NO, 1.38 Pantothenic acid  C00864 (KEGG)
251.0693 122.0269;130.0497 )
(M+H] 0.7 15 188.0373 CH,N,OS  -1.19 Glutamyl-cysteine  C00669 (KEGG)
+H]+ ; .
258.11 .
[M+H] 0.6 20 184.0735;104.1070 C;H,NO,P  -0.39 GlycerophosphocholineC00670 (KEGG)
+H]+
260.1969 147.1132;129.1025 ) HMDB28912
0.8 30 C,HN,O,  0.12 Leucyl-lysine
[M+H]+ :84.0810 (HMDB)
268.1037 ]
(M+H] 0.7 15 119.0353;136.0617 C,;H,,N.O,  -1.12 Adenosine C00212 (KEGG)
+H]+
288.2030 » HMDB28923
0.8 20 271.1763;175.1187 C,H,.N.O,  -0.06 Leucyl-arginine
[M+H]+ (HMDB)
298.0970 i i
(M+H] 1.3 15 136.0616;145.0320C;;H,.N.O.S  0.67 Methyl-thioadenosine C00170 (KEGG)
+H]+
306.0763 272.0890;143.0464 )
[M-H] 15 210.0882 C,oHi:N;OS -0.65 Glutathione C00051 (KEGG)
637

28



. 75kD§ &skDa :n1kDa —— Gplus-IDY

8x10°- Lo -
——G-IDY

7x10° 3 3 3 ﬁ
6x10° o i H

) B 111

5 5x10°- a

3 |

o 4x10° :

=}

T

3x10°
2x10°]

1x10°

] .30
Time (min)



B
MSF G-IDY

W — Gplus-IDY

5
(0.4%)

29
(23%)

0
(0%)

MWSF N-TDY



A

Peptide-like  Saccharide-like 2,5,B

25
Lipid-like
2 4 g 2 A
&
\VI}‘ :
15 | 1,5 1
Q Q
I I
17 2 1 g, 437 %
0,5 s 05 - 5
. €
ga 2° 0% 1,25%
o =3
, Shared | . \Gplus-IDY F £ F
0 02 04 oOIC 0 02 04 OIC 06 08
25 C 2,5—D
o3 @ 00 0 5°0 6 et ’ 2d° ¢ 00 0 ¢°0
21 Qoo Ro %o O"@ ; ° 2 .OO
o DOOO(%OOOO o 6, N
ic g %
O et * g0 e 20
o K sl
Q . ' Q
I . o, NG T R ° < O
1 @ - 11 :
0,5 1 3 0.5 7 i
£ £
=z Zn
- T % S o
| G-IDY $ ¢ ¢ ¢ ,N-IDY
0 02 04 OIC 06 08 1 0 02 04 oOIC
E @CHO oCHOS oCHON eCHONS
25 23
o 20
T
O 15
~~
(7]
:%E 10 06
5 o5 0,2
0,0

N-IDY G-IDY Gplus-IDY




100 ~

Absolute number
3
N 1

[e2]
o
1

I
o
L

20

UAAC with cystein

UAACWitheliticystelin

MAAC without cystein

MAAC with cystein

Released by at
least 2 IDY

- I N-IDY
-20 [ | GIDY
Lo B Gplus-IDY



Intraceliular glutathione accusmvulation






