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Abstrakt

Hmotnostni  spektrometrie ve spojeni s nanopritokovou
kapalinovou chromatografii (nLC-MS) je zavedena technika pro
analyzu peptidi z komplexnich smési proteinovych digesti. V této
praci byla vyuzita technika nLC MS ve spojeni s ionizaci a desorpci
laserem s pomoci matrice (MALDI) a komplementarni analyza
pomoci elektrospreje, a to pro identifikaci proteinii rozdélenych
gelovou elektroforézou z rozlicnych vzorkll. Tato prace nejprve
demonstruje aplikaci proteasy pseudotrypsinu, malo znameé
proteoformy hovéziho trypsinu, nejbéznéji pouzivaného enzymu
pro proteomické experimenty. Pseudotrypsin byl izolovan z
autolyzatu trypsinu pomoci chromatografie na kationtoménici
a nasledné pouzit pro St€peni proteinovych extraktl z jader je¢mene.
Odlisnd specifiCnost pseudotrypsinu umoziujici Stépeni za
aromatickymi aminokyselinami a leucinem navic k jeho tryptické
aktivité, vede ke vzniku unikatnich peptidi a nasledné identifikaci
odliSnych proteint pfi proteomickych experimentech. S vyuzitim
standardu hovéziho sérového albuminu a izotopové znacenych
peptidovych standardi byla srovnana t¢innost $tépeni pfipraveného
pseudotrypsinu s komer¢nimi trypsiny.
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Jazyk

V névaznosti na praci s jadry jecmene byla provedena proteomicka
analyza mitotickych chromozomt izolovanych technikou pritokové
cytometrie. Ziskand data byla nasledné¢ vyhodnocena pomoci
bionformatickych nastrojii a stanovena moznad pivodni bunécna
lokalizace nalezenych proteini a provedena jejich relativni
kvantifikace.

V dal§im experimentu byly pomoci nLC-MS hledany proteiny
a enzymy travici tekutiny masozravé rostliny Drosery capensis. Po
Stépeni trypsinem nebo chymotrypsinem byly nalezeny proteiny
podobné tém pouzivanym rostlinami pro jejich obranu. Jako hlavni
skupiny proteinl sekretomu rosnatky kapské byly identifikovany
proteolytické enzymy a chitinasy.

V nejrozsahlejsi studii zahrnuté do této prace bylo vyuzito technik
NLC-MS pro charakterizaci variability proteinového zastoupeni jako
mozné piiciny neodstranitelného zakalu experimentalniho vina
ptipraveného z hrozna ¢aste¢né napadeného Botrytis cinerea. Pro
porovnani proteinovych profili SDS-PAGE a nLC-MS analyzou
byly pomoci dialyzy a ultrafiltrace izolovany proteiny z komer¢nich
bilyjch vin a hroznové §tévy. Proteinové zastoupeni
v analyzovanych vzorcich bylo nasledné zhodnoceno s ohledem na
puvod a charakteristiky vina jako pH, barva a teplotni stabilita
ptipadné viditelny zékal. Byl pozorovan fenomén vysokého obsahu
prolinu v proteinech  nalezenych v testovanych  vinech.
Vybrané proteiny V. vinifera s touto charakteristikou byly izolovany
a otestovany, zda mohou vyznamné pfispivat k teplotni nestabilité
a vzniku zakalu vina. Tato hypotéza se nepotvrdila. Ve vzorcich vin
byla nalezena opakované se vyskytujici thiolova proteasa, ktera byla
nasledné castecné charakterizovana.

Hmotnostni spektrometrie, identifikace proteind,
pseudotrypsin, proteasa, proteom, jaderné proteiny,
chromozom, vino, zakal, Drosera, travici $t'ava,

Botrytis
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Nanoflow liquid chromatography coupled to mass spectrometry (LC-
MS) is well established technique for analysis of complex peptide
mixtures. In this work, the nLC-MS technique in conjunction with
matrix-assisted laser ionization and desorption (MALDI) and
complementary electrospray analysis were used to identify proteins
from various kinds of samples separated by gel electrophoresis. First,
this work convincingly demonstrates the application of the protease
pseudotrypsin, a little-known proteoform of bovine trypsin, the
predominantly used enzyme for proteomic experiments. Pseudotrypsin
was isolated from trypsin autolysate by cation exchange
chromatography and subsequently used for barley nuclear proteins
digestion. The cleavage specificity of pseudotrypsin allows protein
hydrolysis behind aromatic amino acids and leucine in addition to its
prime tryptic activity. This leads to the formation of unique peptides
and allows identification of different proteins after its application. The
cleavage efficiency of the isolated pseudotrypsin was compared with
commercial trypsins using a bovine serum albumin and prepared
isotopically labeled peptide standards. Proteomic analysis of mitotic
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chromosomes isolated by flow cytometry was performed, following the
work with barley nuclei. The obtained data were subsequently evaluated
using bioinformatics tools. Label-free quantification of proteins was
counted and possible original cellular localization of proteins was
predicted. In another experiment, digestive fluids of the carnivorous
plant Drosera capensis were searched for proteins and enzymes using
LC-MS. Proteins similar to those produced by plants for their defense
were discovered after secretome extract digestion by trypsin or
chymotrypsin. Proteolytic enzymes and chitinases have been identified
as the major components of Cape sundew digestive fluid. As the last
part, an unusual protein representation as a possible cause of
experimental wine turbidity prepared from grapes partially infected
with Botrytis cinerea was investigated by the nLC-MS technique. Wine
proteins were isolated from commercial white wines and grape juice by
dialysis and ultrafiltration. Wine protein profiles were compared by gel
electrophoresis and LC-MS analysis. The protein content in the
analyzed samples was evaluated with regard to the wine origin and
characteristics including pH, color, temperature stability and visible
haze. The frequent presence of proteins high in proline was typically
observed among the tested wines. Three V. vinifera proteins with this
characteristic were isolated and tested to prove they possible
contribution to wine thermal instability and turbidity. This hypothesis
has not been confirmed. Novel thiol protease was repeatedly found in
the samples of the analyzed wines and was therefore partially
characterized.
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Ptiprava literarni reSerSe k feSenym témattim.

Ptiprava a izolace pseudotrypsinu a jeho aplikace pro identifikaci proteint z jader
jeCmene.

Proteomické analyza proteinii z mitotickych chromozomu jeCmene a stanoveni
jejich lokalizace pomoci bioinformatickych nastroji a databazi.

Proteomicka analyza travici tekutiny rosnatky kapské (Drosera capensis)
technikami nLC MS.

Proteomickéd analyza experimentalniho vina se zdkalem a komer¢nich vin a
nasledna izolace a otestovani vybranych proteini v. vinifera jako moznych
puvodct teplotni nestability vina. Izolace a charakterizace nalezené cysteinové

proteasy V. vinifera.
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1. UvoD

Proteomika hraje ustfedni roli pii identifikaci proteinii, charakterizaci
posttransla¢nich modifikaci, nebo pfi objevovani biomarkert a interakci. Tyto studie
obvykle vyuzivaji techniku kapalinové chromatografie (LC) spojenou s detekci
hmotnostni spektrometrii (MS). Proteomické experimenty pouzivaji jednoduchou LC pro
¢isténi vzorku, tak pro zvyseni dynamického rozsahu analyzy pomoci chromatofokusace
a separace analytii. Kombinace techniky MALDI-MS s LC je vykonnym nastrojem pro
analyzu malych peptidi ivelkych molekul proteinovych komplexi. Siroka skéla
pouzitelnych matric a samotnd méekka ionizace MALDI (ionizace a desorpce laserem za
ucasti matrice) poskytuje kvalitni a jednoducha hmotnostni spektra. Diky depozici
vzorku, LC eluentu, na desticku mize byt také analyza MALDI-MS provéadéna nezavisle
na poradi eluce nebo retenénim ¢ase (Chen et al., 2005). Proteomika zalozena na MS je
zameétena na peptidy a spoléhd na proteasy specificky hydrolyzujici proteinovou smes.
Znalost vlastnosti pouzité proteasy je proto klicova, jak pro samotné Stépeni, tak pro
identifikaci hmotnostnich spekter ziskanych peptidi (Vandermarliere et al., 2013).
Proteiny maji kli¢ovou roli v procesech udrzovani a pfenosu genetické informace buiiky.
Dosud byly u rostlin popsany proteiny z izolovanych jader a jejich suborganel (Petrovska
etal.,2015). Blizsi charakterizace proteint interagujicich a izolovanych piimo ze struktur
chromozomti a chromatinu byly omezeny na zivo¢isné bunky (Ohta et al., 2010).
Proteomické studie zaméfené na vino pomahaji nejen porozumét fyziologickym
mechanismiim a reakcim rostliny na stres, ale také k identifikaci proteinovych markera
plisiové infekce. Pomoci proteomiky tak 1ze na urovni proteinti sledovat reakce ovoce na
chemické nebo fyzikdlni zmény probihajici b&hem zrani a dal$iho zpracovani
(Kambiranda et al., 2014). Fyziologie, netradi¢ni zptsob ziskavani potravy a metabolické
produkty s antimikrobialnimi u¢inky stavi do popiedi zajmu poznani masozravé rostliny.
Ucelova sekrece proteinti a dalSich latek témito rostlinami vybizi k moznému vyuziti
téchto mechanismil pro tvorbu rekombinantnich proteinti a jejich podrobnéjSimu studiu

(Athauda et al., 2004).

2. PROTEOMIKA
Proteomika je védni obor zabyvajici se studiem proteinll se zaméfenim na jejich
samotnou identifikaci, kvantifikaci, strukturu a funkci v daném misté a ¢ase (Chmelik,

2005). Jako prvni proteomické studie mohou byt klasifikovany experimenty vyuzivajici
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technik dvoudimensionalni elektroforetické separace vyuzivané od 80. let, kdy bylo
mozno pomoci optimalizovanych postupt rozlisit az fadove stovky proteinii na jednom
gelu (Rabilloud et al., 2010). Zasadni komplikaci té doby piedstavovaly omezené
moznosti identifikace. Dostupnym feSenim se stalo Stépeni izolovaného proteinu na
charakteristicky koncici a piekryvajici se kratsi peptidy a nésledné piecteni
aminokyselinové sekvence téchto ¢asti pomoci sekvenatoru (Aebersold et al., 1987).
Vyznamného posunu bylo dosazeno zavedenim technik hmotnostni spektrometrie pro
studium proteini (Aebersold a Mann, 2003). Pro vSechny informace o proteinech
ziskanych pro konkrétni organismus byl zaveden termin proteom, toho ¢asu oznacujici
vyluéné soubor proteinti odpovidajici genomu (Willkins et al., 1996). Od prvniho uziti
pojmu proteom se jeho vyznam vyhranil a dnes je pod timto ozna¢enim mozZno ocekévat
docasny specificky proteinovy komplement odpovidajici genomu pouze v misté tkan¢ a
zahrnujici vSechny proteiny vcetné jejich modifikaci vzniklych béhem translace nebo i
pozdéji (Graham et al., 2005). Studium proteint tak dnes v mnoha ohledech kopiruje
studium genli. Vychozim bodem pro proteomiku se vSak stava identifikovany protein a
cilem podmét a gen odpovédny za jeho produkci. Proteomika v soucasné dobé vyuziva
metody tzv. ,,bottom-up* analyzy hmotnostni spektrometrie (Chait et al., 2006, Hughes
et al., 2010). ,,Bottom-up* analyza MS zahrnuje St€peni proteinti na kratsi 5-20 AK
obsahujici useky (obvykle proteasou trypsinem), ionizaci vyslednych peptidii, separaci
iontd podle jejich poméru hmotnost/naboj (M/z) a poté detekci iontd (Resing a Ahn,
2005). Pristup analyzujici peptidové smési pochézejici z komplexniho proteinového
extraktu pomoci spojeni vysoce ucinné kapalinové chromatografie a hmotnostni
spektrometrie se oznacuje jako ,,shotgun analyza. Pro identifikaci proteinti hmotnostni
spektrometrii jsou tradiéné pouZivany techniky ionizace elektrosprejem (ESI) nebo
MALDI a pfistroje umoziujici fragmentaci a pfecteni aminokyselinové sekvence
analyzovanych peptidi (Chait et al., 2006). Alternativné¢ lze zjednodusit slozeni
peptidové smési pied jeji ionizaci v hmotnostnim spektrometru pouzitim kompatibilni
separacni techniky, ¢asto kapalinové chromatografie (Valaskovic et al., 1996, Chait et
al., 2006). Ziskané sekvence a molekulové hmotnosti peptidl jsou nasledné prohledany
proti proteinové databazi za pomoci nastroji umoziujici zahrnout do srovnavani s in-
silico databazemi i modifikace oc¢ekavatelné pro analyzované peptidy (Resing a Ahn,
2005). Takto identifikované peptidy jsou nakonec spojeny s odpovidajicim proteinem

nebo proteinovou rodinou, pokud neni mozné na zakladé shody sekvence



identifikovanych peptidii s vice proteiny mezi témito proteiny rozlisit (Resing a Ahn,

2005).

Dalsi zplisob vyuziti MS v proteomice predstavuji ,.top-down* metody (TD).
Pomoci TD MS mohou byt na zaklad¢ velmi piesného ur¢eni molekulové hmotnosti
identifikovany ptimo jak celé proteiny, tak i jejich fragmenty (Chait et al., 2006). Pomoci
hmotnostniho spektrometru je tak na poc¢atku analyzovana celd molekula proteinu, ktera
je az nasledn¢ fragmentovéna. Tento pfistup umoznuje ziskat celistvou informaci
o proteinové sekvenci a charakterizovat piitomné proteoformy (Smith a Kelleher, 2013).
Znacné omezeni je dano maximalni velikost proteint, které je technikami pro TD MS
mozno fragmentovat (Siuti a Kelleher, 2007).

Kombinaci ptistupt ,,bottom-up* a TD proteomiky vyuzivajici MS vznika prostor
pro stiedni cestu tzv. ,,middle-down* ptistup. Tato metodologie zahrnuje studium stfedné
dlouhych peptidi, idealné 20-100 AK (Laskay et al., 2013, Cristobal et al., 2017).
K produkci takovychto Stépi je vyuzivdno casové limitované aplikaci proteasy,
kombinace méné¢ aktivnich ptisné specifickych enzymi nebo chemické ¢inidlo (Laskay
et al., 2013; Cristobal et al., 2017,). V porovnani s ,,bottom-up* proteomikou je takto
ziskano méné€ unikétnich peptidd, které vSak mohou byt 1épe popsdny, a to vcetné
postransla¢nich modifikaci (Laskay et al., 2013).

Proteomicky vyzkum poskytuje skrze moznosti MS a dalsi techniky uceleny
pohled na déni v bufice na Grovni proteinti (Beynon, 2005). Podle zaméteni a aplikace
muzeme studium proteomiky rozdélit do n€kolika oblasti. Proteomika je tak nejcastéji
zaméfena k ditkazu pfitomnosti a kvantifikaci proteinli a jejich stavil jako proteomika
expresni. Pro porovnavani vice vzorki na proteinové urovni slouzi diferen¢ni proteomika.
HIubsi studium jednotlivych bilkovin lze zatadit do proteomiky strukturni a funkéni. Dale
lze pomoci proteomickych metod sledovat interakce mezi jednotlivymi proteiny, jejich

komplexy a dal§imi biomolekulami.

2.1 Hmotnostni spektrometrie v proteomice

Techniky hmotnostni spektrometrie jsou zalozeny na principu stanoveni poméru
naboje k hmotnosti detegované Castice. Tento princip poprvé dokumentoval Thomson
vroce 1911, kdyz objevil elektron a pozd&ji stanovil jeho hmotnost (Griffiths, 2008).
Neméné dulezity je i prispévek Dempstera (1925) popisujici ionizaci plynu pomoci
protonu po aplikaci vysokého napéti. K rozdéleni nabitych castic bylo nasledné

vyuzivano kombinace elektrického a magnetického pole (Thomson, 1911). Techniku MS
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pouzili Bieman et al., 1959 k identifikaci derivatti aminokyselin. Analyza makromolekul
bez jejich destrukce béhem procesu ionizace byla umoznéna technikou FAB (Fast Atom
Bombardment) ionty Ar* popsana v praci Barber et al., 1981 a vyuzita pro sekvenéni
analyzu peptida (Morris et al., 1981). Nasledn¢ byly na obdobném principu stvofeny tzv.
mékké ionizacni techniky pro biomolekuly a to MALDI a ESI (Karas a Hillekampf, 1988,
Fenn et al., 1989). Zakladni soucasti hmotnostniho spektrometru jsou iontovy zdroj se
vstupem pro vzorek, hmotnostni analyzator, detektor a systém pro zaznam
a zpracovani dat. Nepostradatelnou soucasti je systém pro udrzovani vysokého vakua
(Perutka a Sebela, 2018). Ionty vznikaji po prevedeni vzorku do plynné faze v iontovém
zdroji. Krozdéleni, analyze, dochdzi na =zékladé¢ rozdilnych vlastnosti iontl
Vv analyzatoru. Po prichodu analyzitorem jsou pfitomné ionty zaznamendny pomoci
detektoru, jako vznikly elektricky signal. Signal z detektoru je nasledn& zpracovan
a vizualizovan, bézné jako zavislost intenzity signalu jednotlivych iontt ku poméru jejich

velikosti a nabojového &isla (piiloha &. 1, Perutka a Sebela, 2018).

2.1.1. lonizace elektrosprejem

Ionizace elektrosprejem je nejbéznéjsi technikou pro analyzu kapalnych vzorkt
pomoci hmotnostni spektrometrie. Pfednosti ESI je mozZnost pfimého spojeni se
separa¢nimi technikami jako je kapalinova chromatografie nebo kapilarni elektroforéza.
Pti ESI v iontovém zdroji dochdzi ke vzniku iontd na vystupu z vodivé kapilary, na kterou
je ptivedeno vysoké napéti. Vzniklé kapky chromatografického rozpoustédla obsahujici
molekuly analytu jsou suseny proudem inertniho plyn, ¢asto dusiku. Tim dochazi
K odpafovani rozpoustédla a zmenSovani objemu kapicek ¢imz se na jejich povrchu
koncentruje naboj. Jakmile ptekonaji odpudivé sily mezi molekulami povrchové napéti
kapky, praskne a nabité¢ molekuly jsou uvolnény pro vstup do analyzatoru (Bruins, 1998).
Charakteristickymi vlastnosti ESI je vznik vicendsobné nabitych iontl. To je vyhodné pro
analyzu velkych molekuly v analyzatorech s omezenym hmotnostnim rozsahem (napf.

kvadrupoély) nebo pro analyzu intaktnich proteint (Fenn et al., 1989).

2.1.2. MALDI ionizace

Ptedpokladem pro ionizaci pomoci MALDI je ptitomnost UV-absorbujici slozky,
matrice, ve vzorku ozafované pulsy paprski laseru odpovidajici vinové délky.
Zaclenénim analytu do struktury matrice absorbujici energii laseru umoziiuje ptrenos
energie z matrice na analyt, sublimaci zahfaté matrice s analytem z pevné faze do plynné

a ionizaci molekul analytu (Gimon et al., 1992, Yates, 1998, Zenobi a Knochenmuss
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1998). Alternativni teorie principu MALDI o tzv. ,Lucky survivors® piedpoklada
pfitomnost nabitych molekul analytu uz v matrici spolu s opa¢né nabitymi ionty. Tyto
klastry jsou rozd€leny po desorbci zpusobené ozareni laserem zpét na ionty. Pfitomné
ionty jejichz naboj neni neutralizovan absorbci fotelektronti nebo elektronii z kovového
terciku jsou nasledné detegovatelné jako ,,Lucky survivors® (Jaskolla a Karas, 2011).
Vznik ptevazné 1x nabitych iontl a jejich jasné oddéleni v MALDI MS spektru je

devizou této ioniza¢ni techniky (Yates, 1998).

2.1.2.1. Matrice pro MALDI

Vlastnosti matrice a schopnost kokrystalovat a ionizovat vzorek jsou zasadni pro
kvalitu MS analyzy (Zenobi a Knochenmuss, 1998). Prvni technika MALDI vyuzivala
jako matrici ultrajemny kovovy prasek v glycerolu (a poskytovala asi 10 x vyssi citlivost,
pti aplikaci vzorku v mnozstvi 10 pg, pro detekci intaktnich proteinii nez SDS-PAGE
nebo gelova permeacni chromatografie (Tanaka et al., 1987). Karas a Hillemkapf, 1988
po aplikaci kyseliny nikotinové jako matrice dosahli citlivosti okolo 0,5-1 pgxul?
a jejich ptistup je zakladem dnesnich MALDI aplikaci. Nejbézné&jsi matrice pro MALDI
analyzu proteinl a peptidi jsou aromatické organické kyseliny a jejich derivaty a ostatni
aromatické slouceniny, jako a-kyano-4-hydroxyskoficova kyselina (HCCA nebo
CHCA), sinapova kyselina (SA), a 2,5-dihydroxybenzoova kyselina (DHB), 2.4,6-
trihydroxyacetofenon (THAP) nebo 1,5-diaminonaftalen (DAN). Vybér vhodné matrice
pro MALDI analyzu zaleZi také na jeji schopnosti pfijimat energii laseru a nasledné
sublimovat a desorbovat analyt z povrchu ter¢iku. Matrice tak Ize rozlisit na tzv. studené
(napf. DHB) a horké, pficemZ u horkych matric, jako je CHCA, je potfeba pocitat
s moznou nezadouci fragmentaci analytu po aplikaci vysoké energie laseru (Zenobi a
Knochenmuss, 1998). Lepsi ionizace, protonizace analytu miize byt dosazeno pouzitim
halogenderivati béznych matric, napf. kyseliny 2.4-difluoro-a-kyanoskoticové

(DiFCCA) charakteristickych svou nizsi afinitou k vazbé protonu (Dreisewerd, 2014).

2.1.2.2. MALDI v analyze proteint a peptida

Aplikace MALDI MS v proteomice piedstavuje snadno pouzitelnou a dostate¢né
citlivou techniku tolerantni i k nizsi kvalit¢ vzorku (Aebersold a Goodlett, 2001). Pro
analyzu proteini pomoci MALDI se tradicné pouzivala technika tzv. peptidového
mapovani (PMF, ,,peptide mass fingerprinting®), srovnavajici signaly z hmotnostniho
spektra specificky hydrolyzovaného proteinu s databazi proteinovych $tépti vzniklych

teoreticky pii znalosti specifi¢nosti §tépeni (Pappin et al., 1993; Webster a Oxley, 2012).
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Informaci o sekvenci proteinu je mozné ziskat pomoci technik fragmentace v iontovém
zdroji (,in-source decay”, ISD) nebo za nim (,poSt-source decay“, PSD).
Aminokyselinova sekvence ziskana PSD nebo ISD fragmentaci je vétSinou nekompletni,
na druhou stranu pro tyto experimenty neni tieba dalSiho zpracovani vzorku (Suckau a
Cornett, 1998). Bézné jsou jiz pro proteomické analyzy a sekven¢ni analyzu peptidi
vyuzivany pfistroje s MALDI ionizaci a fragmentac¢ni celou pro kolizi indikovanou
disociaci prekurzorovych iontt proudem inertniho plynu (CID) nebo je k fragmentaci
vyuzita vysokd energie laseru (LID). Tyto techniky umoznuji MALDI MS/MS
experimenty vyuzitelné pro sekvencni analyzu biomolekul (Yergey et al., 2002; Suckau
et al., 2003). Omezeni dana limitujicim mnozstvim vzorku aplikovatelnym na MALDI
ter¢ik a jeho nasledné spotfebovavani ablaci laserem je feSeno spojenim MALDI MS/MS
s kapalinovou chromatografii (LC-MALDI) (Suckau et al., 2003; Hattan et al., 2005).
Technicky je LC-MALDI feSeno misenim vzorku, eluatu z kapalinového chromatografu
s vhodné¢ zvolenym mnozstvim matrice tésné pred depozici této smesi na MALDI tercik
pomoci automatizovaného robota (Suckau et al., 2003; Hattan et al., 2005). LC-MALDI
poskytuje alternativni feSeni v oblasti ,,shotgun® proteomiky k LC-ESI, pficemz
kombinaci obou technik lze docilit zna¢né reprodukovatelnosti a prekryvu
identifikovanych peptidl prevysujici 60 %, tak i ziskat unikatni peptidy charakteristické
pro kazdy typ ionizace (Bodnar et al., 2003; Staples a Barofsky, 2004). Imobilizace
vzorku na MALDI ter¢ik umoZiluje navic omezené¢ opakovani celého méfeni nebo

cilenou MS/MS analyzu vybranych prekurzora (Chen et al., 2005).

2.1.2.3. MALDI imaging

Technologie MALDI MS mize byt pouzita také ke dvourozmérnému zobrazeni
zastoupeni molekul v tenkém vzorku (Caprioli et al., 1997). Zobrazovani pomoci
MALDI, tzv. MALDI ,,imaging* (MALDI MSI) je zaloZen na analyze vzorku metodou
rastrovani, postupné analyzy sousednich ploch s rozliSenim jednotek pm (Kompauer et
al., 2017). Naslednym skladanim takto ziskanych iontovych snimkii napt. tenkych fezl
vEtsi zivocisné bunky nebo ¢asti tkané miize byt vytvoren obraz zastoupeni biomolekul
Vv prostoru (Dueiias et al., 2017). Vzorek pro MALDI MSI je pfipraven jako tenky fez,
pomoci mikrotonu, ktery je umistén na vodivou podlozku, typicky pokovené sklicko,
a pokryt matrici. Klicovymi kroky MALDI MSI analyzy jsou volba matrice a technika
jejiho naneseni na vzorek (Baker et al., 2017). Specifické matrice pro MALDI MSI

predstavuji kvercetin — pouzitelny pro analyzu lipidi v pozitivnim médu (Wang et al.,



2013) DAN nebo derivaty kys. anthranilové — pro analyzu lipid v negativnim
I pozitivnim modu (Thomas et al., 2012; Huang et al., 2020) nebo kurkumin — vhodny
pro analyzu malych molekul 1éku, lipida, peptidi i malych proteini (Francese et al.,
2013). Aplikace MALDI a MALDI MSI pro analyzu malych molekul je limitovana ionty
vznikajici z matrice, které mohou byt isobarické s cilovymi analyty. Toto Ize pfekonat
dostatecnou rozliSovaci schopnosti analyzatoru a oddélit matricové ionty a ionty analytu.
Kromé toho mohou ionty matrice slouzit jako interni referencni standardy pro piesna
méfeni hmotnosti (Cornett et al., 2008). Signaly ionti matrice lze také potladit pridanim
aditiv jako je cetrimoniumbromid nebo LIiClI (Guo et al, 2003; McCombie
a Knochenmuss, 2004). Matrice je pro MALDI MSI nanaSena na vzorek typicky pomoci
sprejovani nebo napafovanim za snizeného tlaku a nasledné je rekrystalovana promytim
vhodnym rozpoustédlem (Hankin et al.,, 2007; Yang a Caprioli, 2011; Mounfield
a Garrett, 2012). Aplikace MALDI MSI zahrnuje hledani a vizualizaci biomarkert
chorob, sledovani metabolismu 1é¢iv nebo studium chovani patogenii (Holzlechner et al.,

2016; Vaysse et al., 2017).

2.1.2.4. Kvantifikace pomoci MALDI

MALDI MS mize poskytnout také kvantitativni informaci o analyzovaném
vzorku. Kli€ové faktory pro UspéSnou MALDI kvantifikaci zahrnuji jednak technické
moznosti pfistroje, ale zejména srovnatelnou kvalitu vzorkd a pouzité matrice
(Albrethsen, 2007, Wang et al., 2016). MALDI kvantifikace vyzaduji také precizni
kalibraci (Rzagalinski a Volmer, 2016). Benefitem tohoto pfistupu je moznost piimé
kvantifikace molekul z rozmanitych vzorki, nebo napft. tkani v ptipadé¢ MALDI MSI, bez
nutnosti jejich dalSiho zpracovani (Rzagalinski a Volmer, 2016). Kvuli omezené
mozZnosti opakovat méfeni ze stejného mista MALDI terc¢iku je vhodné pti MALDI
kvantifikaci vyuzit data z co nejvétsiho poctu méfeni stejného analytu pii co nejvice
riznych koncentracich. Jako vhodné se jevi také pro jednotlivd méfeni vyuzit primér
spekter ziskany z vice vystrelll na vétsi plose vzorku (Wang et al., 2016). Optimalni
volbou v ptipadé MALDI kvantifikace je vyuziti interniho izotopové znaceného

standardu (Mirgorodskaya et al., 2000).

2.1.2.5. MALDI ,,biotyping*
MALDI TOF technologie je uz vice nez 10 let Siroce vyuzivana pro identifikaci
mikroorganismi na zaklad¢ srovnavani jejich unikétnich proteinovych profild s databazi

pomoci MALDI ,,biotypingu® (Claydon et al., 1996; Fenselau a Demirev, 2001). Timto
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pfistupem jsou mikroorganismy identifikovany pomoci proteinti uvolnitelnych z jejich
povrchu nebo bunéénych extraktti, obdobn¢ jako jsou identifikovany proteiny PMF
metodou, avSak na trovni proteint. Velikost sledovanych signalti biomarkera pi1i MALDI
,.biotypingu“ nepiesahuje 20 kDa (Fenselau a Demirev, 2001). Srovnavana MALDI-TOF
MS spektra téchto vysoce hojnych Casto neustdle produkovanych proteint, jsou dobie
reprodukovatelnd a vétSinou nezavisld na podminkéch kultivace mikroorganismu
(Valentine et al., 2005; Wunschel et al., 2005). Piesnost identifikace jednotlivych druhd
mikroorganismil mize byt zvysena aplikaci extenzivnéjSich procesu extrakce nebo napf.
specifickou hydrolyzou daného extraktu coz vede k ziskani vétstho mnozstvi
rozlisitelnych signali (Gekenidis et al., 2014). Pfi srovnani klasické technologie
klasifikace na zakladé metod molekularni biologie je technologie MALDI ,,biotypingu*
citliva, ekonomicka a hlavné rychla (Claydon et al., 1996, Pranada et al., 2016). MALDI-
TOF MS je tak vyuzivana pro fadu ucelti, nejen pro mikrobialni identifikace a typizace
kment, ale i epidemiologické studie, detekce biologickych bojovych latek, detekce
patogenil ve vodé a potravinach, stanoveni miry rezistence patogent vici antibiotikiim

nebo klinicka vysetieni (Singhal et al., 2015, Pranada et al., 2016).

2.1.2.6. MALDI v analyze nukleovych kyselin

MALDI TOF MS je vhodnou technikou pro analyzu kratkych tisekit DNA i RNA
(Gao et al., 2012). Pro MALDI MS analyzu NK Ize vyuzit jednoduché MALDI TOF
analyzatory, tak 1 pokrocilé pfistroje umoZiujici cilenou fragmentaci nebo vysoké
rozliseni (Kellersberger et al., 2004; Honisch et al., 2017). Jako matrice je pro analyzu
NK casto vyuzivana HPA (Gao et al., 2012). Rozliseni SNP (,,single nucleotide
polymorphism*) na zdkladé hmotnostni zmény umoziuje rychlou identifikaci téchto
odli$nostni i laboratorni diagnostiku pro fetezce NK o délce az 50 bazi (Honisch et al.,
2017). Vzorky pro NK pro analyzu SNP jsou ptfipravovany pomoci PCR, kdy je v prvni
fazi amplifikovan sledovany usek DNA, nasledné jsou odstranény zbyvajici volné baze
a pomoci specifickych primera je amplifikovan usek koncici pravé sledovanym mistem
SNP. Vysledkem je stanoveni rozdilu m/z mezi amplifikovanymi produkty odpovidajici
zaméné jedno nukleotidu (Gao et al., 2012). Dalsi aplikace MALDI pro analyzu NK
nabizi detekce, identifikace, kvantifikace a sledovani ptenosu virtt (Honisch et al., 2017),
prenatalni diagnostika (Zhong a Holzgreve, 2009), sledovani zmén a struktrury RNA
nebo charakterizace endonukleas (Thomas a Akoulitchev, 2006; Douthwaite a Kirpekar,
2007; Joyner et al., 2012).



3. PSEUDOTRYPSIN —izolace, vlastnosti, aplikace

Stépeni proteinti pomoci charakteristicky specifické proteasy je kli¢ovym krokem
v typickém proteomickém experimentu vyuZzivajicim hmotnostni spektrometrii.
Nejrozsifenéjsi pouziti doznava diky vysoké specificnosti trypsin vytvarejici idealné
dlouhé peptidy o 9—15 AK s molekulovou hmotnostni do 3000 Da vhodné pro LC-MS
experimenty (Vandermarliere et al., 2013, Tsiatsiani a Heck, 2015). Specifi¢nost
tryptického Stépeni poskytujici bazické AK (R nebo K) na C-konci peptidii navic zlepsuje
ionizaci v pozitivnim médu MS analyzy (Tsiatsiani a Heck, 2015). V piipadé hovéziho
trypsinu mohou autolytickym $tépenim vznikat dalsi proteoformy s odliSnou specific¢nosti
Stépeni, coz vede ke vzniku odlisnych peptida (Keil-Dlouha et al., 1971a; Lacerda et al.,
2014, Dycka et al., 2015). Negativnim vysledkem vysoké aktivity trypsinu je tvorba
malych peptidi, obtizné zachytitelnych a detekovatelnych LC-MS, coZ muze vést
k identifikaci méné peptidi (Swaney et al., 2010, Hildonen et al., 2014). Za Gcelem
castecného nebo Uplného vynechani pouziti trypsinu byly charakterizovany dalsi velmi
specificky $tépici proteolytické enzymy napt. AspN, GIluC (Tsiatsiani a Heck, 2015,
Giansanti et al., 2016). Pro dosazeni lep§iho pokryti proteinovych sekvenci a ziskani vice
peptidi jsou také popsany metody vhodné kombinujici proteasy a zpusoby digesce
vedouci k idedlnim mnozstvi vzniklych a vyuzitelnych peptidi pro MS analyzu

(Tsiatsiani a Heck, 2015; Dau et al., 2020).

3.1.  Struktura a vlastnosti trypsinu a pseudotrypsinu

Trypsin patfi mezi serinové endoproteasy a vznika zneaktivni proformy
trypsinogenu autolyticky nebo ¢innosti enterokinasy ve dvanactniku (Kunitz, 1939, Kay
a Kassell, 1971). V bazickém pH aktivni B-trypsin je vytvofen po odstépeni 15 AK
signalniho a 6 AK dlouhého aktiva¢niho peptidu z N-konce trypsinogenu (Keil, 1971;
Vandermarliere et al., 2013). U lidské formy trypsinogenu je mutace na pocatku
aktivaéniho peptidu spojena s projevy chronické pankreatidy (Witt et al., 1999).
Autolytickym Stépenim mezi Lys 131-Ser 132 vznika o-trypsin (Keil, 1971). DalSim
Stépenim a-trypsinu, drzicim dohromady 3 disulfidovymi vazbami spojujicimi oba AK
fetézce, mezi Lys 176-Asp 177 vznika 3 fetézcova struktura stale proteolyticky aktivniho
y-trypsinu (Smith a Shaw, 1969). Molekulova hmotnost B-trypsinu byla pomoci ESI-MS
stanovena na 23 294 Da (Ashton et al., 1994). V ptipad¢ y-trypsinu hodnota 23 330 Da
ptesné odpovida predikci a 2 hydrolyzam za Lys 131 a 176 (Dyc¢ka et al., 2015). Struktura

trypsinu je tvofena 2 B-barely stabilizovanymi 6 disulfidovymi mustky. Aktivni misto



enzymu tvoiené Asp 102, Asp 57 a Ser 195 je umistény mezi B-barely (Sandler et al.,
1998). Pro vlastni aktivitu je pro trypsin nezbytnd vazby vépenatého iontu (Bode a
Schwager, 1975). Prostorovd struktura -trypsinu nebyla dosud vyieSena.
projevujici se zejména zmeénou afinity a SirSi specificnosti Stépeni. Odlisné chovani y-
trypsinu pozorovali po jeho purifikaci Smith a Shaw, 1969, kdyz po inkubaci s béznym
chromogennim substratem trypsinu N*-benzoyl-D,L-arginin-4-nitroanilidem
nedetegovali produkt reakce. Aktivita vSak byla prokdzana reakci s radioaktivné
znacenym diisopropylfluorofosfatem a jeho vazbou do aktivniho mista enzymu (Smith a
Shaw, 1969). Nasledné byla enzymova kinetika y-trypsinu studovana dalS$imi autory.
Afinita y-trypsinu k umélym substratim N®-benzoyl-L-arginin-ethylesteru, N*-p-tosyl-L-
arginin-methylesteru je oproti a-trypsinu i vice nez 1000x niz§i (Smith a Shaw, 1969;
Foucault et al., 1971). Podobné velké rozdily byly zjistény i pfi srovnani aktivity -
trypsinu a nefrakcionovaného trypsinu, smeési a a § formy (Smith a Shaw, 1969; Inagami
a Sturtevant, 1960). Schopnost y-trypsinu §tépit N*-acetyl-L-tyrosin-ethylester ukazuje
specifi¢nost podobnou chymotrypsinu (Smith a Shaw, 1969). Zasadnim rozdilem
Vv reaktivité je netecnost y-trypsinu vici ireverzibilnimu inhibitoru trypsinu N®-p-tosyl-
L-lysin-chloromethylketonu (TLCK, Smith a Shaw, 1969). Keil-Dlouha 1971b prokazala
schopnost y-trypsinu §té€pit i za aromatickymi AK a jeho specificnost podobnou
chymotrypsinu. Jako modelové substraty byly zvoleny heptapeptid GFFYTPK z f3-
fetézce insulinu a glukagon. Analyza produktl y-tryptického digestu glukagonu dokézala
specifi¢nost odpovidajici a 1 f formé, ale také pfitomnost peptidll vzniklych po Sté€peni za
Phe a Trp. Heptapeptid z inzulinu nebyl pii kontrolnich experimentech §tépen zadnou
formou trypsinu ani chymotrypsinem (Keil-Dlouha et al., 1971a; Keil-Dlouha et al.,
1971b). Schopnost y-trypsinu §tépit za rezidui aromatickych AK byla potvrzena pomoci
MALDI-MS analyzy peptidd vzniklych z Cistych standardnich proteinti i komplexni
proteinové smési (Dycka et al., 2015).

3.2 Vznik a pfiprava pseudotrypsinu

Popsané metody piipravy hovéziho y-trypsinu jsou zaloZeny na pouziti fizené
autolyzy Cistého trypsinu za podminek inkubace v pufru pH 8, pfitomnosti vapenatych
iontt a teploté 25 °C po dobu 6,5h. Hlavni produkty smési obsahujici zejména o a § formu
plus y-trypsin jsou nasledn¢ inhibovany pfidanym TLCK. Autolyzou vzniklé peptidy
a polypeptidy byly pted separaci trypsinti odstranény gelovou filtraci (Smith a Shaw,
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1969). Jednotlivé trypsiny jsou poté rozdéleny na iontoménici Sulfoethyl (SE)-Sephadex
C-50 nebo HemaBio 1000SB koloné¢ isokratickou eluci 100 mM Tris-HCI pufrem, pH
7.1 s 20 mM CaCl; (Smith a Shaw, 1969; Dycka et al., 2015). Pro odstranéni mozné
kontaminace vychozi smési chymotrypsinem, mize byt alternativné pfidan jeho inhibitor
N-p-tosyl-L-fenylalanin-chloromethylketon (TPCK) smés kratce inkubovana v idealnich
podminkach aktivity trypsinu. Nadbytek TPCK je odstranén dialyzou (Dycka et al.,
2015). Trypsiny byly z kolony eluovany vzdy v pofadi y a poté TLCK inhibovana o a 3
proteoforma. (Smith a Shaw 1969; Dycka et al., 2015). Komer¢ni preparat y-trypsinu

neni dostupny.

3.3.  Jadro a jaderné proteiny

Jadro je vlastni membranou wuzaviend organela a jeho pfitomnost je
charakteristickym znakem eukaryotickych organismt (Hertzer et al., 2005). Jadro je
zodpovédné za procesy organizace, replikace a déleni chromozoml, spousténi a vypinani
genl a dal$i ¢innosti nezbytné pro fungovani buiiky (Shaw a Braun., 2004). Umisténi
celého jadra v ramci bunky je aktivné fizeno a upravovano dle potieby (Gundersen
a Worman, 2013). Soucasti mnoha bunéfnych procesi je migrace celého jadra
(Gundersen a Worman, 2013). Struktura jadra je velmi dobfe organizovana a jeho
a proteiny vnitini jaderné membrany, je lokalizovdna neaktivni kondenzovana geneticka
informace ve formé heterochromatinu (Solovei et al., 2013). Méné kondenzovany
euchromatin s aktivnimi geny se obvykle naléza blize pomyslného stfedu jadra (Zulo et
al., 2012). Nejvetsi strukturou uvnitt jadra je jadérko, misto vzniku ribozoma (Shaw a
Braun., 2004). Dalsi jaderné struktury ptedstavuji Cajalovo télisko a jaderné ,,speckles*
(Shaw a Braun., 2004). U rostlin 1ze nalézt také specifické jaderné kompartmenty jako
,»dicing® t€liska procesujici mikroRNA nebo utvary reagujici na svétlo (Petrovska et al.,
2015). Specifickym znakem rostlinnych jader je variabilita jejich tvaru a velikosti
souvisejici s typem pletiva a buiiky v niz se nachazeji (Meier et al., 2016). Studium
jadernych télisek a specifickych tvara Casto zahrnuje analyzu jejich proteomu pomoci
MS. Nejrozsahlejsi studie popisujici rostlinny jaderny proteom nalezi k A. thaliana, kdyz
bylo identifikovano ptes 1500 proteint a jeCmeni s vice nez 2400 jadernymi proteiny
(Blavet et al. 2017, Goto et al., 2019).
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3.2.1. Jaderné utvary a vyznamné proteiny

3.2.1.1. Jadérko

Jadérko je mistem kde dochazi k transkripci a zpracovani ribozomalnich RNA
(rRNA) a jejich sestaveni do ribozomalnich podjednotek pied exportem do cytoplazmy
(Pendle et al., 2005). V jadérku lze nalézt ribozomalni proteiny, faktory biogeneze
ribozomi a proteiny potfebné pro export ribozomalnich podjednotek ptes komplex
jadernych port do cytoplazmy (Fatica a Tollervey, 2002). Podle prace Pendle et al., 2005
je znacny rozdil mezi znamymi lidskymi a rostlinnymi proteiny z jadérka, kdyz nalezli
homology jen pro 18 % identifikaci z celkovych 217 proteini pivodem z A. thaliana
(Pendle et al., 2005). Ke struktuie jadérka se také vaze chromatin a slouzi jako centrum
replikace (Pontvianne et al., 2016). Charakteristickym markerem jadérka je protein

nukleolin (Pontvianne et al., 2016).

3.2.1.2. Cajalovo télisko

V rostlinnych buiikach jsou s jadérkem vétSinou té€sné spojena 1-2 Cajalova
téliska (CT), bezmembranové ttvary a mista tvorby a metabolismu ribonukleoproteinli
(Love et al., 2017). Zakladni strukturni slozkou CT je protein koilin umoziujici interakci
mezi ostatnimi proteiny CT a molekulami RNA (Collier et al., 2006; Matera et al., 2006).
Dulezita se zda byt u rostlin role coilinu a CT pii virové patogenezi a odpovédi na

abioticky stres (Shaw et al., 2014; Love et al., 2017).

3.2.1.3. Jaderné speckle

Jaderné ,,speckles* (skvrny) slouzi jako misto koncentrace faktor pro sesttih,
,»splicing®, pre-mRNA a nachazi v prostoru interchromatinu (Reddy et al., 2011). Mezi
»splicing® faktory patii proteiny bohaté na serin a arginin (SR proteiny), jejichz lokalizace
ve ,,specklich® je regulovana pomoci fosforylace (Ali et al., 2003). V piipadé A. thaliana
byla pozorovdna nezavisla lokalizace jednotlivych typi SR  proteinl
v ramci jadernych skvrn, coz miize ukazovat na specificnost té€chto proteint k pre-mRNA
(Lorkovic et al., 2008). V jadernych skvrnach rostlin se vyskytuji také proteiny tzv.
»polycomb* represivnich komplexti zprostfedkovavajici epigentickou genovou regulaci
prostfednictvim histonmethyltransferasy nebo vazbou pfimo na histony (Hohenstatt et al.,
2018). V mistech poskozeni DNA vznikaji v jadie téliska tvorena opravnymi faktory jako
,,chromatin remodeling® faktor RD54 (Rothkamm et al., 2015; Hirakawa a Matsunaga,

2019). Specificky typ ,,speckles vznika v jadie reakei na svétlo a asociaci fytochromi
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(Ronald a Davis, 2019). Pfimou souvislost mezi kryptochromy ztéchto télisek
a pusobenim modrého svétla vedouci k modulaci cirkadidlniho rytmu rostlin popsali
Wang et al., 2021. Ke zpracovani a biogenezi miRNA dochazi v jadie rostlinnych bunék
v ,,D-bodies”, obsahujicich proteiny jako HYL vdazajici dvouvldknovou RNA
a ,,zincfinger serrate protein* (Liu et al., 2011, Wang et al., 2019).

3.2.1.4. Obal jadra

Obal jadra v eukaryotickych bunikéch sestava z vnéjsi jaderné membrany, ktera je
uzce spojena s endoplazmatickym retikulem obklopujicim jadro a vnitini jaderné
membrany propojené k vnéjsi prostiednictvim jadernych port. Jaderny obal ma kromé
ohraniceni a ochrany vnitfniho obsahu jadra fadu funkci. Tyto zahrnuji regulaci
transportu z jadra a opacnym smérem, zajisténi fyzického umisténi jadra v burce,
signalizaci a bunééné déleni (Graumann et al., 2010).

Na organizaci vnitini struktury jadra a jeho spojeni s cytoskeletem rostlinné buiiky
se mohou podilet proteiny jako KAKU4 nebo tzv. proteiny tvofici jadernou matrici (Ciska
a Moreno Diaz de la Espina, 2014, Goto et al., 2014). Homology laminu tvofici kostru
jadra zivocisnych bun¢k nebyly dosud v zddném rostlinném genomu nalezeny (Ciska a
Moreno Diaz de la Espina, 2014). Fyzické spojeni mezi jaddrem a cytoskeletem zajist'uje
v Zivo€iSnych bunikdch LINC komplex sloZeny z oligomernich proteini se SUN
doménami lokalizovanych ve vnitini jaderné membrané a proteini tvoricich KASH
domény nalézajici se ve vn¢j$i jaderné membrané a intereagujici se SUN
vV mezimembranoveé jaderné lumen (Rothballer a Kutay, 2013). Spojeni mezi rostlinnymi
SUN1 a SUN2 proteiny s cytoplazmatickou strukturou aktinu a myosinu je
zprostiedkovano WIP a WIT nebo SINE proteiny, plnici funkci zivo¢isnych KASH
oligomerti (Graumann et al., 2010; Zhou et al., 2014). Umisténi jadra v ramci rostlinné
buiikky umoznuji pohybem po mikrotubulech motorové proteiny kinesinu a unikdtni
kinesiny majici calponinovou doménu zastavajici funkci dyneinu (Yamada a Goshima,

2018).

3.2.1.4. Jaderné pory

Jaderné pory (JP) ptedstavuji hlavni spojeni pro transport makromolekul mezi
jddrem a okolim. Struktura jadernych pori je obdobnd mezi vSemi eukaryotickymi
organismy a je tvofena prstencem 8 proteinovych komplexti nukleoporini (NUP)
(Tamura a Haranishimura, 2014). Proteiny JP mohou byt podle umisténi a funkce

rozdéleny do skupin. Na vnéjsi stran€ jadra se nachazi NUP cytoplazmatické oblasti
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a dalsi asociované proteiny. Analog zivoc¢isného Nup214 proteinu, u A. thaliana produkt
LNO1, je nezbytny pro embryogenezi a vyvoj semen (Braud et al., 2012). Na okraji jadra
se nachazi dale Glel interagujici s LOS4 proteinem, ovliviiujicim citlivost buné¢k na
chlad. LOS4 se mlze vazat i k Nup214. Na okraji jaderné¢ho obalu jsou umistény NUP
tzv. komplexu Y. Funkce Nupl60 ztéto oblasti je spojena s pisobenim auxinu
a resistenci bunék (Robles et al., 2012). Vnitini ¢ast JP je tvofena NUP s opakujicimi se
useky Phe a Gly ovliviiyjici selektivitu JP a ddle NUP komplexy Nic96. Ze skupiny Phe-
Gly NUP je popsan Nup62 protein nalézajici se také v cytoplazmatické oblasti JP
a interagujici s Ran import faktorem NTF2 (Boeglin et al., 2016). MOS7 analog
zivocisného Nup88 pattici do Nic96 komplexu ovlifiuje bunécnou imunitu a hromadéni
imunoreceptoru sncl v jadie (Cheng et al., 2009). Spojeni mezi jadernou membranou
a ostatnimi NUP zajiS§tuji transmembranové NUP. Gu popsal plisobeni
transmembranového CPRS5 komplexu ovlivitujici jaderny transport zménou selektivity
interagujicich Phe-Gly NUP (Gu et al., 2016). Uvnitt jadra se na JP nalézaji proteiny
tvotici jaderny koS. Jednou z jeho ¢asti je Nup136, spojovany s vnitini organizaci jadra
a mozny analog ZivociSného Nup153, ktery je vdzan na strukturu jaderné laminy (Tamura

a Hara-Nishimura, 2011).

3.2.15. Jaderny transport

Transport malych latek skrze jaderny por mize probihat pasivni difuzi. Molekuly
vétSi nez 40 kDa vSak musi vyuzit proteinovy komplex jaderného poéru a dalSich
specifickych transportnich proteint (Grossman et al., 2012). Zasadni pro transport mezi
jaddrem a cytoplazmou, ale také opa¢nym smérem je rozpoznani prenaSené¢ho ndkladu
pomoci proteinti karyopherini, zahrnujici importiny a exportiny. Jaderné Importiny o
zprostiedkovavaji spojeni mezi molekulami miticimi do jadra, majici specifickou signalni
AK sekvenci pro lokalizaci pravé v jadru. Importiny B interaguji s komplexem NUP
tvotici JP (Marfori et al., 2011). Specifické adaptorovy protein Snurpotinl pro jaderny
import vyuZzivaji proteiny tvofici spliceosom (Marfori et al., 2011). Studie na zivo¢isnych
bunikach také prokazuji, Ze velké molekuly jako ribozomalni podjednotky nebo
Cdk/cyclin komplex nevyzaduji pro vstup do jadra adaptorovy protein a vazi se piimo
k importinu B (Marfori et al., 2011). Rostlinny importin SAD2 je zapojen do pienosu
transkrip¢nich faktort regulujici odezvu bunky na k. abscisovou (ABA) a k. jasmonovou
(JA) (Tamura a Nishimura, 2014). Pro pienos fytochromt do jadra je nezbytna jejich

vazba K interakénim faktorim nebo zprostfedkovatelim napi. k PIF3 nebo FHY1
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(Pfeiffer et al., 2012). Transport molekul importiny je fizen pomoci ,,Ras-related nuclear
protein“ GTPasy, tj. Ran GTPase, zprostfedkovavajici v nukleoplazmé oddéleni jednotky
importinu o a uvolnéni pienaseného nakladu od importinu B jeho vazbou k Ran GTPase
(Stewart, 2007).

3.2.1.6. Geneticka informace v jadre

U rostlin a ostatnich eukaryotickych organismu je vétSina DNA umisténa v jadie
a organizovana pomoci histonl do struktury chromatinu. Chromatin a interagujici
proteiny se nasledn¢ ucastni procesti vyuzivajicich DNA jako jsou replikace, transkripce
a genova regulace. Tyto déje jsou ovliviiovany signalnimi drdhami pfinaSejicimi
informace z prostiedi vedouci k pieprogramovani transkripce (Eberharter a Becker,
2002). K tomu na trovni chromatinu dochazi diky jeho struktufe umoziujici interakci
pfitomnych proteinii nebo specifickych useki DNA. Interakce nasledné mize vést
k rozvolnéni nebo naopak branit dalsim proteiniim v pfistupu k DNA. Za timto Gcelem
plsobi na chromatin komplexy proteinii nazvané remodelatory chromatinu (Bannister a
Kouzarides, 2011, Hohenstatt et al., 2018). Protein DDM1 A. thaliana nalezici mezi
SWI/SNF typ modulatori umoznuje methyltransferasam a dal§im enzymim piistup
k DNA na nukleosomech a jeji methylaci (Zemach et al., 2013). P#i chladovém stresu je
organizace chromatinu znepiistupnéna zvysenim ¢innosti histondeacetylasy 6 (Luo et al.,
2012). Dalsim ptikladem je DEK3 protein interagujici s DNA topoisomerasou ovliviiujici
rast A. thaliana v prostfedi se zvySenym obsahem soli (Waidman et al., 2014).

Necilené studie nukleoproteomu a metody izolace rostlinnych jadernych proteinti
piehledné shrnuli Narula et al., 2013 a Petrovska et al., 2015. Soudobé sméry studia
nukleoproteomu predstavuje sledovani postransla¢nich modifikaci a vyskyt zajmovych
proteind v zavislosti pisobeni vnéjsich faktorti (Yin a Komatsu, 2015; Li et al., 2015;
Mazur et al., 2017). Dalsim smérem je zacileni vyzkumu piimo na s DNA interagujici
proteiny chromatinu nebo zminénych jadernych kompartmentt (Goto et al., 2019; Tang
et al., 2020, Veléz-Bermtndez a Schmidt, 2021; Perutka et al., 2021).

3.3.1. Proteiny rostlinnych chromozomu

Rast rostlin je vysledkem koordinované interakce mitotického bunééného deleni
a expanze bun¢k. Stejné jako u ostatnich eukaryotickych organismi se bunécny cyklus
rostlin sklada ze ctyf fazi: G1 (postmitotickd interfaze), S (faze syntézy DNA), G2
(predmitoticka interfaze) a M (mitoza/cytokineze). Prubéh a prechod mezi jednolivymi

fazemi bunééného cyklu je fizen cyklin-dependentnimi kinazami (CDK) a cykliny (Qi a
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Zhang, 2020). Pro Gspésny pribéh bunééného déleni jsou kromé spravného nacasovani
a lokalizace zasadni také proteiny nukleoplazmy a cytoplazmy interagujici s jadernym
obalem. U vyssich rostlin se pfi déleni bun¢k jaderny obal rozpada, aby se mitotické
vieténko mohlo spojit s chromozomy. V tomto okamziku se geneticky material bunky
nachazi v cytoplazmé a k dokonéeni buné¢ného déleni je nezbytné pietvoreni jaderného
obalu (Graumann et al., 2010, Pradillo et al., 2019). Pro regulaci aktivity genomu
eukaryot je klicové sbaleni DNA do formy chromatinu a kompaktnich jednotek
nukleozomi. Modifikaci nebo vyménou histonu tvofici nukleozomy, modifikaci bazi
DNA nebo malé RNA lze ovliviiovat stav chromatinu ve vysledku umoziujici ptepis
jinych casti DNA vedouci k odliSnym produktim transkripce (Berger, 2007). Pro
rostlinné genomy jsou charakteristické znaéné rozdily v jejich  velikosti
a troven ploidie, po¢tu homolognich sad chromozomt. Chromozomy eukaryot se mohou
lisit také tvary, sloZzenim DNA, proteind a RNA (Schubert, 2007). Tvar monocentrickych
chromozomt je urcen polohou centromery, kterd rozdéluje chromozom na ramena.
Velikost chromozomu v metafazi mize byt mensi nez 1 um, ale i v&tsi nez 10 um
(Schubert, 2007). Pocet chromozomu rostlin se obvykle pohybuje v rozmezi 5-20.
Naptiklad kazdy ze 7 chromozomu diploidniho genomu je¢mene H. vulgare obsahuje
v pruméru piiblizné 14% ¢ast z uplného 5,1 gigaparu bazi velkého genomu (Dolezel et
al., 2014). Pro srovnani genomy A. thaliana, kukufice Z. mays a ¢lovéka maji velikost
5,1 megaparti bazi rozprostienych na 5 haploidnich chromozomech (Initiative, 2000), 2,4
gigapari bazi na 10 haploidnich chromozomech v ptipadé kukufice (Hake a Walbot,
1980) a 3,1 gigaparu bazi na 23 haploidnich chromozomech u ¢lovéka (International
Human Genome Sequencing Consortium, 2001). Pro zajisténi replikace a stability béhem
bunééného déleni obsahuji chromozomy 3 zékladni struktury: centromery, telomery a
pocatky replikace DNA (Gill et al., 2008). Proteiny nezbytnymi pro udrZeni sesterskych
chromatid pohromadé¢ béhem mitozy a meidzy jsou komplexy strukturni Udrzby
chromozomu (,,structural maintenance of chromosome®, SMC). Jednou ze slozek téchto
komplexii predstavuje kohesin, dulezity také pro aktivitu SWI/SNF komplexti po
poskozeni DNA (Meisenberg et al., 2019; Bolaios-Villegas, 2021). Typickym
chromozomalnim proteinem je centromerové specificky histon H3, vézajici se je na
opakujici se sekvence DNA pravé v centromerdch a interagujici s tubuliny kinetochor pii
segregaci chromozomu (Simon et al., 2015). Interakce s histonem H2A je popsana pro
fibrilarin fungujici jako DNA methyltransferasa (Loza-Muller et al., 2015).
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3.4.  Chromozomalni proteiny H. vulgare

Na zékladé spoluprace s Ustavem experimentélni biologie AV CR Olomouc byla
provedena proteomickd analyza extrakti Zz mitotickych chromozoml je¢mene
izolovanych technikou prutokové cytometrie (Dolezel et al., 2012). Cilem experimentu
bylo identifikovat proteiny nalezajici se ve struktufe izolovanych chromozomti nebo
nachazejicich se s nimi v kontaktu. Pomoci nLC ESI MSMS analyzy byla provedena
,label-free* kvantifikace pfitomnych proteinti a jejich mnozstvi porovnano na zakladé
NSAF (,,normalized spectral abundance factor). Pomoci kombinace vysledku
zZ bioinformatickych néstroji predikujici bunécnou lokalizaci a proteinové domény byl
zjistén predpokladany ptvod identifikovanych proteini. Pro ovéfeni nabohaceni
o specifické proteiny ve vzorcich chromozomu byly jako kontroly analyzovany vzorky
bunécéného lyzatu nerozdelené pritokovou cytometrii a také nechromozomalni frakce

,»debris® zlstavajici po izolaci chromozomii.

Vychozim materidlem pro experimenty bylo vzdy 10 milionti chromozomt nebo
odpovidajici mnozstvi ,,debris* a bunéného lyzatu obsahujici 4 pug proteind. Pro extrakci
proteinti z dodanych vzorki byl pouZit protokol vychazejici z prace Jany Beinhauer, Ph.D
a Ivo Chamrada Ph.D, zahrnujici odstranéni formaldehydu pouzitého k fixaci bun&k
kotfenovych $pic¢ek je¢mene, denaturaci proteini a rozvolnéni DNA aplikaci benzonasy a
nasledné Stépeni v roztoku trypsinem. Ke zvySeni poctu identifikaci bylo pouzito
rozdéleni peptidové smési pomoci mikroseparace v gradientu acetonitrilu v bazickém pH.
Data ziskana MSMS analyzou byla prohleddana softwarem PEAKS Studio 10
(Bioinformatics Solutions) s limitem FDR<1 % na ftrovni, spekter, peptidi
i proteinti. Informace o lokalizaci proteinti je¢mene z databaze UniProt KB byly doplnény
o informace odpovidajici podobnym proteinim A. thaliana vyhledanym pomoci NCBI
protein-protein Blast (Altschul et al., 2005). Dalsi informace o mozné lokalizaci a funkci
nalezenych proteinli je¢mene byly ziskany analyzou jejich AK sekvenci nastroji
Localizer, NucPred, CELLO2GO a WegoLoc (Brameier et al., 2007, Chi a Nam, 2012,
Yu et al., 2014, Sperschneider et al., 2017). Tyto nastroje poskytuji informaci o0 mozné
jaderné lokalizace proteind, ktera byla pfedpokladana. K analyze funkénich proteinovych
domén byl vyuzit nastroj CD-Search (Marchler-Bauer a Bryant, 2004). Data ziskana ze
zminénych ndstrojii byla nasledné pfipojena k identifikovanym proteinim pomoci
Perseus v.1.6.10.45 (Tyanova et al., 2016). Proteiny identifikované ze vzorki

chromozomtl, pro které byla v UniprotKB zadana jaderna lokalizace a stejnou informaci
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nebo piimo chromozomalni lokalizaci pfedpovidaly i nastroje analyzujici AK sekvence
byly oznaceny jako jaderné/chromozomélni. Obdobné byla vytvofena i skupina
nejadernych proteint z dat ze vzorku ,,debris”. Témto skupinam proteind odpovidaly
| proteinové domény jejichz distribuce byla zaznamenana a pro kazdou doménu bylo
vypocéteno pravdépodobnostni skoére vyskytu mezi jadernymi nebo cytosolarnimi
proteiny (Ohta et al., 2010). Kombinace informaci o lokalizaci z UniprotkKB,
jadernd/chromozomalni lokalizace ptfedpovidana predikénimi nastroji a informace
o doménovém zastoupeni byly vyuzity jako tzv. klasifikatory urcujici pravdépodobnost
pfifazeni proteinu do skupin dle zvolenych parametri (Ohta et al., 2010). Postup
stanoveni jaderné/chromozomalni lokalizace pomoci klasifikatorti byl aplikovan i na
diive ziskana data zanalyz provedenych Janou Beinhauer, Ph.D, kdy bylo pro
predseparaci peptidi vyuzito vicekrokové eluce ze silného kationtoménice (SCX)
V uspofadani ,,stage-tip* a data z analyzy chromozomalnich proteini separovanych

pomoci SDS-PAGE s navazujici identifikaci pomoci MS.

Vysledkem provedenych analyz a vyhodnodnoceni byla identifikace 4139
proteinovych rodin z nichz pro 837 je predpokladana jaderna/chromozomalni lokalizace.
Pro pfifazeni lokalizace proteint podle charakteristickych domén z nastroje CD-Search
bylo na zaklad¢ lokalizace v UniprotKB shodujici se se softwarovymi prediktory
vytvorena databaze Citajici 869 domén a jejich pravdépodobnost vyskytu v cytosolu nebo
jadru. Obohaceni proteini zafazenych mezi jaderné bylo vys§i u vzorkd
predseparovanych na SCX dosahujici v praméru 44 % (8 vzork) oproti 36 % (3 vzorky)
zastoupeni u vzorkidl z mikrogradientové separace. Kvalitativni proteinové zastoupeni
vSak bylo opacné, v priméru 257 oproti 231 zastupciim ve prospéch mikrogradientu.
Moznym vysvétlenim je obohaceni vzorkt z SCX 0 peptidy z abundantnich bazickych
proteinu jako jsou histony. Ve vzorcich izolovanych chromozom bylo na zakladé NSAF
vypocteno obohaceni pro skupiny jadernych/chromozomadlnich proteinii nalezenych
nejméné ve 2 biologickych replikatech o vice nez 140 % oproti kontrole pfedstavujici
puvodni bunéény lyzat kotenovych $picek je¢mene. Vyuzitim pratokové cytometrie je
tak mozné i z fixovanych preparatu bunécného lyzatu jeCmene efektivné izolovat
obohacenou chromozomalni frakci vcetné proteint. Identifikované proteiny oznacené
jako jaderné byly porovnany s databazi UncleProt (Blavet et al., 2017). Za timto uc¢elem
byla zdrojova data UncleProt prohledana stejnym zptisobem a se shodnymi parametry a

databazi jako experimentalni data z analyz chromozomu. Vysledkem byla shoda ve 311
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proteinovych rodinach z 837 srovnavanych. GO analyzou (,,gene ontology") nastrojem
DavidGO (Huang et al., 2009) byly pro vice nez 60 % proteint z chromozomil
oznac¢enych jako jaderné/chromozomalni piitazeny GO kategorie ,,jadro®, ,,chromozom®,
Ltelomera®“ nebo ,,centromera® dokladajici funkcnost pouzité klasifikacni strategie.
Pomoci nastroje Panther GO, umoznujici prevést vlozeny dataset mezi organismy, byly
proteiny oznacené jako jaderné seskupeny do tiid dle funkce. V tomto ptipadé byl pro
anotaci vice zastupcli preveden omezené popsany set proteini z jeCmene na dataset
Arabidopsis s lepsi anotaci. Po rozfazeni rozpoznanych proteini do tiid bylo v ptipadé
SCX experimentii oznaceno 60 % z nich, jako interagujici s nukleovymi kyselinami (z
toho 59 % s DNA, a zbytek s RNA, pfi pouziti mikrogradientu bylo takto zafazeno
dohromady 56 % popsanych zastupcti).

Mezi identifikovanymi proteiny s popsanou jadernou nebo pifimo chromozomalni
lokalizaci pievladaly histony. Z 837 jadernych proteinti bylo nalezeno 114 resp. 137
zastupcl popsanych ptimo v databazi Uniprot pro je¢men a A. thaliana. Hlavni podil
mezi nalezenymi proteiny tvotily histony i dle NSAF. Kromé beznych histontt H2 a H3
euchromatinu byl nalezeny i formy z heterochromatinu H3.1 nebo H1.2 zastoupené
Vv obou ptipadech 14x. Identifikovan byl také histon centromery CENH3 oznaceny jako
AOA287TWS5 pro H. vulgare. Po analyze dat pomoci nastroje Panther GO, byla
vyc€lenéna skupina 10 proteinit souvisejicich s chromatinem zahrnujici podjednotky
komplexit SWI/SNF (A0A287QVR1 a AO0A287TEF2) remodelujicich chromatin
a ovliviwyjicich ptepis DNA (Zemach et al., 2013). Pro dynamiku a Gdrzbu chromatinu
ma zasadni vyznam protein NAP1 (,,Nucleosome assembly protein 1°) pienasejici do
jadra histony a podilejici se na sestavovani nukleosomtl, ktery je homologni k nalezenym
proteinim F2DVK7 a AOA287GF83 (Park a Luger, 2006). Dale do této skupiny byly
zatazeny podjednotky SPT16 komplexu FACT (,,FAcilitates Chromatin Transcription®,
AOA287H1F1, AOA287H1F8, M0Z854) u rostlin interagujici s RNA polymerasou 2
(Grasser, 2020). Nalezené proteiny A0A287JVQ6 a AOA287EES7 podobné Sin3
proteinu hraji ddlezitou roli jako nastupni proteiny pro dalsi komponenty
korepresorového komplexu umlcujici transkripci mezi proliferaci a diferenciaci bunék
(Spronk et al., 2000). Poslednim proteinem z vy¢lenéné skupiny je mozny analog RSA1
(AOA287P3E5) u A. thaliana zastavajici funkci jaderného receptoru vazajici Ca?*
a reagujici na vnéjsi stress zptsobeny zasolenim (Guan et al., 2013). Dale bylo nalezeno

15 zéstupct skupiny MCM proteint (,,Mini-chromosome maintenance®). MCM proteiny
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tvofi heterohexamerni komplex slozeny z MCM2-MCM7 a vsechny tyto komponenty
byly v tomto experimentu identifikovany (Tuteja et al., 2011). Tvorba MCM komplexu
a jeho aktivace CDK je nezbytnym krokem k zahajeni replikace DNA (Tuteja et al.,
2011). SMC proteiny zajiStujici strukturu chromozomut byly nalezeny pro komplex
kohesinu obsahujici SMC3 a SMC1 a komplex kondensinu zahrnujici SMC2 a SMCA4.
Proteiny SMC5 a SMC6 tvorici vlastni komplex SMC5/6 nebyly identifikovany
(Schubert, 2009). Skupinu zahrnujici 127 zastupci tvoii mezi proteiny ozna¢enymi jako
jaderné/chromozomalni zastupci skupin vazajici RNA nebo oznaceni jako ribozomalni
proteiny. Mezi témito zastupci prevladaji 40S a 60S ribozomalni podjednotky. Mezi
proteiny vazajici RNA nalezi idenfitikovana [ podjednotka DNA fizené RNA
polymerasy 2. Fibrilarin 1 (FIB1) zastavajici funkci rRNA 2'-O-methyltransferasy
procesuje pre-ribozomalni RNA. Proteomicka data zafazujici FIB1 jako
jaderny/chromozomalni protein byla potvrzena experimentem dokladajici jeho
ptitomnost, po pliivodni lokalizaci v jadérku také na povrchu chromozomu Vv pribéhu
mit6zy bunék. Za timto ¢elem byla kolegy z UEB a Oddé&leni molekularni biologie CRH
PiF UP, pfipravena transgenni linie jeémene produkujici fuzni protein EYFP-FIB1. Jeho
pfitomnost byla ovéfena mikroskopickym pozorovanim na struktufe izolovanych
chromozomt. Zaroven byla také dokdzana asociace tohoto proteinu k chromozomim
prostfednictvim ptitomné RNA, po jejimZz odstranéni RNAasou byl ztracen i1 signal
EYFP-FIB1. Kompletni data a detailni popis pouzitych metod lze nalézt v publikaci
Perutka et al., 2021 uveden¢ jako pfiloha ¢. 3 této prace.
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3.5. Vysledky — pseudotrypsin

3.5.1. lzolace pseudotrypsinu

Autolyzou trypsinu a naslednou separaci na kationtomeénici byla ziskana frakce
obsahujici proteoformu w-trypsin. Podle zdznamu chromatografické separace na
HemaBio 1000 SB koloné byla pifedpokladana pfitommnost y-trypsinu v jedné z frakci
S elu¢nimi Casy 19,5, 24,5 a 25,5 min. Po dialyze téchto frakci z piivodnich objemu (8,5,
7,5 a 6,0 ml) na objem 1 ml bylo pomoci MALDI-TOF MS zji§téna ptitomnost y-trypsinu
ve frakci eluované v 19,5 min (Obr. 1). Nejlepsi separace na koloné Hema Bio 1000 SB
bylo dosaZeno pfi snizeni obsahu CaCl; z koncentrace 20 mM na 10 mM v mobilni fazi
50 mM Tris-HCI pufru o pH 7,1. Obsah proteint v této frakci byl stanoven na 0,5 mg-ml
! P#i pouziti UNO S12 kolony byl y-trypsin identifikovan ve frakci eluované v ¢ase 30
min od zacatku separace pii pouziti stejného pufru a linearné vzristajici koncentraci 1M
NaCl do celkového obsahu 30 % v mobilni fazi (Obr. 1, dole). Podminky pro
opakovatelnou chromatografickou separaci jednotlivych proteoforem trypsinu pti pouziti

kombinace MonoS5 a UnoS|1 kolony v sériovém spojeni se nepodatilo optimalizovat.
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Obr. 1 Chromatogramy separace autolyzatu trypsinu na koloné¢ Hema Bio 1000SB
(nahote) a UnoS12 Frakce obsahujici y-trypsin jsou vyznaceny oranZove.
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Pritomnost y-trypsinu ve vyznacenych frakcich byla potvrzena analyzou MALDI-TOF
MS. V hmotnostnim spektru lze vidét kontaminaci béznymi formami a- a B-trypsinu.
Signaly téchto kontaminantii odpovidaji souctu jejich MW a vazbé v nadbytku piidaného
ireverzibilniho inhibitoru TLCK, ktery neni vazan pouze y-trypsinem. Dale 1ze pozorovat
adukty inhibovanych enzymut s pouzitou matrici SA (Obr. 2). Obsah w-trypsinu

V preparatu byl stanoven na 20 % vzhledem k zjisténé kontaminaci inhibovanymi

formami.
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Obr. 2 MALDI TOF Hmotnostni spektra frakci po separaci autolyzatu trypsinu na
Hema Bio 1000SB kolong. Pouzita matrice SA. Barvy spektra, Cervena — eluce v 19,5
min, modra — eluce v 24,5 min, zelena — eluce v 25,5 min.

3.5.2. Srovnani §tépeni pseudotrypsinu a trypsinu pomoci MALDI-TOF MS

Po vyhodnoceni MALDI-TOF MS spekter smésnych vzorkli digesti BSA
s RafBT (rafinosou modifikovany hovézi trypsin) piipravenych ve vodé H2!20 s produkty
Stépeni ostatnich trypsinti bylo nalezeno 5 peptidii poskytujici pii vSech kombinacich

dostatecné izotopové rozliSena spektra pro vzajemna porovnani (Tab. 1).
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Tabulka 1. Peptidy vznikajici enzymovym S§tépenim standardu BSA vSemi
porovnavanymi trypsiny a y-trypsinem. Koeficienty izotopového zastoupeni korelujici
velikosti plochy pikt (m/z +2 Da a m/z +4 Da) ,.f3 a ,,f5“ jednotlivych peptida
(Mirgorodskaya et al., 2000; Obr. 3).

Peptid BSA koeficienty izotopového zastoupeni
sekvence m/z f3 f5
LVNELTEFAK 1163.6  0.2470 0.0150
FKDLGEEHFK 1249.7  0.2901 0.0197
HLVDEPQNLIK 1305.7  0.2990 0.0211
SLHTLFGDELCK (Cys_CAM) 1419.7  0.3877 0.0427
RPCFSALTPDETYVPK (Cys_CAM) 1880.9 0.6145 0.1002

Na zakladé vypoctu bylo zhodnoceno relativni mnozstvi jednotlivych peptida ve

vzorcich.
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Obr. 3 MALDI TOF MS spektrum peptidu zna¢eného 80 a neznadeného peptidu.
Spektrum peptidu RPCFSALTPDETYVPK (Cys CAM) s m/= 1880.,9 pitvodem z 500
fmol BSA nastépeného y-trypsinem (modra) a smési %2 mnozstvi stejného digestu
s odpovidajicim mnozstvi RafBT digestu BSA v 0 pufru (&ervena).

Pomér mezi obsahem peptidii BSA po nastépeni RafBT v pufru s 80 vodou a béznym

digestem BSA stejnym enzymem byl pro srovnani s dal$imi trypsiny normalizovan a bran
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jako shodny. Nejvétsi obsah sledovanych peptidii poskytoval oproti znacenému standardu
vzdy vzorek digestu BSA a trypsinu izolovaného z praseciho pankreatu a modifikovaného
pomoci reduktivni metylace od fy. Serva. Relativné niz$i mnozstvi peptidi bylo
pozorovano u vzorkil s y-trypsinem a i u vzorku Stépeném hovézim trypsinem od fy.
Roche (Obr. 4). Mira tc¢innosti §tépeni Serva trypsinu oproti standardu RafBT byla az o
vice nez 10 % vyssi. V ptipadé y-trypsinu bylo naopak Stépeni méné efektivni, a to
V priméru o 10 %.
Srovnani ucinnost stépeni trypsinu

1.4
1.2

: I
0.8
0.6

0.4
0.2

Relativni G¢innost §tépeni

W trypsin RafBT m trypsin Roche mtrypsin Serva

Obr. 4 Srovnani u¢innosti §tépeni trypsint. Srovnani relativni acinnosti §tépeni trypsint
vcetné izolovaného y-trypsinu na zdklad€ porovnani mnozstvi vybranych peptida,
kvantifikovanych dle ploch jejich piku v MALDI-TOF MS spektrech vzhledem k

izotopové zna¢enému standardu.

3.5.2. Aplikace pseudotrypsinu pro Stépeni jadernych proteinti

Analyzou pomoci nLC MALDI MSMS bylo ve vzorcich proteinli extrahovanych

Z jader jeCmene (Obr. 5), rozdélenych pomoci gelové elektroforézy a nasledné po frakcich

Stépenych pomoci y-trypsinu bylo identifikovano vice nez 15 % peptidi vzniklych

nespecifickym $tépeni za W, Y, F, L/l (Obr. 6). Na trovni proteinti bylo pomoci nLC

MALDI MSMS identifikovano od 90 do 140 proteint (ptiloha €. 1), Z nichz vzdy nejméné

10 % bylo novych, neidentifikovanych pomoci St€peni pouze RafBT ani pii pouZziti nLC

ESI analyzy (Tab. 2).
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Obr. 5 SDS-PAGE separace proteinti z 10 miliont jader je¢mene z faze S, G1, a G2
bunécného cyklu. Vyznacené linie oznacuji rozdéleni gelu na frakce 1-13, které byly
zpracovany vzdy jako 2 shodné ¢asti (prava/leva) pro paralelni st€peni RafBT a -
trypsinem (vysledky uvedeny v piiloze ¢. 4). Gel byl barven Coomassie Bio-Safe (Bio-
Rad). Vlevo vyznaceny standardy MW Precision Plus Protein Standards (Bio-Rad).

Tab. 2 Pocty proteinovych rodin identifikovanych po Stepeni y-trypsinem.
Pocty proteinil jsou redukovany na poCty proteinovych rodin po analyze dat softwarem
Peaks Studio 8, pfi FDR <1 %, a pfitomnosti min. 1 unikatniho peptidu.

vzorek nLC MALDI MSMS nLC ESI MSMS

proteiny celkem nové % celkem noveé %
G1 102 18 19 460 47 10
G2 141 17 12 558 59 10
S 91 13 16 346 44 13

Analyzou vzorkti pomoci nLC ESI bylo identifikovano vzdy nejméné 20 % peptida
vzniklych aktivitou wy-trypsinu. Kompletni seznam nové identifikovanych proteinti
pomoci nLC MALDI a nLC ESI MSMS technik je uveden jako pfiloha €. 3.

Po odecteni proteind identifikovanych duplicitné mezi vzorky z jednotlivych fazi
bunécného cyklu je¢mene bylo nalezeno celkem 133 a 42 novych proteinovych rodin po
analyzach nLC-ESI-MSMS a nLC-MALDI-MSMS (viz. ptiloha ¢.3). Na zaklade
identifikovanych peptidl byla stanovena specifi¢nost §tépeni y-trypsinu. Nejcastéji byly
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identifikovany tryptické peptidy s C-koncovym R nebo K tvofici okolo 80 % celkového
poétu. Stépné produkty odpovidajici specifiénosti y-trypsinu dale tvoii 10-15 %
zastoupeni peptida (Obr. 7).

W tryptické peptidy, ESI Y tryptické peptidy, MALDI
100% 100% -
oy, 25% 24%  26% oy, /% 16%  16%
60% - 60% -
40% - 40% -
20% - 20% -
O% T T 1 O% T T 1
G1 (3135) G2 (3585) S (2126) G1 (405) G2 (446) S (348)

Pocty identifikovanych peptida

Obr. 6 Sloupcové grafy zobrazujici poméry peptid vzniklych aktivitou y-trypsinu a
detegovanych sekvenc¢ni analyzou pomoci nLC-MALDI-MSMS a nLC-ESI-MSMS.

P1

AKGAVLIMPFWS

MALDI 20% 09% 05% 2.2% 0.1% 0.9% 0.3% 2.1% 0.4% 0.7%

ESI 1.1% 0.9% 0.5% 4.4% 0.3% 0.8% 0.3% 4.8% 0.8% 0.6%

P1

AKNQTYCKRHDE

MALDI 1.1% 04% 0.6% 4.2% 0.0% 32.7%.0.4% 1.2% 0.1%

ESI 0.8% 0.4% 0.3% 5.2% 0.0% 37.0% 39.6% 0.5% 1.1% 0.4%

Obr. 7 Specifi¢nost §tépeni. Grafické znazornéni procentualniho zastoupeni peptidi
vzniklych po §tépeni y-trypsinu za C-koncovou (P1 pozice) aminokyselinou.

3.6. Diskuse
Pseudotrypsin ziskany autolyzou hovéziho trypsinu vykazoval pti stanoveni jeho

specifi¢nosti $tépeni velmi podobné preference jako publikovali Dycka et al., 2015. Pti
aplikaci pseudotrypsinu pro 12 hodinové Sté€peni piipraveného standardu BSA v roztoku,

je jeho relativni u€innost srovnatelna s komerénimi trypsiny. Piekvapivé nizsi vytézky
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sledovanych peptidi z BSA u trypsinu fy. Roche byly ziejmé zpisobeny Spatnou
ptipravou, rozpusténim tohoto enzymu v nevhodném skladovacim pufru, kdy mohlo dojit
k jeho autolyze. Otestované metody separace autolyzatu trypsinu, nebo standardu
trypsinu obsahujici a a  proteoformu, jsou pouzitelné i pro izolaci y-trypsinu. Vytézek
izolace y-trypsinu z autolyzatu je vSak velmi nizky dosahujici jen 1-5 % hmotnosti
vzhledem v ptuvodnimu materialu. Nizky obsah w-trypsinu vzniklého autolyzou se
neshoduje s vysledky Smith a Shaw, 1969, ktefi ziskali i pies 40 % zadaného produktu.
Klicovym faktorem ovliviiujici mnozstvi vzniklého pseudotrypsinu a vytézek jeho
pfipravy, tak zfejm¢ bude Cistota vstupniho materidlu bez pfitomnosti zbytkl
chymotrypsinu. Dostatecnd ucinnost a specifi¢nost pseudotrypsinu umoznila jeho pouziti
pro Stépeni komplexnich proteinovych smési jadernych proteint a identifikaci novych
proteind dosud neidentifikovanych v experimentech vyuZzivajicich bézny trypsin (Blavet
et al., 2016). Mezinové¢ identifikovanymi proteiny z jader je¢mene byla nalezena
napiiklad tRNAasa Z (MOXD10 _HORVD), endonukleasa upravujici 3’-konec
prekurzorovych tRNA molekul (Vogel et al., 2005). Dle prohledani NCBI Blast je tento
protein téméf shodny se stejnym enzymem je¢mene a obdobnymi rostlinnymi enzymy
lokalizovanymi v mitochondriich. Jaderna lokalizace a vazba k DNA je uvadéna pro
»SAP domain-containing protein“ (MOWPB1_ HORVD). Proteiny s touto doménou jsou
zapojeny do organizace chromozomu a oprav DNA (Aravind et al., 2000). Methylace
cytosinu DNA je hlavnim zpisobem metylace DNA majici zasadni roli v regulaci genové
exprese. V rostlinné fisi je tento proces spojen s ristem listll, vyvojem semen nebo zranim
ploda (Li et al., 2018). Mezi enzymy zprostiedkovavajici tuto modifikaci patii
identifikované DNA-cytosin-5-metyltransferasy (MOUHHO_HORVD,
MOUHG9_HORVD, MOYKC8_HORVD a MOYKD6_HORVD) s ptedpokladanou
jadernou lokalizaci. Protein MOWJV7_HORVD bohaty na glycin se dle analogie miiZe
nespecificky vazat na molekuly RNA 1 DNA. U rostlin byla tato schopnost popsana
u semen A. thaliana. Iniciatorem interakce mutize byl enviromentalni stres a nasledkem
opozdéné kliceni (Kwak et al., 2005). Podaftilo se identifikovat i sou¢ast jaderného poru
NUP133 protein (MOYGC4 HORVD). Transkripéni faktor WRKY6 je u A. thaliana
spojovan s obrannymi procesy, senescenci. Funkce nalezeného ,,WRKY 6-like* proteinu
(MOYEQ09_HORVD) z kotene je¢mene by na zakladé analogie mohla souviset s obsahem
dostupného fosfatu a jeho transportérem PHO1 (Chen et al., 2009). V jadérku je
lokalizovan identifikovany ,,SAM MT RSMB NOP domain-containing® protein
(MOWTL8 _HORVD), methyltransferasa zapojena do biogeneze ribozomil. Dale se
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podaftilo zachytit B-1 podjednotku importinu (MOUKH1 HORVD) pro pienos proteinti
do jadra (Marfori et al., 2011). Nalezeny protein (MOXWY3_HORVD) obsahujici
HIRAN doménu by mohl byt SWI2/SNF2 nebo Rad5 remodelator chromatinu (Zemach
etal., 2013).
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4, IDENTIFIKACE PROTEINU TRAVICI STAVY D. capensis
Masozravé rostliny (MR) jsou schopny lékat, lapat a nasledné travit svou kofist

s cilem ziskat a aktivn¢ vyuzit Ziviny, které jejich obéti predstavuji (Givnish et al., 2018).
Specifickou adaptaci téchto rostlin pro zachyceni kofisti se staly jejich listy, které se
morfologicky pfeménily na pasti (Givnish et al., 2015). Tato dovednost umoznila MR
osidlit a obyvat velmi slunnd, sucha nebo piilis vlhka a temn4, na ziviny chuda stanovisté
(Givnish et al., 2018). V soucasnosti 1ze nalézt okolo 800 druhit MR rozdélenych do 5
fada a 20 rodu krytosemennych rostlin (Givnish, 2015; Ellison a Adamec, 2017). Kofist
MR piedstavuje vétSinou drobny hmyz. Masozravost se u rostlin vyvinula navzajem
nezavisle a vznikla tak fada specializovanych pasti (Givnish, 2015).

Podle zpasobu pouziti a moznosti pohybu Ize pasti MR rozdélit na aktivni
a pasivni. Aktivni pasti 1ze rozd¢lit na sklapovaci, podtlakové nebo méchytkové a aktivni
lepivé pasti (Givnish, 2015). Pasivni pasti, tedy nastrahy, kterymi MR obét’ zachyti
pasivné bez investice dalSi energie pro aktivni pohyb mohou fungovat na principu
prilepeni, adheze nebo jako spadova past, 1ac¢ka, do které obét’ sama spadne a lepiva
tekutina na dn¢ v kombinaci s kluzkymi st€énami ji neumoZzni uniknout (Givnish, 2015).
Netradiéni typy pasti predstavuji tzv. jednosmérné pasti u MR rodu Genlisea a rostliny
Sarracenia psittacina, kdy je drobny hmyz nalakan a zachycen ve stale se zuzujici chodbé
vystlané orientovanymi chloupky umoznujici pouze jednosmérny pohyb (Givnish, 2015).
Pasti pfipominajici lacky vyuzivaji MR z rodd Brocchinia nebo Catopsis, ve kterych je
kofist travena v prostoru uprostfed listové rizice, kam je z listli sekretovana travici
tekutina (Givnish, 2015). Traveni kofisti MR probihd po zachyceni kofisti do pasti
zejména pomoci hydrolas. Spoustécimi mechanismy pro zvySenou sekreci téchto enzymi
a zahdjeni traveni jsou budto specifické latky uvolnéné z téla obéti nebo mechanicky
stimul (Mithofer et al., 2014; Bohm et al., 2016). Uvolnéné ziviny z kofisti jsou nasledné
rostlinou aktivné vstfebavany (Hedrich a Neher, 2018). Vysoka specializace a ziejma
podobnost téchto pochodl a mechanismi s jiz zndmymi metabolickymi procesy béznych
rostlin (Pavlovi¢ a Mithofer et al., 2019) vystavuje MR intenzivnimu zajmu studia na

urovni gent i proteind.

4.1. Karnivorni syndrom
Rostliny klasifikované jako masozravé musi spliiovat nékolik podminek souhrnné
oznacovanych jako tzv. ,,syndrom masozravosti“. Hlavni podminkou je odchyt kofisti

pomoci k tomu uzplisobené pasti, dale musi byt MR schopna uvolnéné latky z kofisti
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absorbovat a kone¢né je musi také vyuzit pro vlastni rist a vyvoj (Givnish et al., 1984,
Adamec et al., 1997, Ellison a Adamec, 2017). VSechny typy pasti masozravych rostlin
se vyvinuly pfeménami listi. Piijjem latek povrchem listt MR vedl k omezeni
fotosyntetického aparatu v téchto ¢astech, coz je divodem jejich pomalejsiho rtstu oproti
béznym autotrofnim rostlinam (Adamec, 2010). Dodate¢ny zisk zivin z kofisti
kompenzuje MR omezeny piisun kotfeny, které jsou vzhledem k velikosti celé rostliny
redukovany a mohou tvofit i jen 3 % téla rostliny (Adamec et al., 1997, Adamec et al.,
2002). Tato adaptace je bézna pro téméf vSechny MR typicky obyvajici kyselé, bazinaté
nebo podmacené pudy s vyjimkou rusnolistu lusitanského (Drosophyllum lusitanicum)
adaptovaného pro rast v prostiedi piskovcovych skal jizni Evropy a Maroka (Adlassnig
et al., 2006). Kofist je pro MR vyznamnym zdrojem zakladnich makroprvkd N a P bézné
ziskavanych rostlinami koteny. Charakteristickou vlastnosti je pro masoZravé rostliny
schopnost reutilizace, znovu vyuziti latek z vlastnich starych odumirajicich casti
(Adamec et al., 1997). Takto mohou nékteré rostliny znovu zuzitkovat az 99 % materialu
(Adamec, 2002).

4.2.  Proteiny a trdveni masozravych rostlin

Kofist zachycena v pasti MR vétSinou stimuluje sekreci travicich $tav rostliny.
Signal k témto d&jim je zprosttedkovan pomoci rostlinnych hormont nebo latek jim
podobnych. V piipadé prostudovaného mechanismu mucholapky podivné (Dionaea
muscipula) je zavieni pasti a nasledna sekrece travici §tavy spusténa az opakovanym
podrazdénim senzorovych chloupki uvniti pasti. Podrdzdéni nasledné vede ke vzniku a
Siteni signalu pomoci Ca®" iontfi (Nakamura et al., 2013). K produkci travicich §tavy u
mucholapky dochazi po zachyceni signalu z kofisti. Externimi signalnimi molekulami
mohou Vv tomto ptipadé byt jasmonaty, nebo konjugat k. jasmonové s Leu a strukturni
analog této latky koronatin, které po indukci rostlina sama produkuje a hromadi se
V pletivu pasti. Zdrojem coronatinu miize byt rostlinny patogen Pseudomonas syrringae,
ktery je hmyzem ptenaSen (Nakamura et al., 2013). Jasmonaty, zejména Kyselina
oxylipin-12-oxofytodienova (OPDA) jsou pfitom akumulovany i v ostatnich pastech,
které se stavaji citlivéjsi na aktivaci kofisti (Escalante-Pérez et al., 2011). Stejné ptsobeni

bylo pozorovano i u Drosera capensis (Obr. 8). Akumulace jasmonatd v listu na kterém
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doslo k zachyceni kofisti a vedlo k jeho pozvolnému ohybu, ktery je nutny aby se kofist

dostala do kontaktu s travici stavou (Mithofer et al., 2014).

Obr. 8 Makrofotografie Iist rsnaty kapské v ¢ase 12 h po zachyceni kofisti hmyzu.

(pfevzato z Nakamura et al., 2013)
Dalsim typem indukce a stimulace MR k lovu mize byt mechanismus zalozeny na obrané
proti patogennim houbam, ktery je znam z fiSe rostlin i1 Zivocicht. Elicitorem je chitin
Z buné&éné stény houby. Protein vazajici se k oligosacharidovym fragmentiim chitinu byl
charakterizovan jako 41 kDa glykopeptid obsahujici 2 LysM motivy (Kaku et al., 2006).
Srovnanim proteinovych profilt travici §tavy N. khasiana ze zavienych lacek po indukci
Cistym chitinem byly pozorovany 4 nové pasy po SDS-PAGE a zesileni signalu u 2
odpovidajicim profilu bez indukce chitinem. Proteiny tvofici tyto signdly nebyly
identifikovany (Eilenberg et al., 2006). K vyraznému zvyseni sekrece hydrolas do travici
§t'avy doslo po ptidani NH4Cl do lacky S. purpurea (Gallie a Chang, 1997). Ptidani NaCl
zpusobilo minimalni zménu aktivity sledovanych enzymi. Po indukci sekrece
hydrolytickych enzymt bylo pozorovano postupné okyselovani travici stavy (Gallie a
Chang, 1997).

4.2.1. Tréaveni koftisti

Traveni kofisti v pasti MR obstaravaji k tomu produkované enzymy. Hlavni roli
Vv procesu rozkladu kofisti zaujimaji proteolytické enzymy, chitinasy, fosfatasy,
glukanasy, nukleasy, lipasy a zfejmé také oxidasy a dalsi typy hydrolas (Scala et al., 1969;
Heslop-Harrison a Knox, 1971; Robins a Juniper, 1980; Athauda et al., 2004; Eilenberg
et al., 2006; Hatano a Hamada, 2008; Mithofer 2011; Schulze et al., 2012; Nishimura et
al., 2013; Lee et al., 2016; Rottloff et al., 2016; Fukushima et al., 2017; Krausko et al.,

2017; Kocab et al., 2020). Sekrece travicich enzymu je konstitutivni nebo indukovana
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(Pavlovi¢c a Mithofer et al., 2019). Spoustéem pro expresi travicich enzymt mtze byt

mechanicky nebo chemicky stimul (Pavlovic et al., 2014, Saganova et al., 2018).

4.2.2. Enzymy v travicich stavach MR

Travici stavy masozravych rostlin obsahuji smés hydrolytickych enzymut
umoziujici rozklad biologickych polymeru jako je celulosa nebo u hmyzu chitin.
K rozlozeni proteini, obsahujici pro rostlinu dilezity dusik jsou v trdvicich Stavach
pfitomny kyselé proteasy. Nékteré druhy masozravych rostlin vlastni travici enzymy
neprodukuji a jsou zavislé na ¢innosti mikroorganisma Zijicich v jejich pastech nebo

zavlecenych tam kofisti.

4.2.2.1. Chitinasy

Chitinasy jsou hydrolasy §tépici beta-1,4 vazbu mezi N-acetyl-glukosaminovymi
monomery tvofici chitin (Grover, 2012). Pro rostliny jsou chitinasy diilezitym obrannym
prostiedkem proti napadeni houbami. Rozkladem chitinové bunééné stény hub, potlacuji
rostliny jejich rast. Chitinasy mohou §teépit na koncich nebo uvnitf fetézce chitinu, 1ze tak
rozliSit endo- a exochitinasy. Exochitinasy se dale odliSuji podle toho, zda odstépuji 1
nebo 2 monomery N-acetylglukosaminu (Grover, 2012). Chitinasy jsou rozdéleny do 5
tfid mezi 2 rodiny glykosidas. Chitinasy s lysozomalni aktivitou, kam nélezi i enzymy
masozravych rostlin pattici do III tfidy chitinas zahrnutych mezi glykosidasy rodiny ¢. 18
(Cohen-Kupiec a Chet, 1998). Pro mucholapku je hlavnim nastrojem pro hydrolyzu
vnéjsi kostry hmyzu chitinasa 1 patfici mezi extracelularni chitinasy tfidy Ib schopna
Stépit chitin v rozpustné i krystalické formé¢ (Paszota et al., 2014). Transkripce genu pro
tento 33,2 kDa velky enzym byla zaznamenana vzdy, jak po mechanickém, tak po
chemické stimulaci a vyhradné jen v bunikach sekretujicich travici §tavu. Optimalni
podminky pro aktivitu chitinasy-1 mucholapky jsou 50 °C a pH 5. Odolnost viici vlastnim
proteasdm je zvySena piitomnosti nejméné 4 disufidovych vazeb a vysokym obsahem
prolinu (7,8 %) v kompaktni struktuie tohoto enzymu (Paszota et al., 2014). K zvySeni
jeji transkripce dochdzi do 48 hodiny po stimulaci a zavieni pasti mucholapky. Mezi 48-
68 hodinami po stimulaci pfevlada tento enzym v travici §tavé mucholapky (Schulze et
al., 2012). U lackovek (Nepenthes) jsou dlouhé polymery chitinu §té€peny chitinasami III
tiidy a fragmenty nasledn¢ dale hydrolyzovany chitinasami z tfidy IV (Hatano a Hamada,
2012). Srovnanim sekvenci cDNA byly u této ¢eledi nalezeny geny pro chitinasy tfidy I.
obsahujici C-koncovou signalni sekvenci pro transport do vakuoly, ale i geny pro

chitinasy tfidy I. sekretované extracelularné, do laCky, nemajici signalni sekvenci
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(Eilenberg et al., 2006). Chitinasa tfidy 111, také sekretovana do apoplastu Nepentehs ma
N-koncovy signalni peptid (Rottloff et al., 2011). Extracelularné sekretované chitinasy
oproti vakuolarnim obsahuji ve struktufe vice Pro, zejména v oblasti ,,Hinge* domény
(Renner a Specht, 2012). Exprese extracelularnich chitinas roste pii stimulaci receptori
pasti MR. Chitinasy s vakuolarni signalni sekvenci jsou tvofeny konstitutivné u vsech
druhii rostlin. Teplotni optimum pro aktivitu enzymii produkovanych do lacky u
Nepenthes je 40-50 °C, pii hodnotach pH 3-5. Pro chitinasu IV Nepenthes alata bylo
zjisténo optimalni pH 5,5 a nejvétsi aktivita zaznamenany pii teplotach okolo 60 °C
(Ishisaki et al., 2012). Naopak v travici stave S. purpurea nebyla chitinasova aktivita
zaznamenana (Gallie a Chang, 1997). In vitro byla studovana struktura genu pro chitinasu
u rosnatky okrouhlolisté (Drosera rotundifolia) obsahujici 2 exony (Durechova et al.,
2019).

4.2.2.2. Glukanasy

Beta-1,3-glukanasy obsazené v travicich §tavach MR hydrolyzuji beta-1,3-
glukany, hlavni slozku bunééné stény patogennich hub. Stejnou funkci mohou plnit
i proteiny podobné thaumatinu (Grenier et al., 1999). Glukanasy umoziuji karnivornim
rostlinam ziskat Ziviny krom¢ hmyzu i z jinych objektt zachycenych v pastech rostlin.
Témito zdroji jsou napf. pylova zrna a spory hub bohaté na B-glukany. Tyto struktury
jsou glukanasami rozlozeny na mensi jednotky, které jsou absorbovany povrchem listi,

pasti rostliny a podili se tedy pfimo na traveni ,,ulovené* kofisti (Michalko et al., 2013).

4.2.2.3. Oxidoreduktasy

V travicich S§tavach mucholapky (Dionea) a lackovky (Nepenthes) byly
identifikovany proteiny patfici mezi oxidoreduktasy. U obou zminénych rostlin byly
nalezeny peroxidasy (Hatano a Hamada, 2012; Schulze et al., 2012). Kotist MR je témito
enzymy pravdépodobné oxidovana a posléze rozkladana hydrolasami (Schulze et al.,
2012). Stejné jako chitinasy jsou oxidoreduktasy fazeny mezi PR (,,pathogenesis related*)

proteiny, chranici rostlinu proti enviromentalnimu stresu.

4.2.2.4. Proteasy

Nepenthesiny jsou nejdéle znamé proteasy MR identifikované v travicich stavach
lackovek (Nepenthes). V této cCeledi rostlin maji aspartatové proteasy hlavni roli
v degradaci proteinu kofisti (Stephenson a Hogan, 2006; Buch et al., 2015). Z travici

stavy Nepenthes distillatoria byla castecné purifikovana a charakterizovana kysela
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peptidasa nazvana nepenthesin podilejici se na traveni kofisti. Idedlni podminky pro
pusobeni tohoto enzymu jsou pii pH 4,5 a teploté 55 °C. Molekulova hmotnost byla
pomoci SDS-PAGE stanovena na 50 kDa. Mozna specificnost ptisobeni byla popsana po
hydrolyze oxidovaného beta fetézce insulinu travicimi $tavami raznych druhi Nepenthes
(An et al., 2002). Synteticky substrat PFU-093 (FITC(Ahx)-Val-Val-LysDbc) byl stépen
nepenthesiny v travici §taveé z N. mirabilis a N. alata za valinem (Buch et al., 2015). Byly
také charakterizovany purifikované nepenthesiny I a II, izolované z travici $tavy
Nepenthes distillatoria. Oba tyto enzymy obsahuji ve struktufe 12 Cys, coz umoziuje
formaci 6 disulfidovych miustkid. Nepethesin 1. obsahuje navic 6 moznych N-
glykosyla¢nich mist oproti pouze 1 u nepenthesinu Il. Nepethesin 1l z N.
gracilis neobsahuje zadna glykosyla¢ni mista. Enzymy jsou velmi stabilni i pfi 50 °C a
aktivni v Sirokém rozmezi pH od 3 do 10 (Athauda et al., 2004). Aspartatové proteasy
podobné nepenthesinim byly identifikovany i v travici §tavé mucholapky (Dionea).
Nalezeny zde byly 4 isoformy, z nichz 2 jsou aktivni a podili se na traveni kofisti.
Analogické nazvy aktivnich enzymi jsou dionaesin 1 a 2 (Schulze et al., 2012). Dionainy
byly identifikovany jako hlavni slozka travici §tavy mucholapky (D. muscipula).
Dionainy patii mezi Cys-proteasy podrodiny C1A. Hlavnim zastupcem této skupiny je
papain, kterému dionainy strukturn¢ odpovidaji. U dionainti se pfedpokladé autoaktivace
Vv kyselém prostiedi odstépenim peptidu z N-konce. Nejvétsi aktivita byla zaznamenana
v mirn¢ kyselém prostiedi v oblasti pH 5—7 (Takahashi et al., 2011). Podle podobnosti s
papainem by dionainy mély hydrolyzovat peptidové vazby bazickych AK, dale Gly, Leu
a velkych hydrofobnich AK (Polgar, 1989). Dionain 1, hlavni proteasa mucholapky
travici proteiny kofisti, byla charakterizovana Takashi et al., 2011 a pozdgji studovana
jako rekombinantni produkt (Riser et al. 2016). Enzym o velikosti 45 kDa byl uméle
vytvofen véetné signalniho propeptidu v P. pastoris. Velikost proformy obsahujici
obsazen¢ N-glykosyla¢ni misto v autokatalyticky odstépitelné prodoméné dosahovala cca
50-66 kDa. Specifi¢nost tohoto enzymu je podobna papainu, pfiCemz autoaktivace je
mozna pouze v kyselém prostiedi o pH 3,5-3,8 (Riser et al., 2016). Aktivita cysteinovych
proteas pii hydrolyze proteint kofisti je v travici §tave pasti mucholapky detegovatelna
uz prvni den po sekreci a tyto enzymy zde lze nalézt v riznych formach (Schulze et al.,
2012; Libiakova et al., 2014, Gergely et al., 2018). Dionainl neni inhibovan pepstatinem
jako Asp-proteasy (Takahashi et al., 2012). V travici $taveé rosnatky indické (Drosera
Indica) jsou ziejm¢ pritomny nejméné¢ 2 isoenzymy endopeptidasy dionainu

pojmenované analogicky jako droserainy (Takahashi, 2012). Aktivita odpovidajici
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cysteinovym proteasam byla zjisténa i u lackovky Nepenthes ventricosa (Stephenson a
Hogan, 2006). Dalsi skupinu hydrolytickych enzymti MR tvoii serinové proteasy
nalezené v travici $t4vé mucholapky (Dionea). Byla identifikovana Ser-
karboxypeptidasa pattici do rodiny S10 aktivni v kyselém prostiedi (Schulze et al., 2012).
Dosud neznamy katalyticky mechanismus vyuziva na prolin specificka proteasa neprosin

z Nepenthes ventrata (Lee et al., 2016).

4.2.2.5. Dalsi proteiny ti€astnici se traveni kofisti

Vyznamnym zdrojem fosforu jsou pro masozravé rostliny nukleové kyseliny
kofisti, coz potvrzuje pritomnost ribonukleas v jejich travicich §tavach. Tyto enzymy, ,,S-
like* ribonukleasy (RNasy) slouzi béznym rostlinam k reutilizaci fosforu ze starych
organt v obdobi senescence nebo pii poranéni. U masozravych rostlin jsou vyuzity
k ziskavani fosforu z RNA kofisti a obrané pted zavleCenymi viry (Okabe et al., 2005).
Exprese ,,S-like” RNas muze byt také aktivovana jasmonaty (LeBrasseur et al., 2002).
U karnivornich rostlin dochézi ke konstitutivni nebo indukované expresy gent pro RNasy
homologni k ,,S-like** RNasam. V piipad¢ D. muscipula k indukci dochazi po zachyceni
koftisti. Regulaci exprese genii pomoci methylace promotoru pro tyto enzymy popsal
Nishimura a kolektiv u druhti D. muscipula, D. Adelae a C. follicularis (Okabe et al.,
2005; Nishimura et al., 2013). U D. Adalae RNase DA1 o velikosti 22 kDa tvofi 1,2 %
proteinové slozky travici Stavy. Neaktivni enzym obsahujici signalni 18 AK sekvenci pro
sekreci ma MW 24,9 kDa (Okabe et al., 2005). Struktura RNas z travici stavy MR
obsahuje 5 disulfidovych vazeb, coz je charakteristické i pro ,,S-like RNAsy béznych
rostlin (Nishimura et al., 2013). Vedle sekrece ribonukleas dochazi ziejmé u nekterych
druhd MR i tvorbé DNA hydrolas sekretovanych do travici stavy (Gallie a Chang, 1997).

Fosfatasy jsou enzymy schopné hydrolyzovat monoesterové vazby
pro vSechny druhy organisma (Dick et al., 2011). Fosfatasova aktivita byla zjisténa
Vv travici §tavé mucholapky D. muscipula, kde byla jeji pritomnost dokazana pomoci
proteomické analyzy obsahu této Stavy hmotnostni spektrometrii. Rostlina tak za
pusobeni dalSich hydrolas miiZze ziskavat fosfat znukleovych kyselin kofisti a
fosfoproteint, jak naznacuji Schulze et al. (2012). Fosfat mize Dionaea ziskavat i z
fosfolipidd pusobenim fosfolipasy v travici stavé (Schulze et al., 2012). Ptitomnost
fosfatas byla pomoci fluorescenéné znaceného substratu prokdzédna u 46 druhi

masozravych rostlin véetné¢ druhii oznacovanych jako protokarnivorni, u kterych se
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vlastni hydrolyticka aktivita nepfedpokladala (Ptachno et al., 2006). K aktivaci
proteolytickych enzymi MR muize pfispivat H* ATPasa plasmatické membrany sniZujici
pH v lacce u Nepenthes alata. Tento mechanismus by také mohl umoznovat absorpci
zivin do bunék pomoci H* gradientu (An et al., 2001). Mikroorganismy Zijici v la¢ce N.
hybrida produkuji lipasy schopné fungovat v kyselém prostiedi travici §tavy a umoznuji
rostling travit tu¢nou kotist (Morohoshi et al., 2011). Ptitomnost enzymt, esteras,
zkracujicich alifatické uhlikové fetézce na C8 a C4 slouCeniny byla popsana u stejné¢ho

druhu rostlin i ve §tavé z neotevienych lacek, coz naznacuje, ze rostlina tyto enzymy

sama sekretuje (Higashi et al., 1993).

4.2.3. Ptijem zivin

Masozravé rostliny chytanim a travenim kofisti, hlavné hmyzu, dopliuji ptisun
zivin, ktery probihd hlavné koteny. Studie provedena na rosnatce okrouhlolisté (Drosera
rotundifolia) ukazala, ze pii dostatku dusiku v pidé roste jeho piijem rostlinou skrze
koteny. Autofi také potvrdili diivéjsi poznatky, ze pfijem fosforu oproti dusiku naopak
zavisi na dostatku kofisti, z niz je ziskavan (Millett et al., 2015). Pfijem drasliku je listy
(pastmi) limitovan a musi byt pfijiman kofeny (Adamec, 1997). Dusik a fosfor nemohou
byt pfijimany z tekutiny uvnit pasti masozravych rostlin, pokud zde neni jejich nadbytek
z travené kofisti. Rostliny naopak tyto prvky do travici stavy mohou dopliovat, aby
podpotili rist mikroorganimti podilejicich se na traveni, coz bylo pozorovéano u vodniho
druhu Utricularia (Adamec, 2013). Transport latek z pasti do floemu se dé&je hlavné
apoplasticky. Pokud tato cesta neni mozna, transport musi probihat symplasticky pomoci
kanal a transportérit mechanismem podobnym pifijmu zivin kofeny. Geny pro transportni
enzymy a prenasece pro peptidy, amonné ionty a aminokyseliny byly identifikovany u N.
alata (Schulze et al., 1999). Pokusy na D. capensis., ktera byla krmena mravenci, ukazaly
na zmé&ny v koncentraci jednotlivych AK a vybranych sekundarnich metaboliti, zejména
fenolil v listech rostliny a travenych té€lech hmyzu. Po 3 a 21 dnech traveni rostlinou byl
zaznamenan vysoky obsah volnych AK ve zbytcich t€l travenych mravencti. Obsah
rozpustnych dusikatych latek naopak poklesl. Oproti tomu pfitomnost kofisti neméla vliv
na koncentraci fenolt a flavonoidu v listech D. capensis (Kovacik et al., 2012).

Piijjem latek obsahujici dusik probiha u masoZravych rostlin skrze bifunkéni
sekre¢ni zlazy (Parsons a Sunley, 2001). U Nepenthes je obsah amonnych iontl v travici
stavé 1acky asi 250 pmol 17, Zdroji NH4* jsou natravena kofist a bakterie fixujici dusik

ey

zijici v lacce (Prankevicius a Cameron, 1991). U D. muscipula je dusik uvoliovan ve
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form¢& NH4" z glutaminu v reakci zprostfedkované glutamindeaminasou (Scherzer et al.,
2013). Amonné ionty jsou rostlinou vstiebavany prostiednictvim kanalkt (Dionaea
muscipula amonium transportérovy kanal, DmATMI) umoziiujici vstup NH4" do
zlazovych bun¢k. Afinita téchto kanalkli roste pi1 pasobeni OPDA a jejich derivatu,
coronatinu a také pii vyss§i koncentraci NH4". Zajimavé je, Ze citlivost téchto kanalku
k amonnym iontdm roste az béhem procesu traveni, po stimulaci a sekreci travicich st'av.

Zmény koncentrace jinych kationil, zejména protonu v silné€ kyselé travici Stave
mucholapky aktivitu téchto transportéri neovliviiuji (Scherzer et al., 2013). Absorpce
draselnych iontd z potravy u D. muscipula je zprostiedkovana pomoci kotransportéru
DmHAK5 K*'/H* a DmKT1 kanalem. Oba transportni proteiny jsou regulovany
fosforylaci komplexem Ca?*-dependentni kinasy CBL/CIPK. Kooperace obou
transportérii umozfiuje piijem K* z pasti za podminek jeho snizené koncentrace po traveni
Kofisti prostfednictvim symportu DmHAKS po gradientu H'. Snizeni pH travici $§tavy
V pasti na zacatku traviciho procesu vede ke zméné membranového potencidlu zlazovych
bunck obsahujici DmKTI, ktery se za téchto podminek otevira a umoziuje jednosmérny

tok K* do t&chto bunék rostliny (Scherzer et al., 2015).

4.3.  Ostatni latky obsazené v §t'avach MR — sekundarni metabolity

Sekundarni metabolity jsou latky produkované organismy, slouZici jim jako
konkuren¢ni vyhoda k zajisténi vlastniho pfeziti v danych podminkach. Mnoho z téchto
latek nebo jejich derivatl je dnes vyuZzivano terapeuticky nebo preventivné (Bourgaud et
al., 2001; Cragg a Newman, 2013). Molekuly s velmi rozmanitymi G¢inky byly izolovany
z bézn¢ Eloveékem konzumovanych rostlin. Velky potencial nabizeji také rostliny nejedlé
vyuzivané v tradiéni medicin€. K této skupiné mohou byt zatazeny 1 MR, zejména
Nepenthes a Drosera (Kovacik et al., 2012). K hojeni ran jsou pouzivany listy tucnic
(Pinguicula). Odvar z mucholapky (Dionea) slouzi k 1é¢bé dychacich obtizi. Cerstva
Stava z listt rosnatky (Drosera) je pouzivana na bradavice (Gaascht et al., 2013).
V severni Americe byly indidny tradi¢n€ pouzivany extrakty ze Spirlice nachové
(Sarracenia purpurea, Arndt et al., 2012). Cerstva $tava zlackovky (Nepenthes
khasiana) je indickymi domorodci pouzivana k 1é¢bé zaludecnich potizi (Gaascht et al.,
2013). Obsahlou skupinu sekundarnich metaboliti tvoii fenolové slouceniny, plnici
u rostlin napt. ochrannou funkci pfed UV zafenim nebo hmyzem. Fenoly slouzi také jako
molekuly chranici rostliny pfed oxidativnim stresem a slouZi jako signalni molekuly.

Biosyntéza téchto latek je regulovana prostiednictvim fenylalaninamoniaklyasy (PAL).
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U masozravych rostlin se ptredpoklada, ze aktivita tohoto enzymu je zavisla na obsahu
vyuzitelného dusiku. Pii nedostatku muze byt dusik rostlinou uvolfiovan pravé z Phe
prostiednictvim zvySené aktivity PAL a zbyld uhlikova kostra je vyuzita pro syntézu
fenolovych sloucenin (Kovacik et al., 2012). V travicich $tavach mucholapky byla
objevena dosud jinde nenalezend sloucenina patiici mezi naftochinony nazvana
diomuscipulon (Gaascht et al., 2013). Ve velkém mnozstvi je mucholapkou produkovany
plumbagin a jeho obsah v listech pasti dosahuje az 0,5 % hmotnosti. Hlavni funkeci je
ochrana rostliny pfed predatory a patogeny. Te¢kavost spolu s vysokym redoxnim
potencidlem stimuluji bakteridlni dychaci fetézec. Toto plisobeni vede k tvorbé
superoxidu a je hlavnim mechanismem puisobeni této slouc¢eniny (Tokunaga et al., 2004).
Plumbagin byl identifikovan i u N. khasiana. Byl nalezen v extraktu z horni ¢asti lacky,
obsahujici krystaly vosku a nektar lékajici kofist. Plumbagin byl nalezen 1 v ostatnich
castech rostliny, nebyl vSak prokazan v travici st'ave. Nartst koncentrace plumbaginu byl
zaznamenan ve vsech Castech lackovky po indukci roztokem koloidniho chitinu (Raj et
al., 2011). Dalsi naftochinony prvné identifikované u rosnatky, droseron a 5-
metyldroseron, byly naopak nalezeny pouze v travici §t'avé N. khasiana (Raj et al., 2011).
Odlisna lokalizace téchto derivati plumbaginu mize byt zpisobena dostupnosti jeho
prekurzori (Raj et al., 2011). V lackach Heliamphora heterodoxa a H. tatei byly
identifikovany terpeny sarracenin a cineron. Nalezen byl také erucamid, v primyslu
pouzivany, jako antiadhezivni ptipravek a estery palmitové
a linolové kyseliny (Jaffé et al., 1995). Dale byla popsana pfitomnost alkaloid koniinu a
reserpinu (Ghate et al., 2015). Koniin objeveny v pasti Spirlice zluté (S. flava) paralyzuje

nervovy systém kofisti (Mody et al., 1976).

4.4.  Dionea muscipula — modelova masozrava rostlina

Celed’ rosnatkovitych patfi mezi nejlépe prostudovanou skupinu MR. Do této
Celedi nalezi vSechny druhy rosnatek Drosera sp., mucholapka podivna (Dionea
muscipula) a vodni druh aldrovandka méchyikata (Aldrovanda vesiculosa).
Proteomickou analyzu travici stavy mucholapky provedli Schulze a kolektiv na zakladé
diive ziskanych cDNA dat (Schulze et al., 2012). Béhem tohoto experimentu bylo
prokazano, ze hlavni tfidu proteolytickych enzymt D. muscipula tvofi cysteinové
proteasy (Schulze et al., 2012). Dale byla identifikovana aspartatova i serinova proteasa
a proteiny ze skupiny PR-proteinti jako chitinasy, peroxidasy, LTP proteiny a osmotin

(Schulze et al., 2012). Charakteristickym znakem této rostliny jsou sklapovaci pasti,
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jejichz zavieni a iniciaci trdveni je mozno simulovat aplikaci jasmonati
(methyljasmonatu (MeJA), popi. koronatinu) imitujicich prvotni elektrochemicky impuls
vznikajici ohnutim vlaskt spoustéciho mechanismu uvniti pasti (Escalante-Pérez et al.,
2011). Fyziologicky je reakce spusténa az po druhém, opakovaném kontaktu kofisti se
citlivymi vlasky pasti v kratkém casovém intervalu, indukce sekrece travici stavy je
spusténa az po 3 stimulu (Escalante-Pérez et al., 2011; Libiakova et al., 2011; Bohm et
al., 2016). Zajimavosti je, ze ackoli dochazi na listech mucholapky k sekreci travici
Stavy, po indukci nenastava rychlé zavieni pasti jako pfi mechanické stimulaci, ale pouze
k pozvolnému pohybu. Popsan byl i vliv pfitomnosti uméle zvysené koncentrace auxind
u mucholapky, které zplsobuji mensi citlivost pasti na mechanické podrazdéni
(Escalante-Pérez et al., 2011). Nejvétsi obsah enzyml pro rozklad kofisti v pasti
mucholapky je zaznamenavan 3-4 den traveni (Scala et al., 1969). Jako atraktant pro
kofist slouzi barevné vyvedeni vnitini ¢asti pasti i chemické stimulanty produkované
rostlinou (Kreuzwieser etal., 2014). Nasledny pienos hydrolyzované potravy je
zprostiedkovan fadou specifickych mechanisma (Scherzer et al., 2013; Scherzer et al.,
2015). Podle energetické potieby jsou hlavni slozky potravy N a C vyuZity k ristu,
respektive je C spotfebovan béhem respirace (Pavlovié et al., 2010, Kruse et al., 2014,
Fasbender et al., 2017).
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4.3. Vysledky: Proteiny travici $tavy rosnatky kapské

Po rozdé€leni extraktu proteinti z travici Stavy rosnatky pomoci SDS-PAGE
a vizualizaci byly pozorovany proteinové pasy v oblasti pod 70 kDa (Obr. 9). Celkem
bylo identifikovéano 43 proteint, z toho 19 pomoci nLC MALDI MSMS a 39 nLC ESI
MSMS technikou. Nejvétsi zastoupeni proteint je v oblasti od 40 do piiblizné 10 kDa,
predstavujici spodni okraj gelu. Nejmensim identifikovanym proteinem dle databadzové
hmotnosti 13,2 kDa je lipid transfer protein (gi|1130872420) ptivodné z pfibuzného druhu
D. adelae. Nejvétsim zaznamenanym enzymem je analog k nukleotidfosfatase
(01|1002635122) N. mirabilis s pfedpokladanou velikosti okolo 70 kDa (Tab. 2). Pro
proteiny s identifikatory gi|1226791974, gi|902236137, gi|1219112697, gi|870863687 se
nepodaftilo najit podobné zastupce s popsanou funkci. VSechny tyto nezndmé proteiny

byly identifikovany pouze na zéklad¢ jednoho popsaného peptidu.

D. Capensis
STD  travici$tava
kDa

97

66 |

45

33

A A0 O N O O

A WN—O

Obr. 9 Proteiny travici tekutiny D. capensis. SDS-PAGE separace proteind z 100 pl
extraktu z travici §tavy rosnatky kapské. Gel byl obarven Coomassie Brilliant Blue
R250. Vyznacené oblasti na gelu byly zpracovany pro MS analyzu.

Sekvence identifikované Asp-proteasy NEP_DCAP (dle Butts et al., 2016a), byla
srovnana s ovétenou sekvenci nepenthesinu 1 z N. gracilis dle UniProtKB Q766C3
(NEP1_NEPGR, Obr. 10). Identifikované Cys-proteasy byly vzajemn¢ rozliSeny pomoci
vyhledavaciho programu PEAKS Studio X a rozfazeny do proteinovych rodin. Sekvence
prvnich zéstupcli z téchto rodin byly srovnany do fylogramu (Obr. 11). Z vysledku
srovnani je patrna odliSnost té€chto enzymil oproti modelovému piikladu papainu

(zastupci C1A skupiny Cys-proteas).
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Obr. 10 Srovnani proteinovych sekvenci Asp-proteasy (NEP_DCAP) rosnatky kapské a
nepenthesinul. Uvedeny jsou sekvence Asp proteasy rosnatky kapské NEP_DCAP
(Butts et a., 2016a) a nepenthesinu 1 (Q766C3, UniProtKB). Aminokyseliny aktivniho
mista jSOU vyznaceny Zluté, zelené jsou oznaceny Lys, Arg. Modie vyznacena jsou
mista mozné N-glykosylace pro nepenthesin 1 dle UniProtKB, pro NEP_DCAP dle
predikce na Asn pokud je v ramci sekvence Asn-Xaa-Ser/Thr. Cysteiny z disulfidovych
vazeb (C130-C133, C136-C210, C157-165, C162-170, C247-444, C363-404) jsou
vyznaceny ruZove.
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Obr. 11 Fylogeneticky strom srovnani identifikovanych cysteinovych proteas travici
stavy D. capensis. Pro srovnani je vlozena sekvence papainu (UniProtKB P00784).
Fylogram byl vytvofen pomoci nastroje http://www.phylogeny.fr, délka ramen spojeni
mezi jednotlivymi uzly a sekvencemi znaci jejich vzajemnou miru podobnosti (Deeper
et al., 2008).

Tab. 3 Proteiny travici §tavy rosnatky kapské.

Seznam proteinti identifikovanych pomoci nLC MALDI MSMS a nLC ESI MSMS.
Proteiny travici §tavy D. capensis byly separovany pomoci SDS-PAGE a Stépeny
trypsinem modifikovanym rafinosou (T) nebo chymotrypsinem (Ch). Pozitivni
identifikace proteinu v experimentu je vyznacena hvézdickou. Prohledani dat bylo
provedeno pomoci Peaks Studio 8 pii pouziti vlastni databaze slozené z obsazenych
proteinovych sekvenci NCBInr Carryophyllales a dat extrahovanych z publikaci Butts et
al., 2016a; Butts et al., 2016b; Unhelkar et al., 2016; Duong et al., 2018. Databaze celkem
zahrnovala 285743 zaznamt v¢etné bé€znych kontaminantii. Parametry prohledani dat
byly FDR na urovni ptifazenych spekter peptidi <1 %, tolerance pro vyhledavani pro
prekurzory - 50 ppm, tolerance pro fragmenty - 0,05 Da pro ESI a 0,5 Da pro MALDI
analyzy. Data byla vyhleddvacim softwarem automaticky rekalibrovdna. Oxidace Met a
acetylace N-konce proteini byly nastaveny jako variabilni modifikace.
Karbamidomethylace cysteinu byla nastaveno jako trvala modifikace. Pro prohledani po
Stépeni chymotrypsinem bylo povoleno 5 moznych vynechanych Stépnych mist,
Vv pfipadé€ trypsinu 3 a povoleno vyhledavani peptidi vzniklych nespecifickou aktivitou

zadanych proteas.
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43

vulgaris subsp. vulgaris]

nLC nLC Gel Pokryti Pocet  Unikatni
ESI MALDI  protein Protein -10IgP  sekvence - ocor  Lmuaml oy Funkce proteinu
peptida  peptidy
band (%)
ChT Ch T
. probable leucine-rich repeat receptor-like
* 3 Qil1226791974 35.26 2 1 1 71592protein kinase At1g35710 [Spinacia oleracea]
putative nucleotide
4 gi|1002635122 64.35 3 2 2 70712pyrophosphatase/phosphodiesterase fosfatasa
[Nepenthes mirabilis]
4 gil902236137 20.48 5 1 1 31120hypothetical protein SOVF_017840 [Spinacia X
oleracea)]
5 gil1002635113 584 2 1 1 aygpoPutative alpha-galactosidase 2 [Nepenthes .- iosidasa
mirabilis]
6 NEP_DCAP 201.74 49 33 33 46349NEP_DCAP_full_m1 Asp-proteasa
6  @i|1002635124 66.18 9 3 3 35878putative peroxidase 27 [Nepenthes mirabilis] peroxidasa
6 902138077 29.04 2 1 1 35626hypothetlcal protein SOVF_199100 [Spinacia peroxidasa
oleracea)]
7  DCAP_4952 174.35 44 13 1 30247DCAP_4952_full_m1 Cys-proteasa
7  Droserainl_full_ml 172.54 29 14 2 36070Droserainl_full_m1 Cys-proteasa
7 gi|1552058024 110.43 14 5 2 34216endochitinase [Drosera capensis] chitinasa, F19
7  DCAP_5513 108.04 17 5 1 30994 Chtitinase_mmc26 chitinasa class I, F19
7 gil1114672837 83.97 14 4 1 37755dionain 2 [Dionaea muscipula] Cys-proteasa
7 Droserain2__full_m1 74 4 3 1 38415Droserain2__full_m1 Cys-proteasa
. cysteine-rich receptor-like protein kinase 25
7 gi|1219112697 25.02 1 1 1 83311isof0rm X2 [Chenopodium quinoa] X
8 DCAP_4240 109.84 25 11 4 37554DCAP_4240_full_m1 Cys-proteasa
8 DCAP_0533 100.26 13 4 4 49825Chtitinase_mmc24 chitinasa class IV, F19
8 DCAP_0551 99.16 16 8 1 36096 DCAP_0551_full_m1 Cys-proteasa
9 DCAP_7714 55.22 8 3 1 37084DCAP_7714_full_m1 Cys-proteasa
9  gi|787035404 52.36 9 3 3 38380glucanase [Drosera adelae] Glukanasa
9  gil1130872412 44.89 6 2 2 36720beta-1 3-glucanase [Drosera adelae] B-1,3-glukanasa
10 DCAP_4793 17453 39 16 2 36608 DCAP_4793_full_m1 Cys-proteasa
10 DCAP_0107 170.23 32 15 1 36714DCAP_0107_full_m1 Cys-proteasa
10 DCAP_7131 152.53 20 9 1 36737DCAP_7131_full_m1 Cys-proteasa
10 DCAP_3193 148.96 20 8 1 36858 DCAP_3193_full_m1 Cys-proteasa
10 gi|1130872414 60.3 11 3 3 36611beta-1 3-glucanase [Drosera adelae] beta-1,3-glukanasa
10 DCAP_8215 4174 8 2 2 34841DCAP_8215_full_m1 Cys-proteasa
10 gi|1130872436 21.45 3 1 1 42569 C-terminal peptidase [Nepenthes alata] proteasa (Neprosin)
11  DCAP_7132 193.89 42 15 5 37230DCAP_7132_full_m1 Cys-proteasa
11 DCAP_3192 171.88 40 12 3 37294DCAP_3192_full_m1 Cys-proteasa
11 DCAP_7614 12467 38 13 13 38111DCAP_7614_full_m1 Cys-proteasa
11 DCAP_2209 65.56 23 5 5 27516 Chtitinase_mmc12 chitinasa, F18
. hypothetical protein SOVF_215330 partial .
11  gi|902043096 37.72 19 1 1 8544[spinacia oleracea] tubulin
12 DCAP_2190 171.87 47 26 24 38356 DCAP_2190_full_m1 Cys-proteasa
12 DCAP_8396 112.12 30 13 12 37857DCAP_8396_full_m1 Cys-proteasa
13 gi[71611076 48.05 10 2 1 24880ribonuclease [Drosera adelae] ribonukleasa
14 (i|1842103754 44.55 11 2 2 23406thaumatin-like protein [Drosera adelae] thaumatin-like protein
. hypothetical protein BVRB_3g065650 [Beta
14 gi|870863687 27.29 3 1 1 43741vu|garis subsp. vulgaris] X
14 gi[778204087 2707 2 1 1 540848Y10-DOPA 5-O-glucosylransferase glukosyltransferasa
[Amaranthus tricolor]
14 gi|1130872440 2191 5 1 1 23871thaumatin-like protein [Nepenthes alata] thaumatin-like protein
15  gi|1130872418 71.33 21 4 3 23717thaumatin-like protein [Drosera adelae] thaumatin-like protein
15  gi|165292438 65.26 7 1 1 23859thaumatin like protein [Nepenthes alata] thaumatin-like protein
15 gi|1130872420 58.91 15 3 3 13271lipid-transfer protein [Drosera adelae] lipid transfer protein
15 gi[870860818 2845 6 1 1 24091 MyPothetical protein BVRB_5g100770 [Beta .. avin-like protein



4.4. Diskuse: Proteiny travici §tavy rosnatky kapské

Pomoci imitace kofisti na pastech rosnatky aplikaci JA byla Gspé$né vyvolana
sekrece travici stavy, ktera byla odebrana a podrobena proteomické analyze. K Gispésné
identifikaci rozmanité sady produkovanych proteint vyrazné napomohla jejich separace
pomoci SDS-PAGE, kdyz doslo i k oddéleni rGznych forem jednotlivych enzymu
a dalSich proteind. Dle poctl a typu identifikovanych proteinil Ize vyvodit, ze travici
mechanismus D. capensis neni zaloZen na digesci pomoci Asp-proteas, ale stejné jako u
D. muscipula maji hlavni zastoupeni proteasy cysteinové. Pfitomna je ziejmé také na
endopeptidasa specifickd pro prolin a podobna neprosinu z Nepenthes ventrata (Lee et
al., 2016). Hydrolyzu télesnych schranek hmyzu zajist'uji nejméné 3 chitinasy. Ostatni
polysacharidy mohou byt S$tépeny alfa-1,3-glukosidasou nebo 1,3-glukanasami
hydrolyzujici ochranné glukany pivodné branici plsobeni chitinas na bakterialni
bunécnou sténu. U béznych rostlin mohou houby z mykorhizy pomoci oligochitinovych
fragmentii indukovat zvyseni Ca?* koncentrace v epidermdlnich buiikdch kofene (Hu et
al., 2009). Rostlina nasledné podle délky oligochitinovych fetézct pozna, zde jde o
parazita nebo symbioticky organismus (Sanchez-Vallet et al. 2015). Rostlinné patogeny
se naucily tento signalizacni mechanismus omezovat a sekretuji proteiny vazajici se na
chitin a branici puisobeni rostlinnych chitinas (Kaku et al., 2006). Indukce obranné reakce
oligosacharidy chitinu miZze vést u rostlin ke tvorbé ROS (Kaku et al., 2006). Zména a
zvyseni koncentrace Ca®" je potfebna pro tvorbu jasmonatii a dalsich sekundarnich
metabolitli. Pii exogenni aplikaci JA byl tento inicia¢ni krok vedouci i k sekreci travici
Stavy rosnatky preskoCen (Krausko et al., 2017). Po reanalyze dat proti velmi dobfe in-
vitro pfeloZenym sekvencim proteas a chitinas z genomu rosnatky, lze rozlisit rtizné
formy téchto hydrolas (Butts et al., 2016a; Butts et al., 2016b; Unhelkar et al., 2016;
Duong et al., 2018). Nevsednim enzymem travici §tavy rosnatky je chitinasa téidy IV
(DCAP_0533) obsahujici ve své struktuie 2 vazebna mista pro chitin. Tento enzym byl
dosud predikovan jen dle DNA a podobny protein v rostlinng ti§i neni znadm (Unhelkar et
al., 2016). Nalezena Asp-proteasa (NEP_DCAP) podobna nepenthesinim byla dle
ptuvodniho vyhodnoceni identifikovana pouze podle jednoho unikatniho peptidu z okoli
aktivniho mista (piekryv s protildtkou pouZzitou pro detekci enzymu westernblotem;
Krausko et al., 2017). Pfi pouziti aktualizované databaze data prokazala, ze enzym byl
pfitomen ziejm¢ v hojném zastoupeni a MSMS technikami po jeho naStépeni
chymotrypsinem byla potvrzena shoda natémét 60 % aktivni sekvence. Sekvence

enzymu je pro proteomickou analyzu s vyuzitim trypsinu dokonale nepfistupnad diky
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pfitomnosti pouze jedné bazické AK (R341). Tato extrémni adaptace muze také
vyznamné prodlouzit Zivotnost droserasinu (NEP_DCAP) v travici §tavé rosnatky po
jeho aktivaci a puasobeni spolu s prevladajicimi thiolovymi proteasami. Oproti
nepenthesinu 1 z lackovky (NEP1 NEPGR), ziejmé¢ ve struktufe enzymu rosnatky chybi
jedna disulfidova vazba mezi C247 a C444. Toto spojeni mize mit zdsadni vliv na
vlastnosti tohoto enzymu, jelikoZ u nepenthesinu 1 drzi C-konec proteinu kompaktné
ptiloZzeny ke zbytku struktury. N-glykosylace droserasinu na aktivni ¢asti proteinu je
piredpokladdna jen na 2 mistech oproti 6 u nepenthesinu 1. Zastoupeni Cys-proteas
V travici $taveé rosnatky je velmi rozmanité a enzymy se vyskytuji v nékolika velmi
blizkych formach podobnych prvnimu popsanému zastupci droserainu (Takahashi et al.,
2012). Z identifikovanych Cys-proteas neni také zadna podobna enzymim béznych
rostlin z vice nez 65 % AK sekvence. Pfitomnost riznych forem Cys-proteas muze byt
teoreticky vysledkem rizného zpracovani puvodni genetické informace (Stephenson a
Hogan, 2006). Hydrolyzu biopolymeri z kofisti mohou oxidaci usnadiiovat pfitomné
peroxidasy (Hatano a Hamada, 2012). Identifikace fosfatasy a ribonukleasy doklada, ze
rosnatka kapska je vybavena i pro aktivni rozklad nukleovych kyselin mechanismy
puvodné slouzici k obrané pted viry (Okabe et al., 2005, Nishimura et al., 2013). Na
zaklad¢ geonomickych dat byly publikovany modelové struktury lipas a esteras rosnatky
kapské (Duong et al., 2018). Ze ziskanych proteomickych dat nebyl Zzadny z téchto
enzyml v travici $tdv€é zaznamenan. K traveni kofisti muze pfispivat 1 schopnost
nékterych ,thaumatin-like” proteinti rozkladat B-1,3-glukany a zvySovat prostupnost
membran, ktera byla pozorovana pfi jejich interakci s patogennimi hubami (Grenier et
al., 1999). Vyskyt ,thaumatin-like* proteinti a lipid transfer proteinu v travici §taveé
nemusi souviset z masozravosti a miize dokladat jen ptivod celého mechanismu traveni v
obranné strategii rostlin, které jsou tyto proteiny soucasti (Pavlovi¢ a Mithofer et al.,
2019).
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5. PROTEINY BOHATE NA PROLIN JAKO MOZNI{ PUVODCI ZAKALU
VINA

Vyroba vina tradi¢ni cestou z hrozna s sebou nese rizika vzniku senzorickych vad.
Ve vétsing ptipadt jsou pficinou fyzikalné a chemicky nestabilni slouceniny, ptfipadné
toxické latky snizujici kvalitu samotného vina a zpiisobujici tak ekonomické ztraty jeho
prodejci nebo vyrobci. Pivod vétSiny vad vina je v soucasnosti zndm a rutinné jsou
aplikovany postupy a prosttedky piedchazejici vzniku nebo projevu téchto nedokonalosti.
Nastroje pro boj s defekty vina ptredstavuji chemické piipravky, vyuzivani inertnich
materialt v technologii, Slechténé Zivé kultury kvasinek
a jinych mikroorganismt nebo proteinové ptipravky, ¢asto enzymy (Palmisano et al.,
2010, Gaspar et al., 2019, Sui et al., 2020). Prostiedky investované jen proti potlaceni
zakalu vina celosvétove predstavuji vice nez 1 miliardu dolarti ro¢né€, odpovidajici asi 0,5
% hodnoty celkového trhu s vinem (Robinson et al., 2012). Ptekazkou pfti vyrobé vina
mnohokrat neni zpiisob, jak danou vadu odstranit, ale jak ji odstranit beze zmény dalSich
charakteristik (Lambri et al., 2010). Pii vyrobé vina se uplatiiuji preventivni opatieni
majici za cil zabréanit vzniku a projevu moznych vad pfed konecnym sta¢enim do lahvi
a nasledné uchovat kvalitu népoje pfi mozné nepiizni vnéjsich podminek zmén teplot
a vystaveni svétlu (Marangon et al., 2011). Vady a nedostatky vina mohou byt dle vlivu
na kvalitu rozdéleny na senzorické vizualni, chut'ové nebo pachy a vady piedstavujici

nebezpeci pro konzumaci.

5.1.  Senzorické defekty vina

Béznym defektem vina je pfitomnost krystalkli vinandi objevujicich se pfi
prekroceni meze jejich rozpustnosti (Lasanta a Gémez, 2012). V ptipad¢ Cervenych vin
muze dochazet k nezadouci zméné barevnosti nebo srazeni pigmentli odvozenych od
anthokyanin (Alcalde-Eon et al., 2014). Zvétrala pfichut’ vina je projevem vysoké
hladiny acetaldehydu (60, resp. 300 mg-I* pro bila a &ervena vina) vznikajiciho
enzymovou oxidaci ethanolu nebo oxidaci vzdusnym kyslikem napf. pfi delSim
skladovani vina (Sheridan a Elias, 2015). Nepfijemna kyselost vina je diisledkem
vysokého obsahu (nad 700 mg-I) kyseliny octové tvofené aerobnimi bakteriemi béhem
fermentace provadéné za nevhodnych podminek (Vilela-Moura et al., 2011). Vysoky
obsah ethylacetatu, bézné poskytujici piijemné ovocné aroma, se negativné projevuje na
hotkosti vina (Lilly et al., 2006). Diacetyl (2,3-butandion) vznikajici béhem jable¢no-

mlécného kvaSeni je pivodcem maslového nebo mlééného zapachu vina (Guth, 1997).
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Rada senzoricky projevii je pro vino zcela neptvodni. Kvasinky rodu
Brettanomyces nebo Dekerra jsou schopné tvofit charakteristicky vonici vinylfenoly
z béznych fenolovych kyselin (Milheiro et al., 2017). Stejné druhy mikroorganismu jsou
zodpovédné i1 za tzv. ,,zdpach mySiny* vina zplusobeny derivaty pyrrolinu a pyridinu
(Snowdon et al., 2006). Chut’ korku ve ving je projevem 2,4,6-trichloroanisolu tvofenym
béznymi houbovymi plisnémi Penicillium a Aspergillus z biocidnich pfipravki
obsahujici chlorofenoly prostupujicich do materialu korkovych zatek (Simpson a Sefton,
2007). Neptijemné pachy thiolti a H2S jsou produkty hladovéjicich kvasinek v pozdé€jsich

stadiich fermentace vina (Ugliano et al., 2009).

5.2. Proteinogenni defekty vina

Proteom vina je tvofen majoritné rostlinnymi PR-proteiny, odolévajici
snizujicimu se pH 1 celému pribéhu fermentace. Vedle téchto proteinil 1ze v hotovém
vinu nalézt proteiny pivodem z kvasinek, ptipadné dalSich mikroorganismi, které se
dostaly svinem do kontaktu béhem jeho vyroby. Béznymi vizualnimi vadami
souvisejicimi s proteiny obsazenymi ve viné jsou zmény barevnosti a prizracnosti
objevujici se po staCeni. Pivodcem téchto zmén byvaji srazeniny vznikl¢ agregaci
nestabilnich sloZzek vina nebo oxidaéni produkty (Esteruelas et al., 2011, Lambri et al.,
2013, van Sluyter et al., 2015, Cosme et al., 2020).

5.2.1. Nestabilita vinnych proteint

Projevem ptitomnosti nestabilnich proteinii ve viné je vznik pozorovatelného
zakalu v celém objemu tekutiny nebo sedliny na dnu ldhve (Esteruelas, 2009, Cosme et
al., 2020). Proteiny podilejici se na vzniku agregatl tvofici zakal jsou bézné vyhradné
rostlinné PR-proteiny a invertasa (E.C. 3.2.1.26) pivodem ze S. cerevisiae (Falconer et
al., 2010). Dalsi slozkou proteinogenniho zakalu tvofi hydroxyslouceniny, snadno
adsorbujici na struktury bohaté na prolin (Siebert, 1996, McRae et al., 2015, Obr. 12).
Stabilitu proteinli ve vin¢ ovliviiuje faktor teploty a iontové sily, kdy jejich zménou
dochazi ke strukturnim zméndm. Obsah alkoholu ve viné stabilitu vinnych proteinti
neovliviiuje (Sarmento et al., 2000). Strukturni zmény vinnych proteint jsou za béznych
podminek reverzibilni (Marangon et al., 2011). Van-Sluyter et al., 2015 popsal vznik
zakalu jako tfifazovy proces takto, v prvnim kroku musi dojit k rozvolnéni struktury
proteind, coz ndsledn€ umozni jejich vzajemnou agregaci, nakonec muize dojit ke spojeni
mezi témito proteinovymi agregaty a dalSimi komponenty vina. Zasadni roli v tomto

procesu ziejmé hraje obsah sifi¢itantl, dfive oznaCovanych jako komponenta zakalu ,,X*

47



(Pocock et al., 2007, Marangon 2011, Chagas et al., 2016). Podle modelu autort Chagas
et al., 2016 praveé ionty HSOs3™ a zvySena teplota umoziuji rozruSeni intramolekularnich
disulfidovych vazeb i1 u nejodolnéjsich ,,thaumatin-like* proteintt (TLP) a tim jejich
vzajemnou interakci. Naslednd interakce s dalSimi slozkami vina vede az ke vzniku
pozorovatelnych agregatii projevujicich se jako zakal (Chagas et al., 2016). Proteiny
z hrozna podilejici se na tvorbé zakalu figuruji také jako mozné alergeny vina. Hlavni
alergeny v hotovém vinu predstavuji chitinasa 4A a lipid transfer proteiny (LTP), pro

které je mozné najit analogy u broskve a tie$né (Pastorello et al., 2003, Schid et al.,

2004).

15% ethanol
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Obr. 12 Predpokladany model interakce taninu s polypeptidy bohatymi na Pro.

V prostiedi s niz§im obsahem ethanolu dochazi kromé moznych vazeb prostiednictvim
vodikovych mustkd (pierusovand modrozelena jesté k interakci mezi Pro a taninem
zprostitedkovanym hydrofobnimi interakcemi (pferuSovana oranzova). Prevzato a
upraveno z McRae et al., 2015.

5.2.2. Enzymova oxidace vina

PfedCasna oxidace vina projevujici se zhnédnutim zplsobuje znehodnoceni
mladych bilych vin. V ptipadé ¢ervenych vin je mirna oxidace naopak Zadouci (Chinnici
et al., 2013). Enzymova oxidace fenolovych sloucenin je nastartovana béhem lisovani
vina a uvolnéni polyfenoloxidas ze slupky hrozna (Fronk et al., 2015). Cinnosti zejména
tyrosinasy (E.C. 1.14.18.1) jsou nasledné preménovany monofenolové a difenolové
slouCeniny na reaktivni chinony, které oxiduji dalsi slouceniny (Fronk et al., 2015).
Oxidované chinony se projevuji hnédym zabarvenim, kdezto katechiny tvoti po oxidaci
zluté struktury (Guyot et al., 1996). Analogii tohoto projevu je hnédnuti vina v disledku
aktivity lakasy (EC 1.10.3.2) sekretované dovnitf hrozna patogenem B. cinerea. Substraty

lakasy jsou kyseliny gallova, ferulova, kdvova nebo resveratrol (Fronk et al., 2015; Claus
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et al., 2014). Vyuzivani molekulového kysliku obéma zminénymi enzymy umoznuje

jejich ¢innost potlacit pouzitim tzv. sifeni pomoci SO2 (Cheynier et al., 1989).

5.3.  Proteiny ve vin¢

Obsah proteinil v hotovém vin¢ se miize zna¢né liSit dle pouzité odriidy a stavu
hrozna, b&Zné je udavano rozmezi 10-500 mg-I" (Ferreira et al., 2001, Pocock et al.,
2007). Popsané extrahovatelné mnozstvi proteinii v hroznech nepiesahuje 800 mg-I7,
pti¢emz az 2/3 tvoii proteiny semen (Ferreira et al., 2000, Kambiranda et al., 2014).
Pocock et al., 1998 prokazali, Ze pocCateni mnozstvi proteini v hroznech pied
zpracovanim miize ovlivnit mira jejich poskozeni béhem sbéru a doba prodlevy, nez dojde
K jejich zpracovani. Dvojnasobny obsah proteinti byl zaznamenan v extraktu z hroznt
sklizenych neSetrné¢ mechanicky oproti extraktu z ovoce sklizeného manuélné¢ nebo
mechanicky s minimalnim poskozeni bobuli (Pocock et al., 1998). Obsah vinnych
proteind klesd o 60-90 % behem fermentace vlivem proteolyzy a denaturace (Ndlovu et
al.,2019). Odolnost vinnych proteint 1ze demonstrovat jejich pfitomnosti v kvasném octu
(Di Girolamo et al., 2011). Nejvétsi podil mezi proteiny hrozna i vina zaujimaji chitinasy
a TLP (Giribaldi et al., 2007).

5.3.1. Proteiny podobné thaumatinu

,,Thaumatin-like* proteiny vina jsou fazeny mezi PR-5 proteiny. Velikost TLP je
okolo 24 kDa. Ve vin¢ lze najit 2 hlavni isoformy oznaené VVTLP1 a VVTLP2 lisici
svym obsahem v zavislosti na stavu hrozna. Zatimco VVTLPl je produkovan
konstitutivné, forma VvTLP2 je ve zdravych hroznech vyrazné¢ méné zastoupena
(Tattersall et al., 1997, Pocock et al.,, 2000). Thaumatiny a osmotiny z hrozna
identifikovali Monteiro et al., 2003 jako pfi¢inu rezistence vina vuci pusobeni a ristu
patogent Botrytis cinerea, Uncinula necator (padli revové) a Phomopsis viticola (¢erna
skvrnitost révy). Yan et al., 2017 identifikovali z 33 VVTLP gent 6, které byly ve zvysené
mife piepisovany po inokulaci rostlin hrozna B. cinerea a Erysiphe necator (padli).
Struktura TLP je znama pro ptvodni thaumatin z Thaumatococcus daniellii (Ogata et al.,
1992), a analogy z bananu, rajcete, jablka a dalSich (Leone et al., 2006; Ghosh et al.,
2008). Strukturu rostlinnych TLP tvofi tfi domény stabilizované disulfidovymi vazbami
(Min et al., 2004). Prostorovou strukturu tfi vinnych TLP proteinti vyfesili Marangon et
al., 2014 po jejich izolaci z hroznové stavy V. vitifera odridy Sauvignon Blanc. Pouze

F2/4JRU z téchto TLP, liSici se zejména v oblasti centralni a zaroven nejvetsi domény I,
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byl schopny se podilet na zékalu vina po provedeni teplotniho testu stability vina

(Marangon et al. 2014).

5.3.2. Chitinasy

Chitinasy (EC 3.2.1.14) jsou hydrolytické enzymy rozkladajici chitin - polymer
N-acetylglukosaminu propojeny B-1,4 glykosidovymi vazbami. Chitinasy patii mezi
glykosidhydrolasy rodin 18 a 19, pficemz rodina 19 se vyskytuje hlavné u rostlin (Grover,
2012). Pro V. vinifera bylo nalezeno 42 geni pro chitinasy. Po infekci patogenem B.
cinerea byly vyznamn¢ zvysSena exprese 4 genu, z nichz 3 jsou v listech a 1 v hroznu
(Zheng et al., 2020). Na urovni proteinti byla popsana inhibice rastu B. cinerea vinnymi
chitinasami ze tfidy I, I a IV (Saito et al., 2011). Obsah chitinasy IV byl stanoven
v rozmezi 10-45 mg-It v hroznech Sauvignon blanc, Semillon a Manzoni Bianco (van
Sluyter et al., 2009; Vincenzi et al., 2014). Optimalni teplota pro aktivitu tohoto enzymu
je 3040 °C pti pH 4,5-6 (Saito et al., 2011, Vincenzi et al., 2014). Pii vyssich teplotach
dochazi k prudkému poklesu aktivity souvisejicimu s omezenou stabilitou tohoto enzymu
(Falconer et al., 2010). Za podminek fermentace (pH 3,2 a 25 °C) je aktivita tohoto
enzymu jen okolo 12 % oproti idealnim podminkam (Vincenzi et al., 2014), coz je

vyhodné pro riist kvasinek, ktery tak neni negativné potlacovan.

5.3.3. B-D-glykosidasy

Aroma a chut’ vina jsou ovlivnény ¢innosti dalsi skupiny hydrolytickych enzymd,
B-D-glykosidas (EC 3.2.1.21). Senzoricky vyrazné latky mohou byt v hroznu pfitomny
ve formé glykosidii a aby se vlastnosti aglykonil projevily, musi byt uvolnény aktivitou
B-D-glykosidas nebo kyselou hydrolyzou (Zhu et al., 2014). Mala aktivita glykosidas a
inhibice volnou glukosou je pti¢inou pomalého rozkladu glykosidi v prostiedi vina, coz
kone¢né zplisobuje mén¢ intenzivnéjsi aroma mladych vin, kterd stale obsahuji velky
podil téchto latek v ptivodni formé (Cabaroglu et al., 2003). Uméla aplikace ruzné

vvvvvv

Rensburg a Pretorius, 2000).

5.3.4. Lipid transfer proteiny

Nespecifické prenasece lipidli jsou malé proteiny majici zasadni roli v obranné
reakeci rostlin, procesu tvorby lipidové dvojvrstvy kutikuly nebo suberinu a mnoha dalSich
procesech (Salminen et al., 2016; Edqvist et al., 2018). Charakteristickymi vlastnostmi
LTP je vysoky obsah Cys a bazickych AK a velikost do 12 kDa (Gomés et al., 2003). Pro
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LTP byla ovéfena odolnost procesim vinifikace, tolerance k nizkému pH, obsahu
alkoholu do 13,5 % a lze je proto najit i v hotovém viné (Okuda et al., 2006; Jaeckels et
al., 2013). Mnozstvi LTP ve viné je zifejm¢ spojeno s jeho barvou, kdy vice LTP bylo
detekovano v Cervenych vinech (Jaeckels et al., 2013, Wigand et al., 2009). Mozné
vysvétleni nabizi znama lokalizace LTP majoritné ve slupce a semenech hrozna
a predpokladana snadna adsorpce na bentonit pfi procesu ¢ifeni bilych vin (Wigand et al.,

2009; Edqvist et al., 2018).

5.3.5. Proteasy vina

V hroznu je piedpokladdna piitomnost proteolytickych enzymii podobnych
subtilisinu zastavajicich obrannou funkci proti houbovym patogenim (Cao et al., 2014;
Figueiredo et al., 2016). Byl prokazan klicovy vliv serinovych a cysteinovych proteas
v listech hrozna proti infekci patogenu Plasmopara viticola Gindro et al., 2012. Serinova
proteasa byla na modelu bun&¢né kultury V. vinifera indukovana aplikaci methylovanych
cyklodextrinti (Martinez-Esteso et al., 2009). Piitomnost a pétinasobné zvySeny obsah
serinové proteasy (gi 297744927) zaznamenala Dadakova et al., 2015 po infekci bunééné
kultury V. vinifera sedou plisni B. cinerea. Serinové proteasy mohou mit vyznam pro
tvorbu fyzické bariéry zabrafiujici invazi patogend (Martinez-Esteso et al., 2009).
Enzymova aktivita Cys-proteasy byla detekovéana na listech révy vinné po indukci MeJA
(Repka et al., 2013). Hydrolasa s chovanim odpovidajici thiolové protease byla izolovana
z hroznové $tavy (Exposito et al., 1991). Pfitomnost a funkce aspartatovych proteas muze
byt u V. vinifera dedukovéana pouze na zaklad¢é expresnich profilti a genomickych dat
(Guo et al., 2013).

5.3.6. Exogenni proteiny vina

Proteom hrozna potazmo moStu a vina odrazi vné¢j$i prostiedi, kvalitu hrozna
ptipadné pouzita ¢ifici ¢inidla (Giribaldi et al., 2007; D" Amato et al., 2010). Specifické
exogenni proteiny vina jsou produkovany vinnymi patogeny B. cinerea, Plasmopara
viticola, Penicillium expansum nebo Erysiphe necator. Pliseni Seda (B. cinerea) napada
bobule vina béhem zrani a zpiisobuje primarné€ jejich sesychdni. Pfitomnost padli (E.
necator) odhaluje bilo-Sedy povlak na povrchu hrozna a lista. Peronospora (P. viticola)
napada vSechny organy révy. Infekce peronospory se projevuje ptitomnosti olejovitych
skvrn na povrchu listli nebo bobuli vina a miiZe vést az k zasychdani listli, hrozna, ptipadné
celé rostliny. Fyziologické zmény bobuli zpiisobené patogeny vina jsou mensi velikost,

blednuti barvy slupky, urychlené zmékceni tkané a zejména kratsi trvanlivost v ptipadé
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stolniho hrozna a mensi vynosy pro vyrobu vina (Cantoral et al., 2011). Houbova infekce
hrozna je popisovana jako proces se Ctyfmi fazemi predstavujicimi prvotni zachyt
patogena na rostlin€, nasledné rozmnozeni umoznujici infekci vedouci ke kolonizaci a
dal$imi Sifeni patogena (Li et al., 2019). Proteiny sekretované patogeny cili na vnéjsi
ochranou bariéru bunky, jedna se tedy o polygalakturonasy/pektinasy, pektinlyasy a
kutinasy hydrolyzujici rostlinné pletivo a umoznujici $iteni a virulenci infekce na rostling
(Kars et al., 2005; Zhang a van Kan, 2013). Pro B. cinerea jde zejména o
polygalakturonasy Bcpgl a Bepg2 produkované konstitutivné béhem infekce (ten Have
et al., 2001; Haile et al., 2020). Dalsimi produkty plisn¢ ovliviiyjici kvalitu vina jsou pro
B. cinerea proteolytické enzymy. Proteolyticka aktivita B. cinerea negativné ovliviiuje
obsah jak rostlinnych proteint, tak i mnozstvi proteinti z kvasinek (Girbau et al., 2004,
Marchal et al., 2006, Cilindre et al., 2007, Cilindre et al., 2008, Marchal et al., 2020). Po
napadeni hrozna padlim byl naopak zaznamendn narast obsahu vinnych PR-proteint ve
staveé 1 viné (Girbau et al., 2004). Produkce a aktivita aspartatovych proteas byla u B.
cinerea prokazana jen pii pH 3.0-4.0 vnéjsiho prostiedi (Manteau, 2003). Schopnost
téchto hydrolas $tépit i odolné vinné PR-proteiny je vyuzivana v ptipadé BcAP8 proteasy,
ktera je dnes uméle piidavana jako ¢ifici ¢inidlo pfi vyrob¢ vina (van Sluyter et al., 2013).
Jako biomarker botrytického ptivodu dezertnich vin miize slouzit dikaz ptitomnosti
sekretovanych oxidas a to lakasy 2 (BcLCC2) a lakasy 3 (BcLCC7, Ployon et al., 2020).

Nejbéznéjsimi mikroogranismy pouZivanymi k fermentaci hroznové §tavy na
vino jsou pekaiské neboli vinné kvasinky S. cerevisiae. V pramyslové vyrobé vina
prevlada pouziti vyslechténych kment odolavajicich umele snizenym teplotdm béhem
fermentace a vykazujicich dostatecnou toleranci k o¢ekavanému obsahu cukru a mnozstvi
tvofeného ethanolu. Tyto vlastnosti umoziuji S. cerevisiae béhem fermentace piertst
ostatni mikroorganismy pfitomné jiZ na povrchu hrozna a vyroba vina tak probiha
fizenym opakovatelnym zpisobem (Bauer a Pretorius, 2000). Kvasinky k adaptaci na
ztézujici se rustové podminky béhem fermentace sekretuji fadu proteind, které lze
nasledn¢ identifikovat ve viné (Ferreira et al.,, 2002). Nezanedbatelny obsah
glykoproteinii  z kvasinek uvolfiujicich se do vina bcéhem kvaseni zaznamenal
Dambrouck, 2003. Vincenzi et al., 2011 detegoval pfitomnost mannoproteinii pivodem
z kvasinek v mostu jiz po mésici fermentace. Uvolinovani mannoproteinti z usazenych
kvasinek také ptispiva k jejich obohaceni a diky své stabilité a schopnosti vazat taniny
vylepsuji kvalitu vina (Rowe et al., 2010). Mezi prvni identifikované zastupce patii N-

glykosylované proteiny HPF1 a HPF2 (,,haze protective factor) a cukernd invertasa. HPF
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proteiny byly testovany jako u¢inné protektory vzniku zdkalu vina po vystaveni zménam
teplot (Moine-Ledoux a Debourdieu, 1999, Dupin et al., 2000, Brown et al., 2007. Ostatni
proteiny sekretované kvasinkami nebo z nich uvolnéné jsou spojeny s rastovymi stresy.
Na urovni gent je dobie charakterizovdna rodina 24 Pau proteint kvasinek, z nichz Pau5
je siln¢ indukovan nedostatkem kysliku a nizkou teplotou (Luo et al., 2009). Pfitomnost
O-glykosylovaného Pau5 proteinu byla korelovana s tendenci samovolného vypénéni
Sumivych vin (Kupfer et al., 2017). Béhem fermentace dochazi u kvasinek k vyznamnym
upravam metabolismu dusiku a tvorb¢ permeas a pienaseci AK k jejich transportu
(Beltran et al., 2005). K detoxifikaci iontd médi zna hrozno aplikovanych postiikl

vytvareji kvasinky metalothioneiny (Warringer et al., 2011).

5.4. Metody cifeni vina

Stabilizace vina pomoci €ificich ¢inidel je béZnym postupem k dosazeni vysoké
kvality zejména bilych vin zahrnujici piijemnou barvu a vyvazeny organoleptické profil
(Cosme et al., 2012). Pomoci ¢ificich ¢inidel jsou z vina zamérné odstrafiovany ¢astice
odpovédné za zdkal, zejména fenolické latky tvofici koloidni shluky a proteiny
zpusobujici tepelnou nestabilitu (Falconer et al., 2010, van Sluyter et al., 2015, Cosme et
al., 2020) Castetné také ¢ifidla redukuji a zmé&ké&uji chut tfislovin a usnadiuji

filtrovatelnost vina (Castillo-Sanchez et al., 2008, Chagas, 2012).

5.4.1. Bentonit

Nejbézngjsi technikou cifeni vin predstavuje pifidavani suspenze bentonitu.
Bentonitovy prasek (obsah 60-80 % minerdlu montmorillonitu) funguje jako silny
kationtoméni€ a pfi nizkém pH vina na sebe vaze kladné nabité proteiny zejména z hrozna
(Lambri et al., 2010; Jaeckels et al., 2017). Nejvétsi efektivita adsorpce na bentonit byla
prokézana pro mensi proteiny do 30 kDa bez vyrazného vlivu rozdili pH vina. Obecné
v8ak s klesajicim pH uc€innost Cifeni bentonitem klesa. Bentonity s vysokym obsahem
Ca?* jsou nejméné u¢inné pro odstranéni proteini piivodem z hrozna (Dordoni et al.,
2015). Jako nejsnaze adsorbujici protein na bentonit byla identifikovana endo-1,3-f-
glukosidasa z hrozna majici oproti ostatnim proteintiim vina vys$si hodnotu pl nez okolni
prostiedi vina (Jaeckels, 2015). Velmi efektivné jsou bentonitem odstraiiovany 1 rostlinné
chitinasy (Jaeckels, 2017). Nespecifické pisobeni bentonitu nejen na proteiny muize
negativné ovlivnit obsah dalSich molekul, hlavné polyfenoli a anthokyanidinl
ovlivitujicich aroma a barvu vina (Pretorius, 2000; Granato et al., 2010; Lambri et al.,

2010, He et al., 2020). Bézn¢ pouzivané koncentrace bentonitu aplikovaného do vina
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nepiesahuji 1 g-17, coz vede az k 85% sniZeni proteinového obsahu a ukazuje tak bentonit
jako nejucinnéjsi bézné uzivané deproteinacni Cinidlo aplikované ve vinafstvi (Sauvage
etal., 2010; Chagas et al., 2012; van Sluyter et al., 2015). Negativem po pouziti bentonitu
je ztrata bézné asi 10% casti ¢ifeného vina tvotici sedlinu a tzv. bentonitovy kal (Waters

et al., 2005).

5.4.2. Cifeni vina pomoci proteinti a enzymi

Dalsi skupinu Cdificich Cinidel pfedstavuji zivociSné proteiny a proteinové
extrakty. Nejbéznéji jsou vyuzivany vaje¢ny albumin, hovézi kasein nebo vyzina
(,,isinglass*) (Wigand et al., 2009; D" Amato et al., 2010, Chagas et al., 2012, van Sluyter
et al., 2015). Podle nafizeni evropské komise (2007/68/EC) vSak musi tyto ptidané latky
byt na hotovém vyrobku deklarovany, zvlasté pokud jde o znamé alergeny. Po aplikaci
zminénych proteinovych ¢ifidel bézné€ nasledovalo dalsi oSetfeni vina bentonitem k jejich
odstranéni. Technicky pokrok umoznil tyto alergeny snadno detegovat a lze tak
predpokladat minimalizaci a odklon od jejich nadmérné aplikace (D’ Amato et al., 2010,
Rizzi et al., 2016). K efektivnimu potlaceni vzniku zakalu ptispivaji siln¢ glykosylované
mannoproteiny (viz. kapitola 5.3.6.), polysacharidy a hydrolytické enzymy tvotrené
kvasinkami. K praktické aplikaci tak 1ze pouzit extrakty ze S. cerevisiae nebo inokulovat
kvasinky (Saccharomycces japonicus), které mannoproteiny tvofi ve zvySeném mnozstvi
(Dupin et al., 2000; Pozo-Bayon et al., 2009; Gaspar et al., 2019; Millarini et al., 2020).
Snadnégjs$i uvolnéni mannoproteinti z bunééné stény autolyzujicich kvasinek je mozné
podnitit aplikaci slabych elektrickych impulzi (Martinéz et al., 2016). Aplikace tohoto
pfistupu piimo po fermentaci vina vSak nebyla testovana.

Ptimou cestou k odstranéni teplotné nestabilnich proteint tvoticich zakal je jiz pii
vyrobé vina aplikace proteolytickych enzymi. V kombinaci se zvySenou teplotou je
ucinné pouziti aspergillopepsinti I a I (EC 3.4.23.18 a EC 3.4.23.19) vedouci az k 80%
sniZzeni obsahu proteinli ve vinu fermentovaném z hroznové $tavy oSetiené rychlou
pasterizaci (75 °C, 1 min) a nislednym p#idéni proteasy v mnozstvi 15 mg-1" (Marangon
et al., 2012). Proteolytickou aktivitou  pfi fermentaci  vykazuje
1 vakuolarni proteinasa A (saccharomycin, EC 3.4.23.25) uvoliujici se do vina po
autolyze samotnych kvasinek (Younes et al., 2011; Song et al., 2017). Vinné PR-proteiny
jsou uc¢inn€ hydrolyzovany zminénou rekombinantni proteasou BcAp8 piivodem z B.

cinerea (van Sluyter et al., 2013). V laboratornim méfitku bylo testovano snizeni obsahu
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proteinli a zvySeni stability vina za pouziti imobilizovaného bromelainu nebo papainu

vV michaném a prutokovém mikroreaktoru (Benucci et al., 2014, 2016, 2020).

5.4.3. Ostatni Cifici prostiedky

Polyvinylpolypyrrolidon (PVPP) umoznuje nejefektivnéjSi sniZzeni obsahu
polyfenoli ve vin€ coz muze prispét k vyssi teplotni stabilité takto oSetfenych vin
(Pocock et al., 2007; Esteruelas et al., 2011; Chagas et al., 2012). Mensi ztraty objemu
byly popsany po aplikaci pfirodnich zeolitii namisto bentonitu (Mierczynska-Vasilev et
al., 2019). Alternativné je k ¢ifeni vina mozné pouzit také chitosan nebo chitin (Vincenzi
et al., 2005; Chagas et al., 2012). U¢inné lze proteiny z vina odstranit pomoci piirodniho
kappa-karagenanu (Ratnayake et al., 2019). Pro ¢ifeni vina se dale studuji moznosti
aplikace extraktll ziskanych pfimo z pecek hrozna, aplikace magnetickych nanocéstic
nebo naptiklad systém afinitni filtrace s cilem stabilizovat vino a zaroven zachovat nebo
potlacit ostatni senzorické vlastnosti mén¢ nez pouzitim tradicnich technik (Gazzola et

al., 2017; Dumitriu et al., 2017; Mierczynska-Vasilev et al., 2019).

5.5.  Izolace a stanoveni proteinti ve viné

Ve vinafské praxi je stanoveni obsahu proteini provadéno nepiimo
a interpretovano jako pozorovatelny nebo méfitelny zékal. Principem téchto metod je
sledovani zékalu a srazeniny vzniklé po vystaveni vina zméné teploty nebo pfidani
S proteiny interagujicich nebo srdZecich ¢inidel. Nenaro¢nou metodu predikce miry
stability vina je pozorovani trvanlivosti pény a miry pénivosti po jeho intenzivnim
promichani (Hodecek, 2016).

Kvantitativnimu stanoveni proteint z vina pomoci béznych biochemickych metod
predchazi jejich izolace a nabohaceni pomoci technik dialyzy, ultrafiltrace, sraZeni, nebo
fazové extrakce (Tab. 4). Pro prvni proteomickou studii proteinti hrozna vyuzivajici MS
aplikovali Sarry et al., 2004 precipitaci homogenatu acetonem s 12,5 % TCA a pfidavkem
B-merkaptoethanolu. Analyzou proteinii zejména z mezokarpu hrozna, ziskanych Setrnou
manualni homogenizaci, bylo u vSech vzorkl po separaci 2D-elektroforézou rozliSeno
vice nez 200 signalta (Sarry et al., 2004). U zralych bobuli bylo také pozorovano
kvalitativné nejvetsi zastoupeni PR-proteint (Sarry et al., 2004). Prvni identifikaci
proteint z vina Sauvignon Blanc pomoci nLC MSMS a SDS-PAGE separace publikoval
Kwon, 2004. Po zakoncentrovani proteinii vina ultrafiltraci s naslednym vysolenim se
autorovi podafilo identifikovat 20 proteinti prevazné pivodem z kvasinek (Kwon, 2004).

Pro zpracovani hrozna pro proteomickou analyzu byl popsan postup vyuzivajici
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homogenizaci v suchém ledu a v tekutém dusiku (Vincent et al., 2006, Giribaldi, 2010,
Martines Esteso, 2010).

Tab. 4 Piehled publikovanych analyz vina popisujici inovativni metody extrakce
a izolace proteint. (TCA — trichloroctova kyselina; UF X kDa — ultrafiltrace, X znaci
velikost poru v kDa; EtOH - ethanol; SCX-LC kapalinova chromatografie na
kationtoménic¢i; PVPP — polyvinylpolypyrrolidon; LSB — Laemmliho pufr pro
elektroforézu; DTT — dithiothreitol, 2-ME - merkaptoethanol)

publikovana prace odriida vina  material zpracovani vzorku kvantifikace proteinti metoda separace proteini MS analyza proteiny
[n]
Sarry et al., 2004 komeréni vinahrozno homogenizace, filtrace, precipitace 12,5 Bradford 2D ELFO MALDI 67
% TCA aceton s merkaptoetanolem Ms
Kwon, 2004 Sauvignon  vino UF 5 kDa, vysoleni 80 % siran amonny Bradford SDS-PAGE nLC 20
Blanc MSMS
Vincent et al., 2006 Cabernet hrozno dreeni se suchym ledem nasledn& EZQ kit - fuorescence 2D ELFO nLC 11-44
Sauvignon tekutym dusikem MSMS
Okuda et al., 2006 Chardonnay vino odpateni 40 °C 10x konc., precipitace  vazeni lyofilizované frakce 2D ELFO N-term 8
do 80 % siran amonny, dialyza, sekv.
lyofilizace
Vanrell et al., 2006 komeréni vinavino dialyza 12 kDa, lyofilizace A280 FPLC, ASX, SEC, ConA X X
Negri et al., 2008 Barbera hrozno dreeni v tekutém dusiku, homogenizace 2D Quant kit 2D ELFO nLC 69
s acetonem, filtrace, vysuseni, extrakce, MSMS
precipitace MeOH/aceton
Cillindre et al., 2008 Chardonnay  vino dialyza, UF 10 kDa, precipitace EtOH + vazeni lyofilizované frakce 2D ELFO Western 37
15% TCA Blot
Weber et al., 2009 komeréni vinavino + kasein lyofilizace, 150 konc., UF 35,5 kDa, X SDS-PAGE X X
dialyza, lyofilizace
Batista et al., 2009 Arinto vino UF 3 kDa, odsoleni Sephadex G-25M, Lowry X X X
lyofilizace, SCX LC, lyofilizace
Grimplet et al., 2009 Cabernet hrozno dreeni v tekutém dusiku, fenolova EZQ kit - fuorescence 2D ELFO MALDI 1047
Sauvignon extrakce, precipitace MeOH MSMS
Esteruelas et al., 2009 Sauvignon  exp. vino dialyza 3,5 kDa, lyofilizace Bradford SEC SCX FPLC, nLC X
SDS/NATIVE-PAGE, MSMS
IEF
Marangon et al., 2009 Semillon hrozno, vino vysoleni ze vzorku o pH 5 (KOH) do 80 RP-HPLC (TLP, Chitinasy) =~ SDS-PAGE, LPLC, nLC 24
% siran amonny RP/HIC/SEC HPLC MSMS
van Sluyter et al., 2009 Semillon, vino PVPP ¢&isténi pH 3 (HCI), filtrace 0.2 RP-HPLC CE HIC + RPHPLC nLC 11
Sauvignon um, SCX LC MSMS
blanc
Wigand et al., 2009 komeréni vinavino dialyza 3,5 kDa, lyofilizace, PVPP vazeni lyofilizované frakce SDS-PAGE nLC 25
cisténi MSMS
Suavage et al., 2010 Chardonnay vino bentonit, eluce LSB; fractogel + UF Denzitomentricky 1D SDS 2D ELFO nLC 14
150 + 5 kDa PAGE (BSA), Bradford MSMS
Giribaldi et al., 2010 Cabernet hrozno dreeni v tekutém dusiku, extrakce tris 2D Quant kit 2D ELFO nLC 379/679
Sauvignon thiomocovina DTT, precipitace TCA a MSMS
acetonem
Martinez-Esteso et al., 2011 Muscat hrozno drceni v tekutém dusiku, extrakce do Bradford SCX LC nLC 830
Hamburg etylacetatu s EtOH, extrakeni pufr, MSMS
extrakce Tris/fenol, precipitace
fenolové frakce MeOH
Vincenzi et al., 2011 Manzoni exp. vino +  dialyza + C18 nabohaceni, vymrazeni, BCA SDS-PAGE MSMS X
Bianco meziprodukty stanoveni proteint precipitace SDS +
KCl, rozpusténi pelet
Kambiranda et al., 2013~ Noble hrozno extrakce do 10 TCA s 0.07% 2-ME v Bradford X nLC 522/352
acetonu; extrakce do fenolu sat. Tris- MSMS
HCI, precipitace
Mainente et al., 2014 Cabernet vino PVPP cisténi, SDS-KCI extrakce, TCA, BCA 2D ELFO nLC 23
Sauvignon precipitace aceton MSMS
Vogt et al., 2016 komeréni vinavino dialyza lyofilizace, extrakce, reextrakce X SDS-PAGE X X

do fenolu, precipitace do octanu
amonného v MeOH

Pro extrakci proteinil z precipitatu z hrozna byly srovnany protokoly bez a véetné fazové

extrakce organickych latek vina do fenolu (Vincent et al., 2006). K extrakci proteint

Z vina nebo hroznové $tavy lze pouzit také vysoleni pomoci siranu amonného do 80 %

nasyceni (Kwon, 2004; Marangon et al., 2009). Inovativni postup zakoncentrovani

proteinti z vina pomoci adsorpce proteinti na bentonit (150 gxhl™?) s naslednou eluci

Laemliho pufrem pro SDS-PAGE popsal Sauvage et al., 2009. Tato technika umoziuje
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po provedeni elektroforetické separace a vizualizace pifimé srovnani proteinovych profilti
vin pti vyuziti mililitrovych objemt vzorku. Nevyhodou je jeji omezena ti¢innost pro vina
jiz diive vycifena bentonitem (Sauvage et al., 2009). Opacény pfistup majici za cil
odstranit z vina malé fenolové latky diky jejich adsorpci na PVPP pouzili v laboratornim
m¢éfitku van Sluyter et al., 2009 a Mainente et al., 2014. Pro zakoncentrovani proteint
Z hrozna je dale vyuzivéana ultrafiltrace nebo ptimo lyofilizace dialyzovanych vzorkl
(Tab. 4). Pro izolaci proteinti i Z ¢ervenych vin lze vyuZzit postupy Mainente et al., 2014
aVogtetal., 2016. Vybrané skupiny vinnych proteinti 1ze efektivné izolovat také pomoci
preparativni kapalinové chromatografie na kationtoménici nebo kolon¢ s reverzni fazi

(Batista et al., 2009; Marangon et al., 2009; van Sluyter, 2009).
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5.6.  Vysledky — proteiny vina

Vysledky experimenti zabyvajicich se analyzou experimentdlniho vina
Sauvignon blanc (vzorky A a B, Obr. 13) a ostatnich vin, v€etné vlivu vybranych proteinii
na zakal vina byly publikovany Perutka et al., 2019, pfilohy ¢. 5 a 6 této prace. Zde
uvedené vysledky jsou shrnutim a doplnénim k zminéné publikaci, kde jsou uvedeny jako
ptiloha nebo nejsou prezentovany. Na zminénou publikaci navazala prace charakterizujici
cysteinovou proteasu opakované nalezenou ve viech vzorcich vin (Perutka a Sebela,
2020, ptiloha ¢. 7). Na zakladé pozvani od prof. Djuro Josice byla publikovana kapitola
zabyvajici se falSovanim a biochemickou analyzou vina v sekci Food Safety and
Foodomics v referen¢nim sborniku ¢lankd Comprehensive Foodomics (Perutka et al.,
2021, piiloha €. 8).

5.6.1. Charakteristiky porovnavanych vin

Pro vSechna studovana vina bylo stanoveno pH a mira zékalu (Tab. 5). Po dialyze
a ultrafiltraci byl stanoven také obsah proteinl. Zméfeni zdkalu pro vzorek Cerstvé
hroznové stavy nebylo mozné z diivodu rychlé oxidace tohoto vzorku projevujici se jeho

hnédnutim.

Obr. 13 Porovnani pivodniho zabarveni a prithlednosti vin B a D.
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Tab. 5 Charakteristiky analyzovanych vzork vin.

Stanovené hodnoty obsahu proteinii ve vin¢ stanovené z ultrafiltraitu pomoci méieni
s BCA a BSA jako standardem. Mira zékalu je méfena jako absorbance pii 540 nm
a vysledek teplotniho testu stability vina uvedeny jako zména A pii 540 nm pied a po

provedeni testu.

Vzorek vina, Oblast pivodu  Charakteristika pH obsah A  Heat

odriida hrozna  hrozna proteind 540 test A
[o-1-1] A 540

A- Me¢lcany, Jizni  viditelny zékal, 20 % pouzittho 2.2 0.28 0.391 0.028

Experimentalni Morava, CR hrozna napadeno B. cinerea, 1 0.03

vino, Sauvignon zapach, nelze aplikovat bentonit,

blanc 2015 znama historie vyroby vina a

produkce hrozna

B - Me¢lCany, Jizni  experimentdlni vino A statené¢ 1 3.3 0.27 0.362 0.031

Experimentalni Morava, CR rok, zakal, zapach +0.02

vino, Sauvignon

blanc 2015

C -Komer¢ni  Francie suché, bez viditelného zakaluy, 3.4 0.22 0.014 0.002

vino, Sauvignon svétlejsi barva, bez viing +0.01

blanc 2016

D - Komer¢éni  Horni Vé&stonice, sladké, bez viditelného zakalu 3 024 0.019 0.006

vino, Ryzlink  Jizni Morava, +0.01

vlassky, CR

botryticky sbér

2015

E - Komeréni  Perna, Jizni suché, bez viditelného zakalu, 3.3 0.27 0.023 0.003

vino, Ryzlink ~ Morava, CR intenzivni zlutooranzova barva, +0.01

vlassky, vyrazna viné

pozdni sbér 2015

F - Komer¢ni Svatobofice- suché, bez viditelného zakalu, 3.4 0.29 0.014 0.002

vino, Ryzlink Mistfin, Jizni  nevyrazna barva +0.02

vlassky, Morava, CR

pozdni sbér 2014

G - Mladé vino, Rajhradice, Jizni bez viditelného zakalu, sladké, 3.3 0.13 0.092 0.011

Irsay Oliver Morava, CR neoSetifeno bentonitem +0.01

2018

H - Hroznova  Jizni Morava,  pfipraveno lisovanim ze stolniho 3.2 0.11 X X

$Pava 2018 CR hrozna +0.01

Komeréni vino, Velke Pavlovice, suche, bez viditelného zakalu 3.3 0.58 0.015 0.001

Ryzlink vlagsky JiZni Morava, +0.03

2016 CR

Pozn.: Historie vzorku vina A. Hrozno bylo sklizeno na konci suchého obdobi béhem
jehoz konce se vyskytl silny dest. Pro vyrobu vina bylo pouZzito 20 % hrozna viditelné
napadeného B. cinerea. Pied lisovanim byl rmut ponechan 15 h stat. Poté byl pfidan
disifi¢itan draselny do koncentrace 50 mg-I™. Nésledn& byl odstranén sediment a byly
naockovany kvasinky. Jako vyziva pro kvasinky byl pfidan sulfat amonny. Fermentace
probihala 8 tydna.
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Proteinové profily byly ziskany pro vSechna vina po rozdéleni jejich ultrafiltratd SDS-
PAGE. Nasledné byly proteiny identifikovany tandemovou hmotnostni spektrometrii.
Pro vSechny vzorky vin i hroznové $tavy bylo identifikovano mezi 9-28 proteiny viz

ptiloha €. 6. Proteinovy profil vin vz. C, E a F zobrazen na obr. 14.
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Obr. 14 Proteinovy profil koncentrat vina. SDS-PAGE vzorkt vin C, E, F po dialyze a
zakoncentrovani ultrafiltraci. Na gel naneseno 20 pug vzorkd. Vyobrazeno rozdéleni na
proteinové pasy 1-12 déle pouzité pro analyzu hmotnostni spektrometrii.

Ze vzorku vina G byly pomoci gelové filtrace izolovany frakce proteind V. vinifera dle
jejich AK sekvenci bohatych na prolin: invertasa (gi|225466093, 6,5 % Pro), frakce
,thaumatin-like* proteina (gi|7406716 a gi|147785114, 7.1 % a 5,0 % Pro), cysteinova
proteasa (gi|297740510, 9,8 %) viz piiloha €. 6. Tyto frakce byly nasledné pfidany k jinak
stabilnimu vinu ryzlink vlassky 2016 piidavkem 50 ng-mit
a znovu byl proveden test teplotni stability. Zména absorbance pii 540 nm nasledné
odpovidala narustu o cca 6 % po ptidani proteasy, 4 % v ptipad¢ invertasy a 16 % po
pfidani frakce ,thaumatin-like* proteinii. Absolutni zména Ass po provedeni testu

teplotni stability nikdy neptekrocila 0,02 vii¢i samotnému piivodnimu vinu.

5.7.  Cysteinova proteasa vina
Studie provadéné na proteinech pivodem z hrozna pretrvavajicich i ve viné se

vénuji omezené skupiné dle MW relativné malych zastupcu chitinas, TLP, ptipadné LTP
souvisejicich se zakalem (Ferreira et al., 2001; Marangon et al., 2009). Vysledky

proteomickych analyz vzorkli bilych vin ukazuji, Ze cysteinova proteasa (CYSP,
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0i|297740510 a odpovidajici delsi sekvence XP 002266308 obsahujici navic
propetidovou a inhibicni doménu na N-konci proteinu) pavodem zhrozna
s predpokladanou MW 41 kDa byla detegovatelna ve vSech vzorcich bez ohledu na
odridu a stari. Teoretickd MW CYSP neodpovidd hodnotam stanovenych SDS-PAGE
pro extrakty z vin zobrazujici odpovidajici proteinovy pas v oblasti okolo 200 kDa. Stejna
hodnota MW pro CYSP byla zjisténa i pfi izolaci proteinovych frakci z vina za ucelem
testovani jejich vlivu na stabilitu a zakal. Pro dal$i charakterizaci proto byla CYSP
izolovana z mladého vina odrudy Irsay Oliver. Purifikace CYSP zahrnovala dialyzu a
ultrafiltraci vina a naslednou separaci proteinového koncentratu pomoci gelové
permeacni chromatografie pti nizkém tlaku na kolon¢ naplnéné Sephacrylem S-300 HR
(50%2,5 cm, GE Healthcare, Upsalla, Svédsko). Pfi této chromtografické separaci byla
CYSP koeluovana s asparaginasou puvodem z kvasinek (vypoc¢tena MW 35 kDa bez
signalniho peptidu, gi|767254761) v ¢ase odpovidajici molekuldm vetsim 200 kDa. Toto
zjisténi potvrzovalo ptredesly experiment vyuzivajici mensi kolonu a vyssi tlak (Perutka
et al., 2019). Asparaginasa a CYSP byly nasledné¢ vzajemné oddé€leny metodou
chromatofokusace na koloné¢ Mono P HR 5/20 (GE Healthcare). Stanoven4 hodnota pl
3,6 pro CYSP se shodovala s teoretickymi udaji pro aktivni sekvenci proteasy bez
propeptidu a inhibi¢ni domény. Po nastépeni trypsinem a chymotrypsinem byla sekvence
CYSP potvrzena pomoci nLC ESI MSMS (Obr. 15).
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Obr. 15 Proteinova sekvence CYSP z vina
(XP_002266308, NCBInr). Modie je vyznaceno misto mozné N-glykosylace na
Asn232. Signalni sekvence propeptidu je oznacena kurzivou Sed¢. Zelené je vyznacena
sekvence inhibi¢ni domény. Podtrzena ¢ast sekvence odpovida regionu funkéni domény
C1 proteas podobnych papainu (pfam00112). Cervené je vyznadena &ast sekvence
piectené pomoci nLC MSMS po nastépeni CYSP v roztoku trypsinem a
chymotrypsinem. Tyrkysovou je oznaéen usek granulinové domény (smart00277),
kterému predchazi oblast bohata na Pro.
Izolace a dilkaz proteolytické aktivity neznamé Cys-proteasy s MW 128 kDa pivodem
z hrozna jiz byla popsana Exposito et al., 1991. Pro CYSP byla stanovena specificka
aktivita k redukovanému a alkylovanému BSA po 18 hodinovém S§tépeni v mravencanu
amonném 0 pH 3,0 pii 37 °C. Mnozstvi nehydrolyzovaného BSA zbylého ve smési bylo
stanoveno denzitometricky po provedeni SDS-PAGE a obarveni gelu. Specificka aktivita
CYSP izolované z vina k BSA byla vypoétena na 0,2 nkat-mg . Podobné hodnoty bylo
dosazeno pii pouziti stejného postupu také pro CYSP izolovanou z kvasného vinného
octa (Rakotonaina, 2020). Piitomnost peptidd odpovidajicich CYSP byla jiz diive
zaznamenana Ve vin€¢ i voctu (Di Girolamo et al., 2011, Jaeckels et al., 2017).
Specificnost CYSP byla zjisténa po nLC MALDI MSMS analyze produktl Stepeni smési
proteinovych standardt a proteint extrahovanych zjader je¢mene. Stépeni CYSP je
nespecifické a nejvice preferovanymi AK na P1 pozici jsou Arg (21-25 %), Lys (17-26%)
a Leu (15-20%). Nespecifi¢nost a vznik produktt Stepeni jiz po 10 min inkubaci byly
zaznamenany sledovanim vzniku §tépnych peptidii pomoci MALDI MS ze vzorki CYSP
aplikované K polypeptidovym standardim. Dle vysledkd sekvencni analyzy CYSP
pomoci trypsinu a chymotrypsinu nelze potvrdit pfitomnost N-koncové inhibi¢ni ani
granulinové domény pfed C-koncem AK sekvence. Pfitomnost granulinové domény
umoziujici agregaci a vznik oligomeru CYSP by se dala ptfedpokladat na zaklade
podobnosti k charakterizované RD-21 protease z A. thaliana a mohla by vysvétlovat
zaznamenanou MW (Yamada et al., 2001). Pro CYSP lze piedpokladat obsazené
glykosylaéni misto N232, protoze nebyly zaznamenany zadné peptidy obsahujici tento
usek sekvence. Absenci inhibi¢ni domény prokéazala Rakotonaina, 2020, kdyz detegovala
CYSP jako gi|297740510 a peptidy odpovidajici inhibitoru Cys-proteas gi|296083924
neshodujici se S inhibi¢ni sekvenci CYSP. Pravdépodobna ptitomnost CYSP spolu
s proteinem gi|296083924 byla potvrzena provedenim nativni PAGE. Vazba CYSP a

inhibitoru byla uvolnéna v redukénim prostiedi a pii SDS-PAGE bylo moZzné pozorovat
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a identifikovat oba proteiny oddélené¢ v oblastech 200 kDa pro CYSP a 11 kDa
odpovidajici MW inhibitoru (Rakotonaina, 2020).

5.8.  Diskuse — proteiny vina

Na zdklad¢ srovnani proteinovych profili vzorkli experimentdlniho vina se
zakalem (vz. A a B) a botrytického vina D bylo nalezena shoda na vyrazné redukovaném
mnozstvi malych PR-proteinii. Maly pocet PR-proteinti a minimalni signal na SDS-
PAGE gelu byl pozorovan i pro vzorek vina F vyznacujici se nevyraznou barvou. Ve
vSech téchto ptipadech byla jako marker piitomnosti B. cinerea identifikovana lakasa 2
(9i|15022489). Obsah proteini ve viech srovnavanych vinech dosahoval 200-300 mg-17?,
coz odpovida beznym hodnotam (Pocock et al., 2007). Niz$i obsah proteint v extraktu
Z hrozna G a mladém viné¢ H pravdépodobné souvisi s ru¢nim zpracovanim hrozna, kdyz
vétsina proteinti nachazejicich se ve slupce nebyla do vina extrahovana (Wigand et al.,
2009). Vyrazné vyssi kyselost byla zaznamenana pro experimentalni zakalené vino A,
u kterého byl jiz pii filtraci pozorovan vznik krystalkii organickych kyselin na filtru.
Popsana nizké ucinnost aplikovaného bentonitu souvisi s mnozstvim aplikované¢ho SOx.
Pro zabranéni rozsifeni infekce B. cinerea je dosazené mnozstvi SO2 odpovidajici 50
mg-1" nedostate¢né a riist patogena a aktivitu jeho produktii zcela neinhibuje (Marchal et
al., 2006). Polysacharidy produkované B. cinerea nasledné znesnadniuji filtraci a ifeni
vina (Francioli et al., 1999). Jako projev plisn¢ Ize oznacit také nizky obsah malych PR-
proteini v oblasti 20-30 kDa na SDS-PAGE gelech. Tyto proteiny bezné poskytuji
nejintenzivngjsi signdly a jsou ve vin€ z odridy Sauvignon blanc ¢ifenych bentonitem
nejazastoupenéjsi (Esteruelas et al., 2009). K redukci mnozstvi PR-proteinti vina
nepochyné pfispély i hydrolasy produkované B. cinerea. Predpokladan je ptispévek
proteas (gi|154310457, gi|154320662, gi1|347833309). Vyrazného sniZeni obsahu PR-
proteinli ve vin€ lze dosahnout aplikaci vysokych davek bentonitu. Odstranéni TLP je
vsak dle studie Sauvage et al., 2010 mozné maximalné z 80 % jejich celkového obsahu.
Proteiny ptivodem z plisné byly po elektroforetické separaci identifikovany v oblastech
vyssich MW pro vzorek A (glykosidasa gi|347835718 a Ser-proteasa Qi|347833309)
a lze predpokladat jejich glykosylaci. Pro rozruseni rostlinné bunééné stény mize slouzit
identifikovana celulasa (gi|48093959). Projevem nezadouci infekce patogenu na hroznu
by mohl byt rostlinny protein podobny stellacyaninu (gi|225445553 nebo gi|147780459)
objevujici se pouze u vzorkd vina s nezddouci botrytidou. Ve vzorku dezertniho

botrytického vina D nebyl tento protein zaznamenan. Kontrolovany rist a aktivita B.
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cinerea jako uslechtilé plisné, tak sice také zna¢né redukuje mnozstvi rostlinnych PR-
proteind (vzorek D, ptiloha €. 6), ale mechanismus vzajemné intereakce mezi rostlinou
a plisni mize byt odlisSny. ZvysSend exprese genu pro ,,stellacyanin-like* protein byla
zaznamenana na listech pepfe pfi ristu patogena Xanthomonas campestris pv. Vesicatoria
(Jung a Hwang, 2000). Stellacyanin jako dvouelektronovy pfenase¢ by mohl byt zapojen
do oxidacnich procest upravy bunécné stény rostliny v reakci na pifitomnost patogenu
(Meng et al.,, 2016). V systému obsahujicim lakasu se nabizi inhibi¢ni ptsobeni
stellacyaninu omezujici radikédlovou polymerizaci produkti lakasy a jejich interakci
s dalSimi rostlinnymi strukturami (Yang et al., 2020). Nekontrolovany rist B. cinerea a
kompetice o ziviny s kvasinkami by mohl byt vysvétlenim neobvykle dlouhé doby
fermentace experimentalniho vina. Dokladem zpomaleného metabolismus kvasinek
v disledku nedostatku zivin je pfitomnost asparaginasy (gi|323346853). Piechod od
aerobniho k anaerobnimu rastu Ize dokladat identifikovanymi proteiny spojenymi prave
s témito procesy, jako je mannoprotein Tir4 (gi|323352383, Abramova et al., 2001), nebo
glykoprotein bunééné stény Wsc4 (Qi|[768812869, Verna et al., 1997). Zména
v senzorickém profilu vina miZe byt zplsobena aktivitou nalezené fosfolipasy B
z kvasinek (Qi|323336225) nebo aktivitou peroxidasy gi|359478431 puvodem z V.
vinifera. Producentem vina zaznamenana nizka ucinnost az nefunkénost bentonitu
k potlaceni zakalu vina A muize souviset také s velmi nizkym pH tohoto vzorku (Dordoni
etal., 2015). K rozsifeni plisn¢ nepochybné vyrazné napomohlo pocasi béhem poslednich
dni ptfed sbérem hrozna, kdy byl zaznamenan silny dést’ po pfedchozim velmi suchém
obdobi. Po ptidani izolovanych frakei obsahujici invertasu, TLP nebo thiolovou proteasu
do jinak teplotné stabilniho bilého vina nebyl pozorovan vznik nestability. Vybrané
proteiny vina, vSechny bohaté na prolin, proto nelze oznacit jako primarni zdroj zakalu

analyzovaného experimentalniho vina.
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6. PREHLED POUZITYCH METOD

6.1.  Vyuziti pseudotrypsinu pro identifikace jadernych proteint

6.1.1. Ptiprava pseudotrypsinu

Vychozim materidlem pro pfipravu wy-trypsinu byl hovézi trypsin (MP
Biomedicals, SantaAna, USA). Lyofilizovany protein 425 mg byl rozpustén v 85 ml
20mM hydrogenuhli¢itanu amonného (Ambic). Po rozpusténi bylo ihned ptidano 2,2 ml
10mM TPCK v ethanolu inhibujiciho kontaminujici chymotrypsin. Suspenze byla
promichéna a po dobu 30 min pii 37 °C probihala inkubace. Nasledn¢ byl obsah kadinky
dialyzovan proti 310,1 % kys. mravenci (FA). Dialyza probihala 48 h pii 4 °C. Dialyza¢ni
roztok FA byl ménén za Cerstvy poprvé po 3 h a nasledné 2x po 15 h. Objem dialyzatu
byl zredukovan na 40 ml pomoci ultrafiltrace v michané cele Amicon 8200 (200 ml) za
pouziti 10 kDa ,,cut-off membrany (Merck Millipore, Bedford, USA). Pro autolyzu
samotného trypsinu byl vzorek pomoci dialyzy proti 20 mM Ambic pieveden do
bazického prostiedi. Dialyza pti 4 °C trvala 16 h ve 3 1 pufru, pficemz vyména pufru
probéhla po prvnich 3 h. K dialyzované roztoku byl pfidan 0,5M CaClz do vysledné
50mM koncentrace a pH vzorku upraveno pomoci 2M NaOH ptesné na hodnotu 8,0 a
vzorek byl promichan. Inkubace vedouci k autolyze trypsinu byla provadéna pii 25 °C
ptes noc (16 h). Po autolyze bylo snizeno pH roztoku na 7,0 ptidanim 1M Tris-HCI (pH
7,0) do vysledné 50mM koncentrace a ptidan TLCK do obsahu 7,5 mg na 100 mg
vychoziho trypsinu. Roztok byl promichdn a ponechan stat 105 min. Nésledovala 48h
dialyza proti 0,1% FA jak je uvedeno vySe. Dialyzovany vzorek byl nasledné fedén 1:1
100 mM Tris-HCl o pH 7,1 obsahujici 20mM CaCl; a ultrafiltraci zahustén z 90 ml na 40
ml, nasledné byl tento krok opakovan pii pouziti 50mM Tris-HCI pufru (pH 7,1) a objem
autolyzatu byl zmenSen na vyslednych 18,5 ml pii pH 7,1. Alikvoty po 2 ml (0,5-1,7

mg-mi™) byly zamrazeny.

6.1.2. Izolace y-trypsinu

Separace produktd autolyzy trypsinu byla provadéna na kolon¢ HemaBio 1000SB
(7,5%x250 mm, Tessek, Praha, CR) a chromatografickém systému Biologic DuoFlow (Bio-
Rad, Hercules, USA), podle upravené¢ho postupu Dycka et al., 2015. Na kolonu
ekvilibrovanou 50 mM Tris-HCI s 10 mM CacCl. (pH 7,1) byly davkovany 2 ml alikvoty
pomoci nanaSeci smycky a 150 min trvajici separace probihala isokraticky za vyuziti

stejného pufru a pritoku 1 ml-min™. Po spusténi separace byl vzorek mezi 2-4 min
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nanaSen na kolonu, od 4. minuty probihala separace. Promyvaci krok mezi jednotlivymi
chromatografickymi b&éhy nebyl potieba. Prubéh separace byl monitorovan pomoci UV-
VIS  detektoru pii  sledovanim  absorbance pfi 214 a 280 nm
a vodivostni cely.
Pro izolaci y-trypsinu byla vyuzita i kolona UNO-S12 (15x68 mm, Bio-Rad, USA).
Celkova doba chromatografického runu byla 75 minut pfi prittoku 2 ml-min. Doba
samotné separace pii linearnim gradientu 1M NaCl v 50mM Tris-HCI s 10 mM CaCl;
pufru (pH 7,1) od 0 do 30 % byla 45 minut. Nasledovalo skokové navyseni obsahu NaCl
na 100% mobilni fdze na 5 min pro vymyti kolony. Mezi jednotlivymi
chromatografickymi béhy nebyl pouzit dalsi promyvaci krok. Alternativné byla testovana
separace stejné ptipravené¢ho autolyzétu trypsinu pomoci mensich 1 ml kolon MonoS5
(Pharmacia, Stockholm, Svédsko) a UnoS1 (Bio-Rad) spojenych za sebou. Viechny
chromatografické separace probihaly za stalé teploty pti chlazeni mobilnich fazi a kolony
na 4 °C.
Frakce odpovidajici jednotlivym eluovanym pikiim byly manualné sbirany, dialyzovany
48 h proti 0,1 % FA a pro dalsi pouziti koncentrovany pomoci ultrafiltrace na 10 kDa
»cut-off* membrané (viz. Pfiprava pseudotrypsinu). Poté byl v jednotlivych frakcich
stanoven obsah proteinti metodou vyuzivajici kyselinu bicinchoninovou (BCA) za vyuziti
BSA a hovéziho trypsinu jako standardi (Smith et al., 1985). Pro stanoveni ve vzorcich
o malém objemu a pfedpokladaném nizkém obsahu proteinii bylo pouZzito kapkového
spektrofotometru (,,nanodrop*). Takto byla stanovena absorbance pii 280 nm a nasledné
vypocten obsah proteinli pomoci molarniho extinkéniho koeficientu pro trypsin 37560
dm?-mol™"-cm™ a MW 23 300 Da.

Obsah ziskanych frakci byl po zakoncentrovani analyzovan pomoci MALDI TOF
MS. Metodou dvojité vrstvy bylo na MALDI terc¢ik ,,steel target 96 (Bruker Daltonics,
Brémy, Némecko) naneseno nejprve 0,5 ul saturovaného roztoku SA v ethanolu
a ponechano zaschnout. Na pfipravenou vrstvu bylo déle aplikovano 0,5 pl popt. 1,0 pl
vzorku a 0,5 pl SA rozpusténé v TA30 (roztok 0,1% kys. trifluoroctové (TFA), smichané
s Cistym acetonitrilem (ACN) v poméru 70:30). Pro kalibraci pfistroje byl pouzit
proteinovy standard 1 (Bruker Daltonics) naneseny na tercik stejnym zplsobem jako
vzorky. Po zaschnuti byly vzorky analyzovany v linedrnim modu na spektrometru
Microflex LRF (Bruker Daltonics). Pro méfeni spekter intaktnich proteind bylo toto
nastaveni; akceleracni napéti: 20.0 kV, napéti pro extrakci: 18,3 kV; napé€ti na cockach

7,6 kV; napéti na detektoru 1680 V; zpozdéni iontoveé extrakce: 1000 ns. Spektra byla
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ziskana akumulaci signalu po 500 vysttelech laseru s frekvenci 60 Hz. Pfistroj byl
ovladan pomoci softwaru flexControl a data zpracovana v nastroji flexAnalysis 3.3 (vSe
Bruker Daltonics). Nastaveni pro MALDI TOF analyzu na pfistroji ultraflextreme
(Bruker) bylo nasledujici: rozsah méfeni 5 — 50 000 Da, Digitizer: 4,00 GS/s; Detector
Gain: 50x linearni mod, 3696 V, napéti na iontovém zdroji IS1 — 20 kV, 1S2 — 18,7 kV,
napéti na cockadch — 5,98 kV. Jako externi kalibracni standard byl pouzit protein

calibration Mix1 5,700-17,000 Da (LaserBio Labs, VValbonne, Francie).

6.1.3. Srovnani S§tépeéni pseudotrypsinu a trypsinu pomoci MALDI TOF MS

Srovnani relativni ucinnosti §tépeni piipraveného y-trypsinu, rafinosou
modifikovaného hovéziho trypsinu (RafBT, Sebela et al., 2006) a komerénich preparati
byly provedeno srovnanim ploch izotopovych pikl spektra vybranych peptidi BSA.
K tomuto celu byly pfipraveny 20 pmol vysuSené alikvoty dialyzovaného BSA po
redukci DTT a alkylaci IAA. Jako interni standard byl pfipraven digest 20 pmol BSA s 50
ng RafBT §tépeny v 20 mM AMBIC rozpuiténém ve vodé obsahujici pouze *80. Stépeni
probihalo 16 h pti 37 °C a bylo ukonceno ptidavkem 10% FA. Stejnym zptisobem byly
pripraveny digesty BSA se vSemi trypsiny v bézném pufru. Celkovy objem digestu po
okyseleni ¢inil 20 pl. Pfed méfenim byl ve shodném moldrnim poméru, vztazeno
Kk vychozimu obsahu BSA, smisen digest interniho standardu s digestem v bézném pufru.
Poté bylo na na MALDI terc¢ik nakdpnuto 0,5 ul smési. Takto bylo pfipraveno vzdy 5
smésnych vzorkl vybraného trypsinu a znac¢ené¢ho standardu. Kazdy vzorek byl nanesen
3x na MALDI ter¢ik MSP AnchorChip 96 (Bruker Daltonics) a kazdy spot byl 3xzméfen
pti akvizici 400 spekter s rozsahem m/z 500-4000. Jako matrice byla pouzita CHCA 5
mg-ml? v TA70. Ziskana spektra byla zpracovana softwarem flexAnalysis 3.4, kdy byla
automaticky integrovany plochy jednotlivych piku a zaznamenany hodnoty m/z a
intenzity. Mnozstvi jednotlivych peptidi (mpep) vzhledem k standardu znaceného
peptidu (mISTD), bylo vypocteno jako pomér plochy neznaceného peptidu (Spep a
souétu dekonvulovanych ploch pikli obsahujici 20 znagené formy stejného peptidu.

Mnozstvi vybraného peptidu (mpep) bylo vypoéteno z mnozstvi 80-znaceného
standardu (mistd) a poméru plochy monoizotopového piku neznaceného peptidu (Spep)
a souétu ploch monoizotopovych pikil obsahujici 1 pfipadné 2 20 atomy (Havlis et al.,
2003). Vypocet byl proveden dle vzorce na obr. 15, kde Spep, Ssingle, Sdouble znaci
plochy izotopovych piktt m/z peptidu, m/z +2 Da Ssingle a pro Sdouble m/z + 4 Da.

Koeficienty izotopového zastoupeni 3 a f5 se vztahuji prave k piklim Ssingle a Sdouble,
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tedy 3. a 5. monoisotopovému piku dané¢ho peptidu a byly vypocéteny pomoci nastroje
MS-Isotope ze sady Protein Prospector software dostupného na http://
prospector.ucsf.edu.

Spep _
mpep = Sdouble + Ssingle X (1 — f3) + Spep X (f32 — f5—f3) X mistd

Obr. 15 Rovnice vypoétu mnozstvi peptidu mpep na zakladé znalosti izotopového rozdéleni

a mnozstvi pouzitého 0-znageného interniho standardu mistd.

6.1.4. Priprava extraktl proteinil z jader jeCmene

Pro stanoveni specificnosti Stépeni y-trypsinu byly vyuzity komplexni vzorky
proteinti extrahovanych z 5 milionii jader je¢mene izolovanych pratokovou cytometrii
a poskytnutych kolegy z Ustavu experimentalni biologie AV Olomouc (Petrovska et al.,
2014). Nejprve byla jadra pfevedena z 15 ml zkumavek oplachem 100 pl vodou
S naslednou centrifugaci do 1,5 ml mikrozkumavek. Dale byl sediment jader promyt
2x100 ul vody. Pfidano bylo 50 ul pufru pro $tépeni DNasoul (20 mM Tris-HCI pH 8,3,
2 mM MgCly). Opakovanym pipetovanim a kratkou sonikaci byl sediment rozméInén.
Nasledné byl vzorek inkubovan 5 h pii 70 °C a tfepani na 900 rpm k rozvolnéni piicnych
vazeb vytvofenych formaldehydem pted izolaci jader. Po inkubaci byl vzorek ponechan
ochladit a bylo ptfidano 10 ul DNasyl a vzorek byl promichdn pomalym pipetovanim.
Vzorek byl ponechan 1 h inkubovat pti 37 °C bez michani. Po 1 h bylo pfidano dalSich
10 ul DNasy1 a vzorek promicham opakovanym nasadvanim do pipetovaci 200 pl Spicky.
Nasledovala inkubace pies noc pii 37 °C bez trepani. Poté byly vzorky promichany
vortexovanim, ochlazeny na ledové ldzni a pfes noc precipitovany piidavkem 400 pl
vychlazeného acetonu v mrazaku (-20 °C, 16 h). Precipitované vzorky byl centrifugovany
pii 20 000 g 10 min pii 4 °C. Ziskané sedimentybyly rozpusStény ve 20 ul 2x konc.
Laemmliho vzorkového pufru (2XLSB), probéhla sonikace 15 min a promichéni na
vortexu. Pro SDS-PAGE byly vzorky povateny 5 min pii 100 °C, ochlazeny na ledové

lazni, centrifugovany a supernatant nanesen na gel.

6.1.5. SDS-PAGE

Extrahované proteiny rozpusténé v 2XLSB byly rozdéleny pomoci SDS-PAGE
pfi pouziti nadobky Mini-Protean (Bio-Rad). Separace probihala na pfipraveném
vlastnim gelu o rozmérech cca 80x65x1 mm a celkovém obsahu 10 % akrylamidu v délici
casti a 4 % v Casti zaosttovaci. Elektroforéza probihala pfi konstantnim napéti 130 V

a byla ukonc¢ena pti doputovani barevného pasu bromfenolové modii z Laemmliho pufru
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k dolni hran¢ skla. Gely byl barveny roztokem Coomassie Briliant Blue R-250 (3 gxlitr
10% MeOH a 10% kys. octova (HAC) ptes noc. Odbarveni pozadi gelti bylo provadéno
ptes noc roztokem 5 MeOH a 7% HAC). Nasledné byly gely promyty destilovanou vodu

a skenovan obraz (ImageScanner, Amersham Biosciences, Uppsala, Svédsko).

6.1.6. Stdpeni proteinii v gelu a odsoleni peptidd

Separacni drahy proteinti z jednotlivych vzorkd na gelu byly rozdéleny na
navazujici useky, typicky 10-15 frakci/vzorek, které byly vyfezdny skalpelem
a zpracovany. Vyfezané proteinové pasy byly rozkrajeny na piiblizné 1 mm? kosticky
a pfeneseny do 0,5 ml mikrozkumavky. Dale bylo pfidano 150 ul vody (Cistota pro MS),
gelové kousky byly 5 min rehydratovany a centrifugovany na dno a roztok vyménén za
odbarvovaci smé€s ACN a 200 ul 100 mM AMBIC (1:1,v/v). Mikrozkumavky se vzorky
byly tfepany 15 min pti 600 rpm pii 25 °C. Roztok byl nasledn€ odpipetovan. V piipadé
ptetrvavajiciho zabarveni gelovych kouski byl tento krok opakovéan. Po odbarveni bylo
pfidano 200 pl ¢istétho ACN a vzorky tfepany pii 800 rpm po dobu 20 min. VSechen
roztok byl po centrifugaci odstranén a gelové kousky ponechany doschnout v otevienych
mikrozkumavkach. Nasledn¢ bylo pfidan 80 ul 10 mM DTT a vzorky umistény do
michaného termostatu na 30 min, 56 °C, 600 rpm. Po inkubaci byly vzorky ochlazeny na
ledu, centrifugovany a odpipetovan zbyvajici roztok. Nasledné byly gelové kousky
dehydratovany Cistym ACN viz. vyse. K vysusenym gelovym kousklim bylo ptidano 80
ul 55 mM TAA. Michéani s [AA trvalo 20 minut pifi 25 °C ve tmé&. Nasledné byl zbyly
roztok z mikrozkumavek odpipetovan a ptidano 200 pl 100 mM AMBIC pro vymyti
zbytku pouzitych ¢inidel. Po 15 minutach tfepani pii 600 rpm a 25 °C byl vSechen roztok
odstranén a gelové kousky dehydratovany pomoci ptidani ACN a vysuSeny. Poté byl do
kazdé mikrozkumavky, umisténych na ledu, pfidan 2 uM roztok RafBT v 50 mM
AMIBIC v objemu mirné prekryvajicim gelové kousky na dné mikrozkumavek, vzorky
promichany a jemné centrifugovany. Po 20 minutach inkubace byl zkontrolovan obsah
zkumavek, ptipadné byl doplnén roztok RafBT tak, aby timto roztokem naséklé gelové
kousky byly ponofeny. Po dalSich 20 min bylo ptidano 30 ul 50 mM AMBIC, vzorky
promichany, centrifugovany a umistény do termostatu vyhfatého na 37 °C. Inkubace
probihala ptes noc (18 h) za stalého michéni 500 rpm. VSechny kroky, kromé centrifugace
a inkubace zavienych mikrozkumavek byly provadény v lamindrnim boxu se zapnutou
vnitini cirkulaci vzduchu. Stpeni bylo ukonéeno piidavkem smési 5% FA s ACN

V objemovém poméru 1 k 2, béZné v objemu 50 ul a vzorky byly intenzivné michany 20
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min pii 25 °C. Poté byl obsah mikrozkumavek centrifugovan na dno, vSechen roztok

ptfenesen do Cistych mikrozkumavek a odpaten pti 45 °C ve vakuové centrifuze.

6.1.7. Odsoleni vzorka pfed nLC MSMS analyzou

Peptidové odparky byly rozpustény v 0,1% TFA a odsoleny pomoci C18 ZipTip
Spicek s 0,6 ul sorbentu (Merck Millipore) podle navodu vyrobce. Peptidy eluované ze
ZipTip Spicek byly odpafeny a poté rozpustény v 15 ul 0,1% TFA a pouzity pro nLC
MSMS analyzu. K lepsimu rozpusténi odpaienych vzorkd byla vyuzita ultrazvukova
lazen, kam byly vzorky na 3 min ponoieny a poté opakovanym nasavanim do 10ul Spicky

promichany pipetou.

6.1.8. nLC MALDI TOF-TOF MSMS analyza peptidi

Separace odsolené peptidové smési byla provadéna automaticky na Dionex
UltiMate3000 RSLC systému vybaveném C18 piedkolonou (100 pmx20 mm, CI18
Acclaim PepMap100 5 um, Thermo Fisher Scientific) a C18 analytickou kolonou (75
pumx150 mm, C18 Acclaim PepMapl100 2 pum, Thermo Fisher Scientific) spojeném
s automatickym sbéracem frakci Proteineer fc (Bruker Daltonics). Alikvot vzorku
o objemu 5 ul byl nanesen na ptedkolonu v dob& 5 min. Pro naneseni vzorku byla pouZita
metoda ,,microliter-pickup®, kdy bylo pfed a po nasati vzorku do nasttikové smycky (20
ul) nasato injektorem LC systému 5 pl 0,1 % TFA. SloZeni mobilnich fazi: nanaSeni
vzorku na ptedkolonu — 0,05 % TFA s 2 % ACN; separace, mobilni fdze A (MF A) —
0,05 TFA %, B — 0,05 % TFA v 80 % ACN (MF B). Separace ptes analytickou kolonu
pii prittoku 300 nl-min probihala podle nasledujici gradientu: 0-7 min 4% MF B, 7- 5
min do 60% MF B, 45-48 min do 90 % MF B, 48-59 min pi#i 90% MF B, 59-70 min
pokles do 4 % MF B. Mezi jednotlivymi analyzami byl za kaZdou separaci zatazen 20
min ekvilibra¢ni krok pti pritoku 4 % MF A. Sbér peptidovych frakci a jejich automatické
nanaseni na MALDI ter¢ik AnchorChip 384 (Bruker Daltonics) probihalo od 20. min
separace po 17 s intervalech. Celkem bylo posbirano vzdy 120 navazujicich frakci. Eluét
byl pfed nanesenim na ter¢ik automaticky smisen s matrici (cca 40 nl vzorku + 380 nl
matrice). SloZeni pouZitého roztok matrice pro vzorky: 36 pul nasycené¢ho roztoku CHCA
v 0,1% TFA s 90 % ACN, 8 ul 10% TFA, 8 ul 100mM NH4H2PO4, 748 ul 0,1 % TFA
S 95 % ACN. Pro externi kalibraci byla pfipravena obdobna smés obsahujici 748 ul 0,1
% TFA s 85 % ACN namisto 0,1% TFA s 95 % ACN. Z této matrice byl odebran alikvot
150 pl a smisen s 1 pl peptidového kalibracniho standardu 1 pfipraveného podle pokynti

dodavatele (Bruker Daltonics). Po kratkém promichani bylo 0,5 pl kalibra¢ni smési
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manudlné nakapano na kalibracni pozice na desticce. Chromatografické separace peptida,
zaznam absorbace pfi 214 nm a davkovani na MALDI ter¢ik bylo fizeno pies software
HyStar 3.2 (Bruker Daltonics). Nasledna analyza pfipravenych tercikii se vzorky a
standardy pomoci MALDI-TOF/TOF MSMS priistrojem ultraflextreme, Bruker
Daltonics) byla provadéna v automatickém modu s nasledujicimi parametry: méteni
prekurzord v rozsahu m/z 800 — 4000, akumulovany spektra s 2500 vystiely laseru,
minimalni intenzita signalii pro fragmentaci vétsi nez 800 pii poméru signal/Sum veétsi 7.
Frekvence pulsu laseru v MS médu 2000 Hz, v MSMS moédu 1000 Hz, pti LIFT
fragmentaci analyzovany pouze fragmenty vybranych prekurzora pii 4000 laserovych
pulsech, neméfeny znovu MS spektra. Piistroj byl ovladan pomoci softwaru flexControl
3.4 a WarpLC 1.3 (Bruker Daltonics). Data byla prohledana nastrojem ProteinScape 3.1
(Bruker Daltonics) salgoritmem Mascot proti vybrané databazi a volitelnych
parametrech méfeni a vyhodnoceni. MALDI MSMS spektra byla alternativné
prostiednictvim tohoto nastroje exportovana do souboru s formatem mgf (,,mascot
generic format®) souboru a prohledana softwarem PEAKS Studio 8 (Bioinformatics

Solutions, Waterloo, Kanada).

6.1.9. nLC ESI qTOF MSMS analyza peptidi

Analyza odsolenych peptidovych smési pomoci nLC ESI g-TOF systému byla
provedena za podminek a nastaveni detailn¢ popsaném v Petrovska et al., 2014, kdy vsak
také byla pouzZita metoda nanaSeni vzorku na kolonu pomoci techniky ,,microlitre-
pickup® a pro méfeni bylo vyuZito vzdy 5 pl vzorku. Analyzy provedl Mgr. René
Lenobel, Ph.D. Poskytnutd data ve formatu mgf byla zpracovana pomoci zminénych

nastroji.

6.2.  Extrakce proteint z travici §tavy D. capensis

Travici tekutina rosnatky kapské byla sbirana kolegy po indukci jeji sekrece
aplikaci 20 pul 2 mM JA na povrch pasti. Po 24 h byly vZzdy odsttihnuty 3 pasti kazdé
rostliny, z celkem 5 rostlin, a postupné ponotfeny do 4 ml 50 mM acetatu sodného na 3
min. Ziskany vzorek byl tedy smési exudatu z 15 pasti (Krausko et al., 2017). Pro extrakci
protein byly pouzity alikvoty 100 pl odebraného vzorku, které byly koncentrovany
odpafenim témét dosucha ve vakuové centrifuze pii 45 °C. Vznikly lepkavy pelet byl

rozsuspendovéan v 2XLSB.
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6.3. Zpracovani vina a extrakce proteint
Elektroforéza SDS-PAGE, zpracovani geltt a nLC MALDI-TOF/TOF MSMS
analyza probihaly podle postupt popsanych v kapitole o pseudotrypsinu.

6.3.1. Koncentrovani proteinil vina zahusténim na RVO

Alikvot 200 ml vychlazeného (4 °C) vina A se zakalem byl zfiltrovan pfes
celulosovy filtr Whatman Grade 4. Filtrat byl poté zkoncentrovan na objem 10 ml pomoci
vakuové rotacni odparky pii 45 °C. Ziskany koncentrat byl zfiltrovan a precipitovan
vychlazenym acetonem (-20 °C). Po 60 h inkubace byl vzorek centifugovan pti 12 500 g,
4 °C, po dobu 20 min. Ziskany pelet byl rozbit a rozmichdn v ¢erstvém acetonu a znovu
precipitovan. Sediment byl ponechdan vyschnout a poté byl zmrazen pii -20 °C.
K odvazenému alikvotu sedimentu (0,1 mg) bylo pfidano 200 ul 2XLSB obsahujiciho
2-merkaptoethanol a vzorek byl intenzivné promichan na vortexu dokud nedoslo
K rozpusténi Gplnému rozpusténi. Poté byl vzorek 5 min zahtat pii 100 °C v termobloku.

Po ochlazeni a jemné centrifugaci byly pfipraveny 20 pl alikvoty pro SDS PAGE.

6.3.2. Koncentrovani proteinii vina ultrafiltraci

Filtrat 100 ml vzorku vin byl dialyzovan proti 3 | pufru (100 mM octan amonny,
pH 5,0) po dobu 48 h pti 4 °C. Dialyzaéni pufr byl vyménén kazdych 16 h. Ultrafiltraci
ptes 10 kDa ,,cut-off* filtr byl dialyzat nasledné zahu$tén na 2 ml, rozdélen na 0,5 ml
alikvoty a zmrazen (-20 °C). Pied extrakci proteini do 20 ul 2XLB byl alikvot 0,5 mli
odpaten pii 60 °C ve vakuové centrifuze. Suchy odparek byl rozpustén ve 20 ul 2XLB,
zahiivan 5 min pfi 100 °C a poté pouzit pro SDS-PAGE.

6.3.3. Stanoveni pH vina
Kyselost vina byla stanovena pomoci pH metru pfimo z alikvotu vzorku vina po

kalibraci ptistroje pomoci standardnich pufri o pH 4 a 7.

6.3.4. Stanoveni stability vina a méteni zakalu

Mira zékalu vina byla zméfena jako absorbance pti 540 nm podle Marangon et
al., 2011. Nachylnost vina k tvorbé zékalu byla stanovena pomoci teplotniho testu
stability. V tomto testu je vino nejprve zahtivano na 50 °C po dobu 3 h a nasledné je
ochlazeno na 4 °C a ponechano v chladu 2 h. Po ukonceni inkubace v chladu a dosazeni
okolni teploty 25 °C je zméfena mira zakalu vina. Pokud je rozdil hodnot miry zakalu

nameéfeny pied a po testu mensi 0,02 je vino teplotné stabilni (Marangon et al. 2011).
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6.3.5. Izolace proteinti vina pomoci gelové permeacni chromatografie

Koncentrovany vzorek vina G byl pouzit jako zdroj proteinovych frakci, které
byly ziskany jeho rozdélenim gelovou permeacni chromatografii na koloné ENrich SEC
70 (10x300 mm, Bio-Rad) na chromatografu BiolLogic Duo-Flow (Bio-Rad). Pro
separaci byly vyuzity alikvoty 500 pl ultrafiltratu vina G. Mobilni fazi byl 50 mM acetat
amonny. Separace probihala pfi pritoku 1 ml-min’t s celkovou dobou b&hu 35 min. Pro
kalibraci byl pouzit standard smési proteinti Gel Filtration Standard #1511901 (Bio-Rad).
Ziskané frakce proteinti odpovidajici pikim separace byly manualn¢ sbirany a zahustény

ultrafiltraci, viz vySe.

6.3.6. Stépeni proteinti z vina v roztoku

Pro ovéteni proteinového zastoupeni ve frakcich z gelové chromatografie bylo
provedeno $tépeni v roztoku a identifikace pfitomnych proteint. Alikvoty izolovanych
frakei z vina G obsahujici 50 pg proteini byly odpafeny ve vakuové centrifuze a nasledné
rozpu$tény 50 ul 25 mM AMBIC. Pro denaturaci bylo pfidano 15 pl 8M mocoviny
ve stejném pufru a vzorky intenzivné promichdny na vortexu a nasledné 1 h michény na
tiepacee, 800 rpm, pii 25 °C. Pro redukci byly pfidany 4 pl 55 mM DTT a vzorky
inkubovany 30 min pii 56 °C na tfepacce. Nasledovala alkylace pfidanim 4 pl 330 mM
IAA a inkubace 30 min pti 25 °C ve tmé na tfepacce. Nakonec bylo pfidano 8 pl 55mM
DTT a probéhlo doplnéni vzork na objem 200 pl ptidanim 25mM AMBIC. Pro §tépeni
proteint pies noc pfi hmotnostnim poméru trypsin:proteiny 1:20 byl vyuzit RafBT.

6.3.7. Zpracovani dat z MS analyz vina

Ziskana data zproteomickych analyz vina nahrand do ProteinScape byla
prohleddna na Mascot serveru 2.4 (Matrix Science) proti vlastni databazi proteinti z V.
vinifera, B. cinerea a S. cerevisiae obsahujici celkem 309 859 proteinovych sekvenci
z NCBInr databaze a set béznych kontaminantd proteomickych experimenti cRAP
(ftp://ftp.thegpm.org/fasta/cRAP). Tolerance pro prohledavani spekter byla nasledujici,
Vv piipadé¢ nLC MALDI MSMS dat byl limit pfesnosti méfeni hmoty prekurzoru 25 ppm,
Vv ptipad¢ métfeni iontovou pasti byla tato hodnota 100 ppm. Pro fragmenty bylo povolena
tolerance 0,5 Da. Jako $té€pici enzym byl zvolen semitrypsin (Castecné specificky trypsin)
a povoleny 2 vynechana mista $tépeni. Karbamidomethylace Cys byla nastavena jako
fixni modifikace a oxidace Met jako variabilni modifikace.
Aminokyselinové sekvence proteini identifikovanych ve vinech byly analyzovany

nastroji SignalP 4.1, NCBI Blast, pfipadn¢ EBI InterProScan. SignalP umoznil urcit, zda
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protein obsahuje signalni sekvenci pro sekreci mimo buiiku (Petersen et al., 2011). NCBI
Blast a EBI InterProScan umoziuji na zakladé podobnosti dohledat moznou funkci u

neznamych proteint (Johnson et al., 2008; Jones et al., 2014).

6.3.8. nLC ESl-ion trap MSMS analyza peptida

Alternativou k analyze peptidi pomoci nLC MALDI systému bylo vyuziti iontové
pasti Amazon Speed ETD (Bruker Daltonics) s iontovym zdrojem CaptiveSpray (Bruker
Daltonics) v online spojeni s nLC systémem Dionex UltiMate3000 RSLC. Chromatograf
byl vybaven stejnym typem kolon jako systém pro pfipravu vzorkii k MALDI méfeni.
SloZeni mobilnich fazi: nanaseni vzorku 2% FA; separace MF A — 0,4% FA, MF B —
90% ACN v 0,4% FA. Prub¢h gradientu kopiroval nastaveni systému pro nLC MALDI.
Data byla sbirana od 7 minuty analyzy. Rychlost skenovani byla 8,100 u-Sec’
v ,,enhanced resolution® modu. K fragmentaci prekurzorti bylo pouzito He. Systém byl
ovlddan pies Hystar 3.2 a trapControl 7.2 (Bruker Daltonics). Ziskanad data byla

zpracovana a exportovana do mgf formatu v DataAnalysis 4.2 (Bruker Daltonics).
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7.  ZAVER

Pseudotrypsin z divodu vétsi nespecificnosti a nizsi afinity k bazickym AK
produkuje tryptické a casto i chymotryptickou aktivitu pfipominajici peptidy. Po 12
hodinovém S$té€peni je ve srovnani s hovézim trypsinem uéinnost $tépeni y-trypsinu
srovnatelna. Stépeni y-trypsinem poskytuje také dostatek tryptickych a vyznamny podil
unikatnich peptidi  pro nLC-MSMS analyzy. Pfitomnost unikatnich peptidi
vzniklych diky mens$i zéavislosti Stépeni pseudotrypsinu na dostupnosti Arg a Lys
puvodnich proteini umoziuje lepsi pokryti proteinovych sekvenci a identifikaci
odlisnych proteinti. Nizky vytézek zvolené metody pro izolaci y-trypsinu je hlavni
ptekazkou pro jeho dalsi aplikaci. Znalost chovani této proteoformy trypsinu k jejimuz
vzniku dochdzi autolyzou hovéziho trypsinu pii delSim Stépeni proteint také castecné
vysvétluyje  pfitomnost unikatnich nespecifickych  peptidi v proteomickych

experimentech.

Proteomickéd analyza extraktd izolovanych mitotickych chromozoml je¢mene
a nasledné vyhodnoceni pomoci kombinace bioinformatickych nastroji a dostupnych
informaci z databazi umoznila nalézt pres 800 proteint souvisejicich prave s rostlinnymi
chromozomy. V této vy€lenéné skupiné proteint byly identifikovani zastupci beznych
chromozomalnich proteint jako jsou histony, ale 1 proteiny souvisejici s procesy uprav,
oprav, replikace nebo transkripce DNA. Studie publikovanad na zaklad¢ ziskanych

vysledki je prvni praci popisujici proteom rostlinnych chromozom1.

Analyza proteomu travici tekutiny rosnatky kapské prokédzala ptitomnost
hydrolytickych a dalSich enzymu pouZitelnych pro rozklad ulovené kofisti. Inicializace
traveni vyvolané u rostliny uméle pomoci kys. jasmonové umoznila identifikaci vice nez
40 proteinu. Identifikované proteiny kopiruji svym zastoupenim komponenty pouzivané
béznymi rostlinami pro jejich obranu, zejména PR-proteiny. K identifikaci pfitomnych
proteinii pouze na zaklad¢ jejich podobnosti se zndmymi zéastupci z rostlinné fiSe
prokazatelné ptispélo vyuziti alternativniho Stépeni pomoci chymotrypsinu poskytujici
rozmanitéj$i peptidové zastoupeni. Identifikované hydrolasy s netradi¢nimi strukturami
odolavajici nizkému pH, které byly predikovany skupinou Butts et al., 2016a a potvrzené
experimenty v této praci zahrnutymi do publikace Krausko et al., 2017, se pro jejich

evolu¢ni piivod a moznou praktickou aplikaci jevi jako atraktivni cile dal§iho vyzkumu.
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Srovnani  hlavnich  komponent proteomu komercnich  bilych  vin
a experimentalniho vina se zdkalem odhalilo spole¢ny znak vétSiny ptritomnych proteini,
a to vyssi obsah prolinu v jejich strukturach. Pro takovéto proteiny se dala predpokladat
snaz$i interakce s polyfenoly vina a mozna iniciace vzniku zakalu. Vybrané proteiny
bohaté na Pro a piivodem z hrozna jejichz ptitomnost byla prokézana ve vSech vzorcich
vin byly nasledné izolovany a otestovan jejich vliv na stabilitu vina. Test teplotni stability
u invertasy, frakce TLP ani cysteinové proteasy neprokazal jejich zasadni pirispévek
k nestabilit¢ vina vedouci ke vzniku viditelného zakalu. Proteiny a enzymy nalezené
v zakaleném experimentalnim vinu pfipraveném z hrozn z ¢asti napadenych Sedou
plisni (B. cinerea) ukazuji jako hlavniho vinika zakalu pravé tuto patogenni houbu a jeji
nekontrolovany rist. Na stejného ptivodce zakalu ukazuji i1 charakteristiky tohoto vina,
historie jeho ptivodu a vysledky srovnani proteinového zastoupeni s ostatnimi viny.
Pouzita metodika izolace proteinti z dialyzovaného vina pouze pomoci ultrafiltrace
umoznila pomoci SDS-PAGE zachytit a nasledné hmotnostni spektrometrii identifikovat
Vv jinych studiich ptehlizené nebo ztracené velké proteiny a glykoproteiny. Mezi témito
proteiny byla nalezena rostlinna cysteinova proteasa identifikovana ve stejné oblasti gelu
ve vSech analyzovanych vzorcich vin i hroznové §tavy. Tento enzym proto lze zaradit
mezi hlavni proteinové slozky vina k invertase, chitinasam a TLP. V navazujicich pracech
byla tato odolna hydrolasa izolovana pfimo z vina a kvasného octa a charakterizovana
(Perutka a Sebela, 2020; Rakotonaina, 2020). V obou piipadech byl ziskany enzym stéle
hydrolyticky aktivni a funkéni v kyselém prostiedi 0 pH 3,0 odpovidajici pH vina.
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SEZNAM ZKRATEK

MALDI
MS

ESI

LC

TD metody

FAB

HCCA (CHCA)
SA

DHB

HPA

THAP

DAN

DiFCCA

PMF

ISD
PSD

MALDI MSI

TOF
SNP
TLCK
TPCK
rRNA
CT

SR proteiny

technika ionizace/desorbce laserem prostiednictvim matrice
hmotnostni spektrometrie (,,mass spectrometry*)

technika ionizace elektrosprejem

kapalinova chromatografie (,,liquid chromatography*)
»top-down* metody

ionizace pomoci rychlého bombardovani atomy (,,fast atom
bombardment)

kyselina a-kyano-4-hydroxyskoficova
kyselina sinapova
2,5-dihydroxybenzoova kyselina
kyselina 3-hydroxypikolinova
2,4,6-trihydroxyacetofenon
1,5-diaminonaftalen

kyselina 2,4-difluoro-a-kyanoskoficova

metoda identifikace proteinii pomoci peptidového mapovani
(,,peptide mass fingerprinting)

in source decay
post source decay

zobrazovani hmotnostni spektrometrii pomoci MALDI (,,mass
Spectrometry imaging*)

analyzator doby letu (,,time of flight*)
,»single nucleotide polymorphisms*
N-p-tosyl-L-lysin-chlorometyl keton
N-p-tosyl-L-fenylalanin chlorometyl keton
ribozomalni RNA

Cajalovo telisko

proteiny jadra bohaté na serin a arginin
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JP

NUP
ABA
JA
AMBIC
FA
BCA
BSA
RafBT

DTT

2XLSB

HAc
MF
MeOH
TFA
mgf

ESI-g-TOF MS

MR

PR proteiny
OPDA

PAL

LTP

TLP

jaderné pory

nukleoporiny

kyselina abscisova
kyselina jasmonova
hydrogenuhli¢itan amonny
kyselina mravenci
kyselina bicinchoninova
hovézi serovy albumin
rafinosou modifikovany hovézi trypsin
dithiotreitol

2-jodacetamid

Laemmliho pufr pro vzorky pro elektroforézu, 2x
koncentrovany

kyselina octova

mobilni faze

metanol

kyselina trifluoroctova

datovy format mascot (,,mascot generic format )

hmotnostni spektrometr vybaveny ionizaci elektrosprejem,
kvadrupdlovym analyzatorem a analyzatorem doby letu
(,.Electrospray ionization quadrupole time-of-flight mass
spectrometer )

masoZzravé rostliny

,pathogenesis related proteiny

kyselina oxylipin-12-oxofytodienova
fenylalaninamoniaklyasa

proteiny prenasejici lipidy (,,lipid transfer proteins)

proteiny podobné thaumatinu (,,thaumatin like proteins)
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CHAPTER TWO

Basis of Mass Spectrometry:
Technical Variants

Zdenék Perutka and Marek Sebela

Department of Protein Biochemistry and Proteomics, Centre of the Region Hana for Biotechnological and
Agricultural Research, Faculty of Science, Palacky University, Olomoue, Czech Republic

2.1 OVERVIEW

Chapter 2, Basis of Mass Spectrometry: Technical Variants, provides
a definition of mass spectrometry (MS) and describes the history of this
analytical technique from the very beginning. Then it summarizes basic
components of a mass spectrometer, from which namely mass analyzers are
further described in detail together with their combinations in hybrid mass
spectrometers. Such instruments are designed to perform tandem MS, which
has been used in chemistry and biology to identify and quantfy compounds.
All possible modes of tandem MS are mentioned as well as common ion
activation techniques for the fragmentation of gas-phase ions, which is essen-
tial and occurs between different stages of mass analysis. Next, separation
techniques hyphenated with MS are discussed, namely gas and liquid chro-
matography (GC and LC, respectively) and capillary electrophoresis (CE).
Hyphenated systems are nowadays almost indispensable for investigations of
complex biological samples containing proteins, lipids, or metabolites. Mass
spectrometry imaging (MSI) s presented as a tool for direct analyses of bio-
logical tissues. The chapter is ended by a part devoted to data representation
and management with a focus on free and open source software and data
formats. The text is accompanied by a list of the cited literature.

2.2 MS: DEFINITION AND BASIC PRINCIPLES

MS is an analytical technique that measures masses of atoms and
molecules after their conversion to charged ions by an ionization process.

The Use of Mass
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It is applicable to volatile or nonvolatile samples, polar or nonpolar, solid,
liquid, or gaseous. Under specific conditions, MS measurements can also
reveal structural or quantitative information. With a modern instrumenta-
tion of the current period, it is highly sensitive and typically provides a
high resolving power and mass accuracy. Mass spectrometric data for the
analyzed compounds (ions) are commonly expressed as the mass-to-
charge ratio, m/z (the abbreviation should always be typed in italics),
which is the mass of the ion divided by the number of its charges [1].
The total charge is g = ze, where e is the elementary charge that equals
1.602 X 107" coulomb (C). Hence the SI unit for the expression m/q is
kg-C™". In MS practice, however, the dimensionless m/z is used as it is
numerically better related to the unified atomic mass unit (u) or dalton
(IDa). One unified atomic mass unit (1 1) or 1 Da is defined as 1/12 of
the mass of a single >C atom. The Thomson unit (Th) commemorating
Sir Joseph J. Thomson [2] has been used only rarely for m/z values; it is
now deprecated. The terms mass spectrometer, mass spectrograph, and
mass spectroscope should not be confused with each other. They are not
synonymous and the latter two represent rather a historical reminiscence
[1]. A mass spectroscope differed from a mass specrograph in its construc-
tion as the beam of ions was directed onto a phosphor screen and not to
a photographic plate (see in the text section on the history of MS,
Section 2.3). The term mass spectroscopy 1s now discouraged due to the
possible confusion with light spectroscopy.

Due to its essential properties, MS plays an important role in many
fields of human activities including science, medicine, industry, and public
safety sector [3]. In physics, it allows to measure data on particles, ele-
ments, materials, energy transfers, dynamics of various processes, etc. It is
advantageous for evaluating results of theoretical physical predictions and
calculations. MS is probably the most versatile analytical technique in
chemistry including biochemistry. Chemists profit, for example, from the
accurate measurements of atoms and molecules, structural and quantita-
tive analysis of synthetic and natural compounds, drugs, toxins and
pollutants, investigating chemicals processes or fundamentals of gas-phase
ion chemistry. Chemical compounds, isotopes, as well as isotope ratios
may attract interests of geologists, archeologists, or space researchers. MS
is always at hand as an analytical tool. For complex real samples, MS is
usually coupled with high-resolution separation techniques (e.g., GC, LC
or CE). Medicine and life sciences utilize such hyphenated techniques for
a simultaneous separation and detection of compounds in mixtures
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originating from biological tissues and fluids. MS is applicable for an
efficient amino acid sequencing and related identification of peptides and
proteins, quantification of proteins, determination of posttranslational
protein modifications, analyses of protein—protein interactions, and com-
position of protein complexes [4]. Also short oligonucleotides can be effi-
ciently sequenced using MS. Biomolecules (e.g., proteins, peptides, lipids,
oligosaccharides, and various metabolites) are amenable to MS-based
structural characterizations. For proteins as large molecules, there are
indirect methods available involving a covalent crosslinking of adjacent
parts of the meandering polypeptide chain or deuterium exchange
experiments, which uncover solvent-accessible regions of the three-
dimensional structure. These structural studies are helpful to discover
functional aspect of proteins. Based on acquiring peptide/protein profile
mass spectra using intact cells or spores, MS allows identifying microor-
ganisms, which 1s useful especially for pathogenic species in clinical
microbiology. Industrial applications of MS commonly serve for monitor-
ing of process streams, e.g., in the petroleum or pharmaceutical industry.
This introductory overview of the applicability of MS is definitely not
complete. We may expect that with future developments, MS will expand
to vet unexplored territories to offer new perspectives on solving analyti-
cal problems.

2.3 A BRIEF EXCURSION TO THE HISTORY OF MS AND
RELATED NOBEL PRIZES

For over than 100 vyears, MS has gradually been introduced into
many scientific disciplines as a reliable tool for molecular analysis. In the
light of its current wide applicability, it seems interesting that the history
of this analytical technique began in the late 19th century in connection
with electrical discharges and electrode rays. Eugen Goldstein
(1850—1930), a German physicist, was one of early investigators of dis-
charges in rarefied gases and is credited with his contribution to the dis-
covery of proton [5.6]. He was a student of the famous physician and
physicist Hermann Ludwig Ferdinand von Helmholtz (1821—94). In
1886, he reported rays in gas discharges under a low pressure, which trav-
eled from the anode to a perforated cathode through channels in the per-
foration, exactly opposite to the direction of the negatively charged
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cathode rays (i.e. electrons) discovered and studied previously by other
scientists (Johann Wilhelm Hittorf, Julius Pliicker). Goldstein introduced
the term “Kanalstrahlen” (canal rays) for the positively charged anode
rays. Wilhelm Wien (1864—1928), another student of Helmholtz, discov-
ered that these rays required much stronger magnetic fields to be
deflected compared to cathode rays. He constructed a device that sepa-
rated particles constituting the positive rays according to their charge and
mass [3,7]. Today, most people in the field regard Sir Joseph J. Thomson
(1856—1940), the discoverer of electron and Cavendish Professor at the
University of Cambridge, as the father of MS. He began with studies on
canal rays around 1906 when he was awarded the Nobel Prize in Physics
for investigations on the conduction of electricity by gases. He noticed
that positive rays showed varying masses reflecting the presence of differ-
ent gases in the discharge. Thomson is credited with his realization that
this new technique would play a profound role in the field of chemical
analysis [3.8,9]. In the next two decades, the development of MS
occurred in connection with the names Aston, Dempster, and Nier [3].
Francis William Aston (1877—1945) was an assistant of Thompson and in
1912 observed the existence of two isotopes of neon (ane and 22l\}fe:)
[8.9]. This was the first evidence of isotopes of a stable element. Early
devices that measured positive ions were called mass spectrographs as they
recorded spectra on a photographic plate. Aston constructed more spec-
trographs with a gradually increasing performance. They comprised two
sectors to improve the resolving power: the electric sector provided
energy selection and the other one, magnetic sector, allowed mass separa-
tion [10]. With the spectrographs, Aston was able to study isotopes of
many elements and was awarded the Nobel Prize in Chemistry in 1922.
Arthur Jeffrey Dempster (1886—1950), a Canadian—American physicist at
the University of Chicago, built the first modern mass spectrometer in
1918 producing ions (homogeneous in energy) also from solid materials
[11]. In the 1930s, Dempster built instruments containing both a direc-
tion and velocity focusing. His experimental work led finally to the dis-
covery of the uranium isotope =~U [12].

During the 1940s, MS played an important role in the Manhattan
Project, a wartime program involving a preparative-scale separation of the
fissionable =°U isotope for atomic bombs [3]. Sector mass spectrometers
(calutrons) developed by Emmest Orando Lawrence (1901—58) at the
University of California in Berkeley were used in the uranium enrich-
ment plant in Oak Ridge, Tennessee. Alfred Otto Carl Nier (1911—40)
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was another American physicist participating in the Manhattan project,
vet he contributed considerably to the conversion of MS from a device
used primarily for investigating chemical elements and their isotopes to
an analytical tool for chemists. He constructed a simple mass spectrometer
with a 60-degree-angle magnetic sector. Interestingly, this instrument was
soon applied to track metabolic processes in bacteria via carbon dioxide
[13]. MS became ultimately recognized by chemists. The first commercial
mass spectrometers for the petroleum industry (to analyze the refining
process) were available through the Consolidated Engineering
Corporation in 1943 [3,14]. MS applications in organic chemistry com-
menced in the 1950s and became increasingly popular in the 1960s and
1970s [3]. With its continuous development, new mass analyzers were
introduced in this period together with new ionization techniques, e.g.,
chemical ionization (CI). Wolfgang Paul (1913—93), a physicist from
Bonn in Germany, introduced the concept of a quadrupole mass analyzer
and ion trap to separate ions without a magnetic field [15]. In 1989, he
was awarded for this achievement by sharing the Nobel Prize in Physics
with Hans Georg Dehmelt, another researcher on ion traps [3].

MS has emerged as a standard tool for investigating organic compounds
[4]. In the 1960s, tandem MS was developed [16], which allowed structural
analyses based on reading information from fragmentation patterns of dissoci-
ated precursor ion (see further in this chapter). The analyses of compounds
in complex mixtures have become much more feasible since the introduc-
tion of hyphenated techniques: gas chromatography (GC)—MS in the 1960s
and LC-MS in the 1970s. However, for a long time, the use of MS for bio-
logical samples with fragile and nonvolatle compounds was marginal because
of the lack of suitable ionization techniques [3]. To produce ions from com-
pounds such as porphyrins, oligosaccharides, and peptides, fast atom bom-
bardment (FAB) ionization was introduced in 1981 [17], which was
outperformed by electrospray ionization (ESI) [18] and matrix-assisted laser
desorption/ionization (MALDI) [19,20] at the end of the 1980s. The discov-
ery of the soft ionization techniques (now typically applied to peptides, pro-
teins, and various metabolites) had an enormous impact on the use of MS in
biology and new life science disciplines such as proteomics [3]. This was
reflected in awarding the Nobel Prize in Chemistry in 2002 to John Bennett
Fenn and Koichi Tanaka. The last two decades provided many improvements
in MS instrumentation and data systems. Desorption electrospray ionization
(DESI) for sampling under ambient conditions [21] or Orbitrap mass ana-
lyzer for high-resolution measurements [22] are two examples to be men-
tioned at this place.

Vi
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2.4 BASIC COMPONENTS OF A MASS SPECTROMETER

Fig. 2.1 shows a simplistic scheme of a mass spectrometer. Each
instrument consists of several major components: (1) an ion source with a
sample inlet, (2) a mass analyzer, (3) a detector, and (4) a data recording
and processing system. Indispensable parts are also a vacuum system and
controlling electronics [3]. The inlet transfers a sample into the ion
source, where sample molecules are converted into gas-phase ions. The
ionization chamber is kept in a vacuum, which allows the ions to travel
to the analyzer by involving a magnetic or electric field force. There are
many possibilities how to ionize chemical or biochemical compounds,
some of them are introduced in the next part of this chapter. Based on
the amount of the transferred energy, there are soft and hard ionization
techniques producing ions with low or high internal energy, respectively
[23]. Mass analyzer explores and sorts ions with different properties. It can
be used for an overall analysis, or it may function as a filter to select only
specific ions for the subsequent analysis and detection. Basic principles of
mass analyzers include, e.g., magnetic or electric fields to manipulate the tra-
jectory of ions, utilizing differences in their velocities (when measuring the
time of passing the distance in a flight tube) or resonance frequencies (when
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Figure 2.1 Basic composition of a mass spectrometer. Adapted from Dass C. Basics
of mass spectrometry. In: Fundamentals of contemporary mass spectrometry. Hoboken,
NJ: John Wiley & Sons, Inc.; 2007. pp. 3—14.
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the ions are trapped imside a trap analyzer and then released) and the
principle of ion mobility in the gas phase, which is proportional to the
collisional cross section of the respective ion [24,25]. Combining different
analyzers inline to separate or fragment and subsequently determine the m/z
of the selected ions is a way for how to increase the effectivity and versatility
of commercial instruments (see further in this chapter).

The function of a detector 15 to “visualize”™ ions, which is done by
recording their abundance [25]. There 1s a recordable electric signal pro-
duced, which can be amplified, processed, and displayed by the data
system. There are two detector categories: either they detect ions sequen-
tially at one point (focal point detectors) or simultaneously along a plane
(focal plane detectors) [25]. Today, common detectors are based on an
electron multiplier (EM) [26], which is constructed as a series of discrete
dynodes or a continuous dynode (i.e. channel electron multiplier, CEM,
in which the surface represents an array of continuous electrodes).
Multichannel plate detector is a multichannel version of CEM. The EM
principle resides in a multistage electron-releasing cascade initiated by
incident ions (coming from the analyzer). In Fourier-transform ion cyclo-
tron resonance (FT-ICR) and Orbitrap mass spectrometers, the detected
signal is produced as a record of the image current generated by the oscil-
lating ions inside the analyzer [26]. The most important detector charac-
teristics are its sensitivity, accuracy, resolution, response time, and stability.
It is also desirable to have a wide dynamic range and low noise level. The
analyzer and detector must be both kept in a high vacuum to work prop-
erly. The pressure inside the analyzer reaches around 107" mbar [3]. To
obtain such a value, the spectrometer is equipped with two pumps, typi-
cally an auxiliary mechanical membrane or rotary pump, and a turbomo-
lecular pump generating the high vacuum [27]. The analog signals from
the detectors are converted into digital information by digitizers.
Powerful computers with a large data storage capacity are required for
modern MS instrumentation.

2.5 IONIZATION TECHNIQUES IN BIOLOGICAL MS

The classical ionization methods in MS include, for example, elec-
tron ionization, CI, photoionization, and FAB. These techniques are not

viii
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widely used for studying biological materials but represent pioneering
originals, from which many other ionization methods were adapted. The
progress in the analysis of biological molecules (including biopolymers
such as proteins) has largely been stimulated by the introduction of ESI
and MALDI [18—20]. In both cases, the production of ions is achieved
with a minimal fragmentation under gentle experimental conditions.
A further progress has come with the development of ambient ionization
techniques, which facilitate the analysis from real objects outside the mass
spectrometer without any extraction of the molecules of interest or pre-
treatment of the object itself. DESI and direct analysis in real time
(DART) have been reported as the main commercially available represen-
tatives of this emerging group [28].

ESI is the most widely used ionization technique for the analysis of
samples in a liquid form. In the respective 1on source, a sample is ionized
at the outlet of the capillary, on which a high voltage is applied (Fig. 2.2).
Therefore, these devices can be coupled online to separation techniques
in the liquid phase such as LC. The sprayed droplets are dried continu-
ously, and their size 1s reduced by the stream of a nebulizing gas. The
chromatographic solvent (salt-free) carries sample molecules, evaporates
rapidly, and the molecules remain inside droplets, which gradually dimin-
ish in time. Once the repulsive forces between the molecules overcome
the droplet surface tension, it bursts and the charged molecules are
released to enter the analyzer [30]. ESI 1s characteristic by the production
of multiply charged ions [18]. This is advantageous for resolving large
molecules in mass-range limited analyzers (such as quadrupoles) as they
provide lower m/z values. Atmospheric pressure chemical ionization
(APCI) represents another soft ionization technique similar to ESIL. It is
suited to analyze relatively less polar, nonpolar, and heat-stable com-
pounds with masses up to 1500 Da in LC effluents. The ion source con-
tains a heated nebulizer probe, and the emerging droplets and nebulizer
gas are converted to a gas stream containing analyte molecules. The ioni-
zation region contains a corona discharge. Positive ions of the analyte are
formed by a proton transfer from water clusters [31]. The atmospheric
pressure photoionization (APPI) is a variation of APCI, in which the ini-
tial ionization is achieved by photons [32].

In the case of MALDI (Fig. 2.2), the sample must be first overlaid or
mixed with a matrix compound solution and placed onto a conductive
target plate. The MALDI probe is introduced into the ion source and
irradiated—typically with an ultraviolet (UV) laser. A part of the sample
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Figure 2.2 Common ionization techniques in biological MS. (A) The principle of ESI.
(B) MALDI. Adapted from Aebersold R, Mann M. Mass spectrometry-based proteomics.
Nature 2003;422:198—207 [29].

evaporates when the laser energy is absorbed by the matrix. Then the
excited matrix ionizes analyte molecules (by definition, analyte is a chem-
ical constituent of a sample that is of interest in an analytical procedure)
via a proton transfer. The reverse proton transfer is also possible [33].
This process usually generates singly charged ions. MALDI MS has suc-
cessfully been applied to the analysis of biomolecules (e.g., proteins, pep-
tides, oligonucleotides, lipids, and sugars), large organic molecules, and
polymers [34]. Small organic molecules with a UV-absorbing
chromophore such as a-cyano-4-hydroxycinnamic acid (for peptides),
2,5-dihydroxybenzoic acid (for peptides and carbohydrates), sinapinic acid
(for proteins), or 3-hydroxypicolinic acid (for oligonucleotides) are rou-
tinely used as matrices.

More than 40 ambient ionization technique for MS have been
reported, mostly based on the principles of solid—liquid extraction,
plasma-based ionization, and non-laser or laser desorption [28]. DESI
allows acquiring mass spectra with ordinary samples in their native envi-
ronment. Small charged solvent droplets are sprayed and directed at the
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sample mounted in a holder. As the droplets collide with sample surface
structures, ions are released and transferred into a conventional mass spec-
trometer [35]. DESI is well suited for a rapid tissue analysis [36]. In
DART, a gas (typically helium) flows through an electrical discharge,
which vyields ionized gas, electrons, and excited state atoms/molecules
(metastables). With helium, the dominant mechanism of the production
of positive analyte ions involves the formation of ionized water clusters
and then a proton transfer [37]. DART has been used to analyze a wide
range of analytes with a low molecular mass including metabolites, hor-
mones, drugs, synthetic organic compounds, and pigments. Common
samples include body fluids or tissues, foods, and beverages.

2.6 MASS ANALYZERS

Mass analyzer 1s the heart of a mass spectrometer and largely influ-
ences the performance of the instrument. Each mass analyzer separates
ions according to their #m/z ratio and focuses the resolved ions to facilitate
their detection. In this regard, the function of this component is similar
to the monochromator and lens of a standard spectrophotometer [25].
Currently, several types of mass analyzers are available, which utilize dif-
ferent principles of distinguishing ions. They can be evaluated based on
the following parameters (Table 2.1): mass range, resolving power (the
ability to distinguish ions that differ only slightly in their mass), mass
accuracy (the measured error compared to the accurate mass), sensitivity,
speed (how many spectra are acquired in a time unit), linear dynamic
range (the range over which ion signal is linear with analyte concentra-
tion), transmission efficiency, adaptability (with respect to outfitting with
an ionization technique and coupling with a separation technique), and
tandem MS capability.

Sector mass spectrometers have been used for the longest time [38]. In
principle, they are either single focusing (Fig. 2.3) or double focusing and
use a magnetic field or a magnetic plus electrostatic field, respectively.
The magnetic analyzer separates ions of different m/z into different beams
by bending their trajectories (this is a directional focusing); the electro-
static analyzer selects ions according to their kinetic energy (ions of the
same energy are focused at a single point). The double focusing mass
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() (D)

Figure 2.3 Mass analyzers. (A) Magnetic sector; (B) quadrupole; (C) linear flight tube
(TOF); (D) FT-ICR. Adapted freely from Dass C. Mass analysis and ion detection. In: fun-
damentals of contemporary mass spectrometry. Hoboken, NJ: John Wiley & Sons, Inc.;
2007. pp. 67—117.

spectrometers are characterized by a high resolution and mass accuracy
[25]. They are suitable, e.g., to study chemical reactions. On the other
hand, they are not applicable for a coupling of the instrument with LC.
The most common mass analyzer in mass spectrometers is probably a
quadrupole [25]. It comprises four parallel metal rods representing elec-
trodes (Fig. 2.3). There are direct current (DC) and radio frequency (RF)
potentials applied to these electrodes, which create a high-frequency
oscillating electric field. Under a certain combination of defined DC and
RF potentials, ions of a specific m/z pass by a stable vibratory motion
through the analyzer to reach the detector; other ions follow
unstable trajectories and they are deflected. A mass spectrum is then
obtained by changing the applied potentials when keeping their ratio
constant. Standard quadrupoles provide a relatively low mass range, reso-
lution, and accuracy (Table 2.1). Nevertheless, quadrupole-based instru-
ments can be purchased at a reasonable price; they are sensitive and well
suited for ESI and coupling with GC or LC, primarily for the analysis of
low-mass compounds in chemistry and biology [39].

A time-of-flight (TOF) mass analyzer separates ions based on the dif-
ference in their velocities (Fig. 2.3). It 1s a long field-free flight tube and
has traditionally been combined with a MALDI source [40]. Ions,
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produced in pulses, drift in the flight tube, and their velocities are in an
inversed function to the square root of the respective m/z values. Classical
linear TOF-MS has a poor resolution and is incompatible with continu-
ous 1on-beam sources such as electrospray (the latter can be overcome by
the use of an orthogonal TOF). To minimize the spatial distribution and
kinetic energy spread of ions, and increase resolution in consequence,
both delayed extraction and reflectron (reflector) devices are added [25].
The ions formed in the ion source are accelerated by a delayed applica-
tion of the electrical field to even out their different starting velocities.
The reflectron is an energy corrector placed at the end of the flight tube
(Fig. 2.4). It consists of ring electrodes with a gradually increased repel-
ling potential, which make a barrier: the higher kinetic energy of an ion,
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Figure 2.4 Mass spectrometers used in proteomics. (A) Reflector TOF; (B) time-of-flight
reflector time-of-flight (TOF-TOF); (C) triple quadrupole (QgqQ) or LIT; (D) quadrupole
time-offlight (Q-TOF); (E) QIT; (F) FTHCR; (G) LIT-Orbitrap, HCD stands for higher energy
collisional dissociation. Adapted from Aebersold R, Mann M. Mass spectrometry-based
proteomics. Nature 2003/422:198—207 [29], except for Panel (G), which is based on a
picture by the vendor and made in the style of the others.
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the higher time spend in the reflectron. TOF analyzers theoretically have
an unlimited mass range (but in practice it is restricted); they offer a high-
spectrum acquisition rate and sensitivity (Table 2.1).

A Paul trap or quadrupole ion trap (QIT) consists of a central ring
electrode and two end-cap electrodes (Fig. 2.4). There is an RF potential
applied to the ring electrode when the end-cap electrodes are maintained
at ground potential. Tons of a broad m/z range are trapped due to the
oscillating three-dimensional electric field inside the analyzer, and their
motion is then manipulated by increasing the amplitude of the RF poten-
tial [41]. This forces the trapped ions to become sequentially unstable,
which 1s accompanied by ejecting them out of the trap for detection.
QITs are simple to operate, relatively inexpensive, sensitive, and useful to
conduct multistage MS experiments (MS™) for structural studies. The
major drawback is their poor mass accuracy and low dynamic range
(Table 2.1). A linear ion trap (LIT) or two-dimensional QIT is made of
four parallel rods with hyperbolic profiles; each rod is cut into three axial
sections and there is a slit in one of the central rod sections to eject ions
(Fig. 2.4). LIT can work as a selective filter or a real trap. Similar to QIT,
mass analysis of the trapped ions is performed in the mass-selective insta-
bility mode by increasing the RF potential [42]. Compared to QIT, LIT
has a higher trapping efficiency, ion storage capacity, and scan speed.

FT—ICR-MS was introduced in the 1970s [43]. The mass analyzer is
formed by a cell (Penning trap) placed in a strong magnetic field
(Fig. 2.3). The cell is composed of three pairs of opposite plates. Each
pair has a different function (trapping, excitation, or detection). lons are
trapped in the cell and excited by an oscillating electric field orthogonal
to the magnetic field. The ions excited due to a resonance-based energy
transfer rotate in phase-coherent packets and are detected by measuring
the image current at the detection plates. The resulting complex time-
domain signal is processed to a frequency-domain representation by a
Fourter transform. The masses of the ions are resolved by their ion cyclo-
tron frequencies [43]. A typical attribute of FT-ICR-MS is a remarkably
high resolving power and a superior mass accuracy. Orbitrap is a new
mass analyzer, which was introduced in the 1990s, first commercial
mstruments then appeared in the 2000s [22]. It is an ion trap with a coax-
ial barrel-like outer electrode (it is split into halves by an insulating ring)
and an axial spindle-like central electrode (Fig. 2.4). Contrary to a con-
ventional ion trap mentioned above, there is no RF potential or magnetic
field to keep ions inside an Orbitrap. Instead, ions are trapped in a pure
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electrostatic field and forced to cycle in elliptical trajectories around the
central electrode; they also move forward and back along the electrode
(z-axis). Together a spiral movement pattern is created. The axial compo-
nent of these oscillations is related to the m/z values of the ions and can
be detected as an image current induced between the axial halves of the
outer electrode. FT is emploved to get oscillation frequencies resulting in
accurate /z values. Another advantage is the high resolution available
competing with that of FT-ICR instruments (Table 2.1) and largely sur-
passing orthogonal TOF analyzers [44].

2.7 TANDEM MS

Tandem MS has been used in chemistry and biology to identify and
quantify compounds. It is based on multiple stages of mass analysis, which
are coupled either in time or space [45]. If there are two stages, the
abbreviation MS/MS or MS” is used. For more stages (feasible with ion-
trapping instruments), MS" is a general abbreviation. This technique has
largely been perfected since its introduction in the late 1960s. Classical
pioneering works included the development of collision-induced dissocia-
tion [16] and introduction of the triple quadrupole mass spectrometer
[46]. In biological experiments, which utilize the soft 1onization techni-
ques ESI and MALDI, abundant structural information can be obtained
only by MS/MS [47]. For example, MS/MS-based sequencing analyses of
peptides in digests are necessary to get unambiguous data for protein
identification. In research projects as well as routine analyses, often there
is a need to select ions of a given mass (=precursor ions) for their activa-
tion, fragmentation, and mass analysis of the fragmentation products
(=product ions). This is commonly applied for elucidating the chemical
structure of unknown compounds, identification of target components of
complex mixtures, and studying fragmentation pathways. Selective detec-
tion of ions providing a given fragment or losing a given neutral is also
possible with an appropriate instrumentation [45,48]. Many instruments
differing in their construction have become available for this purpose
(Table 2.2). There are two types (Fig. 2.4): either with a tandem-in-space
setup, where the individual stages of MS/MS are carried out in separate
regions (mass analyzers), or a tandem-in-time arrangement, with all steps
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Table 2.2 Common instruments applicable for tandem M5
Q-Q-TOF TOF-TOF FT-ICR Q-Q-Q QQ-LIT

Resolving power Good High Very Low Low
high
Mass accuracy Good Good Excellent Medium Medium
Dynamic range Medium Medium Medium High High
ESI availability Yes - Yes Yes Yes
MALDI availability Optional Yes Optional — -
Identification Good Good Excellent Possible Possible
Quantification Excellent Good Good Excellent Excellent
Throughput High Very High High High
high
Detection of Possible  Possible  Possible — Excellent
modifications

Source: Adapted from Domon B, Acbersold R Mass spectrometry and protein analysis. Scence
2006;312:212—17 [49].

performed in the same analyzer by employing a temporal sequence of
events [45]. Tandem-in-space instruments comprise several mass analyzers
of the same type (e.g., multisector magnetic analyzers, triple quadrupole,
TOF/TOF) or they have a hybrid design, in which different mass
analyzers are coupled (e.g., magnetic sector—quadrupole, magnetic
sector—TOE quadrupole—TOF, quadrupole—LIT, and quadrupole—FT-
ICR). The tandem-in-time variant is the case for ion-trapping instru-
ments such as QIT, LIT, and FT-ICR [48].

There are four scan modes possible on tandem mass spectrometers:
product ion scan, precursor lon scan, neutral loss scan, and selected
reaction monitoring (SRM) [45]. All four scan modes are available with
magnetic sector— and quadrupole-based instruments. TOF/TOF and
ion-trapping devices are applicable for the product ion scan only, which 1s
anyway the most common MS/MS experiment: here the selected ions
are passed into the collision cell, activated, and induced to fragment [48].
The product ions are then analyzed and the fragmentation data are uti-
lized to deduce structural information of the precursor ion. The precursor
ion scan (also parent scan) is done in such an arrangement that the ana-
lyzer beyond the collision cell is set to pass exclusively those ions showing
a particular (and selected) m/z value. Parent ions, which pass through the
first analyzer (a quadrupole for instance), are detected only if they frag-
ment in the collision cell to produce the selected product ion. The neu-
tral loss scan, as in the case of the precursor ion scan, represents a setup
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where both analyzers are scanned together with a constant m/z
difference. This allows recognizing all ions, which lose a given neutral
fragment upon the fragmentation. The SRM approach is similar to
acquiring a product-ion scan spectrum, and it is very useful for quantita-
tive measurements because of its specificity. Instead of recording the
complete spectrum of fragments, only a specific precursor—product pair
is monitored (which means to detect a unique product ion) [50].
Monitoring more than one precursor-to-product transition is expressed
by the term multiple reaction monitoring (MRM). Parallel reaction
monitoring (PRM) takes the advantage of high-resolution MS. It is based
on a quadrupole-Orbitrap platform. Unlike SRM/MRM, which provides
one transition at a time, PRM performs parallel detection of all transitions
(without the need to select a particular ion pair) in a single analysis. The
Orbitrap analyzer scans all product ions with high resolution and high
accuracy resulting in the elimination of the background interference and
improvement of the detection limit and sensitivity [51].

Ion activation techniques are essential in MS/MS [52]. This is a brief
overview: (1) the most common is collision-induced dissociation (CID)
also named collisionally activated dissociation (CAD), for which precursor
ions are excited by collisions (this can be performed in a high- or low-
energy regime) with atoms of an inert gas such as helium or argon; (2)
surface-induced dissociation (SID), available on a variety of instruments,
where 1on activation is achieved by collision with a solid surface (e.g., a
metal plate); (3) absorption of UV/infrared photons or absorption of
heat: UV photodissociation (PD), infrared multiphoton dissociation
(IRMPD), or blackbody-induced radiative dissociation (BIRD), respec-
tively; (4) electron-capture dissociation (ECD), which involves an excita-
tion of protonated precursor by the capture of a low-energy electron and
subsequent fragmentation of the resulting odd-electron ion; (5) electron-
transfer dissociation (ETD)—the process is similar to ECD but uses an
ion—ion reaction where anthracene anions are employed as electron
donors. ECD has been primarily a part of FT-ICR instruments and it is
solely applicable to the ESI-produced multiply protonated ions. Its appli-
cations include peptide sequencing, oligonucleotide sequencing, or iden-
tification of protein sites carrying posttranslational modifications such as
phosphorylation, glycosylation, and others. Similarly, ETD is typically
used to fragment multiply charged peptide ions for studying posttransla-
tional modifications with ion traps.
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2.8 SEPARATION TECHNIQUES HYPHENATED
WITH MS

To analyze complex samples of the real word such as those from
biological tissues, technological processes, and environmental control, the
online coupling of MS with a separation device has long been a very suc-
cessful approach. Commonly, GC, LC, or CE are used, and the respective
coupling provides the possibility to increase the information gathered
about sample components because of combining the resolving power of
the separation technique and performance (particularly with respect to
sensitivity and dynamic range) of a mass spectrometer [53]. The physical
interconnection between the two instruments requires an interface, which
delivers the separated sample components into the ion source. With a
proper arrangement, both the resolution of the separation and perfor-
mance of the mass spectrometer should remain virtually unaffected. The
pressure mismatch (in GC-MS) and solvent incompatibility (in the case of
LC and CE coupling) are the main issues to be dealt with. Not all mass
spectrometers are suitable for the online coupling. Only those, which are
characterized by a high scan speed and can tolerate high pressures (e.g.,
quadrupoles, ion traps, TOF analyzers) are considered optimal [54].

GC-MS is well suited for small in size, volatile, and thermally
stable molecules. For larger diameter packed columns and higher carrier gas
flows, there are interfaces available such as an open split interface, a jet sepa-
rator, and a molecular effusion interface [55]. Capillary GC columns can be
coupled directly to MS (because a low carrier gas flow is used) and provide a
high-resolution separation of complex mixtures. LC and CE are suitable for
the separation of mixtures with nonvolatile and thermally labile compounds.
The introduction of ESI was an excellent opportunity to couple LC and akso
CE (as an approach complementary to LC) with MS. As a result, LC-ESI-
MS in particular has become the method of choice for many applications
including identification and quantification analyses of peptides, lipids, meta-
bolites, drugs, and pesticides [56]. All sizes, from standard analytical
high-performance liquid chromatography columns to capillary and nanoscale
columns, are applicable for coupling with ESI—-MS as there are different
types of ESI sources and interfaces available for a wide range of solvent flow
rates. Generally, smaller diameter columns are advantageous as they provide
increased efficiency of separation. For many biochemical and biological stud-
ies, where sample amounts are often limited, capillary/nanoscale columns are
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applied [54]. Nanoscale columns are commonly operated at the flow range
of 50—500 nL - min~ ' and attached directly to a nanospray ion source. With
analytical and other larger diameter columns operated at higher flow rates (at
the level of 100 uL to 1.0 mL - min~"), a conventional ESI source (operates
at a flow rate of 1—10 pL - min”~ ") can be used after a postcolumn flow split-
ting (e.g., 100:1). LC has also been coupled with MALDI MS [57]. Several
constructs have been tried to make online combinations with a postcolumn
mixing of the eluate with matrix solution (e.g., using a rotating wheel inter-
face). Nevertheless, an offline approach with depositing eluate fractions on
MALDI target in a spotter device after their mixing with a matrix solution
has been successfully commercialized [56,57).

In proteomics, for example, reversed-phase LC (RP-LC) on a C18
(octadecyl hydrocarbon-bonded silica stationary phase) column is a stan-
dard technique to separate peptides prior to their MS/MS sequencing
[54,58]. Besides this mode of separation, affinity chromatography (utiliz-
ing a specific affinity interaction of a biomolecule with a ligand immobi-
lized in the stationary phase) or supercritical fluid chromatography (in
which the mobile phase is a gas, such as carbon dioxide, liquid-like at a
pressure above its critical pressure) can be coupled with MS. When the
complexity of a sample is too high, one-dimensional LC is not sufficient
to resolve optimally its components [54]. Then a two-dimensional chro-
matography 1s chosen, which combines two orthogonal separation steps
(the meaning is that these steps represent completely different principles
of separation). The second dimension must be faster and MS-compatible
solvents have to be used to allow ionization. The most common approach
is based on ion-exchange LC and RP-LC, but also size-exclusion chro-
matography, affinity chromatography, or chromatofocusing can be com-
bined with RP-LC in the second dimension.

Finally, CE has been used in coupling with MS as an alternative to
LC-based separations. Currently it is performed in different formats,
including capillary zone electrophoresis (the most popular separation
technique of this type), capillary gel electrophoresis, capillary isoelectric
focusing, capillary isotachophoresis, micellar electrokinetic chromatogra-
phy, and capillary electrochromatography [59]. The separation is fre-
quently interfaced with ESI or APCI, and the three most practical designs
are a sheathless interface, sheath—flow interface, and liquid—junction
interface [60]. The CE effluent can also be deposited on MALDI target
plate for an offline MS analysis.
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g 2.9 MSI AND OTHER WAYS OF EXAMINING
BIOLOGICAL TISSUES

Thanks to the wide range of ionization techniques and availability
of high-resolution analyzers, the application of MS encompasses broad
science areas in the fields of proteomics, metabolomics, pharmacy, toxi-
cology, environmental applications, isotope analyses, carbon dating, or
homeland security. The application of MS in industry is logical for evalu-
ating the quality of raw materials and final products. A bright example is
the petrochemical industry [61]. In biology and health sciences, it is now
a standard tool for the identification, characterization, and quantification
of proteins and organic compounds. MS in clinical diagnostics and
toxicology progressively complements spectroscopic or immunoaffinity
analytical methods [62]. MSI (also imaging mass spectrometry—IMS) is a
technique which allows to investigate spatial molecular distribution in a
section of the exact area of a biological sample, typically in a sliced tissue
[63]. MSI can provide qualitative as well as quantitative information for a
wide variety of compounds such as proteins, peptides, lipids, metabolites,
drugs, and others. The final output is a two-dimensional image based on
the determined molecular masses. All acquired images from consecutive
tissue slices can be combined to a three-dimensional model of the exam-
ined object showing the distribution profiles of individual detected com-
pounds [64]. MALDI MS and secondary ion mass spectrometry (SIMS)
are the most typical approaches in MSI. Ambient ionization techniques
such as DESI, laser ablation electrospray ionization (LAESI), or liquid
extraction surface analysis (LESA) represent an alternative [65]. MALDI
imaging allows a simultaneous mapping of biological molecules present in
thin tissue sections placed on the MALDI probe. The principle is similar
to that of scanning microscopy: the whole sample area is set for analysis,
divided into closely adjacent positions for laser firing and then sequen-
tially analyzed. Only those instruments with a gentle target displacement
and fine laser beam focus can be used. The information obtained by
MALDI MST is suitably complemented by histological and immunologi-
cal observations, which help to search for molecular markers [66]. The
sample preparation procedure is a key step and requires a precise prepara-
tion of thin tissue slices, their washing, desalting, and the subsequent
application of matrix (sublimation or spraying methods are used to evenly
cover the entire surface area of the sample) [67]. Proteins can be
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identified directly from the sliced tissue after in situ digestions [68]. The
spatial resolution ranges from 5 to 200 pm.

A higher spatial resolution of 50—100 nm can be achieved using
SIMS [69]. SIMS was originally used to analyze solid surfaces with a
focused primary ion beam and collecting and analyzing the released sec-
ondary ions. In biological research, SIMS is applied to study biomolecules
with relatively low molecular masses. SIMS instruments work in two dif-
ferent modes: static and dynamic. In the dynamic SIMS, the sample is
bombarded constantly by primary ions (Cs™ or O7), which causes an
excessive analyte fragmentation. An in-depth chemical profile of the
observed material can be acquired in this way Conversely, the static
SIMS uses only pulsed primary ion beams to avoid any sample surface
distortion and provides the best surface-sensitive molecular resolution
[69]. By combining these two SIMS approaches, the analysis by defined
layers can be achieved. The first layer of a sample is explored by the soft
static mode. Then the analyzed surface is eroded by more invasive atom
beams which reveal a lower layer and the process is repeated.

DESI i1s commonly used for imaging of lipids [70]. Thin-layer chro-
matography probes used for the separation of organic molecules can be
effectively analyzed by DESI MS [65]. By combining the benefits of ESI
and MALDI, the hybrid ionization technique matrix-assisted laser desorp-
tion electrospray ionization (MALDESI) has been introduced. Here the
ions are generated by a laser ablation and electrospray postionization [71].
LAESI combines a mid-infrared laser ablation with a secondary ESI pro-
cess for samples containing water (liquids or tissues). The laser is tuned to
the absorption line of water, but the ejected secondary material is not
ionized. Therefore, an ESI source is located above the sample for a post-
ablation ionization [72]. LESA represents a different attitude for sampling
from tissue specimens. First, the analyte is extracted from the sample sur-
face by a liquid microjunction between the probe and sample. Then the
droplet is 1onized and analyzed [73]. LESA shows a low spatial resolution,
but the noninvasive sampling and easy connectivity to MS analyzers are
promising for LESA-based MSI under native conditions.

In addition to MSI, several other interesting approaches for analyzing
biological material have been developed on the basis of ambient ioniza-
tion. Paper spray MS was invented for a fast and direct analysis of mole-
cules such as lipid, hormones, and drugs in tissues without a complicated
sample pretreatment. A sample drop (1 pL) is deposited on a triangle
shaped paper directed by one of its tips to the MS inlet. For ionization,
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both a high voltage and solvent are applied, and the analyte is sprayed
from the paper tip into the MS instrument [74]. A more convenient
method for tissue analysis is the rapid evaporative ionization mass
spectrometry (REIMS) invented for a medical use [75]. This electrosurgi-
cal dissection device is combined with an air pump and flexible tubing
connected to the ion source. The charged molecules released during the
dissection are sucked and transferred to the MS instrument and analyzed
in real time. The system is marketed nowadays as “iKnife” REIMS is
applicable also for the analysis of intact microorganisms [76].
Nanostructure-initiator MS (NIMS) is a desorption/ionization technique,
which uses silicon fibers as laser energy absorbers. The absorption of laser
energy results in a fast vaporization of the sample and its ionization.
A repeated application of liquid sample on the nanostructure initiator and
its drying can be used for analyte enrichment. Small organic molecules
such as metabolites can be detected by this approach even in the
yoctomole (1072 range [77].

2.10 MASS SPECTRUM, DATA REPRESENTATION, AND
MANAGEMENT

Mass spectrometric experiments involve a sequential use of several
software types. First, an acquisition software is employed for acquiring
mass spectra and their saving together with metadata of the experiment.
The mass spectra are then processed (e.g., with smoothing and peak pick-
ing steps) by means of a processing software. Finally, specialized software
tools are applied, for example, in proteomics to perform database searches
and calculating quantification results. Apart from the proprietary software
provided by instrument vendors, there is also both free and open-source
software available for MS. To mention a few examples, mMass has been
developed for mass spectrometric data analysis and interpretation [78],
MaxQuant [79], and Skyline [80] are applicable in quantitative
proteomics, OpenChrom is useful for evaluating GC- or LC-MS data
[81], and BIOSPEAN allows to compare intact cell MALDI-TOF mass
spectra [82].

A common mass spectrum represents a plot of m/z values (on the
x-axis) of all detected ions against their abundance (~ signal intensity; on
the y-axis). The most abundant ion is designated a base peak. On a
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relative scale, abundances of the other ions are expressed as percentage
abundances relative to this peak [3]. Mass spectra can be stored in two
major ways: as continuous spectra (“profile-mode™) or peak lists (“cen-
troided”). Profile-mode spectra comprise spaced data points and thus
each peak has a defined shape. Conversely, a peak list is represented by
m/z and intensity pairs extracted from the original peaks. The latter
representation saves memory space but substantial information (resolution)
1s lost [83].

In biological research, MS commonly produces large amounts of data.
Mass-spec manufacturers as well as organized user communities have
developed various formats for data storage, exchange, and processing.
There are many instrument data formats (or the proprietary software gen-
erates folders with multiple files) with extensions such as .baf, .fid or .yep
(Bruker), .wiff or .t2d (AB Sciex), .qgd (Shimadzu), and .raw (Thermo,
‘Waters), which are not interchangeable and transferable. For database
searches using MS/MS data for protein identification, the output files
from mass spectrometers are commonly converted into simple text files.
The MGF format has been launched by Matrix Science (London, United
Kingdom), and it encodes multiple MS/MS spectra in a single file, which
is applicable with Mascot, the most common search engine. However,
many valuable metadata are lost during the respective conversion [83]. To
cope with these disadvantages, attempts appeared in 2003 to introduce a
standardized MS data format. The Human Proteome organization
(HUPQ) has made a big effort via its Proteomics Standards Initiative
(PSI) to manage the development of open data formats [83]. All it has
started with a requirement to keep most of the information from each
experimental run that would easily be accessible by any tool. First,
mzData was developed by the PSI itself. Independently, the Institute for
Systems Biology (Seattle, The United States) produced mzXML [84].
Because of an inconvenience of having two open formats for preserving
the same information, the two institutions have created mzML as a com-
promise and new format with best features from both mzXML and
mzData [85]. For quantitative proteomics analyses, mzQuantML and
mzTab formats are currently being developed by the HUPO PSI (http://

www. psidev.info).
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Proteins play a major role in the three-dimensional organization of nuclear genome and
its function. While histones arrange DNA into a nucleosome fiber, other proteins contribute
1o higher-order chromatin structures in interphase nuclei, and mitotic/meiotic chromosomes.
Despite the key role of proteins in maintaining genome integrity and transferring hereditary
information to daughter cells and progenies, the knowledge about their function remains
fragmentary. This is particularly true for the proteins of condensed chromosomes and, in
particular, chromosomes of plants. Here, we purified barley mitotic metaphase
chromosomes by a flow cytometric sorting and characterized their proteins. Peptides
from tryptic protein digests were fractionated either on a cation exchanger or reversed-
phase microgradient system before liquid chromatography coupled to tandem mass
spectrometry. Chromosomal proteins comprising almost 900 identifications were classified
based on a combination of software prediction, available database localization information,
sequence homology, and domain representation. A biclogical context evaluation indicated
the presence of several groups of abundant proteins including histones, topoisomerase
2, POLYMERASE 2, condensin subunits, and many proteins with chromatin-related
functions. Proteins involved in processes related to DNA replication, transcription, and
repair as well as nucleolar proteins were found. We have experimentally validated the
presence of FIBRILLARIN 1, one of the nucleolar proteins, on metaphase chromosomes,
suggesting that plant chromosomes are coated with proteins during mitosis, similar to
those of human and animals. These results improve significantly the knowledge of plant
chromosomal proteins and provide a basis for their functional characterization and
comparative phylogenetic analyses.

Keywords: barley, chromatin, FIBRILLARIN 1, flow cytometric sorting, mass spectrometry, mitotic chromosome,
perichromosomal layer, protein prediction

INTRODUCTION

Nuclear DNA in eukaryotes is tightly associated with various proteins to form chromatin
(Fierz and Poirer, 2019). The nucleoprotein complex not only participates in DNA packaging
so that it fits the small nuclear volume, but also plays an important role in functional organization
of DNA in the three-dimensional nuclear space, DNA damage repair, and regulation of gene
expression. It also facilitates replication and faithful transmission of hereditary information to
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daughter cells during mitosis, and the production of functional
gametes in meiosis, which are intricate, highly dynamic and
strictly controlled processes. At the beginning of mitosis and
meiosis, the interphase chromatin undergoes a series of structural
changes that lead to the formation of condensed chromosomes
(Antonin and Neumann, 2016).

The organization of condensed chromosomes and their function
is determined by a variety of proteins. Structural maintenance
of chromosome (SMC) family complexes, including condensin,
cohesin, and SMC5/6, modulate the chromosome structure and
impact their function during mitosis (Skibbens, 2019). Replicated
sister chromatids are tethered together by cohesins. In prophase,
condensin II binds DNA and extrudes large initial scaffolding
loops (Ganji et al., 2018). In prometaphase, after nuclear envelope
breakdown, condensin I binds to chromatin and forms smaller
loops for a further compaction, which are nested within the
large loops produced by condensin II. Additional proteins were
described as condensation factors including topoisomerase I1
and in mammals also chromosome-associated kinesin KIF4.
Moreover, the condensation of chromosomes is facilitated by
histone modifications, including phosphorylation and deacetylation
(Antonin and Neumann, 2016).

Chromosome condensation was expected to be accompanied
by the eviction of proteins involved in the regulation of gene
expression, chromatin state, and accessibility (Martinez-Balbés
et al, 1995). This was confirmed in the case of epigenetic
modifiers that promote transcription (Ginno et al., 2018) and
for a majority of polymerase II transcription elongation complexes
(Parsons and Spencer, 1997; Ginno et al., 2018). However,
repressive modifiers, some polymerase II ternary complexes,
and a majority of transcription factors are retained, including
core promoter-binding proteins (Parsons and Spencer, 1997;
Ginno et al, 2018; Djeghloul et al, 2020). These proteins,
collectively called mitotic bookmarking factors, ensure the
transfer of gene regulatory information to daughter cells (Festuccia
et al,, 2016; Raccaud and Suter, 2018; Zaidi et al, 2018). As
the accessibility of chromatin to regulatory proteins is not
dramatically changed during chromosome condensation (Hsiung
et al, 2015; Blythe and Wieschaus, 2016), many genes can
be expressed during mitosis (Palozola et al, 2017), implying
the association of various proteins and RNAs with the chromatin
of condensed chromosomes.

In mammalian models, it has been shown that a
perichromosomal layer covering the whole chromosome is

Abbreviations: ACN, acetonitrile; ARATH, Arabidopsis thaliana; CCAN, centromere-
associated network; DAPI, 4',6-dlamidine-2'-phenylindole; DTT, dithiothreitol;
ESI, electrospray ionization; EYFP, enhanced yellow fluorescent protein; FDR,
false discovery rate; FoA, formic acid; GFP, green fluorescent protein; GO, gene
ontology; HMG, high mobility group; HORVU, Hordeum vuigare; HyD, hybrid
detectors; 1D, identification; KMN, Knl1, Mis12, and Ndc80 network; nL.C, nanoflow
liquid chromatography; MALDI, matrix-assisted laser desorption/ionization; MCM,
minichromosome maintenance; MG, microgradient; MGF, Mascot generic format;
MS, mass spectrometry; MS/MS, tandem mass spectrometry; NSAE normalized
spectral abundance factor; NWC, NOL11, WDR43, and Cirhin complex; PMSE
phenylmethylsulfonyl fluoride; RAF-BT, raffinose-modified bovine trypsin; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SCX, strong
cation exchange; SMC, Structural maintenance of chromosome; TCEP, tris(2-
carboxyethyl)phosphine; TEA, trifluorcacetic acid; WT, wild type.

established simultaneously with the chromosome condensation
except for the centromeric region where the kinetochore complex
is formed. This layer represents at least 33% of the protein
mass of mitotic chromosomes (Booth et al., 2016) and consists
of pre-rRNA and proteins originating mostly from nucleoli,
which disassemble during prophase. Stenstrom et al. (2020)
identified 65 nucleolar proteins at the chromosome periphery.
‘This recruitment was temporary as some of the proteins relocated
during prometaphase, and the remaining ones were recruited
only after metaphase. The proteins transferred during
prometaphase included the Ki-67 protein, which has been
shown the main organizer of the perichromosomal layer in
human and animals (Booth et al., 2014). A series of studies
revealed multiple roles of the layer, which include the formation
and maintenance of chromosome architecture (Takagi et al,
2016), prevention of chromosome clumping (Cuylen et al.,
2016), displacement of cytoplasmic components before nuclear
envelope assembly (Cuylen-Haering et al., 2020), and transport
of proteins and RNAs and their distribution to daughter nuclei
(Sirri et al, 2016). The key role of the perichromosomal layer
in chromosome function is reflected by its highly ordered
structure (Hayashi et al, 2017), which excludes the formation
of this domain by a random attachment of nuclear and
cytoplasmic components.

Centromeric regions are the sites for the assembly of
kinetochores — large protein complexes that attach chromosomes
to spindle microtubules during cell division (Cheeseman, 2014).
In vertebrates, the kinetochore consists of over a 100 proteins
and comprises two major interaction networks (Pesenti et al.,
2018). The constitutive centromere-associated network (CCAN)
has 16 subunits and remains associated with centromeric
chromatin throughout the cell cycle. The Knll, Misl2, and
Ndc80 network with 10 subunit super-complexes binds to
CCAN at early prophase and remains attached during the
whole mitosis (Hara and Fukagawa, 2020). Interestingly, the
correct function of kinetochore depends on the translocation
of the NOLI1, WDR43, and Cirhin complex from the nucleoli
to the perichromosomal layer. This is required for the centromeric
enrichment of Aurora B and the subsequent phosphorylation
of histone H3 (Fujimura et al., 2020) and underlines the key
role of nucleolar proteins in the function of mitotic chromosomes.

Despite the great progress achieved during the past two
decades in identifying and cataloging chromosomal proteins
and unraveling their function, many proteins have an unknown
function and many may remain to be discovered. The pioneering
studies on human cell lines reported a relatively low number
of chromosomal proteins, ranging from 60 to 250 (Morrison
et al, 2002; Gassmann et al, 2005; Uchiyama et al, 2005;
Takata et al., 2007). The first detailed survey by Ohta et al.
(2010) revealed approximately 4,000 individual proteins and
introduced a bicinformatics approach for statistical analysis to
prove the authenticity of protein localization. A combination
of six different classifiers by machine learning turned out to
be crucial because only 19% of the total identified proteins
could be annotated as truly chromosomal. This approach was
further developed to detect protein complexes and their relation
to chromosome structure and segregation (Ohta et al., 2016a;
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Montafio-Gutierrez et al., 2017), mitosis-specific chromosome
phosphorylation events (Ohta et al., 2016b), and components
of the chromosomal scaffold (Ohta et al, 2019).

Most of the advances were made by analyzing human and
animal chromosomes and very little is known about chromosomal
proteins in plants. To date, proteomics studies in plants focused
on interphase nuclei (Tan et al, 2007; Bigeard et al, 2014;
Petrovskd et al., 2014; Zeng and Jiang, 2016; Blavet et al.,
2017). One of the reasons for the absence of studies on plant
mitotic chromosomes may be a difficulty to obtain highly
synchronized plant cell populations in mitosis. Ideally, the
studies should be done on purified mitotic chromosomes as
this helps to discriminate the “genuine” and functionally
significant chromosomal proteins from these isolated from
interphase nuclei, which escaped synchronization, and
cytoplasmic proteins. However, any preparation of pure fractions
of mitotic chromosomes is challenging in plants
(Dolezel et al., 2012; Zwyrtkové et al., 2020).

Here, we report on identification of a large number of
proteins from condensed plant mitotic chromosomes. Our
interdisciplinary approach comprised the induction of high
degree of mitotic synchrony in meristem root-tip cells,
purification of chromosomes by flow cytometric sorting,
in-solution DNA and protein digestion, liquid chromatography
of peptides, high-resolution MS/MS, and adapted multi-classifier
data analysis.

MATERIALS AND METHODS

Chemicals

Benzonase® (Cat. No. E1014), DNase I (Cat. No. AMPDI),
SOLu-trypsin  (Cat. No. EMS0004), dithiothreitol (DTT),
iodoacetamide, and tris(2-carboxyethyl)phosphine (TCEP) were
from Sigma-Aldrich (Steinheim, Germany), and NEBNext®”
dsDNA Fragmentase” was from New England Biolabs (Ipswich,
MA, United States). Raffinose-modified bovine trypsin (RAF-BT)
was prepared as described (Sebela et al,, 2006). Chromatography
solvents were of LC-MS grade. All other chemicals were from
commercial sources and were of analytical purity grade if not
stated otherwise.

Flow Cytometric Chromosome Sorting for
Proteomic Analysis

Suspensions of intact mitotic metaphase chromosomes were
prepared as described by Lysik et al. (1999) with modifications.
Briefly, root-tip meristem cells of young seedlings of barley
[Hordeum vulgare (HORVU) L.] cv. Morex were accumulated
in metaphase after treatments with 2 mM hydroxyurea for
18 h, 25 pM amiprophos-methyl for 2 h, and ice water
(overnight). Synchronized root tips were fixed in 2% (v/v)
formaldehyde at 5°C for 15 min and homogenized using a
Polytron PT1300D (Kinematica AG, Littau, Switzerland) at
15,000 rpm for 13 s in LBO1-P buffer (Petrovskd et al., 2014).
The resulting chromosome suspension was stained with
2 pg mL™' 4',6-diamidino-2-phenylindole (DAPI) and analyzed

at a rate of ~5,000 particles per second using a FACSAria
SORP flow cytometer (Becton Dickinson, San José, United States).
Sort windows were set on a dot plot of fluorescence pulse
area versus fluorescence pulse width to select all seven
chromosomes of barley. For proteomic analyses, samples were
prepared by sorting a total of 10-11 x 10° chromosomes into
15-mL Falcon tubes containing 1 mL LB01-P buffer supplemented
with 5 mM phenylmethylsulfonyl fluoride. Flow-sorted
chromosomes were pelleted at 2,500 rpm and 4°C for 30 min,
and resuspended in ddH,0.

Protein Extraction Procedure No. 1

The pellets of flow-sorted barley chromosomes were decrosslinked
by incubation in 50 pL of 50 mM Tris-HCI, pH 8.0, containing
2 mM MgCl,, at 70°C for 9 h. This was followed by adding
50 pL of the same buffer supplemented with 8 M urea and
10 mM DTT. After adding Benzonase (250 units), DNA was
digested at 25°C for 24 h. Similarly, DNase 1 (20 units) was
applied for DNA digestion. In parallel, Fragmentase alone
(20 pL) or in a combination with Benzonase (as above) was
used. The digestion buffer for Fragmentase was 50 mM Tris-
HCI, pH 8.0, containing 15 mM MgCl,, and 50 mM NaCl
(pipetted in an amount of 50 pL to the chromosomal pellet).
The DNA digestion with Fragmentase proceeded at 37°C for
24 h. The released proteins were recovered by precipitation
with chilled acetone (1:4, v/v) at —=20°C for 24 h.

Gel Electrophoresis

Protein precipitate from the extraction step (procedure no. 1)
was dissolved in 25 pL of Laemmli sample buffer and kept at
60°C for 30 min. Sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed with 10% T/3.3% C
resolving and 4% T/3.3% C stacking 1-mM thick vertical gels
following a standard protocol (Laemmli, 1970) and using a Mini-
Protean II apparatus (Bio-Rad, Hercules, CA, United States). %T
stands for the total monomer concentration (in g per 100 mL)
and %C stands for weight percentage of crosslinker (N,N™-
methylenebisacrylamide). The whole protein sample (25 pL) was
applied to a sample well at the top of the stacking gel. Electrophoresis
was run at 110 V until the marker dye reached the bottom of
the resolving gel. Gel staining employed a standard protocol
with 0.025% w/v Coomassie Brilliant Blue G-250 in 40% v/v
methanol-10% v/v acetic acid (background destaining by 5%
v/v methanol-7% v/v acetic acid). Gel images were obtained
using an ImageScanner device and Lab Scan 5.0 software
(Amersham Biosciences, Uppsala, Sweden).

In-Gel Digestion of Proteins

‘The sample lane was cut horizontally into 17 sections representing
protein fractions (12 stained bands and 5 less stained larger
areas) of a different molecular mass. After destaining using
50 mM NHHCO; in 50% v/v acetonitrile (ACN) for 45 min,
proteins were in-gel reduced by 10 mM DTT in 100 mM
NH,HCO, and then alkylated by 55 mM iodoacetamide in
100 mM NH,HCOs; (Shevchenko et al., 2006). In-gel digestion
was performed using RAF-BT (Sebela et al,, 2006). Peptides were
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extracted from the digests with 5% v/v formic acid (FoA)/
ACN, 1:2, v/v (Shevchenko et al, 2006), recovered in test
tubes after solvent evaporation in a vacuum centrifuge, and

finally purified using C18-StageTips (Rappsilber et al., 2007).

In-Solution Digestion of Proteins No. 1

The entire precipitate from extraction procedure no. 1 was
dissolved in 40 pL of 100 mM triethylammonium bicarbonate,
pH 8.0, containing 6 M urea and 2 M thiourea. The protein
content was then assayed by the bicinchoninic acid method
(Smith et al., 1985) after a sample aliquot dilution to decrease
the urea concentration to 3 M. Proteins were reduced by TCEP
(5 mM, 23°C, 45 min) and alkylated using iodoacetamide
(50 mM, 23°C, 30 min). In-solution digestion with RAF-BT
was subsequently done using a protein-to-trypsin molar ratio
of 20:1.

In-solution digests were fractionated using the StageTips
(Rappsilber et al, 2007) containing Empore™ Cation
Exchange-SR  extraction disks 2251 (3 M Bioanalytical
Technologies, St. Paul, MN, United States) or by reversed-phase
chromatography in a microgradient (MG) device (Franc et al,,
2013a,b). The cation-exchange separation was performed using
a stepwise concentration gradient of ammonium acetate (25 mM,
50 mM, 75 mM, 125 mM, and 200 mM) when the total
elution was achieved by 5% v/v NH,OH in 80% v/v ACN.
The separate peptide fractions were then recovered in test
tubes after solvent evaporation in a vacuum centrifuge and
purified using the StageTips with Empore™ C18 extraction
disks 2215 (3 M Technologies).

Protein Extraction and In-Solution
Digestion Procedure No. 2

A suspension containing 10 x 10 flow-sorted barley chromosomes
was repeatedly mixed with 150 pL of mass spectrometry
(MS)-quality water for washings. The solid material was collected
by a brief centrifugation. Next, the pellet was suspended in
40 pL of 50 mM Tris-HCI, pH 8.0, containing 2 mM MgCl,
and kept at 70°C and 850 rpm for 5 h. Proteins were denatured
by the addition of 20 pL of the same buffer containing 8 M
urea and 10 mM DTT. The mixture was incubated at 23°C
for 1 h before adding 1 pL (250 units) of Benzonase and kept
at 23°C without shaking for 18 h. Disulfide reduction was
achieved by the addition of 15 pL of 5 mM TCEP and incubation
at 23°C for 45 min. This was followed by alkylation of cysteine
thiols by adding 15 pL of 50 mM iodoacetamide in 50 mM
Tris-HCI, pH 8.0, and incubating at 23°C for 30 min. Protein
digestion was performed using 1 pg of SOLu-trypsin in an
overall volume of 240 pL of the 50 mM Tris-HCI buffer, pH
8.0, containing MgCl, at 37°C and 350 rpm for 18 h. The
digestion was stopped by adding 2 pL of 50% v/v FoA.

The second sample was the original root-tip homogenate
containing chromosomes as used for chromosome flow sorting,
and the third sample was a chromosome-depleted fraction (i.e.,
a homogenate from which chromosomes were removed by
flow cytometric sorting). Cell lyzate proteins were obtained
from 1 mL of the extract in a 5-mL tube using acetone

precipitation (1:4, v/v) at —20°C for 24 h and centrifugation
at 20,000 g and 4°C for 15 min. The pellet was then suspended
in 1 mL of fresh acetone, transferred into a 1.5-mL tube, and
collected by centrifugation as above. Further processing of the
additional samples followed the protocol for chromosomes with
the initial washing step omitted in case of the original
root-tip homogenate.

Peptide Quantification Assay

The acidified peptide mixture from procedure no. 2 was spun
down at 10,000 g for 15 min and the supernatant was transferred
into a new tube. Then, the tryptophan content in the peptides
was determined using a microarray fluorescence reader Synergy
MX (BioTek Instruments, United States) as published by
Wisniewski and Gaugaz (2015). Samples of 200 pL were loaded
into microtitration plate wells. The instrument parameters were
as follows: excitation wavelength of 295 nm and bandwidth
of 9.0 nm; emission wavelength of 350 nm and bandwidth of
20.0 nm; gain of 75 units, 10 reads; 20°C; and integration
time of 50 ps. The calibration solutions contained
0.01-5.0 pg pL~" tryptophan in the sample buffer with urea.
Peptide amounts in the assayed samples were calculated using
the assumption that HORVU proteins contain on average 1.95%
tryptophan by mass (derived from the UniProt barley protein
database, see below for details).

Microgradient Separation of Peptides

Tryptic peptides from the digests were first chromatographed
using a MG device (Franc et al., 2013a,b). The peptides in
an amount of 4 pg were loaded into an equilibrated microcolumn
(250 pm id. x 30 mM) made of Kinetex EVO C18 2.6 pm
core-shell particles (Phenomenex, 00G-4,725-E0) and desalted
by washing with 25 pL of 0.1% v/v TFA. Then, the retained
peptides were eluted by a stepwise gradient of 8, 12, 16, 20,
24, 28, 36, and 48% v/v ACN in 20 mM NH,HCO, aspirated
into the gas-tight syringe. The eluate was collected in seven
consecutive 4-pL fractions. Each fraction was then diluted by
21 pL of 5% w/v FoA for the subsequent MS analysis.

Mass Spectrometry of Peptides

Nanoflow liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) analyses were performed on a maXis UHR-Q-TOF
mass spectrometer equipped with a nanoelectrospray ion source
(Bruker Daltonik) and connected to a Dionex UltiMate3000
RSLCnano liquid chromatograph (Thermo Fisher Scientific,
Germering, Germany). Each sample was measured in two runs
and the data were pooled. The experimental setup including
the reversed-phase analytical column, pre-column, composition
of mobile phases, flow rates, gradient programming, and other
automated MS and MS/MS data acquisition parameters was
the same as described previously (Chamrad et al., 2014).

Data Analysis and Annotation

Raw data were converted into Mascot generic format-formatted
files and processed for database searches using PEAKS Studio
10 (Bioinformatics Solutions, Waterloo, ON, Canada). The search
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parameters were as follows: mass tolerance for precursor ions
and fragments — 50 ppm and 0.05 Da, respectively; enzyme —
trypsin (semispecific); the number of missed cleavages — 2;
allowed modifications per peptide — up to 3; variable peptide
modifications — Met oxidation, Asn/Gln deamidation, protein
N-terminal acetylation; and fixed peptide modification — Cys
carbamidomethylation. The sequence databases used were barley
(HORVU) proteome database downloaded from the UniProtKB
(https://www.uniprot.org, 11/10/2020, Proteome 1D
UP000011116, 189,799 entries; International Barley Genome
Sequencing Consortium et al., 2012) and cRAP contaminant
database (downloaded from https://www.thegpm.org/crap/ on
11/10/2020). The false discovery rate was set at 1% as a positivity
threshold for the peptide-spectrum match plus peptide and
protein sequence matches. At least one unique peptide was
required for positive protein identification and only the first
identification (ID) with the highest —logP score for each protein
group was used for the subsequent data evaluation.

The obtained list of IDs matching the set of barley protein
sequences was then searched against the UniProtKB/Swiss-Prot
database to find Arabidopsis thaliana (ARATH) homologs by
blastp (protein-protein BLAST; Altschul et al., 2005). Then, the
available information on the cellular localization, related gene
ontology (GO) terms, molecular mass, and sequence length
for each Arabidopsis protein accession was acquired via UniProtKB
Retrieve/ID mapping tool. A limit of 70% sequence homology
was set up for the further search on UniProtKB protein localization
information for Arabidopsis homolegs. The whole protein FASTA-
formatted file was reduced into partial files of 400 IDs for the
application of other bioinformatics tools, such as NucPred
(Brameier et al., 2007), Localizer (Sperschneider et al., 2017),
CELLO2GO (Yu et al, 2014), and WegoLoc (Chi and Nam,
2012). In Localizer, the input was specified as “full plant
sequences.” The plant BaCelLo dataset and default settings were
used in WegoLoc. In CELLO2GO search parameters, the
eukaryotic organism option was selected. Also, matching GO
terms and other information were obtained by searches using
DAVID Functional Annotation Tool (Huang et al., 2009).

Evaluation of Nuclear or Chromosomal
Localization

All data obtained from the databases and bioinformatics tools
were merged using Perseus v.1.6.10.45 (Tyanova et al, 2016)
and further processed in Microsoft Excel 2016. Six groups
reflecting the prediction results and UniProtKB information
were established to categorize the identified proteins (Search
§1). Protein IDs yielding information on a nuclear/chromosomal
localization in more than two prediction tools, which possessed
a positive record on their nuclear origin in UniProtKB, were
marked as “NUCLEAR” Those IDs with more than two nuclear
prediction hits and lacking any UniProtKB information on
nuclear localization were grouped as “PREDICTED NUCLEAR”
Proteins labeled as nuclear/chromosomal by two prediction tools
with a reliable record in UniProtKB were classified as “POSSIBLY
NUCLEAR.” The group “DISCREPANCY UNIPROT” contained
IDs with non-nuclear UniProtKB localization information and

more than two positive nuclear/chromosomal localization hits
from the prediction tools. The group “DISCREPANCY
PREDICTION” refers to protein IDs labeled as nuclear in
UniProtKB and yielding less than two positive hits from the
prediction tools. Finally, proteins classified in the “CYTOSOLIC”
group were assigned according to information available on their
subcellular localization in UniProtKB for HORVU or the
corresponding ARATH protein accessions by searching with
tags “cytos,” “cytop,” “mitoch,” “memb,” and “recept” One positive
hit for nuclear localization was a maximum for this group.
The following criteria were used to filter out positive nuclear/
chromosomal localizations: Localizer - predicted nuclear
localization; NucPred - prediction score > 0.50; WegoLoc -
predicted localization contains the tag “nucl’; and CELLO2GO -
the predicted localization (CP) result contains the tag “nucl”
or “chromo” The UniProtKB HORVU IDs and their ARATH
homologs were searched for the tags “chromos,” “chromat,” and”
“nucl” in the “Subcellular location (CC)” information provided
in the database entry. Information on protein domains was
obtained using CD-Search (Marchler-Bauer and Bryant, 2004;
default settings) and barley FASTA sequences.

Each protein containing at least one functional domain was
scored using an in-house made database of domains (inspired
by Ohta et al, 2010) based on experiments following the
in-solution digestion procedure 2 and MG peptide separation.
Finally, it contained 869 domains. Those domains bound to
the protein ID groups “NUCLEAR,” “PREDICTED NUCLEAR,
and “POSSIBLY NUCLEAR” were attributed as nuclear. Domains
related to “CYTOSOLIC™ proteins were considered false. Each
domain for a protein ID was then scored for these attributes.
Domains not included in the database were marked as unknown.
Comprehensive data combining nuclear prediction hits,
information on protein localization in the UniProtKB, and the
domain score were re-evaluated (Search S2). Protein IDs with
more than three nuclear prediction hits plus the existing nuclear
localization information in UniProtKB (barley accessions) and
true domain attribute were “NUCLEAR.”” The same score but
the existing nuclear localization information in UniProtKB for
ARATH homolog only resulted in “NUCLEAR (BLAST)”
classification. Proteins lacking any domain information were
classified in the group “UNSUFFICIENT CD INFO. Those
with less than three nuclear prediction hits were denoted as
“POSSIBLY NUCLEAR” Missing or non-nuclear localizations
found for barley and ARATH accessions in the corresponding
UniProtKB/Swiss-Prot entries were evaluated as
“DISCREPANCY UNIPROT”

Generating Barley EYFP-FIB1 Reporter
Line

The CDS sequence of barley FIBRILLARIN 1 (FIBI;
HORVUG6Hr1G091860), cultivar Golden Promise, was amplified
to generate the ZmUBII:EYFP-FIBRILLARINI::T358 fusion
construct. The amplification was achieved with cDNA obtained
by a reverse transcription (Transcriptor High Fidelity ¢cDNA
Synthesis Kit; Roche) using total RNA isolated from roots
(RNeasy kit; Qiagen) with the following primer pair:
5-ATGAGGGCTCCCATGAGAGG-3 and 5-CTTTTGCTTC
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TTGGGCATCCTGT-3, including the stop ceden. FIBI CDS
was then reamplified with another primer pair 5- GGGGACA
ACTTTGTATAATAAAGTTGTTCACTTTTGCTTCTTGGGC
ATCC-3" and 5- GGGGACAGCTTTCTTGTACAAAGTGGT
AATGAGGGCTCCCATGAGAGG-3 containing the attB sites
and cloned via BP reaction into a pDONR-P2r-P3 vector by
Gateway cloning strategy (Gateway™). The final expression
cassette, including ZmUBII promoter, EYFP-FIBI, and T355
terminator, was subcloned by multisite LR reaction combining
three entry wvectors pEN-L4-UBIL-RI, pEN-LI-Y-L2, and
pDONR-P2r-P3 with FIBI CDS into the pH7m34GW destination
vector. All constructs assemblies were verified by
Sanger sequencing.

The full construct in pH7m34GW vector was transformed
into  Agrobacterium tumefaciens strain AGLL. For barley
transformation, immature embryos of the cultivar Golden
Promise were dissected and transformed according to the
previously described protocel (Marthe et al., 2015). Regenerated
plants were genotyped for the presence of hptII gene, conferring
resistance to hygromycin, by PCR with primer pair
5-GACGTCTGTCGAGAAGTTTCTG-3" and 5-CGAGTACTT
CTACACAGCCATC-3. The presence of EYFP-FIB1 fusion
protein in planta was confirmed by the confocal microscopy
using a Leica TCS SP§ STED3X microscope (Leica Microsystems,
Wetzlar, Germany), equipped with an HC PL APO CS2 20 x/0.75
DRY objective, hybrid detectors (HyD), and the Leica Application
Suite X (LAS-X) software version 3.5.5 with the Leica Lightning
module (Leica, Buffalo Grove, IL, United States).

Isolation of Mitotic Chromosomes for
Microscopic Analyses

Preparation of suspensions of mitotic metaphase chromosomes
and flow cytometric chromosome sorting was done as described
above for the proteomic analyses. However, chromosome
suspensions were prepared in LBO1 buffer (Dolezel et al., 1989)
from barley cv. Golden Promise and EYFP-FIBI transgenic
plants, and 10° chromosomes were flow sorted into 25 pL of
LB01 buffer. 10 pL of the flow-sorted chromosome suspension
was pipetted into a 10-uL drop of P5 buffer (Kubalikova et al.,
1997) on poly-lysine coated microscopic slides (Thermo
Scientific™), air dried for up to 15 min, and stored at —20°C
until use. To evaluate the effect of RNA removal, RNase A
(Sigma Aldrich) was added to 100 pL aliquots of the flow-
sorted chromosome suspensions in LB01 to a final concentration
of 0.01 ng pL™" and incubated for 30 min at 16°C prior to
pipetting into microscopic slides.

Isolation of Interphase Nuclei for
Microscopic Analyses

For the isolation of root-tip meristem cell nuclei, both Golden
Promise and EYFP-FIB1 transgenic seeds were surface sterilized
as described (Marthe et al., 2015), cold stratified for 2 days
at 4°C on a wet paper towel, and germinated for 2 days at
24°C in dark. Suspensions of cell nuclei were prepared following
a previous protocol (Dolezel et al., 1992) with modifications.
Briefly, roots of the young seedlings were fixed in 3% (v/v)

formaldehyde in 10 mM Tris buffer with additives (pH 7.5;
Dolezel et al, 2011) for 15 min on ice plus 5 min on ice/
vacuum (500 mBa). Then, they were washed twice in the same
buffer for 10 min on ice. About 30 root tips were cut with
a razor blade and homogenized in 500 pL P5 buffer (Kubalikova
et al., 1997) using Polytron PT1300D homogenizer (Kinematica
AG) at 15,000 rpm for 13 s. The homogenate was filtered
through a 30 pm nylon mesh and centrifuged at 2,000 g and
4°C for 10 min. The supernatant was removed and the pellet
containing nuclei was resuspended in 100 pL of the P5 buffer.
About 10 pL of the suspension was pipetted into poly-lysine
coated slides (Thermo Scientific™), air dried for up to 15 min,
and stored at —20°C.

Immunostaining and Microscopy

The immunostaining was performed as described (Jasen¢dkova
etal., 2001). EYFP-FIB1 was detected with primary mouse antisera
against FIB1 (1:100; ab4566; Abcam) and secondary antibodies
goat anti-mouse-Cy5 (Alexa Fluor® 647; 1:300; A21235; Invitrogen)
or with a goat anti-mouse-Cy3 (Alexa Fluor® 546; 1:300; A-11003;
Invitrogen) for nuclei or metaphase chromosomes, respectively.
Alternatively, EYFP-FIBI on metaphase chromosomes was detected
with rabbit antisera against GFP (1,100; ab290; Abcam) recognizing
also EYFP and secondary antibodies goat anti-rabbit-Cy3 (Alexa
Fluor® 647; 1:300; A-11010; Invitrogen) for metaphase
chromosomes. Nuclei and chromosomes were counterstained with
DAPI dihydrochloride (1 pg mL™) in a Vectashield medium
(Vector Laboratories).

Microscopic images were acquired using a Leica TCS SP8
STED3X confocal microscope (Leica Microsystems, Wetzlar,
Germany), equipped with an HC PL APO CS2 63 x/1.40 Oil
objective, hybrid detectors, and the LAS-X software version
3.5.5 with the Leica Lightning module (Leica, Buffalo Grove,
IL, United States). Confocal images were captured separately
in sequential scans, to avoid spectral mixing, using 405 nm
(DAPI), 508 nm (EYEP), 557 nm (Alexa Fluor® 546), and
594 nm (Alexa Fluor® 647) laser lines for excitation and
appropriate emission spectrum. Pictures were processed in
Adobe Photoshop version 12.0 (Adobe Systems).

RESULTS

Gel-Based ldentification of Barley
Chromosomal Proteins

Our initial experiments followed the protocol used by Petrovska
et al. (2014) and Chamrad et al. (2018) to characterize the
proteome of barley interphase nuclei. Their procedure included
a heat-treatment, nuclease-assisted protein extraction, SDS-PAGE,
in-gel proteolytic ~digestion, and MS/MS-based protein
identification. The protein extraction step was facilitated by
heat-induced disruption of formaldehyde cross-links to dissociate
nuclear/chromosomal proteins from their complexes with DNA.
The protocol yielded only 63 barley protein IDs
(Supplementary Table S1) using 11 million chromosomes.
Even though this number was much lower than expected, the
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electrophoretic pattern (Figure 1) was typical for chromosomal/
nuclear preparations with distinct histone bands (Ohta et al.,
2010; Petrovskd et al, 2014). A majority of the identified
proteins had a nuclear/chromosomal localization and related
functions. This group included histones and also ribosomal
proteins (assigned mostly as non-classified as well as cytosolic
proteins according to their localization) and a few DNA/
RNA-binding proteins. Other protein IDs included, e.g., abundant
enzymes representing components of energy metabolism
pathways (glycolysis and oxidative phosphorylation).

Gel-Free Approaches Including
Fractionations of Peptide Mixtures

We suspected that the low yield of protein IDs was related
to a low protein input (10 million barley chromosomes
provided an average protein mass of 4.4 pg). Therefore, the
gel-based procedure was replaced by a gel-free protocol
Moreover, DNA digestion was performed differently using
a set of nucleases comprising DNase I, Benzonase, and
Fragmentase, the latter two were also combined in a single
reaction mixture. The recovered proteins were then subjected
to tryptic proteolysis and the resulting peptides were fractioned
on a strong cation exchanger prior to nanoflow liquid
chromatography (nLC)-electrospray ionization (ESI)-MS/MS.
Table 1 shows an overview of all experiments, which are
documented in Supplementary Table S2. The best results
with regard to the number of protein IDs in a single
experiment were obtained with the protocol using Benzonase
(1169-1531 proteins). This enzyme was employed in all
subsequent experiments.

Figure 2 shows the predicted nuclear or non-nuclear
localization of all identified proteins attributed in the two-round
search approach referred to as S1 and S2 here. Database searches
provided an overall number of 4139 protein IDs by combining
individual datasets (Supplementary Table S3). A total of 674
proteins might be considered nuclear/chromosomal utilizing
predictors based on data from gene ontology prediction tools,
UniProtKB database annotations, and conserved domain searches.
The more stringent search approach S2, which additionally
considered information on the presence of a verified nuclear
domain in the sequence of each identified protein, clearly
confirmed 228 nuclear/chromosomal hits (143 + 62 + 23) and
additional 485 entries (428 + 18 + 39) were found less plausible
for classification in this category. Some of the latter IDs could
not be verified by nuclear domain in S2 search (18 items) or
consistent results in both S1 and S2 search (39 items). The
reason resides, namely, in a discrepancy found for their
localization in the UniProtKB database (i.e., they are not denoted
as nuclear — 428 items).

The Panther GO (gene ontology) classification tool was
applied to evaluate the identified 674 nuclear/chromosomal
barley proteins (including those with the localization annotation
discrepancy in UniProtKB) as regards to the attributed protein
class name. Arabidopsis homologs (636 in total) were reduced
to 293 unique Arabidopsis database entries for the GO
classification search referring to 405 original barley proteins
IDs (Supplementary Table S3). Almost two-thirds of the
evaluated IDs belonged to nucleic acids-binding proteins
including histones, replication factors, and various DNA/RNA
processing enzymes, such as helicases, ligases, methyltransferases,

POSSIBLY NUCLEAR 52

NUCLEAR S1 EXTRA

NUCLEAR 51 and 52

FIGURE 1 | Evaluation of the origin of proteins from mitotic chromosomes identified by GeLC-ESI-Q-TOF MS/MS. A) SDS-PAGE of extracted barley chromosomal
proteins (Coomassie Brilliant Blue staining). The separation was achieved in a 10% T/3.3% C resolving polyacrylamide gel. Left lane, protein marker 10-250 kDa
(Kaleidoscope Standards, Bio-Rad); right lane, chromasomal proteins. The excised gel fractions and bands are labeled by capital letters A-E and numbers 1-12,
respectively; this labeling is used in Supplementary Table S1 for reference. (B) The nested pie chart shows information on the possible nuclear or non-nuclear
localization of all identified proteins and their distribution into categories reflecting results of a two-round search approach (S1 and 52} utilizing predictors based on
data from gene ontology prediction tocls, UniProtkKB database annotations and conserved domain searches (NCBI CDD database). The principle of S1 and 52
sorting is elucidated in Materials and Methods. The inner ring shows combined results of the two data search and evaluation procedures. The area labeled
“NUCLEAR S1 and S2" refers to the consistently obtained attributes NUCLEAR, PREDICTED NUCLEAR/DISCREPANCY UNIPROT, and POSSIBLY NUCLEAR. The
outer ring shows a protein distribution based on the procedure 52 plus an additional non-overlapping hit obtained using S1 ("NUCLEAR S1 EXTRA"). The label
“NON-NUCLEAR (REDUCED No.)" refers to subtraction of the non-overlapping hit from the total number of non-nuclear identification

Categorization of protein |Ds after analysis including
SDS-PAGE and in-gel digestion

DISCREPANCY UNIPROT 52
NUCLEAR 52 J

%

NON-NUCLEAR
51 and S2

NON-NUCLEAR
(REDUCED No.)
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topoisomerases, chromatin-remodeling complex ATPase,
3 sl or - noo & ~ © DNA-directed RNA polymerase subunits, and others. SMC
2 T ld6 6 Boid @ o 9 proteins (including cohesins and condensins) were represented
g by 13 items. Approximately 15% of the IDs were ribosomal
; proteins, ribosome biogenesis regulators, and translation factors.
2 Chromatin proteins and gene-specific transcription regulators
z = |58 8 585 9 9% represented roughly 5%. Other attributed nuclear/chromosomal
proteins were, e.g., kinetochore proteins, nucleosome assembly
proteins, importin, ubiquitin, and ubiquitin-related enzymes.
. Another set of experiments involved peptide fractionation
g e |wo - cmg @ & u© using a C18 reversed-phase MG device (Moravcova et al.,
o N IR A 2009). This approach has repeatedly been shown very helpful
% and efficient for a pre-separation of peptides from digests prior
] to nanoLC-matrix-assisted laser desorption/ionization-MS/MS
@ ; . e @ @ o or nanoLC-ESI-MS/MS analysis (Franc et al., 2013a,b). In that
g 2 Flr- @ sar- - v © case, each analyzed peptide sample was first separated into
'g H seven fractions that were individually subjected to nanolC-
< i ESI-MS/MS. The obtained results are summarized in Figure 3.
® 2 The total number of unique barley protein IDs was 2941
o E £ | Rg T 2223 2 2 & (Supplementary Table $4), from which 398 might be considered
g a nuclear/chromosomal based on the bioinformatics data processing
_g % _ S1 + S2 as already mentioned above using UniProtKB database
z H 3 and prediction tools referring to the appropriate conserved
'% 5 | mw o B0 @ o & ﬁ: protein domains and attributed gene ontology terms. The search
g @ - 'E, approach S2  confirmed 155 nuclear/chromosomal hits
8 o £ (92 + 43 + 20). Additional 299 entries (243 + 56) were found
£ P E less plausible for classification in this category, from which
? E 2w 308 § 3 % the number 56 were inconsistently retrieved results in both
g g e a3 8 g g §1 and 52 search. A repeated application of the MG separation
3 o s showed 1193 reproducible protein IDs. They were present in
g g at least two biological replicates, see below, from which 144
"é g E E co @ cog g & G kS were classified as nuclear/chromosomal. ] ]
2 g s T3 % omo 3@ § gj g The consensual number of 398 barley protein 1Ds provided
8 5 @ ~+ &N — = < =+ = . . . .
£ % £ 371 Arabidopsis homologs, which were reduced to 263 unique
g g Arabidopsis database entries for the GO classification search
Ry w |3 referring to 252  original  barley  protein  IDs
B3 2 23 3 2 % 5 % 8 g %— (Supplementary Table S4). Again, a majority of the evaluated
E 5 2 mEoToEes ~ 2 g IDs (54%) belonged to nucleic acids-binding proteins including
% g ~ histones, replication/transcription/splicing factors, and various
g 30 = I DNA/RNA processing enzymes, such as helicases, ligases,
% 5 H E = B B é § methyltransferases, topoisomerases, chromatin-remodeling
('}53 % % FRFFEFEF - F % ; complex ATPase, DNA-directed RNA polymerase subunits, and
=S @ g H others. SMC proteins were represented by six items. About
CE? g a5 16% were ribosomal proteins and translation factors. Chromatin
E E ) E_ g8 @ o 2 o 2 é % proteins and gene-specific transcription regulators represented
5(3 2 Eg 85 8 EX 8 § % g 35 roughly 4%. Other attributed nuclear/chromosomal proteins
5| = 3 - § § included nucleosome assembly proteins, a kinetochore protein,
E = o 8 transporters, and ubiquitin-related enzymes.
2 o & porters, q zy
é c & cEc e s d
E £ir f2f & |4
TlE £33 g858 ;E} 2§ Enrichment of Nuclear/Chromosomal
1 5Z; <833 3§ |  Proteins
% E .E 'g 3. 7 -% % % = ;5 = 8 é The experimental workflow with MG pre-separation of peptides
< | 8 x E @3 £ 565 ':% ] ':s: % 2 was applied to three different sample types: (1) flow-sorted
- ;' & 8 § ‘l% %E 583 2 g %7 g § barley chromosomes, (2) original root-tip homogenate as a
2| E 8 85539 8 g g é 5 Saf |£8 control, and (3) chromosome-depleted homogenate
£laz SEfcsEEEeRes |28 (chromosomes were removed by flow cytometric sorting).
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Categorization of protein |Ds after analysis including SCX-based peptide fractionation

UNSUFFICIENT
CD INFO 52

NUCLEAR 52

DISCREPANCY UNIPROT 52

39

NUCLEAR 52 EXTM
NUCLEAR 51 EXTRA

FIGURE 2 | Evaluation of the origin of proteins from mitotic chromosomes identified by nLC-ESI-Q-TOF MS/MS with SCX fractionation of tryptic peptides. The
nested pie chart shows information on the possible nuclear or non-nuclear localization of all identified proteins and their distribution into categories reflecting results
of a two-round search approach (S1 and 52). The principle of S1 and S2 sorting is provided in Materials and Methods. See the legend to Figure 1 for elucidation of

the attributed categories.

NUCLEAR S1and $2

NON-NUCLEAR
51 and 52

NON-NUCLEAR
(REDUCED No.)

Every sample type was analyzed in three biological replicates
and each of them in two technical replicates. The results
are summarized in Figure 4. QOur analyses considered only
proteins which were identified in at least two biological
replicates. Normalized spectral abundance factor values were
chosen as a quantitative measure (Zybailov et al., 2006) for
comparison. Proteins verified in S1 + S2 search and categorized
as nuclear (and accordingly considered chromosomal)
represented 30% of all repetitive IDs for the flow-sorted
chromosomes. This was significantly more than ~10% obtained
for the control (i.e., the original root-tip homogenate) and
the chromosome-depleted fraction. Data analysis confirmed
the expected enrichment of nuclear/chromosomal proteins
in chromosomes as the percentages for individual search
categories were rather similar for all three sample types
when comparing the numbers of protein IDs (Figure 4).
Non-nuclear proteins always represented more than 80% of
IDs, and almost 90% were identified in the chromosome-
depleted fraction. The category NUCLEAR S2 was the most
enriched one and contained histones categorized according
to Arabidopsis homology as histones and their variants: H2
(13 1Ds), H1 (six IDs), and H3 (three IDs). Next, four
DNA helicases were found although three of them are
classified as DNA replication licensing factor or
minichromosome maintenance (MCM) proteins. Single SMC
protein and DNA (cytosine-5)-methyltransferase
CHROMOMETHYLASE 3 (CMT3; EC 2.1.1.37) were found
in this category, which may reflect the under-representation
of characterized barley representatives in the database.
Additionally, three chromatin handling proteins, chromatin-
remodeling ATPase (2 IDs) and facilitates chromatin
transcription complex subunit SSRP1 protein, confirm the
presence of predominantly well-characterized DNA-binding
proteins or enzymes in this group.

Altogether, a combination of the strong cation exchange
(SCX) and MG-related analyses provided a list of 837 unique
IDs, which may be considered nuclear/chromosomal based on
the applied bioinformatics processing (Supplementary Table S5).
This group of identified proteins was compared with the content
of the UNcleProt barley nuclear protein database (Blavet et al.,
2017). Only 311 out of the 837 proteins had matches in the
database. Table 2 shows that a majority of them, categorized
by searches according to their names and functional annotations,
were DNA-associated proteins (including histones) and
RNA-associated proteins as well as proteins attributed to
ribosomes. Numerous matched IDs were uncharacterized proteins
in the barley proteome but could be assigned by homology to
their Arabidopsis counterparts. Many novel protein IDs outside
the UNcleProt belonged to the same categories but above that
the others were typically chromosomal (e.g., condensin, cohesin,
and kinetochore components) or mitosis-related (kinesins).

Localization of FIB1 on Mitotic
Chromosomes

Besides the known chromatin proteins, the SCX and MG
identified a high number of chromosomal proteins that are
not associated with chromatin. A prominent group was
represented by nucleolar proteins, including abundant peptides
from FIB1. FIB1 is a marker of nucleoli that forms foci of
various densities. We have confirmed the localization of FIB1 in
nucleoli of barley interphase nuclei by immunostaining and
also by constructing a barley reporter line constitutively expressing
a translational fusion of EYFP-FIB1 (Figures 5A,B). To confirm
FIB1 localization on mitotic chromosomes as suggested by the
proteomic analysis, we flow-sorted metaphase chromosomes
of wild-type and EYFP-FIB1 reporter line into microscopic
slides and observed them either directly (EYFP-FIB1) or after
immunodetection with the antibodies against FIB1 and/or GFP
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POSSIBLY NUCLEAR 52
NUCLEAR (BLAST) 52 43
NUCLEAR 52 92
DISCREPANCY UNIPROT 52 243

NUCLEAR $2 EXTRA 56 =
NUCLEAR S1 EXTRA 72—

the attributed categories.

Categorization of protein 1Ds after analysis including MG-based peptide fractionation

FIGURE 3 | Evaluation of the origin of proteins from mitotic chromosomes identified by nLC-ESI-Q-TOF MS/MS with MG fractionation of tryptic peptides. The
nested pie chart shows information on the possible nuclear or non-nuclear localization of all identified proteins and their distribution into categories reflecting results
of a two-round search approach (S1 and S2). The principle of $1 and S2 sorting is provided in Materials and Methods. See the legend to Figure 1 for elucidation of

NUCLEAR S1 and S2

NON-NUCLEAR
S1 and 52

NON-NUCLEAR
(REDUCED No.)

(recognizes also EYFP). In all cases, a signal was observed
confirming the presence of FIBl (native or fusion) protein,
which was not the case for negative controls when chromosomes
were incubated only with a secondary antibody (Figures 5C-F).
The chromosomes were covered entirely with foci of higher
signal intensity. On some chromosomes, we observed even
FIB1 localization in the kinetochore-binding region (Figure 5D).
This observation confirmed that nucleolar protein FIB1 is
associated with plant mitotic chromosomes during cell division.

FIB1 is an RNA methyltransferase that functions in complex
with other proteins and RNA molecules. Therefore, we asked
whether FIB1 is localized on chromosomes as an isolated
protein or in complex with RNA. To test this, we treated flow-
sorted chromosomes by RNase (Figure 6). In both cases,
immunolocalized native FIBI and EYFP-FIB1 fusion protein,
RNase A treatment led to the loss of FIB1 signals, suggesting
that the entire FIB1 complex including RNA molecules is
associated with barley mitotic chromosomes.

DISCUSSION

Flow Cytometry as a Critical Step in Plant
Chromosomal Proteomics

We have identified the largest set to date of proteins associated
with plant mitotic chromosomes. Barley was chosen as a model
plant because its reference genome is available (Mascher et al,
2017) as well as a plethora of transcriptome data (Kintlova
et al., 2017; Rapazote-Flores et al., 2019). Its nuclear proteome
has been characterized as well (Petrovska et al, 2014; Blavet
et al., 2017). Importantly, a well-established method is available
for the preparation of suspensions of intact mitotic metaphase
chromosomes and their purification by flow cytometric sorting
(Lysék et al., 1999). This allowed us to prepare samples enriched

for proteins from mitotic metaphase chromosomes.

Vertebrate chromosomes, on the other hand, are commonly
prepared by a density gradient centrifugation, for example, by
applying sucrose and Percoll gradients (Samejima and Earnshaw,
2018). While highly synchronized mitotic cell populations have
been used to characterize the proteome of human and animal
chromosomes, such a synchrony is hardly reachable with
plant tissues.

As chromosomes are released into the cytoplasm during
mitosis, it is critical to ensure that the chromosomal protein
content is not contaminated by cytoplasmic proteins. As such
a contamination cannot be a priori avoided, we have identified
chromosomal proteins by comparing the results of protein
identification in: (1) the original homogenate containing
chromosomes plus cellular and tissue debris, (2) chromosomes
purified by flow sorting, and (3) chromosome-depleted
homogenate containing only cellular and tissue debris. Given
that the protocol for preparation of chromosome suspensions
(Lysak et al., 1999) includes mild formaldehyde fixation, there
is a risk of crosslinking cytoplasmic proteins with those forming
the perichromosomal layer. As this should be a random process,
it should result in protein clusters of varying size irregularly
associated with the chromosome surface. However, only highly
regular structures were observed on the surface of flow-sorted
barley chromosomes using environmental scanning electron
microscopy (V. Nedéla, personal communication). Based on
this observation and our experimental design, we consider the
results obtained in this work as well supported. We categorized
all proteins identified in flow-sorted chromosomes using the
information obtained from the relevant UniProtKB database
records and related DAVID search data, and compared with
a previous proteomics analysis of avian chromosomes (Ohta
et al.,, 2010). The comparison showed a good overall agreement
as the majority of proteins was classified as nuclear or
chromosomal, while uncharacterized proteins represented
consistently about 20-25% (Figure 7).
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Proteins origin classification results after proteomics analyses of flow cytometry-sorted barley chromosomes

FC-sorted chmmnsumes

Original cell lyzate (control) Depleted fraction

Dlserepancv Unsufﬂclent Nuclear

Unlprot - Nuclear Dﬂmd\ﬂ INFO :l (BLAST)
I:I Nuclear l:l:l Nuclear EXTRA - Non-classified

Sorted chromosomes - Unique proteins
Sorted chromosomes - Repetitive IDs
Original cell lyzate - Unique proteins
Depleted fraction - Unique Proteins
Depleted fraction - Repetitive IDs

Original cell lyzate - Repetitive IDs

FIGURE 4 | A summary of results obtained from repeated experiments with different starting biological materials. The bar plots show a comparison of protein
identification resufts obtained using MG separation of peptides from tryptic digests followed by nLC-ESI-Q-TOF MS/MS. Three types of biclogical material were
used for the proteomics analyses: flow cytometry-sorted barley chromosomes, original plant cell lyzates (as a control), and depleted fractions after the flow
cytomatry. Repstitive |Ds refer to repeated experiments, where the counted hits wera obtained for at least two biclogical replicates (three biclogical replicates were
analyzed in total, each was run in two technical replicates). The graphics depict percentages of the protein ID categeries attributed in 52 search and the

comesponding NSAF values.

TABLE 2 | Attributes assigned to the 837 identified barley chromosomal proteins
(NUCLEAR 51 + S2).

Searched text Novel IDs in Matched nuclear IDs
string chromosomes

HORVU® ARATH® HORVL® ARATH®
Chromosome 11 20 3 13
Chromatin 2 22 2 8
DNA 17 4 17 35
Kinetochar 0 3 0 1
Histon 52 61 62 76
Replicat 6 " 2 "
Mitotic 0 1 ] 2
Kinesin 10 12 0 0
Condensin 5 4 0 o]
Cohesin 0 4 ] 2
Transcript 0 18 3 13
ANA 11 54 7 36
Ribosome 16 35 19 34
Uncharacterized 185 1 a8 2

The text strings provided in the first column were applied as *keywords” for searching in
the names of barley or homologous Arabidopsis proteins (see Supplementary

Table 55). Only 311 out of the 837 proteins maiched the oniginal datasel of the barley
nuclear protein database UNcieProt (Blavet ef al, 2017). The others were thus
considered novel iDs.

*HORVU, Hordeum vulgare.

YARATH, Arabidopsis thafiana.

To assess barley chromosomal proteome from a biological
point of view, we considered a semi-quantitative nature of our
methods and looked at the most relevant proteins and complexes
identified. These proteins were classified as nuclear/chromosomal

and were ordered decreasingly according to the number of
unique identified peptides and analyzed as regards to their
biological role based on the existing annotation and homology
to Arabidopsis.

Pre-separations of Peptides Prior to
nLC-MS/MS to Increase the Protein
Identification Rate
In-gel digestion yielded only 63 proteins with 16 classified as
nuclear/chromosomal.  These proteins comprised almost
exclusively histone proteins (HI to H4) specific to both
euchromatin (H3.3, H2A.XB, and H2A.Z) and heterochromatin
(H3.1, H2A.W, and H1.2). The heterochromatic variants were
generally more frequent, which may correspond to the high
proportion of repetitive DNA in the barley genome (Baker
et al., 2015). The GTP-binding protein RAN3 (Hv: MOUFI4;
At: Q8H156/AT5G55190) was the only non-histone case likely
responsible for nucleocytoplasmic protein transport. However,
RAN3 most likely does not have a direct DNA-binding activity
and the analysis in Arabidopsis identified it as interactor of
METHYL-BINDING PROTEIN 5, which is one of four
Arabidopsis  MBDs  binding to  5-methyl cytosine
(Yano et al,, 2006). In summary, the in-gel digestion method
revealed practically only nucleosomal subunits, suggesting a
loss of a majority of chromosomal proteins and/or a failure
to detect them when using this approach.

The other two methods used, ie., the SCX and C18 reversed-
phase MG, were based on the in-solution isolated chromosomal
proteins and differed in the principle of pre-separation of peptide
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FIGURE 5 | Detection of barley FIB1 in interphase nuclei and on metaphase chromosomes. All nuclei and chromosomes were counterstained with DAPL. Unstained
regions within interphase nuclei comespond to nucledli. {A) Wild-type (WT) interphase nucleus with FIB1 detected via immunoclocalization with a specific antibody
against FIB1 and secondary fluorochrome-coupled antibody. (B) The interphase nucleus of the barley reporter line expressing a translational fusion of the
EYFP-FIB1. (C) Metaphass chromosome without immunostaining serving as a negative control for autofluorescence in Gy3 channel. (D) WT metaphase
chromesome with FIB1 detected as described in (A). (E) Reporter line metaphase chromosome with direct EYPF-FIB1 signal. (F) Reporter line chromosome with
EYFP-FIB1 signal enhanced via immunolocalization with anti-GFP-Cy3 antibody (recognizing also EYFP). Scale bars = 2 pm.

mixtures. Consistently, around 15% of the obtained protein IDs
were classified as nuclear/chromosomal. The lists of the most
abundant proteins were very similar for both methods
(Supplementary Tables 3 and 4). The four most common
proteins/complexes (Group 1) were TOPOISOMERASE 2 (TOP2),
POLY(ADP-RIBOSE) POLYMERASE 2 (PARP2), various histone
proteins, and condensin complex subunits. At the fifth to the
seventh position (Group 2), we found inner nuclear envelope
protein CROWDED NUCLEI 1 (CRWNI), nucleolar proteins
(e.g., FIB1), and subunits of the replication licensing complex
MCM MCM2 to MCM?7. The remaining positions (Group 3)
were more variable between the methods and represented a
mix of proteins with various chromatin-related functions. They
included chromatin-remodeling ISWI complex factor (CHR11);
FACT complex factors (SPT16 and SSRP1 subunits); high mobility
group proteins; histone chaperone NAP1,2; DNA repair proteins
ZINC 4 FINGER DNA 3-PHOSPHOESTERASE (ZDP), LIGASE
1 (LIG1) and KU80; and transcriptional gene silencing factors
CHG DNA methyltransferase CMT3, CG DNA
METHYLTRANSFERASE 1 (MET1), or ARGONAUTE 4.

Based on the spectra of the most abundant chromosomal
proteins, we can draw a picture of barley metaphase mitotic
chromosome proteins. Using all three methods, we obtained
abundant histone proteins, which are the expected component
of the highly compact metaphase chromosomes. The frequent
presence of histone H1.2 agrees with the transcriptionally inactive
chromatin of condensed chromosomes. From the condensin
complex, we found mainly the core subunits STRUCTURAL
MAINTENANCE OF CHROMOSOMES 2 and 4 (SMC2 and
SMC4) and there was only one hit for the cohesin complex,
suggesting that the latter is less abundant. To our surprise, the
most abundant peptides in both SXC and MG methods originated
from TOP2. Although the TOP1 was present, it was less abundant.
This indicates frequent sister chromatid intertwinings and/or
supercoils that need to be mitigated primarily by the TOP2
and to a lesser extent by the TOP1 activities. The candidates
from the Group 2 are intriguing as they represent typical
interphase nuclear proteins. CRWN1 is an inner nuclear envelope
(NE) protein that interacts with other chromatin-binding proteins
and thus mediates chromatin and chromosome organization
(Meier et al, 2016; Mikulski et al, 2019). It is tempting to
speculate that the complex remains bound to the surface of
the chromosome also during mitosis, helping to anchor the
centromeric region to the NE. This could, on the one hand,
accelerate the kinetics of the division and, on the other hand,
help maintaining Rabl chromosome organization found in barley
nuclei (Tiang et al,, 2012).

A surprising observation concerned the numerous peptides
derived from the maintenance complex 2 to 7 (MCM2-7). This
complex is typical for DNA replication initiation and elongation

during the S-phase of the cell cycle (Tuteja et al., 2011). Currently,
no data support a direct role of the MCM2-7 complex during
mitosis. Therefore, the MCM2-7 proteins may represent a
contamination from the cytoplasm. However, the presence of
some other (Group 3) proteins, such as DNA replication coupled
maintenance DNA methyltransferases MET1 and CMT3, indicates
that some replication-related processes appear during mitosis,
possibly at specific DNA repair sites. Furthermore, there is a
specific report of MCM function in late mitosis. Other members
of Group 3 indicate active transcription (FACT and ISWI complex
subunits) and DNA repair. From the DNA repair enzymes,
we detected KUS0, which acts as a heterodimer with KU70
and stabilizes free DNA ends. In addition, we found ZDP and
LIG1, both acting in the excision repair pathways. This indicates
a repair of DNA double and single-strand breaks that could
arise from the tension during chromosome condensation and/
or topoisomerase activity.

Validation of Perichromosomal Location of
FIB1

Abundant nucleolar proteins bind to chromosomes after nucleoli
disassemble at the onset of mitosis. Several studies have
demonstrated the presence of nucleolar proteins over the entire
mitosis and their important role in reconstituting a new nucleolus
after the mitosis is completed (reviewed in Kalinina et al,, 2018).
Our proteomic data confirm the idea that at least part of these
nucleolar proteins is physically attached to plant mitotic
chromosomes, where they presumably contribute to the formation
of a perichromosomal layer. We have experimentally validated
this localization for the large nucleolar protein FIB1 using multiple
approaches. FIB1 is a part of small nuclear ribonucleoprotein
complexes involved in the first steps of RNA splicing and
processing pre-ribosomal (r)RNAs (Reichow et al., 2007). Sirri
et al. (2016) demonstrated that precursor rRNAs associate with
the perichromosomal layer of human chromosomes where they
serve as binding sites for various nucleolar proteins. In our
work, the treatment of barley chromosomes with RNase A
resulted in a strong reduction of FIBI signal. This observation
supports the critical role of RNAs in the assembly of
perichromosomal layer also in plants and confirms the specific
binding of FIBl. The marker of proliferation Ki67 is another
nucleolar protein associating with perichromosomal layer in
human (Takagi et al., 1999). According to Hayashi et al. (2017),
Ki67 functions as a binding scaffold for pre-RNAs to which
nucleolar proteins bind. Given the critical role of Ki67 in human,
it is surprising that our analyses did not identify Ki67 in the
proteome of barley chromosomes. Given the large evolutionary
distance between animals and plants, it is possible that a similar
role is played by a different and not yet described protein.
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CONCLUSION

Our results provide valuable insights into the protein composition
of condensed barley chromosomes and support a multi-layer model
suggested for human mitotic chromosome (Uchiyama et al., 2005;
Takata et al,, 2007). This model categorized the identified proteins
into separate groups: (1) coating cytoplasmic proteins on
chromosome surfaces, (2) a perichromosomal layer comprising
RNAs and nucleolar proteins, and (3) chromosome structural and
fibrous proteins deeper in the chromosome core. Indeed, we detected
the presence of many cytoplasmic proteins in the sorted mitotic
barley chromosomes. However, these were excluded by our multi-
classifier data analysis as random cellular hitchhikers with no
essential functions during mitosis. On the other hand, a large
group of nucleolar proteins was assigned as truly chromosomal
and this finding, together with an important organizational role

of RNA, was further confirmed by immunolocalization experiments.
Finally, we included into the list a variety of proteins contributing
to the processes of chromosome organization and maintenance.
Generally, there were attempts to assign the identified barley
proteins to their counterparts in Arabidopsis. In some cases,
we could find a high homology for relevant hits supported by
experimental data in the literature. Examples are SWITCH/
SUCROSE NONFERMENTING (SWI/SNF) chromatin-remodeling
complex proteins. Barley SNF protein, UniProtKB access. no.
AO0A287IBES5, shows 75% sequence similarity to its ARATH homolog
QYFMT4. Barley SWI3C subunit (access. no. AOA287QVR1)

identical at 46%. The possible regulatory function of Ambidopsis
SWI3C resides in affecting plant development as its mutations
led to lower fertility (Sarnowski et al, 2005). Barley
PROLIFERATING CELL NUCLEAR AN 2 (PCNA2), access.
no. AOA287FZQ3, is largely homologous (sequence similarities
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FIGURE 7 | A comparison of the categorization of chromosomal proteins identified for chicken DT40 cells (Ohta et al., 2010) and flow-sorted barley chromosomes
(this work). The categorization for barley is derived from information provided in the respective protein names and retrieved by searching in UniProt GO-CC, UniProt
Subcellular Localization a DAVID GOTERM-CC data (see Supplementary Table S5).
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above 80%) to Arabidopsis (Q9ZW35) and human PCNAs
(Q6FHF5). This protein is an auxiliary component for DNA
polymerase delta and is involved in the replication control. Its
interaction partner REPLICATION FACTOR C PROTEIN
SUBUNIT 1, which participates in meiotic recombination and
crossover formation process (Liu et al., 2013), was identified in
several forms in the present proteomics dataset. As exemplified
by the missing counterpart of human Ki67, many chromosome-
associated proteins that play key roles in plant mitotic pathways
remain elusive. Thus, our dataset may serve as a valuable resource
for functional characterization of plant chromosomal proteins,
their comparative phylogenetic analyses, and ultimately, the
development of the next-generation models for the hierarchical

organization of plant chromosomes.
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Priloha 3:

Seznam nov¢ identifikovanych proteinti z jader je¢mene na zakladé peptidt ziskanych
po stépeni proteinovych extraktii pseudotrypsinem.
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1/4 Nov¢ identifikované proteiny z jader H. Vulgare identifikované nLC EST MSMS

Vzorek Protein -10IgP Pokryti Pocet Avg. Mass Nézev proteinu
sekvence  peptidd
(%)
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOY7NO_HORVD 171.27 10 21 250692  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOW639_HORVD 164.32 10 16 202294  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MO0Z2T0_HORVD 154.07 22 13 85727  distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MO0XB66_HORVD 25.12 1 1 92465 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MO0Z1H9_HORVD 54.67 5 2 89508 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOV1D0_HORVD 23.06 2 1 37166  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOVR00_HORVD 61.15 19 3 26989 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOVFN6_HORVD 65.47 7 3 57783 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOXD10_HORVD 47.8 3 3 105216  distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOWPB1_HORVD 43.12 0 1 304559  distichum PE=4 SV=1
DNA-directed RNA polymerase OS=Hordeum
Gl MOYUL8_HORVD 55.34 1 2 195852  vulgare var. distichum PE=3 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2DC74_HORVD 39.63 3 1 47121  distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl M0ZCQ3_HORVD 32.12 2 2 78693 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOUKX4_HORVD 55.4 2 2 127015  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOW1W4_HORVD  36.47 6 2 47533 distichum PE=4 SV=1
MOY5P5_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
Gl MOY5P7_HORVD 30.79 5 1 31216 distichum PE=4 SV=1
MOWPUO_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
Gl MOWPU2_HORVD 30.73 1 1 74341  distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2DS69_HORVD 29.67 1 1 79956  distichum PE=2 SV=1
MOXH08_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
Gl MOXH09_HORVD 57.66 7 2 49920 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOUMB9_HORVD 31.49 2 1 60966  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOVLLO_HORVD 20.08 1 1 93792  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOXCP1_HORVD 55.48 2 1 59401 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2DIBO_HORVD 20.2 1 1 124660  distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOUEQ2_HORVD 31.16 1 1 132398  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOYXZ7_HORVD 31.05 4 1 15536 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOXTU7_HORVD 334 2 1 55959 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2CSK4_HORVD 22.96 4 1 37516  distichum PE=2 SV=1
ATP-dependent 6-phosphofructokinase
MOWXP2_HORVD, OS=Hordeum vulgare var. distichum GN=PFK
Gl MOWXP3_HORVD 20.46 2 1 62503 PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOUKI9_HORVD 20.87 3 1 18414 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2DBD4_HORVD 20.12 3 1 34550 distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl M0X951_HORVD 20.55 4 1 40055 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
Gl F2DIC7_HORVD 28.48 6 1 30509 distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl MOUL37_HORVD 24.16 12 1 18099 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl1, G2 MOWZE8_HORVD 143.33 15 7 62236  distichum PE=3 SV=1
Cytosine-specific methyltransferase OS=Hordeum
G1, G2 MOUHHO_HORVD 75.52 3 5 170937  vulgare var. distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1, G2 MOWZP4_HORVD 96.21 21 7 47154 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
Gl1, G2 MOXHS5_HORVD 48.48 12 2 30883  distichum PE=4 SV=1
MOWVM3_HORVD, Lipoxygenase OS=Hordeum vulgare var. distichum
G1, G2 MOWVM7_HORVD 48.7 1 1 99173 PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1, G2 MO0YG02_HORVD 56.44 1 1 104441  distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1,G2,S MOVKLO_HORVD 258.13 73 32 7563 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1,G2,S MO0ZCL5_HORVD 240.57 63 27 9365 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1,G2,S MOYSA8_HORVD 176.64 60 13 9854 distichum PE=4 SV=1
Histone H2A OS=Hordeum vulgare var. distichum
G1,G2,S MOVKB3_HORVD 265.41 71 26 7683 PE=3 SV=1
MOUU37_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G1,G2,S MOUU36_HORVD 184.89 30 17 61464  distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1,G2,S MOWBQ7_HORVD 134.74 28 6 7150 distichum PE=4 SV=1
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2/4 Nov¢ identifikované proteiny z jader H. Vulgare identifikované nLC ESI MSMS

Vzorek Protein -10IgP Pokryti Pocet Unikatni ~ Avg. Mass Nézev proteinu
sekvence (%) peptidi  peptidy
Uncharacterized protein OS=Hordeum vulgare var.
Gl1,S MOY184_HORVD 63.94 13 4 3 25147 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G1, S MOWJV7_HORVD 68.41 15 1 1 16570 distichum PE=4 SV=1
MOVFA6_HORVD, Histone H2A OS=Hordeum vulgare var. distichum
G2 MOVFA7_HORVD 216.15 55 23 5 10410 PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOV7V4_HORVD 222.65 64 19 1 6427 distichum PE=4 SV=1
S-adenosylmethionine synthase OS=Hordeum
G2 F2CT05_HORVD 211.27 54 23 4 42828  vulgare var. distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 M0Z2T5_HORVD 181.14 22 17 3 88313 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOYEP9_HORVD 137.99 23 5 5 27616 distichum PE=4 SV=1
MOYKC8_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 MOYKD6_HORVD 108.89 19 4 4 29507  distichum PE=4 SV=1
Cytosine-specific methyltransferase OS=Hordeum
G2 MOUHG9_HORVD 75.87 2 3 1 157070  wvulgare var. distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWA39_HORVD 126.64 14 9 1 85692  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWEF4_HORVD 37.95 6 2 1 32774 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOXHY6_HORVD 44.06 3 2 2 84688  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOXWU4_HORVD 42.47 15 1 1 11149  distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
G2 F2E2W4_HORVD 26.19 2 1 1 54999 distichum PE=2 SV=1
Predicted protein OS=Hordeum vulgare var.
G2 F2D2J5_HORVD 89.66 12 2 2 29880  distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MO0X010_HORVD 40.24 1 2 1 119551  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOYGC4_HORVD 65.36 4 2 2 104035  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOY5T2_HORVD 64.16 5 2 2 66656  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOUWB7_HORVD 778 14 2 1 18453  distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOY8N7_HORVD 61.46 3 1 1 45605 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWEDO_HORVD 54.15 2 2 1 85160  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOXBC0_HORVD 4135 1 1 1 140609  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOV7F0_HORVD 36.53 0 1 1 187573  distichum PE=4 SV=1
Kinesin-like protein OS=Hordeum vulgare var.
G2 MOXJS0_HORVD 71.95 2 2 1 121125  distichum PE=3 SV=1
M0zD81_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 MO0zD82_HORVD 43.41 3 2 2 91960  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 M0zZD82_HORVD 43.41 3 2 2 88612 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOYEQ9_HORVD 27.93 2 1 1 59653  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOVHZ5_HORVD 25.68 8 1 1 23472 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWTN5_HORVD 35.67 2 1 1 66031 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWMR6_HORVD 242 3 1 1 46196  distichum PE=3 SV=1
Predicted protein OS=Hordeum vulgare var.
G2 F2DE05_HORVD 34.63 3 1 1 90583  distichum PE=2 SV=1
F2CYV6_HORVD, Predicted protein OS=Hordeum vulgare var.
G2 MOWZz48_HORVD 21.68 2 1 1 68245 distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOVTB3_HORVD 38.29 1 1 1 141258  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MO0Z996_HORVD 21.45 3 1 1 36999  distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOW888_HORVD 44.17 8 1 1 28336 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOUH40_HORVD 30.77 4 1 1 55443 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOXNJ8_HORVD 43.65 2 1 1 82006  distichum PE=4 SV=1
MO0ZCY2_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 M0ZCY3_HORVD 22.89 2 1 1 64149 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOUF35_HORVD 29.81 2 1 1 97444 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOV4T2_HORVD 21.81 2 1 1 35991 distichum PE=4 SV=1
MOUK71_HORVD,
MOUK72_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 MOUK73_HORVD 24.45 0 1 1 214095  distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
G2 F2D3N3_HORVD 21.99 2 1 1 29178 distichum PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWE28_HORVD 20.85 3 1 1 39514 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWPD2_HORVD 29.27 3 1 1 59312 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2 MOYT67_HORVD 29.78 1 1 1 64288 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var.
G2 F2DGP4_HORVD 26.69 2 1 1 56595  distichum PE=2 SV=1



3/4 Nov¢ identifikované proteiny z jader H. Vulgare identifikované nLC ESI MSMS

Vzorek Protein -10IgP Pokryti Pocet Unikatni  Avg. Mass Nazev proteinu
sekvence (%) peptida peptidy
F2D507_HORVD,
MOYB22_HORVD, Predicted protein OS=Hordeum vulgare var. distichum
G2 MOYB23_HORVD 20.91 5 1 1 30372 PE=2 SV=1
MOWXF4_HORVD,
MOWXF6_HORVD,
MOWXF7_HORVD,
MOWXF8_HORVD,
MOWXG0_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 MOWXG3_HORVD 44.52 7 1 1 25254 distichum PE=4 SV=1
MO0ZDJ6_HORVD,
M0ZDJ8_HORVD,
MO0ZDJ9_HORVD,
MO0ZDK1_HORVD,
MO0ZDK4_HORVD,
MO0ZDK5_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2 M0ZDK8_HORVD 20.34 3 1 1 30166 distichum PE=4 SV=1
MOW801_HORVD,
MOW802_HORVD,
MOW803_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
G2, S MOW804_HORVD 22.69 5 1 1 32753 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2, S MOW802_HORVD 22.69 5 1 1 34909 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
G2, S MOVXN6_HORVD 45.99 2 1 1 77802 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOYSA8_HORVD 200.1 82 18 5 9854 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOYHR5_HORVD 134 22 10 10 54268 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0ZCU7_HORVD 119.21 25 7 7 21315 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0X0M4_HORVD 117.1 8 4 4 48160 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWUU5_HORVD 116.24 19 5 5 34190 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0XB67_HORVD 47.76 1 1 1 99944 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0Z2T4_HORVD 118.47 8 5 5 76382 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWRH9_HORVD 104.81 6 5 5 123992 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOVYE2_HORVD 41.68 1 1 1 56291 distichum PE=4 SV=1
MOYUD6_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MOYUD7_HORVD 56.86 2 2 2 96832 distichum PE=3 SV=1
MOXV63_HORVD,
MOXV64_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MOXV65_HORVD 54.9 1 1 1 142730 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0YJ44_HORVD 47.13 1 1 1 107561 distichum PE=4 SV=1
MOWZF6_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MOWZF8_HORVD 51.56 1 1 1 167152 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWZF8_HORVD 51.56 1 1 1 168051 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S M0Z980_HORVD 47.6 1 1 1 92987 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var. distichum
S F2DC11_HORVD 48.54 2 1 1 38143 PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOYC69_HORVD 54.94 4 2 2 71658 distichum PE=3 SV=1
Predicted protein OS=Hordeum vulgare var. distichum
S F2D621_HORVD 48.07 10 3 1 23583 PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWVF9_HORVD 39.55 2 2 1 81254 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var. distichum
S F2E609_HORVD 41.53 2 1 1 75893 PE=2 SV=1
Predicted protein OS=Hordeum vulgare var. distichum
S F2DA43_HORVD 50.99 2 1 1 85874 PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWWR4_HORVD 36.52 2 1 1 53738 distichum PE=4 SV=1
MO0Y092_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MO0Y093_HORVD 37.37 3 1 1 24869 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOWBQ3_HORVD 36.23 32 2 2 16847 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOY5F6_HORVD 42.6 3 1 1 35734 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MO0XB03_HORVD 45.21 2 2 1 69283 distichum PE=4 SV=1
Predicted protein OS=Hordeum vulgare var. distichum
S F2EDJ3_HORVD 29.72 2 1 1 61933 PE=2 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOUFH7_HORVD 33.21 2 1 1 68434 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOUFFO0_HORVD 35.55 2 2 1 146931 distichum PE=4 SV=1
MOVLL9_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MOVLMO_HORVD 30.21 11 1 1 13383 distichum PE=4 SV=1
M0zZD30_HORVD,
M0ZD31_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S M0ZD32_HORVD 2513 2 1 1 53139 distichum PE=3 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOXC48_HORVD 33.13 2 1 1 45237 distichum PE=4 SV=1
MO0X804_HORVD, Uncharacterized protein OS=Hordeum vulgare var.
S MO0X808_HORVD 22.54 3 1 1 33111 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOVDW1_HORVD 35.06 14 1 1 9507 distichum PE=4 SV=1



4/4 Nov¢ identifikované proteiny z jader H. Vulgare identifikované nLC ESI MSMS

Vzorek Protein -10IgP Pokryti Podet Unikatni Avg. Mass Nazev proteinu
sekvence (%) peptidi peptidy
Uncharacterized protein OS=Hordeum vulgare var.
S MOW7S2_HORVD 2554 3 1 1 36240 distichum PE=4 SV=1
Uncharacterized protein OS=Hordeum vulgare var.
S MOXLC8_HORVD 30.41 8 1 1 21284 distichum PE=3 SV=1



1/1 Nov¢ identifikované proteiny z jader H. Vulgare identifikované nLC MALDI MSMS

Vzorek Protein -10IgP Pokryti Peptidy Unikatni MW Nézev proteinu
sekvence (%) peptidy
Gl MOWLK7_HORVD, 39.29 2 1 1 51156 Uncharacterized protein OS=Hordeum vulgare var.
MOWLK8_HORVD, distichum PE=4 SV=1
MOWLK9_HORVD
Gl MOY3F1_HORVD, 45.24 2 1 1 92521 Uncharacterized protein OS=Hordeum vulgare var.
MOY3F2_HORVD, distichum PE=3 SV=1
MOY3F3_HORVD
Gl MOWA46_HORVD 22.88 1 1 1 89373 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOWTL8_HORVD 40.65 2 1 1 83457 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOXWU4_HORVD 22.92 15 1 1 11149 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOUFL5_HORVD 38.95 2 1 1 117061 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOW571_HORVD 27.72 7 1 1 26752 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOUEY9_HORVD 25.52 2 1 1 45969 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOXDV5_HORVD 22.75 2 1 1 43936 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOWR96_HORVD 24.47 6 1 1 20124 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=3 SV=1
Gl MOWJV7_HORVD 36.41 9 1 1 16570 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOUKH1_HORVD 26.37 1 1 1 95583 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
Gl MOVPS2_HORVD 22.96 2 1 1 55288 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G1, G2 MOV6J2_HORVD, 26.7 1 1 1 223234 Uncharacterized protein OS=Hordeum vulgare var.
MOV6J3_HORVD, distichum PE=4 SV=1
MOV6J4_HORVD,
MOV6J5_HORVD,
MOV6J6_HORVD
G1,G2,S MO0ZCL5_HORVD 220.73 53 17 1 9365 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
GL, S MOVKLO_HORVD 241.91 74 22 3 7563 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
GL, S MOUWJ1_HORVD, 22.95 3 1 1 31792 Uncharacterized protein OS=Hordeum vulgare var.
MOUWJ2_HORVD, distichum PE=4 SV=1
MOUWJ6_HORVD
GL, S MOY4H3_HORVD, 37.07 2 1 1 86581 Chloride channel protein OS=Hordeum vulgare var.
MOY4H4_HORVD distichum PE=3 SV=1
G2 MOYSA8_HORVD 150.82 27 4 1 9854 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 MOVXK9_HORVD 27.75 2 1 1 103871 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 MOUH65_HORVD, 24.28 1 1 1 74846 Uncharacterized protein OS=Hordeum vulgare var.
MOUH67_HORVD distichum PE=4 SV=1
G2 MOXVHO_HORVD 27.32 3 1 1 66396 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 MOUFC8_HORVD, 24.18 9 1 1 16071 Uncharacterized protein OS=Hordeum vulgare var.
MOUFC9_HORVD, distichum PE=4 SV=1
MOUFDO_HORVD
MOUFD6_HORVD,
MOUFD7_HORVD
G2 MOYKD2_HORVD 31.99 5 1 1 32630 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 MOV8V4_HORVD, 22.43 4 1 1 52734 Uncharacterized protein OS=Hordeum vulgare var.
MOV8V6_HORVD distichum PE=3 SV=1
G2 MOV8V6_HORVD 22.43 4 1 1 49143 3-oxoacyl-[acyl-carrier-protein] synthase
OS=Hordeum vulgare var. distichum PE=3 SV=1
G2 MOYDW1_HORVD 23.74 1 1 1 92871 Serine/threonine-protein kinase OS=Hordeum
vulgare var. distichum PE=3 SV=1
G2 MOVXN6_HORVD 36.24 2 1 1 77802 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 MOWEA7_HORVD 26.02 15 1 1 11891 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2 F2EH42_HORVD 24.84 11 1 1 19055 Predicted protein OS=Hordeum vulgare var.
distichum PE=2 SV=1
G2 MOWZE4_HORVD, 25.57 2 1 1 60325 Uncharacterized protein OS=Hordeum vulgare var.
MOWZE9_HORVD distichum PE=3 Sv=1
G2 F2EED1_HORVD 23.98 4 1 1 47702 Predicted protein OS=Hordeum vulgare var.
distichum PE=2 SV=1
G2 MOXWY2_HORVD 23.99 1 1 1 87351 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
G2, S F2EGH3_HORVD 22.81 2 1 1 76770 Predicted protein OS=Hordeum vulgare var.
distichum PE=2 SV=1
S MOWLK9_HORVD 33.54 4 1 1 26080 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
S MOVUL9_HORVD 21.62 1 1 1 158540 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
S MOWHB6_HORVD, 28.99 1 1 1 108151  Uncharacterized protein OS=Hordeum vulgare var.
MOWHB7_HORVD, distichum PE=4 SV=1
MOWHB8_HORVD
S MOYL40_HORVD 20.94 2 1 1 65122 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=3 SV=1
S MOWBQ7_HORVD 46.75 15 1 1 7150 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
S MOXBTO_HORVD 33.21 4 1 1 40837 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
S MOXWY3_HORVD 22.46 1 1 1 93588 Uncharacterized protein OS=Hordeum vulgare var.
distichum PE=4 SV=1
S MOXVU7_HORVD 20.82 21 1 1 10339 Uncharacterized protein OS=Hordeum vulgare var.

distichum PE=4 SV=1
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Abstract: Trypsin is the protease of choice for protein sample digestion in proteomics. The most
typical active forms are the single-chain (-trypsin and the two-chain a-trypsin, which is produced by
a limited autolysis of B-trypsin. An additional intra-chain split leads to pseudotrypsin (\-trypsin)
with three chains interconnected by disulfide bonds, which can be isolated from the autolyzate
by ion-exchange chromatography. Based on experimental data with artificial substrates, peptides,
and protein standards, 1-trypsin shows altered kinetic properties, thermodynamic stability and
cleavage site preference (and partly also cleavage specificity) compared to the above-mentioned
proteoforms. In our laboratory, we have analyzed the performance of bovine -trypsin in the
digestion of protein samples with a different complexity. It cleaves predominantly at the characteristic
trypsin cleavage sites. However, in a comparison with common tryptic digestion, non-specific
cleavages occur more frequently (mostly after the aromatic residues of Tyr and Phe) and more
missed cleavages are generated. Because of the preferential cleavages after the basic residues and
more developed side specificity, which is not expected to occur for the major trypsin forms (but
may appear anyway because of their autolysis), -trypsin produces valuable information, which is
complementary in part to data based on a strictly specific trypsin digestion and thus can be unnoticed
following common proteomics protocols.

Keywords: autolysis; chain; cleavage; digestion; peptide; proteoform; pseudotrypsin; specificity;
trypsin

1. Cleavage Specificity of Trypsin

Trypsin, a serine protease, is commonly used as an important enzymatic reagent in biochemistry
and biology. It is almost indispensable especially for the digestion of protein samples to peptides in
bottom-up proteomics [1]. Apart from this application, trypsin is a tool in working with cell cultures.
During trypsinization, surface adhesion proteins are degraded, which allows adherent cells to be
detached from each other and the walls of plastic containers or plates in which they are being cultured.
In industry, interestingly, trypsin is applied to hydrolyze allergenic proteins for the production of
hypoallergenic milk [2]. In proteomics, sample digests are typically analyzed for protein identification
by nanoflow liquid chromatography coupled to tandem mass spectrometry (nLC-M5/MS). MS-based
data on peptides are searched against amino acid sequence databases, which benefits from the relative
stringent cleavage specificity of trypsin as the search algorithms incorporate the cleavage rule as
a filtering criterion. According to a study with complex samples from 2004, the enzyme cleaves peptide
bonds in proteins at pH 8.3 exclusively at the carboxyl end of arginine and lysine residues [3]. This is
in agreement with the canonical trypsin cleavage rule postulated a long time ago [4] even though it
was built on results obtained at that time only with a limited amount of substrates [5]. Thus, it has
long been accepted that trypsin does not cleave before proline and its activity is suppressed either
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if a cysteine appears next to Arg/Lys or the basic residue is N- or C-terminally adjacent to an acidic
residue. This old rule was questioned when a large data set of 14.5 million M5/MS spectra of peptides
from Shewanella oneidensis was processed to statistically evaluate the cleavage sites [5]. Interestingly,
numerous cleavages before proline were found. Their number was even higher than that referring to
the cleavages before cysteine.

An average length of tryptic peptides is 14 amino acids. This number has been deduced from
an in silico digestion of human proteins in the UniProt database [1]. Because of this reasonable size as
well as the presence of a positive charge at the C-terminal Arg or Lys, which enhances the ionization
process in the positive ionization mode, tryptic peptides are highly amenable to mass spectrometric
measurements. In fact, there are at least two defined positive charges in tryptic peptides (at both N-
and C-termini), which is favorable for a good fragmentation in MS/MS analyses [1,2].

2. Nonspecific and Missed Cleavage Sites

In addition to the cleavages after Arg or Lys, proteomics studies have often reported the
formation of semitryptic and nonspecific peptides during the digestion process involving trypsin [1,6].
The semitryptic cleavage assumes that one of the cleavage sites is tryptic, but the other site may be
at any residue. A minor chymotrypsin or chymotrypsin-like activity yields nonspecific cleavages
C-terminal to phenylalanine, tyrosine, tryptophan, or leucine residues [7]. This can result either from
the presence of a chymotrypsin contamination, which is variable in trypsin preparations supplied by
different vendors [1], or pseudotrypsin (\-trypsin), a product of trypsin autolysis, which possesses such
an activity in addition to the characteristic trypsin properties [8]. The presence of nonspecific peptides
in tryptic digests (excluding C-terminal peptides) is also elucidated by a secondary non-enzymatic
cleavage between Asp and Pro residues yielding peptides with an N-terminal proline. This is because
of the lability of the respective bond, which is easily hydrolyzed in solution as well as broken in the
gas phase [3].

When the protein substrate is not cleaved to a completion, missed cleavages occur, which make the
assignment of experimental data to amino acid sequence databases less specific and straightforward.
Missed cleavage sites were investigated for example by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) using human cell line or Mycobacterium proteins
separated by two-dimensional gel electrophoresis and digested in-gel by a porcine trypsin [9].
The analysis showed that about 90 % of the detected peptides with missed cleavage sites could be
attributed to the following sequence motifs: (1) Arg or Lys with a neighboring proline at the C-terminal
side, (2) two successive basic residues (Arg-Arg, Arg-Lys, Lys-Arg, Lys-Lys), and (3) Arg or Lys with
an aspartic acid or glutamic acid residue at either N-terminal or C-terminal side. When processing
peptide MS- and M5/MS-based data by database searches (during which theoretical peptide sequences
are generated according to the selected input cleavage rules), the user may, among others, adjust
a maximum number of missed cleavage sites. Usually, a setting of 0, 1, or 2 missed cleavages for
peptides is recommended. The presence of missed cleavages in tryptic peptides represents a challenge
in quantitative M5-based proteomics, which uses peptides as surrogates for their parent proteins [10].
Under optimal conditions, peptides should be stoichiometric with the parent protein to enable accurate
quantitation. However, if a protein is digested into multiple overlapping peptides, the specific signal is
attenuated and in consequence the quantification becomes underestimated.

There are also side reactions of trypsin known, for example its transpeptidase activity, which
yields the addition of a single amino acid (Arg or Lys) to peptides in the reaction mixture. There are also
dipeptides added or two longer peptides are combined together. The additions have been described
for both N- and C-termini of peptides [7]. However, the incidence of the modified peptides is much
lower compared to their unmodified counterparts.
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3. Trypsin Forms

Wilhelm Kiihne, who discovered trypsin and coined its name in 1876, noticed that the enzyme was
produced as an inactive zymogen (trypsinogen) in pancreatic cells [11]. In the 1930s, Moses Kunitz and
John H. Northrop elaborated procedures to isolate both trypsinogen and trypsin in crystalline forms,
which largely contributed to the development of enzymology [12]. Trypsinogen is stable at acidic
pH (2-4). In a neutral or alkaline solution, it is activated by a limited proteolysis catalyzed by either
duodenal enteropeptidase (enterokinase) or trypsin itself [4]. Thus, in the latter case, an autocatalytic
process occurs. The complete amino acid sequence of bovine trypsinogen was deduced from peptide
sequencing experiments by several independent groups in the 1960s [13,14] with later corrections at
ambiguous positions (some Asn/Asp and GIn/Glu were not distinguished in early studies because
of limitations of the sequencing methods used at that time). In addition to the dominant cationic
trypsinogen, a minor anionic trypsinogen is produced in bovine pancreas [15]. The UniProt accession
numbers are P00760 (TRY1_BOVIN) and Q29463 (TRY2_BOVIN), respectively; the corresponding
mature trypsin sequences share 72% identity.

The cationic trypsinogen sequence spans the length of 229 amino acids (Figure 1). Altogether,
there are six disulfide bonds in the molecule connecting the following cysteine residues: 13 and 143, 31
and 47, 115 and 216, 122 and 189, 154 and 168 plus 179 and 203 [14]. By the removal of the N-terminal
hexapeptide VDDDDK, the single chain [3-trypsin is formed as the predominant product of trypsinogen
activation. Trypsin autolysis with a cleavage between Lys-131 and Ser-132 (numbered according
to the trypsinogen convention) produces a-trypsin, which has two chains connected by disulfide
bonds) [4]. A further cleavage at the bond Lys-176—Asp-177 yields U-trypsin with three discrete
chains [16]. Another known active trypsin forms include for example the two chain §-trypsin [17-19]
and y-trypsin [20] with chain splits at the bonds Arg-105—Val-106 and Lys-155—Ser-156, respectively.
On the contrary, a cleavage between Lys-49 and Ser-50 has been shown to inactivate the enzyme [18].
More degraded autolysis products are considered inactive [4]. Bovine trypsin is characterized by
a molar absorption coefficient ;5 of 40,000 mol-L=1-em~! [21] resulting from the presence of 4 Trp,
10 Tyr, and 12 Cys residues (oxidized to disulfides in the protein) in the sequence. A certain degree
of variability in these numbers can be found for trypsin enzymes from different mammalian or other
sources of origin [4]. All mentioned variants are often called “trypsin isoforms” in the literature
but this is not satisfactory. According to the International Union of Pure and Applied Chemistry
(IUPAC), the term isoform refers only to genetic differences and not to a variation at the protein
level. Hence, the real isoforms are e.g., the cationic and anionic trypsin. To solve this terminological
confusion, the term “proteoform” has recently been introduced, which covers all molecular forms
encoded by a single gene, including changes due to genetic variations, alternatively spliced transcripts
and posttranslational modifications [22].
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Cationic trypsinogen WGSGCRQRNRPGVYTRVCNYVSWIKQTIASN-
Anionic trypsinogen WCYGCAQRCKPGVYTEVCNYVDWIQETIARNS

Figure 1. An alignment of the cationic and anionic bovine trypsinogen sequences. ltalic letters
and a thin underlining at the beginning of the sequences highlight the activation peptides, which
are cleaved off during the trypsinogen conversion to mature trypsin. In the ruler line, asterisks
(*) indicate active-site residues (the charge relay system, also catalytic triad) and hash (#) symbols
mark calcium-binding residues. Greek alphabet letters indicate the cleavage sites in the active
single-chain B-trypsin (223 residues), which yield the other trypsin proteoforms (e, v, 8, and )
upon autolysis. The small-case letter ‘i’ denotes the cleavage site leading to an inactive trypsin
variant. All above mentioned cleavage sites are additionally highlighted by a symbol of scissors.
Thick red, blue, and green lines indicate individual -trypsin chains. The alignment was made using
BioEdit 7.2.5 with trypsinogen sequences obtained from the UniProt database. The accession numbers
are P00760 (TRY1_BOVIN, cationic) and Q29463 (TRY2_BOVIN, anionic). The numbering refers to
anionic trypsinogen. For cationic trypsinogen, it is shifted towards the canonical numbering by two
units up because of the alignment.

4. Pseudotrypsin Purification from the Autolyzate

In the original report from 1969, \-trypsin was purified from an autolyzate of bovine trypsin using
isocratic ion-exchange chromatography [16]. The autodigestion proceeded at pH 8.0 and 25 °C in the
presence of calcium ions for up to 6.5 h. Then N?-p-tosyl-L-lysine-chloromethyl ketone (TLCK), which is
an irreversible trypsin inhibitor, was added at pH 7.0 to abolish any detectable activity. After a removal
of low-molecular weight compounds from the protein by gel permeation chromatography (1 mM HCI
as a mobile phase) and the subsequent lyophilization, the TLCK-treated autolyzate was separated on
an Sulfoethyl (SE)-Sephadex C-50 column (1 x 48 cm) in 100 mM Tris-HCI, pH 7.1, containing 20 mM
CaCly. This procedure had previously been developed for a reliable resolving o- and B-trypsin [23].
In this arrangement, \-trypsin was eluted prior to the elution of o- and finally B-trypsin. It was found
not to contain an alkylation resulting from the TLCK treatment, which was elucidated by its decreased
activity towards trypsin substrates [16]. In a similar way, {-trypsin was purified on SE-Sephadex C-50
in several other studies. Some differences appeared in the column length, e.g., 1.5 > 150 cm [24], or the
authors optimized the composition of the mobile phase by varying sample loading, pH, flow rate and
concentration of NaCl [25].

In our laboratory, we used a HEMA-BIO 1000 SB column (0.75 x 25 cm) in a medium-pressure
protein liquid chromatography to separate trypsin autolyzate components [8]. The flow rate was
adjusted to 2 mL-min~! and the whole time window to resolve isocratically Y-, a-, and B-trypsin (in

Iviii



Molecules 2018, 23, 2637 50f14

the given order of elution times) at pH 7.1 was 45 min long. We have recently replaced the HEMA-BIO
1000 SB column by a Uno 512 column (15 x 68 mm), which allowed reducing the separation time,
at the expense of resolution, but still yielded a pure 1-trypsin (Figure 2). In this case, however, the use
of a gradient elution was necessary—the buffer b contained 1 M NaCl (Perutka et al., unpublished
results). In the 1970s, a French group, which studied kinetic properties of \-trypsin at that time,
developed a convenient purification method based on affinity chromatography [26,27]. The yield
was 15-20 % of the initial fully active trypsin. To prepare the affinity column, a trypsin inhibitor
from egg-white chicken ovomucoid was attached to aminoethyl-cellulose using glutaraldehyde as
a coupling reagent. The equilibration buffer for separation runs was 0.1 M Tris-HC], containing 50 mM
CaCly, pH7.1. -Trypsin appeared already in the flow-through fraction (just after the void volume).
Thus, it was necessary to include a size-exclusion chromatographic step prior to the affinity separation
in order to remove low-molecular-weight contaminants such as peptides. In contrast, the proteoforms
a and ff remained bound and could be eluted (as an unresolved mixture) by applying an acidic elution
buffer of pH 2.3 [27]. This low affinity of {-trypsin is in agreement with results on the formation
of its complex with pancreatic trypsin inhibitor, where the corresponding dissociation constant was
increased by five orders of magnitude compared to that for a mixture of «- and B-trypsin [28].
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Figure 2. Ion-exchange chromatography of trypsin autolyzate. The depicted separation was performed
on a Uno S12 column (15 x 68 mm; Bio-Rad, Hercules, CA, USA) using a linear gradient of NaCl
(0-1 M) in 100 mM Tris-HCl, pH 7.1, containing 10 mM CaCl,. The gray box indicates a time window,
in which the respective \p-trypsin fraction was collected. The black line shows absorbance at 280 nm,
the red line refers to conductivity of the eluate.

5. Molecular Properties and Structure of Trypsin and Pseudotrypsin

Accurate experimental molecular mass values of bovine 1p-trypsin were first determined by
electrospray ionization (ESI)-MS [29,30]. For B-trypsin, a-trypsin, and W-trypsin, the following average
numbers (relative monoisotopic molecular masses) were obtained in the given order: 23296, 23310,
and 23325 [29] or 23294, 23312 and 23328 [30]. These numbers are in accordance with sequence-based
calculated values of 23293, 23311, and 23329, respectively [30], which reflect a relative mass difference
of 18 resulting from each consecutive autolytic cleavage. For \-trypsin, the most recent data are
23332 + 4 (MALDI-MS) and 23330 £ 0.1 (ESI-MS) [8]. Thus, based on an accurate molecular mass
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determination, the purity of \-trypsin preparations can easily be evaluated, also to rule out the
presence of a chymotrypsin contamination coming from the original trypsin material.

Isoelectric points of proteins can be estimated from their amino acid sequences for example using
the software tool ProtParam (https:/ /web.expasy.org/cgi-bin/protparam/). A theoretical pl value
of the cationic bovine trypsin (Uniprot accession number P00760, positions 24-246) is 8.69. Similarly,
for porcine trypsin (Uniprot accession number P00761, positions 9-231), the result is 8.26. Interestingly,
higher experimental values of 10.0/10.5 [31,32] were published for the bovine enzyme and 10.2/10.8 for
the porcine enzyme [33,34]. For 1-trypsin, no experimental data on pl are available to our knowledge,
but similar values could be expected. The anionic bovine trypsin (Uniprot accession number Q29463,
positions 24-247) has a theoretical pI value of 4.90, which agrees well with an experimental result [35].

Chymotrypsin and trypsin were among first proteins with experimentally determined spatial
structures. The crystal structure of bovine chymotrypsin appeared already in 1967 [36] and was refined
later on [37]. At that time, a similarity in the three-dimensional folding of trypsin and chymotrypsin
could be assumed because of the amino acid sequence homology and matching positions of disulfide
bonds. The crystal structures of bovine p-trypsin and trypsinogen were solved in the 1970s [38-40].
Figure 3 shows a view of the trypsin structure (PDB accession code 1AQ7 [41]) visualized using
PyMol 1.3. Trypsin is a globular protein. Its overall fold comprises two six-stranded Greek-key
B-barrels [42]. The active site with the catalytic triad of amino acids is located between the two
barrels. His-57 and Asp-102 belong to the N-terminal barrel whereas Ser-195 originates from the
C-terminal barrel (this numbering is according to the chymotrypsinogen convention, see in Walsh
and Neurath) [13]. Helices represent only minor secondary structure components, for example at
the C-terminus. The enzyme contains a calcium ion, which is important for activity. Its coordination
chemistry involves several residues from the calcium-binding loop [38]. The calcium ion interacts with
the side-chain oxygens (in the trypsinogen numbering) of Glu-58, Glu-65 (this one via a coordinated
water molecule), and Glu-68 plus the carbonyl oxygens of Asn-60 and Val-63. No crystal structure of
-trypsin has been solved up to now. As this proteoform contains two chain splits (between: 1. Lys-131
and Ser-132, 2. Lys 176 and Asp-177; according to the trypsinogen numbering), the whole molecule is
loosened somehow in comparison to that of B-trypsin. The bond Lys-176—Asp-177 is located close
to the anionic binding site (i.e., specificity site: Asp-177, which is the position 189 when expressed
in the chymotrypsinogen numbering). Upon the autolytic splitting, the binding site arrangement
is disconnected. In consequence, the affinity for polypeptide trypsin substrates is lowered and the
cleavage specificity broadened [8,24]. This structural alteration does not prevent from binding of
a pancreatic trypsin inhibitor; only the dissociation constant of the enzyme-inhibitor complex is
increased [24,28]. 1-Trypsin still keeps a certain level of specificity, which is based on hydrophobic
interactions, as confirmed using synthetic ester substrates [27].

After trypsinogen activation, the new N-terminal residue (Ile-16, in chymotrypsinogen numbering)
inserts into a cleft, where it establishes an ion pair (via a-amino group) with Asp-194 next to the
catalytic serine. This results in a conformational rearrangement. The amino group of Gly-193 moves
into a position, which completes the oxyanion hole at the active site [2]. The hole is formed by the
trypsin amide hydrogens of Gly-193 and Ser-195 in favor of stabilization of the developing negative
charge on the carbonyl oxygen atom of the cleaved substrates.
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Figure 3. The crystal structure of bovine B-trypsin. This overall view was made in PyMOL 1.3
using a pdb formatted file (accession number 1AQ7 [41]) downloaded from the PDB database
(http:/ /www.rcsb.org/pdb). Trypsin fold comprises two -barrels. The active site with the catalytic
triad of amino acids is located between them (in the center of this figure) and highlighted in green.
Red color on the bottom left shows the calcium-binding residues. The KD bond, which is cleaved
to generate -trypsin is expressed as an orange side chain (Lys-176) at a yellow backbone segment
(Asp-177). Blue-line side chains at other yellow segments indicate the presence of the basic residues,
where the -trypsin polypeptide chain is cleaved to produce a-trypsin (Lys-131, above the calcium
site and not far away from Lys-176 in this projection), y-trypsin (Lys-155, top right, in the helix),
and d-trypsin (Arg-105, behind the calcium site). Finally, magenta color at the bottom indicates Lys-49,
which is disconnected from Ser-50 to yield the inactive autolytic form.

6. Pseudotrypsin Activity with Artificial Substrates (Enzyme Kinetics)

Compared to a-trypsin and B-trypsin, the overall structural change resulting from the additional
intrachain split in -trypsin yields differences in the activity and specificity. This was evaluated already
in the 1960s and 1970s by measuring kinetic parameters for low-molecular-weight substrates (Table 1).
Smith and Shaw [16] recognized during the chromatographic purification that \-trypsin did not show
any measurable activity with N*-benzoyl-D,L-arginine-4-nitroanilide (Bz-Arg-pNA) as a substrate
under experimental conditions optimized for a-trypsin (i.e., no amidase activity). Nevertheless, they
could demonstrate a hydrolytic activity of -trypsin by detecting a stoichiometric incorporation of
['*C] diisopropy! fluorophosphate at the active site, which is typical for serine proteases or esterases
in general. However, the rate of e incorporation was very slow, which indicated a decreased
reactivity of -trypsin compared to o-trypsin. Similarly, a slow conversion of the active site titrant
p-nitrophenyl-p’-guanidinobenzoate (NPGB) was observed. Comparative kinetic data measured with
several artificial ester substrates are shown in Table 1. For example, the affinity of -trypsin for the
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cationic N *-benzoyl-1-arginine ethyl ester (Bz-Arg-OEt) represented by the determined Michaelis
constant value is lower by three orders of magnitude than that of a-trypsin [16]. Such a big difference in
affinity was observed also for carboxybenzyl-L-lysine esters or N *-p-tosyl-L-arginine methyl ester [27].
Not only the affinity, but also the activity (catalytic constant) is often largely different. A typical
chymotrypsin substrate N*-acetyl-L-tyrosine ethyl ester (Ac-Tyr-OEt) is hydrolyzed by a-trypsin
almost 3000 times faster than by -trypsin (Table 1). At the same time, the respective Ky, values are
comparable as the binding of this neutral substrate is not affected so much by the disconnection of
Asp-177 (the specificity site) in \-trypsin [16]. As a consequence of the reduced affinity and activity
towards cationic substrates, the efficiency constant values kg, /Ky, are decreased by many orders of
magnitude (up to 6) for P-trypsin [16,27].

Table 1. Kinetic data for bovine o-trypsin and 1p-trypsin with artificial substrates. This table is adapted
from Smith and Shaw [16] and completed by results with non-fractionated trypsin [43]. All experiments
were performed at pH 8.0 and 25 °C.

Enzyme Substrate * keat 67" Km (mol-L™") K (mol-L™")
o-Trypsin Bz-Arg-OEt (0.05 M CaCly) 24 25x10°® -
-Trypsin Bz-Arg-OEt (0.001 M CaCl,) 0.19 11 x 1072 -

) Bz-Arg-OFt =
U-Trypsin (0.05 M CaCl,, benzamidine) : ) 37 x10
Trypsin (non-fractionated) Bz-Arg-OEt (0.025 M CaCly) 14.6 43 x 107 -
R Ac-Tyr-OEt -2 -
o-Trypsin (0,05 M CaCls, 10% 2-propanol) 5 6210
. Ac-Tyr-OEt 3 -
-Trypsin (0.001 M CaCly, 10% 2-propanal) 02 37 %10
Trypsin (non-fractionated) (0.05 M é:CIP;,r_Sc;aE:iinxaue) 145 42 x 1072 -
Trypsin (non-fractionated) Bz-Arg-pNA (benzamidine) ® - - 18 %102

 Further information on the composition of the reaction mixture is provided in parentheses; ® This reaction was
performed at pH 8.15 and 15 °C.

Benzamidine has been shown a potent competitive inhibitor of trypsin. It is approximately of
the same size as the side chain of lysine and arginine and contains both a positively charged group
and hydrophobic moiety in its structure. The K; value of benzamidine for the reaction of trypsin
with Bz-Arg-pNA is 1.8 x 105 mol-L ! [4]. In contrast, the binding of the inhibitor to \-trypsin is
characterized by an increased K; value 3.7 x 102 mol-L=1, which is in agreement with the Ky, value
for the neutral (and thus non-specific) substrate Ac-Tyr-OEt (Table 1). The irreversible trypsin inhibitor
TLCK does not inactivate W-trypsin at all [16]. Further evidence of the reduced 1-trypsin affinity to
positively charged ligands was observed with a basic pancreatic trypsin inhibitor. The second-order
rate constant of the association is decreased by a factor of 16 when 1-trypsin is used instead of «- and
B-trypsin and the dissociation constant is increased by a factor of 1.5 x 10° from 6 x 10~ mol-1.~!
(a quasi-irreversible binding in the case of trypsin) to 9 x 10~? mol-L 1. This value is similar to that
of chymotrypsin, which also associates with this inhibitor but lacks the trypsin specificity site [28].
When the disulfide bond Cys-179—Cys-203 in trypsin is selectively reduced and the emerged cysteines
subsequently carboxymethylated, the resulting enzyme derivative still binds the inhibitor efficiently.
Interestingly, the observed kinetic parameters of the association and dissociation correspond to those
determined for -trypsin [28].

The reaction mechanism of trypsin is illustrated in Scheme 1 (based on that in [27]) Acylation and
deacylation rate constants (k2 and ks, respectively) were measured with the active site titrant NPGB and
pure bovine o, 3-, and \-trypsin preparations [27]. Whereas the acylation rate was found to be 1000
slower for \-trypsin than for the other proteoforms at optimum pH, the deacylation rates were rather
comparable. A similar difference in the acylation rate was observed with p-acetoxyphenylguanidine
p-toluenesulfonate. This compound belongs to “inverse substrates” as it contains the specific cationic
center within the leaving group instead of the acyl moiety [44]. Measurements with different
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carboxybenzyl-L-lysine esters (cationic i.e., specific trypsin substrates) indicated that acylation is
largely the rate-limiting step for y-trypsin contrary to deacetylation as it appears in the case of
a-/ p-trypsin [27,45]. For neutral (nonspecific) substrates, acylation is rate limiting also for the major
proteoforms. The ke, values for -trypsin were found sensitive to the substrate leaving group in
contrast to those observed for a-trypsin, which shows that the catalysis by this form is not completely
nonspecific and hydrophobic binding subsites are preserved.

P1 P2

I"1 k2 k3
T+s TS TS’ T+ P1

K, + P2

Scheme 1. The reaction mechanism of trypsin. A protein substrate (S) with the indicated N- and
C-termini and the cleavage site is cleaved by trypsin (T) into two large peptides or polypeptides
P1 and P2. TS stands for a Michaelis trypsin-substrate complex, TS" represent an acyl-enzyme
intermediate. The reaction rate constants are as follows: kj—enzyme-substrate association rate
constant; k,]—enzyme—substrate dissociation rate constant; kz—enzyme—substrate acylation rate
constant; k3—enzyme-substrate deacylation rate constant; ke = kaks/(kz + k3). This scheme has
been adapted from the reference [27].

7. Cleavage Specificity towards Peptides and Proteins

Both major forms of trypsin (e« and {3) prefer Arg-X sites to Lys-X sites during the hydrolysis of
synthetic as well as polypeptide substrates at an optimal pH of 8-9. The preference ratio is even more
pronounced at higher pH values (>pH 10) because the e-amino group of lysine is largely discharged
under these conditions and becomes less attractive [4]. The cleavage specificity of \-trypsin towards
peptide bonds was first analyzed with two peptide substrates: a mixture of bovine and porcine
glucagon and a heptapeptide fragment of the B chain of insulin with a sequence of GFFYTPK [24].
The heptapeptide was selected because of the content of aromatic residues to evaluate whether
U-trypsin shows a preference similar to that of chymotrypsin. The glucagon sequence contains three
canonical trypsin cleavage sites (Lys-12, Arg-17, and Arg-18). In a parallel work, the same group
demonstrated that pure a- and B-trypsin preparations did not show any effect on the insulin-derived
heptapeptide and carboxy sites of aromatic amino acid residues in glucagon [46]. Conversely to the
effect of a-chymotrypsin used as a 1% model contamination in a commercial trypsin preparation
(control digest), no effect of -trypsin on the heptapeptide was observed. The digestion of glucagon
was performed in 0.1 ammonium carbonate containing 20 mM CaCl; at pH 8.0 and 1-trypsin generated
the same fragments as it had been observed in the parallel study with «- and B-trypsin. However,
the yield of these fragments was lower than those produced by the major forms, indicating its decreased
affinity to polypeptides. However, 1-trypsin showed an additional ability to cleave bonds adjacent to
the aromatic amino acids Phe and Trp [24].

Dy¢ka et al. [8] performed overnight in-gel digestions of six standard proteins with monomer
molecular masses of 12-95 kDa (cytochrome ¢, lysozyme, myoglobin, glucose oxidase, serum
albumin, and glycogen phosphorylase) using -trypsin, non-fractionated trypsin (treated by
N-p-tosyl-L-phenylalanine chloromethyl ketone—TPCK—to inactivate a possible chymotrypsin
contamination) and chymotrypsin to obtain a more complex view of the cleavage specificity.
The numbers of sequence-matched peptides with the respective sequence coverage values from
nLC-MALDI-MS/MS were similar for {-trypsin and trypsin. A majority of the registered \-trypsin
cleavage sites (77 %) were produced by its action upon the C-termini of Arg and Lys residues (in the
case of trypsin, it was 86 %). Additional cleavages appeared particularly after Phe and Tyr residues,
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which confirmed the previous data obtained with glucagon [24]. Interestingly, W-trypsin provided
1.5-fold higher number of peptides containing missed cleavage (Arg and Lys) sites, which probably
results from the lower substrate binding ability of this proteoform [8].

8. The Use of Pseudotrypsin for Protein Identification in Proteomics

At the present time, -trypsin is not commonly used in biochemistry and proteomics as it is
not commercially available and its purification takes a few days with a low yield of pure protein
at the end. From 200 mg of bovine trypsin as a starting material [8], only milligrams of the final
product could be obtained. The applicability of -trypsin has a potential in protein identification
experiments involving ESI- or MALDI-MS/MS as it generates more peptides with missed cleavage
sites than native trypsin and also nonspecific peptides terminated mainly by Phe and Tyr residues
(resembling partially the chymotrypsin mode of action). In consequence, higher sequence coverage
values and increased number of matched peptides can be achieved. Interestingly, pseudotrypsin has
been hypothesized to cause the cleavage of a Cys—Gly bond in NDRG1 protein [47]. Another possibility
of application resides in studying posttranslational modifications. Such a modification may under
a common routine interfere with trypsin digestion, for example when a phosphorylation occurs close to
an arginine or lysine, and would then require selecting of another protease [45]. On the other hand, for
its broader cleavage specificity, \-trypsin is not recommendable for mass spectrometry-based protein
quantification experiments [49] because of the possible distribution of the same predicted canonical
cleavage site in more peptides (multiple cleavage products due to missed cleavages or additional
cleavage siles).

A comparative in-gel digestion of a gel fraction of rat urine proteins resulted in 22 identifications
after the use of {-trypsin. The same number was reached with a commercial non-fractionated trypsin,
but only 17 were identified in both cases. Hence a simple combination of the two digestions provided
about 20 % more identification [8]. The total number of the matched peptides was 233 and 199,
respectively. The numbers of the cleaved Arg and Lys sites were comparable (around 130); in the
case of Phe and Tyr site cleavages, two times more peptides were produced by -trypsin. Recently,
this proteoform was applied to analyze nuclear proteins after a DNase treatment of barley nuclei
and sodium dodecyl sulfate polyacrylamide gel electrophoresis of the released protein material
(Perutka et al., unpublished results). Peptides from the digests were analyzed by MALDI and ESI
MS5/MS and the results compared with parallel tryptic digestions. The identified nonspecific peptides
in the -tryptic digests represented 15-20 % of the total peptide number (compared to 7 % for
a standard trypsin). In agreement with previous reports [8,24], peptides with C-terminal Tyr and Phe
residues (and also Leu) were found in a significant percentage representation but were only minor to
those resulting from the characteristic trypsin cleavage after the basic Arg and Lys residues (Figure 4).
The higher number of Arg-ending over Lys-ending peptides in the MALDI-TOF/TOF MS/MS results
(but not in the ESI-based results; not shown) probably reflected the fact that Arg-peptides provide
more intense signals in MALDI-TOF MS [50], and thus they are preferably selected for the subsequent
data-dependent fragmentation. Database searches allowed identifying novel proteins which had
not previously been recognized based on standard tryptic peptides and deposited in the database
UNCcleProt [51]. They accounted for around 10 % of all identifications. The digestion performance
of -trypsin was compared relatively to that of a commercial trypsin using MALDI-TOF MS-based
quantification of bovine serum albumin peptides (Perutka et al., unpublished results). Tryptic digestion
was performed in a buffer made of H,180 [52]. During proteolysis, labeled standards were generated
by incorporating 180y isotope into the carbonyl group of the nascent peptides. The \-tryptic digest was
made in a buffered H,'®0 and then mixed equivolumetrically with the labeled standards. The ratios
of non-labeled versus labeled peptides were calculated from the areas of isotopically resolved peaks
in MALDI-TOF MS spectra. As a result, the observed overall overnight digestion performance of
-trypsin was found lower by around 20 %.
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PP & APV L IMFWYSTCNGO QT KHE RTEDE
aming acid
side chain Nonpolar Aromatic Polar Basic Acidic

l.u-trypsin 2.0% 0.9% 0.3% 0.5% 2.2% 01% 0.9% 2.1% 0.4% 4.2% 0.7% 0.6% 0.0% 1.1% 0.4% 32.7% 0.4% 49.2% 1.2% 0.1%

afp

trvosi 0.8% 0.2% 0.0% 0.2% 1.1% 0.0% 0.0% 2.4% 0.0% 2.1% 0.0% 0.1% 0.0% 0.7% 00% 31.3% 0.5% 60.5%0.1% 0.0%
rypsin

Figure 4 C-terminal amino acids (P1 cleavage site) of peptides in -tryptic and tryptic digests.
This table summarizes results obtained after in-gel digestions of barley nuclear proteins. The percentage
values were averaged from data for almost 40 distinct protein fraction samples. MALDI TOF/TOF
MS/MS allowed to identify 1199 and 1238 peptides, respectively. PEAKS Studio 8 software
(Bioinformatics Solutions, Waterloo, ON, Canada) was used to process the MGF-formatted files by
searching against a Hordeum vulgare protein sequence database downloaded from the National Center
for Biotechnology Information, USA, at 1% peptide false discovery rate (Perutka, Z. et al.; unpublished
results). Peptide sequences containing C-termini of the identified proteins were not included in
the calculation.

9. Concluding Remarks

Early studies identified 1)-trypsin as a proteoform resulting from trypsin autolysis. Amino acid
analyses of its polypeptide chains revealed the existence of an additional split between Lys-176 and
Asp-177 compared to the primary structure of a-trypsin. The enzyme can be obtained from a trypsin
autolyzate by ion exchange chromatography. Purification protocols that are available utilize one of
the characteristic features of \-trypsin: in contrast to a- or p-trypsin, it is not modified by the trypsin
inactivator TLCK and shows a minimum retention on cation exchangers such as Sulfoethyl-Sephadex.

Enzyme kinetics studies with synthetic amino acid esters demonstrated a largely decreased
affinity and activity towards cationic substrates. This has been elucidated by the presence of the
characteristic chain split, which disconnects the specificity site (Asp-177) from the active site (Ser-183,
His-46, Asp-90; all indicated according to the trypsinogen numbering convention). The reaction
mechanism of \-trypsin with specific substrates differs from that of - or B-trypsin in the rate limiting
step. No crystal structure of -trypsin has been solved yet, but the anticipated existence of the modified
(‘neutral’) active site and the ability to hydrolyze tyrosine-derived ester substrates lead to cleavages
characteristic of chymotrypsin. So far, only a few studies have focused on the digestion of peptides and
proteins by -trypsin. These studies have confirmed its preferential action on Arg and Lys residues but
also at Phe and Tyr residues (which is typical for chymotrypsin) as minor cleavage sites. The produced
peptides contain frequent missed cleavages because of the absent specificity and reduced affinity
towards the cationic sites. However, overnight digestions of protein samples provide enough peptides
for identification experiments involving nLC-MALDI or nLC-ESI MS/MS. Subsequently, combining
data from tryptic and 1p-tryptic digestions has been shown to be advantageous in order to increase
the number of matched peptides and sequence coverage values. Furthermore, peptides with missed
cleavage sites could be beneficial for studying posttranslational modifications of proteins.

-Trypsin should not be used as an equivalent substitute of trypsin or chymotrypsin and, in fact,
there is no need to do it. However, as it makes preferential cleavages after basic Arg and Lys residues
and has a more developed side specificity for aromatic and Leu residues, which is not expected to
occur for pure major trypsin forms « and § (but may appear anyway because of their autolysis),
it produces valuable complementary information. The unavailability of any commercial material
represents a big obstacle for the application of \-trypsin in common proteomics research. On the other
hand, a single-step affinity chromatographic method has already been introduced [27], which could
make the preparation of the enzyme easier (after a revision and transformation with the use of modern
chromatographic materials).
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Abbreviations

Ac-Tyr-OEt N®-acetyl-L-tyrosine ethyl ester
Bz-Arg-OEt N®*-benzoyl-L-arginine ethyl ester
Bz-Arg-pNA N “fbenzoylfD,Lfargininetl»nitroanilide

ESI electrospray ionization

IUPAC International Union of Pure and Applied Chemistry
MALDI matrix-assisted laser desorption/ionization

MS mass spectrometry

MS/MS tandem mass spectrometry

NPGB p-nitrophenyl-p’-guanidinobenzoate

nLC nanoflow liquid chromatography

PDB Protein Data Bank

SE-Sephadex  Sulfoethyl-Sephadex

TLCK N ®-p-tosyl-L-lysine-chloromethyl ketone

TOF time-of-flight

TPCK N-p-tosyl-L-phenylalanine chloromethyl ketone
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Abstract

Undesirable effects of the pathogen Botrytis cinerea include
reduced quality and quantity of wine grapes. Winemaking is
also complicated by the formation of a protein haze in white
wines and oxidative browning of red wines. We analyzed
proteins in experimental Moravian white wines characterized
by their instability and haze formation in bottles during
storage despite prior bentonite treatment. To study the
relationship of wine proteins and haze, we carried out
proteomics on hazy and clear white wines produced with
partly or largely botrytized grapes and standard reference
wines. Wine proteins were identified after their extraction,
electrophoresis, and tryptic digestion by reversed-phase liquid

Keywords: Botrytis cinerea, proline, proteomics, wine haze, thaumatin,
yeast

1. Introduction

Gray or blue molds (Botrytis and Penicillium species, respec-
tively) and downy or powdery mildews (Plasmopara and Oidium
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LTP, lipid transfer protein; MALDI-TOF, matrix-assisted laser
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tandem mass spectrometry; PR proteins, pathogenesis-related proteins;
TFA, trifluoroacetic acid; TLP, thaumatin-iike protein.
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chromatography of peptides, coupled with tandem mass
spectrometry. Plant defense proteins, yeast glycoproteins, and
various enzymes from Botrytis, particularly hydrolases, were
found. As the content of the known haze-active thaumatin-like
proteins and chitinases was visually low on stained gels
(missing bands) compared to previous studies with unfined
wines, other proteins are discussed in terms of the haze
formation. As the main novelty, this work reveals the role of
high proline-containing proteins in the propensity of white
wines to turbidity following prior Botrytis damage of grapes.
© 2019 International Union of Biochemistry and Molecular Biology, Inc.
Volume 00, Number 0, Pages 1-15, 2019

plus Erisyphe species, respectively) are common grape pests [1].
Apart from associated economic losses and technological chal-
lenges for winemakers, pathogen products alter the chemical
composition of the grapes, which affects the sensory proper-
ties of the resulting wine [2]. In the host plant, pathogenesis
induces the production of specific defense-related molecules
such as low-molecular-weight phytoalexins and pathogenesis-
related (PR) proteins [3]. Chitinases, thaumatin-like proteins
(TLPs) and lipid-transfer protein (LTP) are typical PR proteins
in the juice and wine [4-6]. Other wine proteins originating
from grapevine (Vitis vinifera) are, for example, invertase 1,
B-1,3-glucanase, enzymes of carbohydrate metabolism, various
glycoproteins, and proteoglycans [6]. Wine proteome also in-
cludes Saccharomyces cerevisiae proteins, which are released
by yeast autolysis [7].

The amount of protein in wine is generally lower than
that in juice, mainly due to proteolysis and denaturation of
the grape proteins during fermentation, which is caused by
proteases and changes in pH [7, 8]. The protein-level effects of
pathogen infection of grapes [9, 10], grapevine leaves [11, 12],
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trunk [13], and cell cultures [14] have been studied. Processing
of Botrytis-infected grapes yields juice, which is reduced in
PR protein content due to proteolytic degradation by enzymes
released from the fungus [7, 8]. In addition, fungal oxidases
(e.g.. laccase) can affect the organoleptic characteristics of
wine such as color, taste, and aroma [1, 2]. The chemical
composition of wine can also be modified by adding enzymes
during the winemaking process [15-17]. An example is the
application of g-glycosidases for the release of free terpenoids
from their glycoside forms in the juice to enhance grape variety
flavors [18].

A number of studies on wine have sought a connection
between the protein content and haze formation [19]. Both
temperature and pH were found to be important factors
influencing the behavior of wine proteins. A combination of
low pH and temperature over 40 "C accelerates the release of
proteins from natural structures and leads to the formation of
aggregates [20, 21]. The proportional content of PR proteins
in grape juice increases during the maturation period [22] and
the association with haze formation processes has been well
documented [7, 8, 19]. Common methods for wine stabilization
and clarification utilize bentonite or chitosan for removing
positively charged molecules. Egg yolk, gelalin, and collagen
are used for eliminating excess tannins and other negatively
charged molecules and other applications include, for example,
milk casein and polyvinylpolypyrrolidone [23]. On their release,
yeast mannoproteins are also able to reduce the visible protein
haze in white wine [24, 25]. The application of an acid protease
for deproteinization during the winemaking process caused a
significant loss of haze forming proteins in wine [26].

In this study, we analyzed the proteins in experimental
Moravian wines characterized by instability and haze for-
mation in bottles during storage. As these wines had heen
produced from grapes affected in part by a Botrytis infection
and treated by bentonite, we were interested in differences
in the protein composition compared with clear white wines
including samples produced from totally botrytized grapes.
Wine proteins were extracted, separated by gel electrophore-
sis, and after digestion, subjected to parallel identifications
using nanoLC coupled either with matrix-assisted laser des-
orption/ionization (MALDI) or electrospray ionization tandem
mass spectrometry (ESI MS/MS).

2. Materials and Methods

2.1. Wine samples

The experimental white wine (sample A) was produced from
a combination of musts made of healthy grapes and grapes
naturally affected by B. cinerea (20% of the latter). The grapes
(Sauvignon Blanc variety) were harvested in the wine region
of Méléany (South Moravia, Czech Republic). The weather over
the entire vegetative period was very warm and dry with the
exception of one short, heavy rainfall at the end of the vegeta-
tion period. During the wine production, the grape mash was
left to ripen (to release the aromatic compounds in the grape

1 % Biutgchnu_lugy an_d
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skins) for 15 H. Sulfur dioxide was then applied as potassium
metabisulfite to achieve a free 50 mg L-! concentration in the
must. Dregs were removed by sedimentation and yeasts were
inoculated. Ammonium sulfate was added as a nutrient for the
veasts. The fermentation process lasted 8 weeks. The resulting
wine was characterized by instability. accompanied by haze
formation, which could not be removed by the standard use of
bentonite. For comparison, another sample (sample B) of the
unstable Sauvignon Blanc white wine from the same year and
place of origin was used but with a period of maturation longer
by 1 year.

The experimental set was extended by reference white
wines purchased in local shops: (1) sample C: Sauvignon Blane,
no haze, dry, 2016 (France); (2) sample D: Welschriesling,
selection of botrytized grapes, no haze, sweet, 2015 (Horni
Véstonice, South Moravia); (3) sample E: Welschriesling, late
harvest, no haze, dry, 2015 (Pernd, South Moravia); (4) sample
F: Welschriesling, late harvest, no haze, dry, 2014 (Svatobofice-
Mistfin, South Moravia). This collection of wines was intended
to make up a non-haze botrytis Sauvignon wine as well as
Welschriesling, which is most typical for a South Moravian
terroir similar to that of samples A and B. No information was
available on the possible bentonite fining of the purchased
wines but it was very probable, an assumption that was
important for valid comparison with samples A and B. Sample
G was a nouveau non-hazy unfined wine produced in 2018 from
grapes of the Irsai Oliver variety (Rajhradice, South Moravia;
8 weeks of fermentation). Finally, sample H was represented
by a juice (150 mL) freshly pressed from 200 g of table grapes
purchased in a local shop.

2.2. Chemicals

All chemicals used for sample processing and analyses were
commercial products of either LC-MS quality (solvents for
liquid chromatography coupled with mass spectrometry) or
at least analytical purity grade. Special chemicals for MALDI-
TOF mass spectrometry such as matrix compounds or peptide
calibration standards were purchased from Bruker Daltonik
(Bremen, Germany).

2.3. Basic wine characterization

Wine pH was determined using a standard pH meter cali-
brated with two reference buffers of pH 7.0 and 4.0. The
turbidity of the analyzed wines was measured at 540 nm on a
spectrophotometer and expressed in Asq values [27].

2.4. Protein extraction

A sample of 200 mL of the white wine A was filtered through
a Whatman Grade 4 cellulose filter (pore size of 20-25 pm)
at 4 °C to remove coarse solid particles and concentrated to
a final volume of 10 mL on a rotary vacuum evaporator at
45 °C. The concentrate was filtered and its protein content
precipitated by adding four volumes of chilled acetone (-20 °C)
and incubating at —20 °C for 60 H. After precipitation, the
sample was centrifuged (12,500g, 4 °C, 20 Min), the sediment
was crushed by a glass rod and the acetone precipitation and
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centrifugation were repeated. The collected sediment was
then stored at —20 °C until use. The precipitated proteins were
extracted into 200 pL of 2x Laemmli sample buffer containing
2-mercaptoethanol and heated at 100 “C for 5 Min. Finally, after
centrifugation to remove insoluble particles, 20-uL aliquots of
the extract were used for sample loading in SDS-PAGE.

Alternatively, another wine aliquot of 100 mL was filtered
and dialyzed against 0.1 mol L= ammonium acetate buffer,
pH 5.0, at 4 °C for 48 H: the cold buffer was exchanged every
16 H. The dialyzed sample was concentrated by ultrafiltration
with a 10-kDa membrane filter down to a volume of 2 mL
and stored frozen at —20 °C. Prior to SDS-PAGE, an aliquot of
500 pL of the concentrate was dried in a vacuum concentrator.
It was then dissolved in 20 pL of the 2x Laemmli sample
buffer with 2-mercaptoethanol, heated at 100 °C for 5 Min and
centrifuged. This amount was then used for sample loading on
polyacrylamide gels. The other samples (B-H) were processed
only via this dialysis-plus-ultrafiltration procedure.

2.5. Protein assay and gel chromatography

The protein concentration of the wine samples was determined
from triplicates on a spectrophotometer using the bicincheninic
acid assay [28]. Bovine serum albumin was used as a standard
and the calibration amounts were between 5 and 50 pg. After
ultrafiltration, the concentrated proteins from sample G were
separated in 500 plL-aliquots by gel chromatography under
native conditions using an ENrich SEC 70 column, 10 x 300 mm
(Bio-Rad, Hercules, CA, USA). The column was attached to and
operated with a BioLogic Duo-Flow medium pressure liquid
chromatograph (Bio-Rad). The flow rate of the mobile phase
(50 mmol L' ammonium acetate, pH 6.0) was 1 mL Min .
Protein fractions were collected, pooled, and concentrated by
ultrafiltration using 10-kDa cut off centrifugal filters (Merck
Millipore, Tullagreen-Carrigtwohill, Ireland). On evaporation
of the buffer in a vacuum centrifuge, the proteins (50 pg: first
dissolved in 50 pl of 25 mmol L-! NH4HCO3) were in-solution
digested by raffinose-modified trypsin [29] in a weight ratio of
1:20 after a denaturation step with urea (8 mol L-'; 15 ulL),
reduction by dithiothreitol (55 mmol L-', 4 xL, 56 °C, 30 Min),
alkylation by iodoacetamide in the dark (330 mmol L1, 4 uL,
30 Min), second reduction by dithiothreitol (55 mmol L', 8 ul),
and a final dilution to 200 gL by 25 mmol L-! NH4HCO;,

2.6. SDS-PAGE and protein in-gel digestion

SDS-PAGE separation of wine proteins was performed using
10% running gels and 4% stacking gels [30] in a Mini-Protean
unit (Bio-Rad). Electrophoresis was run at 130 V until the
dye front reached the bottom of the gel slab. Proteins in
gels were stained with Coomassie Brilliant Blue R-250 [31];
5% (v/v) methanol with 7% (v/v) acetic acid was used for
background destaining. The gels were finally rinsed with water
and the sample lane divided by a lancet into 10-12 consecutive
vertical parts (*fractions”). An in-gel digestion procedure
followed [32]. In brief, the excised and chopped protein bands
were destained by 100 mmol L-! NH;HCO./acetonitrile (ACN),

Biotechnology and Applied Biochemistry

1:1, w/v, for 1 H. The solvent was then removed and the

gel particles shrunk in neat ACN, reduced by 10 mmol L-!
dithiothreitol in 100 mmol L-! NHsHCO; at 56 °C for 30 Min,
chilled on ice, shrunk in ACN, alkylated by 55 mmol L'
iodoacetamide at laboratory temperature in the dark for

20 Min and washed by vortexing in 100 mmol L' NHyHCO;.
After a final shrinking in ACN, the digestion step was conducted
with raffinose-modified trypsin at 37 °C overnight. The trypsin
solution with a concentration of 2 umol L-! was made in

50 mmol L-! NH;HCO; [29]. Peptides were extracted by adding
5% (v/v) formic acid (FoAVACN, 1:2, v/v, and recovered in

a vacuum centrifuge. Finally, they were dissolved in 15 pL
of 0.1% (v/v) trifluoroacetic acid (TFA), desalted using C-18
ZipTips (Merck Millipore) as instructed by the manufacturer,
and reconstituted in 15 gL of 0.1% (v/v) TFA.

2.7. nanoL.C-MALDI MS/MS analysis
The system used consisted of an ultrafleXtreme MALDI-
TOE/TOF mass spectrometer equipped with a smartheam-
I laser of a repetition rate up to 2 kHz (Bruker Daltonik)
and operated in offline coupling with a Dionex UltiMate3000
RSLCnano liquid chromatograph (Thermo Fisher Scientific,
Germering, Germany) connected to a Proteineer fc Il fraction
collector (Bruker Daltonik). Eluted fractions were collected on
MTP AnchorChip™ 800-384 MALDI targets (Bruker Daltonik).
Peptide sample aliquots (5 pL) were injected from the
autosampler onto a Nano Trap precolumn (100 gm x 20 mm)
for preconcentration and then separated on an analytical
column (75 pm x 150 mm). The columns were packed with
Acclaim PepMap100 C18 particles (5 and 2 pm, respectively;
Thermo Fisher Scientific). The flow rate of the loading solvent
was 10 L Min'; both the preconcentration and separation on
the analytical column were achieved in a run time of 70 Min at
a constant flow rate of 300 nL. Min~'. The mobile phase A was
0.05% (v/v) TFA and mobile phase B was 80% (v/v) ACN/0.05%
(v/v) TFA; the loading solvent was 2% (v/v) ACN/0.05% (v/v)
TFA. The gradient was programmed as follows: 0 Min, 4% B;
7 Min, 4% B; 48 Min, 60% B; 51 Min, 96% B; 56 Min, 96% B;
59 Min, 4% B: 70 Min, 4% B. Before and after sample injection,
5 pL of 0.1% (v/Av) TFA was picked up into the loading loop. The
eluate was collected in 17-Sec fractions starting from 20 Min
and spotted after mixing with a matrix solution («-cyano-4-
hydroxycinnamic acid, CHCA: 2.5 mg mL-! in 90% v/v ACN
containing 0.1% v/v TFA and 1 mM diammonium hydrogen
phosphate) onto an AnchorChip 800-384 target plate, 120
fractions of each sample were automatically deposited onto the
target plate by fraction collector. Peptide Calibration Standard
11 (Bruker) with CHCA matrix (in 80% v/v ACN but with the same
additives) was applied manually by the dried-droplet technique.
The chromatograph and spotter were controlled by HyStar 3.2
(Bruker Daltonik). The mass spectrometer was controlled by
flexControl 3.4 for acquisition, flexAnalysis 3.4 for spectra
processing and WarpLC 1.3 for automatic measurement of
nanoLC-MALDI fractions (all software by Bruker Daltonik). MS
spectra were acquired in automatic mode with the laser firing
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rate set at 2,000 Hz and summed over 2,500 satisfactory shots.
In MS/MS mode, the following acquisition method settings were
applied: primary choice mass range (of precursors): 800-3,000,
number of precursor masses: 10; peak intensity: =800; peak
quality factor: >30; signal/noise: =7; FAST minimal fragment
mass: 250; LIFT: measure fragments only.

2.8. nanoLC-ESI MS/MS analysis

Aliquots (5 pL) of the desalted peptide samples in 0.1% TFA
were additionally separated by means of the same runs on
Dionex UltiMate3000 RSLCnano liquid chromatograph but
coupled in this case to an amaZon speed ETD ion trap equipped
with a CaptiveSpray ion source (Bruker Daltonik). The mobile
phase A was 0.4% (v/v) FoA and mobile phase B was 90%
(v/v) ACN/0.4% (v/v) FoA; the loading solvent was 2% (v/v)
FoA. The scan speed was 8,100 u Sec! for both MS and
MS/MS; acquisition was performed with collision-induced
fragmentation of precursors (helium as a collision gas). The
mass spectrometer was controlled by trapControl 7.2 and
HyStar 3.2, data were processed by DataAnalysis 4.2 (all
software by Bruker Daltonik) and stored as MGF-formatted
files.

2.9. Bioinformatic analysis
MS and MS/MS data from nanoLC-MALDI experiments pro-
cessed by flexAnalysis 3.4 (Bruker Daltonik) were uploaded to
ProteinScape 3.1 (Bruker Daltonik) and searched via Mascot
Server 2.4 (Matrix Science, London, UK) against a custom
database containing protein sequences for Botrytis cinerea
(45,457 items), S. cerevisiae (171,837 items), and V. vinifera
(92,565 items), all downloaded from the NCBInr database,
plus sequences of common protein contaminants. The MGE-
formatted files from the ion trap were similarly analyzed. The
search parameters included no taxonomy, a mass tolerance
of £25 ppm for precursors (£100 ppm for the ion trap data)
and +0.5 Da for fragments; semi-trypsin was set as an enzyme
with two missed cleavages allowed. Carbamidomethylation
of cysteine was a fixed modification and Met oxidation was a
variable modification.

The SignalP 4.1 server was used to evaluate whether
the identified proteins are secreted or intracellular [33].
Possible functions for yet unknown proteins were pre-
dicted using NCBI Blast [34] and EBI InterProScan
(http:/Awww.ebi.ac.uk/interpro/search/sequence-search) se-
quence search tools [35].

3. Results and Discussion

3.1. Basic characterization of wine and juice samples
Wine proteins from sample A were obtained by two methods:
using direct acetone precipitation or by ultrafiltration of its
dialyzate. For samples B-H, only the second procedure was
used as it was found to be optimal (see further). A low pH
value of 2.2 was determined for wine A which contained a
high quantity of organic acids, recognized during the initial
filtration when white acid crystals were collected on a cellulose
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filter. The protein concentration in the filtrate of sample A
was 2,12 £ 0.13 g L-!, but this value was obviously overesti-
mated. The protein content of the original sample recalculated
from values measured with a dissolved precipitate was only
0.28 + 0.03 g L. This difference may be attributed to the
confounding effects of non-proteinaceous components of the
wine. The other samples were characterized by pH values of
3.3 (B), 3.4 (C), 3.0 (D), 3.3 (E), 3.4 (F), 3.3 (G), and 3.2 (H). The
protein content after dialysis was 0.27 = 0.01 (B), 0.22 £ 0.01
(C), 0.24 £ 0.01 (D), 0.27 £ 0.02 (E), and 0.29 £ 0.02 g L-! (F).
All numbers refer to residual proteins after bentonite fining.
This sorbent is well known for not equally removing all wine
proteins and, as a cation exchanger, it also binds other wine
components that compete with the protein binding [7]. The
unfined nouveau wine (G) and unfermented juice (H) showed a
lower protein content of 0.13 and 0.10 g L' (+0.01 g 1),

The protein concentration determined after purification by
precipitation or after the removal of interfering compounds by
dialysis, appears within the normal range (up to 500 mg L-1)
[27]. Higher concentration of gluconic acid and lowered ethanol
production during fermentation, necessitating a longer yeast
fermentation step in consequence, are characteristic of invasion
of grape berries by B. cinerea [36]. Grape peroxidases play an
important role in the oxidation metabolism of phenols during
grape maturation. Efficient endogenous pectinase activity is
necessary for the degradation of grape pectin, which facilitates
the clarification of the wine. Sulfur dioxide (SOz) has a negative
effect on the activity of these enzymes and this deters its
use in inhibiting the growth of microorganisms in must [18].
The application of SOz (as potassium metabisulfite) at the
above-mentioned level of 50 mg L' has no inhibitory effect
on proteases originating from B. cinerea in either must or
wine [37]. The enzyme activities of phenol oxidases are only
slightly reduced under these conditions [38]. The measured
turbidity of the hazy wines was high, average values (n = 5)
at 540 nm of 0.391 and 0.362 were determined for samples A
and B, respectively, whereas the non-hazy wines C-F provided
substantially lower values of 0.011-0.023. Only for sample
G—unfined wine—was a value of 0.092 measured.

3.2. Gel electrophoresis of wine proteins

The wine proteins recovered after the precipitation or ultrafil-
tration procedures with sample A were subjected to SDS-PAGE
for separation under denaturing conditions according to the
molecular mass (Fig. 1). In contrast to the acetone precipita-
tion, the use of dialysis prior to protein extraction resulted in
an undisturbed protein band pattern. For this reason, the latter
protocol was considered more reliable and applied to all other
samples. The resulting staining patterns of the gels for the
two protocols showed a few similar protein zones particularly
in areas corresponding to molecular masses above 94 kDa
or around 66 kDa but differences for masses of 66-94 kDa
and below 45 kDa (Fig. 1). Proteins with molecular masses of
around 60-65 kDa have known resistance to common bentonite
treatment and thus they remain in protein-stabilized wines [8].

High-Proline Proteins in Hazy White Wine
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SDS-PAGE separation of proteins from the hazy
white wine (sample A). Photographs show
Coomassie-stained 10% resolving gels run after
(A) vacuum evaporation-based or (B) dialysis and
ultrafiltration-based protein extraction protocols.
The left-side numbers (molecular mass values in
kDa) refer to the protein marker used (low range
standards, Cat. No. 161-0304; Bio-Rad); the
corresponding stained bands are visible in panel
(A). The right-side numbers TP-10P (P stands for
“precipitate”) and 1-12 indicate the extension of
the sliced gel fractions subjected to the process of
in-gel digestion of proteins with modified trypsin.
Sample loads are specified in section Materials
and Methods.

FIG. 1

No straightforward comparison of our results with those
obtained previously for clear white wines of standard quality
is possible. For instance, the lack of major PR-proteins bands
typical for Sauvignon Blanc grape variety was registered in the
area between 20 and 30 kDa (obviously because of the bentonite
fining and/or enzyme degradation related to the presence of
Botrytis) and this contrasts with the results of Esteruelas et al.
[39]. The separation of proteins from the hazy wine B and
non-hazy botrytized wine D is documented in Fig. 2. In the
case of sample D, a disturbance of the visualized protein bands
could not be overcome by preceding dialysis and this probably
reflects the presence of largely glycosylated proteins such as
mannosidase and glycoside hydrolase (see Section 3.4.). Again,
a majority of the Coomassie-stained protein bands appeared
at positions corresponding to molecular masses above 50 kDa.
Conversely, both the unfined wine (G) and grape juice (H)
contained a large quantity of PR proteins (Fig. 3).

Horizontal gel slices from sample lanes representing
individual fractions were then processed for in-gel digestion
prior to nanoL.C-MS/MS. This strategy was preferred to those
with an in-solution digestion given the possibility of combining
the protein solubilizing and dissociation power of Laemmli
sample buffer and, resolving power of SDS-PAGE [30, 40].
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FIG. 2

and D). This photograph shows a
Coomassie-stained 10% resolving gel with
proteins obtained from the hazy white wine B
(Sauvignon Blanc) and botrytized white wine D
(Welschriesling) as indicated at the respective
separation lanes. The left-side numbers (molecular
mass values in kDa) refer to the protein marker
separated in the left lane (Precision Plus Protein
Standards, Cat. No. 161-0373; Bio-Rad). The
right-side numbers 1-12 indicate the extension of
the sliced gel fractions subjected to the process of
in-gel digestion of proteins with modified trypsin.
Sample loads are specified in section Materials
and Methods.

3.3. Identification of proteins in the hazy wine

Protein identification for the hazy sample A were performed
after in-gel digestion and nanol.C separations of peptides from
the digests. A total of 28 proteins were identified by searching
the obtained MS/MS data against the custom sequence database
with grape, yeast and Botrytis proteins. Of these, nine were
grape proteins (Table 1), seven originating in Botrytis (Table 2),
and 12 were from the yeast (Table 3). More details on the
identified proteins are provided in Supplementary Table S1.
Supplementary Fig. 81 shows an example of the acquired pep-
tide MS/MS spectrum. Most of the identified yeast proteins came
from gel slices nos. 1, 2, and 3. The appearance at the top of
the gel referring to higher molecular masses suggests glycosy-
lation. The prediction server SignalP 4.1 revealed the presence
of signal peptide sequences for an extracellular localization.
Four of the seven identified Botrytis proteins were extracellular
hydrolases secreted to degrade the grape structures. Several
typical grape proteins in wine were identified including, for
example, a vacuolar invertase and other enzymes (hydrolases
and oxidoreductases) plus a TLP and LTP. The vacuolar in-
vertase (gi: 1839578) was found in white as well as red wine
[41, 42]. The sequence homology of this enzyme with another
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SDS-FAGE separation of wine and juice proteins
(samples G and H). This photograph shows a
Coomassie-stained 10% resolving gel with
proteins obtained from the nouveau white wine G
(Irsai Oliver), on the left, and fresh grape juice H,
on the right. The left-side numbers (molecular
mass values in kDa) refer to the protein marker
(Precision Plus Protein Standards, Cat. No.
161-0373; Bio-Rad). The right-side numbers 1-12
indicate the extension of the sliced gel fractions
subjected to the process of in-gel digestion of
proteins with modified trypsin. Sample loads are
specified in section Materials and Methods.

FIG. 3

identified invertase protein (gi: 225466093) is 96.6%. Plant
invertases convert sucrose to glucose and fructose. A reduction
in the number of grape invertase isoforms was observed in

a hotrytized wine [41]. Plant LTPs are characterized as small
PR-14 family glycoproteins originating from the grape skin
[42]. High tolerance to B. cinerea was achieved after exogenous
application of LTP4 and jasmonic acid on grapevine plantlets
[43]. TLPs and plant chitinases are the major proteins present
in white wines [44]. The antifungal effects of grape TLPs are
not clear [7]. The content of these PR-proteins in grapes may
be induced on infection but the increased level of plant defense
proteins may not be detected because of the activity of mold
proteolytic enzymes [44]. The fragment of an unnamed plant
protein (gi: 297740510; slice no.2) is predicted to be an active
form of a glycosylated thiol protease. The formation of plant
cysteine proteases could be induced by mold products in a
plant defense reaction as reviewed previously [45]. To the best
of our knowledge, only one grape cysteine protease has been
characterized to date [46].

Yeasts respond to chemical and physical environmental
changes that occur during wine fermentation by adapta-
tion of their cell wall structures. The identified Wsc4 pro-
tein (gi: 768812869; the sequence contains seven potential
N-glycosylation sites), may mediate intracellular responses to

y Biotechnology and
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environmental stress [47]. The transglycosidase Crh1 protein
(gi: 323354858) plays a key role in the cell wall construction
[48]. Yeast Tir4 mannoprotein (gi: 323352383) found in gel
slice no. 1 is involved in anaerobic adaptation [49]. A positive
effect of heavily mannosylated proteins against haze formation
in white wines has been described [24]. The production of Ygp1
protein (gi: 323346853), functionally annotated as an extracel-
lular asparaginase, can be assumed at an advanced stage of
fermentation after consumption of the supplied nitrogen. The
Plb2 protein (gi: 323336225) is involved in the formation of
ethyl esters that contribute to wine flavor [50]. Also, the identi-
fied peroxidase (gi: 359478431) may degrade the anthocyanins
in the wine and change its sensory characteristics [51]. This
enzyme can also be formed during heat stress [52].

Laccase 2 (gi: 15022489) was identified as a marker of the
Botrytis invasion. Laccase oxidizes wine phenols to quinones,
which may then interact with other organic compounds and
proteins [53]. For laccase activity, specific glucans produced by
Botrytis are necessary [54]. Additionally, these glucans trigger
increase in the formation of acetic acid during fermentation
[55]. The other identified mold enzymes, disrupt plant cell walls
during the pathogenesis. Glycoside hydrolase (gi: 347835718)
with a relatively high molecular mass of 109 kDa was de-
tected in gel slice no.2. The identified hypothetical protein
BC1G_09079 (gi: 154304407) was found to be a beta-1,3-
glucanase (slice no. 8). A precursor of endo-beta-1,4-glucanase
(gi: 48093959) was assigned in the slice no. 9. These three
enzymes are assumed to be extracellular.

For sample B, 19 proteins were identified, typically from
the yeast and Botrytis. Five proteins originated from grapevine
(Supplementary Table S1). The identifications were consistent
with sample A in 12 items including invertase, cysteine protease
and thaumatin from grapevine, several Bofrytis enzymes
(glycoside hydrolase, laccase, and serine protease) and many
yeast proteins.

3.4. Identification of proteins in other wine samples
The non-hazy botrytized wine D apparently did not contain
yeast proteins and the vast majority of its protein components
originated naturally from Botrytis. Altogether, 18 identifications
were achieved (Supplementary Table S2). In comparison
with samples A and B, the botrytized wine D provided a
substantially reduced number of proteins with more than 5% of
proline residues in their sequence (Fig. 4 and Supplementary
Tables S1 and S2). Instead, it contained a higher portion of
different hydrolytic enzymes. The non-hazy standard white
wines C, E, and F were found to contain grapevine, yeast,
and Botrytis proteins and the number of identifications was
between 13 and 17 using nanol.C-MALDI (Supplementary
Table S3). Proteases were abundant among them, which
indicates a high level of degradation of proteolysis-susceptible
components. Proteins high in proline were represented in the
lists (including TLPs), but fewer than the hazy wine samples
(Fig. 5). Interestingly, of the other proteins identified in sample
F, hyphally regulated cell wall mannoprotein (gi: 323309306)

High-Proline Proteins in Hazy White Wine
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Proteins identified in the analyzed non-hazy
botrytized white wine and experimental hazy white
wine. A diagram is shown, which summarizes all
identifications and points out proteins high in
proline in the samples A (Sauvignon Blanc) and D
(Welschriesling). Proteins predicted as extracellular
are highlighted by italicized names. Typical
haze-active proteins are highlighted in bold. For
details see Supplementary Tables S1 and 52

FIG. 4

had eight potential glycosylation sites, six of which were
predicted to be occupied with a very high probability. Its
mannosylation may contribute to the processes preventing
haze formation: yeast mannoproteins seem to compete with
haze-active proteins for wine componeni(s) required for the
formation of large insoluble protein aggregates [24].

The nouveau white wine (sample G) and grape juice
(sample H) showed a high natural content of invertase and
TLPs, which could be deduced from the strong intensity of the
corresponding protein bands on polyacrylamide gels (Fig. 3;
fractions 4 and 9, respectively) as well as from the number
of sequenced peptides in nanoLC-ESI-MS/MS analysis. The
samples also contained other PR-proteins such as chitinase
and glucanase (Supplementary Table S4). Fractions containing
cysteine protease, invertase, and TLPs were obtained by gel
chromatography of the dialyzed and ultrafiltrated sample
G (Fig. 6) and applied in the heat stability test according
to Marangon et al. [27]. A stable commercial white wine
(Welschriesling, 2016) with a protein content of 58 mg L-! had
an absorbance value of 0.015 at 540 nm. After heating at 50 °C
for 3 H and cooling on ice for 2 H, this increased to 0.016,
which is well below the difference of =0.02 considered the limit

Biotechnology and Applied Biochemistry

for instability [27]. By adding the cysteine protease, invertase
and TLPs protein fractions in a concentration of 50 mg mL~!,
the resulting Asy9 was shifted to values of 0.018, 0.018, and
0.020. The difference values towards the control of 0.002,
0.002, and 0.004, respectively, were comparable (in the same
milli absorbance units) with previous heat test data measured
with chitinase and TLPs [27].

3.5. The role of proteins in wine haze formation

The process of haze formation and the significance of proteins,
sulfate ions, and organic compounds in white wine have
recently been reviewed [19]. For the studied hazy wine, a
mild desiccation of the grapes during ripening in dry summer
resulted in the relatively high measured protein content. The
agrowing conditions of the grapes partially affected by Botrytis
were then reflected in the composition of the identified proteins.
The low pH in sample A (a standard pH value for white wines
is around 3-4 [56], would itself induce protein aggregation and
precipitation. Various compounds produced by Botrytis such
as high-molecular-weight glucans could reduce the value of
bentonite for wine refinement. We confirmed this in a trial
experiment and the subsequent use of bentonite suspensions
for protein extraction [57], which resulted in missing protein
bands on gels (not shown).

The formation of haze is not predictable based on the total
protein content [44]. There are several factors which have to
be considered for a discussion of the protein instability of the
analyzed hazy wine after ineffective bentonite fining. First,
the most typical cause of haze in beer, wine, and fruit juices
is protein-polyphenol interactions [58]. Second, PR proteins
such as TLPs and chitinases have been implicated in the haze
formation induced at elevated temperatures (over 30 °C) that
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Proteins high in proline in standard non-hazy white wines

Sauvignon Welschriesling Welschriesling
(sample C) (sample E) (sample F)

- Ve N/ N
V. vinifera V. vinifera V. vinifera
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Thaumatin-like protein

Invertase Invertase

B. cinerea
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Serine protease

Cysteine protease
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Thaumatin-like protein
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Cysteine protease
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Laccase
Serine proteases

Glycoside hydrolase

S. cerevisiae S. cerevisiae S. cerevisiae
Asparaginase Asparaginase Asparaginase
Extracellular protein
" AN AN /

Proteins high in their proline content from
standard non-hazy white wines. A diagram is
shown, which summarizes proteins high in proline
identified in the samples C, E, and F (standard
non-hazy Sauvignon Blanc or Welschriesling white
wines). Proteins predicted as extracellular are
highlighted by italicized names. For details see
Supplementary Table S3.

FIG.5

can occur during storage and transportation [27, 59]. Third,
TLPs and chitinases are thermally unstable and prone to
aggregation and precipitation [27]. Finally, it is important to
note that wine instability results from a complex interplay
between proteins, chemical and physical factors.

The haze-forming proteins are similar in wines vinified
from different grapevine varieties. They are stable in the acidic
pH of wine and show proteolytic resistance [56]. During the
production of beer and wine, both proteins and polyphenols are
extracted and their nature, concentrations, and mutual ratios
may combine to yield a haze. In beer, the molecular principle
of haze formation resides in the binding of polyphenols to
proline-rich barley storage proteins (hordeins), which results
in visible aggregates known as a chill-haze [60]. In wine,
haze-active phenolic compounds, polysaccharides, and sulfate
are critical. But the important role of proteins that survive
the winemaking process particularly chitinases has also heen
demonstrated [27]. The ratio between polyphenols and proline-
rich proteins is critical for the size of aggregates in beer [58].
Haze formation in wine depends on the size of the phenolic
compounds present: compared with small phenolics, a lower
quantity of high-molecular-weight polyphenols is enough to
form visible aggregates with wine proteins. After mold invasion,

12

more than 50 % of polyphenols originating from the skin of
Merlot variety grapes can be degraded [61]. Nevertheless,
botrytized white wines are characterized by higher levels of
polyphenolic compounds than standard wines [62]. Thus, we
could expect the polyphenol content in the hazy wine analyzed,
to be changed by the action of gray mold and that this could
contribute to haze formation.

PR proteins were identified in samples A and B. This could
partially answer the question of the origin of the instability
despite the bentonite fining, but they were obviously much
less represented than in the juice or nouveau wine (Fig. 1
versus Fig. 3). In the presence of Botrytis-produced proteolytic
enzymes, these proteins had to be effectively degraded [26].
This has clearly been demonstrated by the protein profile of the
botrytized wine D, where grapevine proteins constituted only
a minor component compared with the prevailing presence of
extracellular Botrytis proteins. For this reason, other ways of
protein haze formation have to be considered. Interestingly, in
looking at the amino acid composition of all identified proteins
(i.e., including also those from the yeast and Botrytis), we
discovered that half of them contained more than 5% of proline
in their sequences (Tables 1-3 and Supplementary Table S1).
The average proline content of proteins in the UniProt/Swiss-
Prot database is lower than 5% [63]. Due to the higher content of
proline, the above-mentioned proteins must be more resistant
to proteolysis and can bind polyphenols. The grape TLP (gi:
520729528) contains 7.6% of Pro in its sequence. The high
proline representation in TLPs may contribute to their physical
tolerance and refolding ability [64]. Interestingly, certain
proline-rich proteins increase in grapes at the onset of ripening
[65]. V. vinifera cysteine protease (gi: 297740510) differs from

High-Proline Proteins in Hazy White Wine
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FIG. 6 sample G proteins were dialyzed, concentrated by

ultrafiltration, and separated by gel permeation
chromatography on ENrich SEC 70 column,

10 = 300 mm (Bio-Rad). The mobile phase was
50 mmol L' ammonium acetate; the flow rate
was 1 mL Min~". The sample chromatogram is
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molecular mass values. The collected protein
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asparaginase (Ygpl); 2, cysteine protease; 3,
invertase; 4, glucanase; 5, TLPs; and 6, chitinase.

the other proteins with a high proline content by the presence
of two proline repetitions in its sequence (residues 243-250,
252-258) plus a PPPP segment (260-263). This is real proline-
rich protein in the true sense of the word resembling the
structure of polyvinylpyrrolidone, a polyphenol precipitant, by
the accumulated proline residues.

The grape chitinase (gi: 2306813) contains only 2.1% of
Pro and the described lower thermal and proteolytic resistance
compared with those of plant TLPs [27] is consistent with
this observation. Conversely, there is high proline content
in grape invertase (gi: 225466093; gi: 1839578; above 6%),
which has been assigned to haze-inactive proteins [26]. This
group also includes the identified yeast mannoproteins or cell
wall glycoproteins [26] such as Tir4, Cwp1, and Hpfl (see
in Supplementary Table S1). Invertase, because of its high
thermal stability, should not participate in the haze formation
under normal conditions [27], but this might change owing to
the presence of yeast and Botrytis products including proteins.
We attempted to demonstrate that the separated fractions with
cysteine protease or invertase might contribute to the haze
under model conditions of the heat stability test. Although their
effect is less evident than that of TLPs, it is not insignificant.

Biotechnology and Applied Biochemistry

It has already been shown that bentonite does not have full
ability to remove proteins from wine prior to bottling. In order
to minimize the risk of haze formation, the development of
other technologies for wine deproteinization is paramount, for
example, with the involvement of a potent proteolysis [26], in
addition to keeping optimal temperatures during transport and
storage of bottled wine.

4. Conclusions

We demonstrated and discussed a number of biochemical
factors that all contributed to the formation of haze in the white
wine produced from grapes partially damaged by B. cinerea:
(1) low pH and presence of compounds related to Botrytis
infection; (2) the presence of grape TLPs and chitinase known
as haze-active proteins; (3) the presence of other proteins
with a high proline content, which may interact with phenolic
compounds and contribute to the haze. The main value of
this study is explication of the role of such proteins in the
propensity of white wine to turbidity suggesting a direction for
future research of the wine haze phenomenon.

5. Acknowledgements
This work was supported by grant no. L01204 from the Ministry
of Education, Youth and Sports, Czech Republic (the National
Program of Sustainability 1). Dr. Alexander Oulton is thanked
for critical reading the manuscript.

The authors declare no conflict of interest.

6. References

[1] Jackson, R. S. (2008} Wine Science, Principles and Applications, 3rd ed.,
Academic Press, New York.

[2] Li, H., Gue, A., and Wang, H. (2008) Food Chem. 108, 1-13.

[3] Enoki, S., and Suzuki, S., in Morata, A., Loira, |., Eds. (2016} Grape and Wine
Biotechnology. pp. 43-57, IntechOpen, London.

[4] Marangon, M., Van Sluyter, S. C., Haynes, P. A,, and Waters, E. J. (2009) J.
Agric. Food Chem. 57, 44154425,

[5] Van Sluyter, S. C., Marangen, M., Stranks, S. D., Neilson, K. A., Haynes, B A,
Hayasaka, Y., Menz, R. |., and Waters, E. J. (2009) J. Agric. Food Chem. 57,
11376-11382.

[6] Giribaldi, M., and Giuffrida, M.G. {2010} J. Proteomics 73, 1647-1655.

[7] Ferreira, R. B., Picarra-Pereira, M. A., Monteiro, S., Loureiro, V. B., and
Teixeira, A. R. (2001) Trends Food Sci. Technol. 12, 230-239.

[8] Waters, E. J., and Colby, C. B., in Moreno-Arribas, M. V., Palo, M. C., Eds.
(2009) Wine Chemistry and Biochemistry. pp. 213-230, Springer.

[9] Lorenzini, M., Millioni, R., Franchin, C., Zapparoli, G., Arrigoni, G., and
Simonato, B. {2015) Food Chem. 179, 170-174.

[10] Lorenzini, M., Mainente, F, Zapparoli, G., Cecconi, D., and Simonato, B.
(2016) Food Chem. 199, 639-647.

[11] Marsh, E., Alvarez, S., Hicks, L. M., Barbazuk, W. B., Qiu, W., Kovacs, L., and
Schachtman, D. (2010) Proteomics 10, 2057-2064.

[12] Milli, A., Cecconi, D., Bortesi, L., Persi, A., Rinalducci, S., Zamboni, A.,
Zoccatelli, G., Lovato, A., Zolla, L., and Polverari, A. (2012) J. Proteomics 75,
1284-1302.

[13] Spagnolo, A., Magnin-Robert, M., Alayi, T. D., Cilindre, C., Mercier, L.,
Schaeffer-Reiss, C., Van Dorsselaer, A., Cléement, C., and Fontaine, F (2012) J.
Proteome Res. 11, 461-475.

13

Ixxx



[14] Dadakova, K., Havelkova, M., Kurkova, B., Tlolkova, |., Kasparovsky, T.,
Zdrahal, Z., and Lochman, J. (2015} J. Proteomics 119, 143-153.

[15] Gueguen, Y., Chemardin, P, Pien, S., Arnaud, A., and Galzy, P (1997) J.
Biotechnol. 55, 151-156.

[16] Martino, A., Schiraldi, C., Di Lazzaro, A., Fiume, |., Spagna, G., Pifferi, P G.,
and De Rosa, M. (2000) Process Biochem. 36, 93-102.

[17] Younes, B., Cilindre, C., Jeandet, P, and Vasserot, Y. (2013) Food Res. Int. 54,
1208-1301.

[18] Van Rensburg, P, and Pretorius, . S. (2000} S. Afr. J. Enol. Vitic. 21, 52-73.

[19] Van Sluyter, S. C., McRae, J. M, Falconer, R. J., Smith, B A, Bacic, A., Waters,
E. J., and Marangon, M. (2015) J. Agric. Food Chem. 63, 4020-4030.

[20] Dufrechou, M., Sauvage, F X., Bach, B., and Vernhet, A. (2010) J. Agric. Food
Chem. 58, 10209-10218.

[21] Dufrechou, M., Poncet-Legrand, C., Sauvage, F X., and Vernhet, A. (2012) J.
Agric. Food Chem. 60, 1308-1319.

[22] Kambiranda, D., Katam, R., Basha, S. M., and Siebert, S. (2014) J. Proteome
Res. 13, 555-569.

[23] Cosme, F, Ricarde-da-Silva, J. M., and Laureano, Q. (2007) ltal. J. Food Sci.
19, 39-56.

[24] Dupin, I. V., McKinnon, B. M., Ryan, C., Boulay, M., Markides, A. J., Jones, G.
P, Williams, P. J., and Waters, E. J. (2000} J. Agric. Food Chem. 48, 3098-3105.

[25] Gonzalez-Ramos, D., Cebollero, E., and Gonzalez, R. (2008) Appl. Environ.
Microbiol. 74, 5533-5540.

[26] Van Sluyter, S. C., Warnock, N. I, Schmidt, S., Anderson, P, van Kan, J. A L.,
Bacic, A., and Waters, E. J. (2013} J. Agric. Food Chem. 61, 9705-9711.

[27] Marangon, M., Van Sluyter, S. C., Neilson, K. A., Chan, C., Haynes, P A,
Waters, E. J., and Falconer, R. J. (2011} J. Agric. Food Chem. 59, 733-740.

[28] Smith, P K., Krohn, R. |., Hermanson, G. T, Mallia, A. K., Gartner, E H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk, D.
C. (1985) Anal. Biochem. 150, 76-85.

[29] éebela, M., étosové, T, Havlig, J., Wielsch, N., Thomas, H., Zdrahal, Z., and
Shevchenko, A. (2006) Proteomics 6, 29569-2963.

[30] Laemmli, U. K. (1970) Nature 227, 680-685.

[31] Bennett, J., and Scott, K. J. (1971) Anal. Biochem. 43, 173-182.

[32] Shevchenko, A., Chernushevich, I., Wilm, M., and Mann, M. (2000} Methods
Mol. Biol. 146, 1-16.

[33] Petersen, T. N., Brunak, S., von Heijne, G., and Nielsen, H. {2011} Nat.
Methods 8, 785-786.

[34] Johnsen, M., Zaretskaya, |., Raytselis, ., Merezhuk, Y., McGinnis, S., and
Madden, T. L. {2008) Nucleic Acids Res. 36, W5-W9.

[35] Jones, P, Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., McWilliam,
H., Maslen, J., Mitchell, A., Nuka, G., Pesseat, S., Quinn, A. F, Sangrador-
Vegas, A., Scheremetjew, M., Yong, S. Y., Lopez, R., and Hunter, S. (2014)
Bioinformatics 30, 1236-1240.

[36] Ribéreau-Gayon, P, Glories, Y., Maujean, A., and Dubourdieu, D. (2008)
Handbook of Enclogy. Volume 2—The Chemistry of Wine: Stabilization and
Treatments, 2nd ed., J. Wiley & Sons, Chichester.

[37] Marchal, R., Warchol, M., Cilindre, C., and Jeandet, P (2008} J. Agric. Food
Chem. 54, 5157-5165.

[38] Dubernet, M., and Ribéreau-Gayon, P (1974) Vitis 1, 233-244.

[39] Esteruelas, M., Poinsaut, P, Sieczkowski, N., Manteau, S., Fort, M. E, Canals,
J. M., and Zamora, F (2009) Am. J. Enol. Vitic. 60, 302-311.

14

Ixxx

Biotechnology and
¢ Applied Biochemistry

[40] Karlsson, J. O., Ostwald, K., Kabjorn, C., and Andersson, M. (1994) Anal.
Biochem. 219, 144-146.

[41] Cilindre, C., Jégou, S., Hovasse, A., Schaeffer, C., Castro, A. J., Clément, C.,
Van Dorsselaer, A., Jeandet, P, and Marchal, R. (2008} J. Proteome Res. 7,
1199-1208.

[42] Wigand, P, Tenzer, S., Schild, H., and Decker, H. {2009) J. Agric. Food Chem.
57,4328-4333.

[43] Girault, T, Frangois, J., Rogniaux, H., Pascal, S., Delrot, S., Coutos-Thévenot,
P, and Gomés, E. (2008) Plant Physiol. Biochem. 48, 140-149.

[44] Waters, E. J., Alexander, G., Muhlack, R., Pocock, K. F, Colby, C., O'Neill, B.
K., Hgj, P. B., and Jones, R (2005) Aust. J. Grape Wine Res. 11, 215-225.

[45] Jashni, M. K., Mehrabi, R., Collemare, J., Mesarich, C. H., and de Wit, P. J.
(2015) Front. Plant Sci. 6, 584.

[46] Exposito, J. M., Gordillo, C. M., Marifio, J. I. M., and Iglesias, J. L. M. {1991)
Nahrung 35, 138-142.

[47] Verna, J., Lodder, A., Lee, K., Vagts, A., and Ballester, R. (1997) Proc. Natl.
Acad. Sci. U.S.A. 94, 13804-13809.

[48] Rodriguez-Peria, J. M., Cid, V. J., Arroye, J., and Nombela, C. (2000) Mel. Cell.
Biol. 20, 3245-3255.

[49] Abramova, N., Sertil, 0., Mehta, S., and Lowry, C. V. (2001) J. Bactericl. 183,
2881-2887.

[50] Steyer, D., Ambroset, C., Brion, C., Claudel, B, Delabel, P, Sanchez, |., Emy,
C., Blondin, B., Karst, F, and Legras, J. L. (2012) BMC Genomics 13, 573.

[51] Calderdn, A. A., Garcia-Florenciano, E., Munoz, R., and Barceld R. A. (1992)
Vitis 31, 139-147.

[52] Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007} J.
Exp. Bot. 58, 1935-1945.

[53] El Rayess, and Y., Ed. (2014) Wine: Phenolic Composition, Classification
and Health Benefits, Nova Science Publishers Inc., New York, pp. 155—
186.

[54] Gil-ad, N. L., Bar-Nun, N., and Mayer, A. M. (2001) FEMS Microbiol. Lett. 199,
109-113.

[65] Donéche, B. J., in Fleet, G. H. Ed. {1993) Wine Microbiology and Biotechnol-
ogy. pp. 327-351, Harwood Academic Publishers, Chur.

[56] Waters, E. J., Shirley, N. J., and Williams, P J. (1996) J. Agric. Food Chem.
44,35,

[57] Sauvage, F X., Bach, B., Moutounet, M., and Vernhet, A. (2010) Food Chem.
118, 26-34.

[58] Siebert, K. J. (1999} J. Agric. Food Chem. 47, 353-362.

[59] Pocock, K. E, Hayasska, Y., McCarthy, M. G., and Waters, E.J. (2000) J. Agric.
Food Chem. 48, 1637-1643.

[60] Lopez, M., and Edens, L. (2005} J. Agric. Food Chem. 53, 7944-7949,

[61] Ky, I., Lorrain, B., Jourdes, M., Pasquier, G., Fermaud, M., Gény, L., Rey, P,
Doneche, B., and Teissedre, P L. (2012) Aust. J. Grape Wine Res. 18, 215—
226.

[62] Pour Nikfardjam, M. S., Laszlé, G., and Dietrich, H. (2008) Food Chem. 96,
74-79.

[63] Kovacs, E., Tompa, P, Liliom, K., and Kalmar, L. (2010) Proc. Natl. Acad. Sci.
U.S.A. 107, 5420-5434.

[64] Marangon, M., Van Sluyter, S. C., Waters, E. J., and Menz, R. |. (2014) PLoS
ONE 9, 2113757

[65] Davies, C., and Robinson, S. P (2000} Plant Physiol. 12, 803-812.

High-Proline Proteins in Hazy White Wine



Priloha 6:

Seznamy proteint identifikovanych ve vinech a informace o obsahu prolinu
Vv nalezenych proteinech. Vysledkova piiloha k Perutka et al., 2019.
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Perutka et al., 2019, Proteins identified in hazy Sauvignon Blanc wine, sample A, part 1/2

Signal
peptide
. prediction Number "
REotein lopizaticn sg;iile Organism Arfucfr?;leorn Protein name [Protein function| (Descorciyl MV 1 | Score & ige:s:csigggf:cswolme RUETY
number|technique 9 values  |[kDa]| P sequenced| 9 g content rm)
number| (NCBInr) . . [%] [%0] [%0]
provided by peptides
the Signal P
4.1 server)
MALDI 1 PREDICTED: 95.1 1 9.07 9.07 25
probable non-
. specific lipid-
ESI 2 gi[731438691 1 cFer protein 0.757 1407402 o ¢ 2 907 907 %% s
1 Vitis AKCS9 [Vitis linid transfer
vinifera vinifera] p
hypothetical
. protein
ESI 2P gi|147834849 VITISV_043508 0.773 14.08 4.02 172.7 3 17.02 17.02 8.8 48.8
[Vitis vinifera]
MALDI 2 Vitis unnamed protein 1539.9 22 25.07  25.07 39
2 ESI vinifera gi|297740510  product, partial cysteine protease 0.106 41.10 4.02 1236 20 25.07 25.07 9.8 56.5
ESI 2P [Vvitis vinifera] 957.6 15 20.04  20.04 50.2
MALDI 2 PREDICTED: 408.6 6 12.08 12.08 3
o o, oleasussso Deier | e ogs gporson O77 S FOL IO g S
ESI 3P P 407.6 6 17.01 17.01 56.6
vinifera]
PREDICTED:
beta-
MALDI 0i[225466093 fsré‘lf}glfe“::g;’;'z‘;ﬁi 0122 7200 9936 15 1506 1506 65 55
I-like [Vitis
Vitis vinifera] .
4 MALDI vinifera vacuolar invertase Vet 406 9709 16 1701 17.01 46.1
1, GIN1 [Vitis
. vinifera=grape
ESl 5P 9il1839578  porties, Sultana, 0124 7150 4939 13 1003 1003 ©? 431
berries, Peptide,
642 aa)
MALDI N PREDICTED: 162.4 3 7.09 7.09 2.6
5 Vit - i350478431 peroxidase A2 S°Creted 0.764  36.50 4.04 38
ESI vinifera [Vitis vinifera] peroxidase 179.4 3 10.08 10.08 63.5
Vitis ) class_ v -
6 ESI 8P vinifera gi[2306813 en_d_och]tl_nase chitinase 0.928 27.05 5.04 362.5 6 15.09 15.09 21 66.5
[Vitis vinifera]
Chain A, Structure
Of Haze Forming
- Proteins In White -
7 Est op VIS isao7a0s28  wines: vitis  oumalnlike 406 2103408 2066 4 1807 1807 76 65
vinifera - protein
Vinifera
Thaumatin-like
Proteins
hypothetical
8 Bt o ViUS o iiar7gsiig  Protein thaumatin-like 7a0 2309406 6327 11 4130 4130 45 532
vinifera VITISV_021587 protein : ’ ' : ’ i i ’
[Vitis vinifera]
MALDI Vitis ) unnamed protgin invertase 822.3 12 12.05 12.05 25
9 Es 12 vinifera gi[296084197 pro_d_uct,_ p_amal (fragment) 0.127 60.50 4.04 710.8 1 12.09 12.00 5.7 58.8
itis vinifera
MALDI glycoside 467.8 9 9.07 9.07 4.1
. hydrolase family .
0 2 BOOUS gijgareasas 31 protein E%Crgsl;iz 0733 10930405 .o oz ooz 57 sas
[Botrytis cinerea ) ! . :
MALDI similar to serine 395.5 5 12.03 12.03 4.7
Botrytis . carboxypeptidase serine
1 ESI E cinerea 9i[347833309 ,gﬂgisn))([ségﬁﬁi carboxypeptidase 0.779 6080 4.07 2143 5 11.09 11.09 T 56.5
cinerea T4]
Botrytis . predicte_d p_rotein extracellular
12 ESI 3P y gi|154291355 [Botrytis cinerea membrane 0.879 20.02 4.03 137.9 2 12.06 12.06 81 331
cinerea N
B05.10] protein
MALDI hypothetical 190.8 4 12.07 12.07 6.3
Botrytis . protein cell yval_l
13 Es cinerea gi|154300984 [goctrly(tsiglc?r?:r%a orgparr:tséz?::on 0.770 41.10 4.03 415 7 12,04 12,04 29 60
B05.10]
MALDI 5 Botrytis laccase 2 [Botrytis 860.2 15 22.02 22.02 4.8
14 ESI cinerea gi|15022489 cinerea] laccase 0.703 63.40 4.05 1257.5 20 25.03 25.03 52 59.7
ESI 4P 125.2 2 3.08 3.08 46.5
MALDI 8 hypothetical 72.2 2 6.06 6.06 1.6
15 BOUYlS oiysomaor  BOG go0re  DRELE 0.667  44.10 4.03 32
Esl 8 cinerea 91 (Bomyts oinasa Slucanase - 10408 198 2 507 507 2 g7
B05.10]
MALDI 10 endo-beta-1,4- 156.3 2 9.00 9.00 10.7
Botrytis . lucanase
16 ESI 9 cin(?r/ea 9il48093959 precSrsor [Botrytis cellulase 0.764 44.20 4.02 133.7 3 5.07 5.07 82 79.9
cinerea]

IXXxv




Perutka et al., 2019, Proteins identified in hazy Sauvignon Blanc wine, sample A, part 2/2

Protein
number|

lonization
technique

Gel slice
number

Accession
Organism number | Protein name | Protein function
(NCBInr)

Signal
peptide
prediction
(D-score
values
provided
by the
Signal P
4.1 server)

MwW

[kDa] pl | Score

Number
of
sequenced
peptides

ISequence|
coverage
[%]

ISequence]|

Proline|

coverage
[%]

ontent|

[%]

RMS90)

[ppm]

MALDI
ESI
ESI

1P

0i|323346853 Yoplp
2 [Saccharomyces asparaginase
cerevisiae]

Saccharomyces
cerevisiae  gi|32333592

0.818

1354
37.305.031194.4
956.3

15

13

28.00
25.04
24.06

28.00
25.04
24.06

5.1
5.1

35
745
60.3

18

MALDI

ESI

ESI

1P

Tirdp

. [Saccharomyces
gil323331721 cerevisiae

Sacchar(_)rpyces AWRI796] stress |nduced
cerevisiae . protein
Tirdp

gi|323352383 [Saccharomyces
cerevisiae VL3]

0.712

0.713

325.1

16.04 3.09 2315

41.907.02 226.1

18.05

19.07

7.04

18.05

19.07

7.04

4.4

131

6.2

74.7

48.1

19

ESI

1P

Hpflp
accharomyces
cerevisiae
FostersO]

Saccharomyces

OMYCes 11393307336 [
cerevisiae

yeast mannoprotein

0.652

69.006.02 270

3.08

3.08

2.7

43.6

20

MALDI

ESI

ESI

2P

YMRO006Cp-
like protein
gi[207342449 [Saccharomyces
cerevisiae
AWRI1631]
PIb2p
[Saccharomyces
cerevisiae
Vin13]
YMRO006Cp-
like protein
gi|207342449 [Saccharomyces
cerevisiae
AWRI1631]

Saccharomyces

cerevisiae 9i[323336225

phospholipase B

0.462

59.804.041361.9

75.40 4.05 566.3

59.804.04 226.5

19

10

29.08

16.06

10.04

29.08

16.06

10.04

4.5

4.1

4.5

34

64.6

743

21

MALDI

ESI

Wscdp
accharomyces
cerevisiae
YIM1250]

cell wall integrity
stress response
protein

Saccharomyces

. [S:
cerevisiae 9i[768812869

0.803

104.2

63.706.00 05.1

2.08

2.08

2.08

2.08

5.7

80.6

22

MALDI
ESI

ESI

4p

hypothetical
protein
SCRG_05191  stress induced cell
[Saccharomyces wall mannoprotein
cerevisiae
RM11-1a]

Saccharomyces

cerevisiae 6il190406234

0.803

431

420.3
24.034.03
247.4

11.04
11.04

11.04

11.04
11.04

11.04

18

7.4
57.3

60.3

23

MALDI

ESI
ESI

3P

YGR189Cp-
like protein

gi[207344997 [Saccharomyces

Saccaromyces cerevisiae ‘ Ivcosid
cerevisiae AWRIL631]  fransgiycosidase
Crhlp
gi[323354858 [Saccharomyces
cerevisiae VL3]

0.699

51.304.04 535.8

45.60 4.05 4105

671.6

10

13

17.07

13.04
21.00

17.07

13.04
21.00

2.8

3.2

52

63
51

24

MALDI

ESI

ESI

3P

acid
phosphatase

0i|190408747 [Saccharomyces

cerevisiae

RM11-1a] histidine phosphatase

Pho3p

[Saccharomyces

cerevisiae

YJIM1418]

Saccharomyces
cerevisiae

0i[762051192

0.456

0.575

52.804.04 555.2

513.6

52.70 4.05 1282

20.03

20.03

7.01

20.03

20.03

7.01

3.1

3.1

55

55.7

58

25

MALDI

ESI

Pho5p
gi|323356058 [Saccharomyces
cerevisiae VL3]
Pho5p histidine phosphatase
[Saccharomyces
cerevisiae
FostersO]

Saccharomyces
cerevisiae
gi|323310064

0.495

52.804.07 494.4

47.304.06 515.9

12

15.06

23.03

15.06

23.03

2.9

3.2

25

719

26

ESI

4p

YMR307Wp-
like protein
0i|207342034 [Saccharomyces
cerevisiae
AWRI1631]

Saccharomyces
cerevisiae

beta-1,3-
glucanosyltransferase

0.146

48.304.04 128

5.05

5.05

2.4

14.2

27

ESI

6P

Cwplp
9 [Saccharomyces
cerevisiae
YJIM1385]

Saccharomyces

OMYCES gil76717354
cerevisiae

cell wall protein

0.773

24.024.05 121.5

18.00

18.00

1.8

19.2

28

MALDI

ESI

YJLO78Cp-like
protein
0i|207344015 [Saccharomyces
cerevisiae
AWRI1631]

cell wall-associated
protein

Saccharomyces
cerevisiae

0.712

131.2

34.204.02 1208

5.03

5.03

5.03

5.03

3.8

2.8

53

IXxxvi



Perutka et al., 2019, Proteins identified in hazy Sauvignon Blanc wine, sample B

Signal peptide
Accession prediction (D- Number ISequence|Proline
QIO Ionlza}tmn Gel slice Organism number Protein name [Protein function| S values MW pl [Score of coverage LUIIlElILRMng
number|technique| number provided by the [[kDa] sequenced| [ppm]
(NCBInr) " ! [%] | [%]
Signal P 4.1 peptides
server)
M o } unnamed protein . 1053.9 13 215 8.12
1 E 1 Vitis vinifera  gi|297740510 product, partial cysteine protease 0.106 411 4.2 1787.2 27 %5 9.8 258
PREDICTED:
M gi|225445553 blue copper 0.836 307 51 2242 3 12.4 6.6 6.45
protein
2 2 Vitis vinifera hypothetical stellacyanin
. protein
E gi|147780459 VITISV 018636, 0.836 31.8 59 446.1 6 16.7 74  26.17
partial
PREDICTED:
beta-
M gi[225466093  fructofuranosidase, 0.122 720 4.6 474.6 7 133 65  6.87
3 9 Vitis vinifera soluble isoenzyme invertase
I isoform X1
E gi[296084197  Unnamed protein 0.127 60.5 4.4 10765 15 234 57 3004
product, partial
M putative 84.9 1 6.3 9.05
4 9 Vitis vinifera  gi[7406714 thaumatin-like thaumatin 0.151 20.1 45 6.8
E protein, partial 149.9 4 38.9 9.24
M 1 PREDICTED: cysteine 157.5 1 15.3 0.87
5 Vitis vinifera  gi|359495539 cysteine proteinase  proteinase 0.920 130 6.6 3.2
E 12 inhibitor 1 inhibitor »67 3 271 242
M . glycoside . 1535 3 3.6 13.64
Botrytis . . glycoside
6 £ 2 cinerea gi[347835718  hydrolase family hydrolase 0.733 109.3 4.5 389.3 7 9 5.8 31.99
31 protein
M . hypothetical . 158.1 2 3.9 6.88
Botrytis . . serine
7 2 h gi|154310457 protein . 0.357 61.8 4.6 7.1
E cinerea BC1G. 07149 carboxypeptidase 115.4 2 3.9 66.94
M Botrytis hypothetical 9207 g 6.5 6.09
8 2 cinerea 0i|154320662 protein serine protease 0.714 700 47 7.1
E BC1G 01803 520.3 9 11.9 11.95
M 3 Botrytis similar to serine 575.8 8 13 4.63
9 otry gi[347833309  carboxypeptidase serine protease 0.779 60.8 4.7 7.7
E 2 cinerea 523.4 10 25 14.92
(Cpds)
M Botrytis B 9038 11 21 5.41
10 . 150224 | 2 | .7 4 4. .2
0 £ 5 cinerea gi|15022489 accase accase 0.703 63 5 14285 2 28.1 5 28.64
M i 176.5 2 17.3 311
1 BOUYUS 31154320150 predicted protein  x unknown 0.869 172 39 4.9
E 9 cinerea 189.2 2 17.3 31.28
M Saccharomyces 9i[767254761 . 0.818 372 53 4591 4 51 51 713
12 1 o . Ygplp asparaginase
E cerevisiae gi|767229366 0.816 37.3 5.3 649.7 11 24.6 51 19.61
M 1 hypothetical stress induced 240 2 114 1.56
13 Saccce';;’l‘i’;‘afes gil190406234 protein cell-wall 0.803 243 43 18
E 2 SCRG_05191  mannoprotein 3985 5 114 34.54
. YMRO06Cp-like
M 1 20734244 N .462 .8 4.4 1934 2 3 4. A4
14 Sa(;:(;l;s\:?gices gi[2073. 9 protein phospholipase 0.46: 59.8 93 6.9 5 3.43
E 2 gi[256273487 Plb2p 0.462 755 45 566.3 9 135 4.0 23.62
M 1762051192 0.575 527 4.4 1628 2 5.4 3.1 6.34
15 2 Saccharc_)myces g-I Pho3p phosphatase
E cerevisiae i|323338655 0.658 52.8 4.4 320.7 6 16.5 31 3298
M 97.4 2 4.8 9.66
16 o  Saccharomyces io,a310064  Phosp, partial  acid phosphatase 0.495 473 46 32
E cerevisiae 198.6 4 6.7 36.36
M i[323332206 0.730 523 4.4 2715 4 6.9 31 237
17 3 Sacchar(_)rpyces Gasip glucanosyl-
E cerevisiae gi[767204492 transferase 0.730 595 45 5411 9 16.8 2.6 211
M Saccharomyces ;;utativ: 198 2 o %
18 4 on 0i|323338696 Toslp glycoside 0.690 027 47 3.2
E cerevisiae hydrolase 410.2 6 20.8 38.4
M 0i[323346603 0.670 518 45 86.1 2 4.1 35 10.12
19 3 Saccharomyces Gass glucanosyl-
E cerevisiae gi[259149455 P transferase 0.622 51.2 45 2115 4 55 35 4161
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Perutka et al., 2019, Proteins identified in standard clear white wine, sample C

Signal peptide
. - . Accession . piedictionl(Dg plumbey ISequence(Proline|
Protein Iomza}tlonGeIsllce Organism T Pl (EmE Protgln sco_revalues MW pl |score of coveragewmemRMsgo
number{technique| number function provided by the |[kDa] sequenced| [ppm]
(NCBInr) A ! %] | [%]
Signal P 4.1 peptides
server)
1 MALDI 1  Vitisvinifera gij297740510 Unnamedprotein - cysteine 0.106 411 42 8021 11 178 98 492
product, partial protease
PSR . PREDICTED: blue .
2 MALDI 2 Vitis vinifera  gi|225445553 copper protein stellacyanin 0.836 30.7 51 360.7 5 12.8 6.6 5.13
PREDICTED:
beta-
3 MALDI 5 Vitis vinifera  gi[225466093 fructofuranosidase, invertase 0.122 72 4.6 1189.5 15 25.7 6.5 6.51
soluble isoenzyme
I-like
hypothetical
4 MALDI 8 Vitis vinifera  gi|147789487 protein thaumatin 0.885 242 85 174.2 2 7.1 7.0 13.79
VITISV_001194
Chain A, Structure
Of Haze Forming
Proteins In White
5 MALDI 9 Vitis vinifera  gi|605603680 Wines: Vitis thaumatin 0.192 212 45 4231 5 28.9 50 1167
Vinifera
Thaumatin-like
Proteins
Chain A, Structure
Of Haze Forming
Proteins In White
6 MALDI 9 Vitis vinifera  gi|520729528 Wines: Vitis thaumatin 0.167 213 48 985 1 6.1 76 19.84
Vinifera
Thaumatin-like
Proteins
Botrytis ) similar to sgrine .
7 MALDI 3 h gi[347833309 carboxypeptidase serine protease 0.779 60.8 47 131 2 6.3 7.7 6.97
cinerea
(Cpds)
8 MALDI 5 Botytis
cinerea 0i|15022489 laccase 2 laccase 0.703 634 45 5955 8 143 52 3.88
9 MALDI 9 Botrytls  gil374094008 ac"’g;’ttsjse L acid protease 0.59 227 47 1696 2 131 29 1401
10 MALDI 1 Saccgr‘:\rl?g‘ayeces qi[767254761 Ygplp asparaginase 0.818 37.2 53 5516 6 11 51 7.97
Saccharomyces hypothetical stress induced
11 MALDI 1 cerevisiae gi[190406234 protein ceII—WaII_ 0.803 243 43 2129 2 114 18 2.02
SCRG_05191  mannoprotein
12 MALDI 2 Sacccerr':\’,‘i’sr}‘afes 0i[323348454 Crhip transglycosidase 0.699 515 45 2433 3 69 30 987
13 MALDI 5 Saccgr‘:\rl?g‘ayeces gil4814 YJUL, partial ~ cell-wall protein 0.099 219 44 1996 2 144 19 553
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Perutka et al., 2019, Proteins identified in non-hazy botrytized Welschrieslin

wine, sample D

Signal peptide
prediction (D-

Number

Protein(lonization|Gel slice . accession . Protein score values | MW of Sequence Proline RMS90
A Organism number Protein name A 3 pl | Score coverage|content
number|technique| number function provided by | [kDa] sequenced| [ppm]
(NCBInr) N - [%] [%]
the Signal P peptides
4.1 server)
MALDI Vitis n unnamed protein cysteine 1305.7 15 255 9.28
1 ESI vinifera 0i[297740510 product, partial protease 0.106 a1 42 2467 39 32.9 98 22.53
putative thaumatin
MALDI gi|7406714 thaumatin-like artial 0.151 201 45 3557 4 30.5 6.8 1566
protein, partial p
Vitis hypothetical
2 ESl 9 Vinifera 011147785114 protein thaumatin 0.784 239 46 6428 9 422 45 2808
VITISV_021587
hypothetical
ESI i|147789487 protein thaumatin 0.885 242 8.5 133 2 7.1 7.0 32.11
VITISV_001194
glycoside
MALDI i[347835718  hydrolase family 0.733 109.3 45 4383 6 7.2 5.7 11.69
3 1 Botrytis 31 protein glycoside
cinerea hypothetical hydrolase
ESI gi|154295712 protein 0.736 109.3 45 919.6 15 17.7 5.8 21.39
BC1G_12859
MALDI Botrytis putative alpha glycoside 88.2 3 3.8 4.9
4 1 " i|472238473 mannosidase 0.703 916 48 55
ESI cinerea family protein hydrolase 274.6 4 4.6 37.91
MALDI . hypothetical " 1221.9 9 8 9.25
5 ESI 1 Bcfﬁ?r/;las 9i[154320662 protein fgger;ie 0.714 04T g9 17 s 1 1000
BC1G 01803 P - : :
MALDI 3 . hypothetical : 202.1 3 4.4 9.44
6 £l 5 Bﬂ‘:};’f’;: 0il154309609 protein ’;"stfg:e 0.841 823 46 ,.0 s 7a 53 a
BC1G 07275 PP : : :
MALDI Botrytis hypothetical possible 140.1 2 124 3.26
7 4 N 0i|154321738 protein heatshock 0.737 218 4 55
ESI cinerea BCIG 01016 protein 325.6 5 17.3 59.32
hypothetical
MALDI 0i|154316249 protein 0.644 63 44 8315 9 15.7 4.9 8.87
8 3 Botrytis BC1G_03710 serine
cinerea similar to protease
ESI 0i|347836387  carboxypeptidase, 0.646 649 46 1080.5 17 217 49 1564
partial sequence
MALDI Botrytis . 1547.8 18 284 6.42
9 Es| 5 cinerea 0i|15022489 laccase 2 laccase 0.703 634 45 3175.2 5 485 5.2 2943
MALDI Botrytis hypothetical serine 130 2 3.9 4.76
10 3 N 0i|154310457 protein 0.357 618 46 7.1
ESI cinerea BCIG 07149 protease 160.5 2 52 38.57
MALDI . similar to serine . 1129.6 12 145 8.54
Botrytis . . serine
11 Es| 3 cinerea gi[347833309 carbo(xgggg;ldase protease 0.779 60.8 4.7 1204 2 331 7.7 27.35
MALDI Botryts hypothetical GP;éﬂn‘(,:vg?Ired 198.2 2 7.2 2.74
12 ESI 4 cinerea 9i[154300984 protein organization .17 4143 303.5 5 12.2 29 40.59
BC1G_10630 ©
protein
MALDI Botrytis pectin pectin 2133 3 115 13.95
13 4 " 0i[18307424 methylesterase 0.878 38 44 33
ESI cinerea [Botrytis cinerea] methylesterase 504.6 8 19.3 33.35
MALDI Botrytis hypothetical serine 159.9 2 49 8.18
14 6 . gi|154317922 protein 0.782 61.7 4.8 51
ESI cinerea BC1G 02944 protease 1030.8 16 26.4 27.13
MALDI Botrytis similar to GPI Ubiquitin 3 99.3 1 3.4 2.09
15 6 . 0i|347827471  anchored cell wall  binding 0.623 368 4.4 6.7
ESI cinerea protein protein 273.7 5 14.6 41.78
MALDI pepsin-like 241.1 2 4.6 0.51
proteinase
Botrytis . aspartic proteinase secreted from
16 ESI 8 cinerea gi[114149215 precursor, partial  pathogen to 0.562 505 44 158.2 3 11 37 15.81
degrade host
proteins
MALDI 9 Botrytis " . . 227.1 2 173 8.73
17 ES| 8 cinerea 0i[154320159  predicted protein  x unknown 0.869 172 39 426.4 6 272 4.9 41.15
MALDI Botrytis . acid protease 1, . 1753 2 13.1 6.28
18 ES| cinerea i[374094008 partial acid protease 0.596 227 47 3171 4 342 29 53.84
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Perutka et al., 2019, Proteins identified in standard clear white wines

sample E

Signal peptide
Accession prediction (D- Number Sequence|Proline|
Protein Ionlza}lon Gel slice Organism e s e ETE Protgln sco_revalues MW pl |score of coverage wmemRMSQO
number{technique|number (NCBInr) function  |provided by the|[kDa] sequenced [%] [%] [ppm]
Signal P 4.1 peptides Q °.
server)
SR . unnamed protein cysteine
1 MALDI 2 Vitis vinifera gi|297740510 product, partial protease 0.106 41.1 4.2 1079.4 12 17.8 9.8 5.39
PREDICTED:
2 MALDI 4 Vitis vinifera  gi|225445553 blue copper stellacyanin 0.836 30.7 51 3379 5 124 6.6 1.56
protein
3 MALDI 5  Vitisvinifera gi[296084197 Unnamedprotein e 0.127 60.5 4.4 8009 9 192 57 775
product, partial
hypothetical
4 MALDI 8 Vitis vinifera gi|147789487 protein thaumatin 0.885 242 85 206.6 2 7.1 7.0 14.75
VITISV_001194
Chain A, Structure
Of Haze Forming
Proteins In White
5 MALDI 9 Vitis vinifera gi|605603680  Wines: Vitis thaumatin 0.192 212 45 6143 7 36.3 5.0 2.68
Vinifera
Thaumatin-like
Proteins
hypothetical
6 MALDI 12 Vitis vinifera  gi|147784001 protein PR-4 protein 0.879 126 9.4 1113 1 13.7 4.2 6.36
VITISV_041168
. hypothetical .
7  MALDI 4 Eéi"r:?r’;f 0i[154320662 protein Szdg'[;:'sr; 0.714 70 47 2102 2 25 71 03
BC1G_ 01803 P°P
Botrytis hypothetical
8 MALDI 4 cin?r/;a 0i[154310457 protein serine protease 0.357 618 4.6 107.7 2 39 7.1 6.03
BC1G_07149
Botrytis p
9 MALDI 5 cinerea gi|15022489 laccase 2 laccase 0.703 63.4 45 5204 6 114 52 6.45
Botrytis similar to serine
10  MALDI 5 otry! gi|347833309 carboxypeptidase serine protease 0.779 60.8 4.7 203.7 2 6.3 77 928
cinerea CodS
11 MALDI 1 Saccce'::\’,?;’afes 0i[323354858 Crhip transglycosidase ~ 0.699 456 45 2306 3 78 32 634
12 MALDI 2 Saccfr‘g\';‘i’sr?afes gi[190408245 lysophospholipase phospholipase 0.462 754 45 5982 6 127 41 735
13 MALDI 2 Saccce'::\’,?;’afes qi[767254761 Ygplp asparaginase 0.818 37.2 53 2688 2 48 51 932
Saccharomyces | hypothetical stress induced
14 MALDI 3 - gi|190406234 protein ¥ " 0.803 243 43 2314 2 11.4 1.8 5.45
cerevisiae SCRG 05191 cell-wall protein
Saccharomyces . extracellular
15 MALDI 5 cerevisiae gi|766436800 Prylp protein 0.766 298 4.4 144 2 10 4.8 8.63
Saccharomyces . extracellular
16 MALDI 6 cerevisiae gi[323304370 Pry3p protein 0.712 92.7 4.5 607.2 5 5.8 3.2 11.11
17 MALDI 5  Sacoharomyces ooaanq7g Toslp putative 0.824 442 46 3965 5 145 28 69
cerevisiae glycosidase

XC




Perutka et al., 2019, Proteins identified in standard clear white wines, sample F

Signal peptide
. prediction (D- .
Rrotein]fionization] Celolics Organism P;]cl::re;ts)g)rn Protein name Roten SEBVEINES || Uy 1 |Score Zleunl]srﬁge%f iiﬂﬁ:c: :Jr?:!e%et RMSo0
number | technique | number g function | provided by [[kDa] P quer 9 [ppm]
(NCBInr) N peptides [%] [%]
the Signal P
4.1 server)
ST . unnamed protein  cysteine
1 MALDI 2 Vitis vinifera gi[297740510 product, partial protease 0.106 411 42 634 7 16.7 9.8 4.48
PREDICTED:
2 MALDI 2 Vitis vinifera gi[225445553  blue copper stellacyanin 0.836 30.7 5.1 159.1 2 7.7 6.6 5.11
protein
putative
3 MALDI 10 Vitis vinifera  gi|7406714  thaumatin-like  thaumatin 0.151 20.1 45 191 2 15.3 6.8 15.36
irotein. iartial
Botrytis glycoside lycoside
4 MALDI 1 otry qil347835718 hydrolase family 9. 0733  100.3 45 2434 3 36 57 261
cinerea . hydrolase
31 protein
Botrytis hypothetical serine
5 MALDI 2 cin(-rz)r/ea 0i|154320662 protein rotease 0.714 70 4.7 439.7 4 4.8 7.1 53
BC1G 01803 P
6 MALDI 5 Eﬁ\t?r,;f gi[15022489 laccase 2 laccase 0.703 63.4 4.5 1250.3 13 229 52 8.96
. similar to serine .
7 MALDI 5 Botylls 1347833309 carboxypeptidase Sor 0.779 60.8 4.7 5005 5 13 77 641
cinerea protease
(CpdS)
. hypothetical .
8  MALDI 5 E%‘;ﬁf gil154310457 protein fg;'er;; 0357 618 461762 2 39 71 1247
BC1G 07149 P
. hypothetical .
9 MALDI 6 E%‘;ﬁf gill54316249 protein fg;'er;; 0.646 63 44 1185 2 24 49 1131
BC1G 03710 P
Botrytis endo-beta-1,4-
10 MALDI 7 cinerea gi|48093959 glucanase cellulase 0.764 442 4.2 166.5 1 6.1 32 7.76
recursor
Saccharomyces . . lysophospho-
11 MALDI 1 cerevisiae gi|190408245 lysophospholipase lipase 0.462 75.4 45 706.5 7 135 4.1 8.29
hyphally
Saccharomyces . regulated cell
12 MALDI 1 cerevisiae gi[323307336 Hpflp wall 0.652 69 6.2 4823 5 9.4 2.8 7.64
mannoprotein
hyphally
Saccharomyces . YARO066W-like regulated cell
13 MALDI 1 cerevisiae gi[323309306 protein wall 0.647 63.8 4.5 136.7 2 51 25 4.05
mannoprotein
14 MALDI 2 Saccgr‘:{,‘i’g‘afes gil767254761  Ygplp asparaginase  0.818  37.2 53 6168 5 76 51 14.94
Saccharomyces hypothetical Tir, cell-wall
15 MALDI 2 cerevisiae 0i|190406234 protein 'rotein 0.803 243 4.3 308.9 3 114 18 6.9
SCRG 05191 P
hyphally
Saccharomyces . . regulated cell
16 MALDI 3 cerevisiae 0i[584368899 Hpflp, partial wall 0.659 75 4.1 8118 8 113 4.5 3.32

mannoprotein




Perutka et al., 2019, Proteins identified in a nouveau wine, sample G

Signal
peptide
prediction
Protein | lonization |Gel slicel . Accession ) ) ) (D-score MW Number of|Sequence | Proline RMS90
number| technique | number Organism number Protein name  |Protein function| values [kDa] pl | Score |sequenced | coverage |content [pm]
(NCBInr) provided peptides [%0] [%]
by the
Signal P
4.1 server)
IR n unnamed protein .
1 ESI 1 Vitis vinifera  gi|297740510 product, partial cysteine protease  0.106 41.1 4212382 24 255 9.8 58.0
PREDICTED: beta-
IR n fructofuranosidase, :
2 ESI 4 Vitis vinifera  gi|225466093 soluble isoenzyme invertase 0.122 72.0 4.6 1559.4 30 27.4 6.5 47.1
I-like
3 EsI 9 Vitisvinifera  gi[7406716 p“t"lti"‘(’:;‘g;'e'i’:f“”' thaumatin 0.777 240 49 8890 14 491 71 518
R . hypothetical protein :
4 ESI 9 Vitis vinifera  gi|147785114 VITISV 021587 thaumatin 0.784 239 46 481.1 9 40.0 5.0 50.0
PREDICTED: PRA protein
5 ESI 11 Vitis vinifera  gi|225453022  pathogenesis- P ! 0.879 151 8.1 487.0 7 37.8 33 45.0
. chitinase
related protein PR-4
PREDICTED:
6 ESI 12 Vitis vinifera  gi|225441373  glucan endo-1,3- glucosidase 0.743 36.7 85 2721 6 215 55 63.8

beta-glucosidase

7 ESI | Saccharomyces 60004761 Ygplp asparaginase  0.818  37.2 53 2205 4 119 51 399
cerevisiae
8 ESI g Saccharomyces 03308046 Crhip transglycosidase  0.699 534 4.5 1332 3 76 28 502
cerevisiae
Saccharomyces . 1,3-glucan
9 ESI 12 v o gif323303769 FksLp aynthase 0101 214868 2492 6 18 46 602

Perutka et al., 2019, Proteins identified in a grape juice, sample H

Signal peptide
. prediction (D- Number .
RroteinfiomzatoniCelilice Organism ﬁcjfﬁggﬁ’n Protein name Protein function Sorelve uesigMvY I [Score| o ice)(\]/ufncep';?:l?ﬁ RSO0
number|technique|number g provided by the [[kDa] P Isequenced crage|conte [ppm]
(NCBInr) A ) [%6] [%6]
Signal P 4.1 peptides
server)
1 ESI 1(5) Vilis  iog7740510 Unnamed protein o ine protease 0.106 411 42 3454 5 162 57 640
vinifera product, partial
2 ESI 1 Vitis  iia0p141g9g UnNamed protein LysM domain protein, 0.133 428 511220 3 86 83 550
vinifera product, partial  pathogen interaction
Vitis hypothetical
3 ESI 2 vinifera gi|147825156 protein PPR2 protein 0.114 59.6 7.0 130.2 2 19 32 51.2
VITISV_034156
Vitis . unnamed protein .
4 ESI 4 vinifera gi[296084197 product, partial invertase 0.127 60.5 4.4 927.4 17 25.6 5.7 64.4
Vitis . unnamed protein
5 ESI 4 vinifera gi|297744095 product, partial unknown 0.133 499 55 196.9 4 11.6 7.8 58.3
- hypothetical .
Vitis . . Glycerophosphodiester
6 ESI 4 s gi|147811111 protein " 0.938 70.4 55 1151 3 4.8 4.0 81.2
vinifera VITISV 027762 phosphodiesterase
Vitis . unnamed protein  glycoside hydrolase,
7 ESI 5 vinifera gi[296084540 product, partial heparanase 0.838 58.6 6.3 123.8 2 3.9 4.1 77.3
- hypothetical .
8 ESl 6 v¥ :]E':ra gil147766674 protein p°'y’ihfg;'ng:e'dase' 0.183 674 60 3252 7 107 72 388
VITISV_035472 Y
Vitis . unnamed protein  polyphenol oxidase,
9 ESI 6 vinifera gi[297736730 product, partial tyrosinase 0.194 515 5.7 168.2 4 9.9 73 64.9
10 Esl 6 Vilis  iog7739731 Unnamed protein - polygalacturonase 0.756 355 90 1141 2 75 72 707
vinifera product, partial inhibitor
Vitis . class IV .
11 ESI 7 vinifera gi[2306813 endochitinase chitinase 0.928 275 5.4 640.7 13 35.6 2.0 66.8
Vitis PREDICTED:
12 ESI 7 vinifera 0i|225441373 glucan endo-1,3- glucosidase 0.743 36.7 8.5 308.0 5 15.0 55 59.3
beta-glucosidase
Vitis hypothetical
13 ESI 7 vinifera gi|147790682 protein cysteine protease 0.930 515 5.1 2325 3 9.2 45 62.6
VITISV_001146
Vitis hypothetical
14 ESI 8 vinifera gi|147787076 protein chitinase 0.920 28.0 4.7 529.7 9 22.3 24 62.3
VITISV_033131
Vitis putative
15 ESI 9 vinifera 0i|7406716  thaumatin-like thaumatin 0.777 24.0 4.9 6416 10 41.7 7.1 70.6
protein
Vitis thaumatin-like
16 ESI 9 vinifera gi[33329390 protein [Vitis thaumatin 0.847 239 4.7 2416 4 18.2 55 63.3
vinifera]
Vitis hypothetical cysteine proteinase
17 ESI 12 vinifera gi|147768392 protein 4 inhi%ilor 0.098 112 56 262.2 6 55.4 3.0 63.3
VITISV_031522
18 ESI 12 vi\rq:?esra 0i|3511147  PR-4 type protein PR4 protein, chitinase 0.879 15.2 55 192.6 2 112 33 76.2
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1 | INTRODUCTION

| Marek Sebela

Abstract

Cysteine protease from grapevine (Vitis vinifera) belongs to those resistant proteins,
which survive the process of vinification and can therefore be detected as wine
components. Its amino acid sequence shows a homology to other members of
the papain family, but the enzyme has only partially been explored so far. In order
to get more biochemical information with the help of mass spectrometry (MS), wine
proteins were collected by ultrafiltration and separated by gel permeation
chromatography. The purified enzyme surprisingly displayed a high molecular mass
value of around 200 kDa, indicating a possible oligomeric status and aggregation, as
it entered only negligibly the separating 10% gel during polyacrylamide gel
electrophoresis. The isoelectric point (pl) value of 3.6 was determined by
chromatofocusing. Matrix-assisted laser desorption/ionization (MALDI}-MS was
employed to evaluate the cleavage specificity and usefulness of the isolated
cysteine protease in protein and peptide research. A potential applicability could
be anticipated from the efficient digestion performance in volatile ammonium
formate buffers at pH 3. Common peptides were digested and the resulting
products analyzed by MS/MS sequencing. Then, mixtures of protein standards
and extracted barley nuclear proteins were processed in the same way. Grape
cysteine protease is nonspecific but shows a certain preference for Arg Lys,
and also Leu residues. Compared with papain, it seems not to require fully the
presence of a large hydrophobic residue adjacent to that at the cleavage site.
The enzyme is suitable for protein research as it produces peptides of a reasonable
length in acidic pH.

KEYWORDS

cysteine protease, digestion, liquid chromatography, papain, peptide, RD21

constituent compared with the concentration of ethanol, organic
acids, sugars, and glycerol.? They originate primarily not only from

The protein content of wine may reach several hundred milligrams
per liter.® Yet, the soluble proteins represent only a minor wine

Abbreviations: ACTH, adrenocorticotropic hormone; BSA, bovine serum albumin; CHCA,
alpha-cyano-4-hydroxycinnamic acid; CYSP, cysteine protease; FDR, false discovery rate;
PR, pathog lated; RD21, responsive-to-desiccation (protein) 21: TCEP, tris(2-
carboxyethyl)phosphine; TLP, thaumatin-like protein

the grape pulp but also from the autolyzed winemaking yeast. Many
proteins become precipitated at the end of fermentation. Those that
remain after the vinification process are highly resistant to proteoly-
sis and low pH of around 3 of the final product. It has been shown
that wines vinified from different grapevine varieties contain similar

soluble |:|roteins.3 A major group consists of chitinases and

J Mass Spectrom. 2020;55:e4444.
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thaumatin-like proteins (TLPs), which possess molecular masses in
the range of 20 to 30 kDa. They belong to pathogenesis-related pro-
teins (PR proteins): PR-3 and PR-5 family, respectively.® PR proteins
are produced by plants as a part of defense mechanisms against fun-
gal pathogens. Chitinases and TLPs are known as haze-active and
thus responsible for the unattractive turbidity (haze) and proteina-
ceous sediments of bottled wine.® In principle, elevated tempera-
tures induce a structural unfolding of the haze-active proteins and
their association with nearby proteins or other wine components
to form aggregates.” Other grape proteins detected in wine include,
eg, lipid transfer protein, osmotin, peroxidase, stellacyanin, and vacu-
olar invertase. A grape cysteine protease (CYSP) was also found.
Yeast (Saccharomyces cerevisiae) cells release not only hydrolases
(asparaginase, glycosidase, phospholipase, and phosphatase) but also
a haze-protective yeast mannoprotein. Laccase, proteases, and other
hydrolases reflect the infection of grapes by Botrytis cinerea.®

The sequence of CYSP (NCBI Protein database accession number
CBI30692) is largely homologous to those of many other plant CYSPs
from the papain family (Figure S1) including for example the RD21
enzyme (the abbreviation comes from “Responsive-to-Desiccation”)
from Arabidopsis thaliana® or oryzains from rice.'® CYSPs (EC
3.4.22) function via the formation of a thioester intermediate
between the substrate's acyl part and the catalytic thiol group at
the active site.!® Papain cleavage specificity is based on binding of
a bulky nonpolar residue (eg, Leu, Phe, or Val) at the P2 position in
substrates. At the P1 position (the cleaved bond appears between
P1 and P1'), papain rather prefers Arg but generally the enzyme has
a broad specificity.>'® Similarly, proteclytic assays with peptides
show that RD21-like enzymes prefer aromatic and hydrophobic resi-
dues at the P2 position.*® The biological role of papain has not yet
been well defined. But its presence in the latex and fruit of papaya
as well as promiscuous cleavage specificity indicates the possible
involvement in plant protection mechanisms against pests and
fungi.’® Indeed, many experimental evidences such as the results of
knockout studies of the corresponding genes, inhibitions by pathogen
effectors, induction of defense responses, and cell death plus a
coreceptor role in signaling support the role of papain-like CYSPs as
central hubs of plant immunity.!>'® A CYSP was previously partially
purified from white grapes of the Macabeo variety using a polyvinyl
pyrrolidone treatment of the grape extract followed by ultrafiltration
and gel permeation chromatography.'” Polyacrylamide gel electro-
phoresis yielded a molecular mass value of 128 kDa, and the enzyme
showed a pH optimum of 2.5.

In this work, we partially purified CYSP from a relatively large
volume of white wine to analyze its biochemical properties and
evaluate the cleavage specificity and applicability in mass spectrom-
etry (MS) of proteins and peptides. The purification procedure
combined ultrafiltration and liquid chromatography (LC). Both the
molecular mass and isoelectric point values were determined. The
enzyme is highly active at pH 3, which corresponds to the pH value
of wine and digests peptides and proteins with low cleavage speci-
ficity. But anyway, it shows a preference for the C-termini of Arg,

Lys, and Leu.

PERUTKA AND SEBELA
2 | MATERIALS AND METHODS
2.1 | Chemicals and protein material

Alpha-cyano-4-hydroxycinnamic acid (CHCA), angiotensin Il, adreno-
corticotropic hormone (ACTH) fragment 18-39, somatostatin-28, and
Peptide Calibration Standard Il were from Bruker Daltonik (Bremen
Germany). B-Amylase from sweet potato, apoferritin from horse
spleen, Benzonase (Cat. No. E1014), bovine pancreatic insulin, bovine
serum albumin (BSA), bovine thyroglobulin, chicken lysozyme, chicken
ovalbumin, cytochrome ¢ from horse heart, myoglobin from horse
heart, rabbit glycogen phosphorylase b and SOLu-Trypsin were from
Sigma-Aldrich Chemie (Steinheim, Germany). The same vendor pro-
vided also dithiothreitol, iodoacetamide, and tris(2-carboxyethyl)phos-
phine (TCEP) hydrochloride. Alpha-chymotrypsin (Cat. No. 100451)
was purchased from MP Biomedicals (lllkirch, France). Trifluoroacetic
acid (TFA) and LC-MS grade solvents for LC of peptides (acetonitrile
and water) were purchased from Merck (Darmstadt, Germany). All
other chemicals were of the analytical purity grade.

2.2 | Ultrafiltration of wine

A nouveau unfined white wine made of grapes of the Irsai Oliver vari-
ety and originating from Rajhradice, South Moravia (Czech Republic),
was centrifuged at 4200 g for 1 hour and then processed for protein
isolation. In the first step, an ultrafiltration using 10-kDa cutoff filters
was performed at laboratory temperature to reduce the volume from
4630 to 400 mL The concentrated wine was subjected to a dialysis
against 50-mM ammonium acetate for 48 hours when the dialysis
buffer was replaced two times. Then the ultrafiltration continued to

reach a final volume of 13 mL with a protein content of 15 mg mL™.

2.3 | Chromatographic purification of grape CYSP

The dialyzed and ultrafiltered wine proteins were separated by gel
permeation chromatography on a Sepharyl 5-300 HR (GE Healthcare,
Uppsala, Sweden) column (2.5 em i.d. x 50 cm) attached to a BiolLogic
LP low-pressure chromatography system (Bio-Rad, Hercules, CA,
USA). The column was equilibrated in 50-mM ammonium acetate
and operated at a flow rate of 2 mL min™". Each single run lasted for
180 minutes and was monitored at 280 nm. The respective protein
load was 2 mL at a concentration of 15 mg mL™%. The eluate was
collected in five fractions according to the peaks observed in the
chromatogram. The collected material was concentrated by ultrafiltra-
tion with a 10-kDa cutoff fiter and the presence of CYSP in
the respective fraction was confirmed by gel-based proteomics
using nanoflow LC (nanoLC) coupled to matrix-assisted laser
desorption/ionization (MALDI)- time-of-flight (TOF)/TOF MS/MS.'®
Alternatively to the cited protocol with modified bovine trypsin,
SOLu-Trypsin (Sigma-Aldrich) and chymotrypsin were used for diges-
tions. The above ultrafiltrate containing CYSP (referred to as the CYSP

working solution from here on; 2 mg mL™ protein) was further
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separated by chromatofocusing for pl determination**2? on a Mono P
HR 5/20 column (GE Healthcare) attached to a Biologic Duo-Flow
medium-pressure chromatographic system (Bio-Rad) equipped addi-
tionally with a QuadTec UV-Vis detector and pH-monitoring cell
(Bio-Rad). The loading buffer used was 25-mM Bis-Tris adjusted to
pH 7.0 by iminodiacetic acid. The elution buffers 1 and 2 contained
10% (v/v) Polybuffer 74 (GE Healthcare) adjusted to pH 4.0 and 3.0,
respectively, by iminodiacetic acid. CYSP sample was thoroughly dia-
lyzed against the loading buffer prior to chromatofocusing. The col-
umn was regenerated by repeated injections of 5-M NaOH (500 pl)
and equilibrated in the loading buffer at a flow rate of 0.5 mL min™%;
the same flow rate was used for all separations. Each run had duration
of 60 minutes. After sample injection (500-uL loop; 2 mg mL™" protein
content), the chromatography continued with the elution buffer 1 in
the time window of 5 to 38 minutes and then with the elution buffer
2 during 38 to 60 minutes. The separation was monitored by absorp-
tion at 280 nm and by the pH of the eluate. Protein fractions were
pooled and the solvent evaporated in a vacuum centrifuge. Then a
protein aliquot (approximately 50 ug) was dissolved in 50 pL of 100-
mM NH4HCO; and mixed with 15 plL of 8-M urea for denaturation,
which was followed by the addition of 4 pL of 55-mM dithiothreitol
for disulfide reduction. The solution was incubated at 56°C for
30 minutes and then cooled down on ice. An alkylation step followed
at laboratory temperature when 4 plL of 330-mM iodoacetamide were
added and the solution incubated in the dark for 30 minutes. Final
consecutive additions included 8 plL of 55-mM dithiothreitol and
118 pL of 100-mM NH4HCOs. The digestion was initiated by adding
1 ug of a modified trypsin® and continued at 37°C and 400 revolu-
tions per minute (RPM) for 18 hours. Centrifugation at 10 000 g for
10 minutes followed. The supernatant was divided into 100-uL ali-
quots and evaporated in a vacuum centrifuge. The recovered tryptic
peptides from a single aliquot were dissolved in 15 pL of 0.1% TFA
by a short sonication step prior to desalting using ZipTip C18 pipette
tips (Merck-Millipore, Carrigtwohill, Ireland). Finally, the sample was
reconstituted in 15 pL of the same solvent and analyzed by nanoLC-
MALDI-TOF/TOF MS/MS (see at the end of Section 2).

2.4 | Protein assay, protease activity assay, and
SDS-PAGE

Protein concentration was determined by a spectrophotometric
method with bicinchoninic acid®? using BSA as a calibration standard.
To estimate CYSP activity, BSA (100-pug aliquots), after a previous
reduction with dithiothreitol and alkylation with iodoacetamide, was
digested by CYSP added in different protease-to-substrate mass ratios
(1:10, 1:50, 1:100, 1:500, 1:1000, 1:5000, 1:10 000, and 1:50 000).
The reactions were conducted in 50-mM ammonium formate,
pH 3.0, at 37°C for 18 hours. This was based on the previously
described pH optimum of grape protease of 2.5'7 and considering
the availability of ammonium formate as a volatile buffer for pH 3.0,
which is a typical pH value of wine®. The time period of 18 hours
was based on standard procedures of overnight protein digestions.

Then the reaction mixtures were subjected to sodium dodecyl sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE) (20-pg sample loads—
calculated to the initial protein content). The remaining protein sub-
strate after the digestion was evaluated and compared with an undi-
gested control by reading the intensity of the respective BSA band
on scanned gel images using GelAnalyzer 2010 software (developed
by Istvan Lazar, http://gelanalyzer.com). SDS-PAGE was routinely per-
formed in a discontinuous system according to Laemmli®® using 4%
stacking and 10% resolving polyacrylamide gels (1-mm thick). The
electrophoresis took place in a Mini-Protean Il apparatus (Bio-Rad)
under a constant voltage of 110 V until the marker dye reached the
bottom of the gel slab. After electrophoresis, the gels were stained
by Bio-Safe Coomassie Stain (Bio-Rad).

2.5 | Peptide digestions by grape CYSP

Peptide substrates (angiotensin 1l, ACTH fragment, insulin, and
somatostatin) were each dissolved in LC-MS grade water to make
stock solutions of 750 to 1000 pmol pL™. The stock solutions were
diluted in 50-mM ammonium formate, pH 3.0, to achieve final peptide
concentrations of 3 to 4 pmol pL ™. The CYSP working solution (1 pL)
was added to a volume of 25 plL of the diluted peptide solution and
the mixture was incubated at 37°C for 30 minutes. This time period
was selected to achieve a complete or advanced digestion of the ana-
lyzed peptide. Then the solvent was evaporated in a vacuum centri-
fuge and the collected peptide fragments were dissolved in 20 pL of
0.1% TFA (5-minute sonication), desalted using ZipTip C18 pipette tips
(Merck-Millipere) and analyzed by MALDI-TOF/TOF MS/MS analyses
(see at the end of this section).

2.6 | Protein digestions by grape CYSP

A model protein mixture was prepared by dissolving BSA, bovine thy-
roglobulin, chicken lysozyme, chicken ovalbumin, equine apoferritin,
equine cytochrome ¢, equine myoglobin, rabbit glycogen phosphory-
lase b, and sweet potato B-amylase in LC-MS grade water. The final
concentration of each protein in the mixture was 0.11 mg mL™. Then
the in-solution reduction and alkylation steps were performed as
described above. Additionally, 1 pL of 50% formic acid ensured acidi-
fication plus 118 pL of 50-mM amonnium formate, pH 3.0, were
added instead of 50-mM NH4HCO,. CYSP (1 plL of the working solu-
tion) was used, and the proteins were digested at 37°C and 400 RPM
for 18 hours. After a centrifugation at 10 000 g for 10 minutes, the
supematant was divided into two aliquots (100 pL) and evaporated
in a vacuum centrifuge. The collected peptides were dissolved in
20 plL of 0.1% TFA (5-minute sonication) and desalted using ZipTip
C18 pipette tips (Merck-Millipore). The desalted peptide mixture was
diluted 10 times prior to nanoLC-MALDI-TOF/TOF MS/MS analysis
(see at the end of this section).

Barley nuclear proteins were extracted from 10 million G2-phase
nuclei collected by flow cytometry as described previously.'® The
nuclei were suspended in 40 puL of the Benzonase digestion buffer
(50-mM Tris-HCI, 2-mM MgClz, pH 8.0), sonicated for 15 minutes
and incubated at 70°C and 900 RPM for 5 hours. The sample was
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cooled down, and 20 pL of 8-M urea and 10-mM dithiothreitol in the
Benzonase digestion buffer were added. This was followed by incuba-
tion at 25°C and 950 RPM for 1 hour. After mixing by a pipette with
repeated aspiration and release of the suspension, DNA digestion
was initiated by adding 0.5 plL of the commercial Benzonase solution
and continued at 25°C overnight. The tube content was spun down,
and the proteins reduced by adding 15 pL of 5-mM TCEP in 50-mM
Tris-HCl, pH 8.0, followed by incubation at 25°C and 400 RPM for
45 minutes. Next, cysteine alkylation was achieved by adding 15 uL
of 50-mM iodoacetamide in 50-mM Tris-HCI, pH 8.0, and incubation
in the dark at 25°C for 30 minutes. The reaction mixture was then
acidified by 0.5 pL of 50% formic acid and diluted with 150 pL of
50-mM ammonium formate, pH 3.0. The CYSP working solution
(1 pL) was added, and the proteins are digested at 37°C and 400
RPM for 18 hours. After a centrifugation at 10 000 g for 10 minutes,
the supernatant was evaporated in a vacuum centrifuge. The collected
peptides were reconstituted in 20 plL of 0.1% TFA (5-minute
sonication), desalted using ZipTip C18 pipette tips (Merck-Millipore)
and then analyzed by nanoMALDI-TOF/TOF MS/MS (see at the end
of this section).

2.7 | MS of peptides

Mass spectrometric analyses were performed on an ultrafleXtreme
MALDI-TOF/TOF mass spectrometer equipped with smartbeam-ll
laser providing a repetition rate of up to 2000 Hz (Bruker Daltonik).
A Dionex UltiMate3000 RSLCnano liquid chromatograph (Thermo
Fisher Scientific, Germering, Germany) connected to a Proteineer fe
Il fraction collection device (Bruker Daltonik) was used for nanolC-
MALDI TOF/TOF MS/MS. The experimental setup including the
analytical column, pre-column, composition of mobile phases, flow
rates, gradient programming, and collecting of the eluate on the
MALDI target plate as well as the automated MS and MS/MS data
acquisitions were the same as described previously.'® Database
searches were performed either using ProteinScape 3.1 (Bruker
Daltonik) and Mascot Server 2.4 (Matrix Science, London, UK) or
PEAKS Studio 8 (Bioinformatics Solutions, Waterloo, ON, Canada)
software. A Microflex LRF20 MALDI-TOF mass spectrometer (Bruker

Daltonik) was used for a fast evaluation of digestion mixtures.

3 | RESULTS AND DISCUSSION

The proteins isolated by ultrafiltration from the Irsai Oliver white wine
sample were separated by gel permeation chromatography on
Sephacryl 5-300 HR and collected in five fractions (Figure 1A).
Fraction 2 contained grape CYSP, which could be confirmed by
nanoLC-MALDI-TOF/TOF MS/MS (NCBI Protein accession number:
CBI30692 and gi|297740510) after SDS-PAGE and in-gel digestion
(Table S1). A molecular mass value of 190 kDa was estimated from
the elution time of fraction 2 and a column calibration made with pro-
tein markers (not shown). During repeated separations, fraction 2 was
collected starting from the elution time of 56 minutes representing a

boundary with the partially overlapping fraction 1. The total protein
yield was 6 mg. The enzyme could not be separated completely from
a yeast asparaginase (EC 3.5.1.1; NCBI Protein accession number:
AJT33259 and gi|767254761) prevailing in fraction 1. Records in the
literature describe asparaginases as oligomeric proteins2* A high
molecular mass value of 800 kDa has been published for the secreted
and glycosylated enzyme from S. cerevisiae,” and elucidated by an
aggregation of the oligomers.®* Recently, a monomer mass of
45 kDa was reported, which is higher than a sequence-based predic-
tion of 37.5 kDa because of the glycosylation.?® Both CYSP and
asparaginase provided two closely associated bands on the polyacryl-
amide gel (Figure 1B). It seems that CYSP also forms oligomers and
because of its potential glycosylation it might aggregate as well. We
always identified CYSP at the top of polyacrylamide gels for different
wine samples in our previous work on wine proteins,® and the first
published experimental evidence suggested a molecular mass value
of 128 kDa.'” A homologous protease RD21 isolated from daikon
radish (Raphanus sativus) was found to form aggregates involving
trimers and tetramers.2” Interestingly, CYSP-based peptides could be
detected by MS/MS also for fraction 3, which would correspond to
a molecular mass of around 30 kDa.

The amino acid sequence deposited under the accession number
CBI30692 in the NCBI protein database comprises 377 amino acids
(Figure S2). It comes from the results of a Vitis vinifera genome
sequencing project.”® A bioinformatic analysis by the database admin-
istration revealed the presence of the coding region for a mature
CYSP (positions 12-228; 217 amino acids in length) providing a theo-
retical molecular mass value of 23.5 kDa and isoelectric point (pl) of
3.6. Additionally, a granulin domain is present (positions 273-329) plus
a region with proline repetitions (positions 243-263). The CYSP coding
region contains a single potential N-glycosylation site. The whole
sequence is completely identical with a major part of another
sequence deposited under the accession number XP_002266308
and comprising 501 amino acids, which has been assembled by an
automated computational analysis (Figure 52). At the N-terminus, this
longer sequence additionally contains a signal peptide (positions 1-24,
as determined using SignalP: http://www.cbs.dtu.dk/services/SignalP/
) and a propeptide with cathepsin inhibitor domain, both similar to
some other premature papain-like enzymes. It seems, based on an
analogy with Arabidopsis RD21 protein,?? that the grape CYSP is also
synthesized as a pro-protein of around 56 kDa, which is further proc-
essed via an intermediate (approximately 40 kDa) containing the
granulin part to the mature enzyme. It has been shown that the
granulin domain mediates formation of aggregates, which prevent
from efficient maturation.”® Visualized CYSP bands on SDS-PAGE gels
(Figure 1B) were used for in-gel protein digestions with SOLu trypsin,
raffinose modified-trypsin®* or chymotrypsin. The peptide sequences,
which were subsequently obtained by nanolC-MALDI-TOF/TOF
MS/MS of the in-gel digests, covered largely the coding region of
CYSP but not at all the propeptide and granulin domain sequences.
This would clearly indicate the presence of mature CYSP in wine.

The isoelectric point of 3.6 of the isolated CYSP was experimen-
tally determined by means of chromatofocusing (Figure 2), and it is
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FIGURE 1 Gel permeation chromatography 0.20 5 250 -
of wine proteins. A, shows a representative 150 e
chromatogram; the sample load was 30 mg at E 100 g
a flow rate of 2 mL min~! of the mobile phase 2 0.154 -
(50-mM ammonium acetate). B, depicts a 10% :E
SDS-PAGE gel with proteins separated from & 0104 50—
fraction 2 obtained by the chromatography. _E
The gel was stained using Bio-Safe Coomassie E 0,05 37—
Stain (Bio-Rad); from the left: protein f
standards (Precision Plus, Bio-Rad) with the 25
indicated molecular mass and a fraction-2 0.00 7 -
?ample (15 ugl. The Sf"'."ple s SEpamt'?d 0 20 40 €0 8 100 120 140 160 180 20 -
into two bands containing yeast asparaginase
(top) and CYSP (bottom). Elution time (min)
12 amount of the digested protein was calculated based on the intensity
a7 p/=39 L1 (‘volume”) of the cormresponding Coomassie-stained BSA bands
0.06 4 (Figure 3). It can be seen that the ratios from 1:10 to 1:100 resulted
E 0.05 in a complete BSA degradation at the protein level. For those samples,
é 004 z where a BSA band was still visible after incubation (1:500-1:50 000),
5 5 the decreased staining intensity compared with undigested control
ﬁ 0031 E allowed calculating of the specific activity yielding an average value
3 0.02 of 0.2 nkat mg™*. This is impressive considering that the grape enzyme
ﬁ 0.01 4 is active despite the vinification procedure and storage of the nouveau
< 000l wine for several months prior to its isolation. Such stability is advanta-
geous when considering the use of CYSP for laboratory purposes.
001 o 1'0 ZIU 3lD 4'0 s'u 50 MS experiments were conducted to check the performance

Elution time (min)

FIGURE 2 Chromatofocusing of grape CYSP. Enzyme sample was
first obtained by gel permeation chromatography (see in Figure 1)
and then separated in linear pH gradient (shown as a dotted line)
produced using Polybuffer 74 on Mono P column. The flow rate was
0.5 mL min*, 1 mg of sample was loaded. Fraction containing CYSP
was collected as indicated by a hatched and shadowed box; a pl value
of 3.6 was deduced. Yeast asparaginase was coeluted and showed a p/
value of 3.9.

consistent with the abovementioned theoretical prediction from the
coding sequence. At the same time, the procedure appeared very effi-
cient for a final purification of the enzyme. But we preferred the CYSP
preparation after gel permeation chromatography for further experi-
ments involving MS analyses because of the presence of low-molecu-
lar-weight ampholytes in the elution buffer during chromatofocusing,
which could disturb if not completely removed, e.g., by dialysis. The
contaminating yeast asparaginase (EC 3.5.1.1) in principle cannot
interfere in proteolytic reactions. The reaction mechanism of
asparaginase does not involve hydrolysis of a peptide bond. Instead,
the enzyme acts on free asparagine yielding aspartate and ammonia.
Moreover, it shows neutral or slightly basic pH optimum?®.

The activity of CYSP was evaluated by monitoring a protein diges-
tion in time using SDS-PAGE. B5A aliquots were incubated at 37°C for
18 hours after applying different CYSP-to-BSA mass ratios, and the

and specificity of CYSP in peptidolytic and proteolytic reactions.
First, a few peptide standards were chosen including ACTH,
angiotensin I, insulin, and somatostatin-28. The obtained results
in Figures S3 and 4. ACTH fragment 18-39
(RPVKVYPNGAEDESAEAFPLEF; m/z 2465.2) was digested completely
to vield small fragments. Only short digestion times (10 minutes)

are illustrated

allowed to see larger fragments corresponding e.g. to peptides with
m/z 1344.7 (RPVKVYPNGAED) and 1631.8 (RPVKVYPNGAEDESA).
Angiotensin Il (DRVYIHPF; m/z 1046.6) was cleaved after the arginine,
valine, and tyrosine residues as confirmed by the following fragment
peptides: VYIHPF (m/z 775.4), YIHPF (m/z 676.3), and IHPF (m/z
513.3) plus DRVY (m/z 552.3), respectively. Somatostatin-28
(SANSNPAMAPRERKAGCKNFFWKTFTSC, with a disulfide bridge,
m/z 3147.5) was hydrolyzed by CYSP after the first lysine residue
producing a disulfide-containing peptide (K)JAGCKNFFWKTFTSC
(m/z 1637.8) as a major fragment. Another somatestatin fragments
(Figure 4) corresponded to disulfide-containing peptides (R)]
KAGCKNFFWKTFTSC (m/z 1765.9) and (G)] CKNFFWKTFTSC (m/z
1509.8). Many peptides were observed in the digest of insulin (m/z
5734.6). They appeared in the m/z range of 850 to 2800, eg, m/z
1272.6 yielding the sequence of (C)|GERGFFYTPKA|(R). The peptide
digestion results indicated non-specific cleavages with a limited prefer-
ence for the basic residues Arg and Lys at the substrate position P1.
The broad cleavage preference of CYSP was investigated in more
detail by performing proteolytic treatment of a model and real mixture
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CYSP:BSAratio  1:10 1:100 1:1000 1:10000 1:50 1:500 1:5000 1:50000 Control
BSAband volume nd nd 547 1921 nd 176 1758 2458 3068
kDa
250 " - s & FIGURE 3 Activity assay of grape cysteine
150 protease (CYSP). Bovine serum albumin (BSA)
100 aliquots were mixed with CYSP at different
75 protease-to-sample mass ratios and digested
- - - — - in solution at 37°C. Then the reaction
50 - mixtures were separated by SDS-PAGE, and
= - the disappearance of the BSA band was
a7 quantified to calculate the corresponding
specific activity value. The ratios of the
reactants and scanned BSA band volumes are
provided at the top of each sample separation
3 lane. STD abbreviation denotes the separation
lane of protein standards (Precision Plus, Bio-
20 Rad): the respective molecular masses are
indicated on the left.
[M+H]"
3000 1 =3147.5 A)
2
@ 2000 4
g [M+2HP*
= 10004 =1574.2
1
0 T h T T . 1
1000 2000 3000 4000 FIGURE4 MALDI-TOF MS of
somatostatin-28 and its fragments generated
1600 - [M+H]* Mass (m/z) by grape CYSP. A, provides a mass spectrum
= =1637.8 (B) of intact somatostatin; B, shows somatostatin
2 . . fragments after the digestion. Both spectra
2 o0 [=M1+5’g]9‘7 2‘41*7?5_9 were acquired on Microflex LRF20 MALDI-
- \ / TOF mass spectrometer operating in the
Y / linear positive ion mode. CHCA served as a
1 3 L " ;
0 . . | ' . \ matrix, it was dissolved to a concentration of
1000 2000 3000 4000 5 mg mL™! in acetonitrile: 2.5% trifluoroacetic
acid, 7:3, v/v. The sample was deposited using
Mass (m/z)

of proteins. The former sample contained nine proteins spanning a
large molecular mass range of 12 to 670 kDa; the latter one was
composed of proteins extracted from barley nuclei sorted by flow
cytometry (Table S1). The digestion was followed by nanoLC-MALDI-
TOF/TOF MS/MS analyses: 342 peptides (peptide-to-spectrum
matches with an FDR of 0.9 %) were identified for the digested model
mixture and 148 (FDR of 0.8 %) for the sample of barley nuclear pro-
teins. An average peptide length was 13 amino acids, whereas a mini-
mum length was six amino acids. Table 1 shows an overview of amino
acid residues identified at the positions P1 and P2 in investigated pro-
tein substrates when the cleavage site is defined between P1 and P1'
according to the established terminology (... P3-P2-P1|P1'-P2'-P3' ...
).t The obtained results were compared with numbers downloaded
from the MEROPS database (https://www.ebi.ac.uk/merops/) for
papain and a protease RD21. CYSP preferentially cleaves at the car-
boxyl side of Arg, similarly to papain and RD21.**'* Lys and Leu are

a standard dried-droplet technique.

also preferred. In fact, the enzyme accepts almost all other amino acids
at the P1 position but with a significantly lower incidence compared
with the mentioned group of three. As regards to the P2 position,
the downloaded MEROPS data for papain and RD21 show Leu as
the most frequent residue followed by Phe and Val. For CYSP, the
P2 position seems to be less strictly required to be occupied by a nar-
row group of hydrophobic residues. Gly, Ala, lle, Tyr, Ser, Thr, Asn, and
Glu (not charged at pH 3.0) were markedly represented.

To summarize and conclude, a native grape CYSP can be isolated
from wine by ultrafiltration and gel chromatography in a sufficient
purity, which allows its further use in digesting proteins and peptides
for MS-based research purposes. The enzyme is very stable as it sur-
vives the whole vinification process and persists in stored wine for a
long time. It is highly active at pH 3, which is a common pH value of
wine® and thus applicable in volatile ammonium formate buffers. This

would be an advantage as the acidic pH may be useful in specific
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TABLE1 The cleavage site preference of grape CYSP
Amino Acid
P1 or P2 substrate positon G P A VL 1 M F Y W s T € N Q D E K R H
P1 (model mix), CYSP 15 3 18 2 50 6 4 18 14 2 8 12 7 ? ? 14 16 58 70 1
P2 (model mix), CYSP 31 5 31 23 26 22 7 9 8 5 23 3% 2 23 10 10 31 17 14 3
P1 (barley nuclear), CYSP 6 1 5 0 27 o 0 13 8 0 1 o o0 3 0 2 0 36 3 1
P2 (barley nuclear), CYSP 14 3 13 16 8 16 0 8 12 0 8 3 0 3 0 2 8 16 6 2
P1, MEROPS, papain 6 1 3 2 ] 1 4 10 3 1 2 4 2 3 1 2 2 1 28 3
P2, MEROPS, papain 1 2 3 6 36 1 3 8 4 1 1 5 1 1 1 1 3 2 2 2
P1, MEROPS, RD21 0 0 0 0 0 0 0 1 0o 0 1 2 0 0 1 1 0 3 10 0
P2, MEROPS, RD21 1 0 1 4 4 o 0 3 o 0 1 o o0 0 0 0 0 2 3 0

Note. The table provides incidence numbers deduced from the experimental results with model protein mixture and barley nuclear proteins (almost 500
peptides were analyzed). The data for papain and RD21 were retrieved from the MEROPS database (https://www.ebiac.uk/merops/). Shadowing indicates

the most preferred residues at the P1 and P2 substrate positions.
Abbreviation: CYSP, cysteine protease.

cases. The enzyme is homologous to papain as well as other enzymes
from the papain-like family (Figure S1). Similarly to papain and RD21
protease, it is nonspecific but preferentially produces peptides termi-
nated with an arginine residue, but frequently also with Lys and Leu
residues. It seems that, contrary to papain, there is no strict rule for
the presence of a large hydrophobic residue at the P2 substrate posi-
tion (next to that at the cleavage site on the N-terminal side). Finally,
this work shows a novelty in the field of sample proteolysis in proteo-
mics. Specific proteases are no more unsubstitutable for protein iden-
tifications because of the development of fast LC-MS/MS systems for
data-independent analyses and novel database searching algorithms.
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List of abbreviations:

AC Appellation Control

AGP Arabinogalactan-protein

AOC Appellation d'Origine Controlée

AVA Approved Viticultural Areas

EA Elemental analysis

ESI Electrospray ionization

GC-MS Gas chromatography coupled to mass spectrometry
Gl Geographical Indication

HPLC High performance liquid chromatography

IRMS Isotope ratio mass spectrometry

LC-MS Liquid chromatography coupled to mass spectrometry
MALDI-TOF Matrix-assisted laser desorptionfionization time-of-flight
MS Mass spectrometry

OTA Ochratoxin

PCA Principal component analysis

PDO Protected Designation of Origin

PGI Protected Geographical Indication

PR proteins Pathogenesis-related proteins

QbA Qualititswein bestimmter Anbaugebiete

SIRA Stable isotope ratio analysis

SNIF-NMR Site-specific natural isotopic fractionation-nuclear magnetic resonance
TCA 2,4,6-trichloroanisol

TLP Thaumatin-like protein

VDQS Vins Délimités de Qualité Supérieure

VOC Vino origindln{ certifikace

VQA Vintners Quality Alliance

3.09.1 Geographical Authenticity of Wine

Wine quality standards in the European Union (ELU) are subjected to EU and governmental regulations, which are tailored to the
needs of each member country. These regulations cover many aspects ranging from what grape varieties can be grown for wine
production to the rules of selling and consumption of wine (Jackson, 2008, pp. 577-640). Until 2008, two wine quality categories
were recognized in the EU: Quality Wine Produced in a Specific Region (QWPSR) and Table Wine. Then they were replaced with
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PDO (Protected Designation of Origin) and PGI (Protected Geographical Indication) categories, which have been well desaibed
elsewhere (Meloni and Swinnen, 2013; Di Vita et al, 2019). Within this system, each EUI country has its own quality categories,
which correspond to PDO and PGI (wine appellations). PGI production rules are less stringent than those bound to PDO. One
of the aims for introducing PGI was to avoid the term “table wine”, along with its connotations of a low quality product. The related
El legislation attempts to prevent from any improper use of PDO and PGI protected names. In prindple, PDO and PGI labels are
applicable not only to wine, but to all foods and beverages. PDO refers to the production, processing and preparation, which all
essentially depend on a particular region with specific geographical characteristics (including local geological and dimate aspects)
and recognized know-how plus other human factors. This is in accordance with a common belief that the local soil and vineyard
topodimate are responsible for distinctive attributes of wines from small delimited regions (Vondrikovd etal,, 2013). On the other
hand, a PGI product is closely linked to the geographical area in which it is produced, processed and prepared. It has certain repu-
tation, quality or feature auributable to this area and thus at least one phase of the production process must occur there.

Except for the description of the delimited territory, Appellation Control (AC) laws may apply to the regulation of grape varietal
use, maximum grape yields, alcohol content, and other quality factors. Many AC laws also regulate vineyard and production prac-
tices in addition 1o the geographical indication and grape authenticity. Periodic chemical and sensory evaluation tests are also
applied. However, the system of AC laws cannot guarantee quality as such and should not be misinterpreted in this way (Jackson,
2008, pp. 577-640). Local producers simply cannot control what happens with the bottled wine after it is shipped out of the
winery. Geographical indications may generate value added, especially at the consumer and retailer levels, while the effects on
the economic performance of producers are more heterogeneous and dependent on spedific local conditions (Cei et al., 2018).
But there are also criticisms that any rigidness in the regulation rules may obstruct viticultural flexibility, technological innovations
and introduction of modem modifications to the traditional practice.

The first complex national AC laws were established in France in the 1930s (Jadson, 2008, pp. 577-640) with the aim to assure
the authenticity and increase the reputation of French regional wines as well as to preclude the usage of registered names elsewhere.
This AC system originally comprised a single category (Appellation d'Origine Contrilée, AOC) prior to its extension by induding the
less distinguished categories of Vins Délimités de Qualité Supérieure (VDQS, which has gradually been upgraded to the AOC category
since then), Vins de Pays and Vins de Table. An important part of the AOC regulations is the concept of terroir (unique vineyard site)
which is based on local soil and dimatic conditions. For historical reasons, a few regions also use the cru classé ranking of vineyards
or wineries. Many other European countries established their AC laws based on the French AOC dassification (Jackson, 2008, pp.
577-640). Typical examples are the Denominazione di Origine Controllata and Denominazione di Origine Controllata e Garantita in Italy
(also sensory properties are guaranteed in the later case) (Fregoni, 1992), Denominacion de Origen in Spain, Denominacdoe de Origem
Controlada in Portugal and Districtus Austriae Controllatus in Austria. The German system separates geographical and quality aspeds.
There are two major categories of wine in Germany, Landwein and quality wine, which is in accordance with the general EU regu-
lation. The least demanding quality wine as regards to the grape maturity is the category Qualititswein bestimmter Anbaugebiete
(QbA). The superior quality level, Pridikatswein (quality wine with specific attributes), is classified in more categories based on
the ripeness of the grapes (because Germany’s climate makes it a challenge to ripen grapes fully) (Jackson, 2008, pp. 577-640).
The legislation of the Czech Republic (the approved Czech wine-produdng regions are shown in Fig. 1; Hijkova et al, 2012) recog-
nizes quality and superior quality wines (the latter with a classification similar to that in Germany), as well as quality wines with
a geographical indication (Vino origindlni centifikace, VOC) (Andrusiow, 2015).

OQutside Europe, South Africa is an example of establishing a comprehensive AC system, which resembles in part the European
legislation, but simultaneously follows its own concepts. Precisely, the geographical designation appears in a hierarchy of several
levels from regions to individual vineyards. The Australian legislation uses the term Geographical Indication (GI) for wine-
producing regions, which emphasizes the authenticity of grapes. The appellations in the United States are based on Approved Viti-
cultural Areas (AVAs). There is no stringent control of the cultivars as well as viticultural and viniculwral practices (Jackson, 2008,
pp. 577-640), which documents that the regulation is primarily directed to the authenticity and not to quality concerns. In Canada,
the province of British Columbia has implemented its AC laws. The second wine-producng province, Ontario, has a similar but
voluntary regulation system, which is administered by Vintners Quality Alliance (VQA). It is based on permitted cultivars, sensory
tests and several proteaed viticultural areas (Jackson, 2008, pp. 577-640).

3.09.2 Accidental Wine Contaminations

There are two ways how contaminants can appear in wine. First, the technological pollutants and additives used during the wine-
making process must inevitably appear in wine. Second, the contamination includes environmental and microbiological agents and
their byproducts. For example, air-spread fertilizers, engine exhausts and other human products contaminate grapes before the
harvest (Bertrand and Beloqui, 2009; He et al,, 2016; Machado et al., 2016). The composition of vineyard soil influences wine
in a similar way (Jackson and Lombard, 1993). Any grape contact with extraneous materials during harvest and vinification
processes is imprinted in the juice composition. Nowadays, analytical methods are sensitive enough, which even allows detection
of traces of hydrocarbons from oil or fuel that originate from vineyard machinery, in final wines (Bertrand and Beloqui, 2009).
Similarly, the use of additives, plastic boxes and containers, preservatives, stabilizers or clarifying agents is detectable in wine or
must. Even alterations in the isotope composition of elements have been detected in wines produced since the Fukushima accident
in 2011 as well as previous global nudear inddents (Perrot et al., 2012). Modemn analytical techniques are sensitive and accurate
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Figure 1 The wine-producing regions of the Gzech Republic. Information was adapted from Hajkova, L., VozZenilek, V., Tolasz, 2012. Atlas Fenolo-
gickych Pomer(s Geska (Atlas of the Phenological Conditions in Czechia). Czech Hydrometeorological Institute and Palacky University in Olomouc,
Prague-Olomouc.

enough to reveal the presence of pesticide residues in grapes, typically of insecticides and fungiddes that are used to control pests
and diseases, respectively, in vineyards. The maximum residue levels in grapes mostly range between 0.01 mg kg ™' and 5 mg kg™ ".
The analytical aspeas of pesticides in grapes have thoroughly been reviewed elsewhere (Cabras and Caboni, 2008, pp. 227-248;
Grimalt and Dehouck, 2016) and are out of the scope of this chapter.

In addition, grape juice and pulp are occupied by microorganisms coming from the surface of wine berries and production envi-
ronment and surfaces (Barata et al,, 2012). Interestingly, the common vine pathogenic fungus Botrytis cinerea, can act either as the
noble rot or it can degrade grapes in the form of gray mold infection (Fournier et al., 2013). Furthermore, compounds produced by
pests and microbe-metabolized chemicals, such as insecticides, are also released into the grape juice (Bertrand and Beloqui, 2009).
The level of ochratoxin A (OTA), produced by Aspergillus and Penicillium species, is monitored in grapes and related produas (Belli
et al,, 2002). The mycotoxin has been shown nephrotoxic and hepatotoxic and classified as a possible human carcinogen (Petzinger
and Ziegler, 2000). The maximum limit for OTA concentration in the European Union is 2.0 ng 1™ '; higher incidence and levels of
contamination have been found in dessert wines (Mateo et al., 2007). The fungi producing OTA occupy grapes starting from an early
stage of their development. OTA concentration is increased during grape crushing or wounding. The pathogen Dekkera bruxellensis
inhabits oak casks and produces a variety of vinyl pyrrolidons. These compounds, e.g. 2-acetyl-3,4,5-tetrahydropyridine, may cause
the unfavorable mousy flavor of wine (Grbin etal., 2007). Additionally, red wine vinyl phenols derived from hydroxydnnamicadd
and metabolized by that yeast strain taint wine aroma by the smell of horse sweat (Petrozziello et al., 2014). Alternaria species also
belong to the grapevine mycobiota producing harmful chemicals (Scott et al., 2006). Their products, such as alternariol and alter-
nariol monomethyl ether, both non-spedfic mycotoxins, may be detected in wine produced from infected grapes (Meena et al,
2017). To prevent from the microbial spoilage, sulfur dioxide is traditionally used in winemaking as an antioxidant agent
(Ough and Crowell, 1987). The killer toxins of Candida pyralidae may act against wine pathogens without affecting the fermentation
process (Mehlomakulu et al., 2014).

Fining and clarifying agents such as casein, egg yolk, chitosan, isinglass or gluten are other unnatural substances that may be
found in wine. All these adsorbents are added to predpitate and remove phenolic and tannin compounds from wine; however, their
presence is undesirable because of allergenicity (D'Amato et al, 2010). In addition, it seems that native grape proteins e.g
thaumatin-like proteins or chitinases and, espedally, lipid transfer proteins, might also be responsible for consumer intolerance
reactions (Jaeckels et al., 2015). The bottleneds are the potential source of wine contamination by TCA (2,4,6-uichloroanisol)
and TBA (2,4,6-tribromoanisol) that cause cork taint (Buser et al,, 1982). These compounds are developed in cork stoppers during
the wood bleaching process or may be absarbed into the material during storage. Occasionally, contaminated wooden casks may be
the source of TCA in wine (Capone et al,, 2002).

Metal ions are indis pensable for enzymatic wine fermentation processes. The vineyard location, soil type, agricultural chemicals
or fumes affect the wine levels of Na, K, Ca, Cu, Cd, Mn, Pb and Zn. However, the amount of these elements changes significantly
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after the application of bentonite ( Pyrzyriska, 2004; Kment et al.,, 2005). The pipes and tanks used for wine transport are the possible
sources of metals such as Cr, Cu, Fe or Zn (Pyrzynska, 2004). Historically, lead was the only material used for cooking pots or pipes.
Moreover, already in the Roman era, wines were sweetened by lead acetate (Jirup, 2003). At present, any application of heavy
metals such as lead in wine industry, including the metal bottle caps, is of course forbidden. A high concentration of calcium, which
originates from the bentonite fining treatment, could cause the predipitation of organic salts in wine. Elevated levels of natural grape
elements potassium and aluminum are found for the same reason (Pyrzyriska, 2004). The removal of hydrogen sulfide by copper
(1) sulfate may result in wine browning, which is initiated by an excess of cop per as well as iron and manganese ions. Non-declared
application of sulfur is classified as a kind of wine fraud (Martinez-Sierra et al,, 2010). Apart from the copper sulfate additions,
grapevine pesticides are the major sources of the unnatural copper in wine (He etal., 2016; Machado et al., 2016). The winemaking
and cellar equipment made from nickel and chromium steels typically appears in a long-lasting contact with wine and thus it could
raise their levels. Lithium is used as a denaturing agent for fraud wines in Italy ( Pyrzyniska, 2004). Wine plastering (adding plaster to
wine) was a traditional practice to protect wine from temperature changes during its transportation in the 19th century (Stanziani,
2009). The addition of gypsum or caldum sulfate also clarifies wine and regulates its acidity. Intentional wine additives such as
sweeteners or colorants are discussed in the next chapter section.

3.09.3 Validation of Conformity to Regulations of Wine Production

Wine laws regulate the use of local brands, product composition and vinification processes. Grape variety mixing is one of the most
controlled and regulated issue. The use of any undeclared variety is dlassified as a kind of wine adulteration. On the other hand, wine
blending allows mixing of grapes and wines in a legal way (Ferrier and Block, 2001). Blended wines are characteristic for some wine-
producing areas (Bordeaux, France) and grape varieties (Jackson, 2008, pp. 520-576), but this procedure can easily be misused. For
instance, a more valuable wine is diluted with a cheaper one, or worthy grapes are blended with others and the product is declared as
the original (Ferrier and Block, 2001). As an example, over 1,3 million liters of a mixture of Italian Sangiovese and inferior Lancel-
lota wine dedared as Brunello di Montalcino DOCG were seized in 2008 (Holmberg, 2010). Furthermore, sherry, portor vermouth
are all legally produced by registered recipes, which include both the wine mixing and addition of alcohol and various botanicals.
Typical characteristics of these wines are the use of grape varieties providing distinctive color and fortification by a wine distillate
with alcohol volume content over 70% (Jackson, 2008, pp. 520-576). On the other hand, the increased sugar content is achieved by
stopping fermentation prematurely, or by applying partially dried grapes. The volume content of alcohol reaches about 20%, which
indicates that fontified wine cannot be produced by a natural fermentation process. Historically, an illegal blending of wines with
Italian, Spanish or Algeran imports was practiced to overcome the period of phylloxera invasion and limited wine production in
France in the 19th century (Stanziani, 2009). Nowadays, wine adulteration technigues are much more sophisticated, although basic
practices such as a coloring, dilution with water and mislabeling are still frequently used.

In the case of cheap low-alcohol wines, methanol may be misused to increase the total alcohol content. The natural level of
methanol in wine differs for white or red wines, however, the respective limits are set to 250 mg 1 ' and 400 mgl™" (Hodson
et al,, 2017). Wines tainted with poisonous quantities of industrial methanol were found in Italy in 1985. More than 20 people
died in consequence (Stockl, 2006). Another story started, when Austrian wine producers added diethylene glycol into wine to
increase its sweetness. This “antifreeze-scandal” resulted in a 90% drop of the Austrian wine export in 1986 (Stockl, 2006; Holm-
berg, 2010). Glycerol acts as a natural wine sweetener. The compound is produced during wine fermentation as the major ethanol
by-product in concentrations of up to 10 g1~ " (Sehovic et al., 2004). Synthetic glycerol can be revealed by positive identification of
the technological contaminants such as methoxy-1,2-propanediol, and cyclic diglycerols (Dixit et al., 2005). Unnatural sweeteners
such as acesulfame-K, aspartame, sodium cyclamate or saccharin are prohibited adulterants of table wines (Geana et al., 2012).
Sugar addition, in any form, to the must before fermentation is banned in most countries and its application is approved only
as bad-weather compensation. Grape sugar is metabolized into ethanol and the original **C/"C ratio is preserved after fermenta-
tion (Weber etal., 1997). Interestingly, the catbon isotope ratio differs for grapes and other sugar sources. Products derived from C4
plants (such as com and sugar cane) have higher '*C content compared to a C3 plant (grape). The stable isotope ratio analysis
(SIRA; see the next text section) can detect these changes, identify the way of wine adulteration and quantify the content of adul-
terants (Christoph et al,, 2015). The sugar addition in the form of fructose-rich com syrup may be indicated by the presence of
5-(hydroxymethyl)-2-furaldehyde (Geana et al,, 2016). Dark berries are used to improve the color of red wines that are poor in
anthocyanins or for a coloring of white grape juices. Mixing grapes and elderberries is one of the middle age originated pracices.
A more elaborated strategy resides in the addition of extracts from black rice or a different dark grape variety (von Baer et al., 2008).
The use of synthetic colorants may even be hazardous for consumers. The most known artifidal wine color boosters are Azorubine
(E122), Amaranth (E123), Ponceau 4R (E124), Erythrosine (E127), Allura Red AC (E129) or Carmine (E120) for red wines and
yellow pigments such as Tartrazine (E102), Quinoline and Sunset Yellows (E104 and E110, respectively) for white wines (Virtanen
et al,, 1999; Geana et al., 2016). Brilliant Blue FCF (E133) was recently detected in Vindigo and Imajyne blue wines on the French
market (Galaup et al., 2019). High-performance liquid chromatography (HPLC) is commonly used to determine colorants by
searching for their defined chemical markers (Virtanen et al.,, 1999).

Dilution of wine by water is a serious problem as there is no simple method for the detection of this fraud (Dordevic et al.,
2013). The only possibility available is measuring the 180,160 isotope ratio (Christoph et al., 2015). In the case of red wine,
both a lower anthocyanin content and unnatural color may indicate a fraud (Geana et al, 2016). On the other hand, blending
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grapes with a juice made of fruits rich in sugar adjusts the volume of the final wine with a minimum effect on its ethanol level.
Detection of sorbitol above its natural concentrations of 100-1000 mg I is an indicator (Burda and Collins, 1991). The simul-
taneous positive identification of chlorogenic acid then confirms the use of apple juice (Dennis et al., 1994). The level of organic
adds in wine causes the tart, a refreshing taste (Jackson, 2008, pp. 332-417). Tartaric acid, the primary acidic wine component,
maintains the chemical stability of wine. Malic acid reduces the pH of grapes and protects them during veraison (Jackson, 2008,
pp. 332-417). Monitoring the above-mentioned organic acids and changes in their concentration during the vinification process
helps to control it and determine the date of harvest (Mato et al., 2005; do Nascimento Silva et al., 2015). Furthermore, alteration
inthe concentrations of lactic and acetic acids produced by fermentation is indicative of a wrong manipulation or wine defect due to
microbes (do Nascimento Silva et al., 2015).

Aging of red wines in oak casks, which has been used since the Roman era, improves the flavor and character much more than
asimple aging in steel or plastic containers. A few dozen vears old barrels are very valuable, and thus substitutes are used. The appli-
cation of wood pellets combined with a controlled barrel ventilation and simulation of leaks during maturation imitates and accel-
erates wine aging (Garde-Cerddan and Ancin-Azpilicueta, 2006). The origin of carbon dioxide distinguishes naturally produced
sparkling wines (Champagne, Cava) from cheap carbonated wines. The determination of the carbon isotope ratio is carried out
if a counterfeit is suspected, similarly as for the wine ethanol (Christoph et al, 2015). Mislabeling on the bottle is the simplest
method of wine fraud (Holmberg, 2010). Organized chains of wine resellers help to hide this practice (Bevin et al., 2006). Misla-
beled bottles are sold at a higher price, which is certainly unjustified. To prevent this fraud, information on quality and quantity of
wine produced from each vineyard would necessarily need to be available for an individual check (Bevin et al, 2006). The most
elaborated kind of wine fraud is the production of limited collectable wine fakes. The premium collectable wines produced with
a combination of appropriate bottles and labels may be priced by thousands of dollars (Lecat et al., 2017). The story about
Rudi Kumniawan, the illegal American wine collector and professional fraudster, arrested for faking and selling more then 10 000
wine bottles in an overall price reaching hundreds millions of dollars, is a real illustration of the lucrative area of wine market (Lecat
etal, 2017). It was estimated that the share of counterfeit wine sales on the European market is more than 10% (Holmberg, 2010),
reaching over € 1.3 billion in 2015 (Lecat et al., 2017).

3.09.4 Analysis of Authenticity and Adulteration

Both geographic and varietal identity of wine is very important for consumers as they expect it goes hand in hand with quality.
Regional wines can be differentiated reliably by a chemical analysis, while human sensory evaluation can fail in the correct iden-
tification, as itis not sufficiently precise. Another disadvantage of the later approach is that it cannot be automated. The geographic
authenticity of wines can be validated using discriminative procedures that are based, for example, on differences in the distribution
and relative proportion of isotopes of several chemical elements, typically *H/'H, *C/"?C, and ""O/'°0. The analyzed isotope
ratios for water, sugar, organic adds and fermentation products (ethanol or glycerol) are influenced by abiotic and biotic fraction-
ation processes (Christoph et al., 2015). In consequence, stable isotope pattems actually represent unique signatures for a certain
vintage or place of origin. The environmental factors are related to thermodynamic and/or kinetic isotope effects during water evap-
oration, plus condensation and '*O equilibration between water and carbon dioxide. The enrichment or depletion of the heavier
stable isotopes *H and '*0 in predipitation water depends on: (1) latitude and altitude, (2) distance from the coast, (3) temperature
and (4) rainfall amount. For example, ocean water contains more '*O than douds (Bréas et al,, 1994). Transpiration through the
leaf stomata or grape skin leads to the enrichment of both *H and '®O in grapes or leaf water, which is influenced by relative
humidity, sun exposure and viticultural practices (irrigation, maturation period, harvest timing). Another example of tracing the
geographic authenticity and provenance of wine is the use of #7St/3Sr ratio (Almeida and Vasconcelos, 2004). From all natural
strontium isotopes, only *7Sr is radiogenic as it arises from the radioactive decay of ¥ Rb. The abundance of radiogenic isotopes
in minerals and rocks depends on the geological age and, consequently, it is connected to the respective geographic location.
Each soil in vineyards is thus expected to have its own fingerprint strontium isotope composition, which may reliably be traceable
by high-precision analytical methods. On the other hand, it has repeatedly been shown that no change in the *"S1/**Sr ratio oceurs
asa result of the winemaking process (Almeida and Vasconcelos, 2004; Marchionni et al., 2016). The geographic origin can success-
fully be traced by infrared spectroscopy. The use of mid- or near-infrared spectroscopy to differentiate Cabernet Sauvignon wines
from Australia, Chile and China provided more than 90% of reliably assigned samples (Hu et al., 2019).

Biotic isotope fractionation processes involve the adtion of enzymes. An example of the carbon '*C/"?Cisotope discrimination is
known to occur within the process of CO; fixation during photosynthesis (Christoph et al,, 2015). As regards to the product mole-
cule in this reaction, two characteristic groups, C3 and C4 plants, have been established based on the production of phosphoglyc-
erate (a C3 molecule) and oxaloacetate (a C4 molecule), respectively. The reaction of ribulose-bisphosphate carboxylase causes that
the isotopic signature of C3 plants (e.g. grapevine, sugar beet, pea or wheat) shows higher degree of '*C depletion compared to C4
plants (e.g. maize, sugar cane or millet), where the primary fixation enzyme is phosphoenolpyruvate carboxylase. Another isotope
depletion effect has been described for deuterium and C3 plants. The addition of sugar to must or young wine (so-called chaptal-
ization) is not allowed in many countries because of wine quality and authenticity, or it is permitted under a strict regulation for
low-quality wine categories (Jackson, 2008, pp. 577-640). Sucrose or invert sugar, which is possibly added, is fermented to ethanol.
The degree of chaptalization is therefore detected by distinguishing between the ethanol molecules originated from grapes or non-
grape sources. This is usually done by determining the ratio of **C/'?C in ethanol (Martin, 1990). The *C/*C isotope ratio, which
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well characterizes the origin, can also be used to detect other organic compounds such as glycerol or carboxylic adds that are
authentic in wine but may become subjects of adulteration (Christoph et al., 2015). The process of glucose fermentation is accom-
panied by the incorporation of hydrogen atoms from glucose and water into the molecule of ethanol, which can be confirmed using
fully deuterated glucose or DO (Sauretal., 1968). It has been shown that the incorporation of deuterium from the two molecules is
different. A majority of the sugar-based deuterium appears in the methyl group, whereas the water-based deuterium goes mostly to
the methylene group. This transfer can be monitored by the use of SNIF-NMR (site-specific natural isotopic fractionation-nuclear
magnetic resonance) (Martin and Martin, 1981), which has been adopted as an official method for wine analysis in the European
Union (Cagliani etal., 2009, pp. 143-188). Here the determined (D/H); ratio refers to the ethanol methyl group, whereas the (Df
H)y ratio reflects the status of the methylene group. Finally, the R value is calculated from experimental results as a parameter appli-
cable for authenticity evaluation: R = 2 (D/H)y/(D/H);. This method has its limitations for wine as the (D/H)y; value is influenced
by the conditions of fermentation - yeast strain and temperature (Fauhl and Wittkowski, 2000), but anyway, it is generally appli-
cable in food analysis (Ciepelowski et al., 2018).

The isotopic ratio of wine molecules (ethanol, but also glucose, acids and wine water) can be determined conveniently by
isotope ratio mass spectrometry (IRMS), which utilizes conversion of the analyzed compounds into gases by a combustion or pyrol-
ysis. As an advantage, the sample quantity for IRMS is much lower than for NMR. Generally, analysis of stable isotopes for the
assessment of food authenticity and quality is termed stable isotope ratio analysis (SIRA). But the term usually refers to IRMS as
an experimental technique (Camin et al,, 2016). Modern instruments for IRMS with high accuracy, predsion and sensitivity are
based on an electron ionization source, magnetic sector analyzer and a multi-collector detection arrangement with Faraday cups
(Fig. 2).

There are several different interfaces available for introdudng the analyzed sample. The most common are those when IRMS is
coupled to an elemental analyzer (Fig. 2) or gas chromatograph (Muccio and Jackson, 2009). Gas chromatography coupled to mass
spectrometry (GC-MS) is used mostly for volatile samples; initial non-volatiles, such as amino acids, can be derivatized, for
example to yield N-acetylmethyl esters. Generally, the most optimal derivatization adds only the fewest possible number of new
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Figure 2 IRMS i ion: panel A, analyzer; panel B, isotope-ratio mass spectrometer. The schemes were adapted from Muccio,

Z., Jackson, G. P., 2009. Isotope ratio mass spectrometry. Analyst 134, 213-222. DOI: 10.1039/B808232D.
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carbon atoms to minimize 3'°C errors [8 = 1000 (Rsample— Rstandard)/ Rstandard, where R is the abundance ratio of the minor (heavier)
isotope to the major (lighter) isotope]. Coupling to liquid chromatography (LC) is less frequent but a commerdial system is already
available on the market and has been shown reliable for wine analysis (Cabanero et al, 2008). Elemental analysis (EA) yields only
an average isotopic value of the entire sample (solid or liquid). Usually, "*C/"*C isotope ratio is analyzed. Here, after the sample
combustion, the produced CO; is separated from nitrogen and oxygen. Chromatographic sample separations prior to IRMS provide
higher discriminative power and hence they are applicable to complex mixtures (Muccio and Jackson, 2009). In the commercial
interface for coupling HPLC to IRMS, organic compounds in the eluate are converted to CO2 by an oxidizing agent (e.g. ammonium
peroxodisulfate) in the presence of a catalyst. Wine analysis by *C/**C ratio measurements using EA coupled to IRMS is based on
the contained ethanol and its preceding extraction by a distillation (Bréas et al,, 1994). The residual water from the distillation is
utilized 1o analyze '%0/'°O ratios after a prolonged equilibration with CO,. The equilibrated CO, samples are processed by IRMS
and compared with a reference CO; gas.

Phenolic compounds represent well-known natural wine components. They are produced as secondary metabolites in the grape-
vine and are extracted during the winemaking process, mostly from grape skin, but also from the flesh and seeds (Gonzalez-Nevez
etal, 2012). According to the chemical structure, two major groups are recognized, namely flavonoids (including flavonols, flava-
nols - catechins, and anthocyanins) and non-flavonoids such as derivatives of hydroxybenzoic or hydroxycinnamic acids (Jackson,
2008, pp. 270-331). Interestingly, wines matured in oak barrels show elevated levels of ellagic acid that comes from hydrolyzable
wood tannins. Flavonoids are much more contained in red wines than in white wines and comprise three characteristic rings in their
structure: two phenolic rings (A and B) are interconnected by a central oxygen-containing heterocydic (pyran) ring C; Fig. 3.

They exist as free, conjugated (commonly to sugars as glycosides or to adds as esters) and polymeric compounds, e.g. tannins
(Panche et al, 2016). Flavonoids are stored in the central vacuole of the producing cells and are believed to function as defense
molecules against microbes, pests and herbivores. The biosynthesis of phenolic compounds starts at phenylalanine (phenylpropa-
noid pathway) or acetic acid (polyketide pathway); in the case of flavonoids, both these routes are finally combined (Yu and Jez,
2008). Anthocyanins (Fig. 3), glycosides of flavonoid anthocyanidins, are known as the determinants of the characteristic color of
red wine, which is influenced in its hue by the hydroxylation pattem of the B ring. Grapevine cultivars synthesize only monoglu-
cosidic anthocyanins, whereas first generation interspecies crossbreeds additionally produce diglucosides which presence in red
wines has been suggested to indicate the use of hybrid grapes (Jackson, 2008, pp. 270-331). Anyway, phenolics in wine can success-
fully be utilized for the assessment of its authenticity: differences in their proportion and amount are attributable to the varietal
type, maturity as well as geographic origin (Gonzalez Neves et al., 2012). HPLC has been established as a powerful separation tech-
nique for fingerprinting of wine anthocyanins when coupled to a spectroscopic or mass spectrometric detection (Kumsta et al,
2014; Papouskova et al, 2011). When analytical results are processed in a table, the determined concentrations of individual antho-
cyanins (columns in the data matrix, i.e. variables) are correlated with the respective wine samples characterized by their grape
variety and/or geographic origin (rows in the matrix, i.e. observations) (Papouskova et al., 2011). This data set is subjected to
a multivariate statistical analysis, commonly using principal component analysis (PCA), which is applied to reduce the dimension
of multivariate data sets and provide a low-dimensional plot instead of the given multivariate table. This plot then reveals groups of
observations and allows uncovering of the existing relationships (Eriksson et al., 2013, pp. 33-54). PCA is done by an orthogonal
transformation of the original correlated values into a set of new linearly uncorrelated variables (principal components). The first
principal component has the largest possible variance. Succeeding components are of largest variance possible at their orthogonality
1o the preceding components. A direct and fast but not quantitative fingerprinting of anthocyanins from wine and grape samples
without any previous chromatographic separation or enrichment steps is feasible using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF). 2,5-Dihydroxybenzoic acid has been repeatedly shown as an optimal matrix
compound for this purpose (Carpentieri et al., 2007; Ivanova et al.,, 2011). Similarly, ESI-MS fingerprinting in the negative ion
mode with a direct injection of wine and must has been found useful for quality control during and after fermentation. The method
allowed a varietal traceability based on diagnostic signals of low-molecular-weight compounds. Must and wine samples could be
reliably distinguished: none of the observed marker ions for the unfermented must samples assigned to sugar molecules was found
in wine. Also a sucrose or must addition to wine was recognizable in this way (Catharino et al,, 2006).

3.09.5 Wine Proteins

Proteins represent only a minor constituent of wine (the amount is generally from tens to several hundred milligrams per liter), but
they contribute significantly to its quality because of affecting clarity and stability. There is a particular importance for champagne
wines because of their role in the formation and persistence of foam in a glass (Ferreira et al., 2001). Wine proteins originate from
the grapevine and yeast and are stable enough to survive the vinification process and low pH of around 3 of the final product. In the
case of an infection of the harvested grapes by pathogens such as Botrytis cinerea (a fungus), also pathogen-derived proteins are
clearly detectable (Kwon, 2004; Perutka et al, 2019). Wines are essentially composed of identical protein groups. A majority of
wine proteins fall in the molecular mass range of around 20-30 kDa. This spedfic group particularly contains grape chitinases
and thaumatin-like proteins (TLPs), which belong to pathogenesis-related proteins (PR proteins): PR-3 and PR-5 family, respec-
tively (Table 1) (Enoki and Suzuki, 2016).

The PR proteins are known as haze-active and thus responsible for the unattractive turbidity (haze) and proteinaceous sediments
of bottled wine. They are soluble under addic conditions and highly resistant to proteolysis or a bentonite treatment, which is
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commonly applied to prevent haze formation (Waters et al., 1996; Ferreira et al,, 2001). Despite the sequence similarity of TLPs to
genuine thaumatins, intensively sweet proteins, it is unlikely that they would contribute to the sweetness of wine. The protein
content of grape juice differs from that of the final wine. Most of the grape proteins are lost during vinification, primarily because
of the fermentation (Ferreira et al, 2000). PR proteins are produced at the onset of ripening (veraison, berry softening) in parallel
with the growing accumulation of sugars. They are generally increased in plants as a consequence of pathogen attack or wounding
process. Mature grapes harvested at the same place in several successive years accumulate the same set of PR proteins but in different
proportions reflecting a variability of the encountered stress conditions (Ferreira et al., 2001). Chitinases and TLPs are highly
conserved but exist in more isoforms, which slightly differ in their molecular masses. It has been shown that such mass differences
may be useful for an MS-based varietal differentiation (Hayasaka et al., 2001). Biochemical experiments (e.g. N-terminal
sequencing) revealed that the similar proteins are possibly derived from a few common precursors undergoing a limited proteolytic
processing, which occurs at the end of grape maturation or during vinification. Other Vitis vinifera proteins (Fig. 4), which have been
identified in wine, include e.g. vacuolar invertase, cysteine protease, lipid transfer protein, osmotin and stellacyanin (Kwon, 2004;
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Table 1 PR-proteins in wine

PR-protein family Property Function/target site

PR-1 Antifungal Unknown

PR-2 B-1,3-Glucanase Cell wall (B-1,3-glucan)

PR-3 Chitinase (types I, II, IV, V, VI, and VII) Cell wall (chitin)

PR-4 Chitinase (types | and I1) Cell wall (chitin)

PR-5 Thaumatin-like Plasma membrane

PR-10 Ribonuclease (like) RNA

PR-14 Lipid-transfer protein Involvement in defense signaling pathway
PR-15 Oxalate oxidase H,0, production with antimicrobial activity
PR-16 Oxalate oxidase-like protein H,0, production with antimicrobial activity

The table was adapted from Enoki, S., Suzuki, S., 2016. Pathogenesis-related proteins in grape. In: Morata, A, Loira, |. (Eds.), Grape and Wine Biotechnology, pp 43-57. IntechOpen,
London.

Marangon et al., 2009; Perutka et al., 2019). Invertase is generally considered haze-inactive as it is more stable than TLPs and chi-
tinases (Marangon et al, 2011).

But recently, high-proline proteins were suggested to contribute to the haze formation in wine produced from partially botry-
tized grapes (Perutka et al., 2019).

Protein instability of white wines is one of the most common non-microbial wine defects. It is caused by improper storage and
transportation conditions: espedally elevated temperature induces a structural unfolding of haze-active proteins and their assod-
ation with nearby proteins or other wine components to form aggregates. The mechanism resides in the presence of newly exposed
amino acid side chains (originally hidden in the protein core), which become free to associate as a result of the unfolding process
(Marangon et al,, 2014). But the development of haze does not depend solely on proteins. Additionally it is influenced by other
factors such as the content of polyphenols and polysaccharides as well as wine pH (Mesquita et al, 2001). Previous routine
used to determine the protein content of wine via the total nitrogen by Kjeldahl's method. Various methods have been desaibed
to evaluate wine stability including spectrophotometric heat tests (Hsu and Heatherbell, 1987). Yeast mannoproteins, grape
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Figure 4 Sodium dodecylsulfate-polyacrylamide gel electrophoresis of wine proteins. The sample was obtained by concentrating a nouveau white
wine using ultrafittration with a 10-kDa cut off filter. From the left, protein with the indi mass, wine proteins; the gel was
stained with Bio-Safe Coomassie Stain (Bio-Rad, Hercules, CA, USA). The annotation provided on the right comes from the results of nanoLC-
MALDI-TOF/TOF MS/MS analyses after in-gel digestion of the respective proteins visualized as bands by the staining (Perutka, Z. and Sebela, M.;

unpublished results).
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arabinogalactan-proteins (AGPs) and other polysaccharide compounds (e.g. thamnogalacturonan), which carry negative chargesin
the pH conditions of wine, may establish charge interactions with other wine components and produce complexes (Vernhet et al,,
1996). Some of them are considered haze-protective (Waters etal., 1994). Hence the addition of polysaccharides to wine may repre-
sent an alternative to the removal of haze-forming wine proteins using bentonite adsorption or proteolysis. Their effea resides in
decreasing the partide size of the haze rather than preventing protein aggregation (Waters et al., 2005). Young red wines are treated
for colloidal stabilization with Acacia senegal gum (Acacia gum). It contains highly glycosylated hydroxyproline-rich AGPs, which
bind 1o polyphenols. Interestingly, it has been demonstrated that the more the AGPs are rich in their protein content, the more
effective stabilizers they are (Nigen et al, 2019).

Botrytis (gray mold) infection of grapes yields reduced protein levels in the juice. This observation has been elucidated by the
presence of proteolytic enzymes from B. cinerea, which degrade grape proteins (Marchal et al., 1998). Wines made from Botrytis-
infected grapes are markedly depleted in the Saccharomyces cerevisiae protein Seripauperin-5 (~17 kDa). The absence of this protein
has also been observed for gushing sparkling wines and thus suggested as a biomarker of gushing (Kupfer et al., 2017). Recently,
white wines of the Sauvignon and Welschriesling varieties were analyzed for their protein content by MS-based proteomics. The
Sauvignon wine was made from grapes partally (and non-intentionally) damaged by B. cinerea, whereas the Welschriesling
wine was a specific product obtained from fully botrytized bunches (Perutka etal., 2019). Interestingly, whereas the former sample
contained V. vinifera, S. cerevisiae, and B. cinerea proteins, the protein content of the latter one was in a vast majority composed of
B. cinerea proteins. Except for the oxidoreducing enzyme laccase acting on diphenols, which is known as a virulence factor (Bud-
dhika, 2017), numerous hydrolytic enzymes (proteases, peptidases, esterases and glycoside hydrolases) were found. Thus, it is
obvious that the exclusive or partial contribution of B. cinerea proteins to the total protein content of a wine may represent a clear
marker of the input quality of grapes.

Wine proteomics studies have used numerous methods induding sample treatment with a semi-permeable membrane (dialysis,
ultrafiltration), 1-D or 2-D gel electrophoresis, isoelectric focusing, solid phase extraction, and liquid chromatography (advanta-
geous namely for peptides from proteins digests). More than 300 proteins were identified in a Chardonnay wine using 2-D electro-
phoresis of chromatographic fractions, blotting and N-terminal Edman sequendng (Okuda et al., 2006). The efficiency of capillary
electrophoresis and HPLC has successfully been combined with the accuracy, sensitivity and resolving power of MS. Both electro-
spray ionization (ESI) and MALDI are applicable for the characterization and identification of wine proteins (Flamini and Rosso,
2006). For published fingerprinting analyses, wine samples were either applied directly without any previous treatment or processed
to achieve a preconcentration of proteins and remaoval of interfering compounds: (1) ultrafiltered, (2) dialyzed plus lyophilized, or
(3) subjected to a predpitation step with organic solvents (Nunes-Miranda et al., 2013). So far, MALDI-TOF mass spectrometric
fingerprinting has predominantly been employed for white wine samples as red wines are more complex and challenging for
the extraction of peptides and proteins. The first report on the use of MALDI-TOF MS for analyzing wine proteins appeared already
in 1996 (Szildgyi etal.,, 1996). In that study, protein ions were observed in the m/z region from 5000 to 25,000. The authors empha-
sized the presence of glycoproteins as deduced from the observed signal series, where neighboring peaks were spaced by a mass
difference of one hexose unit. The analysis of two different wine types (Chardonnay and Sauvignon) indicated obvious discrimi-
native capabilities of protein fingerprint mass spectra. Since that time, many experimental methods involving MALDI-TOF MS
have been developed and optimized for white wines (Nunes-Miranda et al,, 2012; Resetar et al,, 2015) as well as red wines
(Vogt etal., 2016).

The aim of national integrated food control systems is not restricted only to the detection of risky products (for food safety) as
they largely contribute also to the assurance of quality and authenticity. In the case of wine, quality products are made from grapes
of a relatively low number of varieties. High quality white wines from the Italian region Campania produced from different
V. vinifera cultivars were analyzed by MALDI-TOF MS to develop a rapid method for quality and authentidty tracing (Chambery
et al., 2009). The principle was based on a protein extraction step (using chloroform/methanol, 1:1, v/v) followed by dissolving
of the collected proteins and the subsequent whole-extract tryptic digestion. The obtained peptides were subjected to MS measure-
ments for acquiring peptide profiles, which revealed the presence of common diagnostic ions as well as differences utilizable for
a discrimination of samples. Measuring with peptides instead of intact proteins resulted in higher sensitivity. Fingerprint mass
spectra were converted to a graphical bar code-like representation (“mass codes”), which was suggested as a tool for fast wine moni-
toring (Chambery et al., 2009). The fingerprinting studies have clearly demonstrated their applicability, but a real practical use is still
very limited. Commonly, a small number of samples are analyzed, which precludes meaningful statistics. There is also no central-
ized reference database available (Nunes-Miranda et al., 2013).

3.09.6 Conclusions

Drinking wine on the occasion of ceremonials, celebrations, parties and other festive events as well as for pleasure on ordinary days
represents a long lasting tradition in the sodety. Consumers often look for wine of a high or at least good standard quality and they
expect adequate purchasing costs. In addition, they decide based on bottle labels as the producer name and place of origin is often
perceived as a guarantee of satisfaction. This is the reason why the control system has been established in many countries to monitor
quality and protect authenticity. Wine frauds espedally adulterations not only dissatisfy customers. The use of harmful colorants or
sweeteners brings health risks. It is also obvious that imitations and label frauds may damage the reputation and cause economic
losses of conscientious producers.
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Modem bioanalytical and biochemical methods employed in wine analysis can detect natural inorganic and organic constitu-
ents, unnatural additives, contaminants and adulterants. They are well suited for both quality control and detection of wine frauds
or legislation and best practice non-conformities. NMR and IRMS are of eminent importance in the determination of isotope ratios
on the way to evaluation of the geographical authenticity of wine. Additionally, the isotope profile of wine compounds such as
ethanol, glucose, glycerol, carboxylic acids and wine water may confirm or disprove suspicions as regards to a potential adulteration.
MALDI-TOF mass spectrometric fingerprinting of anthocyanins allows an easy, direct and fast differentiation of grape varieties. MS
detection of wine constituents is commonly coupled to efficient sample separation techniques such as LC or GC. On the other hand,
gel electrophoresis is well applicable to analyze wine proteins. It has been shown that PR proteins (thaumatin-like proteins are chi-
tinases) are prone to a thermally-induced aggregation, which leads to the formation of haze in bottled wine. But wine contains not
only grape and yeast proteins. Excessive damage of grapes by the pathogen B. cinerea is reflected in the presence of related fungal
proteins. Thus wine proteomics analyses may provide data on the quality of the input grape material.
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