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Wykaz skrotow

[Ca?*]eyt — cytozolowy waph wolny
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tetrafosforan

ATP — adenozyno-5'-trifosforan

BenPut — N-benzoiloputrescyna

C4H — 4-hydroksylaza kwasu cynamonowego

CAD - dehydrogenaza alkoholu cynamylowego

CAMP — cykliczny 3’,5’-adenozynomonofosforan

CAT — katalaza

CCR - reduktaza cynamylo-CoA

CDP — cytydyno-5'-difosforan
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PAL — amoniakoliaza fenyloalaniny

RBOHD — homolog D oksydazy NADPH wybuchu
tlenowego (ang. NADPH Respiratory
Burst Oxidase Homolog Protein D)

RBOHF — homolog F oksydazy NADPH wybuchu
tlenowego (ang. NADPH Respiratory
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ZAT — palec cynkowy Arabidopsis thaliana (ang.
ZINC FINGER of Arabidopsis thaliana)



Streszczenie rozprawy doktorskiej

Ze wzgledu na brak mobilnos$ci rosliny wyksztalcily unikalne mechanizmy obronne
uruchamiane w odpowiedzi na niekorzystne warunki srodowiskowe. Reakcje na czynniki
biotyczne jak i abiotyczne odbywajg si¢ m.in. na poziomie molekularnym, w ktérym to
kluczowg role petlni odbior, a nastepnie transdukcja sygnatu. Aktywacja szlaku
fenylopropanoidowego, a co za tym idzie indukcja syntezy produktow z niego pochodzacych
oraz zamykanie aparatow szparkowych stanowig elementy strategii obronnej u roslin
wyzszych. Do molekut pelniacych funkcje sygnalne w komorkach roslinnych zaliczane sg
niektore nukleotydy. W ich obrebie wyr6ézni¢ mozna nukleotydy zwane nietypowymi, do

ktorych nalezg dinukleozydopolifosforany (NpnN') oraz nukleozydo 5'-fosforamidy (NH.-
pN).

Nadrzednym celem pracy byto okreslenie roli NpnN'1 NH2-pN w transdukcji sygnatu
i regulacji szlaku fenylopropanoidowego u winoro$li wiasciwej (Vitis vinifera L.) i
rzodkiewnika pospolitego (Arabidopsis thaliana (L.) Heynh.). Potwierdzono, ze egzogenne
NpnN' reguluja szlak fenylopropanoidowy w zawiesinowej kulturze komérkowej V. vinifera
cv. Monastrell zaleznie od typu nukleozydu. Odnotowano istotne réznice akumulacji dwoch
stilbenow: trans-resweratrolu oraz trans-piceidu w pozywce, zarowno pod wptywem NpnN’
purynowych (ApzA i GpsG), pirymidynowych (UpsU i UpsU) oraz puryno-pirymidynowej
hybrydy (ApsU). Co wigcej, wykazano wptyw badanych nukleotydow na poziom
transkryptow gendw kodujacych enzymy zaangazowane w szlaku fenylopropanoidowym.
Wazrost akumulacji stilbenow pod wptywem ApszA, GpsG, UpsU i UpsU byt skorelowany z
indukcja ekspresji genu STS1 kodujacego syntaze stilbenowa oraz genu C4H1 kodujacego
hydroksylaze kwasu cynamonowego. Te same nukleotydy indukowaty ekspresje genu
ABCG44 kodujacego biatko ABCG44 transportujgce trans-resweratrol na zewnatrz komorki.
Pirymidynowe NpnN’ takie jak CpsC, CpsC i purynowo-pirymidynowa hybrydy Ap4C, silnie
hamowaty biosynteze stilbenéw co zwigzane byto z obnizeniem ekspresji genéw STS1 i
ABCG44 przy jednoczesnej indukcji ekspresji genu CCR2 kodujacego reduktaze cynamylo-
CoA kontrolujaca biosynteze lignin. Podobnie do badan nad wptywem NpnN’, wykazano ze
NH:-pN rowniez reguluja szlak fenylopropanoidowy w komorkach zawiesinowej kultury V.
vinifera cv. Monastrell zaleznie od typu nukleozydu. Odnotowano istotne réznice akumulacji

trans-resweratrolu oraz trans-piceidu w komorkach oraz pozywce zaréwno pod wptywem
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NHz-pN purynowych (NH2-pA, NH2-pG) jak i pirymidynowych (NHz-pU, NH2-pC).
Wykazano, ze badane nukleotydy modyfikowaty ekspresj¢ genow kontrolujacych biosynteze
stilbenéw i lignin przy czym najistotnicjsze rdznice ekspresji genéw odnotowano pod
wplywem NH2-pC. Ponadto nukleotyd ten indukowat szybki wzrost poziomu N-

benzoiloputrescyny.

Kluczowym elementem percepcji sygnatu sg oddziatywania pomiedzy molekutg
sygnalng a receptorem. Poznanym 1 dobrze opisanym receptorem u roslin dla
zewnatrzkomoérkowego nukleotydu purynowego, eATP, jest blonowa receptorowa kinaza
biatkowa LecRK-1.9 (P2K1/DORN1). Pomimo wielu przestanek wskazujacych na dziatanie
egzogennych NpnN’ jako molekut sygnalnych, mechanizmy percepcji i transdukcji sygnatu
wywotanych przez NpnN’ u roslin pozostawaty nieznane. W badaniach przeprowadzonych
w ramach realizacji niniejszej rozprawy doktorskiej wykazano, ze P2K1/DORNI jest
kluczowym elementem w percepcji i transdukcji sygnalu wywotanego przez ApsA. Co
wigeej, egzogenne ApsA i1 CpsC istotnie zmniejszaly stopien rozwarcia aparatow
szparkowych u A. thaliana, jednakze proces ten pod wptywem CpsC zachodzit niezaleznie
od P2K1/DORN1. Udowodniono, ze molekutami sygnalnymi posredniczacymi w
zamykaniu aparatow szparkowych przez ApsA 1 CpsC sg reaktywne formy tlenu (RFT) w
postaci anionorodnika ponadtlenkowego ("O2), i nadtlenku wodoru (H202). Ponadto u A.
thaliana typu dzikiego traktowanych ATP i ApsA wykazano indukcje wybranych genow
bioracych udzial w transdukcji sygnatu i reakcj¢ roslin na stres czego nie odnotowano u
mutanta dornl1-3 typu knock-out posiadajacym insercje T-DNA w obrebie genu kodujacego
P2K1/DORNL1. Indukcji ekspresji owych genow nie wykazano w lisciach A. thaliana typu
dzikiego pod wptywem CTP i CpsC.

Kluczowym osiagnigciem niniejszej pracy jest rowniez wskazanie roslinnego
purynoreceptora P2K1/DORNI1 jako istotnego biatka btonowego w percepcji sygnatu
wywotanego przez ApsA. Jest to pierwsze opisane roslinne biatko receptorowe mogace
oddziatywa¢ z ApsA. Ponadto okreslono rolg elementéw mogacych uczestniczyé w
transdukcji sygnatu prowadzacego do modyfikacji szlaku fenylopropanoidowego u V.

vinifera i regulacji ruchow aparatéw szparkowych u A. thaliana. Co wigcej, wykazano, ze



P2K1/DORNI nie petni takiej funkcji w przypadku dinukleotydu pirymidynowego Cp4C, co

$wiadczy¢ moze o wystepowaniu u roslin innych biatek oddzialujacych z tymi nukleotydami.



Streszczenie rozprawy doktorskiej w jezyku angielskim

As the mobility of plants is impossible, they developed unique defence mechanisms
allowing them to respond to adverse environmental conditions. Responses to abiotic and
biotic factors are manifested, among others, at molecular level, where the key elements, such
as signal perception and its subsequent transduction, occur. Characteristic defence
mechanisms of higher plants include closure of the stomata and the activation of
phenylpropanoid pathway, resulting in synthesis of related products. Molecules with
signalling functions in plant cells include certain nucleotides. Among them, the group of
nucleotides named uncommon nucleotides including dinucleoside polyphosphates (NpaN")
and nucleoside 5’-phosphamides (NH2-pN) can be distinguished.

The overarching aim of this study was to determine the role of NpnaN’s and NH2-pNs
nucleotides in signal transduction and phenylpropanoid pathway regulation in grapevine
(Vitis vinifera L.) and thale cress (Arabidopsis thaliana (L.) Heynh.). Results demonstrate
that extracellular NpaN's regulate the phenylpropanoid pathway in V. vinifera cv. Monastrell
suspension cultured cells depending on the type of nucleoside. Significant increase in the
level of accumulation of trans-resveratrol and trans-piceid in the culture medium were
observed after the application of purine (ApsA and GpsG), pyrimidine (UpsU and UpsU) and
purine-pyrimidine hybrid (ApsU) nucleotides. Moreover, the effect of NpnN's on the
transcript levels of genes encoding enzymes involved in the phenylpropanoid pathway was
studied. The increase in stilbene accumulation, as a result of application of ApzA, GpsG,
UpsU and UpsU was correlated with a significant rise in STS1 gene encoding stilbene
synthase and C4H1 gene encoding cinnamate-4-hydroxylase expressions. The same
nucleotides induced the expression of the ABCG44 gene encoding the ABCG44 protein that
transports trans-resveratrol outside the cell. Pyrimidine NpnN’s, i.e. CpsC, CpsC and the
purine-pyrimidine hybrid ApsC, strongly inhibited stilbene biosynthesis, which was
associated with a decrease in the expression of STS1 and ABCG44 genes while the induction
of the expression of the CCR2 gene encoding a cinnamoyl-CoA reductase controlling lignin
biosynthesis was observed. Similarly to studies on the NpnN’ effect, it was shown that NH-
pNs regulate the phenylpropanoid pathway in V. vinifera cv. Monastrell suspension cultured

cells which also depends on the type of nucleoside. Significant differences in the level of



accumulation of trans-resveratrol and trans-piceid in the culture medium were observed after
the application of both purine (NH2-pA, NH2-pG) and pyrimidine (NH2-pU, NH2-pC) NH>-
pNs. It was shown that the studied nucleotides modified the expression of genes controlling
stilbene and lignin biosynthesis. The most significant differences in gene expression were
observed when NH2-pC was applied. Furthermore, this nucleotide induced a rapid increase
of N-benzoylputrescine (BenPut) level.

Interactions between the signalling molecule and the receptor are the key element in
signal perception. A well-known and widely described purine nucleotide plant receptor
interacting with eATP, is LecRK-1.9 (L-type lectin receptor-like kinase) (P2K1/DORNZ1).
Despite many indications that extracellular NpnN's act as signalling molecules, the
mechanisms of NpaN's -induced signal perception and transduction had remained unknown.
The research carried out as part of this dissertation demonstrated that P2ZK1/DORNL1 is a
critical element of the ApsA-induced signal transduction. Furthermore, a significant
reduction of the lumen of the stomata was demonstrated when ApsA and CpsC were applied.
However, this process mediated by CpsC, occurred independently from P2K1/DORNL1. It
was shown that reactive oxygen species (ROS), in particular superoxide anion radical (‘O
and hydrogen peroxide (H20-), are involved in mediating stomatal closure evoked by ApsA
and Cp4C. In addition, the induction of selected genes involved in signal transduction and
plant stress response in leaves of A. thaliana wild-type, that were treated with ATP and ApsA
was demonstrated. Such a response was not observed in the dornl-3, A. thaliana knock-out
mutant carrying a T-DNA insertion within the P2K1/DORN1 encoding gene. Induction of
expression of these genes was not demonstrated in A. thaliana wild-type leaves under the
CTP and Cp4C treatment.

The most important achievement of the present work is the identification of the plant
purinoreceptor P2K1/DORNL1 as an important membrane protein involved in ApsA-induced
signal perception. Furthermore, the role of elements participating in signal transduction
leading to modification of the phenylpropanoid pathway in V. vinifera and regulation of
stomatal apparatus movements in A. thaliana was established. In addition, P2K1/DORN1
was shown to have no perception function for the pyrimidine dinucleotide Cp4C, which

indicated that other proteins interacting with this nucleotide are present in plants.
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1. Wprowadzenie

Nukleotydy to organiczne zwigzki chemiczne wystepujace u wszystkich organizmow
zywych. Stanowig podstawowy element strukturalny kwasow nukleinowych, odgrywaja
kluczowe role w wielu procesach metabolicznych oraz uczestniczg w procesie transdukcji
sygnatu jako czgsteczki sygnalne. Do grupy nukleotydow o0 ugruntowanej funkcji sygnalnej
w komorkach roslinnych zaliczy¢ mozna: cykliczny 3’,5’-adenozynomonofosforan (CAMP),
cykliczny 3’5’ - guanozynomonofosforan (cGMP), dinukleotyd nikotynoamidoadeninowy
(NADY), fosforan NAD* (NADP™) i zewnatrzkomorkowy ATP (eATP) (Pietrowska-Borek,
Dobrogojski i in., 2020a).

Grupg nukleotydow o mato poznanej funkcji u roslin sg nukleotydy nietypowe, a wsrdd nich
dinukleozydopolifosforany (NpnN’) i nukleozydo 5'-fosforamidy (NH2-pN) bedace
przedmiotem badan niniejszej rozprawy doktorskiej. NpnN’ zbudowane sg z dwoch
nukleozydow, potaczonych tancuchem reszt fosforanowych, ktérych liczba waha si¢ od 2 do
7 (Pietrowska-Borek i in., 2020b). Pierwszym NpnN’ zidentyfikowanym w materiale
biologicznym w zarodkach krewetek byt diguanozynotetrafosforan (GpsG) (Finamore i
Warner, 1963). Jednakze, najpowszechniej badanymi sposréd NpnN’ sg diadenozyno 5',5"'-
P! P*-tetrafosforan (ApsA) i diadenozyno 5',5""-PtP3-trifosforan (ApsA). Obecnosé ApsA
wykazano po raz pierwszy w 1976 roku w komorkach ssaczych (Rapaport i Zamecnik, 1976).
Inne NpnN’ zidentyfikowano w komorkach bakteryjnych, drozdzowych (Lee i in., 1983;
Coste i in., 1987), zwierzgcych i ludzkich (Liithje i Ogilvie, 1983). Ze wzglgdu na znaczacy
wzrost poziomu NpnN’ w komodrkach poddawanych stresom, takim jak podwyzszona
temperatura, etanol czy kadm, molekuty te zakwalifikowano do grupy zwigzkéw
nazywanych ,,alarmonami” (Lee i in., 1983; Baltzinger i in., 1986; Coste 1 in., 1987; Palfi 1
in., 1991). Istotnym elementem w poznaniu funkcji badanych nukleotydow jest identyfikacja
ich efektorow oraz enzymoéw zarowno syntetyzujacych jak 1 degradujacych te molekuly.
Elementy te szeroko oméwiono W pracy przegladowej, ktorej jestem wspotautorem
(Publikacja 1; Pietrowska-Borek, Dobrogojski i in., 2020a). Nieodtgcznym elementem
dziatania molekuly sygnalnej sa enzymy kontrolujace jej poziom. ldentyfikacja enzymow
zaangazowanych w biosynteze i1 degradacje NpnN' zarowno w komorkach prokariotycznych
jak i eukariotycznych wzmocnita hipotezg o ich funkcji sygnalnej (Ferguson i in., 2020;
Publikacja 1; Pietrowska-Borek, Dobrogojski i in., 2020a). U roslin dotychczas
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zidentyfikowano trzy enzymy katalizujace reakcj¢ syntezy NpnN'. Sa nimi ligaza 4-
kumarylo-CoA (EC 6.2.1.12) z Arabidopsis thaliana (Pietrowska-Borek i in., 2003) oraz
dwie syntetazy fenyloalanylo-tRNA (EC 6.1.1.20) i serylo-tRNA (EC 6.1.1.11) z Lupinus
luteus (Jakubowski, 1983). Wsrod enzymow degradujacych NpnN’ wyrdzniono substratowo
specyficzne i niespecyficzne. Do enzymow specyficznie degradujacych NpnN' nalezg
asymetryczna hydrolaza NpnN’ (EC 3.6.1.17), symetryczna hydrolaza NpnN’ (EC 3.6.1.41)
oraz hydrolaza NpsN’ (EC 3.6.1.29) (Guranowski, 2000). U roslin aktywno$¢ asymetrycznej
hydrolazy NpaN' wykryto w nasionach Lupinus luteus (Jakubowski i Guranowski, 1983),
Helianthus annuus, Cucurbita pepo (Guranowski, 1990), komoérkach pomidora (Feussner i
in., 1996), nasionach Lupinus angustifolius (Maksel i in., 1998) oraz w Hordeum vulgare
(Churin i in., 1998). Do ro$linnych, niespecyficznych enzymow katalizujacych reakcje
degradacji NpnN' nalezg fosfodiesteraza | (EC 3.1.4.1) z Lupinus luteus (Jakubowski, 1983)
I pirofosfataza nukleotydowa (EC 3.6.1.9) z bulwy ziemniaka (Bartkiewicz i in., 1984).

Sposroéd NH2-pN najczeséciej badanym jest adenozyno 5'-fosforamid (NH2-pA). Do tej pory
jego obecnos¢ wykazano w mieszaninie nukleotydow wyizolowanych z Chlorella
pyrenoidosa (Fankhauser i in., 1981). Podobnie jak w przypadku NpnN’, identyfikacja
enzymow katalizujacych reakcje syntezy oraz degradacji NH2-pA kontrolujacych stezenie
tego nukleotydu, zaré6wno w komorkach organizméw prokariotycznych jak i
eukariotycznych, sugeruje jego powszechne wystgpowanie (Fankhauser i in., 1981;
Guranowski 1 in., 2008, 2010; Wojdyta-Mamon 1 Guranowski, 2015). Reakcj¢ syntezy NHa-
pA katalizuje adenylylotransferaza-adenylylo siarczano:amoniak (EC 2.7.7.51). Aktywnos$¢
tego enzymu u roslin wykazano w Hordeum vulgare, Spinacia oleracea (Fankhauser i in.,
1981) oraz Lupinus luteus (Wojdyta-Mamon i Guranowski, 2015). U roslin rozktad NH2-pA
do AMP i NHz katalizowany jest przez hydrolazy (Guranowski i in., 2008, 2010, 2011)
natomiast do ADP i NH3 przez fosforylazg (Guranowski i in., 2011). Biatkami posiadajacymi
zdolnos$¢ zardwno syntezy jak i degradacji NH2-pA sg enzymy z rodziny biatek Fhit (ang.
Fragile histidine triad; Guranowski i in., 2008).

W odpowiedzi na niekorzystne czynniki $rodowiskowe w komorkach roslinnych ulega
indukcji szereg mechanizméw obronnych majacych na celu zwalczanie pojawiajacych si¢

niepozadanych efektow. U rodlin wyzszych, jednym z mechanizméw uruchamianych w
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stresie wywotanym dzialaniem zaréwno biotycznych jak i abiotycznych czynnikow jest
aktywacja szlaku fenylopropanoidowego dostarczajacego metabolitéw wtornych takich jak
flawonoidy, ligniny czy stilbeny. Pierwsza reakcja w wyniku ktorej L-fenyloalanina zostaje
przeksztatcona do kwasu trans-cynamonowego katalizowana jest przez amoniakoliaze
fenyloaniny (PAL). Nastepnie, 4-hydroksylaza kwasu cynamonowego (C4H) katalizuje
powstanie kwasu p-kumarowego z kwasu trans-cynamonowego. Kolejno, w wyniku
aktywnosci ligazy 4-kumarylo-CoA (4CL) kwas p-kumarowy ulega przeksztatceniu do p-
kumarylo-CoA. Na tym etapie szlak fenylopropanoidowy ulega rozgatezieniu, a p-kumarylo-
CoA stanowi substrat wyjsciowy dla licznych przemian metabolicznych (Sharma i in., 2019).
Wykazano, ze nukleotydy nietypowe takie jak ApzA, ApsA | NH2-pA mogg modyfikowac
szlak fenylopropanoidowy w ro$linie modelowej A. thaliana (Pietrowska-Borek i in., 2011,
2015). Zaobserwowano, ze egzogenny ApzA i ApsA indukowaty ekspresj¢ genow PAL2 i
4CL. Co wigcej, ApsA 1 ApsA istotnie zwigkszaly aktywno$ci enzyméw kodowanych przez
te geny (Pietrowska-Borek i in., 2011). Ponadto nukleotydy cykliczne (CAMP i cGMP),
molekuly o dobrze poznanej funkcji sygnalnej, rowniez wptywaly na badany szlak
(Pietrowska-Borek i Nuc, 2013). Podobny efekt zaobserwowano pod wptywem
przepuszczalnych dla bton komorkowych i nie ulegajacych rozktadowi przez fosfodiesteraze
analogow cyklicznych nukleotydow tj. 8-Br-cAMP i 8-Br-cGMP (Pietrowska-Borek i Nuc,
2013). Wykazano wzrost poziomu transkryptow genow PAL2, 4CL1 i genu CHS, kodujacego
syntaze¢ chalkonowa oraz aktywnosci enzymoéw kodowanych przez te geny (Pietrowska-
Borek i Nuc, 2013). Stymulacja ekspresji genéw PAL, 4CL oraz genu CCR2 kodujacego
reduktaze cynamylo-CoA, enzymu katalizujacego reakcje na drodze syntezy lignin, zostala
wykazana réwniez pod wptywem egzogennego NH2-pA. Jednoczesnie zaobserwowano
wzrost akumulacji lignin i kwasu salicylowego (Pietrowska-Borek i in., 2015). Grupa
fenylopropanoidéw wykazujacych wlasciwos$ci antyoksydacyjne sg stilbeny a w §rod nich
trans-resweratrol (Sharma i in., 2019). Zwigzek ten zaliczany jest do fitoaleksyn, zwigzkow
syntetyzowanych w odpowiedzi na stres. Rosling o duzej zawartosci stilbenéw, do ktorych
nalezy trans-resweratrol jest winoro§l wilasciwa (Vitis vinifera). Aktywacje szlaku
fenylopropanoidowego wykazano rowniez w komorkach kultury zawiesinowej Vitis vinifera
cv. Monastrell traktowanych ApzA (Pietrowska-Borek i in., 2014). Indukcja ekspresji genow

PAL1, 4CL1, C4H1 oraz genu STS1, kodujacego syntaze stilbenowg, w poczatkowych
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punktach czasowych eksperymentu byta skorelowana z istotnym wzrostem akumulacji w
komorkach stilbenow, trans-resweratrolu i trans-piceidu. Pomimo identyfikacji enzyméow
odpowiedzialnych za synteze i degradacje NpnN' oraz NH2-pA, jak dotad brak w literaturze
danych potwierdzajacych wystepowanie tych nukleotydow w komorkach roslinnych.
Jednakze modyfikacja szlaku fenylopropanoidowego u A. thaliana i V. vinifera pod
wplywem ApsA i ApsA oraz NH2-pA, sugeruje ich zaangazowanie w odpowiedz na dziatanie

czynnikéw stresowych u roslin.

Coraz wigcej badan nad udzialem w odpowiedzi roslin na rdzne stresy srodowiskowe dotycza
innego nukleotydu purynowego jakim jest egzogenny ATP (eATP). Dowiedziono, ze
nukleotyd ten bierze udziat w regulacji wzrostu (Kim i in., 2006; Wu i in., 2007; Riewe i in.,
2008; Clark i in., 2010; Tonén i in., 2010; Zhu i in., 2020) i rozwoju rosliny (Reichler i in.,
2009; Wu i in., 2018). Ponadto eATP jest zaangazowany w odpowiedZ rosliny na stres
wywotany czynnikami biotycznymi (Chivasa i in., 2005; Chen i in., 2017; Tripathi i in.,
2018; Goodman i in., 2022), i abiotycznymi (Thomas i in., 2000; Sun i in., 2012; Kim i in.,
2009; Hou i in., 2018). Wyniki badan nad funkcjg eATP u roslin opublikowane w ostatnich
latach wskazuja na udzial tego nukleotydu w mechanizmie zamykania aparatow
szparkowych w odpowiedzi na atak chorobotworczych patogenow takich jak Pseudomonas
syringae (Cheniin., 2017; Duong i in., 2022) oraz stres wywotany susza (Wang i in., 2022).
Dotychczas zidentyfikowano dwa roslinne btonowe receptory posiadajace zdolnos¢ wigzania
eATP. Biatkami tymi sa receptory P2K1/DORN1 oraz P2K2/DORN2 nalezace do
blonowych receptorowych kinaz biatkowych LecRKs (ang. L-type lectin receptor kinases)
(Choi i in., 2014; Pham i in., 2020; Cho i in., 2023). Interakcja eATP z receptorem
P2K1/DORN1 powoduje wzrost poziomu czasteczek sygnatowych takich jak tlenek azotu
(NO), reaktywnych form tlenu (RFT) oraz cytozolowego wapnia wolnego [Ca®*eyt (Clark i
in., 2010; Tanaka i in., 2010; Chen i in., 2017; Wu i in., 2018). Po rozpoznaniu eATP
nastepuje bezposrednia fosforylacja btonowej oksydazy NADPH, RBOHD (ang.
Respiratory Burst Oxidase Homolog D; Chen i in., 2017), ktorej aktywno$¢ powoduje wzrost
stezenia anionorodnika ponadtlenkowego ('O27), ktéry nastepnie przeksztalcany jest do
nadtlenku wodoru (H202) (Song i in., 2006). Wykazano, ze W zamykaniu aparatow
szparkowych pod wplywem eATP, uczestniczg RFT (Chen i in., 2017). Wysokie stezenie
RFT, [Ca®*"]et oraz NO zapoczatkowuje aktywacje biatkowych kinaz aktywowanych
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mitogenami (MAP) (Smékalova i in., 2014; Jiang i in., 2022). Kinazy te tworza u roslin
rozbudowane $ciezki sygnatowe w formie kaskad, ktore aktywuja przez fosforylacje inne
biatka np. czynniki transkrypcyjne. Wykazano, ze kinazami MAP zaangazowanymi w
transdukcje sygnatu w odpowiedzi na eATP sg MAPK3 oraz MAPK6 (Choi i in., 2014).
Finalnie, w wyniku aktywacji szlaku transdukcji sygnalu wywotanego przez eATP u A.
thaliana dochodzi do zamknigcia aparatow szparkowych oraz, jak wykazano dzigki analizie
funkcjonalnej (GO, ang. Gene Ontology term enrichment), indukcji ekspresji genow
indukowanych stresem oraz genéw powigzanych z transdukcja sygnatu (Choi i in., 2014).
Pomimo wielu przestanek wskazujacych na funkcj¢ sygnalng NpnN’ oraz NH2-pA, roslinne
mechanizmy percepcji i transdukcji sygnalu wywotanych przez te molekuty pozostawaty

nieznane.
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2. Hipotezy i cele badan

Przyjeto nastgpujace hipotezy badawcze:

1. Szlak fenylopropanoidowy jest regulowany przez purynowe i pirymidynowe
dinukleozydopolifosforany oraz nukleozydo 5'-fosforamidy w komoérkach V. vinifera
cv. Monastrell,

2. Zaroéwno NpnN' purynowe (ApsA, ApsA) jak i pirymidynowe (CpsC, CpsC) indukuja
zamykanie aparatow szparkowych u A. thaliana,

3. Btlonowa receptorowa kinaza biatkowa LecRK-1.9 (P2K1/DORNL1) jest niezbedna w
transdukcji  sygnalu prowadzacego do zamknigcia aparatdéw szparkowych

wywotanego przez Aps;A i CpsC u A. thaliana.

Cele pracy doktorskiej:
Nadrzednym celem pracy byto okreslenie roli NpaN’ i NH2-pN w transdukcji sygnatu
i regulacji szlaku fenylopropanoidowego u winoro$li wiasciwej (Vitis vinifera L.) i

rzodkiewnika pospolitego (Arabidopsis thaliana (L.) Heynh.).

Zasadniczy cel pracy realizowano poprzez nastgpujace cele szczegodtowe:

1. Analiz¢ zmian ekspresji genéow kodujacych wybrane enzymy szlaku
fenylopropanoidowego pod wptywem badanych NpaN' (ApzA, GpsG, UpsU, UpsU,
CpsC, Cp4C, ApsU, ApsC, ApsC) i NH2-pN (NH2-pA, NH2-pG, NH2-pC, NH2-pU) w
zawiesinowej kulturze komorkowej V. vinifera cv. Monastrell,

2. Okreslenie zmian w akumulacji dwoch stilbendéw: trans-resweratrolu i trans-piceidu
w komorkach, a takze w pozywce pod wptywem wybranych NpaN’ i NH2-pN w
zawiesinowej kulturze komorkowej V. vinifera cv. Monastrell,

3. Ocene wptywu wybranych NH2-pN na poziom lignin i fenyloamidéw w komorkach a
takze w pozywce w zawiesinowej kulturze komoérkowej V. vinifera cv. Monastrell,

4. Analize funkcji NpaN’ purynowych (ApsA, ApsA) i pirymidynowych (CpsC, CpsC)

w regulacji zamykania aparatow szparkowych u A. thaliana,
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5. Okre$lenie udzialu blonowej receptorowej kinazy biatkowej LecRK-1.9
(P2K1/DORN1) w procesie zamykania aparatow szparkowych wywotanym przez
ApsA i CpsC u A. thaliana,

6. Okreslenie udziatu RFT ("O2™ i H20.) jako molekut posredniczacych w transdukcji
sygnalu wywotlanego przez ApsA i CpsC prowadzacego do zamykania aparatow
szparkowych u A. thaliana,

7. Analiza zamian wywotanych ATP, CTP, ApsA i CpsC w ekspresji genow kodujgcych

kluczowe biatka zaangazowane w transdukcje sygnatu u A. thaliana.

Zatozono, ze wyjasnienie roli NphN" 1 NH2-pN w transdukcji sygnatu i regulacji szlaku
fenylopropanoidowego u roslin pozwoli na identyfikacj¢ bialek zar6wno receptorowych,
$ciezek transdukcji sygnatu jak i biatek enzymatycznych kluczowego szlaku biorgcego udziat

w reakcji roslin na stresy.
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3. Oméwienie uzyskanych wynikow

Kluczowym aspektem w procesie wyjasniania funkcji potencjalnej molekuty sygnalnej
jest identyfikacja efektora oraz elementow szlakow transdukcji sygnalu prowadzacych do
okreslonej reakcji organizmu. Ostatnie badania na poziomie molekularnym, biochemicznym
i fizjologicznym dowodzg o roli sygnalnej nukleotydow takich jak eATP, NH2-pA i NpaN’
w licznych procesach zachodzacych w komoérkach roslinnych. Szczegotowy opis 1 dyskusje
nad owym zagadnieniem zawiera praca przegladowa, ktorej jestem wspotautorem
(Publikacja 1). W pracy tej zaproponowano hipotetyczny szlak transdukcji sygnatu
wywotanego przez NpnN' i NH2-pA u roslin (Publikacja 1, Fig. 5), ktory prowadzi do
odpowiedzi roslin na NpaN' i NH2-pA w postaci modyfikacji ekspresji gendéw szlaku
fenylopropanoidowego i syntezy kwasu salicylowego u Arabidopsis thaliana (Pietrowska-
Borek i in., 2011, 2014, 2015). Hipoteza zaktadata obecnos¢ btonowych receptorow i/lub
kanatow transportujacych NpaN' 1 NH2-pA do wnetrza komorki roslinnej, zaangazowanie
wtornych przekaznikéw sygnatu i kaskad kinaz powszechnie biorgcych udzial w transdukcji

sygnatu w komorce.

W celu odpowiedzi na pytanie o uniwersalny charakter uruchamiania mechanizméw
obronnych jakim jest indukcja szlaku fenylopropanoidowego przez NpaN' i NH2-pN u roslin,
przeanalizowano wplyw egzogennych NpaN' (ApsA, GpsG, UpsU, UpsU, CpsC, CpsC,
ApsU, ApsC, ApsC) i NH2-pN (NH2-pA, NH2-pG, NH2-pC, NH2-pU) w zawiesinowej
kulturze komérkowej Vitis vinifera cv. Monastrell. Ze wzgledu na naturalnie wysoki poziom
stilbenow gatunek ten okazat si¢ by¢ dobrym modelem do zaplanowanych eksperymentow.
Wzrost akumulacji trans-resweratrolu i trans-piceidu w pozywkach w porownaniu do kultur
kontrolnych zaobserwowano pod wptywem 5 uM nukleotydow purynowych (ApszA i GpsG),
pirymidynowych (UpsU i UpsU) oraz puryno-pirymidynowej hybrydy (ApsU) do 24 godzin
od potraktowania zawiesinowej kultury komorkowej (Publikacja 2, Fig. 2). Analizie
poddano  rowniez  ekspresjc  genow  kodujacych  wybrane enzymy  szlaku
fenylopropanoidowego. Po 24 godzinach trwania eksperymentu odnotowano wzrost
akumulacji stilbendow w pozywce pod wptywem ApsA, GpsG, UpsU i UpsU co byto
skorelowane z istotng indukcjg ekspresji genu C4H1 oraz genu STS1 kodujacego enzym

katalizujacy synteze trans-resweratrolu (Publikacja 2, Fig. 4). Na uwage zastuguje rowniez
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istotny, nawet 5-krotny wzrost ekspresji pod wptywem ApsA, GpsG, UpsU i UpsU genu
ABCG44 kodujacego biatko ABCG44 transportujace trans-resweratrol na zewnatrz komorki
(Publikacja 2, Fig. 5). Natomiast inne badane pirymidynowe nukleotydy takie jak CpsC,
Cp4C i purynowo-pirymidynowy Ap4C silnie hamowaty ekspresje genu STS1 (Publikacja
2, Fig. 4) i genu ABCG44 (Publikacja 2, Fig. 5) co odzwierciedlato rowniez akumulacje
stilbenéw w pozywce i w komorkach (Publikacja 2, Fig. 2). Co ciekawe, po 72 godzinach
od potraktowania zawiesinowej kultury komérkowej V. vinifera cv. Monastrell CpsC i CpaC,
zaobserwowano ok. 6-krotny wzrost ekspresji genu PAL1, 5-krotny wzrost ekspresji genu
4CL1 oraz 8-krotny wzrost ekspresji genu CCR2. Potraktowanie komoérek ApsC rowniez
spowodowato ok. 8-krotny wzrost ekspresji genu CCR2 po 72 godzinach (Publikacja 2, Fig.
4). Uzyskane wyniki wskazuja na odmienny mechanizm modyfikacji szlaku
fenylopropanoidowego przez nukleotydy zawierajace rozne purynowe lub pirymidynowe
nukleozydy. Dinukleotydy cytydynowe indukowaty szlak syntezy lignin, jednego z
odgatezien szlaku syntezy fenylopropanoidéw. Dowiedziono réwniez, ze produkty
ewentualnego rozpadu tych nukleotydow takie jak AMP, GMP, UMP czy CMP nie wptywaty
na nagromadzanie stilbenéw w pozywkach (Publikacja 2, Fig. 3). W zwiazku z powyzszymi
obserwacjami kolejng hipotezg byta hipoteza méwiagca o udziale w modyfikacji aktywnosci
szlaku fenylopropanoidowego purynowych i pirymidynowych NH2-pN w zawiesinowej
kulturze komoérkowej V. vinifera cv. Monastrell. Uzyskane wyniki potwierdzity jedng z
postawionych hipotez dotyczacg regulacji szlaku fenylopropanoidowego przez purynowe i
pirymidynowe NpnN’ i NH2-pN. Odnotowano istotne réznice akumulacji dwoch stilbenow:
trans-resweratrolu oraz trans-piceidu w komoérkach oraz pozywce, zar6wno pod wptywem
NH2-pN purynowych (NH2-pA, NH2-pG) jak i pirymidynowych (NH2-pU, NH2-pC).
Réznice w poziomie stilbendéw w komorkach oraz pozywce zalezaly rowniez od czasu
traktowania komorek poszczegdlnymi nukleotydami. Najwigksze zmiany w poziomie trans-
resweratrolu w pozywce zaobserwowano pod wptywem NH2-pG, NH2-pU i NH2-pC w
pierwszym badanym punkcie czasowym, tj. po 6 godzinach od traktowania oraz po 12
godzinach tylko pod wptywem NH2-pU i NH2-pC (Publikacja 3, Fig. 5b). Akumulacja
trans-resweratrolu w pozywce po 24 i 48 godzinach byta istotnie indukowana przez NHz-pA
(Publikacja 3, Fig. 5b). Niezaleznie od typu NH2-pN poziom trans-resweratrolu w pozywce
po 72 godzinach byt niski i zblizony do poziomu w probie kontrolnej (Publikacja 3, Fig.
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5b). Istotne statystycznie zmiany w poziomie trans-piceidu w pozywce zaobserwowano
tylko pod wptywem NH2-pA po 24 godzinach od traktowania zawiesinowej kultury
komorkowej (Publikacja 3, Fig. 5¢). Istotng roznice w akumulacji stilbenéw w komorkach
zaohserwowano dopiero po 24 godzinach traktowania. Okoto 1,5-krotny wzrost poziomu
trans-resweratrolu w komoérkach byt spowodowany przez NH2-pA oraz NH2-pU, podczas
gdy pod wptywem NH2-pC odnotowano ok. 7-krotny spadek w poréwnaniu do kontroli
(Publikacja 3, Fig. 4b). Nie wykazano zmian zawartosci trans-resweratrolu pod wptywem
NH.-pG po 24 godzinach w poréwnaniu do proby kontrolnej (Publikacja 3, Fig. 4b). Co
ciekawe, po 48 godzinach poziom trans-resweratrolu w komorkach pod wptywem NH2-pA
i NH2-pC ulegt ok. 7-krotnej redukcji, podczas gdy NH2-pG i NH2-pU nie powodowaty
istotnych zmian (Publikacja 3, Fig. 4b). W przypadku akumulacji trans-piceidu w
komorkach wykazano istotny, bo ok. 13-krotny spadek jego akumulacji pod wptywem NH>-
pG po 24 godzinach traktowania, podczas gdy nie zaobserwowano istotnych zmian pod
wplywem pozostalych NH2-pN (Publikacja 3, Fig. 4c). Natomiast, po 48 godzinach
zaobserwowano ok. 2-krotny wzrost poziomu trans-piceidu w komorkach pod wplywem
NH:-pA i NH2-pC, podczas gdy nukleotydy NH2-pG i NH2-pU nie powodowaty istotnych
zmian (Publikacja 3, Fig. 4c). Niezaleznie od typu NH2-pN poziom trans-resweratrolu i
trans-piceidu w komoérkach po 72 godzinach byt niski i zblizony do poziomu w probie
kontrolnej (Publikacja 3, Fig. 4). Ponadto odnotowano, ze ekspresja genéw kontrolujacych
biosynteze stilbenow oraz lignin byta modyfikowana przez badane NH2-pN. Najwicksza
indukcje ekspresji genow kodujacych enzymy szlaku fenylopropanoidowego wykazano po
72 godzinach od potraktowania 5 uM NH2-pN zawiesinowej kultury komorkowej: ok. 8-
krotny genu PAL1 pod wptywem NH2-pC, a ok. 4-krotny pod wptywem NH2-pG i NH2-pU
(Publikacja 3, Fig. 3a). Podobne zalezno$ci zaobserwowano w przypadku ekspresji genow
4CL1 i STS1. Uzyskane dane wykazaty, ze gen 4CL1 ulegat ok. 10-krotnej indukcji pod
wplywem NH2-pC oraz ok. 3-krotnej pod wptywem NH2-pG i NH2-pU (Publikacja 3, Fig.
3c). Okoto 13-krotng indukcje ekspresji genu STS1 zaobserwowano pod wptywem NH-pC
oraz ok. 5-krotng pod wptywem NH2-pG i NH2-pU (Publikacja 3, Fig. 4a). Ponadto po 72
godzinach traktowania nukleotydami zawiesinowej kultury komorkowej zaobserwowano ok.
2,5-krotny wzrost ekspresji genu C4H1 pod wptywem NH2-pC, podczas gdy ekspresja tego
genu ulegta obnizeniu pod wptywem pozostatych NH2-pN (Publikacja 3, Fig. 3b). Na
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uwage zashuguje rowniez podobny, bo ok. 3-krotny wzrost ekspresji genu 4CL1 pod
wpltywem NH2-pA (Publikacja 3, Fig. 3b). Ponadto zmiany w poziomie zwigzku N-
benzoiloputrescyny (BenPut), jednego z fenyloamidéw bedgcych pochodnymi
fenylopropanoidéw i poliamin, wykazano pod wptywem NH2-pA, NH2-pG i NH2-pC po 24-
godzinnach trwania eksperymentu (Publikacja 3, Fig. 9). Z kolei, w pierwszym punkcie
czasowym, tj. po 6 godzinach traktowania zawiesinowej kultury komérkowej badanymi
nukleotydami, fenyloamid BenPut byt wykrywalny na poziomie ok. 0,35 pg g * suchej masy
(DW) w komorkach V. vinifera cv. Monastrell tylko pod wptywem NH2-pC. Niezaleznie od
typu NH2-pN poziom BenPut w komorkach po 48 i 72 godzinach byt niski i zblizony do
poziomu w probie kontrolnej (Publikacja 3, Fig. 9). Co istotne, badane nukleotydy nie
wplywaty na zywotnos¢ komorek (Publikacja 3, Fig. 6), poziom lignin (Publikacja 3, Fig.
8c) oraz zmiany w suchej masie komodrek (Publikacja 3, Fig. 7) w trakcie trwania
eksperymentu. Uzyskane wyniki badan nad udziatem NpnN’ i NH2-pN w kontroli aktywnosci
szlaku fenylopropanoidowego u V. vinifera cv. Monastrell (Publikacja 2 i 3) oraz na
podstawie danych literaturowych wskazujacych na ich udziat w takim procesie u rosliny
modelowej A. thaliana (Pietrowska-Borek i in., 2011, 2015) dowodza, Ze sa to molekuty

sygnalne.

Istotnym elementem percepcji sygnalu sa oddzialywania pomigdzy molekuty
sygnalng a receptorem. Poznanym i dobrze opisanym u ro$lin receptorem nukleotydu
purynowego, eATP, jest P2K1/DORN1. Dlatego tez kolejng hipoteza jaka poddano
weryfikacji w niniejszej pracy doktorskiej jest hipoteza méwigca o tym, ze P2K1/DORN1
moze by¢ réwniez receptorem dla purynowych dinukleozydopolifosforanow 1 bra¢ udziat w
zamykaniu aparatow szparkowych. Rozpoznawanie eATP przez receptor P2K1/DORN1, a
nastepnie bezposrednia fosforylacja RBOHD prowadzi do wzrostu RFT, a w konsekwencji
zamknigcia aparatow szparkowych (Choi i in., 2014; Chen i in., 2017). Ruchy aparatow
szparkowych stanowig modelowy system umozliwiajacy badania nad transdukcjg sygnatow
komorkowych oraz §ledzenie reakcji rosliny na czynnik stresowy (Jia i Zhang, 2008; Kollist
I in., 2014). Podobnie jak w pracach opisujacych P2K1/DORNL1 jako receptor dla eATP w
pierwszych badaniach skupiono si¢ na obserwacji ruchéw aparatow szparkowych pod
wplywem ApsA. Bazujac na wynikach badan nad efektem CpnC w modyfikacji szlaku

fenylopropanoidowego sprawdzono rowniez wplyw nukleotydow pirymidynowych na ruchy
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aparatow szparkowych. Sposrod nukleotydow purynowych przetestowano ApsA, ApsA,
ADP oraz ATP natomiast pirymidynowych CpsC, CpsC, CDP oraz CTP. Wykazano, ze
egzogenne ApsA i CpsC indukuja zamkniecie aparatow szparkowych (Publikacja 4, Fig. 1).
Obserwacji tej dokonano po dwugodzinnej inkubacji epidermy lisci pobranych z
czterotygodniowych roslin A. thaliana w roztworze zawierajagcym 2 mM badane nukleotydy.
Podobnego efektu nie zaobserwowano pod wptywem purynowego nukleotydu ApsA oraz
pirymidynowych CDP, CTP i CpsC (Publikacja 4, Fig. 1). Jako kontrole pozytywna,
stymulujagcg zamykanie aparatow szparkowych zastosowano 2 mM nukleotydy purynowe
ADP i ATP oraz 10 uM kwas abscysynowy (ABA) (Choi i in., 2014; Chen i in., 2017). W
zwigzku z wystgpowaniem u roslin enzymoéw degradujacych dinukleozydopolifosforany
zbadano sktad roztworow nukleotydow, w ktorych inkubowano epiderme¢, pod katem ich
rozpadu do mononukleotydow. Co ciekawe, nie zaobserwowano rozpadu ApsA oraz CpsC
do mononukleotydéw, ktére moglyby wywolywaé¢ zamykanie aparatow szparkowych
(Publikacja 4, Fig. S1). Ponadto dowiedziono, iz podobnie do eATP, ApsA nie wywotuje
zmian w rozwarto$ci aparatow szparkowych w mutancie dornl-3 typu knock-out
posiadajagcym insercje T-DNA w obrgbie genu kodujacego P2K1/DORN1. Tego efektu nie
zaobserwowano rowniez pod wptywem CpsC (Publikacja 4, Fig. 2). Wyniki te potwierdzaja
jedng z postawionych hipotez w tej pracy doktorskiej moéwiacej o tym, ze purynoreceptor
P2K1/DORN1 moze by¢ rowniez receptorem dla ApsA. Ponadto dowiedziono tutaj, ze
P2K1/DORNTI nie jest zaangazowany w zamykanie aparatow szparkowych wywotane przez
pirymidynowy nukleotyd CpsC. Jedng z charakterystycznych odpowiedzi roslin na bodzce
stresowe jest synteza RFT w przestrzeni apoplastycznej (Macho i Zipfel, 2014; Mittler i in.,
2022). Aktywowane sg oksydazy NADPH, w tym RBOHD, bezposrednio przyczyniajace si¢
do wzrostu poziomu anionorodnika ponadtlenkowego (‘O2"), ktory nastgpnie przeksztatcany
jestdo H202(Song i in., 2006). W celu odpowiedzi na pytanie dotyczace zaangazowania RFT
w mechanizmie transdukcji sygnalu wywotanego przez badane nukleotydy zastosowano
dwie metody. Pierwsza z nich zakladata wykazanie akumulacji *O2" i H2O2 w lisciach
poddanych dwugodzinnej inkubacji w 2 mM roztworze nukleotydéow purynowych (ATP,
ApsA) i1 pirymidynowych (CTP, CpsC). Wykorzystujac barwienie chlorkiem biekitu
tetrazolowego, wykazano zwigkszong akumulacje ‘O2~ w lisciach A. thaliana typu dzikiego

traktowanych CTP, ApsA i CpsC w poréwnaniu do kontroli. Indukcje akumulacji *O2~ w
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liSciach mutanta dorn1-3 zaobserwowano tylko w przypadku traktowania lisci nukleotydem
CpsC (Publikacja 4, Fig. 3a). Nastepnie, wykorzystujac tetrahydrochlorek 3,3'-
diaminobenzydyny udokumentowano zwigkszong zawartos¢ H.O2 pod wpltywem ATP,
ApsA i CpsC w lisciach A. thaliana typu dzikiego w poréwnaniu do kontroli. Natomiast w
lisSciach mutanta dorn1-3 nie wykryto H202 pod wptywem ATP i ApsA. Akumulacja H20:
pod wptywem CTP byla wykrywalna na niskim i podobnym poziomie w lisciach
pochodzacych z obu typoéw roslin (Publikacja 4, Fig. 3b). Druga metoda zaktadata pomiar
rozwartosci aparatow szparkowych po dwugodzinnej inkubacji epidermy lisci pobranych z
czterotygodniowych roslin A. thaliana w 2 mM roztworze nukleotydow purynowych (ATP,
ApsA) i1 pirymidynowych (CTP, CpsC) w obecnosci dwoch enzymow antyoksydacyjnych:
dysmutazy ponadtlenkowej (SOD) i katalazy (CAT), usuwajacych RFT w postaci ‘Oz i
H20.. Zastosowanie obu enzymoéw wyeliminowalo efekt zamykania aparatow szparkowych
przez ATP, ApsA i CpsC (Publikacja 4, Fig 4). Wyniki te wskazuja na zaangazowanie
badanych RFT jako molekut sygnalnych posredniczacych w procesie zamykania aparatow
szparkowych przez ApsA i CpsC.

Jak wykazata analiza funkcjonalna (GO ang. Gene Ontology term enrichment),
efektem zaobserwowanym pod wplywem dziatania eATP byta réwniez modyfikacja
ekspresji genéw (Choi i in., 2014). Sposrod 574 modulowanych genéw pod wptywem eATP,
indukcji ekspresji podlegaty geny kodujace biatka zwigzane z odpowiedzig obronng oraz
transdukcja sygnatu (Choi i in., 2014). W zwigzku z tym przeprowadzono analize ekspresji
wybranych gendéw biorgcych udziat w transdukcji sygnatu 1 reakcje roslin na stres u A.
thaliana zarowno typu dzikiego (Col-0) jak i mutancie dornl-3 pod wplywem badanych
nukleotydéw purynowych (ATP, ApsA) i pirymidynowych (CTP, CpsC). Skupiono si¢ na
badaniach modyfikacji ekspresji genéw kodujacych kinazy biatkowe SnRK (SnRK1.1,
SnRK1.2, SnRK2.2, SnRK2.3 oraz SnRK2.6) (Publikacja 4, Fig. 5c), ktore powigzane sa
bezposrednio z kontrolg poziomu ABA w komorce roslinnej (Soon i in., 2012). U roslin,
szczegblng role w regulacji odpowiedzi na dzialanie czynnikoéw stresowych petnig kinazy
MAP (Boudsocq i in., 2015). Wykazano indukcj¢ ekspresji genu kodujacego MAPKG6
zarowno pod wptywem ATP jak i ApsA (Publikacja 4, Fig. 5d). Wiadomo, ze kinazy SnRK
grupy 1 (SnRK1), kinazy SnRK grupy 2 (SnRK2) i MAPK oddziatuja z czynnikami

transkrypcyjnymi (Skalak i in., 2021). Powszechnie znane jest zaangazowanie czynnikow

23



transkrypcyjnych ZAT6 i ZAT12 zawierajacych typowe dla roslin domeny palcow
cynkowych typu Cys2/His2 oraz domen¢ EAR (ang. ERF-associated amphiphilic
repression), w odpowiedzi roslin na kadm i inne czynniki abiotyczne (Opdenakker i in.,
2012; Shi i in., 2014; Chen i in., 2016; Dang i in., 2022). Odnotowano, ze zarobwno ATP i
ApsA wpltywaly rowniez na wzrost poziomu transkryptow genow ZAT6 i ZAT12 (Publikacja
4, Fig. 5e). Za syntez¢ RFT w komorkach roslinnych odpowiedzialne sag m. in. blonowe
oksydazy RBOH (Yoshioka i in., 2016). Zaobserwowano, ze pod wptywem ApsA silnej
indukcji ekspresji ulegat gen RBOHF, podczas gdy ten sam nukleotyd wywotywat niewielkg
zmiang w poziomie ekspresji genu RBOHD. Z kolei, pod wptywem ATP silnej indukcji
ekspresji ulegat gen RBOHD, podczas gdy ten sam nukleotyd wywotywat niewielka zmiang
w poziomie ekspresji genu RBOHF (Publikacja 4, Fig. 5a). Wykazano, ze pod wptywem
ATP i ApsA poziom transkryptow wyzej wymienionych genow byt istotnie zmniejszony w
mutancie dornl-3 w poréwnaniu do rosliny typu dzikiego (Publikacja 4, Fig. 5). Biatkami
niezbednymi do prawidlowego wzrostu, rozwoju oraz odpowiedzi na czynniki stresowe u
roslin sg kanaly bramkowane cyklicznymi nukleotydami (CNGC). Wykazano wzrost
ekspresji genu CNGC2 pod wptywem ApsA w roélinie typu dzikiego, podczas gdy ekspresja
tego genu ulegata obnizeniu w mutancie dornl-3. Egzogenny ATP istotnie zmniejszyt
poziom transkryptow tego genu w obu typach roslin (Publikacja 4, Fig. 5b). Sposrod gendéw
analizowanych jako potencjalne geny modyfikowane przez badane nukleotydy purynowe,
analizie poddano geny kodujace kinazy SnRK w podpowiedzi na CpsC. Nukleotyd
pirymidynowy CpsC nie modyfikowal poziomu ekspresji genéw SnRK1.1, SnRK1.2,
SnRK2.2, SnRK2.3, SnRK2.6 (Publikacja 4, Fig. S2).

Pomimo wielu przestanek wskazujacych na dziatanie NpnN' oraz NH2-pA jako molekut
sygnalnych, w literaturze brakowato zidentyfikowanych molekularnych elementow
zaangazowanych w percepcje oraz transdukcje sygnatu wywotanego przez te nukleotydy. W
wyniku analizy dostepnych danych literaturowych w 2020 roku zaproponowalismy
oryginalny model transdukcji sygnatu wywotanego przez NpnN' oraz NH2-pA (Publikacja
1, Fig. 5). Model zaktadal, ze nukleotydy moga by¢ zewnatrzkomorkowymi czasteczkami
sygnatowymi i oddzialywaé z komorkami roslinnymi poprzez nieznane wowczas receptory
btony plazmatycznej lub moga by¢ transportowane do wnetrza komorki. Ponadto wiadomo,

ze ich poziom w komorce roslinnej jest regulowany przez enzymy syntetyzujace i

24



degradujace (Publikacja 1; Pietrowska-Borek, Dobrogojski i in., 2020a). Zaktadano, ze
zarowno zewnatrzkomorkowe, jak i wewnatrzkomoérkowe badane nukleotydy nietypowe
moga wpltywa¢ na biosyntez¢ wtornych przekaznikow sygnatu oraz hormondw.
Hipotetyczny model transdukcji sygnatu prowadzacy do obserwowanych zmian pod
wplywem NpnN’ oraz NH2-pA w postaci modyfikacji szlaku fenylopropanoidowego zaktadat
rowniez zaangazowanie kaskady MAP kinaz, ktore biorg udziat w regulacji wzrostu i rozwoj
ro$lin, odpowiedzi na fitohormony, regulacje cyklu koméorkowego oraz odpowiedzi na stresy
biotyczne i abiotyczne. Funkcja MAP kinaz jest fosforylacja innych biatek np. czynnikow
transkrypcyjnych, wplywajac tym samym na poziom transkryptow genoéw regulowanych
przez owe czynniki transkrypcyjne. Rezultatem przeprowadzonych badan w ramach
niniejszej rozprawy doktorskiej jest potwierdzenie Owcze$nie postawionych hipotez
dotyczacych funkcji sygnalnej ApsA i CpsC oraz molekularnych elementéw transdukcji
sygnalu wywolanego przez te nukleotydy (Publikacja 4). Wykazano, ze molekutami
sygnalnymi posredniczacymi w zamykaniu aparatow szparkowych przez ApsA i1 CpsC sa
RFT ('O2 i H203). Ponadto zidentyfikowano pierwszy roslinny receptor, P2K1/DORNI,
zaangazowany w proces zamykania aparatow szparkowych wywotany przez ApsA u A.
thaliana. Udowodniono réwniez, ze P2K1/DORNI nie uczestniczy w percepcji sygnatu
indukowanego przez CpsC. Wykazano réwniez, ze zamykaniu aparatow szparkowych pod
wptywem ApsA towarzyszy istotna indukcja ekspresji kluczowych genéw zaangazowanych
w procesy obronne przed niekorzystnymi czynnikami $rodowiskowymi. Podobnych
obserwacji dokonano dla ATP. Interesujagcym jest fakt, ze nukleotyd pirymidynowy CpsC
nie wptywal na indukcje ekspresji badanych genéw. Wyniki przeprowadzonych badan
wchodzace w sklad publikacji stanowigcych cykl prac w niniejszej rozprawie doktorskiej
dostarczaja nowych danych wyjasniajacych funkcje sygnalne dinukleozydopolifosforanow i
nukleozydo 5'-fosforamidéw oraz wskazuja elementy transdukcji sygnatu przez nie
wywotanego. Po raz pierwszy w literaturze zidentyfikowano biatko btonowe,
purynoreceptor, ktory jest kluczowym elementem percepcji sygnatu dla ApsA. Uzyskane
wyniki pozwolily na uzupetienie wielu hipotetycznych punktéw w modelu transdukcji
sygnatu zaproponowanego w Publikacji 1 (Pietrowska-Borek, Dobrogojski i in., 2020a).
Uzupetniony model przedstawiono w Publikacji 4, Fig. 6 (Dobrogojski i in., 2023). Dalsze

badania majgce na celu identyfikacje efektorow oraz elementoéw szlakoéw transdukcji sygnatu
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prowadzacych do wykazanych w niniejsze pracy reakcji roslin, beda stanowily kluczowy

aspekt w procesie wyjasniania funkcji sygnalnej pozostatych NpaN' i NH2-pN.
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4. Podsumowanie i wnioskKi

Badania nad rola NpaN’ i NH2-pN w transdukcji sygnatu i regulacji szlaku
fenylopropanoidowego u winorosli whasciwej (Vitis vinifera L.) i rzodkiewnika pospolitego
(Arabidopsis thaliana (L.) Heynh.) doprowadzity do sformulowania nastepujacych

konkluzji:

1. Potwierdzono, ze egzogenne NpnN’' reguluja szlak fenylopropanoidowy w
zawiesinowej kulturze komorkowej V. vinifera cv. Monastrell zaleznie od typu
nukleozydu (Publikacja 2):

e wzrost akumulacji stilbenow w pozywce pod wptywem ApsA, GpsG, UpaU i
UpsU byt skorelowany z indukcja ekspresji genu C4H1, STS1 oraz genu
ABCG44,

e pirymidynowe NpnN’ tj. CpsC, CpsC oraz puryno-pirymidynowy nukleotyd
Ap4C, silnie hamowaty biosynteze stilbenow €0 zwigzane bylo z obnizeniem
ekspresji genéw PALL, 4CL1 i STS1 przy jednoczesnej indukcji ekspresji
genu CCR2 kodujacego reduktaze cynamylo-CoA kontrolujaca biosynteze
lignin.

2. Potwierdzono, ze NH2-pN regulujg szlak fenylopropanoidowy zawiesinowej kultury
komorkowej V. vinifera cv. Monastrell zaleznie od typu nukleozydu (Publikacja 3):

e zarowno purynowe (NH2-pA, NH2-pG) jak i pirymidynowe (NH2-pU, NHo-
pC) NH2-pN modyfikowaly ekspresj¢ gendéw kontrolujagcych biosynteze
stilbenow 1 lignin,

e sposrdd testowanych NH2-pN, NH-pC wykazat najwigksza indukcje
ekspresji genéw kodujacych enzymy szlaku fenylopropanoidowego, takich
jak PAL1, C4H1, 4CL1 i STS1. Ponadto nukleotyd ten indukowat szybki
wzrost poziomu N-benzoilputrescyny (BenPut),

e nie wykazano zamian zawartosci lignin w komodrkach V. vinifera w
porownaniu do kontroli pod wptywem badanych NH2-pN,

e nie zaobserwowano negatywnego wplywu badanych NH2-pN na zZywotno$§¢

komorek V. vinifera.
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3. Wykazano, ze btonowa receptorowa kinaza biatkowa LecRK-1.9 (P2K1/DORN1)

jest kluczowym elementem w percepcji i transdukcji sygnalu wywolanego przez
ApsA (Publikacja 4):

egzogenne ApsA i1 Cp4C istotnie zmniejszaly stopien rozwarcia aparatow
szparkowych u A. thaliana, podczas gdy ApsA i CpsC nie wywotaty
podobnego efektu,

receptor P2K1/DORNL1 nie uczestniczy w percepcji i transdukcji sygnatu
prowadzacego do zamknigcia aparatow szparkowych wywotanego przez
Cp4C,

molekutami  sygnalnymi posredniczacymi w zamknigciu aparatow
szparkowych przez ApsA i CpsC sa RFT ('O2™ 1 H202),

zamykaniu aparatow szparkowych pod wptywem ApsA towarzyszy istotna
indukcja ekspresji gendw SnRK1.1, SnRK1.2, SnRK2.2, SnRK2.3, SnRK2.6,
RBOHD, RBOHF, MAPKG6, ZAT6, ZAT12. Ekspresja wyzej wymienionych
genow ulegta obnizeniu w mutancie dornl-3 w poréwnaniu do roslin typu
dzikiego. Podobne obserwacje odnotowano pod wptywem ATP,

zmian w ekspresji genow SNRK1.1, SnRK1.2, SnRK2.2, SnRK2.3, SnRK2.6,
nie odnotowano pod wptywem CTP oraz CpsC.

Kluczowym osiagnigciem niniejszej pracy jest wskazanie ros§linnego purynoreceptora

P2K1/DORN1 jako istotnego biatka btonowego w percepcji sygnalu wywotanego przez

ApsA. Jest to pierwsze opisane roslinne biatko receptorowe mogace oddziatywac z ApsA.

Ponadto okreslono rolg elementdow mogacych uczestniczy¢ w transdukcji sygnatu

prowadzacego do modyfikacji szlaku fenylopropanoidowego u V. vinifera i regulacji ruchow

aparatow szparkowych u A. thaliana. Co wigcej, wykazano, ze P2K1/DORNI1 nie petni takiej

funkcji w przypadku dinukleotydu pirymidynowego CpsC, co s$wiadczyé moze o

wystepowaniu u roslin innych biatek oddziatujacych z tymi nukleotydami.
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Blochemiury, 147, 125-132 polepal ra zasnganowaniu w dyskusie nad uzyskanymi wynikami oraz
przypotowanie manuskrypt.

Pietrowska-Borek M., Dobrogojski J., Wopdyla-Mamod A M., Romanowska J., Golghiewska J.,
Borek S, Murnta K. Ishibara A, Pedrefo M.A., Guranowski A. 2021, Nuckeoside &
Phosphoramidates Control the Phenylpropanoid Pathway im Virls winlfero Suspension-Caltured
Cells. Invernational Jowrmal of Molecwlar Sclences, 22, 13567 polegal na wspoltworaeniu
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MR, Dabrowski JM., Kowalska J., Jenmelity J., Boeck S, Pedrofio MLA ., Guranowski A, 2020,
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pathway in Vit wimifers L. ov. Monastrell suspension cultured cells. Plant Physiclogy and
Biochemisry, 147, 125-132 polegal na realizachi caghel badah dotyczpeych analizy akumalaci
dwich stilbendw: trons-resweratrolu i pans-picesdu w komdrkach, a takze w pokywee (Fig. 2.)
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Pictrowska-Borek M., Dobrogoiski J,, Wojdyl-Mamon AM., Romanowska J., Golgbicwska J,
Borek S, Murata K., Ishihara A, Pedrelo MA., Gumnowski A. 2021 Nucleosdde 5'-
Phosphoramidates Comtrol the Phenylpropanckd Pathway in Vitls vindera Suspension-Cultured
Cells. Internatioral Jowrnal of Molecular Sciences, 22, 13567 polegal na realiacji czgdci badm
dotyczaeych analizy akumubicii dwoch stilbendw: sans-reswenntrolu i trans-picesdu w komdrkach
(Fig. 4b 1 Fig. 4¢), a ke w pokywee (Fig, Sbi Fig. 5¢) pod wplywem NH2pN w mawicsinowej
kulturze komarkowej V. vimi@ra, Ponadio bylam zasngarowans w badania nad zawanodeig lignin
w komdekach V. vinifera traktowanych NH-pN (Fig. 8c),
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Cells. Imtermational Jowrnal of Molecwlar Sciences, 22, 13567 polegal na prreprowadzeniu syntezy
i oczyszczania nukleozydo 5°fosforamidéw,

P Gt

51



Poznah, 19.01,2024

dr Joanna Romanowska

Zaklad Chemii Kompanentiw Kwasdw Nukleinowych,
Instytut Chemii Bioorganicznej,

Polska Akademia Nauk, 61-704 Poznas,

email: joarom@ibeh.poznan.p

Odwindczam, 2e mdj udzial w przygotowaniu pracy:

Pietrowska-Borek M., Dobrogajshi 1., Woidyla-Mamod A.M., Romanowska J., Golgbiewska J.,
Borek S. Murata K., lshilams A. Pedrefio MA, Gurmnowski A. 2021, Nucheoside §%
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wspdludziale w przygotowaniu manuskryptu oraz wspdlprojektowaniu wszystkich figur.

Pietrowska-Borek M., Wojdyta-Mamon A, Dobrogejski J., Miynarska-Cicilak A., Baranowski
M.R., Dabrowski J M., Kowalska J., Jemiclity J., Borek S., Pedretio MA., Guranowski A, 2020,
Purine and pyrimidine dinucleoside polyphosphates differentially affect the phenylpropanaid
pathway in Viris vinifera L. cv. Monastrell suspension cultured cells. Plant Phystology and
Biochemistry, 147, 125-132 polegat na realizacji czgdci badan laboratoryjnych dotyczacych
analizy zmian ekspresji gendw kodujgeych kluczowe enzymy szlaku fenylopropanosdowym (Fig.
4.) oraz akumalacji dwéch stilbendw: frans-resweratrolu i trans-piceidu w komérkach, a takze w
pozywee (Fig. 2.) pod wplywem testowanych Np.N' w zawiesinowej kulturze komdrkowe) Vitis
vinifera.

Pictrowska-Borek M., Dobrogojski J., Wojdyla-Mamon A M., Romanowska J., Golgbicwska J.,
Borek S., Murata K., Ishihara A., Pedredo M.A., Guranowski A. 2021. Nucleoside 5-
Phosphoramidates Control the Phenylpropanoid Pathway in Vitis vinifera Suspension-Cultured
Cells. International Journal of Molecular Sciences, 22, 13567 polegal na realizacyi czgdcs badaf
laboratoryjnych dotyczacych analizy zmian ckspresji gendw kodujacych kluczowe enzymy
szlaku fenylopropanoidowym (Fig. 3., Fig. 4a, i Fig. 8) oraz akumulacji dwéch stilbenow: frans-
resweratrolu i frans-piceidu w komérkach (Fig. 4b i Fig. 4¢), a takze w poZywee (Fig. 5b i Fig.
5¢) pod wplywem NH.-pN w zawiesinowej kulturze komdrkowe) Fitis virifera. Dokonalem
réwnicZ oceny Zywotnodci kombrek V. vinifera, wyniki kidrej przedstawiono na Fig. 6.

Dobrogojski J.. Nguyen V.H., Kowalska J,, Borek S., Pictrowska-Borek M. 2023, The plasma
membrane purinoreceptor P2K1/DORNI is essential in stomatal closure evoked by extracellular
diadenosine tetraphosphate (Ap.A) in Arabidopsis thaliana. International Jowrnal of Molecular
Sclences, 24, 16688 polegal na wspdlprojcktowaniu badad, realizacii i analizic badan
laboratoryjnych orz zaangakowaniu w analizg statystyczng, wizualizacjg 1 powslanie pierwotne)
wersji manuskryptu.
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Hew Insight into Plant Signaling: Extracellular ATP
and Uncommon Nucleotides
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Abstract: Moew players i pland zignaling sre described o odetai] imthis review estracelular ATF
(eATF) and uncommon nocleobides such as dinoceoside polyphosphates (pe sl adenosine
#-phosphoramidate (NH-pA), and exiracellular WAL and WATE (eADEF* L Reoent modenalar,
phvsiological. and binchemical evidence implicateng conounrenily the signaling role of e ATT, Rpph's,
and MEz=pA in plant Mology and the mechanistic events in which ihey are ipvolved are disosssed.
Bumeenis slisdies have shown tal they e often univenal denaling mossengens, which ingger a
shgnaling cascade im sienilar reactions and processes among different kisgdeme. We aken present here,
el oo edsew haere, a workdng meoeded of the Mpa S and MHz-pA sigraling network in a plant ocll
w haere these nuclestides trigger induction of the phenylpropancdd and the teochorisenic achd pathways
yielding metabodites profecting the plant against various types of stresses. Through these signaks,
the plant responds 8o epviPonmwesstal stomuli by intersifying the prod wotion of variouss compounds,
wuch i amthocyvanins, 1gnan, stilbendes, and sabscylic acid. Sell. mone peearch noeds fo be periomoed
o edemtify signaling networks that ipvolve: uncomeron nuckeotsdes, Bollwed by cenic experiments bo
define nefwork elements and processes. that are controlbed by these signals.

Keywords:  adenosine  5-phosphoramibdate; adencsine  5'-tetraphosphate; disdenosine
¥ 5" etraphosphaby; dirnclesside polyphosphates; eATF; eMADXP

1, Imtroduction

Plant shzmalimg b= a wet of phenomsena that epables the ransduction of exiermal @nd internal signal
indo physiologioal resporses such as modifcation of enzyme activity, ovioskeleton structure, and genc
expression. 1t is knowmn that in plants there exist mechanisms invelved in the signal ransduction
pathways. Planis have cvolved signaling networks providing reactions 1o envireamental stinuls
thirorgh shrraling proteins such as plasma mensdbrane recepbors and don trinsporiers and by cascades
of kinases amd other cnzymes up to effeciors. Por many years plant hormaones wene considened bo
be dominant modecules in plant signaling, Mowadays this femm embraces many other compounids
irscl uding sevond messengers, such as cytosolic Ca®* 1], reactive ooygen (BOS) and nitrogen species
TRBE) | 2] or cydlic nusclootides sach as adenosine ¥ 5-cpelic monophosphate (cAMP) and guancesine
¥ 5 oyelic monophosphate (oGMEPHE]. Mowadays there b5 mane and mose infonmation about synithess,
degradation, and furcton of cAMP ard oGP in plant [551 and they sne curmently soocpbed as key
sigraling molecules in many processes in plants mcluding growth and differentiation, photosynghesis,
and biotic and abiotic defense |¢]. However recenily it was shown that nucleotides, sudh as AT and
{dilpmdenside polyphosphates. alse can play sigralng roles in plant cells. In this review, we foous on
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the extracethular ATF {eATF) and urcommen nodeotides, such 28 monoe- (pafs) and dinaceoside
podyphosphates (NpaAsh and thetr new function as signaling maoleoules,

2. eATF as a Signaling Molecule

Addeniminge 5 ri phosphaie (ATFL as well s U olber nocleoside iphosplabes, sne cotahlisked
as aganis providing energy i varioas reactions inside colls, bath in snimal and plant ceganssms [7].
Mz ATT s omnipresent in all lving cells, it is oiten callod the cssential encrgy carency moleeule. In the
1500 i wies lirsk Bypotheassd that ATP might be released imo e extracellalar envisonsnent and act
s & signaling componind fof anlmal oells |2 However, 0 worth menbionisg Bt the fe ofieot of
e AT om a ool was noted mruch earier, L., 1924, during sesearch on heant meaeche combraction [#].
Eni nimnalds, theoe possible ways of ATT relesss from e cells it the extracelbular malsin have boem
proposcd; they irvolve muliiple channels, ransporters, and cuocybosis. The inbeeest in the @ATE
sigmaling function sccckerated alter ke (i purinoreceptor was chomed and characherized in rad brain
tissise | 100]. Curremly, XTI as well as some of the other nucleotides, are considenmd 2= signaling
miobecube: medialing numenous animmal celllubar peooesses. For decades b role of nocdeotides 2
skgnaliog molecule functicrang similarly i plants & B0 was demonsgrated i animals wis viewed
with skepicism. A real breakibmeugh in this opic came with the discovery ol the cxbstence of a
AR (Fansm TR FCepOr prodein with sernetheecming kinaee activity having o high alfinity dor
entracellular rocheotides |17]. Mowever, the evideno o (he mechanizen of AT eelease Trom e ophosod
irnte Ehe extraceBiubar matris in plants appearnd carlier [12=15]. [n plants, thene ane soveral possihilc
wiays of AT cullet. The AT eelease iniggored by environmental stienuli appears via the wousdied
coll membrane | Lo], exooviosis [12] the peglyooprotein (PGP} belonging o the ATP-bénding cassetic
ARC pramsporiers [17], and plaama membranelocalized nucloolide ramponens (PM=ARNTT] [15]
Thee reoeploecA TP imtesacison begins & cascade seaction that leads 1o fanther dowrsiream physankogical
chamges proteciieg the plant agairst both Biolic ard sbviols: stesees bul ales guaranbecs proper plant
geowth and developmont [19)

Ie oeder bo maintain peoper cell growth and fanclion, eATP conceniration must be controfled.
Dhering Fegemirabion afler the siress factor has disappearcd, eATP degrsdation & condiscled by
herdnodytic ereymws called aprrases [20] The humam apyrases ane the best characiereod amd diseribed
apyrases amiong different kingdoms. Thelr oelluler localizaticon inchedes plasma membrarse, Golgs
apparatus, and endoplasmic retcubame The human apyrases presend in plasma membrane show
erio-apyrases aotiviey mediating regulationof the e ATE in the eviracel lalar environment. The Arafdkiopsiz
rhalima apyrase family consists of seven oneymes among swhich o diosely related one, APY1 and
APYZ, are the most extersively charscherioed. These eneymes mediate the Juminal ghyoosylation and
can be a component of regulation of te eATE kevel. IE was demeonstrabed chat tese wo cnzymes ane
an integral companend of the Colgl apparatus membrane where they indsrectly control e eATP kevel
by ndulatng thee baménal eomncepdration of ATE n seeretory vesicles [ 21=27) (Figune 1) Both AFYL
and AFY are alen exeendial eneyenes for progper pland groseth and doevelopment. Thess prooesse:
ane auiredeperd ent. Among varsous Bcioes, ausin tramsporn abso depends on b cxpression of the
genes encod ing AT and AFYZ. Suppression of the APYT and ATYZ expression causes dwasiism,
impaired polar aavin imansport and AT over-accummlation in Arshadopsts tatlang [24.29]. However,
i1 v sugpested that ome fractions of the AFYT ard APY2 population with echoeapyrazes activity
mitghl by Jocalized alwo im the plasma membeane [19]. Adthough there are many data pegasding
suborllubar localization of Arsfadopss apyrases (APY] and AFY2), the apyeases from: sovbean (G552),
pea (PeAPY LY and potato PATYE) oooar culside the cell (ecto-apyrases) [ 2e-25]. & study conducted
by W and coeworkers indicated thal the extemmally applied APY1 ard A2 inhibiors cause the
imcrease of AT and phivsiobgical changes tepicall for the plant reacison 1o direas [21]. Furthermase,
e are soome reports showing particular plant specees secreting imdividual apyrase members cut of
the ersd cenembrans system. Taking all these circumstances. Inde acoouml, the existence of a plasma
meemibrane-localized Arabidopsis Halianr apyrase (Figune 1] cannot be exchuded [ 24].
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Figre 1. Mostel of Sharges oot ming in the plint cell triggesed by B poracelulss ATP ATPL In this
mmendid, thive prssible wags of AT evbeassr i the extraceliolar matris ane Semonstratmd. (8 comsdions
the wisaaled oell membeane. exocy s, and o iRamporers: the palyooprotn MGPT belonging 1o
(PM-ANTIL T apyrases, AFYL and ATV bocalived in the Golg apparatus membeare of Arabidopes
1 lase 1ol pATR Addisionally, the bypothesinnd apyras (AT lcabed o
ﬂtmﬁﬂmmﬂﬁphmmhmmmmwm&bﬁwhﬁ
ratracellular mutsis. The neleased ATT acts 15 & sigraling molocule triperrieg che stan i the otosclic
Car™* rwel by ctiveation o the PRI pecepior, which i hum actrvates the Ca® mmwm
e PHCL rowvpion, whass bivaling with o AT kads fo sctivitoen of the G sulamil of e b
Crproein, activates the ool memibrane Ca™* channed Biiggh cposolc Cat = conoeniration cmeses an inoreas:
in prodhucion of sibec aocds PO, reactioe mogen species TRUS, aod motogpre-acEyshind prsters kndses
MAFKsL -Miﬂyh#hwnmﬂrgmhgﬂlm Thee RO bossied prodhuction is due o the
dctivation of the EBOHD sl il B ol i BMADPFH | The asntribiitisn
dhmnpm-EcMnhmﬂmnm.dmm

ol 2n
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L1, Plant ¢ ATF Reveptors

The e ATT ankmal recepbods were disooversd in 1976 [ HIL Initially, they wers called 'purineegic
pecepiors . The nasne was dhanged o niscleotide reospbors’, as both purine and pyrimidine nucleotides
trigger thedr activation [ 3], These recophors belong to two growps, P and P2, but anly P2 reccplons
are activated by AT [32] 12 receptors are divided imto twro dlasses: ligand-gated s chanesels (P2X)
and G probeim-coupled {P2Y) recepiors [21] 1 is important io eenphasiee that 22X and 72Y receplors
o nod exist im plant organisms [ 5], For mamy years it was hard (o prove the evistence of & sidlar
recepdor in plants although thene weee papers indicabng changes in plants” development, growth and
responss o siresscs urder exogenously applied ATT 1] Research on domed (D0es nol Bespord bo
Mudeotides) matans of Arabifopsis Maluma revealed the first plant recepeor with a high affinity to
bind e ATE Muatants showed & bower cytosolic Ca™ bevel, lack of milogen-activated protein kinsses
IMAPER) activation and as a consequeroe decline of the deferas-related gene expression level. Initaly,
the mesw by discovened recephor was named DOEMN 1 bat later the name was changed 1o F2E] bocasse
the rescarch shaswed that the BORNT gene encedies the L-type lectin receptor-like kinase 19 (LecRE-L9).
This recepior has theee demnains: an extracellulir ATPbinding lectin dosnain, a single ransmembrane
domairn, ard an indracelllar kinsees domain {Figuee 1) In the caze of domn? mutamts defective in the
lomizes domalbn, eATE b= not able bo connect with the peocphor and s a resull i mol abbe b0 ERgger
dhorwnstream respuonacs. Decreased expeession of the LecRE 19 gene caused weaker eATT pes ponses,
while intersified LecRK-T9 gere expression enhanoed AT responses [35]. DORKMI & a plamt parine
recepdor that befomgs io the kectin-necepics kinase family and is denobed as F2K1 1o distingusish it from
the animal P2 reveptors P2 and P2 [10,55,57] Inberestingly, #2K1 gene expression kevel b relatively
high during the major stages of plant developosent [37] sugpesting the essential role of the cATTE in
processes such as seedling groseth, stomata movemenl, pollen tube developonent, poot hadr growih,
gravitropiso, and biotc ard abiolic siress nespoeses [ =]

Recenily, the existence of another, unidentified, non-FZE1 receplor with affinity g0 eATT was
supgmested [95]. I was reporied that Araldopsds farlbas dome? nudl mutapts demonstrased an imcressed
level of cptosolic Ca™ under the exogeraoasly apphied ATI Iwas a pesult of the heteroirimeric G-protein
G, subunit activation followed by the opening of a plasma-membrane Ca® charmel. This finding
suggests pew, 2K -independent responses 1o eATT, involved among others in the root-bending
meechanism [ 7], Moreover DORMI could underpin several calcium-relsted responses but it may not
b the only revepior for eATT in Arshidopsis thalis [40]

21 Plant eATF Sigmal Transduction Patfmay

I plamts, AT takes part in cvll signaling a5 2 messenger, which brigggens a signalimg cascadle,
when bindeng io the PZK] recopior (Figane 1), Cylosolic mitrie cuide (MO Ca®*, and ROS form
i secondary masserger rea, which oodum in vanous signaling pathways leading So the Eransient
plempharylatiom of MATE, especially M3 snd MPKS, and ecpressaon of defiense-eolated geres [41]
The multibranched reaction starts with the olevation af the cytosolic Ca®" bevel triggensd by eATEL
lrading, o By aonamulaton of MAPK sl MO, as well as o the phosphaorylaion and activation of the
RBOHD {mowparatory burst oxicdase hamaobigg proedn D) subunit of the plasma mimbrasse localised
MATHH anglase [ This eneyme cababyses the syt of extracelluler BOS like sugwonosicl
(P 1L which s Ehen eomeerted inis hvelruggen: pesoeiche (H300) i the extracelbular maliew [ 16,33,45]
Entracribular Hlh; sromsis the dowle-layerve plasens mimbeane via various channe s amoeesg whick
aquapsiring are distingaishably |44]. Sabsiqpuemaly, RUS triggger eharges in the exprvssaom of rockear
s, dimmpiaiblet o defovess risponss (161 pood Bkt grosdh [§2) or eegulation aof Na®, H*, aed B°
lirvels. Caommaspueenthy, 4 disturbandy in the don homsastasis muy lead fo the mitochomnd ris-indipmifent
by o programeed ocll doath by aetivation of thi: caspars-like prootidsss [45)
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L5 e ATP Inoolvessent in Plaw! Respomses o Bitic anal Abdolic Stresaes

Azlde from dilferent eATPinduced factors and signalng moleoaks contvibuting 1o the plant
pessdanor agaired pathogers and various abeodic sireees, classical diefense hormeomes such a8 pemonale,
ethylene, and salcylic acid are of Bigh importance |3, Based on the pathogers” lisstyles bwo groups
off thise organisms are distingusshable: boteophs ard necrotrophs. Interestingly, the etficiency of
the w=ed phyishormone against these bvo groups of pathogeneses differs. Salseylsc ackl indusors
plant defense againad biotrophic pathogers, wheteas jasmorate and etbylens ane indispensable when
nacrolrophis pathogens and berbivorous insects abtack the plant. Furthermsore, salicylic acid regulates
patbogeneinduced systemic acquined resistance (SAR), whereas jemoenate and ethylene play a crnecial
role in rhizobacteria-mediabed induced systemic resistance {BHR) [85]. Transcripiomic research of
Arabidopsis Hhaliess mutants defective in the jpsmonate, ethylene, and salicylic acid signaling pathway,
whisch were treated with ATE. revealed crosstalk in the signaling of the ppical plant hormaones and
eATT. These resulis shovwed that from among afl of the defensemelaied genes, up bo 5% were indwoed
by eATE in cooperation with the typical plant defense hormones. This finding suggests a complex
nebwork of the plart defense mechansm that meeds 1o be explored mone deeply a1 differend levels | 34]
Thi= contribistion of tranecripbion factnes to ATP-responsive transcr plion & alse conabdened. 1t was
deenonstraled that a calmodulinebirding transcripdion activator (CAMTAS) and MY ranscriplion
faciors ane requined for proper defense-refated gene transcription, whose cxpeession s indocoed by
eATT |28,

Im order to examine the importarce of eATE in the plant reaction io pathogens bvo approaches
milght be corsidercd: either ableration of the [F2KI receptor or manipalabion at the eATT hevel.
Uryepenpresston af the PIK] gene resulied i increased plant pesistaroe o the bacierial pathogen
Prrusowonas syrizger and the compoete pathogen Plsfophithens brassice [47,465]. Flants treated with ATT
wore found Bo be protected agaiest various caganisms swch as the fungal pathogen Betnetis o [7]
and the bacterial pathogen Peesfosones syringar [45]. Althowgh the complele mechanismns of eATP
signal transduction through the P2KT recepdor remain uncbear, a plendtud e of evidenoe showws the
irvolvement of e ATT" im plant resistance bo biodic stresses.

Stadees show that eATP level, as welll as 2K activity, are also of high imgportaree in the
plani-fangas symbdosis.  Inberactions of the filamentous oot endophyie Serendipits indior with
varipas evperimental plant hosts, including Arabidopsic tafiane and Hordews sulgers, have been
examined. Serendipita indice colonization was found to be beneficial for planss, peflected in plant grow th
emhancement, assimilation of ratrade and phosphaie emprovement and better boderanor ba both, ablotic
and biotic siresses [14]. Although Serondipite imdfice persetrabes the bost's root cells, massive plant ol
death does pol occur. 1t s because of an eneymstically active ectio-3%-nucheotidase (ES'BT) eneyme
secreliog by Seremdipile dundica which | capablie of hydrolyring ruckeotides in the spoplast. By the
hydrodyration of ATE, A, and AMI, Sevendipila iudica ES'WT modifies the cATT kevel, leading bo
swibching off the plank defense reactions which promaote proper fangal scoommada e [59]. Moneover,
it was pbserved that the rhizebial nodube factor stimulites the release of ATT outside the cell by
the root hair bps of Medicage raoatuls [12]. Teeatmend of plants with eATT caused afso the dhange
thetr sasceptibility 1o pathogon infection [16] |8 & hypothesised that ecto-apyrases may docrease the
ehevebed bevel of cATT mpon symnbiont infection and thereby prevents the activation of plant defense
patiraays that could limit symboaont mmvasion [51]

Several stadies indicate the rode of ¢ATE in the response to different types of abiotic stresses,
In addition to medchanical stimuli cansed by woursding or tosch, AT is also released i pesponse
b breastrreent v thy maodecules such as abscisic acid and L-ghutamate [1552] A similar reaction was
obsrrved during both camnotic and =adt stress [151550) a5 well & ander cadmium reatment [54)
Consequently, eATE acowmubstion triggers plant physicdogical changes leading o enhancement of
resistance. It invohves rapid closume of leaf siomata 551 probable seedlirg viabality enhancement [54]
and preodification of root growth direction when encowrtenng an obstacle [ 1] In addition, hypertonic
salt skness inberferes with the photosynbhesis machinery by decreasing the levels of manimal efficiency
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of photosystem Il and depleting the photochemical quenching [54]. Moreoser, abiotic stness caused by
cadmism riggers 2 rapid increase in lipikd permadation bat also higher antioxidand and liposygenase
activities in Arobilopsns Hualine cells [54], These neactions ane sssocided with boosted symithesis
of asmonic add, which i one of the mosd important mdeoales involéed i the different stoess
respanss [57] Reowalays, ome of the major anghropogenic pollatants with the bighest bevel of threag
b Fruman Feealth i= cadmiam [35]. 8 also oconsidered as one of the most phytotonic elements amorsg
hazavy maztals, causang a resluction m crop bwemass by dismapting photosymibesis and nesparatson [59],
En asdidstion, cadmiam can ircluce nther phvsislogical changis induding induction of oxidative sires
by basstiong; the proctuction of BOS [55], modifications. in gere expression [660 L s well as changoes i
eneyme activity [62], henoe activatimg plant defonse,

3, Evtracel lalar Pyridine Mucleotides

The pyridine suckeotides récotinamide adenine disuclootide (NALD® | and NADY phosphate
IBALTT ) are oo moely ooournmieg elecbrom carrens fhat are invoboed s metabolic resctors ac well 2
intravel balar sigmaling |n560] b s kesan that i plands NADP) can be nelegsed cutside the coll [05)
Extracellular MALFT* (el AL bandusces the cxpression of pathogen-relabed genes and the resistance
b Peradmenss syrbugae in Arafddopats thaliane through paihavans mvolving calciume- and salicylic
actd -nediated deferes signalng. 1 was also indicated (bt eXNADPY induees rapscriptions] and
martabaolic chasges in Asabisopsis el similar s e caused by patbogen indection (50 Momover,
e exprression of ghe Puman NADE) -bydrolysng ectocnevene C1E8 in Arabidipes o panially
CoOmpromses syslemis acquined rsbtanee (SAR) and this suggests that eNADNF" can be a SAK
signal mobecule [67]. Becent studics on ik function of «5AINPE focus o anderstanding thedr
Frehe i plants aeed on idenbifing thir receplorish. Analyeks of andcrplome changes o Arrbidagal
Hrathnns evodosd by chAD" idemtified a leotin secepdor Kinese (LocRE) LecRE:[E a8 a pobengial eMALD"
rocepbor. LecKEADS s ocated in the plasma membrars, has kdnsse activity, and specifically binds
ondy MALD", but ot NADP®, AT, ADP or AMEP. Moeconver, the expression of LecRE-LS i indoced by
the eBAD® [55]. Ancther LecRE thab cam be s pobential recepior for eNADIF) bs LecRK-]L2, which
was bdembilied i Ambifopes thafang, LecRE-Y12 b= constitutively asssciated with Brassinostenodd
Erveeresilive 1= Asenciationd Kinasel (BAKED and if woss shiown that oo ples LecHE-VIESBAKD is isvodved
in SAR 9],

4. Uncommon SNuclolides & Signaling Molecales
4.1, Meipmachamide Palyghosplale

4. 1.1, seructure and Ooourmence of Monomucleoside Poly phosphabes

Despite mono- and dinuclesside polyphesphates having been discoversd inothe middle of
the twenticth cenbury, our bnowledge about their bological funciion is still poor, cspecally in
planits.  Monomuckoesde polyphosphates {p. s} conlain 3 nucleoside and oligesphosphate chadn.
Examgples of these nacleotides are adenosine 5 Actraphosphate (pgA. ppppd. Figare 7 and adenosine
5 sponlaphsphate (peA. pPpepAl Both of themn weee discovered in consmercial preparations of ATF
obtained from bovine cells [710,71], horse metecle | 72] and veast [75) Addisonally, other parine and
prrimddine po M wers foand 2 costasdnation of vaneus riclesside triphosphates (WT1% proparabos:
il [7,55), gl |70, and pyC 771 The existing of pyA and pad was confirmed in bsologicad
miaterizls such as rab Bver [75,75] abbit and borse muscle |50], bovine adrenal moedully [S0s51],
rabbii thrembocyies [S4]. and Sacclumemsces cevenisiar [55). However, the concentration of pyA in
the above-mentinned andmal samples was about 2 b, but in chromaifin granubs from the adrenal
medudla it was about S0 ubd and it was even up to 4 orders of magnitude and 3-fold lower than
ATT coroentration, respectively [55] Unitil moy there = po imformation about the oonbent of pyMs in
e prlamt bessues.
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Figare £ Structun o sdenodine Foetraphospiate (p AL
4.1.2. Byrthesis and Degradation of Mononocleside Polyphosphates.

The level of pais in a oell depends on il biceynthests ard degradation, bul also peis may
be & product of the degradation of soene dirickoside polyphosphates (MNpyR°s)l. Enzymes that can
synibwsire poiis in vitno can be grouped into two calegones: aminoscy |-IEN A synihetlases (AARS)
andl raoreaminoacy i-IEMN A synithetrses fnon-AARS) [56], Amorg eneymes spnthesizing pnMs only one
belongs to the AARS arsd it fs hysyl-EtR3A synitbetase (LysRS) from Excdeeriobsba oot which can synthesiee
Pt E7.55] The majority of the eneymes belong o the non-AARS. Table | presents ron-plant enzymes

symilthesizing paivs.
Tatle 1. Non-plas oy it . e poly phaosg: [ Pl
Ttk E + R = gl v
Byns RS A, vyvihartie- e Elbgrnl ool + PR =
1R &1 i ﬂ'l-l-ﬂ-p-\.l:w-pﬂ.-r!['-- =)
— PR + hnins # 1
Rik siwp: € + harlenin « pppd —
[ BTSSP == Fucilerin Lo
B 13125 el ol 2ral st :.mq;:im_. =
-"WH:'FI'P-"I"TH'I -L|
e - pesphals st sk R -1 @ pppll =
u':“..lhm g = Ljppgleme v F, pra]
T T iahrcinais Sed st Upyghstins + (R =
il o gl P
[T 1Lpypidy = A, -
e 1123 Sepor b Y T T . +';iﬁhl [ LTl ]
(G 2547 Habh) drsl pag #vass b PR PP e e e, (L]
m:u?i; Ercvionle ol T-1+ pp — B+ FRFPA (i3]
(B 21,10 Sasha T WA S PP - i - PR oo 3]
:;1":'“'_3:' Parmbmngy frugr pl=ph & ppp ea buity add « ppppd | v
ﬁ'ﬂr_t..-.ﬁ n.-:-cuu—. Eap & pgyp e E b ppppsh [ [T T
o Ti phuge B i v E o+ pppred s
LEN- g 8 dsen - birwrse =
platamusr figner Emibrruhia ol Byl o pppd oo ppp wmind @ s
1B 1k

Among eneymes that can degrade peids some of them exhibil low substraie specificity, for
exammple, alkaline (EC 3.0.3.1} ared acid phosphaiaces (BC 301.3.2], that relesse phosphaie residoes
up io adinosine [113]. Apvrase (BC 1615 also can o off phesphate esidues, bul only o
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AMI 1Y), Phesphodiesterase | {EC 314,11 degrades py A totriphosphate and AMP[100] Addibonaliy,
alenosine-phosphate dea mrinaese from A spergatiue oryzae and Melin pematia is involved i py A metabolizm,
comverting I8 inho imosine ¥-tetraphosphate (e [11H4]

Aa mentimed above, pafe can accumalate in the ooll 2= o result of the degradation of
Mpe™'s,  The way in which pof can accamalate inoa oell ds the degradation of disdemnosine
55" -penmaphosphate (Aps Al and disdenosive 55" -hexaphosphate {Apa Al The degrading encymes
inschudhe phosphodicsterase | (EC 3,141 oooarmeng in prokaryobes andsukaryobes [ 1150 16], symmetrical
dinuclemicle etraphosphatase (EC 36,0411 from bactemia |117] dinucleoside tetraphosphate
phosphory lese (EC 2 7.7.53) foom: Sarokstromyns cevrpisiae and sl gracis [136,119], and dirasclisside
tripheephatase (EC 36,0290 among cthems from Laprres Tt [120]

Deespite the Lick of knivwledge about the acourmence and the comcentration of mononacheoside
podyphosphaties in higher plants, theme ane discrased @ few eneymis which can synthesicn paMNe. Al of
thrn arw [tesd in Tabde 7, The first described plant enueyene that syvnthesioes pyg My s S-ooumarateUind
lagpase (#ULE) Ercmn Arabidopeds thaliane that catalyees the neaction of the synibesas of both pgdA and
Pt 121} Thisereymr s a branch puind in the phonylpropanaid pathecay that lesds b the briosymghesss
of Aaviemaids, Bgnin, and stilbenes, Tt is known (kg the pleoylpropancid pathway is volved in
PRand nespeerses B niemerous envinsimenal seimuli, expecaliy smder biokic and abiotic streses [122].
Anvther srume symdbesizing ped i jdsmonseaming ackl synEhetase rom Arsbilomss falionag
ARTE[EZE]. JAR] & amvolvedd in the function of jesmonic acd (A ) s 2 plant harmone and i catabvees
the synthesis of several [A-amidoe conjugates, the mast impartand of which appeans 1o be jasmonic
acicd-maoleucing, Bath of the above-mentionesd plant ereymes belong to the scyl-adenylate-forming
firetly baciderase superfamily |124] which catalyses a two-step reaction. During the st step, acd
and AT form an acybadenylabe ingermoedia e with tThe simultameons relesse of pyrophosphase (FT),
En thie seocens] sbeps, #UL i the absamce of S catalyoes the foomation of wnoonsmon e becsidi

pefyphosphates such ge py A ared pad [121]
Table 2 Ilani errymes symdhesaring mononusbeside pohyphosphates {ps Ml

wrormuarabe i bpm Tet shep B 4 coumarsie « AT —
" Ilmd Arafsdapais Malana = Exptiiaros |- + FTY, (i
&20.12 3rud siwp: Fxroummanepl-pd + ipippp — 2t
B — IPIpTPPA + comsmaraie + B
1 ok st E ¢ jummemate & ATF <=
Jartrusuitee arrires sl
mymihartaer Aratudipais thaham == Fjasamang - = PP i
3
C(FC&3 HIJ Ind step: Epstrmssedoph & ppp = (L=

— FRRA ¢ e + 1

Im plants there also exists an ereyme degrading pe. 18 s nacleoside tetraphosphate hydrolase
AEC 34114 occurring in Lapimes fwteus seeds. This ereyme hydnolyzes both pydoand pyG with the
same ratr while psA s degraded up to 30-fold more lowhy than pgd and pyiG [157].

d.E Adenesine 5 -Phosphoremidate
Shnucbure, Docarrence, ard Metabolism of Adenasive 5 Phosphoramidate

Among maturally oooarring uncommon mamevucheotides. | asdenosine 5-phosphoramidste
{PHz-ps Figgune ), This compauned i believed tooonar inall ongangsms; however, so far BHz-pA has
ondy bern sletected among celbalar puclentices purified from the green alga Chleerlls prermidiss [25],
Simvilarky fo py s, the level of NHz-pA ina cell = eneymatically conbrsdbed. 18 is knowo that MHz-pA
can be syrthasared by adengdvl sulfatearmmonia adenylyftrarsderase (EC 27751 ) in the alizae Cllonia
Jercmoidess, Eugplour groviti, anneba Dhictyostlise discoidm, bacteria Escherici coff, and in highaer
planits Flordrem pulgare, Spinaci oberagn | 126], aned Lupinus Juboes [F27], This transherase catalyzes the
tallowing reaction: 50g-pA + NH® — NHz-pA « 5005 + IH®,
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Figure 3. Structury of sdeeosine 5'-phosphoramidaie (WHa-pA)

Thee smpposation that BHz-po% = e ubdgpaitozs comgpouned and that ils congentration is ensymatically
oombredled may be sapported by the existenor of varioes onoomes that catalver the cleavage of
NH-pA o ammaoria and AMI (pA) by hpdrmlysia [15=100] o to ammania ancd AL (ppaAj by
phemphoeolysis [ 13]. Both the synthesis |1 27] ased the degradation [131] of MHy-pA can be controlled
by HIT {histidine trisd) proteins. Omee of the proteirs belonging to the HIT family proleins is Fhit
(fragile histidine triad). Based on the mechamism of the action of Fhit protein, which is able to hydolyee
the 1M bond in adenosine phosphoimicdasolide [174], # s hypothesized that other unoommon
racheotides can be sdbstrates for human and Arabidopsis thefiane Fhit, Oiber proteins belenging to
HIT family proteins are Hing progemn (having the activity of NHz-pA hydeolase) ard GalT proteins
{having the specific activity of ruclesside monophosphate ransfierase) [155], The protein Fhit from
hwamam amd Arabidopars dhalima edhibited the sctivity attributed o adenyhy] sulfabe subfohydmodase and
i el pheosphoamidases rebeasing AMP from sdenosine 5'-phosphosulfate {(S0-pAdand NHzpAL
respectively. Fhit protein afso catalyiees the bydmdysis of the P-F bond in the synthetic nucleaticle
adenamine 5-mamophosphoflsoride (F-pAl neleasing AMIP | 150], Reoengly 51 has been shanan thatk
MHiz-pA cam alsi b synthesized by Fhill progeins froen Lupirees frdcus seeds and Arabddopes thaliinm
It catalyoes the ammmopslysis of SC0y-pA, beading 1o the formation of KHa-pA 127,

i3 Dimackronide Pofyphophates
431, Seructure and Ooourrence of Dinuchoside Polyphosphates

Dinusclpnsiche poly phosphates (Wp, M) consist of an oligephosphate chain that links the b
5 estirifivad nuscheosicles. Aming MpaMs that are mosl Sregquently betid are sdeniee fuclootido:
discdersing tripsphate (ApsA] and diadesesine setraphisphite (Apg A, Fagure 2 The first reposts
albsiat 1hw enbsience of NpPs come from e 19508 [ was discovensd that during the chemical
symilbesas of sulinosine- il s mosoplusphate (ApL) thene weee synihisized byprmbucts sich a5
dislencsing diphasphate (Aps A) ard disiriding diphosphate [UpaLU) [137]. Mevertheless, the fine
MpaM discovened i 1he binkogicil uterial was digaanosing ieteiphosphiats (gl The proseecs of
Capras anad Gy 03 s b ins biological proparatives in encysted gastralie of the brive shrimg and
Artrmir sfing in millisaler comormirations |38, 179]. The mosl commmon Mps ™ is Apg, which for the
first Eirmee was detected in sat Bver, and s corentration was sstimated at MM [57]. Sutsequently
Ay sl ckher NpN's have byen observed in submicromolar conorirstioes in many investigabed
il s il s [ 140,140). NN were idemtified i Bustoria |1E2,103], voast [184,145], and animal
and human oells | 140,146-150] S far, Mpy N's have nil bees idenlidied in plasts.
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Figure 4. Struchuse of disdenesine ¥, 5 srimaphasphale [Ap Al
432, Syrithesis and Degradation of Dinuckemade Polyphosphites

Thae beeveel of M Pa's i cells may be s result of the symithesis and degradation of these compourds.
Tabde * lints non-plamt encymes synthesizing vamimos. Mp,N's. Enmymes syndhesiving Mp. s ane some
Ligvserss | 59,520 0, 1 20,050,152 ok fromn Paotines paralis [ 155], amd soone transferrses | 100,119,154,
Among aminoacy-RMA synthetases, the meost effcctive in Ape™ synthesis are ysyl- (BC 2108,
phenylalanyd: (BC 60130, alanyl- (BC 6007, and prolyl- (BC 8.1.1.15) 1-RMNA synthetases |8a).
Morcover, the BMNA-dependent EMA polymeraze efongation complex fromm hepabitis C virus (FICY)
can use in vitro rockeoside triphogphates (NTPS) 1ooesose the terminal nucheotide in nascent BMA and
metsmatchwesd ATE LT, or CTF coudd mediale evcision of 3'-emminal CMT 1o gererase the dinuchorside
tetraphosphate products ApyC UpyC, and CpuC, respectively | 155].

Tabe 3. Non-plant ereeymes synthesizing denuclnmide poly phosphabes Pps sl

R o g P e
L emvlevase == Fhaanbn- g + P
R 1TRIETy sl yprale Irad e Fliaihimar—o + g7 — i
= Appppics hicikew + E
kit Artis . bt sbepe B+ pppt ov B+ P, -—
1II“I.'1??-E|| S b e Tl ey F-ps s gt - Mgt = F
Tek sl Fhaome 10 & pppll =
LITT" v |- b it .
unllkm i B T Hmrhl?r‘hnl r".' M [ran
s = WP = ghivonr -
Vs ity ekl + P -+
AT sl = aryl-pi + PP, -
U aI1m Pk frapy S i wyl-pA + ppd — (RIS o]
= fAppppd + Dbty sosd
et Tijphuge Fph = s v B+ Appped el
E‘:“I‘;’:’ T it Pysscacenh E-pA + pppid == 1 + Apppgd Vi Lomg 1
Tk wbrp B ol = it ve
L B - L PR,
(BC&314 e it e okl Lt -

— ApppEs + by 4

S0 far only three enzymes synthesizing Mp,M's have been described in plamts (Table 4). Among
aminoacy HIEMA syrthetases only phervlalangd- (EC 6.0.1.200 and seryl-e RN (EC 6.0 L1 synibetases
Erom Lagrimas Rt [152] symthesioe Apy M. The mechani=m of the symthesis of Ap,Mscatafyoed by
plant aminoacy FIEMN A symithetases s based on the formation of aminoacy]-pA and the tramsfier of
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adenylate bo pppi [152], The third eveyme which & ivolved i the symithesis of Apa™ in plant odlls &
dooumarabe-Cod Figase (BC 611020 [121]

Talshe & Plard v ymes syrabesiing dinudoobde poly phisghite (el

E - S e O — Rafavanies
Phacrry by -8R lat gegs T+ phovvy Lilasko + (4 —
l:l'llﬂll'ln.ll'I - = phwrrylalemyd -pd + FTY
JEC B3 - Tl sivp: £ plamylbar-pa s pppti — [153]

---\.prppﬂﬂ'pl'u'ﬁ'rmi-i
Tk e E 4 mrrer @ ppgdl, s

Sy EHA & e becany == sarylep & P i

R AL o P Srad steps Eoveral e b = ppo =
= AP, ¢ e 5 |
iAo d o gasr |6 adre F » oaiuidide » FppA
woin PRS- =HS— P pa
TS ETRF h.l-d-'- I:mannm:,l-pﬁ.-l mﬁl—-
— NppPRN -+ commanaly + E

Eneymes degrading NpsM's may be divided info substrate-specific and sulbstrabe non-specific,
Subwirate-specific ereymes degrading MNpyM's inchade. among obhers, sammctnins Npy & bpdenlase
{EC 26,1070 sywemetrical BpyM hydrolase [BC 16,1415 snd dinucleaside triphosphate (NpaM)
by rodase EC 561293 [156]. In plangs, the activity of asysrtrical Wpgh hydmlase was detecied in
Laapdnaes lutras mevls | | 578 Firfimtioss anrmme and marnow (0wl peped sevds | 155] somatooells 159,
Lo angnspifelins seeds [100] ard in Hedram swigeer [100], Among Mpg's, only ApeA can be
degraded by the asymsmctrical’ Mpg M bydrodase giving ATE The substrale non-specific eneymies in
planits ame phosphodiesserase HEC 3.1.4.1) from Lupivss fwteus [157] and nucleotide pymophosph kase
1BC 36, 1.5 fram patat tuber [162].

dA. Function of Ulaoenmen b uckotils

The celluler leved of NpaMs s modified snder vastous phvsiological amd patbaological
comditicans. and the compourkds huve been suggesiod as inlracelbular messengers in diverse eellalar
proesecs | 164, 168]. Thae b resssed concenbration of ApgA was corselabed with high cellulas prodileralsoe
rabes [ 163] oo some phases of the oell opche [105.066]. A dramatic increase of bevels of MNpg™ and
varing Mpai's has been observed i oells subjected (o Siesses, such as elevabed temperatue,
elhanol or cadmbum |LE5=1405167]. A very mleresting funcion of unoommon nacleotides i their
podeninal fnction as alammones [168]. However, &0 far no clear metabolic or molenuler targeis or
Fospogrtns of Ehe poctislated alarm signaled by the Mpa®d's have boes experimentally demsonstrated.
Alarmones ane imesccllular signaliog molecules that ane prodluced under adverse envissamenial
factors. They regulale g expression ab the ranscriptsonal kevel. Mucloolides (plppGpp and pplpp
have such . rode i Bacteria [ 169]). The resaulis of recent shadies om the sole of sl eothdis
Focus fL ERiCFoodgarans and animals, including man I has been desmonsteated that MNps s may
socuemilaie i oelks under st conditions. Incells of Saocbarmenoes cereeteine amd Esolariohi ool under
chevaled temperatuse and cadminm lons an incrvased bevel of MNge s was obeerved. The intraccllular
concentrations of these modecules vary from 107 M in a basal metabels: stabe to 1070 M when
the organisms are subjecied in sipesees, such as beat sheck or exposure o cadmium [145,067).
i cyvanobacheris the aame cflects anea pesall of thermad chock and heavy metals [143] In Saimsnells, the
iracreased syrhises of 3pa s was consed By ethanol | 142). Shadies perfommed on oramge (i shiwed
traf under high femperature craymes invodved im Nps M metabolism were activaded and an extremely
large irerease in bis 5 -admnosy]) tripheepha tase prolein consenl was observed. These results suggess
imlensive synbhesis of Apy A under hagh emperature [157]. Ansther group of enzymes invelved in
MpaM" metabolism ks Mudic (nosleeside diphosphate linked 108 ) hydmlases (NUDT) An increase
off transcripd and proden MUDTT levels was found in Ambbdopss talisss plants under biotic stress
evoked by Peewdomoans syringae aveBpiZ [171]. In Arsbidopess Mo, there was alzo observed a quick
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imcrease in MUDTT contert ander the effect of oeone and pathoggen infection [172], Becent studies
on ATNLUIDTIY indicate the mvolvemnent of Thas hydrolase i the phobo-oxidative stress respomse by
regulating photosynthisis, the anticaidant system arsd the synthesis of salicplic ackl—a sigmalirg
mibecwle invohved i the mesponse (o biotic apd abiotic shrsses [273], Additionally, it is suggpested thae
barkey BUDTs mespomid to abiotic stress | 174]. [ is also lenown that WUTDTS bird RMA and participate
im the regulation of gene expression in aramals amd plants [175-177),

Studies on the hanction of Apgd in Esceracine ooy have shenen that it may bea damege metabaline
and & S proteins binding ApyA in these bacteria wene idintified [175] Reoon! shadiis o the funchion
o ApyA hune shivan thad aménoghoosids antibiotios induced synthesis of Apg A in Escleriolis ol
and it gavsed bacterial cell killing by these antibiotics [179], LysytRNA synthetase plays a key
roler i MITTF {microphthalmyis-sssaciated trasscription Bcloe) trarscriptional activity via ApgA s an
imnportamt sigialemg mikeoale nmast celbs [13L181] Studies on cheniss myelogenous keakemia orlls
showed that NUDT? disruption elevates Apg A and dawn-pomulabes imenuene nesponse ansd canoer
prosmation gerws [1E2E ApaA ansd Apyg A miduce activation of a signaling pathavay thal nesalts in
irsc s of prolificration of vascular smaooth muascle oells by stinsalation of EREL2MAT kinasep [F53],
It s kenovam that MpaM's can act as ererotramemittons and mfloence the vesaular system through
prarinenge recepions. Thone is absa evidercr that Apg A inhibits Bhe imitiation of DNA neplication. 1t s
albs progused thad Apy A acts as s b portant inclucible Tigand in the DINA damage sosponse o ponort
the replicatiom of damaged DA [1RE] Incomtrast, the incnsase in the ratio of ApAdAped in buman
HLsD cells can irclsor apopiosss [ 144]

S far there ane only a few papers describing the mole of urdommon naceotides i plant
oelis, [t was shivam that the pherylpropancidd pathway may be affected by exogenous uncommaon
racheotides | 155-1584] The peny] propancid patbovay is a souror of secorslary mistabolibs wibich
are very impostant in plant resposses G biokic amnd abiidic stnesses [122]0 The first data shososd
that Apad snd Apgh regulate the exprsssion of genses ans] the activity of eneyemes invalvesd in the
pheny lpropanacad. patbnicay in sevenslay ol Arsbdopsis fealiomd seodBngs | 155], ApaA and ApgA
il an ircmesse in the activity of phonylalssine ammonia-trase (PAL) and dcoemarate=-Ca, ligase
(4C1L) st 1 min after applicatom. Analywiz of FAL gone expression showee that thene was strong
irulugtion datanst F0-Sold) of PALY gener expression by Apad and ApgAc Acditiomally, PAL activigy
was aigrificarly enharced by Apa A {abost S-fald], Monsmeeer, it bus been showmn thak the activaly of
L ard the 40T gene expression level s highser in sevdlings treated with Apad and A A [1H5],
T imailts many inaliicste s dhual rode of 401, = the pland nispaonse to stness Bcton. Firsily, this eneyme
symibwsines My s, o, composnds that can play o funtion as alamoves | 121] and seeonsdly; it
wyrithisipes soconidasy mwrkabolites minimiging the advime sffects of sthosses in plant orlls [159) Adsa,
Ay caused changes o the gone expression bevel ad the activity af chalionee syrthase (CHS) in
Ardfifopsis Hrfime sowdtings. This ey cabalyaes the mthests of dhalioone, shich i the peecursor of
scrnidary martabolibe—flaaonoids [155] Thase dats strongly indicate She signaling role of NpsMN in
plants, The inductive cffect of A on gene exprossion af the phenylpropancid pathway probiing has
alsie boen cordfirmad i a vl susgersion of Viks sindfera o Monasteel]l, A synengastic effict evoked by
A aned gyloadentrices i rams-neoe | biosyrithiis s Been desnonsbrated [ 156], 1F may sugiesk
the involvement of My, N in e plant respanse bo ks, Inbenestengly, cvcloslesivins sol s elicisars m
their chemical similarsty o the alkyl-derivatiord pectic oligoesacchariclis, which arr eeleased from the
cell wall duriryg hengal infection [150]. 13 is knoam that one of the difinse strabegios of higher plants
aggainst brislic arel abwolic strissrs is activation of the plenylpropancid pathway bading b enlanoed
prodiuctaon of varisus phenylpropaoid comproands, such as Navesmids [F91192], lgnin |193,194],
anibescyasans | 194-150 L and salicylic acid |157] (Figuse 5h Reoonily the difforenons in the negulation of
g exprrssaan of the plemyipropancid pathway oneymes and phenydpropanoid scousmilstion by
prarine of pyrimidine M, Ps in Vits cinifers suspenaion ool cultune wene described. The prrimidine
dinucliotidis, such as Cpsl, Cpyl, and ApyC, mackedly {6 to S-fold]) snducsd the exprssion of
thar e coxdivg ther clma ey | -Cad NADF sxidond uctase {[DCR) Ehal conbnods ligean blosnthesds.
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The maost effective i stilbene sccamualation was UpgL, at other pyrimidine dinucleotides (CpaC.
Cpgl, and ApyC) stromgly inkibibed the bicsynbhesis of thess phenylpropanosds | F55],
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i A ' E‘
—-fg iil M
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Second messergars’ | o NP.N  igain. siibenes  Response
el : Synthesis of
i MHH

/

Figare & Hypothetical workirg, mosdel of Mpa®© and BNHppA signaliog retwerk in a plasd ool
Dinuclecside poly phosphate (M paM}and adoesine 5 -phasphoramidale (NH;3-pA) g maloctan
ol Ihﬁmmﬂudhmdm:dd mgmmmm
apainsd vishoos types of stresses. Plant cells nmg ] shrnuli by inbmsification of the
peresdictinn of vareis comipoanids, Mumﬂhx}mmmm:rdmlkmw
mmarks indicale the hypaihitics ammgenimibs of the sigralivg netwerk.

#a discribad abosir, B plants, the mﬁWMhlrﬂ synghesiging anothar
ancammon nuchotide, NH-pA, hus bovn desoribaed [125092] 00 was evidenoed that MHz-pA
pegulites by exprossion of genes coding sowymes of the phenylpropancssd patbacay, such as PAL,
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cinramaie-d-fydonylase (C4H], 400, CHS, COR, and isochorismate symitbase (BOS) in Arafisigeds
thaliing sevd limgs. OCR is an evapme nvodved in the biossmitbesis of ligran, wheneas [C5 = involved
in the binsymibesia of & signaling moleoule—salicylic acid. Amorg; the analyred genes the strengest
imchaction in gene ivpression cnzeed by MH-pA was observisd for CCRT (appron 4-fald], This was
alsr socnmpanicd by an increased level of Tignin i the seedlings, Another importang effiec caused by
MHe-pA was an increase in the 105 gere expression and a significant increase {2-fold) in the bevel of
free salicylic acid. In view of the Bact that salicylic acsd is ore of the sigraling molecules invalved in
thi respirese oF plants So biohic steesa, th induction of the synthesds of saliodic scd by NH-pA may
sppesd the inderaction of both these compouneds in plant respronses o stresses | LR7],

Anather uncommin nuclentide cocurning i plants ds picotinic acd adenine dircleotide phosphate
HAADTL The synthesis of MAAD s not fally anderstomd. However, @ is sapposed thal it can be
symithesdierel by ademosive-5"- diphosphatenbon oyclase (EC 3.2 2.5 [198], This nacleotide @ imiohoed
ir caleium signaling in many organdsms includirg plasgs [ 1995-200 | NAADP- nefaated caldum nelease
haas bpwen shiown in the misrosomal vesiches of mid boets §{Feta eulpanis] ard canlifiwer | Frassioa aleracnal,
Analysis of sucnose gradient-separatisl cialiflower microsames pevealisgd that thee BAA DM -sonsitive
Ca®* ol weas derived Brom e endoplasmic neticulam [19#9],

4.5, Ulncomwon Nacleotide Sigmal Trenafnotion Patinnays in Plants

As Vel thene has bevi pa infoersation shoul signal mansduction pathways of ecepdons activabed
by uncoenmen nucleolides. Based on the dats cxksting n the [seratuse aboul the involvement of
thessr milscides i didfenest bochemical aned physiological processes in bacteria, fungd, anamal, and
plant ceganismss, we propose pulative sigralieg pathways indoood by mascleotides in plank
cells EFigune 5 1 i by pothesiaed that anoomson nacleotide: may be sgnal modeoule: synthisiaed
by pathosggers cutside the cell ard imteract with plamt oells through unbmows plasma membrane
Feveplons]. These nusclootsdes can alen be rarsported inside the plam oell by unknowm plasma
membrane transportes(s). In sddstion, their kevel in the plant cell can be regulated by symthesdeieg and
degrading eneymes. Both the exiracellular and intracelbular unevenmon nocleotides may affect the
besynthesis of cther plant cell zignal molecule, o g, econdany mescengers and hormsones that can
engage MAPK ccades, which ane involved in pland growih amsd development, collular pesporoes bo
heciren e, el tiom of the celll cvele, ard Pesporses bo bbotic and ablotic stresses, such i patbogen
indection, wounding, low temperabare, deought, high salinity, metals, and ROS Moreover, it is knowm
that MAPK cascades can regulaie gene transoriplion by activation or nepeession of irarecripion {acioes.
in addition, MAPK ranscript levels in Anbifopss fetime soedlings were shosamn 50 morease inoa
timedependent manner folbowing exposune iooCu and Od [202]. Many MAPK cascades respond B
hermeres such as abscisic ackd, jaemonic aced, salicylic ackd, ethyleme, auines, ard brassanosteroids.
Usially, signaling molecals participaie in distinct sigrafing pathivays, nsulting in ihe fomation
of & crms-lalking retivork thal co-cadinabes fesponses bo diffenent shresses [20-00] We postulse
that MAPE cacades can b ivalved in the signal trarceduction pathway eriggened by unoommon
muchentides. S0 far, 0 i ondy mown that estracellular uncommon noceotides can induce gene
enpression of the phenylpropanced pathway, the acoamulaton of phenyipropansids, and the synthoss
of salicylic acid. However, componenis of the nucdentide rarsduction pathway are siill not nown

{Figuee 5}
5. Canclusings

Mants ape v abde fo escape Bromn thair abingc jocdsd, heat, e3c. b or thesir beotic therbidvomes, msecia)
enyirommaend [J05]. Farthermsone, their food uptake and gos exchange ke plaoe through exesmad
surfaces (leavess light and OOy, moots: jons and water), Flants muast, therefone, possess systems. o
enchange infoamation Thmoughaout the entire plant o enssure the cosndinabion of plant development
and deferse. Evidonoe: suggests that in plasbs mformation exchange relios an at st two diffenmt
wysbeme one Evelving melieoales that ane ransposted wishin the plang and ancther that gees clectrical
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andlor hydramlic ssgnals 1o carry the indormation throughout the entine organiz=m [205], The systems
for tramsmiiting this infesmation are comples and involve multiple components, which are far from
bering undersbomd. For many years plant hormores wene conssdened o be demirant msleculs in
plant signafing. Mowadays, this term s applied 20 many more compounds. Bt s sugggested that
dynamic changes im she bevel of secomd messenggers, such s Ca™* , ROS, and MO, sorve as. signatures
for both intracellular signaling and oell-to-cell commumicatiors. These secorsd messenger signaturs
work in concerd with phwvsical sagnal signahenes (such as clectrical and hydraulic signals) o create a
“hock i key™ machandsm that Iriggners sn appeoprisfe response b varios steesses [206] Fartof the
synier, e pla e in plant sigrabing, are chemical signals such as extracelular ATT ansd uncommaon
s beodides desoribed arnel disoasesed in this work, These maleoales s cssendial for proper coondiration
of processes in particular eegass as well as responses o imlerral and exbemal sigeals playirg analogical
wr samilar handtions in plants and in amimals. The daka chtained during e L Few years sigeest
that in plangs hath puirine and pyrinsdive disciolides should be considionsd s mombens of a farily
o maturally sooarring sbness sigraling mideoalis. 5o far our knosdedge of these signals in plants
is sl irsufficaert b0 cearly andevstand ther sigraling node, The mechanisms of signal perorption
and Erarmdudtion ane ankrown, Furtber shadies ane rogquined, which should aim a discribing tae
sirading networks ipvalving uncoeromaen rascleotices, and also perform omic experzmenis o klentidy
the perbwark companesnis and proosses that ane reggalatid by theese sigrale
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1. Exparimenial Section
1.9, General information

Coyliding and agenasing 5-mongphosphate (free acd form] were purchased from Sigma
Aldrich. Cyliding 5'-monaphosphate was syrihesized as descnbed by Yoshikawa of al (1969),
The reaction (hen quenched by addition of 10 valumas of water and sdjusted (o piH 7 wih solid
NaHGOy. Imidarolide dervatives of 5-CMP, 5-AMP and Cytadine 5-giphosphate wera
synihasized a8 described previcusly (Kose and Parmar, 2006). Pyrophesphates oimidarolide
wis synthesized as described by Ziemniak ef al (2015).

Purfication of CMP, CDP, ADP, and linal compounds was perormed by ion-exchange
chromatography on a DEAE Sephadax A-25 (HCOy fom) cohemn, First, the column was
loaded with tha reachion mixiue and washed thomughly with waler unil the sluate did nod
precipilaie with AghO, solufion (1o remove nesidual sohvenis and non-binding reagents).
Nudlectides ware eluted using a 0-1.2 M linear gradient of tristhylammonium bicarbonate
[TEAB) in delonized waler. Collected fractions were analyzed spaciraphotometrically ai 260
neme. Fraclions conlaining ruchslides. as confirmed by AP HPLG and MS analysis, weng
combined, avaporated with repealed additions of athanal (963%5) (to decomposa TE.-lE} and
acalonbile (o memove residual waser). Producs solaied wsng his procadure wane isolaied
as tnalhylammonium salts. Tha final products were additionally punfied by semi preparative
RF HPLE using a Discovery AP Amide C-16 HPLC column (25 cm=21.2 mm, 5 pm, Ao rate
5 mbL mirr') wilh UV deleciion. Alter repested Treaze-drdng products were isolated as
ammeniem salts.

Analybical AP HPLC was padarmed using SUPELCO Supelccsd LC-18-T HWPLC eolumn
(4.6=250 mm, & pm, fiow rabe 1.3 ml min-") with a linsar grackent of 509 methanal in buter A4
[ammonium acetabs bufler, pH 5.9, 0.05 M) in 15 min and UV-geleciion al 254 rem. Struciunasg
of final cempounds waere confinmad by high-resaluion mass spectromaetry (HREMS-ESI) and "H
and P HWA spaciroscopy. Mass spectra were recorded with LTC Orbitrap Yedos (Thammo
Scientific) spectromebar. NMR specirs were recorded al 25 °C with a BRUKER AVAMNCE NI
HD spoctromater ab 500 MHz ('H NMA) and 202 MHz (P BMRB), "H NMR chemical shis
ware caliprabed to sodivm 3-rimathylsind-[2,2,3,3 D4 propionate (TSP} in D0 and for *'P NMR
ia POy {20%) in D00 as an exienal standand. 'H MMRB signal assignments and identilicalion
warn supporied by COSY spactra analysis. The raw NMRA specirescopsc data were procassed
using MeastReblova v 12.0.2-20910 Soltwara,

1.2, General procedure
An appropriale triethylammonium salt of nuclsoside manda-, di- of inphasphate (2 equiv.) was
dissohvad in DMSO or DMF with sddition of ZnCle (4 equév.}. The mixture was stired at room
iemperalure for 5 min, Then ihe imidazolde dervalive of adenceine o cyligine 5-phosghabe
(1 oquiv.) was added. lofowed by a second portion of ZnCl; (4 equiv.). The reaction was
anadyzed by AP HPLG and quenched by eddition of 10 volumes of an aguecus solution of
EDTA and NaHCO: (10 g1 and 5 g, respectively),

1.1.  Synthesis of uridine S-diphosphate (UDF)
wmsmammmmmmmmwngmmemmm
cethophasphate (338 mg, 1.69 mmal, 4 equiv.), widnge §-monophosphate imidazolide (167
myp. (.42 mmol, 1 equiv.) and zine chioride (8 squie) in OMF (2.5 miL). Alter purification by
DEAE Sephades: compound was solaled as an methylamorsim sall (142 myg, 0.20 mmod,
8%,

1.3, Synthesis of eytidine 5-triphasphate [CTP)
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Cyliding 5-Iriphosphiale was ohilained acsanding 1o the general procadune siamng rom cytading
Y-monophosphate imidazolide sodivm salt (200 mg. 0.51 mmad, 1 eguiv.), nalhylaming
pyrophicsphate (510 mg. 1.27 mmod, 2.5 eguiv.), Zing chigrics {555 mg, 4,08 memol, 8 equi.),
and DMSD (4 mL). Aler purficalion by DEAE Sephadex compaund was iselaled as an
irigthylamonium salt (231 myg, 2030 mOD, 029 mmal, 56%),

"H MMIR {500 MHz, D20, 25°C): & BLOG (4, by 7.7 Mz, 1 H, HE), 8.21 [d, Jou 7.7 Mz, 1 H, HE),
6.00 (ol by 4.5 Hz, 1 H, H1'), 4.42 - 4.39 (m, 1 H, HZ')L 4.36 - 4.34 (m, 1 H), 432 - 422 (m,
3 H) poen; P NMR (202 MHz, D;0, 25°C): & -0.86 fd, s 187 Hz, 1 P), -10.50 jd Jp 193
Hz, 1P}, 2213 - -22.43 {m, 1 P, Py} ppm

2. Synihesis of dinucleotides

214. Compound 1 (CpeC)

Compound 1 was obtalned according to the general procedure siarting from oylidne 5‘
diphasphate tnelhylammanium salt (100 mg, 0.20 mmal, 2 equiv.), cytidine 5-
imidazolide sodivm sall (42 mg, &1 mmal, 1 eguiv.), Zinc chioride (190 mg, 086 mmal, E
equiv |, and DMSO (2 mL). Alter purfication by on-exchange chromatograghy the salased
product was contaminaed with cylidine 5-dphasphate (COP), which has the same negative
nat charge. Afler additional purification by semé-preparative HPLG compound 1 was Eolabed
85 an ammonium salt {14 mg, 151 mOD, 001 mimol, 19965

"H HMR {400 MHz, D#0, 25°C): 88,92 (d, s 7.8 Hz, 2 H, HE), 524 (o, Juw 7.6 He, 2 H, HS),
504 (d, w42 HE, 2 H, H17), 4.38 = 4.35 (e, 2 H, H2'), 4.33 = 421 (m, 8 H) ppm; TP NMRA
(202 MHE, Dy0, 25%C): & -10.58 = -10.78 [m, 2 P, Pu,), -22.51 (L, & 18.7, 1 P, Fa) ppm; HR-
ME {ESI), mix Caloulated Tor CraHashleQaPy ([M-H] ): 70705219 Found; 70708452,

22 Compound 2 [CpeC)

Compound 2 was synihesized following the peneral procedure slaming lrom cylidine 5'-
triphosphate tiethylammanium sall (57 mg, (.20 mmal, 2 equiv.). cytidine §-moncphosphate
imedazobde sodiem salt (32 myg. 008 mmed, 1 eguiv.), and Bnc chignda (B8 mg, 0.65 mmol, B
equiv.) in DMSD (2 ml). After purification by jon-exchange chromatagraphy ihe solated
product was contaminaiod with cytiding 5'-triphosphate (CTP), which has the sama naegative
mal charpe. Afler addtional puilication by sem-preparative HPLG compound 2 was solabed
at arnmoeanivem sall (27 mg, 371 mO0, 0003 mmal, 38%:).

"H MMIR {500 MHz, D20, 25°C): 5 8.07 {d, Jws 7.6 He, 2 H, HE), 5.24 (& iy 7.6 Hz, 2 H, H5),
5,96 (o, obipi 4,1 Hz, 2 H, HT), 4,28 (m, 2 H, H2'), 434422 (m, & H) pprm; PP NMR (202 MHz,
D;0, 25°C): & -8.01- -9.43 [m, 2 P, Pee,), -20.06- -22 58 {m, 2 P, Py) pom: HA-MS (ES1), mix
Calculated for CHy MO Py [[M-H]): TB7.01852; Found: TB7.02145,

23, Compound 3 (Ap,C)

Compound 3 was obtained according 1o the general procedune starting from cytidine 5
dephiosphate (40 mg. 008 mmal, 2 equiv.), asenasineg 5-monophosphate imidazolide (30 mg,
004 mmol, 1 equv.). and ainc chicride (39 mg, 0.32 mmal, Eallui'r:nnﬂ-MEﬂ {1 mil). Ales
purificaton by ion-exchange chromatography product was isciated as triethylammonium sah
(27 myg, 295 moD, 0.02 mmed, 38%). Atter aoditicnal purdicaton by semi-preparative HFLG
compourd 3 was isolaled as ammonivem Sall (10mg, 153 mOD, 19%:).

"H MR {500 MHz, D70, 25°C): & 8.50 (8, 1 H), B.23 {5, 1 HJ, 7.79 [d, & 7.7 Hz, 1 H, HEJ,
B id, b B.1 Hz, 1 H, H1's), 587-5.84 {m, 2 H. H5 and H1's §, 4.75 {dd, b 6.1, 5.1 Hz, 2
H, HZ's), 4.54 (dd, Juw 50, 32 Hz, 1 H, H¥ &), 441 — 437 (m, 1 H, Ha'W), .31 —4.18 {m, 8 H)
pom; P MMA (202 MHz, Du0, 25°C): § 944 - 991 (m, 2 P, Pis). -21.22 (I, Jee 190, 1 P,
Pyl ppm; HR-MS (ESI. mir Calculated lor CyyHaMeOn Py [M-HT) T31.06342; Found.
Ta1.06455

24. Compound 4 (Ap.C)
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Compound 4 was oblained asccording 1o he general procedure slaming from cytading 5'-
iriphosphate (47 mg., 008 mmad, 2 equiv.}, adenosing 5 -monophosphate imidazclide (20 mg,
004 mmeld, 1 equiv.), and Zing chionoe (40 mg, 032 mmal, B aquiv.) in OMSO 1 mLh Alber
purdication by m-axchange cheomalograply the produs! was isslaled as inalhylammanium
sa®t () mg, 638 mO0, 003 mmol, 3%). Aller addilicnal purdficabion by seme-preparabiva
HFLEC compound 4 was isolated as an ammonium sai (18 mg, 260 mOD, 0.01 mmed, 16%),

"H HMR (S00 MHz, D:0, 25°C): 6 8.54 (s, 1 H), B.25 (= 1 Hj, 7.50 [d. Jls 7.6 Hz. 1 H, HE),
BT (gl w83 HE 1 HLHT 2) 603 (d, Jow 7.7 HE, 1 H, HS), 581 (0. Lyn 4.3 1 H H1'c). 480
[(1H, HE' gverappsd with HDOY, 4.59 (dd, Ji 5.2, 30 Hz, 1 H HY), 441 =438 [m, 1H,
Ha%), 4.37 — 433 (m, 1 H), 432 - 4.20 im, § H) ppm; "F NMR (202 MHz, D30, 35°C): & -
22.24 - -11.58 {m, 2 P), -2299 - -E23.37 (m. 2 P ppnc HR-MS (ESI, mz): Caloulated for
CraHarMelloaPy {[M-H] 1 81 1.02%75; Found: 81103076
25  Compound 5 (UpsU)

Compound 5 was cbiained aceonding lo the general proceduna siariing lrom orthophosphate
(20 mg, 0,10 mmaol, 1 equie), uriding 5-menpphosphale imidazolide (121 mg. 0.31 mmad, 3
equiy.} and @nc chkaride (B egquiv.) in DMF (1.8 mL). Aler purilicateon by DEAE Sephadex

compound precipitaled with ioe cold acelone solution of MaCI0, and isolaled as an sodium sal
(4.4 meg, (.08 mmaol, B3%)

"H MR (400 MHz, D0} 5 7.97 (d, Juy 8.2 Hz, 2 H, HSy,, Hbu); 5.88 (be 5, 2 H, Hiw, HBw),
BG7 (0, dow 2.1 HZ 2 H, H1%,, HT'g), ), 4.40 - 4.34 (m, 4 H, H3W, HEu, H¥ e, HZe ), 4.29
— 423 (m, B H, H5, H5"s, e, He, HEe H5 ) ppen: P NMR {162 MHE, D;0): & -B.43
(2 P, Pu,). -20004 {1 P, Py) porn.

26 Compound 6 (ApsL)

Compound & was cblained according b the general procadure slading from unidine §'-
dphosphate (10 myg, 001 mimel, 1 equiv.), adenocding 5-monsphosphate midazoide (37 mg.
009 mmed, B eques} and zing chloride (8 equiv.) in DMF (0.7 mL). After pusificalion by DEAE
Saphadex compound precipitabed with ice cold acetone solution of NaCiOu and isolabed as an
soddiurm salf {198 mg, 0.08 mmol, 129%).

"H NMA (400 MHz, D-O): & .52 (5, | H. HEL), B4 (s 1 H, H2a). 7.78 (d, Le TEHZ 1 H,
M5, B.12 [d, S 8.3 Hz, 1 H, H1%), 5.86 [d. obys 4.3 He, 1 H, H1%), 5.72 {d, daa T8 Hz, 1 H,
HEuj, 4.76 — 4.73 [m, 1 H, H2%), 4.55 (dd, b 4.9, 33 Hz, 1 H, HZW), 442 - 437 (m, 1 H,
HA's), 433 — 419 {m. TH, HYy, H4',. HS H5"y. HS'%, H5") ppen. P NMR (162 MHz, D:0):
& -10.73 (2 P, Pa). -22.27 (1 P. Py ppm.

27, Compound 7 (Upsll)

Compound ¥ was cblained according to the gonoral procodure starting from uridine 5'-
mpnophasphate (110 mg, 0.26 mmal, 1.5 equiv ). pyrophosphate dimidarolice (58 mg, 0.18
mmal, 1 equiv) and zinc chioride (B equi. ) in DMF (2.5 mL). ARer purification by DEAE
Sephadex compound precipitated with ice cold acetone solution of NaGiCy and isolated as an
sodivem Zall {108 mg., 012 mamal, 95% ).

"H NMR (400 MHz, D:OF: & 7.98 (d, iy 8.2 Hz, 2 H, S, HB.), 601 — 598 (m, 4 H, H1%,,
Hby, M1, M), 4.45 = 442 (m, 2 H, H2'y, H2), 439 (L Jdus 5.3 Hz, 2 H, H3\pn, H3 ),
430 - 424 (m, B H, HSy, HE%, HSw, H5%) ppm, P NMR (162 MHz,
D20): 58,64 {2 P,Pus), -21,38 (2 P, Py} ppm,

28.  Compound B [Ap:A)

Caompound B was oblaned according 1o the general procedurs slaning from adenosing 5'-
diphgsphale trgthylammenium  salt {60 mg, 008 mmol, 1 eguiv.), adonosing §-

& imidazokde sodivm =alt (60 mg, 012 mmal, 1 eguiv.), 2ine chiords (130 mg.
086 menol, 8 equiv.), and DMSO (3 mLL. The product was purified by DEAE Sephatex bllowed
by additional purification by RP HPLC, Compound 8 was isolated as an ammaonium sall (46
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mig. 1180 mOD, 529%). Afler haphylization the final product was lound as a while powder.
Seored at -20°C,

"H NMR (500 MHz, D0, 25°C): & B.34 (2, 2 H), 8.14 (£, 2 H), 601 (d, ho- 4.8 Hz, 2 H), 4.82
[, hin 4.8 Hz, 2 H), 449 (F, s 4.8 Hz, 2 H), 438425 (m, & H ppm; P NMA (202 MHz,
D40, 25°C): & - 10062 (d. Jes 19.2 Hz, 2P), -22.11 {1, 18.2, 1 P} ppm.
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4. Raw deta; HPLC profiles, NMR and HRMS specra
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are socurrraladed incells unsder strross, anad therions, they could sctas sigenal saskecules. Cur porvious
b ceried dt in Arabidopsss tlssfiana and grape (Virk tiusfra} showed thal MpgN's induced

b e ¥ [ hemphe Lot

Coared the Plasy i primmt

e expression of genes i the phemyipropanokd patneay and Favosed the acoamalation of their
15, which protect plants against stress. Moreoves, we found thag NHgpA could play a sig-

[~ S
il Lol fad || Ml 50 JEEL
B 1S g ild g LI
Lo TR

S S B ]
D] T wrad Thipme: g

Kaoprrepd 8 Sprermsbary 00T
el i ey J001
Pubdadue |7 Dimsrdes N5 1

Fibiiabei's Sobv WIIT swii s rerstnel
7 Frgasd by paredaten dars @
peiiate] s el grerreers] @9
ulwrs

Cmpyvighits © X1 by e waibars
Liryrrs WHHL el Sewiprvlorsd
T o b s iy st v il
Salratrd el dw sl
rrradieems of the Creatrs Do
Ao LU Y lwmer dhiipss
vl e e g b sy

[ ETH

nairgg pole i Arabidops soedlings. Dwls presentod in this paper show That esogemously applicd
purine (MHz-pA, MH-pl) aed prerimidine [(WH;pLL SMHpO ) leosids 5 plespharamicdabes
cam musdily Ui exgvssion o genes that cossrol the Dicaynifess of Both sslbenes. and lignin in ¥ils
i o, AMomastrell suspensson -tulbeeed oells. We investigaind the expression of penes ercosding
foor ey lilasdne ammonds- s (PALT), einfumate-d-hydny lase | CUHT) d-couina raleooene v
A T (S0 ) chaboone synthase (CHET), stilbene ssnithase | STETL clnnamey|-ooeneyme A NADP
omicdrpctuctase {CCR2, and cinnamyl slohal detoyedrsgenase (CADT). Each of the irsind RH-pii
b sl the cpissbon o g Frave: pesveratie] ool memibsase anspofice VeABOGH gore and
caased B acoseaslaiion of drme-resverateald aod Frass-piocid in grape cells as well as i the culhune
psdium. BHpl. Baswever, cvoked e must ciedive metion of phenylpropassid gathway
geraes such as PALT, CONT, #01L1, and 5T57, Moreover, this nuckestide sl ind oot 88 shion b
rap— o W bererlputsrscine (BenlPutl, one o B phenylimides that ane derivatiers o
phamglpropanoid and polyamines. The vt nuchotide S e duange gither the lignin
comvtent o thee oell dry wesght, noee did By affiect the cell viability throughout the eoperssasd. The
rrsults sugges] Bl nmhuii.l-r.'i-'lpl'—-p'l'mnld.lh k] b considerod as new sigpaling mokeoolos.

Keywnnds grape unomrson rscleohides; signaling moksoules; stilberes: ligpin

1, Introduction

Cintinaieg cor opg-lesting shudies on urcoemmaon nucleotides, over a decade ago [1=6],
wint Bupam lo investigate the Blochemastsy of a sdher neghsted nucleotide, adenmane 5'-
phosphoranvidate (RNHz-pAR since it appeaned 8o be a very goosd substrate of Fhit {for

P | Akl Sl METN, 22 LRSS, Wiy ok eng /B NNO0 e 10RT

b vt Pl pd coam | rmal Fipmes
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fragile histidine triad) peoteins [7]. Muoch carfier, this compoand was detecied among
oellaler puelontices purilicd o g alga Chiveeles puremoddoss [2]. 18 5 onown Bual m v
s arganisms inchuling plants, NHy-pA can be synibesized |5,9] and doggradad [7,00,11]
by vamous enzymes, and il s considered s an eneymatic moechardsm conbrodling, the
concentration of this puckeotide in oelle. s synthests proceesds aocoeding to the reaction
SOH-pA & WH" s NHrpA + 505 5 & 2H' catabyinl by aderlyl salfateammosia
aderghyiransforase (BC L7751 ) (Figane 1) This activity was fourd in the algae Cdanedia
puremoiide and Fuphenr gracilis, the amosha Chictwosted i discoideum, the bacteriom Fs-
cherichig ooll, ard 1B higher plants Hirdesss pulparre, Spinackl oleracrs [2], and Lapidess
lwdgzis [5]. I the Labter orgarism, thes trapsderase activity prowed o be an inherent propery
of dinucleoside triphosphatase, the Fhat profein (5], 5o far, various eneymes have boen
sbwrwn B0 catalyee the degradation of MEHp-pA, in el cases by Fedrolysis o ammonia and
AMEP 10215, denad i &l civsies b drivruosia aed ADP by phasphorolysis | 18], Eienedinghe
Fhits, regardliss of their origin, are able 1o catalyee both the symthesis and dheavage of
Wl paA 2]

rpq HH, hly
T f‘*".:--.&; .
o -{n-.!; 'l"-": - IH.: ll-dﬂﬂ"‘l""'d"m'"l'l"l-'l'llh_ i'n-.:"'.-{.':_: - u=?:|u .
RV D ¥
nh.'.tﬂh g e i
Pigame 1, Sechamn ol the by by aceyly| smliatrammaria adenyiylransirease (BC 277 51)

Chir recent studies on in vitro culeivated Arabidapss seedlings showed that exogenous
MWHz-pA siduced the expresion of genes of the gemeral pheivlpropasaid pathiay sl
as PALD, PALZ, PALS, PALA, C4H, 4011 ACL2, amd 4013 Manmwo it wirk alse obssrond
that induction of CCRE. CHE, and /O8] expressson caused the accumulation of lignines.
anthocyaniee, and aleylic acid, respectively [4], swhich protect oells sgaies) vanious fpes
o atresses, Other compunsnids Bhat ane invalvesd in plant dedenses against abictic and
baartic stresses are phenylimides, also bermed as phenclamides or hydrosydnnamis acid
amides {14]. The phenylamides artse from phenolic maleths, bydrocirmasmic and bereols
acids, covalendly limked (hrough ammide Bonds o an aromsatic monaamene of an aliphatic
polyamane., Their synthesis is pasitioned at the crossmols of the phenylpropanoid path-
way and the metabolizm of amines | 14] and can be used in the cross-linking of cell wall
oomyponents in plants (Figuee 25 [17,15]. Anclevatod conoenibration of phenylamides has
breen poported ina wide range of plicd specios, snd it can play & probective role agains
bicrtic stresses: [19-21]. This is wha we decikdid B chick whather the NH:-pMa also affect
thi enetaialism of those oo poemds.

Adthough if is nod kv whether asy of the NHp-phis sccamulabes i nesponss b
envirnnmeial sErmseis, socomieng e aur earlior shsirvation of the induction of the plenyl-
propanoid pathavay in Aredidopsis thaliea sevdlings by BHz-pA 4] it seems plausible
thai Mobse and abilols ensironmental fackors dis alfect the accumulatbon of ks nuckestade,
thir prutatise regalatory maliscude. The sigraling lransdwction pathways usslirlying batk
bt anad bicdic stresses. mediating; the pegrilation of cellular responses are still intensively
studied by many researchers. One of the deferse strabegies in bigher plants under abiotic
anad Iostic sl is an activation of the plenylpeopanoid pathway [22] This paibway
oxgurs wiklely in plant speces, conforing adaptive advastages to diverse soosisiems. (s
activation leads 1o the erfanced production of varioss phenylpropanced compounds such
as lasoenodds | 23,24, lignins [35] anthocvamin |26 salicylic aced |27, and stiftencs [25].
Thisse e tabulites e e advierse ebfecs cavrsed by stress-indhiond enidative damuge,
Une of Ehe most skudied stlbenes is trans-pesverakol. This compound & especially imooheed
i plant=pathogen interactions [ 28] and plavs an important role in plasd responecs (oo cad-
i |29]. Besides the phenydpropanced -based mechanisen of plasd resgronsss to varios
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Isfotic el abiolic steesses, anothor eechurmsam is s rgulation of the eatio of S-conlainieg
oo prmanads suchs as methsomine, ghutathione, phytochelatims, and glucosinalatis by the ac-
tivity of ATP-sulfurylase | M) Through these S-compounds, that eneyme is invohoed o the
plar ederance of several botic snd abictic stresecs. For example, ghalathione can controd
Ehe gene e prvssion of anlicsidant ey mes such se supsroxide deamatase or glatathione
redoctase as well as eneymies of the phenylpropancid pathway (e g.. chaloone synthase
and phenylalanine ammords-lyase) under cadmivm siress 51]. ATPsulfurylase o
mwumi . i ldimg high-eiengy adenosise5 gphosphasuliate (AP [30). s
Emown that in plents, APS can be converted into BHephis by ammsonolysas catalyned by
adenylylsulfate-ammaonia adenylyltransferase [4] and Fhit proseins |5 Moceover, Fhit can
degrade MHz-pA, releasing AMP and MH5 [7.00,15]

'

ki | Y
i ) -"'__",-“,-“'".:ﬁ- Y r— __Il“'ﬁl"‘h e
I e lm (1B larnides
| Virderin Hw-l-rﬂ- {
Plersmsids T — Ligwbe Cell wall plheseli
" AN sy P
S prirey =,
Figure . Scheme of the phenyipooparodd palbisay asd ooseection o ihe phenylamide metabolem,
PAL, phary Lalarise: ia-tyase, C4H, o2 ubr—-hydnumylase, 401, dcommmarate Cod hiass;

CHS, chaloone synases: STS. slilbene symihase, O, cinnsmoy|-Co reduciese, CAD, cnmamyl
alkcohal dobvyd rogrnase.

Thee: main goal of our research was fo beam hing NH2-pA as well s other MHp-phs ine
cludsng 3H-pl [guanesire ¥-phosphorasnidate), NHG-pC (ovtidine 5 phospheoramadate),
and MHy-pLl (uridine 5'-phosgrhoesmidite) regulate the metabolism of plenyipropaniids
anad hricmynghisds of phemylamides in grape cells. Moroover, we wanted B detorming how
these urcommrom nucleotid es impact the expression of the gene coding for the Ve ABCCAE
erarcspoeler, wiich wan proven o e imvadved in the manspsnl feaport] of reeensyveratial
im Virds pintifra, This paper chiscribes: thee results of experments oonducted on a ¥ites siaia
cv. Monastrell suspension cell culture and presenits a by pothesis conceming linds between
MHzphie amd the prosduction o Jrressresverstml.

L Hesults

I ks srudy, we wmed & susponson cell oulbiee (S00) of the grape coll culbvar
Memastrvll, whish & a very cormnient mesdil, First, besasse of the egual distribuation
of molecules shadied s effectors ameng the cells, and second, this partcular variety of
thie grape effectively synthesizes the pheryipropanotd moleoale franersverstrol. The
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analysie ol gees: expersion and sccumuligion af differenl peadiscts of ke phenylpropancid
patineay was carried ol as described in our easlier studies | 1-4.0]. For details, see Section 4,
In oaar warlier shadies on the effect of 3Hz-pa on the expression of the genes ooding
for phenylalanine asmmsoniadyase (PALY and d-coumarieommeymss A g (400 in
Arbuligis sevedlangs, w foursl that of B comirnizatsons besbad i the L0535 pM cange,
5 i MH=pA apprarcd 1o be the maost effctive [4] In addstion, in the experiments on the
grape suspension cells described here, this relatwvely low concentrabon of MH;-pA evoked
mnarked elbicts Thenebone, cach of the investigatod MH-ps s spplaed 0o ke oolls 51 &
fioed 5 vl comoentration. Based on provious studdies [ 540,524 we dhose the Sallowing
genes: FALY CHHT, ACLL, STS1, CAD, and CCR2. In addition, we selected the time points
off thae eperimeeind hased o our previous works [14].

L1, D e N a-pida Affinct Chalooos Spwithese (CHE1) Gime Exprossion ?

The i pvssion ol the CHE1, e branch poink of avorosd baosynibesis, wis evalaibad
it thar mamie tinde paaints as other geew exproscons weee analyzid o this shedy, bat it was
rit detevied. The same resalis were observed m the grape suspension oell culhane in car
prrevioas shadies [36] and by Lijpvetrky ard coworbers [ 32 These data sirogly suggzest
thal avorsoids ane ol synthasioed in e dark in oells of this plafil spwvien

Wi MW s o Mo Evpression of Genes of fhe General
: 1 Prtdzruy
Expressbin ol the Ehree genes BALL C4M1, and JOLT was amalysed i the oclls oollevted

betwiwn & and 72 h of growth after elicitaton,  The resles of these experiments ame
summarized in Figure fa-c A marked increase in the expression of the studicd genes
wias ohaerved i the grape cells collected after T2 h. Interesbinghy, MG -pl evoled the
ot significard offet of the analysed compoumils, wiith an approcimabely f-dold Eereasg
b FALE T8 woas over 3-fokd higher in comparison bo the effect exerted by NHz-pG and
NHz-pU ard about 4-fold higher than that caused by MH;-pA. Additionally, the expression
o 40T wias indosord misch mene effectively by NHzpC tham by the ofher bested NHpph,
arad 8 reached abuat o 10-fodd merease wigh nespact b Bhe controls. Effects ovelkad by 5 phd
MHz-pG, NHz-pA; or NHa-pL wene bess spectaoalar, with anly 4-, 3.3, and 3-fold increases
oompared fo the control, respectively. The expressson of BALT and 4CET afier & ard 24 h of
elicitagion by fach of the tshed Frclootides dsd nol dhaege. B the case ol CFRHT exprmsion,
wr observed an inhibitory effect svaked by NH-pLL NHe-pAL and MHa-pGat 72 h Howes
aberut 2- b0 3efodd bverer than in the controd. Incells teeated with 3Hz-pC, the expression of
CEHT ancreased up to 2 54nld. However, il was 5= o S-fold highser than incells treated with
ofher pucleaticlis (Figure e,

EEEE]
31l

T Wi i

Figmrne 1. Expovssion of geraral phenydpropasoid pathway geoes in oells of Vit oindfma o, Soraseel]l troated with 5 @5

misheside S-phosphoramidates, (o) FALL phemylabsnine ammonis-yase, i) CAHDL cnnamate=3-hy@mosylas, jof #0510
dcvrurnarabe T g, Tolal BMA win revense-transoribed mie cDNA and wsad ma lemplaie e realtirme quanbficsson

T peaction as disoribaed i the Seotion 4 Spescifie; primens wene desdgead for PALL CEL, 80T, anad EFal delongation Gacke
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-alpia, which was wsed s an endogenous contnelp, The expressson evel of FALE, CA, and 4001 in #he coninsd oells ino
niheirtide dduid ) s et 1o L. Vilies fepneen Bt Sean = sbiidsnl devlition of the ieee neplicibos Wildoes wilharal &
s lether woee significantly different sooonding o She analyais of vanasnce CUNOAAT and Tukey's honestly sgnificant
difference {HETH mulliphe sasge st [ < 0L05)

2.3 Effect of Eveprnous WH-pNe om Rilbewe Spnthess Gone (STSTF Expression and Shibene
dl.‘nm'ﬁ-llufﬂ de CGrape Crils

Al of the pested NH-pis incrvased the expression of 3751 abowi 2-fold after 24 b,
bl only NHp-pls, MHp-pl, amd NH-pL! aleo increased the expression of STSR in 72 kb Ak
this ima point, the most effective was NHe-pCoeven causing a 1 3-fold higher expression
thaen in the controd (Pigure &), Such a spectacalar effect inspiped us 1o investigabe how this
imduction of ST5T expresshon affocts the accumslation of the related stilbeme compounds
(i, drome-reeasrabml and its ghicnside - fenus-picrid) 1n the dolls collited after 6 and
12 by meo significant effect of the tested nucleotides on fans-resveratrod conbent was fourd.
Howeves, aiber 24 hool elicitation with any of the investigated MNEy-phis, a dramatic inceease
in b b aof this secondeny mustabaolite was abservied (Figune i), Tha menst significant
effect was evokied by NHz-pA and WHy-pLYat 24 b In their presende, the acoumailation of
trans-resverakned in the grape cells reached 961 u;g"dryw-:ighﬂm'ﬂ-urd!ﬂ ugg"'[l'r'lf.
rrspoctively, and i1 was about 1.7 and §.58old higher than im the contaod cells (Figuane da).
Wi dhicd mot observe statistically significant changes in famse-resvoratm] socusmulation i the
presemoe of MHz-ph companed with the contred cells. However, in grape cefls treated with
the pyramidie: ruckotide, SHpd, the socumulstion of iresresvesatrod only reached
Thog " DWW, and @1 was T-lold Inwer than in the control ells. In the svlls collecod afier
48 by, thee trami-resoeratmol conlimE was much knver than thal ot 24 h of the experiment,
aned im those collected after 72 b i was 3 low a level as in the oellls colleciod after & and
12 b ol elicitation {Figuee 4b). The Inses piccid contenl, similar fo fans-resverairol, was
low at 6 andd 12 b, Emespetive of the nucleatice trestment (Figuee 2c), The comhmi of
trans-piceid was clearly ebevabted after 24 b of elictation including in the contnal cofls, but
it was deamatically decreased in the oel ls treated with NH-pG, being 13-fokd lower than
i e ool cells and reacked onby 183 g 5~ | DW (Figuse dob [nhrstingly, b,
affer 45 h thee accamulation of frmvs-piosd mesched 2 mavimom, A8 this Bme, inoelis
trealed with MiHe-pa or NiHz-pL, the kevel of this stilbene was over 2-fold higher than in
tha comirnl ool Similae o e o reeveratrol comtenl, e level of s pioeid dicresssd
dramatically after 72 hoof elicitation and neached & beyvel sompasablie o that obserrved adter

trand 12 b of the experiment (Figure icl

Figoare &. Enpresaion of stilbena syrifuse gofe (ST ard stommalation of stilbenes in osiiol Vil i o Misnasteell

trvabed weith 5 M n

ide 5 phaspd lidates. [a) 5TS1, stilbens synthase: (h) sccumulabon of Pans-sveratnel;

teh accumilabsn of frems-ploetd. Total BNA wies reverse-transonibed inin cOMA and used as 2 template for peal-time
gaaniification PCR reaction as described in S Section 4. Specific primers wene desigrend foe STST ared EFal [dlongabon
(o T-adpha, which wis e as on enadogerss conteoll. The cqpreasion bevel of STST i the oombd oofls {no nuckeotide
ackcoad} s st b L. Values svpevses the sean & staneland dirvistion: of the three replicaies. Acvomulabion of drers-
resveratrol and frasepaceid was desermivesd using the HPLL method a5 described i the Section 1. Yalues without a
evnmion lotler are signiicantly Jdiffeeent sccoeding e ANDWVA and Tulery's HSD mulBple range el §p < 0L05).
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2.4 Expression of the o Canl i Reszwerafond VEABCC#4 (ATP-Bindiug
mummqﬂrfmm P mri-msm.rumu

It s kervivsarn Bl dreatment of cultueed grape oells with an elicites, cyclodindrin, causes
thee accunmu lation of frans- peveratod and indwuction of gene expression of the fall-see ABCG
transporics, which ks associated with the trarsport of this stilbene compoand i plasds |25
Thetefane, we sk analveod the ehects of MHp-pie on the pxpoession of the VRABLDL
eni, As shown in Figuee S, each of the investigated nucleosice phosphoramidiates evoked
aroumnd a 3-fold increase of the gene expressson, and it was already observed alter & h of
elicitstion. Then, this gene oupression doclined o1 24 and 72 b Al esooplion was observed
in oyl treatedd with NHy-pl at 72 b, since the increass in the gimw exprssion was still
2-fodd higher than in the contrals. The lime-course of Irees-pesveratral and bens-piceid
accumiulation in the spent mediuen n esponss 60 WHa-phis ane shown in Figuane She,
respectively, Inbivsive caport of S compoanids iz the olls fo the media e, and
i was obbservesd pstatber 6 b of elictatikm, The concenbration of Fees-nresyverabrol adter 6 b of
Hz=piG application really reachod 9.5 ubd (Figure Sbj, but the conoentration of franspioed
abter & h of NHppC eeachod kess than 2 oM (Figure 5) In the spent mwdiam in which
the cvlls wrre Ereatisd with NHa-pA, we observed & gradsal smervase in drams-nesveratnal
canbent ap bo 48 h. Then, the leved of this stifhene drashically decreased (Fagure Shi A
72 hood e experiment, the comoentration of Iress-resveratrol was al the same bevel as i
tha comnbrol mwdia. The hight accusnulation of Pris-piid in thi spont medis ciased by
mucleatides was ohserved at 24 h, and for MHz-pa, NHe-pC. NHzpG and MH.-pll. it
was 12-,9-, 7=, and 5-fodd higher than in the comirol media, nespectively; however ondy the
12k increass was slalsstically sgnificant (Figume 50

Figmre B Expression of the Ve ABRCTHY resveratmol iransporier gese inthe oells of ¥ins piwies o Mossstndl inesied with
ipﬂﬁ-hhlr!"-p-hq]u:ﬂhn and scceirralilion of stbllsvies i e sperd sdium. (i) VeABDGH, meweematiol
trareporer gere: (b socumilation of fam-sesveratml. jof aocumadation of fras-proeid. Tetal KNA was neveme-transoribed
i ¢ DA s wsaed as 8 Semplabe for eeal-tise quaniifcstion PCR deaction as described = e Soction 4. Spovifc prssess
were designed for VeABCGH and [Fal (elongaBon tactor 1-alpha. which was used as an endogerous conteol]. The
enrrission bevel of VoABRDGH in the coninsl oells | o puclootile sdded] wis s be 1. Adccasvalation of iy orstiol
and trame-pacekd was determined wsing she MPLE method as desoribed) in the Section 4, Vabaes ane the mesn & standad
dleviation of the thres repleabes. Values: wishoad o comman ke wene gnificantly dilferemt secoeding e AMOVA and

Tukey's FED mndtiple rangee test {p < 0}

25 Cell Viality

Bpcauisg wr gltwervaed, Both in the oclls and i B spent masdan, 8 coesacerable decmpase
im the comtent of frass-resveratrol and Frese-ploeid at 72 h of the experiment, and due to the
fact that al thes time there was no cffect of pocleotides on the content of these bwe s,
iy asgassanc] thar gudl viadsility and ool neweh {espressid as ey weaght comtent) qo exdlude
the posssibility of coll death caused by the exogenous apphication of pudeotides, As shomn
in Figuare o, mo lossces. incoell wiadbility were observed by flussesoent microsoopy ak 72 h of
encalivserd with the nuckotides.
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Figure 6. Viabilay of | fers cell suspeornson cultuse troated with 5 &M NHeoNs ot 725 It was
e nucieotide ftor 12 min In

cells in the poesence or absence of the Indk

ovaluated by moubatin
Kit (Sqema- Aldrich, Barlinglon, MA

% modives wsing the Plant Cell Viabiliry

LSA) a8 described (n the Sevton Phacerscence was observesd with an Ao Vert 200 Carl Zeiss

microsCOpe usieg 4 Zobw Blter (PSO9 ex¢ = 895 oo, om SI17 nm) (ab) comtrol ool (¢.d) oells

PA; (el and (0 NHpla (2. h) N1

and the right-hand column sbows cells wr

treatnd with N L) NHapUL The dett-hand cotumn shows

under the Buooescenor mi rosg O et the beigha

o
Hedd microscope. No red Huores v, which indicates oell damage or mortality () o "N nm
ok » 817 nm ) was found (data not shown)
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Wi e v changis i e oell By weight theougbsout the exporimont. As dwmmn
im Figmre 7, the naclentide-treabed coll displayed & similar biomass incmeass (from 10 o
ower 2 g DW L"), and therefore cell growth as the contred (e, ungreated oells)

[k weigh

B 4 5] ke
Time ihi

Figuee 7, Time course of ovll gromsh (espressed as oell dry wogghe per liter) o Vit pnifees freatod
with 5 ub nucheoside 5 -phosphoramidites. Cell samples wore aie-dreied Tor 88 h al 7070 Yahees
mepresntk the mean = starcdand deviation of the thros eplicaies. Values without o comames letter

wehi il gRahnan Tl dilhesenl dooofding bx ANCN Sl Tubey™s HEDF ot eiinge sl iy < 00G)

26 Expuesiion of Genes Encosding for Enaymes of Monofigno Bioo Hesis and Ligmin Coment

Wi bewltied Both the exprvssiom of genes invodvied in lgnin beosynthesis amnd the socu-
mulatien of lignin, ore of the main products of the phemplpropanoid pathway, CORT gene
encodes cinramoy-CoA reductase, which i the first slep in monobiznol blosynthesiz. As
car b seen in Faguse =a, e eapeossion of COR2 was ind uoed by nuchestides onldy at 6
o breatrmsent, aned for MH3-pU NHe-pAs MHz-pl and NHz-pl, iwas 18-, 1 22- and
2.9-fiold kagher than im the conkral, nespectively. Thin, a rsdhaced expressson of COED wae
obrerved, bemg at 72 h 260ld lower in all ruckeotide eneatements than in the oonenod e,
witrpated gvllsh (Figen =a)

(L]

Thamep Fis

Figmre & Expocssion of cinnamoyiCol fnducties (00R28, cinnaasy| aloohol didyed rogenase $CADTL asd ligsin conlest in
gl ol Vith susdforn ov. Monastrell trealed wnth 8 pdd sracheosadie 5'-plosphorambdaies. (o) CCRE, cinnamos-CoA reducase
(B CADDR, et aloohail delival g + (] Bighiiin L. Tistal R, s pevterie iarmdriled ko cUPA and o]
as 3 lemplale for read-fime quantficatiim PO peaction s desoribed in e Section 4, Specific prosers were designisd for
CCRL CALR, and EFal (ehengation lactod 1-alpha, v hich wis ussd i an sfdogsois contiod ). The cxproision level of OCR2
and CADY i thae contred cells {no nucleobicde added]) was st o 1. The Bgnin conbend was defermined as describad in the
Tanctioen I Walises noepicacn she masan £ siamdand deviation of the three replicates. Vilies wilBoul & comimoe ks were
shni ficanty differen soconding b AMOVA arad Tuley's HED multiphe range tesdt i < 005)

120



Fur, L Ml Sl B3N, 27, 1WST

Bof LY

CADT gene eupressice, encsding cineasn] alcebol debydeogimee, was alen sssessed.
Esgpresssiom of this gerse increased up b0 1 7-fold in oells tneated with 5 @M NHzpC a1 72 h
A1 thes time paint, ol cther tesbed nuscleotides evoked only a 2-fobd higher effect than in the
contenl cells (Figuee 2b).

Ohu ther ivttvee hanall, the et mvestigabid in this shidy dusing the experiments
Frasd nan effect aon the lignin conbend, amd its level was similar to that found inconired oells
[ Piguze 2.

a7 E_Eﬁ'\.'r‘l:.j: Exgsprasows WH-pNs ow Mo Coovbenl of Moyl tu Bl Cefls amd B
Spwal

Among the twenty-five phenylamicles tested (Sapplementany Matenals (dethods 5250,
caily N-benzoylputnescine (BenPut) was accumulated in grape oefls. Thee content of this
ey bt Sepeiuled o B NH3-ph nuhiee and Ervatinen) e (Fgune 9). Brienstingh:
at 6 boof treatmant, WH2-pC evoked indlaction of scoumulation of BenPat. Ts conbens
reached 133 g " DWW and (ts bevel hardly changed throughowt the experiment. In the
it ol ethir BMEHp-pMs, Healul wias i detectsd 506 he A 24 h, an scoamubalion of Beal*ub
wias observed i oells treated with MH3-pA, WHz-pls, and NHz-pC AR the further time
itz of the experiment, both in the controls and cells treated with roclectides, the bevel of
Benl'ut was sirnilar ard remaimed stable. To our knowledge, this s the first time detecting
the accunvulation of phemlumides in Viths simifore

Timg ihp

Figure %, HBenfud socumulibon in cells of Vs pmdfra freated with & M nuclecside 5
plusgduscamidass. Values rpersent e meas + stemaband desistion of e S replicile. Vahses
witharua] @ onmseman bethor were signd ieantby differend socending b ANV, anad Takey's FESD muliiple
range st fp < W05 ad, not ditectnd

Dhn thae othaer himad, we sl mot observe the accamalalim of any of the fwenby-five
tesdend phenylamides in the spend madia

3, Dscussion

This stedy demorstrated that the ancommon ruckeotide SHz2pA. nabarally ooowr-
ring in oegangsms, applicd o a cell suspension of Fiis i, Induoed the expression
o gorriars thal comibol both the bosynhisis of il (Figunes da amd Saj and lignins
(Figure Sab). This inductson caused a ransient scoomulabon of frams-resveratrol and
Prans-paceid, both i the cells and spent media (Figuans 4b.c and Sboacl, respectively. Another
prariie s hetide, NHy-pe, sl idued e g cagmesion iof reveratnd<oll-membe e
tramsparter theosighout the ssperiment (Figure 5a), In fact, three canonical congeners of
MHz-pA: WH-pG, MHzpC, and Bly-pU, which bave nod been so far identilied & natural
i Blitics i Aty cep i, ale affectod e evpiission of the alcecmeiliomed gems and
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accusnuslation of stilbeme compounds. Althoagh all the hsted nacleoside phospharami-
dates actesd as elictors, somwe diffenmoes in effectiveress wene observed among them. In
tact, MHzp (purine nuckeotide) proved (o be the most effective i inducing VeABRCGAH
gene expression as well as iy transsnesveratred and s peorid accumalation. AddibonaBy,
NHp-pC {pyrimadive machnntide] lumed aul tobe guite effectne in mduding geves of the
phenylpropanosd pathway in Vitis oimifers. However, during a short evpossine timae {6 hi,
NHz-pC evoked the most significant effect on the expresston of VeABCGH (Figure %a) and
Fritfiiresveraliod aoviamulation im the gpenl midim [Frgine Sl among o vt gated
MWHaz-pMa. The level of drdme-nesverabnod and from-piceid decreased at 72 b ol the experi-
menil both in the oredivm and cells (Figane db.c ard Figrare Sbo, nespectively). As the ol
mgspension of Vitk minln remalns alive af the end of the treatment sith thiss nuckotides
(Figune fif, it b plasmsilile so thirk that foem-nsveratod and igs glucossde, frasepiorid could
b transformed by the action of oeflular or exiracellalar perosidases into other more com-
phex =tilbemies (zuch s vimifering) [ 4] Results chtaired from this stady iogether with those
provicanly carricd i in Aralvifopsis seedlings treahed with NHppA 4] suggeses that the
irvestigased reicleatides cam act as signal molecules in plants. Moeeover, our sarlier shadies
shoneisd that any common rsceotedes sock as AN, GUT UME and CWIT* that could be a
prrodisct of adegradation of N p=pt did nod evobe the accusn ulation of stlbenes in Vikks
Eindferd ssprnsion ool cultuee 1],

VWie also inviestigated whether oaggenoualy applied NH;-pids affected in grape cells
thie barsyntbeesks of lignis = other compounds derived froms the phonylproparaid patinea
lenower ti e accumualated n plar Besiees i responss bo absolic of bintse sifeees [25] &
wias foursl, however, that the muscleatides used substangially pasdified resther the lEgnin
conberit nor the ocll growth (assessed as cell diny woeightl. Saill, it should be kept i mand
that both lignin baosynthesis and dey welghl scoumsulation ane loeg teem peocesses, and
TI b ol Eresstmuent mighl st be sulfssiond to observe this effoct on the ascumulition of lignen
anad oell dry weight. These results nevertheles suggest that MH2-pis would be involved
im the early sigraling stages in responss toenvironmental stienuls

Corsidering the signaling e of e investigabed racleatities, the quisstion is wik s
tha target of MNH-pA, or generally, all WH-pNAT To arswer thas quastion, we poshalate
that in the comirol of gene expression by MHz-pis, the HIT proteins, which catalyze the
Cleavage of (b prhossphasramide bomd in these nscleolides, are pvolond. As mengiomead
varlivr, hyiknatysis of the PN bomd libvratis mwne svsergy than splitting the phs phade
ankrydinide (PA bord; —38 k) /mol versus =34 kil mol, respectively [#]. Whether the
poestulabed signad trapsduction mediated by Bz pivs casses the adenylation, or gererally
ehe sloatidylagion, of te hypothetical target molivule, or causes anly its combosma Bonsl
changes i= another intriguing gquestion swasting, ducdation,  Speculating further, we
wuggest that, in plant cells, there is 2 link between the metabolism of sulfur and B -pAs
tirst, by the double mobe of Fhil progein, which can 221 &% an adenylylsaliabeammoenia
aderiylyleransierase, and as nucleoside phasphoramiclase [5]; amd second, by the known
activation of sulfsle metshalic pathways under biatic and absatic stresses in plants [4]

Based omour previous sudses on the effect of BH-pA onphenylpropanoid metabolizm
b Arabidopsis sordlings |41 a lact eonsidensd i our liserabane revies [ 37, asd il pesulis
presimted here, we postulate thal NHe-pMs are invalved in fhe plar resporss b en-
wironmental stresses via induction of the phenyipropanoid pathwaye In Figare 10, we
summarize b now bedge aboul ihe patlvway of NHz-pA melabolism and s clfect on
tha phenylpropanaid patbeay. Although our rsualbs adicate that apatber NH-pi {Le.
MHz-pC) moerts impressive effects on the same genes of the phenylproparaid patieay
(Figures 1 and 1), we dio mot know i this compound ocours in naiure ard what enzymatic
s tinn revighd b eesporsible for its bicewnthess. We tnast that our findings opss noew
avenes that will be fillmwed by different “omac” studies that will shed moee Bght on
physiological functions of thise naocleolides.
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4, Makerials and Methads
4.1, Flas) Mafsrals
Vires miniferar L. ov. Monastec] calls were sstablished as desonbed by Calderon ot al. [ =]
anad maintained ab 25 “C e darkeeess 0 250 ml lasks contamning 18 mb of fresh culture
eniclivm ({Gamborg Ba, Ducheda, The Metharlards).  Monasdned] SO0 was indtiated By
imoculating frishle callus pleces in 250 mL Erlenmaeyer flasks comtaining 100 ml. of liguid
Gambsorg By medium (pH 600 at 25 °C b0 the dark and weee roulindy madntained by
fe subruliuses every 1816 days as deseribend by Beloki-MNavasso of al. [579] and
Almagro e ol [4i]

4.2 Efvctlar Tenbiscss

Elicitation experimenis wirre carriisd oull in triplicate using [-day-ald Monastred]
SOC. AR that stage of cell developmaent, ¥ g of fresh welghil of cells was washed with cold
distilled water, trarsivered oo 50 ml. flasks, susperded in 15 ml of Teesh Gambarg By
miclinim supplemented with 5 pbd NH-ph (NHe-pA. NH2-pG, NHe-pLL or BNHz-pUL
and inowhated for 72 hoat 25 °C in the dark on a rotary shaler (010 rpmic Conbrod samples,
without eliciiors, wene alivays man in pasallel. The cells were harvesiod after é, 24, 48, and
2h, H'Pilih!i I Ehar calbuse meedicm by Slbrakion uskler o geotle vacoem, rapidly
winshwed with oold distilbed water, froeen n loguid nitrogen, and kopt ab -8 °C antil use,
The gpent culiure media wene aleo frozen and stoeed at -~ 20 “C until e,
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A3 NHpphe Claermiriand w

Dietails of the chemical synthesis of MH-pA, NHz-pG MHz-pUL arsd WHz-pC and
their chamactenization by HEME, TH MME, F HhﬂL.l.rﬂ”T"HMﬂ-l:lm,;lum in Ehe
Supplrmentary Materials [Methods 52)

i Qevantificahion of Trewse-Resoeratmd and Trams-Picesd

Extracellular content of trams-resvrratonl and trans-phorid woas doterminimd as chisseribwd
by Tietrowska-Borek et al [30] For this, 20 L of diluted and fiBered {Anopore .2 pm}
samples were analveed by HPFLC in the UV-YIES range wsing & LiChrospher 100 RIP-
18 codummn (250 0 4 mon, 5 gy Merck, Darontadl, Cormany) Gradient elutioes weee
prerformed with 05% TRA {solverd A) and 0L05% TFA in methanolacotonitrile (6840 1/ m
sodhvent B): i enin, 100% By 5 i 15% B 40 prin, 353% B; 45 mim, 5% B; 5 min. 85% B; and
55 min, 1P B, settieg the o maie ab | ml man | o determine the ingracetbular conbent
off drair-resvirataed and dravs-priceid, 200 mg of frevre-dried oplls wieer extraciod overnight
with 4 ml of methanol at 4 "C with comlimuous shaking, and then 10 sl of each sample
wias analyzed oma LChrospher 100 BP18 codumn as desonibed above. dreee-Resveratrol
and drans-griceid wone kntified {al 306 nen} snd guardified by comparison with standands
of commmencial frivs-niseratnol (Sigra-Addrich SE Lowis, MO, USA} anad rans-piceid
(Chromalies, Los Angeles, O, USA] usimg nespective calibration curves.

4.5 Lipsin Difermimetion

Lignan content was measured baeed on the method desonbed by Syros et all |41]
The harvested cells wene air<dried at 70 °C, arad U1 g dey mass was subjected 1o isphe
wthanol extraction af 80 °C, Bach tinse, 3 sl of BES (i vh ethamiol wis addied, amad affer
the inouhation, it was precisely discarded. The furst extraction lasted for 1.5h, the seoond,
and the thisd for 1 b Subsequentby, 3 ml. of chlonsdorm was added, and the samples weee
Feratee] bis 62 "0 AR 1 h, chlosolosm extract wins emdned, and sariglis sone ait-drsd i
am oven at 50 °C, Divied cells wene digested at 70°C in 26 mL of o spdution of 35% (n/ o)
acetyl bromide im acetic acid containing L7% {0/ o) perchlonic acd. Adter 1 h of mcubation,
100l ool i b st sweis sl b S840 ol seinluabios of 2 M snadiien Bivd roasde and soete
aciid, The neaction was ermimabed by addng 310 pl. of 7.5 W vdmoodamine budmchiosie,
Then, the samples were Billed up o 2 ml with acetsc acid, and the absorbance at 280 nm
wiis measured. Lignin contend was expressed as mg g ' DWW, using a linear calibration
curve will a commincial lignin alkali stsndand [Siga, 5. Louis, MO, LUSAL

i Dteremimation of Flesamsde Comtest in Cells angd Spent Maifia

Flrarrey L michie s by wins prerformsd accomding to Morimoto et al, [19]. The grageocls
were alr-dned 21 5 “C then pheny lamidies were extracted with 10mL of 87% methanol. For
comciedration, the samplhes sere deied om a Speed Vac, and susperded i 30 0l of methanol.
Tirntrat phony lansdes froen (ke spend mandia, solkl-phase extesismn (SE]{Supenclean
ENYE-18 5PE Tubes, Sapelon, Bellefonbe, PA, USA) was applied. The compoursds from the
SPE colammns were elated with 7% methansl and concentrated by dryirg on a SpeedVac,
anad suspeniding im M0 pl of methanol. Then, the samples wene sulbsecbed o ECM5 0 4S
anabysis. Mane details are o i the Supplementary Matorials (ddethods 5230

4.7 Coll Viahiliey

Ceell viability was evaluated wsing the Plant Cell Viability Assay Kit (Sigma-Akilnch)
accordimg o the: manufsctuner’'s instroctions. The colls were imcubated for 1-2 min im fresh
Ciambong mesdsm, then B0 plof the assay kit diluted in 18 PRSpH 74 ws added o 90 gl
o cell sesprrnsiom arel mized by genthy Lapping the habe. Flaommsaimdn was monisanid with
an AxioVert 30 Carl Zeiss microsoope using a Zeiss flier (FSF exc = 85 nm, emi = 517 nm
and FS1%00 = 538 nmy emb = &17 nmi.
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4.8 Grnes Exprrssion Amalyss

Totall BN A was extracted from 2080 mg of Monastrell frozen oells u=ing the BNeasy
Plani Minidal ((Hagen. Hilden, Cermany) according to the supplier’s recommendations as
privvicnsly discrifad | 3,6, The corcentzation of each RMA simpile was mossured using
a ManoDeop J0K) spectrophotomster (Thermoe Scienkific, Waltham, MA, USA), Cnly the
RRA samples with a 360380 ratio betveeen 1.9 and 21 were used for the analysis. The
imitegraly of BN A saemples wis ale sosmssed by agamoe gel checinophoress ard pornily ws
axmfirmasd by PCR usang EFal-specific primars, Them, 3 g of obal KN was usesd Tor cD0A,
synitbesis with aligold Ty (30 pM] primers and the Superscript [l Beverse Transmiplase
Kit (invitrogenh. A quanbitative peal-time PCE reaction wias canmicd oul asing a CPX% Keal:
Tierw FLR Diptictin Syt (Bio-Rad) and il Usriversal SYBR Cineon Saparmain (He-Rad),
and the speci fic primiens for Monastoed] genes (PALT, CIHE, AOLE CHER, STEE, VoARCGH,
CCORE CADY, and EFaTk The comparative Cp method for relative quanbsfication was weed
with EFal as an endogemons control. The amouni of tegel, noemalized 1o an endogenous
mefereneny arkl pelifive he g calibeabor, is given by 1 Al [42], Primer sequienoes and
Geen Bank: acvessbon numbers are presented in the Supplementary Magerials (Tabde 510,

4.8, Sieirical Anadyn

it comormimg mENA bevel and comcentrations of stilbenes, lgnin, phenylamide
and dey welghd are the means of thees ipdependent replicales + standard deviason. The
shatisticall sigrahicandy of the differenoes Betwaen averages was determingd by ARCIVA,
ing Tukey"s HEE maltiple range best at p < 005,

Sepplemeatsry Materials: Sepnlementary Salenalbs ane avallible anlive a8 biips /Swremidp
o Farticle 10 00 gm0 10T sl

Auther Confributions: ME-R and AG, corcened and dosugned the study; MUP-B performaed
Har exprerimnimts, anavend the results, and wete e bulk of the mumssipt; |00 carned ot pan
of e exparimones and prepared tae figare: AR WML carvied out pan of the expeniments: LR
dirvelopsed a srarthasd dor the chamicall syrthesis of nuclside ¥ -phosphoramidaies as well as per-
Poriming their synthesis il prosificatioey, [G. perfinmiad sy and grurdalion of sackside
ophosphoramsiaies; 50, perfemed e stasnmical aralvsis and ws invodyved in ghe winiting of e
margscripl; KA, anad Al peerformed evpeviments on the delermasation of pheny lamide conoméra-
Ewows; H.-‘..f‘:pl'ulridnlﬂwp'hrll maderial and was invohod in writing the mamscripl; AL was
inweadved in e discusabon and weiling of he maniscipe. Al it have pead and sppeoved the
fireall version of the manusmps

Fundieg: This work was partially supporied by the Mabonal Soence Conter i Poland, grasa
2002006 ¢ B RG] 00025 o MUP-BL ANLYW. 0 and AUG by the stabulory activiky of Posnas Usa-
wiersity of Lile Schoweres, men, S0 12100 b MUP-H and LD sl po. 5060H]09 g MUT-B0 dnd by
Spanish A KL B0 500 10007 1000 prosiect na, [FIETHE0-1 D HURRE-IN. The publicabion was oo-
Bnanord weithi the ramework of e Minsiy of Scmor srcd Highor Edcaion prognies as “Regional
Esisative Execllenae™ in fhe foams 2015-2007, Progec Mo, 006 /RIDY 2016/11%
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Supplementary Materals

Mucleoside 5'-phosphoramicdates control phenylpropanoid pathway in Viris
virfera suspension-culluned cells

Methods 51: NH-pis chemical synthesis

S1.1. Experimentinl

All reactions were performed in anhydrows solvent=s. Pyridine was dried over POy, distilled
ard kgt over moleculor sieves 4 A undil te anvount of waber was bess than 20 ppm. The
amioend of waler in sodvents was debermilned swith Kard Fisher cowlometnic Hiration. Selvents
and volatile by-products wene removed ina rotary evaperator under reduced pressure using
water bath lemperatare o exooeding 200C, NME spectia were obtained on Bruker Avanoe 1
S0 M instrument in 5 mm fubes. For "1 NME qspur'u'rmrﬂn:, 0.1 M =olubions of the starting
H-phisphonates were wsed. "PRME chemical shifts ane neported relative o 85% HiPOs in
winber wsed a5 an external standard. Mass spectra weee recorded on Thermeo Fisher Sclentific
Q-Exactive Orbitrap mass spectrometer Brukermicro 2TOF mass specirometer with the ESI
techmigque with regative soniation. For TLC analysss, the pre-coated plates (Menck silica gel
F254) were used, and for column chromatography silica gel 516, 3570 mesh (Merdk) was
wied, Mucleoside 5%-H-phosphonates  were obtained using a mothod developed by
Romanowska et al.' Chemical reagents and solvents wee commercial gesde from Aldrich,
Matural Abomucleosides (A, C, G, L) Frmecl:nd with the 2 ¥edi=(eaoetyl Broup were okained
tromm ChimiGenes. All symithesized compourads were of purnity higher than 8% as judged from
TH MMR spectrosoopy,

S1.2 General provedure for the syirthesds amd pusiffcation of ricleoside 5-phospleosam fdabes
(P pis)

Prior tor the reaction, lithium amide (3 equiv. 153 mg) and the appropriate nucleoside 5%H-
pheosphonate TEAH" salt (1 mmeol. 1 equiv.) were separately drisd overnight under vacuam,
Mcheoside 5 H-phesphonate was dissolved in pyridine (10 ml ) and TWSCT (3 oqui, 381 pl)
wias added™. After 5 min, a lithiom amide and then solution of Lin pyridine {15 cquiv., 381
g h were quickly injected indo the resction mistune, The mistune was stireed for 5 min ak roam
bemyperabure. Adfier the reaction was nrmpk'fe ica. 5 min, %P MMRE), the miviure swas ql.uﬂ'u:!'md
with addition of waler and the excess of indine was decomposed with ethancthiol. The
salubion was comcenteatedd i pavun ansd the residise was freated with squecais amemonia (25%,
W mLy for 1 houwr. The produds - NH:pNs were isolated by a silica gel column
chramatigraply using a sleprvise gradient of waber (0-10% v v} in acetonitribe containing EbM
(5% wiv), Fraclkons containing puse products, appropeiately MH: pA, NH pG NHpC and
M pl? woere collected and sodvents evaporabed to fumish codorbess, crspy foams.
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21 Gemeral procedwre for a direct comversion of mucleosides info mucleoside 5°-1-

phosphonates

Ammanium (FH-Aeeren-9-yimethy-H-phosphonate (L5 mamal, 1.1 egquiv.) was dissolved in
a mivhune of pyridine and erlethylaminge (in a ratie 41) and evaporated o comvert it jo ibe
tricthylammaonium salt. To this, appropriate medeoside (05 mmol, 1 equiv.) was added and
bath compominds were remdered anlbydroes by repeated evaporalion of the added pyrdioe,
The residue was dissodved In 5 mlL n'l'f'H.{'ZI.-."F:,rrldlm' {955, viv) and PCE (LS ﬁ:r.ll.'l.'.] Wils
added, Mhosphony lation was complete (Y7 NME, TLC) after ca 20 min. The reaction myisture
was diluied with the same volisre of melhylene dhloride, amd washed with waler (o thind
of thee fotal wolume) to afford H-phosphonate diesters. The organic layer was evaporated and
the remadming oily residue was dissobved in CHAONEBRN |2 0 1, /v 5 mb per (L5 mmol of
divster] ardd kept for 20 min at room temperaturne to effect a quantitative elimination of the
(HE-fluoren-%-ylmethy] group. The reaction micthure was evaporated and products were
isdatnd by & sibica el fltration using a stepwise pradiem of methanol 0 - 20% v/v) in
muthylene chloride contalming ERN (3% wiv), Fractions contalning pure product ware
collected and evaporabed, 1o fumish colowrless, crispy foams'.

SLAL Symthesiz of adenosin-5-yl phospharamidate, TEAH® salt (NH: pA)

o0

."“r.-.u ~
,'J"-‘g:a

Adenosin-5%v] phosphoramidate was oblained according bo the general procedure starting
tromm 23 -di-D-acetyladenosine 5'-H-phosphomate TEAH' salt img. 1 mmal, 1 equiv), and after
F'I.Iﬂﬂi:ﬂllﬂl't h':.r silica ;cl eoduEmin n.‘hmrmrnﬂ,uphy mmrh}u.nd was solabed as an
tricthy lamanium salt (357 mg. L8 mmal, B,

Adenosin-5yl phosphoramidate, TEAH" salt. Yiekd 80%. HRMS m'z: [M-EbMNEHY) caked for
[CoHuMNANPE, M50718; found 50714, H NMR (DA, 400 MHe, B 543 (1H. 8}, 811 (1H,
g, 606 (1HL d, Fous = 5.6 Hz), &73 (TH, & Yosi = 53 ) 4.50 (1H, m), 438 (1H, m), 4.10 (2H,
m), 318 (6H, g, Vs = 7.3 He), 126 (O0H, £, Yo = 7.3Hz), "C NME (D:0), 100.6 MHz, 8} 154,84,
152,00, 148,62, 139,80, TIR2Y, 8704, B394 (d, Jre=89 He), 74,30, 70,35, 63,85 (d, [re = 4,64 Hz),
26,59, 8.17. P NMRIH) (CHACN, 121.4 MHz, 5): 9.3 9P NMR (CH:CN, 121.4 MMz, 5} 9.3 (m),

S1.5. Symthesis of gramozin-5'-yl phosphoramidate, TEAIF salt (NH: pG)
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Guanrsin5%y| phosphorambdate was obtakned according to the general procedure starling
trsem 2°.3-di-Olacetylguanosine 5'-H-phosphonaste TEAH" salt (mg. 1 mmod. 1 equiv.) and
afler purification by silica gel cobimn chromatlography compound was jsolated e an
triethylamanium zalt (231 mg, 06 mmol, 505,

Guanosin-5"y] phosphoramidate, TEAH* salt. Yield 50% HRMS m/z: [M-ELNEF] cabed for
[CoHiMNO P}, 3610667 found 3610660, "H NMR (D=0, 400 MHz, bj: 807 {1H, 5}, 558 (1H. d,
i = 5.6 Heed, 4,46 (TH, m), 431 (1H, e), 407 { TH, m), 217 (6H, g, Je= 7.3 Hz), 125 (9H, L
iwin = 7.3 Hz). B0 NME (D00, 1006 MH= &) 157,12, 149.37, 147,90, 139,86, 119.86, 5760, 5416
fal, [rc =902 Hel, TAS0, 70,41, 63,95 {d, Jrc = 4.78 Hz), 46.63, 820, *F NMRI'H] (CHON, 1214
MHz, 8 9.4, P NMR{CHCN, 121,4 MHz, 594 (1, Y e = 4.8 Hz).

Sl .E-'Iqrr.rﬁﬂii nfryﬂﬂw!'-y!pﬁmp&pmumm TEAMN: salf (NM: pi‘}

. L
e S I

L ;—n"'““;r:
Cytidine-5'-vl phosphoramidate was obtained according o the geieral procediene slarting
from 2' 3-di-O-acetyloytidine 5'-H-phosphonate TEAH® salt (mg, 1 mmaol, 1 equiv.}. and after
purification by silica gel column chromatography  compound  was dsolaked a5 an

triethylamaonivien sal? (330 mg. (78 memol, F8%),

Cytidine-5"y] phosphoramidate, TEAH" salt, Yield 7825, HRMS o'z [M-EtNH| caled for
[Cab LT 32106 My; foumcd 3210604 "H NME (DO, 400 R, &) 800 (0, 4. e = 76
Hep 602 {1H, d, Yium =76 He), 598 (1HL ol, Yun=2.7 He) 432 (ZH, m), 4.18, .27 (1H. m}L 4.17
(TH, e, 405 (11, m), 320 {8H, g, Tan = 7.3 Hz), 129 (0H, 1, Yiun = 7.2 Hz), " NMR (D0,
1006 MHz, bk 16548, 15682, 14] 66, 9630, 89.38, BLES (d, [rc= 89 Hzj 74.18. 6235, 63.31 (d,
fro=4.7 Hel, 5872 4660 8,21 P MMR["H] {CHECM, 1204 MHe, 8): 9.2, "F NME (CHHOM,
1204 MHz, B): 9.2,

S1.7. Synthesis of wridiu-5 -yl phosphoramidate, TEAH- salt (NH: pC)
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I.lrldlm!'a}-l [#wp]mr.:rrud.rre- wias philadned aooording B the Wr.alprm:durr sl:arl:lnﬁ from
2’ A-di-D-acetyliuridine  5-H-phosphonate TEAH® salt (mg. 1| mmaol, 1 equiv.), and afeer
purification by silica gel column chromalography  compound  was Gsalobed 85 an
tricthylamanium salt (296 mg. (.7 mmal, 705,

Uridin-%"yl phmphm.lmidahn. TEAH® salt. Yield M. HEMS miz: [M-EshH | caled for
[ColndOnd™]. 3220446; found 3220445, 'TH NMR (DO 400 MHz, & 800 (1H, o 4w = 8.2
Hizh 598 (0H, d, [em =48 Hal 595 (1H, o, "= 81 Hz), 437 (1H, ma) 434 {1H, en], 428 (1H,
m). d.12 (1FL. m), 4.08 (1M, m 320 {81, g e =73 He 130 (9EL «, Yiui= 734 Hz) ™ MR
(DR, 1006 MHr &) 16608, 151,67, 141,68, 102.46, B8.56, 8340 {d, | rc =83 Hz), 7381 69.75,
0354 [l Jre = 4.7), 4662, 8.24, =1 NMRIH| (CHAOM, 1204 MBSz, 5 9.2, 9P NMER (CHAON,
121.4 MHz, &): 9.2,

References for supporting information:

I. Fomanowska | Soymanska-Michalak A Pietkiewdce ML, Sobkowski M., Borvski ).
Stawiiaki |, Krassewski A, A now, elficient entry 1o non-Epophilic H-phosphonate
e lers -pr:'par.:lim of antl-HIV nucleotide .1|1.:|In-g|.|.i:-.:,. Lent, Owg. Chere. JH, &,
A4S,

2 Bollmark M., Stawdirski, |, A fsole socess b mucleoside plosphorofluoridate,
nuclerside - phosphorofluoridethicate, and mucheoside phosphorefluoridodithicate
mnesters, Triraliadron Letf. 1996, 37, 5739-5742.

A Sum ), Edathil 1%, Wu K., Smidarsky ED, Cameron C.E, Peterson KR, One-pog
synthisis of nucleoside 5-riphosphates from nuclecside 5-H-phosphonates, Org. Leit,
200, T, VG- 106,
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Supplemertary Materals

Mucleoside 5-phosphoramidates control phenylpropancid pathway in Vitdis
virifera suspension-cultured cells

Methods 52: ldentification and determination of phenylamides content

The extracts of frecee dried cells and spend meidia were subjected 1o !Iquid i:hr:-:rnalnpaph].'
coupled with tandem mass spectrometry (LOC-3SMES) in the multiple reaction monitoring
(MHEM} maode for the determination of phenylamide concentrations. Anabysis was performed
using a Chealtro Micro API mass specirometer (Waters, Milkord, MA, LSA} commected o an
Acquity UPLC sysbem (Watersh. The LC conditions wene as folbows: coluwmn: ACQUITY UMLC
BEH C18 (2.1 men 10, S0 enen bengih, 1.7 pm panticle size) (Watersl, codumn femperature; $1°C;
walvends: {1 1% formidc acld inowater (A) and 0.0% formic acid in acetoniiribe () j_',,l'.:l.dl‘:l‘ll! -
A% BN A = B) within 10 min; Aow e 0.2 mlimin. The MEM conditions were optimized
using authintic compoands proviously synthesized [1]. The jon transition, cone voltage and
collision emengy ane summarized in Table 1. A mistore of authentic compounds in methanol
ak 10 gl each were wsed for gereration of standand cures,

1, Morimote, N Usno, K Terashl, B Okemodo, Yo Mo, Mo lshihaea, A Induced
phenylamide acoumulation in response lo pathogen infection and hormoene treatmsent in
rice  (Ovyza srtiem). Biesdl  Bioteclnol,  Biochee 018, BX 40746,
izl 0L I0R0R 168451 20 B 1429869,

Table. MEM conditions for the detection of phanylamides in oultured oells and spent media
by Equidd chromatography coupled with landem mass spectraneiny.

Compound® Precursar  jon Prodect jon Cone voltage Collision

(mz) {m'z) v energy (2%
CinAgm 261.19 13092 25.00 32,00
Caoudgm el 14659 25,00 2.0k
Cal dgm P T Ik &5 Hoa 30
FerAgm AT 05 IT6E .00 24,00
BenApm 65T IT5.93 500 20,00
CinTyr 26812 13100 20000 14,04k
CouTyr X0 14657 L 22y
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CafTyr 0m ISESE 200 2300k

FerTyvr 33 17691 28.00 18.00
Benlve H2H L2088 20000 26,00¥
CinTry 29114 130 2000 1H, I
CouTry 708 lda9% 200 2200k
CafTry LR {2k 2000 2i00
FerTry J37 M 1765 LY 1400k
BenTry 26514 I435% FLILE 18.04K
CinSer 0704 1309 k00 2200
CouSer Lyl ldass 0 1600k
Cafser JXBSY 17695 22.00 1200k
Ferher 35803 17689 2400 IEELL
BenSer 2114 IE00 Hhin 16
Ferut a5 24 17 200 18.00
Caflus 5019 16297 2000 2200
Coultut L35.21 695 2000 2200
CinPui 9.2 [ErdE] 2000 LN
BenMut e e HpO0 2ivF

Abbrevistions: CinAgm: M-cinnamoylagmatine: Coudgm: N-p-coumanoylagmatine: CafAgm:
M-caffeoylagmatinge FerAgm: N-feruboylagmatine: BendAgm: S-beneoylagmatine; CinTyr M-
cimnammay byramine; CouTyr: N-proumaroy by ramine; CalTve: N-coffeoybyramioe FerTyr
MN-fersloyityramine BenTyr: N-beveoyByramine CinTry: MN-cinnamoy e plamine CouTry:
MNepcoumaroylirvptamine:  CafTey:  N-caffeoyliryptaming  FerTre: Neforuloyliryptamine;
Enrn"l'r:,': N-bﬂurr:,rllr:,'phmlu': CinSeer; N-nm.ﬂ'm:;]lrrmmlru CowSer; Map=
coumaroyberotoning CafSer Hnnﬁﬁ:nylmmm; FerSer: Meferuloyiserotoning BenSer: M-
bemzoylserotoning FerPut N-feruloy]putresscine; CafPut: S-caffeoviputresscine; CoulPut: N-p-
coumaraylputnesscine; CinPot: A-cnnamoy iputresscine; Bend®ab: N-bereoy |l patresscine
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Coere ’
GeneBarh 1D Forwend Priemer (5 .00 Keverse Primer (5.3) Length
: oy
FALY XM_002517032 COGAACCUAATCAAGGACTG  CITOCAGCCACTEAGACAATC (L]
Canr XM 0N TOCAAGTCACCCGAGCCTGAT  GCAGGAATCTCATACCCACT o
LS 8] AM_OOITINO2 CTCATOOCGCOTOCTITUTTION  COALGATTTTACCOGATGOA .
Crse FOPMITR | CIOCCAGOGTTOATTTOCAA  TOTCTTOCTTCAGACCCAGTT =
TS XM_IM1Y2  COOCACGAGATAATCACTOCT  CCACCACCCATTICTACACC ™
oo XM OQXTMIAT  ACAGCATGACGACTCTCTTOR  AGTGACAAGGOGTGLATICA =
cAtt R COACCOATCAMCGAGACACA  CITTCACCCTCTTICCCAATG o6
VRARGH  ABNIN | TACGAGTGGTIGCACCTOTG  TITTCGCTOOGTGTGACTTOTT e

-]

al X e2ssmt | CAACTCOCTCOTIGATAGOL  AACCAAAATATCCCOAGTAAAAGA  Iné
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Abstract: D bvisde: pody phusphates (g N are comidened povel sigealkng mokeouies involved
i the incluction of plant dedenor mechamisma. Blowever Mpa™ signal necogration and transduction
are sl erogmiatic. Theerfone, B aim of our necdrch wies the idesttficalion of the Npy N meorplor
and sigEnad transduction pathsays evoked by these nucleotides, Barlker, we proved Ilurpumml
prrimidine Mp, Ms ddfenentially affect the pl Iprepancdd pathway m Vitl poe wnakT-
cuiltisred culis. Mk, e bepsodt, o the first ime, that Dotk disderssing teteaphisgute [ApA) and
dicytidine intraphosphaie [CpyCrmduoed stomatal choaure in Arafidopsis falana. hmeover, we
alarwe] Bharl plasma piembrane parmorccopor PIE L DORN | (dovs med nespond o nuckeotide 1) is
essemliad for ApgA-induoed siomaia movernents Tl nol for Cpl. Wiki-nype Col-0 and the dom 1.3 4
el o ko mvutant wene used, Examination of the leal epidermis dorsf -3 sustant prowidied
vt that PIR1TORNE i 0 part of the ssgnal transdecsion gathiay in stomatal chsun cyoked
by extracellular ApyA bui mot by Cpyll, Beactnve owygen speckes (RUE) gre invelved in signad
transduction cissed by Apgh and CpC, kading b shimaital closand. Ay A o] and Cpgl
ssppresad the irarscriptional resposse in wikd-type plants. Moserver, in i3 leaves, the effect o
A on grne experssion was impained. The intresctiom bebwern P2ELDOENT and Apy A, loacds o
chargges in the saeacription of signilling hubs in dgnal trareducein pathways

Keywords absosic acd; disdenosine tetrapbosphage (Ap AL dicytidine betraphosphate ({CpgCh
dirne koo polyphes phates Mps ™), eatraceilalas AT eATP); plant agnalling: resctive asygen
wpcies [IROSL uneremaon nuclostides

1. Inbroductian

HRegulation of plant metabolic processes taies plos o1 a molecular level. The defenoe
reactioes an anwng Be prosrsss inowhich sigral ansduction plays a key nobe, Based on
thee criterion of the distance that o groen signal misloculs can cover, short-distance moleculis
cause kocal inderoellular resporses, and log-distanoe moleoules IREEer sysbemis respores.
Sigmalling maolcubes mgulate mamy prooesses throughout various sigas] transduction
pashwins and specific or usspecihic receptors | ], Uindike seimals, the shility of exeracellular
nuckeotides o indtiake diverse signalling responses in planis reenained enigmatis for yvears.
A growing number of suckctides dassified as signalling moleculs have been identified
in plants [2]. Amaong them, exiescelluler ATF (e ATF) plave an essentisl sole in plang
growth [5=5] ard developmendt [200] Extracelbalar ATE regalates. nespanses o baotic
siress |11=14] and abiotic sbress [15-05] Omne of the reactions thai eATT can control s
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stomatal maovements 120000, In this maction, the optoplasmai Ca®® joma |IC‘::'lq|-|}l
amd the comples signalling onoesstalk between sevond messengers, sich a2 nibee oxbde
(MOH [7.20,22], and misctive oxygen specees (ROSE [12,25-25] pliys a crocial mole a5 8
mediator im the signal transdaction pathway Consequently, these messenger agenis affect
the phiosphorylation of mitoger-activated protein kinase {(MAFK) and the expresson of
delenoeeclited goees [12,26,27].

We have a kongeaanding Evherest in the function of dinedeosicde polyphosphates
{Mpai¥ah i plnt cells. Our papers describe changes in gone expresssan profile and
metabodism in Arabtdopsis Falime ard Vit simifeorn treated with a brosd spectrem of
A We postalatad the particepation of Rpy, M in the plast delenor pepanses sinoe ey
induooe synthesss of the phenylpropancid pathweny-delivensd scoondary metabolites | 25-31]
The phenylpropanaid pathway participabes in plant defence responses [51,57]. kdentifi-
cabice of Apg A and other MpsMNs acnses prokarvoiic amd cubaryobic oclls bestilies o their
ursiversality [151 D o e cdramatic inomease in levels of varioas Bpehs cbseroed in
oells susbpecied o abiotic stress facioes [ H=7%], these compownds have beon lermed = alar-
moeess", iriggening stress adaptive prooesees. Our latest lindivgs confirmed the induction
af the phenylpropansid pathvay by purinee, pyrmidine, asl purime—pyrisnlEne Fvlriids
af Mpafa. Momoyver, we observed that disdenosine polyphosphates (ApeA) nduoed
stilbene biosymibests. In conirast, dicybidine pobvphesphates (Cpgl) strongly inhabited
b rewction bl marked by induced the expression of the cinnamsoy lCod meductase gens
that somtrals Bignin bicsambhesis [ H1] Mosstheless, the underhing michangam of Mpa®
sigral recognition and transductson in plants remains ebasive. The growing number of
plant ereymnes found (o be involved in 5ps B Mosynfhesis and degradation strengibsns
thar hyprosthasis of fhair signalling fusetson |2,73]

Mantz can pespond e extracellular panine nucheohdis, sach o eATT throngh plasma
mesrdrans reoepaor. S0 far, hvo plant receptors with an eATP binding doman have been idere
sl They ase PIELSORMN (o ok sespond b nucksticles T [ 26] snd P22 OD06MZ,
wohich budang to the L-bype lectin pecepior kinuse {LecBE) protein Gumily [540] LecRK
profeives activate the processss controlling stress responeses, development, growthb and
diseasr pesistance [41]. Although e ATP sensimg ard &clion in plants have boen elucidased,
ke mwrchanizams of sigrall peroepticn and transduction evokod by Mps e, such as Apgd
and Cipy . remain enkgmatic, In animal colls, amiong the different noceotides and nucle-
osides, cATFE. bogether with Apyt, shares socess bo the same reoeplors that belong 1o the
P2 gromp, wihach s davides] san s clagsass, muamely ligand-gated bon charseds (P20 amd
G profein-oouplisd (T2 ) roceptors [42-86]. Thensfome, we by poghisise that the posinaoe-
coplor PFIELTPORML o receptor of eATT, is also necessary for sensing Apydd o plani cells.
Moreower, we windered whether P21 /DORN] b aleo engaged in the efiects evoked by
thae priemidime raclestide CpgC

Here, woe presend, for the frst time, evidenoe for the involvement of the FIEL DORN]
recepior in the sensing of Apyd in plants. Al expeniments were corducted on d-weck-old
Arafidopei i wll.l-l!.-'pr Ciol-0 gl dornT-3 kmisckenit maiki lBaves. Owir peseanch
showed that extracellular Apg A and CpyC evoked stomatal dhosure in Coll plants. This
effect was abolished m the dornl-3 mutant by ApyA but not CpyC. This result confirms
b requirement of PZETDORMT for Ay A oo stommatal chosuee. Meverthiokes, our
nestargh indicales the Evolvemer of supsroside ("Ok ) anad hydeogon poreside (HOg0 s
tha: signal transduction evoked by ApyA and CpyC leading bo stomatal closure. Further-
mioe, we analysed the cxpression of genes erooding seocted proteirs integrated withim
thae signallieg bubs. 1t conerrns MAPH oxidisrs (RBOHI gnd BEOHE), MAPK caccad s,
ENTFLAMPE-relsted protein kinsses (3R, and transcriptional factoers, such as ZATH and
FATTZ. Modably, Apgd induord the cxpression of the lesbed genes. Moerover, the gene
expresshon in dord -3 was almoet abalished by the ApgA effect.
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L Results
AT, Ay A wnd OpygC Tesforere Stossalad Clossere

Oiar previous rescarch showed thal exogenoas MpyMe ieaduce the Beosynihesis of
wecomndary matabaolites that play an essengial node in the plant definoe strategy [2R=H] Wi
womdered bow the signal evoked by MpyMe could be sersed and traredsoed in pland oells
ared whether plamts conbiin cell membeane fecepions) lor these modecides. H i knusss e Bhai
eATF, orw ol Bhe cxopimmus pirine nohooiidhes, gvokes stomatal closane with the invalves
ment of the pumnorcoeptor 2K TRORN i Ambddppass falians | 12.20] Therefone, bassed
on similaritics in the AT and Apg A struchenes, we tested the effect of these nucleotides
o algenatal moveitends. Moo, wie alsn edluded cyticdineg nisclctides in our mescach
s of the slidfenend offocts of parine and pyrimidine MNpyMNeon the pheny lpropaneid
pathway in Virds emifira cells [ M) To race siooatal movement under the nucleotide treat-
mend, we examaned the abdity of purine MNpsMNe such as Aped and Apgd (o simulsie
shomaltal chosune, Adclitionally, fos the positive oomtrol, we tesled fhee eflects of ADT" and
ATE as dlisacribed eagler | 11.26], as well as ABRS—a well-known moleoale confrolling stom-
2l movements [17,45]. Evogenous ApgA sigedfcantly reduced the stomatal apertarne im
thes Bight. Howas ol s samilar leved cosnpaned o B o#ee! evoled by ATF and ADF Howmwvies,
Appd ] nat evalke such am effect (Figuee | L We also examinesd siematal mevement uniber
the treatment of oy tidine monoe and dinocdeotides SCOE CTE CpyC, CpoCh Intenestingly,
only Cpyl miggensd significant stomatal chosuse amoeg wsted cytidine nscleotdes. As
"F‘H:H"ll.. ABA e slosnata [49] (Figane 1)
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Stomatal aparature {widiblongth)

Figuer 1. Dhaderosine tetrapbosphate (A ad and dicy Bdise ietrapheospharie (Cpg O semilar o
adepaaine diphosphale CATHT s sdeniaine tiphosphate (ATFL e soeaial closare i Am
Bidopais thafima ColH0 planés. bmapes ropooson? stomats e abanial oped oo o i |
for I h weith the WEKCK soletinm WIS KOH opoming tafler, 10 uhl sbecishc acid {ABAL and 2 mdd
prening e pyrimidine nockeotides, Wihite bar = 25 gem. Bars eepresnt mess valoes & 560, @ > I,
thres bokegicsl replcates. DSMerend lefbers abave 1B ermor bar indloade sha lstiosly dgnilicse
differencis scconding Bo the AR analyss: with the posthos Tukoey™s FED muBple comparissns
few < D)

I plant cells, thwee ane encyms degradimg NpaMNs o monomiclootides ['-I'i. T
condirm that ApgA and Cpy© evole stomatal diosume But pol by the products of their
degradation (AME ADE ATF and CWE COF CTE pespectively), we codleciod samples of
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leaf epidermis from the micosoope slides after incubation of nuckeotides, and application
al e HPLC assay (vBethod S2) proved that Apgd was nod degraded o the comespondiog
o ketiche. Only o trace amoeent of CTF wos dietecbed in g sodution of CpgC after the

investigation (Figure 51
12, PIRTIMIRNT I freolowed b Shpreal Percegition Evobad by ApgA but Nod CpC

Marits. pespone s e AT b the induction of o comples signallng nastwark after signal
recogniten by the 0L/ DOBRMD and PRE2 poceptiors [26,.%]. Similarithes in aomatal move
s evedkod by e ATE, Ay, and Cpgl b us o hypothesise that those nuckeotidis ok
mnteract with PIEK]/DORNE Based on the el presented in Figeee 1. ApgAcoand OpyC
wwene choean for further excpenimentz. The dom -3 mutard, having & T-D8A irsertion in the
wutraoedlubar kegume-type boctie diomsin, wis selocted based on Berahse data [12.26] We fourd
that A anad e ATT dlied ma clims sacwmuta iy dorn -3 emutant beaves, Congrary e this, CpgC
sigrificanthy dosed stormata i dored-3 mutant kaves, As ecpected, ABRA-treabed ertant keaves
alsn sbworsed closed stommata [12] {Figare 2) Thus, the nesulis strongly suggest that besides cATE
PZET /TN sy abso by Evwodived = aggral poeocpbemn elicind by Apg A bl mos Up gl

e b i s fereendern,

Saima lal aparatmir = bk beagiky

Figuee 3. Diaderomine tetraphosphane {4 py A ) similarso estrasoel ular eATTL did mo indace stomazal
whemury i U dhorn 1-3 Aribuligrrs thalims mutard. Hisoever, dicyliding tetnaphes phate (55,000 and
abscwahs gk [ARA} evelkod sbomatal closing, Images represen stomaia in the sbasial] epadermis of
ileral 3 beal treanad foe 2 Bowith MOCK soluSon ogsening Dulfes, 10uM ABA aedl T mMb sdernonisg
triphaspate { AT Apy A, and Cpgl. White bar = 25 g Bars peprosand mesn value. @ 5008 2= 31,
thre bivksgical nopbicabs. Different lotiers abane e cenor bars indicste statistically significe
ditferences sccondmg fo the 4ROV snalysss with the post-hos Tuleey's FED madlaple comparsons
sesl i « 05
1A BOS Are Frodwcad v Leeows sansler M feofady Treatmend

e wiss prpvicmisly fomined that Bhe clovased progluction of RO and seomatal chosurne
ane madisted by eATT recognition by the reoephor IR ADORMI, follewed by dinec
phaephaory Laticn of the WMADPH oxdase BBOHD | 12] This phosphonylation case: an
increise in e gereation of extraccdlular ROS, such as "0k, which & thin converted
inka H:AD: in the etracellelar envimoremaent [50.52], Motably, the apoplastic production of
RS bs one of the fastest physsologscally commeson nesponses o exbernal stimuli observed
planis [53,54]. Conssdering ol the above-described infermation, we decided o mvestigate
ther accusmslation of *Ch " amd Hy(k i Anibidopeds thitiaing beaves in responese b 2 mbd
AT CTR Apga, and CpyC Chur experiments revealed that the SET staining of leaves,
indizating "0y~ accumulation, was increased in Cal-0 leaves treabed with CTF, ApgA, and
U st it By AT, il 0 e e -3 ernustant, oy Cpols eviokied an sccumislition
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of "0~ {Figure Ja) DAB staining nepresenting the concentration of HO: in leaves was
increased in Col-0 leaves under ATE, Apgd, and CpglC, while CTP cawssed ondy sbight DAR
stairing, In the dorel-3 mutant, oaly CTP and CpyC wvobed an acoumulation of HyOy in
the leaves, Mevertheless, only weak DAB staining was caused by CTF (Figune b,

Tiydrogen geroside (11,0} dricction

Lol

dsrmid-f

Cnll

dermi -

Feguge L Hisioshemmboad dietectien of "Ch 7 Galaed Pzl () b beaves ol Arabiliopsss thaloe Col-
anal tear aloral-3 srutant triggered by 2 m adeeenine triphosphate {ATP ontidine sriphaosphats
T diadenosine etraphosphate [ApsAl dicytidine tetraphosplaie (CpyChoalier I b restment.
Lidivers wery slainm] with sitecblue Setritolaem (NET) anad LV <liaminesd el irer i rochlord
(DA for 0%~ and POk desection. respectively, The experiment was nopseatied aiv time, wad
mpersnilatne g ke were chonen,

2. BROS Are Dnpodoad i Sogiad Tranisdiciios Epeked by e ATE Ao CpyC, Lol inng e
Slomatal Closyine ¥ h' o o ¥

Herapall o the msubes indicating that Apyd ard Cpl” imeluord the prosution of ROS
{Figune Ja k], we wondesed whether these key sigralling maleculis ane com poremis of signal
traneduction pathsvays evoked by BNpa e beading So siomatsl closuee. Yie semullaneoasly
aprplicl supesusidee dismmtase (SOIY) and catalase (EAT), eneyines seavergeng HOS 34,551,
arwl hevelny sl ba combirmn Hee role of *Ch~ anad HADy in the fracschuction pathay of
the sgral generated by Apyd and CpyC. Inberestingly, CAT and SO0 elimanated the effec of
skl closume uncder simsal lamesis nucheoide Ieealmend, se cud sbeervabions showed the
dlinect vahirmant of "k and HpOp m shomnatal chisiane svolkeed By e ATE Apyd, ard Oy
Hiwewer, the plangs did choss their stoonata upon adding AHA (Figune 4)

15, PRCLDMORENT F Tmplicatad in Apy A and e AT Rrgponcive Gone Exprosiang

It is kreowen that tramscriptional upregulation of defence-related and wound-responas
genes by eATE b P2 DOBRN L -dependent [26,5¢]. Thus, we decided o mvestigaic
whether ApyA also charges the expression of the deforwe-related genes ard whsther the
plasma mennbrane receplor 2K DOEN] s engaged in this segalation. Toounderstand the
signal transduction patbnvay evoked by Appt. we tesbed the gene expression coding for
Proteies as o comnpoenl of signalling hubs know'n as ey poinks in respones w0 siesss Fars,
v sfuchivad the WMATDPH oxidase nspiratory bant onidase bomalogs (RECHS), REOHID,
and BEHE, which generate BOS [54]. We found thas Apgd up-regalvied RECHF bur
not by e AT in Cobdl plants. Interestiegly, both e AT and ApgA downregulaled ES8OMHF
nl'lfq'-.piiu'l. i e e 1 -3 e sane {Fiture Sal The expressani of RFCOHD was drastically
induced (the most among all studsed genes) by eATT but only in Cal-0 plangs, In contrast,
in the doen -3 plants, this cifect was weak. ApgA evoked sSight changes in expression kevels
ol BBOMHE in Col-0 and dore?-3 plasis (Figuse Sa)
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Faguer d Reactive oxygen spoces [ROF) mroyme scavenigen., crlalos [CAT)and seperside i isma-
s (RO, elminaby tha effect of stomatal dosune sfter the T mM adenoses riphosphate (AT, &
adenasine tetraphosphale [Ap A dicytidine setraphosphate [CpyC) meatment in Arsisdopss il
ol keaves. White bar = 25 pm. Ban represend mssan vidkaes & 510, 0 = 10, three biclogicl neplicabie,
[hiferend bejbors above the creor bars indicate sistetically shpradscant diiferences soconding o the
AMUVA smalynis with the posi-bas Tukey"s HED setesle comparisons et (@ < 0U05L

Ctfeer compomends imvalved in a vamety of sigralling patfnvays, rarging from develop-
menk b stres resporees, ane oyclic nocleotide-gabed channels {CWGCs] [57.55]. Momeover,
AN el istes AT signal trsedioetson in ocfls of the root epidenmis [20]. W found
that ApyA irsduced CNGED expression in Coldl planks ared decpeised the oxprssion i the
o -0 mutant. Evtracetiolar AT decreased the expression of CNVGC2 in both Col-0 and
dfoen -5 mustant planis | Figuee 5b). Yie also focueed omessonitial peotein kineses, such s SnREs,
thint milade collular erengy’ haomicstisks, sties oo, aod growth [ 7). This, we dhechead
the charges in the evpression of SnRKLL SnREKLL SnREL], SnRELE and SnRK2 & Ve alsn
oo the expression of PLY2 encoding ovstathiorene fl-synithase (085 dosnaln-containing
proteen Deloaging bo the VA2 el of y-lype ssliungts of B planl SaRKD comphoss. 1k
e That CHES domains jenerally act aa eogulatory dicmains of prodein sctncity theough
adersey] bgard binding [140]. Our expenments showed that eATE strongly smduosd the
expevaan o SHRKD], SHRKL2, and PY22 i Cold) plante. Adlhosagh Apg A ciieses & lodss
wtficd tham eATE, the ehrvation in the expoosson of SuRKDLT sl 50RKD? was statistically
significant. Interestingly; in Col-d plants, only «ATF ap-regulates the ranscr ption of PY$s,
Saill, bn the demil-5 matant compared 1o Col-0, oady ApgA eatnsent caussd induction of the
exprssion (Figuesy Seh FxirsccBular AT and ApgA ircnessed B exprssion of SuRKZZ,
SmREL 3 and SoREEE inCol-0 plangs. In the dorn]-3 mutard plants, Apg A dowrr negalated
SnBE2 2 SnRKER, and SnRE2 & Solll the effect of eATE in the mutant was nok the sama for
e e pevmsion of e therve SRR genos: manrsely;, e exprossion of 3mEE2 T wins docnemrsed,
SxeRE23 was slaghtly mcneased, and theme was no effeet on SeREDLG expomsion (Figane 53
Tha strong relationships betwesn secondary messsengers, such as BOS and MAFKs, ane oftm
highlighed in the Berature [S1A2] MAPKD, anwong rs noles in various metabolic prooesses
wn lasits, can regulaby Bhe adtivithes of Shverss langrets, Eeludsyg transeription Baboes |07 Wy
ol an up-regulation of MAPKS exprission by both e ATT and ApgA in Col) plants
aned dhown-regalation im ghe dom -1 muotant {Fgure 5d). Among the transcri pion faciors that
MAPKs regulate, we toded e seggala o of expeession of the 2ineSeger transcription (scioms
(EATE ared ZATLE) anad fouercd that e ATF and Apg A up-nigulated the exprission of both prres,
as mamntioned abovee, in Col-0plants. Extracelhaar ATF increased the exprossdon of ZATd and
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ZATI2 also iy the dorw |- mantamt, but Apy A dowreegulated the evpression of both genes in

the eniibant plars {Figuee 1
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Figuer &, The premnesrphor F2K1/TDORND B isvobred in S Apy Adnaduind transcriptional nespaonss
i Avabvskogsi Ml ol lewves. Graphs peesent the chasges im the gene evpeesshon level o
BALHH ondidane respiratory busst Bomaksgs (REOHE and REOHT [(a], ovclic nuscleotide-gated
chaniiel T 60NGECT) (p, SNETSAMPE-selated prescin ks (SuRE) ), miliges-acny sl pee
trtn kinase & {ALAPKS) (d}, and transcripton factors (ZATE s ZATE (o). Lpaves kalomn fram
Cod- and the dorml-F mutani wene ineated jor 2 h with 2 mM adencsine triphasphate {ATI wrsd
diadenasirs Brtraphosphate {Apy AL Transorip? linels gev reperesenbnd s !mﬂ""ﬂ"lmpﬂﬂd s
e MO AT bed doosirod) planis. Thae heasehesring geme SUACTT b tised for dils pormalisation
as an emdogrnaus conteed. ks are meean = 50 from Y biological noplicates. Difesni e sbove
the erpoe bars maficaie statsiically sigridcsnd difenmoes soooaling o ihe ANOVA sealysis wilh e
promt-his Tuksy's HSD stadipdi gormguarsions bisd [ « [LIG)
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3 DHscussion

Mapds are eaposid lie continmius changes n onvironmental conditions thal Izl s
an imbalande in cellular homeastasis, 18 iz known that in sesposse o various sinesses
in prakaryotic and eukaryotic oells, MNpafs aooamulate. The accumulation of swch
uncnmmon nuckeobides can be considered in the contest of the “irend Bypothesis™
falarmene) and “loe hypothesis™ megaading erstically damaged cvlfs a2 a nesalt of
intermal and esbernal stresses [5504] Although thene are identified ApgA-binding
prodein targets in cells [33], the signalling patboways are still unclear. ' We reported
proviausly that extracellilar NpaMNa egulate the phenylprapannic palhiway, prosliac-
ing; secomidary metabolites—key malecales i response fe ababic stress in Arafidopsds
thaliana and Vites pingfera [258-50]. Notably. one of the phenylpropanoid pathway en-
Evmes, booumarateCed ligase, i known be catalvee the synthesis of ApgA |65], and
il activity was mervased by ApgA (23] 1 i kninen that some extracelbular Apa ™ may
become mtermalized and operate intracellularly [ 13], Despite this obvious evidence
al thie signalling funchion of uncammdn nucheotsdes in regulating phenylpropanaid
aynthesis, i pecepbars of signalling pathways have bevn sdentified im plants antil nenw.
Here, we demonstrated, for the first lime, that ApgA and CpyeC evoked stomatal closure
in Arakidopziz thaliewr leaves (Figure 1), We did not observe such an effect in fornf-3
plants wnder the Apgs elfect (Figure 21 Thus, we can conclude (bt plasma memshrane
purinoreceptar FIKLEXHEN is esseniial in Apy A peeception. Howeves, our nesearch
alzi pndscates that 2R DORM] s nal myvodved in slgnal percepiaon elicited by CpyC
{Figure ). Soch results suggest that in plants, P2ZEE/DORMNT s not CpyCrbinding, or
Aere are olber peodeinds] inberaclang with this neichiolide. Aber Apg S sigme] moegni-
tiom, PEKLADIRM] stimulates ROS burst and the defence-related mesporse, Char data
indicating KOS invalvement in the plant response 1o ApgA and CpyC support the hy-
pothesis eoncerning the signalling function of NpgMs (Figures 3 and 4} Moreover, the
HPLL assay proved thst ApgA was pat degraded bo corresponiding monomucleotides,
whikch could evolor stomatal chosure during the esperiment (Figune 515 Only a tiny
amound of CTF was detected inoa solution of CpyC after the investigabion. Sell, as we
proved, UTF digd nil ovodke sloemalal ¢losuns (Fuguse 10 Thenstoeo, it comlirms 1Bl the
ahservisd stomatal closure and ROS accumulation were caused by Apydoand CpyC but
nod by Eheir decomposition products.

Thwe upregualation of defenceseelated genes encoding probeins imvolved in sigs
nalling hube was roported |59], The cxpression of the genes desorlad inothis nesearch
was musily abalished or down-regulated in the dorwl-3 mutant (Figare 5). Becent stod-
ies consider cross-Aalk betveen diverse plant defenoe nesponse markers such as KOS,
hormwnes, and kinase cascadies, lessling o franseriplional, trasslational, ans] metabalic
repriggramming [54]. Our transcnplional analysis focussed on clements that inbegrate
varipus signaks and included cyclic nucleotide-gated channels (CNECs) and MADPMH
ouidases—nespiratory bugst oxicdase homologs (RBOHD and BBOHF) ihal generate
RO, Moreaver, our stadies are focused on SNFl-nelated protein kinasis (SnRKs) and
"W'd2a, a cpstathiomine-f-synibase {CES) domain-cantaining prodein, belongs to the
W42 class of y-iype subuniis of the plant SnRK] comploes. The next elements of
aip\-ﬂ imapadudion 'P'ﬁﬂ'l'«'l'lfb that we tisbed comoern MAFKS asd ll'l'-l'l-li:"ripli'ﬂ'i tachars
(EATa) {Figane 5], The transcript lovel of CONCE increased only under Apgdin Cal-0
plant leaves (Figure Sbj. Invelyving CGMC2 in amother parine nucleotide, AT sigral
iransdisction in ihe root epldermis and AT nduced Ca® influy weee described by
Wing [307]. This result suggests that CRGE chanreds can be g part of signal rarsduction
evoked by Apsi,
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Kapid systemic signalling in response 1o siress can be stirmulated by RBEOHD and
RBOME prodiscing apaplastic RO [oaa]. 1t & knowns that the slevated prodissiion of ROS
amul stomatal clossre are mislistel by eATE necognation by the meoeplor FZELATORN]L,
Todlowed by direct phosphaorylation of BBOHD || 2] while BEBOHD expression was sig-
nificantly reduced in dorn]-F matant plamt=. Our stadics dhisared that irarscripiomic
chamges in both BHOHEY and RROHF evoked by Ay A ane similag, bub im the dorm -3
plants, the exprosaion of REOHF was also strengly imhibized (Figure 5a). This observation
correlaled with the scoummubation of BOS in Arafidepaiz falima leaves (Fgure 1), Stress
signalling im plants abso involves differem families of knases, mcloding tbe MAK mod-
wile, that can Be actisabed 'I:n-:.r RO [57], Moseoyver, B was Fwﬁm-ﬂg,- skt that MAPEs
are sctivabed by oATP [2665-T0], We abserved the indudtion of MAPES ixpression
evoked by cATF and ApgA (Figure 5d), ard it is known that MPES modalabes: actin
reenodelling o activate siomatal defence in Arekidopsts theliess [T1]. MAPK pathways
are necessary Br several ABA nisponsis momany plant species, imchuding anlivaslant die-
fenee and guard oell signalling [9743]. Protein compleses S5Fi-related proein kinase 1s
{5k 15} and SnRK2 play a proeninend role in ABA signalling [72.77]. Mumerous stad-
v inclicale SnEK1s and SnRE2S i regulators of the target of rapasycin (TOR]) kinase
activily im controdling ausophagy [74,75] We obseroed that ApyA induced the expression
of both SnREis and $xKEe af & similar level i Col-0 plants. However, isduciion eveled
by e ATF was much higher Tor SnEKTe tham SnEK2 in o wildstype plants. Dis the dovnd-3
mmabant, the expresaion of SnfK s apsd SeRE was deomeased (Figure 5ok Also, nivigher
of the tested pyrimidine nucleotides, CTF and Cpgl, affected the expression of SnEKs in
Colal) plamis {Figure 521 10 is kesown it SnEKs can regulale BBOH, wivich s engaged
in RO procluction |5]. The SnRELs and SnRE2s wirre idenlilied as critical susdes far
shress amd groavih sigralling pathways [39]. Moreowver, it was suggested that ander
nirmal comditi one, oy tosnl-bocalized SnRKLL, in regponse to high-ammordum or o pld
alriss, magrates e the nockous and promaoles the phosploey Lalion of tbe ranscription
lackors regulativg the ecpeession of nesponsave geres [70]. Stucies on AKINAL subunie
SnRK1, showed its reguistony effect on second ary metabolic processes {e.g., Aavomnoid
metabslimml [77]. Arother SnRK 1 subumit s FY42a, which is the CHS domadn probein.
ApgA did mot change the expression of the gene sodosdimg, AMV4R in Col-0 plants
{Figgare 5cj. 18 ia knowm that enzymes contaiming CHS domaims can be regulated by Apg i
bimding | 13]. Therefore, we postulate that APV regulsies SnEK1s in response o
ApgA Moneover, SnRKL, SnRKZ, and MAPE interact with trasserigibonal lactors |75,79).
Thee nduction of ZATTE and ZATH manscriplion Lactors inowhich MATES is invalved
in am ablotic skress marker was described [3]. In the present rescarch, we found that
Apgh and eATP insdsoed boih ZATE and ZATTE gene expeossion in Col-0 planis, and Lk
of B IR2EL S TOHR N reoepbar in the dorn T -3 mutants dliminishaed this effect {Figune Sl
18 is knowry that the Eranscript level of ZATS positively affected the concentrations of
phervipropanoids, including anthocyanin and tolal flavenosds [S1] Moreover. it was
o] 1Bk EATR and FATIZ are isvolved s the nespanes (o eadmiom stress and alsiolic
stress im plants [#1-54], and the expression of ZATTD was sinictly dependent on the ROS
wave [55,50]

The resslis of enir ressasch peosended hene shed msone light on the signalling furetion
of Apgd B peraeplion and signal rarsbaction patbovay in plants. We had previously
propased a hypothetical BMpyM signalling network ima plant cell [1], Then we sirongly
suggested the exisience of ome peoeplor and ggnalling transd wction pathsvays imvolyieg
sigralling habs and transcripiion lactors resuliing in gene opression chamges, including
grras coading, for encymas catalysing the pheny|propancid pathway [2L25-H1]L Hiere, we Rl
a fieww gaps i this metwork (Figuee @)L
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Feguwe & |y pothactrad working nmkiddhdnmmmupl'wwmlﬂmm netwoek in @
plastoell. Ay A, similar 1o Abediar adbrnsine Briphenphate fe AT [ 2], can be rocogrnised Ty fhe
prerirumrecerior 12K DORMT and lead mmldnuu-hmrmm A, Erigpensd
the meackne pajygen speces (ROS) wanve, which evoked changes in the expressaon of the defonde
retatesd eres encoding prodeis imvalved in signalling s, such s CNGCT RBOR D and RBOH P
rnerily RS, SeRKs; ATVAL, vty po subunits of the plist SeRK] comglees; MAPE cacibos; and
transcription facton, £ATe The wounded coll membrane arsd rarsponiers can reloase ATT 40 e
watesorihular space masria: PGPL p-ghroopnein belonging o ATP-bivwling cassetic ABC tramspaitons,
anal TW-ANTL plisma membranelocalised nuclestde franporions [15097] Dsracellular ATI
recognilion by FICLDORNE evokad plosphorbtion of EBOMD [12] Ak, CROCT [30]
SAMFE cascades any devobved in e ATTE signal Eransd uctiom [ 08-710], Wee parey sy describod) that
Aecoumarate ol lgass (0L}, the brasah point of the phenylpropanced pailivay, can synibesie
A A |15, s it activity is ncinced by ApyA [23) As vet, ro channel or iransporter far Aped in
plarits is koo, T, phasphuic.

4. Materlals and Methods
AL Nuckefiies

A Cppll wene syndhasiisicd followisg poevioesly reportid progedarns, purifiod
Iy meverse-phasse HIPLE, amd dsolated as ammonsam (AH ") salts. The porites (>85% ) wone
confirmed by analyiical HPLC, 1 NME and TP MMR [40)
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4.2 Plant Material

Acrabudopins |l [ies wete i e el b () eobrper. A T-EINA insertion ling
of LecRE-19 {Salk_(H2209; dorm[-3) was obbained from MASC (Noltingham Arabidopsis
Siock Centre, Motbingham, UKL Surfsoe-stenilised seeds wone strabificd in darkness. ag
4 L for 485 b and tramsiereed o a geoweh chamber. Planis were grown for loar weeks on
o s ak TE-23 O, 6070 humidity, usidir & kinglay phooperiod (M light and 8k
darkp, 120 pmal m 2 5" light intensity, Gerotyping of insertional mutanits is descrbed in
Methods S1. Primers are bisied i Table 51.

4.3, Stomatal Aperture Mo

To emsure fully open stomata, plants weee placed tor 3 h under Bght imbensity
120 ol 8~ ¥ 51 Samplies of beal epidermis were obtaloed (s the shaial sde. Thy
were plaoed on a microscope shiche for 2 of incubatan in G RMOCK solution MES/KOH
apening baffer contaiming 10 m& MES pH 15, 10 mM KOL 10 uM Cally Goonirol),
(3 B0 A absscinke peicd CABA, Sigeia Aldrick, S Louals, MO, USA, AT disolved i
thae BMHOCK molution MES KOH buaffer, and (il 2 md& ADP (Sigma, AZTHL ATF (Sigma,
AASETL ApaA, Apgh, and COT {Sigma, OH55L CTE CpaC CpyC dissobved im the MOCK
seol e MES KO bauffer. Wee <hose 2 mb conceniration of nuclestides based on Beralien
data concerming e offect of e ATF oo segulation of stamalal apertuse [12),

CTT and Mpy ks were symithesised as desoribed previousty [H] Stomata wene ob-
served using the ZOE Fluorescent Cell Imager (Bao-Fad, Hencubes, CA, US8, 1450031 EDL)
Mleasunemwents, ivcluding stomatal apserian: wadil and lenglh, wene perfoemssd with Image]
| 3 software, The Evahvement of RS in stomatal mevermaent wmder pacleatide incatment
was rxamined by the smultanesus sdditon of ROS eneyme scavengers to the radentide
solutions. Catalies (CAT) (Sigma Aldrich, 1005 and superoxde dismutee (SO0} Sgma
Alddrich, 596577, in & conceniration of 100 units ml. "1 and 500 wnits ml 1 espectively,
were wsed (ogether in an incobation mixtare,

4.4, Detretai of TeedracelTulew RIS Fawst be Leames

T beavviess vwoepe imcuihabed in 5 mL of MOCK solation MES/ KOH opening baffer or
the Bufer enriched in 2 md conornirations of fested nuchotides. After 2 h, the inoubatiog
Briiblers weee genkly rql-pl.wnl nﬁlh}uﬁ].ﬂ!ﬂ.ﬂlqnﬂu&ﬁ,n\d subinetged kaves wene
vacuum infilirated three Bmes {1 min cach time], The staiming sohation for *0:© disfection
vwas oomposed of 05% nitrobdue tetrasoliom (NET, Signaae-Addrich, Nesits) dissohoed in
H mAd potassiuen phosphaie bufiern, pH 7.8 [231 and tbs stsanieg soluiion for HpOy sy
Aharsis was compaosed of 1.5 -disminobensidine betrabyalsuchloride (AR, Sigma-Aldrich,
D35} (1 mg ml” ! A B dissodved im 10 m potassium phosphate buffer. pH 7.4, and
O05% Tween [54]. Samples were inoabated 31 room temsperaiure for the next 2 hin the
clark with contingous shaking. Then, leaves wene inculsalisd in 6% ethanal oveemight for
leacking. and the phategraphs wene taken with an Epsen Perfodtion Y7080 scanner

4.5, Cnwe Expression Andlyss
According bo the: marmufactarer’s instructions, tofal KMA was estracted Brom leaves
usmg the RMeasy Plant Mani Kit §Chagen, Cemmantown MO0, USA). Evaluation of RMA
pueiey, ¢ DA symibesis, reverse traseeri pelion, and ET-gqPCR were perioemed as describsad
previmusly by Factrmska-Borck angd oo-wiorkers [28,5091], The RT-PCR neactions wene
using a CFx% Feal-Time MR Detection System (Bio-Rad). The specific primers
T Aralskiogsts Halim pemes asve lisicd s Table 51, The 27090 pathond [42] was agplied
cakulate the ilabiie v exprission. The data weee noralised agaismt e refienenos e,
ACTING (ACT2). For statistical analysss. the gene expression data were Logs-trarsformed
Nk st dbstribastion and vamamoe assumplione.
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4.6, Srarisgical Amalyss

Al exgrraments wore poerlorened at least thive Bimes. The fsults ane shown as the
misan 4 S0 The datistical significano of the difference amaong the means was analysed
by the ARNOVA with the post-hoc Tukey's HS maltiple comparisons. test (p < (005) using
Siwtsticn, Yorshon 13 (TIIOO Soltware lee., Palo Abo, CA. USA)

& Conglasions

I gl prvsent woek, s confirmed 1t in plants, an ApgA recepios exists, and we
fosand that it & parine recepitor PIK]/DORNT Morcoves, we mdbcabed RO as seoond
missrngers, kingses, and trarscription factors engaged n the ApgA signal transduction
pathway. Nevertheless, furtber sbadies, both im silico and 0 vitee, on e binding of Apda
tin tha PZECLSTRORN, inchiding key' nsiddises thal modubabe ApdA aHindly, an nepaired.
Wi beelivva that e presembed pesanlts in this paper oontbrifnbe to the description of the ol
of MpyMs in signalling bubs ard can help better understand the furscion of uncommon
mishotidie i planie

Sippleseniiry Miberiale: The suppoitog sborealios o be dowslosdal 62 hbps [ Ve mdps
o et b 1300 s 22N 66 U u . Hetls, 9321000 dre cited i the sappdemeniary malosiab.

Amthor Conbrilstions | D codesigned B sludins, cartiod ol eapastimenis, analyied seills, and
was imenhoed in statistical ana hysis, vispaliss tion, andd writing of the oniginal desd of the marseript;
VHMN, and LK symihesised Ba dinuclonssde polyphosphates and participated in reviewiarg, s
welitiryg of Lhe mamirip; & B pasticipatid in writing seal enseally sevies ing the mameceis and oo
designed and peepared Figure & M B conceived e fopic of e peseanch, plasned and supencised
all experamients, smalysod all pesulbe, perrformind By sbatisbical smalyies, participated in writing e
diraft of the manustipt, codesigred and cocreated all ligees, sod prepanad the linal versios of the
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Swpplememtary Malerkals

The plasma membrane purinoreceptor FIKUVDORND i sssemtial in stomatal closure evoked by
extrsrellular disdenosing tetraphosphate DA paA] bal not by dicytidine tetraphosphate (Cpd0l (s
Arabdilopirs Hadinna

Ipdree) Dabrogojskd, Van Hal Mguyen, joamna Kowalska, SLwomir Borek and Malgoreata Pletrowsia-
Baowek

Mlcthods 51 Cenoyping dors]-F isse rtional mutast.

ATEINA bt Tine o Lo B9 (halic (M09, dora]- 1) s obtainad from fhe Matisnghaen Arabsdopsia
Stewk Cerdre (MASC, UK. Ganomic DINA was exéraciad From $owirk-old Arafidopans dhallog leaves usieg
a ehyghily masdified hesadecylmethylemmoeniam bromide (CTAR) protoonl| [B]. Homaorygosity for the T-
¥ A& insertion wwas oonfirmed by PCR-bosed genotyping sising the specilic prime s listed in Tabde 81. PCR
oonditkons wee a8 follows 35 oycles o 9950 (or 30 &, 9°C for 15 = and 7250 dor 1080 min. Then, g
ehectrophusvsis (1% (v apaross in 13 THE bulles) was comducted kor gene peodusct visilisabios and faal
hamieygosaty conliEmation,
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Mdethod 51 High-performanoe liquid chromatography (HPLC) amalysis of 2 mh sobitiors of Apad amd
CpelC adter 2 h leall epidermal peel treatment.

Pastertial deggradation of Apu and Cpd after 2 h incubation on a slide with 4 keal was tesied, Samphes wiete
analysed for puarine poghnatides scoonding B [13] with manor mislifications. Seemples of Aped soluticn (20
gil) were difuted three temies with KeRHMOs boffer amd flienesd [ Anopore 0.2 pm, and analysed by HI'LC
in ther LW'-V[8 range using & Discovery C18 column (44 x 350 mms 3 pm; Supeloo); flow rate 1 mdminc.
Gradiesd elution was performed with (0.1 M EHAs pH &0 (eolvent Ak solvent Almetharcd [ T, wiv)
el vl B): 0-9 i, 0% B 9<15 min, 25% B 15<105 s, 500 B 17 5<19 mis, 100F B E9-23 i, 1007 B
and 2330 anin, 0% B Solulioes of pyamidine suthestides, Cpel, were analvsd seeonding b [14] with
eninsr macd ifcations. The samplos were chilled, dilutod ghree tmaes with 5 e TEAR (triethy Lemine busfir,
pH Ak arsd filtered {Anopone (12 jem ) Then, semples were analysed by HIFLC in the UY-Y15 range using
a Dispovery C18 oobump (06« 250 em, 5 pomg Supsefood; flow rate 1 mi-min?. The colusmn was eluted with
a linear gradies of 50 s TEAD (pH 74) (sdvent A and solvent Acaceton brise (30, w'v) (solvent B); 0=
19 main, 4% B Mudkoofides wene identifiod [purines ag 260 nen aced pyrimidings at 271 asa) ol quantifiod
by o parEsem wilh eespeective stanadands.
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Figure S Mogh-perboemance liquid cheomatography analysis of ApA and CpeC sodations after 2 5 of Jeal epidermal
povd treatment. High-performance liquid chromatograpdy (HPLC) analysis was carmied out o eucidate ApaA and CpeoC
potential degradation during 2 h of treatment. Samples were analysed for purine nucheotides acconding 10 [13] and
samples were analysed (o pyrimidioe maceotides according 1o [14]. (a) Chromusography of adenine (AMT, ADI, ATP
and ApA ) and (¢) eytidine (CMI. COP, CTI and CpC) muciootide standaeds, and (b) ApuA and () CpC solution from
microscope slide alter 2 h of epidermal povl trostment. As we observed, 2 soall smount of CTP was detected only in
e sample containing CpC.
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Figure 52 CT1 and Cpel dio el up-regulaie expocssion of SRk gones. Relative gere copression i d-wock-oid keaves
of Cod-l anil dlera 10 irvaied with & 2 w0l sasliteon of CTF aeal Cpel dor 3R Aftersands, fhe todal BNA was adaied
B biwves. il Irarsceiend ik (TN, vl swirs wrsind s bern it o uian e moal A PUR, aoconding b e
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