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1. Uvod

1. Uvod

1.1 Obecna charakteristika malatdehydrogenas (dekarboxylacnich)

Malatdehydrogenasy  (dekarboxyla¢ni)  (L-malat: NAD(P)"  oxidoreduktasy
(dekarboxylaéni)) katalyzuji v pfitomnosti koenzymu NAD(P)" a dvojmocného kationtu kovu
oxida¢ni dekarboxylaci L-malatu za vzniku pyruvatu, NAD(P)H a CO, (Wedding, 1989;
Edwards a Andreo, 1992; Drincovich et al., 2001). Podle specifity vi¢i koenzymu a
schopnosti  dekarboxylovat krom¢ maldtu 1 oxaloacetat byly malatdehydrogenasy
(dekarboxylaéni) rozdéleny do 3 skupin.

1. NAD-dependentni malatdehydrogenasa (oxaloacetat-dekarboxyla¢ni) EC 1.1.1.38 (dale jen
NAD-ME, z angl. malic enzyme), ktera dekarboxyluje i oxaloacetat. Jako koenzym preferuje
NAD". Tento enzym se nachazi pfedev§im v bakteriich a v mitochondriich Zivogichi (Chang
a Tong, 2003).

2. NAD(P)-dependentni malatdehydrogenasa (dekarboxylacni) EC 1.1.1.39 (dale jen
NAD(P)-ME, ktera nedekarboxyluje oxaloacetat a koenzymem mtize byt NAD" ¢ NADP”, se
nachazi zejména u bakterii.

3. NADP-dependentni malatdehydrogenasa (oxaloacetat-dekarboxyla¢ni) EC 1.1.1.40 (dale
pouze NADP-ME). Koenzymem NADP-ME je NADP™ a kromé dekarboxylace malatu
katalyzuje jesté dalsi dvé dilci reakce a reakci reversibilni viz dale (Wedding, 1989; Edwards

a Andreo, 1992).

1.2 Obecna charakteristika a vyskyt NADP-ME, EC 1.1.1.40

Systematicky nazev: L-malat: NADP" oxidoreduktasa (oxaloacetat-dekarboxyla¢ni).
Zakladni reakci, kterou NADP-ME v pfitomnosti koenzymu NADP" a dvojmocného kationtu
(nejéastéji Mg*" nebo Mn*" ionti) katalyzuje, je oxida¢ni dekarboxylace L-malatu za vzniku
pyruvatu, CO, a NADPH (schéma 1). V této reakci je pro katalytickou funkci enzymu
pritomnost koenzymu a kofaktoru nezbytna (Edwards a Andreo, 1992; Drincovich et al.,

2001).
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Schéma 1: Reakce katalyzovana NADP-ME

NADP-ME muze také katalyzovat dvé dalsi dil¢i reakce, jednak miize pusobit jako
oxaloacetatdekarboxylasa (schéma 2) nebo mize redukovat o-ketokarboxylové kyseliny

(schéma 3).
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c=0 |
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| B CH,
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Schéma 2: Dil¢i reakce katalyzovana NADP-ME (Pfevzato z Gerrard Wheeler et al., 2008)

co0" co0"
C=0 + NADPH ————>HC—OH + NADP"
CH, Me CH,

Schéma 3: Dil¢i reakce katalyzovana NADP-ME (Pfevzato z Gerrard Wheeler et al., 2008)

NADP-ME katalyzuje také reversibilni reakci, v opaéném sméru se tvoii L-malat a NADP",
avsak vétSinou v mnohem mensi mife (u rekombinantni cytosolové NADP-ME z tabdku je

pomér karboxylacni a dekarboxyla¢ni reakce 1:8, Miiller ef al., 2008).

. COO~
?oo |
HC—OH
C=0 +CO,+ NADPH —— > C|: © + NADP*
I Me?* CH,
CH, |
COO~

Schéma 4: Reversibilni reakce NADP-ME (Ptevzato z Gerrard Wheeler et al., 2008)

Aktivita NADP-ME byla poprvé zjisténa v roce 1947 v jatrech holuba, kde je tento
protein pfitomen v cytosolu bun€k (Ochoa et al., 1947) v pomérné¢ velkém mnoZstvi (mize
v této tkani predstavovat az 0,6 % vsech cytosolickych proteint) (Hsu, 1982). Vyskyt NADP-
ME v pfirodé¢ je Siroky; tento enzym se nachazi v prokaryotickych i eukaryotickych

-2
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mikroorganismech, ve vSech typech rostlin (C;, C4 i CAM) a v zivocisnych tkénich véetné
¢lovéka.

Prokaryotické NADP-ME jsou vice variabilni co do velikosti molekuly a jeji struktury
nez isoformy eukaryotické (Bologna et al., 2007).

V rostlinach bylo na zékladé lokalizace a fyziologické funkce klasifikovano 7
isoforem NADP-ME (Drincovich et al., 2001).

1. Csuy - NADP-ME je fotosynteticka isoforma chloroplastii bun¢k pochev cévnich
svazkid nekterych Cy rostlin. Tato unikatni a vysoce specializovand forma NADP-ME
se specifickymi kinetickymi a regula¢nimi vlastnostmi je exprimovana vyhradné
v chloroplastech véncitych bunck, které jsou zpravidla agranické nebo pouze
s fidkymi grany (Takeuchi et al., 1998).

2. C42 - NADP-ME je nefotosyntetickd isoforma NADP- ME, kterd se nachazi
v plastidech Cjy rostlin.

3. C43)- NADP-ME je cytosolova NADP- ME C; rostlin.

4. CAM() - NADP-ME je fotosyntetickou isoformou NADP- ME nachazejici se
v cytosolu CAM rostlin.

5. CAM) - NADP-ME je nefotosynteticka isoforma NADP- ME, obsaZena v cytosolu
CAM rostlin.

6. Csq) - NADP-ME je nefotosynteticka isoforma NADP- ME, kterd se nachazi
v cytosolu Cs rostlin.

7. C3@) - NADP-ME je nefotosyntetickd isoforma NADP- ME ptitomna v plastidech C;
rostlin (Drincovich et al., 2001).

Také distribuce NADP-ME v riznych rostlinnych orgénech je velmi Siroka. Tento
enzym byl nalezen v kvétech, plodech, semenech, kotenech a specidlnich zdsobnich orgénech,
stejné tak jako v listech (Wedding, 1989).

U zivocicha a ¢lovéka se malatdehydrogenasy (dekarboxylaéni) obvykle déli do tii
kategorii:

1. cytosolovd NADP-dependentni isoforma (c-NADP-ME, EC 1.1.1.40)

2. mitochondridlni NADP-dependentni isoforma (m-NADP-ME, EC 1.1.1.40)

3. mitochodridlni NAD(P)-dependentni isoforma (m-NAD-ME, EC 1.1.1.38), ktera jako
koenzym muize vazat jak NADP", tak i NAD", preferuje viak NAD" (Chang a Tong, 2003).
Vyskytuje se predevsim v tukové tkani, jatrech a rychle se délicich tkanich (Xu et al., 1999).
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1.3 Genové rodiny NADP-ME v rostlinach

Rostlinnda NADP-ME je enzym kdédovany malymi genovymi rodinami. Modelové
rostliny, C; dvoudélozna rostlina housenicek rolni (4rabidopsis thaliana) a Cs jednodélozné
rostlina ryze setd (Oryza sativa L.) obsahuji 4 geny pro NADP-ME, z toho jsou 3 geny pro
cytosolové isoformy, které jsou u Arabidopsis thaliana pojmenované (NADP-ME1-3) a jeden
gen pro isoformu plastidovou (NADP-ME4) (Gerrard Wheeler et al., 2005; Chi et al., 2004).
Zatimco NADP-ME2 a NADP-ME4 jsou exprimovany konstitutivné, exprese druhych dvou
isoforem je omezena vyvojovymi a specifickymi bunéénymi signaly (Gerrard Wheeler et al.,
2005). Exprese genti pro isoformy NADP-ME2 a NADP-ME4 byla zjisténa v listech,
stoncich, kvétech 1 kofenech, isoforma NADP-MEI1 byla detekovana pouze v kotfenech a
isoforma NADP-ME3 pouze v kvétech a slabé ve stoncich. Také exprese jednotlivych
isoforem v prubéhu embryogeneze a kli¢eni se 1iSi. Gen pro NADP-ME4 obsahuje tranzitni
peptid, slozeny z ptfiblizné¢ 74 aminokyselinovych zbytkl, pfedurcujici, Zze se tento protein
bude vyskytovat v plastidu (Gerrard Wheeler ef al., 2005).

Stejné tak u ryze (Oryza sativa L.) byla exprese vSech 4 nalezenych genti zjisténa jako
vyvojove a organove specificka, navic bylo zjisténo, ze vSechny geny odpovidaji na stres.
Jednotlivé geny pro cytosolové isoformy oznaceny Oscyt ME1 (gen exprimujici se v listech a
kotfenech), Oscyt ME2 (gen exprimujici se pouze v kofenech) a Oscyt ME3 (gen exprimujici
se ve vétsiné pletiv, avSak v malém mnozstvi). Gen pro chloroplastovou (plastidovou)
isoformu Oschl ME se stejné jako Oscyt MEI exprimuje v listech a kotfenech (Chi et al.,
2004).

V poslednim roce byly téz u modelové Cs; dvoudéloZzné rostliny tabaku (Nicotiana
tabacum L.) zjistény 3 rizné transkripty pro NADP-ME. V chloroplastech je pravdépodobné
ptitomna NADP-ME (Nt-NADP-ME1) kodovana sekvenci databaze GenBank ¢. DQ923119,
v cytosolu NADP-ME (Nt-NADP-ME2) kédovana sekvenci databaze GenBank ¢. DQ923118.
Tteti transkript (kodovany sekvenci databaze GenBank ¢. EH663836) je také predpokladana
cytosolovd NADP-ME. Zda se, ze exprese vSech 3 transkripti v dospélych rostlinach je
konstitutivni, pravdépodobné vSechny isoformy jsou souc¢asti primarniho metabolismu, i kdyz
soucasn¢ také odpovidaji na razné typy stresu. Relativni pomér exprese genu isoformy Nt-
NADP-MEI a Nt-NADP-ME2 v listech, stoncich a kofenech je mnohonasobné ve prospéch
cytosolové isoformy. Naopak v kvétech je vice exprimovéna isoforma chloroplastova (Miiller

et al., 2008).
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1.4 Struktura NADP-ME

Primarni struktura (aminokyselinova sekvence) NADP-dependentnich
malatdehydrogenas je vzhledem k jejich dulezitym biologickym funkcim pomérné znacné
konzervovana. Napftiklad lidska, potkani a mysi cytosolovd NADP-ME sdileji 90 % identity.
Sekvencni identita mezi lidskou mitochondridlni NAD-ME a lidskou mitochondridlni ¢i
cytosolovou NADP-ME je 55 %. DalSim vyznamnym piikladem vysokého stupné
konzervovanosti je 47 % sekvencni identita aminokyselin mezi kukufi¢nou chloroplastovou
isoformou NADP-ME a lidskou mitochondridlni NADP-ME (Xu et al., 1999).

Plastidova isoforma Nicotiana tabacum L. Nt-NADP-MEI1 skladajici se z 642
aminokyselin, z nichZz pravdépodobné 56 tvoii tranzitni peptid, vykazuje 76 % sekvencni
identitu aminokyselin s cytosolovou Nt-NADP-ME2, kterd se skladd z 591 aminokyselin.
Ve fylogenetickém stromu rostlinnych NADP-ME sestaveném z 26 rostlin byl Nt-NADP-
MEI zatazen do monofyletické skupiny (skupiny II) sdruzujici plastidové isoformy NADP-
ME dvoudéloznych rostlin a Nt-NADP-ME2 do skupiny cytosolovych isoforem
dvoud¢loznych rostlin (skupina I) (Miiller et al., 2008).

Trojrozmérna struktura rostlinnych isoforem NADP-ME neni znama, zatimco krystaly
c-NADP-ME z jater holuba byly ziskany uz pied vice jak 40-ti lety (Hsu a Lardy, 1967).
AvSak podrobné vysledky ziskané rentgenovymi difrakénimi studiemi byly publikovany az
Yangem et al. (2002). Bylo zjisténo, ze holubi c-NADP-ME je tetramer, jednotlivé monomery
mohou byt rozdéleny na 4 domény (viz obr. 1A, str. 6). Doména A je tvofena piedevsim o-
helikélni strukturou. Doména B obsahuje ve stfedu 5 paralelnich B-skladanych listl
obklopenych po obou stranach a-helixy. Doména C obsahuje Rossmantv zlabek, ve kterém je
misto pro vazbu dinukleotidu. Doména D zahrnuje C-konec enzymu (Yang et al., 2002) (viz

obr. 1B, str. 6).
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obr. 1A. Krystalova struktura tetrameru cytosolového NADP-ME z jater holuba. Jednotlivé monomery jsou
vyznaéeny v riznych barvach, jsou oznacena mista, kde se tvoii dimer a monomer. B. Schématické znazornéni
struktury monomeru holubi NADP-ME v komplexu s NADP', oxalatem a Mn?®". B-skladané listy jsou
znazornény modre, a-helixy zIuté a spojovaci smycky fialové (pfevzato, Yang et al., 2002).

Také pro zivocisné NAD-dependentni malatdehydrogenasy jsou znamé krystalové
struktury (isoforma lidska, potkani a z hlista Ascaris suum) (Xu et al., 1999).

Struktura monomeru lidské mitochondridlni NAD-ME je velmi podobna cytosolové
isoformé NADP-ME z holubich jater. VSechny prvky sekundérni struktury jsou analogické,
monomer muZze byt také rozdélen na 4 domény A, B, C, D li§i se pouze ve vazném misté pro
adenin koenzymu NADP'/NAD", které se nachdzi za B-sklddanymi listy Rossmanova zlabku,
a to jak konformacné¢ tak i rozdilnou sekvenci aminokyselin, dochédzi zde k zdmén¢ lysin-
tyrosin u lidské NAD-ME za serin-lysin u holubi NADP-ME. Postranni hydroxyl serinu je
vazan na 2’-fosfat, zatimco postranni fetézec lysinu s molekulou NADP" neinteraguje. Dalsi
rozdily byly pozorovany v uspofadani tetrameru, i kdyz symetrie obou struktur zilistala
zachovana (Yang et al., 2002). U lidské mitochondridlni NAD-ME bylo nalezeno vazebné
misto pro inhibitor ATP a allosterick¢ misto pro aktivator fumarat (Chang a Tong, 2003).
Strukturni studie ukazaly, ze enzym obsahuje 2 vazebna mista pro ATP: jedno v aktivnim
centru enzymu, kde se také vaze koenzym NAD" a dal$i misto na povrchu tetrameru. ATP zde

ma dvoji funkci, jednak vazbou do aktivniho centra enzymu funguje jako kompetitivni
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inhibitor vii¢i NAD", jednak je vazba molekuly ATP mimo aktivni centrum dlezita pro

zachovani integrity kvarterni struktury (Hsu et al., 2004).

1.5. Nékteré fyzikalni vlastnosti NADP-ME

1.5.1 Relativni molekulova hmotnost

Relativni molekulova hmotnost jedné podjednotky rekombinantnich proteint
Nicotiana tabacum L. Nt-NADP-MEl a Nt-NADP-ME2 byla zjisténa 63 000 u
chloroplastové a 65 000 u cytosolové isoformy, pfi¢emz uspoiadadni obou isoforem je
tetramerni (Miiller et al., 2008).

Bylo zjisténo, ze plastidova isoforma NADP-ME4 z Arabidopsis thaliana je ptitomna
v rovnovaze aktivnich dimerti a tetramerl, pfi¢emz relativni molekulova hmotnost NADP-
ME4 je odhadovana na 260 000 a 130 000. Relativni molekulovd hmotnost nativnich
cytosolovych isoforem A. thaliana (NADP-ME1, NADP-ME2 a NADP-ME3) je piekvapivé
vyssi nez 400 000, coz odpovida vySSim oligomerizaénim stavim, pravdépodobné
hexameriim a oktamerim (Gerrard Wheeler ef al., 2005).

V zelenych listech kukufice (Cs rostliny) byly charakterizovany 3 isoformy:
chloroplastova prevladajici v zelenych listech a podilejici se na C4 fotosyntetické fixaci CO, o
relativni molekulové hmotnosti jedné podjednotky 62 000, nefotosynteticka 66 000 isoforma
vyskytujici se jako dimer a nefotosyntetickd 72 000 isoforma pievladajici v etiolovanych
listech (Maurino et al., 1996; Saigo et al., 2004). Ackoliv protein o relativni molekulové
hmotnosti jedné podjednotky 72 000 také purifikovany ze stonkti pSenice (Casati ef al., 1997)
z Ricinus communis (Colombo et al., 1997), ¢i z vodni rostliny Egeria densa (Casati et al.,
2000), detekovany pouze pomoci protilatek byl pozd¢ji identifikovan jako Hsp 70 (heat shock
protein), ktery interaguje s NADP-ME a byl myln¢ povazovan za isoformu (Lara et al., 2005).

Dalsi rostliny, u kterych byla stanovena relativni molekulovd hmotnost jedné
podjednotky NADP-ME jsou: C4 strom Haloxylon persicum (chloroplastova 67 000
isoforma), Flaveria floridana (chloroplastovda 62 000) a kosmatec kiistalovy
(Mesembryanthemum crystallinum) po indukci solnym stresem (cytosolova 64 000 isoforma)
(Drincovich et al., 2001).

Kosmatec kiistalovy je fakultativni CAM rostlinou, z C; metabolismu piechazi na
CAM metabolismus pouze je-li vystaven solnému stresu ¢i stresu suchem (Cushman et al.,

1992).
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Rostliny rodu Flaveria se podle zptisobu fotosyntézy déli na druhy Flaveria Cs, C3-Cy4
piechodné (z angl. Cs;-C4 intermediate), podobné C4 (z angl. C4 like) a C4. U téchto druha
byly ptfevazné v chloroplastech identifikovany 3 isoformy NADP-ME: s relativni
molekulovou hmotnosti 72 000, 64 000, 62 000 (Drincovich et al., 1998)

1.5.2 pH optimum a pl

pH optimum rostlinnych NADP-ME se pohybuje v neutralni oblasti, a to pfedev§im u
C; a CAM rostlin (napf. rekombinantni proteiny z tabaku Nt-NADPME1 7,3; Nt-NADPME2
7,0; pSenice 7,2; Egeria densa 7,3, Solanum tuberosum 74 a CAM rostlina
Mesembryanthemum crystallinum 7,2). Vice alkalické pH bylo zjisténo pro NADP-ME z C,4
rostlin (zelené listy kukuftice 8,0; Flaveria floridana 7,5; Haloxylon persicum 8,2. (Miiller et
al., 2008, Drincovich et al., 2001, Edwards a Andreo, 1992). U lidského NADP-ME bylo jak
pro cytosolovy tak mitochondridlni NADP-ME stanoveno pH optimum 7,8 - 8,1 (Bukato et
al., 1995).

Isoelektricky bod rostlinnych NADP-ME byl pro NADP-ME izolované
z nefotosyntetickych koteni a etiolovanych listi kukufice stanoven 5,4, zatimco
fotosyntetickd isoforma izolovana ze zelenych listh kukutice méla pl vyssi (6,2) (Maurino et

al., 2001).

1.6 Kineticky mechanismus reakce katalyzované NADP-ME

Kineticky mechanismus reakce katalyzované NADP-ME (EC 1.1.1.40) byl objasnén u
cytosolové isoformy izolované z jater holuba (obr. 2, str. 9) (Hsu et al., 1967) a z lidskych
nadorovych bunék rakoviny prsu (obr. 3, str. 9) (Chang et al., 1992). Z inhibi¢nich studii
produkty a analogem substratu vyplyva, Ze reakce probihd naslednym uspofddanym
mechanismem dvousubstratové reakce Bi-Ter, pfiéemz vedoucim substratem je NADP',
nasleduje vazba L-malatu. Produkty se uvolnuji v potadi CO,, pyruvat a NADPH (Chang et
al., 1992).
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Obr. 2. Navrhovany kineticky mechanismus reakce katalyzované NADP-ME z holubich jater (pfevzato od Hsu
et al., 1967 a upraveno).
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Obr. 3. Navrhovany kineticky mechanismus (néasledny uspotddany, Bi-Ter) dvousubstratové reakce
katalyzované NADP-ME a z linii lidskych nadorovych bunék rakoviny prsu. Mal-L-malat, OAA-oxaloacetat,
Pyr-pyruvat (Chang et al., 1992).

Pro mitochondrialni NAD(P)-ME (EC 1.1.1.39) z nadorovych jaternich bun¢k byl odvozen
stejny mechanismus (Teller et al., 1992).

Jiny mechanismus byl zjistén pro mitochondialni NAD(P)-ME (EC 1.1.1.39) enzym
z Ascaris suum (hlista parazitujiciho ve stievech domacich i divokych prasat) (Aktas a Cook,

2008). Mechanismus byl diagnostikovan jako nésledny, ale neuspotadany (nahodny).

1.7 Regulace NADP-ME metabolity

Regulace fotosyntetickych isoforem NADP-ME (napt. z C4 rostliny kukufice) se
jednak uskuteciiuje inhibici nadbytkem substratu (L-malatu), ke které naopak u

nefotosyntetickych isoforem z Cj; rostlin nedochézi (Drincovich et al., 2001). Jednak se také

9.
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uskuteciiuje prostfednictvim aktivator a inhibitort, napt. u C4 rostliny cukrové titiny byla
zaznamenana aktivace NADP-ME sukcindtem, avSak pouze pii nizkych koncentracich
malatu. Byla popsana inhibice chloroplastové isoformy NADP-ME zlistd kukufice o-
ketoglutaratem a oxaloacetatem, kterd je vyrazngjsi pii pH 7,5 nez pii pH 8,4 (Edwards a
Andreo, 1992). Jako allostericky inhibitor byl také pro Cs isoformy NADP- ME
z kukufice, cukrové titiny a Ciroku a pro CAM isoformu (z Bryophylum) zjistén fruktosa-1,6-
bisfosfat, ktery vSak byl aktivatorem pro NADP-ME z C; rostliny ryZe (Edwards a Andreo,
1992).

Regulace nefotosyntetické NADP-ME, kterd je jednou zhlavnich soucasti této
disertatni prace nebyla v minulosti podrobné studovdna. V klic¢ici Cs rostliné Ricinus
communis byla nalezena jedna isoforma NADP-ME aktivovana sukcindtem, koenzymem A,
acetyl-koenzymem A a palmitoyl-koenzymem A (Colombo et al., 1997). Aktivace témito
metabolity mlze souviset se syntézou vyssich mastnych kyselin. V roce 2008 bylo u dvou
rekombinantnich isoforem z Cj rostliny tabaku: plastidové (Nt-NADP-MEI1) a cytosolové
(Nt-NADP-ME2 studovédna regulace sukcinatem, fumaratem, aspartatem, oxaloacetatem,
pyruvatem, glukosa-6-fosfaitem, ATP, CoA a acetyl-CoA. Rekombinantni plastidovy Nt-
NADP-MEI byl aktivovan aspartitem a inhibovan fumaratem, oxaloacetatem, pyruvatem,
glukosa-6-fosfatem, ATP, CoA a acetyl-CoA. Rekombinantni cytosolovy Nt-NADP-ME2 byl
aktivovan CoA a inhibovan vSemi ostatnimi testovanymi latkami kromé aspartatu (Miiller et
al., 2008).

Regulace byla podrobné studovana u zivociSné mitochondridlni NAD-ME, ktera je
kompetitivnd inhibovana ATP, a to jak va¢i NAD' tak vaci L-malatu a allostericky

aktivovana fumaratem (Hsieh et al., 2006, Hsu et al., 2004).

1.8 Funkce NADP-ME

1.8.1 Bakterie

U bakterii jsou malatdehydrogenasy (dekarboxyla¢ni) soucasti metabolické smycky
fosfoenolpyruvat-pyruvat-oxaloacetat, ktera spojuje glykolyzu/glukoneogenezi s citratovym
cyklem. V podminkéch glukoneogeneze jsou tak fosfoenolpyruvatkarboxykinasa a/nebo
malatdehydrogenasa (dekarboxylacni) spolu s fosfoenolpyruvatsyntethasou ustfednimi
enzymy, které zprostiedkovavaji pfeménu intermediatd citrdtového cyklu na

fosfoenolpyruvat,  prekurzor  glukoneogeneze = (obr 4, str. 11). Tim se

-10 -
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fosfoenolpyruvatkarboxykinasa a malatdehydrogenasy (dekarboxylac¢ni) stavaji esencidlni
pro rust bakterii na meziproduktech citratového cyklu nebo na substratech, které vstupuji do
ustfedniho metabolismu pies acetyl-koenzym A (koenzym A), jako tomu je v ptipad¢ acetatu

(Bologna et al., 2007).

Glucose Acetate
vt

i
—* | PEP ACEW'—P
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* | Pyruvate |~ | Acetyl-CoA
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v OAA Citrate
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Obr. 4. Metabolickd smycka fosfoenolpyruvat (PEP)-pyruvat-oxaloacetdt (OAA) a jeji napojeni na
glykolyzu/glukoneogenezi a na aktivaci acetatu. Bakterialni malatdehydrogenasy dekarboxyla¢ni (SfcA a/nebo
MaeB) spolu s fosfoenolpyruvatsynthetasou (PpsA) umoznuji vznik PEP, pfimého prekursoru glukoneogeneze,
z intermediatt citratového cyklu. Piipadné také fosfoenolpyruvatkarboxykinasa (Pck A) dovoluje pfeménu Cy
intermediati na PEP. Klicovy krok glykolyzy, pfeména PEP na pyruvat, je katalyzovan pyruvatkinasou
(PykA(F)). Dale je znazornéna aktivace acetatu, ktera je zprostfedkovana dvéma moznymi cestami. Prvni je
katalyzovana AMP-tvofici acetyl-CoAsynthetasou (ACS), druha alternativni cesta pak acetatkinasou (AcKA)
spolu s fosfotransacetylasami (PTA). (Bologna ef al., 2007).

1.8.2 Rostliny

1.8.2.1 Nefotosynteticka isoforma NADP-ME
U rostlin zavisi funkce NADP-ME na tom, zda se jedna o isoformu Cs;, C4 nebo CAM.

Zatimco v C; rostlinach je NADP-ME pouze jako nefotosyntetickd isoforma, u rostlin CAM a
rostlin C4 (typu NADP-ME) katalyzuje reakci, ktera je soucasti fotosyntetické fixace CO,.

Pro nefotosyntetickou isoformu NADP-ME, pfitomnou ve vSech rostlindch, jsou
predpokladany tyto funkce i) poskytovani NADPH pro biosyntetické procesy (napf.
biosyntézu tukd, ligninu, fytoalexintl), i) NADPH muze rovnéz slouzit jako koenzym
nekterych antioxida¢nich enzymu (glutathionreduktasy, EC 1.8.1.7;
monodehydroaskorbatrreduktasy, EC 1.6.5.4.), iii) spolu s fosfoenolpyruvatkarboxylasou
(PEPC, EC 4.1.1.31) se podili na udrzovani intracelularniho pH, iv) NADPH produkované
cytosolovou isoformou listd, plodi a kofeni miize byt oxidovano enzymem vngjsi

mitochondrialni membrany specifickou mitochondridlni NADPH-dehydrogenasou za vzniku

-11 -
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ATP, v) produkt NADP-ME pyruvat mulze byt zpracovan respiraci nebo byt vyuzit
biosyntetickymi procesy vyzadujicimi Cs kyseliny, vi) NADP-ME mitize hrat roli v odbocce
glykolyzy, kde spolu s PEPC a NAD-MDH pieménuje fosfoenolpyruvat na pyruvat a NADH
na NADPH, vii) velmi pravdépodobné se NADP-ME uplatiiuje pti zrani plodd, viii) v tkdnich
reprodukénich organit NADP-ME mtize poskytovat CO; pro fotosyntézu ix) NADP-ME muze
slouzit jako prostfednik mezi katabolickymi (respirace pyruvatu a NADPH) a anabolickymi
procesy (vyuziti pyruvatu a NADPH pro biosyntetické pochody) (Edwards a Andreo, 1992).
NADP-ME je také studovana v souvislosti se stresem (Levitt, 1980; Schaaf et al., 1995;
Synkova a Valcke, 2001; Maurino et al., 2001; Ryslava et al, 2003; Sun et al., 2003;
Crecelius ef al., 2003; Chi et al., 2004; Synkova et al., 2004; Smeets et al., 2005; Saher et al.,
2005; Valderrama et al., 2006; Liu et al., 2007, ptiloha 3 a 4).

1.8.2.2 Fotosynteticka isoforma NADP-ME: rozdil ve fixaci CO; u C; a Cya CAM rostlin
C; rostliny (pfedevsim rostliny mirného pasu, tvofi ptiblizné 95 % vSech rostlin) vazi

vzdusny CO; pfimo pies praduchy pokozky listu a mezibunéénym prostorem na ribulosa-1,5-
bisfosfat enzymem ribulosabisfosfatkarboxylasou/oxygenasou (obr. 6c, str.15 ) (Rubisco, EC
4.1.1.39). Vznikly Sestiuhlikaty labilni meziprodukt je St€épen na 3-fosfoglycerat (odtud nazev
C; rostliny), ktery je dale preménovan Calvinovym cyklem (obr. 6a, str. 15). Rubisco ma vSak
1 aktivitu oxygenasovou, jelikoz na stejny substrat (ribulosa-1,5-bisfosfat), na ktery se vaze
CO,, se mize také kompetitivni reakci vazat O, za vzniku fosfoglyceratu a fosfoglykolatu
(obr. 5, str. 13). Dusledkem oxygenasové aktivity Rubisco je fotorespirace (Griffin a
Seemann, 1996; Setlik et al., 1998; Malkin a Niyogi, 2000). Tento cyklus je pozoruhodny tim,
ze pii ném dochdzi ke kooperaci enzymi ve tfech organelach. Sekvence reakci se zda byt pro
rostliny zcela neuzite¢nd, pravdépodobné se vSak jedna o jakysi regulaéni mechanismus
asimilace CO, a velmi pravdépodobné i o cestu biosyntézy aminokyselin glycinu a serinu.
S rostouci teplotou se pomér fotorespirace k fotosyntéze vyrazné zvySuje. Pfi¢inou je jednak
snizujici se afinita Rubisco k CO, vice nez-li k O, a klesajici rozpustnost CO,. Z toho
vyplyva, ze oxygenasova aktivita a zni plynouci fotorespirace mize vyznamné snizovat

produktivitu rostlin (Griffin a Seemann, 1996; Setlik ef al., 1998; Malkin a Niyogi, 2000).
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Obr. 5. Reakce katalyzované ribulosa-1,5-bisfosfatkarboxylasou/oxygenasou (Rubisco). Karboxylasova aktivita
spociva ve fixaci CO, na ribulosa-1,5-bisfosfat (RuBP) za vzniku 2 molekul 3-fosfoglyceratu, ktery je dale
zpracovavan na triosafosfaty a nasledné na sacharidy. Kompetitivni oxygenasova reakce poskytuje 1 molekulu
2-fosfoglykolatu a 1 molekulu 3-fosfoglyceratu (Griffin a Seemann, 1996).

NADP-ME v C; rostlinach se nachazi jako nefotosynteticky enzym. Z taxonomickych
a fylogenetickych studii vyplyva, Ze C4 a CAM rostliny se pravdépodobné vyvinuly z Cs
rostlin pted 85 - 65 miliony lety, kdy doSlo k vyraznému snizeni CO, v atmosféie (Chi et al.,
2004).

Cs a CAM zpusob fotosyntetické fixace CO, tak pfedstavuje adaptaci rostlin na
vysoké slunecni intenzity, horko a sucho na zékladé prostorového ¢i Casového oddéleni
primarni a sekundarni fixace CO, (Maurino et al., 1996; Setlik et al., 1998; Malkin a Niyogi,
2000).

K prostorovému oddé€leni karboxyla¢ni a dekarboxyla¢ni reakce dochdzi u C4 rostlin
vyuZivajicich zvlastni tzv. véncitou (Kranz) anatomii listového pletiva. U téchto rostlin se
mezi povrchovymi bunikami epidermu a vaskuldrnim pletivem nachazeji dva typy odlisnych
bunék: mesofylové buiniky a builkky pochev cévnich svazkl (obr. 6d, str. 15). Mesofylové
bunky maji snizenou aktivitu enzymii Calvinova cyklu, zato maji v cytoplazmé vysokou
aktivitu fosfoenolpyruvatkarboxylasy (PEPC, EC 4.1.1.31) dovolujici C4 rostlindm fixovat
CO; v podobé HCOj; enzymem PEPC do c¢tytuhlikaté slouceniny oxaloacetatu (odtud nazev
C4). Schopnost PEPC vazat CO, ve form¢ HCO; je velkou vyhodou, nebot dovoluje
vyuzivat niz8i koncentrace CO; nez Rubisco, navic nedochazi ke kompetici s O,. Oxaloacetat
je nasledn¢ v mesofylovych buikdch pfevadén bud’ na malat (NADP-ME typ) nebo je
transaminovan na aspartit (NAD-ME ¢i PEP-CK typ) podle typu rostliny. Sloucenina se
¢tyfmi atomy uhliku (malat ¢i aspartat) pak prechazi z mesofylovych bunék do bunék pochev
cévnich svazki, kde se dekarboxyluje a tak se vytvaii vysoka koncentrace CO, pro Calvinav
cyklus (obr. 6b, str. 15). V disledku toho je velmi silné potlacena oxygenasova aktivita

Rubisco (Setlik et al., 1998; Malkin a Niyogi, 2000).
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Dekarboxylaéni reakce, které se pro jednotlivé typy rostlin lisi, probihaji ve véncitych
bunkach bud’ v chloroplastech dekarboxylaci malatu pomoci enzymu NADP-ME (NADP-ME
typ), nebo v mitochondriich dekarboxylaci oxaloacetitu enzymem NAD-dependentni
malatdehydrogenasou dekarboxylaéni (NAD-ME typ), nebo v cytoplazmé dekarboxylaci
oxaloacetatu enzymem fosfoenolpyruvatkarboxykinasou (PEP-CK typ). U NADP-ME typu je
produkt dekarboxylace pyruvat vracen zpét do mesofylovych bunék, kde je fosforylovan
pyruvat, fosfatdikinasou (PPDK, EC 2.7.9.1) na fosfoenolpyruvat (obr. 6b, str. 15).

V C,4 rostlinach (NADP-ME typu) je tedy celkova spotieba na fixaci 1 molekuly CO; 5
molekul ATP plus 2 molekuly NADPH. Tato vynaloZena investice vSak rostliné piinési
vyhodu, kterd se srostouci teplotou, vysokou svételnou intenzitou a klesajici dostupnosti
vody stupiiuje a ktera zptisobi, Ze vytézek fotosyntézy neni snizovan fotorespiraci (Setlik et

al., 1998; Malkin a Niyogi, 2000).
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Obr. 6. Porovnani fotosyntetické fixace CO, u C; (a, c¢) a Cy4 (b, d) rostlin. Zatimco u C; rostlin je vzdusny CO,
fixovan pfimo pies pruduchy listd a mezibunéény prostor enzymem Rubisco Calvinova cyklu (a) mesofylovych
bunék (c), u C, rostlin dochazi diky specifické anatomii listového pletiva (d) v mesofylovych buikach pouze
k prefixaci vstupujiciho vzdusného CO,, ktery je ve vodném prostifedi cytoplazmy vazan ve formé¢ HCO;5
fosfoenolpyruvatkarboxylasou na PEP za vzniku oxaloacetatu (Ctyfuhlikaté slouceniny). Oxaloacetat je dale
pfeménovana na malat/aspartat podle typu rostliny a poté transportovan do sousedni véncité burnky (bunky
pochev cévnich svazkl). Zde je C, sloucenina dekarboxylovana, pficemz poskytuje CO, pro Rubisco Calvinova
cyklu. Triuhlikaty produkt dekarboxylace se vraci zpét do mesofylové bunky a je regenerovan na
fosfoenolpyruvat (b). 3-PG: 3-fosfoglycerat, GAP-glyceraldehydfosfat, (Malkin a Niyogi, 2000; Taiz a Zeiger,
2002).
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CAM rostliny
Také rostliny s metabolismem CAM (crassulacean acid metabolism) ptizptisobené

krajné¢ suchym stanovistim a proménlivym podminkdm, mezi které patii predevSim sukulenty,
ale také tropické rostliny napt. orchideje vyuZivaji stejné jako Cs rostliny spfazeni
karboxylace fosfoenolpyruvatu a dekarboxylace malatu k tomu, aby co nejvice omezily ztraty
vody zplsobené transpiraci. Reakce karboxylace a dekarboxylace vSak nejsou oddéleny
prostorové (neprobihaji v riiznych typech bunck asimilacniho pletiva), avSak jsou oddé€leny
v Case. V pribéhu noci, kdy se CO, vaze fosfoenolpyruvatkarboxylasou, je vznikajici
oxaloacetat prubézné preménovan na malat a ten je ptes noc skladovan ve vakuole. Ve dne je
pak malat transportovan ven z vakuoly a dekarboxylovan NADP-ME (obr. 7). Uvolnény CO,
je piimo poskytovan pro Calvinav cyklus, ptficemz pruduchy CAM rostlin ztstavaji pifi silném

dennim slune¢nim zaieni uzaviené (Setlik et al., 1998; Malkin a Niyogi, 2000)

HCO;™ Oxaloacetate

Phosphoenolpyruvate k

Malate -—————> Malate

Obr. 7. CAM metabolismus, ktery se vyvinul jako adaptace fotosyntézy piedev§im v aridnich podminkach.
Béhem noci je CO, fixovan fosfoenolpyruvatkarboxylasou (1) do ¢tyfuhlikaté slouceniny oxaloacetatu, ktery je
malatdehydrogenasou (2) redukovan na malat. Malat je pfes noc skladovan ve vakuole a ve dne, kdy maji
rostliny priduchy zaviené, aby zabranily ztratdm vody, je uvoliovan NADP-ME (3) pro Calvintiv cyklus.
Prevzato Malkin a Niyogi, 2000.

1.8.3 Zivocichové
Dtlezitou funkci holubi cytosolové isoformy (c-NADP-ME) je produkce NADPH a
biosyntéza mastnych kyselin v jatrech a tukové tkani, dale se také muze podilet na

mikrosomalni detoxifikaci Iekt (Xu ef al., 1999). Tato isoforma muize byt indukovana dietou
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bohatou na cukry nebo thyroidnimi hormony (Xu et al., 1999). Lidskd mitochondrialni
isoforma (m-NAD-ME) hraje klicovou ulohu v rychle se délicich a nddorovych buikach
v metabolismu glutaminu, ktery je hlavnim zdrojem energie téchto bunék. Déje se tak
prostiednictvim nékolikastupfiové  pfemény glutaminu na pyruvat tzv. glutaminolyzy
(pfemény glutaminu = glutamdt = o-ketoglutarat = sukcinat = fumarat —malat =
pyruvat). V poslednim kroku je malat pfeménovan na pyruvat pomoci m-NAD-ME (Xu et al.,

1999).

1.9 Stres rostlin

Rostlinna enzymologie je uzce spojena se studiem obrannych odpovédi rostlin vici
stresu, at’ jiz abiotickému (vznikajiciho jako nasledek piisobeni chemickych a fyzikalnich
stresovych faktorti) nebo biotickému (plisoben¢ho piedevsim patogennimi mikroorganismy).
Pravé v neptiznivych podminkéach dochézi k aktivaci celé fady gentl, coz se projevi zvysenou
hladinou nékterych metabolitli a proteind, z nichz né¢které mohou byt zodpovédné za urcity
stupeit ochrany vi¢i danému stresu (Bhatnagar-Mathur et al., 2007). Mize dochéazet
k ptesmérovani, zeslabeni ¢i zintenzivnéni urcitych metabolickych drah a ke zméné aktivity
ptislusnych enzymt.

Objasnéni biochemickych zmén, ke kterym pfi stresu rostlin dochazi, pak vede
k moznostem, jak zvysit jejich odolnost. V této praci byl studovan jednak vliv biotického
stresu vyvolaného Y virem bramboru (PVY), jednak vliv abiotického stresu, v podob¢ sucha a

nedostatku CO, na aktivitu NADP-ME.
1.9.1 Bioticky stres zpuisobeny rostlinnymi viry

1.9.9.1 Obecnda charakteristika viru

Viry jsou intracelularni biotrofni parazité, jejichz zivotni cyklus pln¢ zavisi na hostiteli
(Agrios, 1997d; Rosypal, 2002). Celkovy pocet znamych virt je vice jak 2000 a neustéle jsou
popisovany viry dal$i. Z tohoto poctu skoro jednu Etvrtinu tvoii rostlinné viry. Existuje vice
nez 40 rodu rostlinnych DNA a RNA virt. Nejpocetnéjsi skupinou rostlinnych virdt jsou
pozitivni jednovlaknové RNA viry: (+) ss RNA (Hammond-Kosack a Jones, 2000).

Jeden virus muize infikovat jeden nebo vice rostlinnych druht, pficemz kazdy rostlinny

druh je obvykle napaddn mnoha riznymi viry (Agrios, 1997d). Choroby rostlin zpiisobené
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viry predstavuji tieti ekonomicky nejvyznamnéjsi skupinu (13 %) po chorobach vyvolanych
houbami (57 %) a had’atky (17 %) (Burketova a Cefovska, 2003).

Rostlinné viry se od ostatnich rostlinnych patogent: 1isi nejenom velikosti a tvarem, ale
i svym jednoduchym chemickym slozenim a strukturou, zpiisobem infekce, multiplikaci,
translokaci a Sifenim v hostiteli. Pfiznaky, které viry vyvolavaji jsou také odlisné od jinych
patogenti (Agrios, 1997d). Vétsina virovych infekci zpiisobuje omezeni riistu rostliny, rtizné
typy zakrslosti a téz zkraceni délky zivota rostliny. Nejpatrnéjs$i jsou ptiznaky na listech,
avSak pfiznaky zplsobené viry se mohou objevovat i na stoncich, plodech a kofenech.
Symptomy jsou bud’ ohrani¢ené (pouze v misté vstupu infekce) a projevuji se chlorotickou
nebo nekrotickou 1ézi, anebo systémové. Systémovée infekce se nejCastéji projevuji mozaikami
a krouzkovitosti, které jsou doprovdzené chlorézami, nekrézami, Zloutenkami a zilkovanim

(Agrios, 1997d; Hammond-Kosack a Jones, 2000; Rosypal, 2002).

1.9.9.2 Transport a Siieni viri
Jelikoz jsou rostlinné bunky chranéné bunécnou sténou pokrytou kutikulou a vosky, a

viry nemaji zddny mechanismus, ktery by jim umoznoval aktivné pronikat do buiiky, vnikaji
do bunky pouze v mist¢ mechanického poranénimi nebo pomoci pienaSeCii, naptf. msic
(Agrios, 1997d; Hammond-Kosack a Jones, 2000; Rosypal, 2002). Jakmile se virus dostane
do rostlinné buniky, dochédzi k jeho mnozeni s vyuzitim translaéniho aparatu hostitele a nové
studie rostlinnych virG prokazaly, ze plasmodesmata umoznuji pohyb virem koédovanych
proteinti, tak zvanych MPs (movement proteins) z buiiky do buiiky (Lucas, 2006). Souc¢asné
studie predkladaji, ze virové MPs nespecificky vazi RNA/DNA za vzniku nukleoproteinovych
komplexti. Poté se proteiny hostitele ucastni premisténi MPs a nukleoproteinovych komplext
k usti plasmodesmat. Pfeprava nukleoproteinovych komplexii plasmodesmaty zahrnuje 3 faze,
ve kterych MPs (a) interaguji s domnélym komplexem v Usti plasmodesmat, (b) indukuji
rozsifeni mikrokanali plasmodesmat a (c) vazi se na vnitini translokacni systém, kterym se
pronikaji do cytoplazmy sousedni buiiky (Lucas, 2006). V infikované parenchymatické bunice
dojde k multiplikaci viru. U vétSiny ekonomicky vyznamnych infekci se virové castice
dostavaji do floému, odkud se rychle §ifi rostlinou na vétsi vzdalenosti, pfedev§im smérem
k vyvijejicim se ¢astem rostliny (k apikdlnim meristémim) nebo k ¢astem pfijimajicim ziviny

(rhizomy) (Agrios, 1997d).
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1.9.9.3 Potyviry
Y virus bramboru patii do Celedi Potyviridae predstavujici vyznamnou a pocetnou

celed’ rostlinnych vird, kterd se dale d€li do roda: Potyvirus, Bymovirus, Rymovirus a
Ipomovirus.

Virova ¢astice potyvirii ma tvar pruzné ty€inky ¢i vlakna o délce 700 az 900 nm.

Obal tvofi ptiblizné¢ 2000 kopii molekul kapsidového proteinu o relativni molekulové
hmotnosti 30 000 - 35 000. Genom vSech potyvirit (obr. 8, str. 20) je tvofen jednovldknovou
pozitivni RNA o délce kolem 9500 nukleotidii. 5° - konec genomu je chranén kovalentné
vazanym proteinem VPg. Uvodni 5 - nekodujici oblast je dlouha az 200 nukleotidd a funguje
jako zesilovaé translace. Ugastni se rovnéz iniciace obalovani. Potyviry piekladaji genom do
jediného polyproteinu o molekulové hmotnosti 340 000 - 380 000. Jednotlivé funkéni
proteiny jsou pak z polypeptidu vystépovany ttemi riznymi virovymi proteasami: P1, HC-pro
a Nla (Rosypal, 2002; Shukla et al., 1994).

Protein HC-pro (z angl. helper component protease) je vicefunkéni s doménou
cysteinové proteasy na C-konci. Tato proteasa se autokatalyticky odstépuje od nésledujiciho
proteinu P3. HC-pro se v bunkéach hromadi ve velkém mnozstvi a §tépenim v misté Gly | Gly
v motivu Tyr Leu Val Gly | Gly inaktivuje proteiny obranného systému hostitele (Rosypal,
2002). V cytoplazmé infikovanych bun€k po#yviry vytvaii charakteristické spiralovité inkluze
slozené z molekul helikasy CI (z angl. cytoplasmatic inclusion). Funkce proteinu P3 zlstava
stale neobjasnéna. Predpoklada se, Ze hraje roli pii replikaci viru (Guo et al., 2001; Merits et
al., 1998), jeho Sifeni z buiiky do buniky (Johansen ef al., 2001). Déle se zvaZuje, Ze protein
P3 slouzi jako kofaktor proteasy (Riechmann et al., 1992), ptipadné, Zze se podili na vysoce
specifickych interakcich virus-hostitel (Jenner et al., 2003; Johansen et al., 2001).

Hlavni proteasou potyvirti je proteasa Nla (z angl. nuclear inclusion type a), ktera $tépi
polypeptid v sedmi mistech a vystépuje tak vétSinu funkénich proteini. Sama se vyStépuje
autokatalyticky. Kapsidovy protein CP (z angl. coat protein) je multifunkéni protein, ktery
reguluje replikaci v pozdnich fazich infekce tim, Ze se vaze za prvnim termina¢nim kodonem
replikasy na mRNA a stimuluje tak tvorbu stabilni vlasenky. Na ni dojde k zastaveni
ribozomtll a pfestava se tvofit vEétsi protein replikasy. Molekuly s navazanym kapsidovym
proteinem jsou oznaceny jako genomové RNA a posléze se sbaluji do virionl. Protein
kapsidu je nezbytny pro §ifeni viru do okolnich buné€k. 3’- konec je velmi heterogenni v délce

1 slozeni. U vSech potyvirii je polyadenylovan.
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Obr. 8. Schematické znazornéni potyvirového genomu. Cervené jsou vyznaleny geny, které byly vneseny do
transgennich rostlin studovanych v této praci (Shukla et al., 1994).

Spektrum hostitelli vétSiny potyvird je Gzké, jejich vyznam je vSak znacny vzhledem k tomu,
ze témet pro vSechny znamé kulturni plodiny existuje néjaky patogenni potyvirus. Nazev rodu
Potyvirus, ktery je tvofen minimalné 126 ¢leny, je odvozen od anglického nazvu typového
viru Y viru bramboru (Potato virus Y - PVY).

zaklad¢ priznakt, které jednotlivé kmeny vyvolavaji na bramborich a indikatorovych
rostlinach se tradi¢né deli do 3 hlavnich kmenovych skupin:

1. PVY° obecny kmen (angl. ordinary) vyvolavajici pfedev$im mozaiky, deformace,
zloutnuti a predcasny opad listh. Nékdy také vznikaji bodové nekrosy na listech a
stoncich. Ackoliv mirnéjsi izolaty a tolerantni rostliny mohou mit pfiznaky bez
vyskytu nekréz, predcasného opadu listi a thynu listt a stonk.

2. PVY® kmen zpusobujici prouzkovitost bramboru

3. PVY" je nekroticky kmen zptisobujici nekrozy Zilek tabaku

Izolaty PVY™ vyvolavajici nekrotické zmény na hlizach nékterych odriid brambor byly
zatazeny do skupiny nového kmene:

4. PVY"™
Hostitelskymi rostlinami, které v laboratornich podminkdch oznacujeme jako

indikéatorové rostliny, jsou pro Y virus bramboru zejména: Nicotiana glutiosa L., Nicotiana
tabacum L., Solanum tuberosum L.
Symptomy infekce Y virem bramboru pretrvavaji po celou dobu infekce a jsou do

N . . . Y . NTN
zna¢né miry zavislé na kmeni viru a odrid¢ rostliny. Zvlast€ izolaty ze skupiny PVY

V ptirodé je PVY piendSen vektorem, kterym je nejcastéji msice. K pfenosu muze
dojit 1 po mechanickém poskozeni rostliny, ¢ehoz se vyuziva v laboratornich podminkach.
Virus se prenasi rovnéz roubovanim nebo pii vegetativnim mnozeni, nepienasi se semenem.

Mezi potyviry patii také 4 virus bramboru (PVA), ktery byl objeven diive nez PVY.
Vyskyt tohoto viru je celosvétovy, napadd mnoho kultivarti brambor, pfi¢emz mtize ptsobit
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az 40 % ztraty vytézku. Stejné jako PVY"'™ ma i PVA schopnost infikovat modelové
rostliny tabaku systémové. Hlavni rozdil mezi ob&ma viry je v p¥iznacich: zatimco PVYN'™
zpusobuje Zilni nekrosy a nckteré izolaty (napt. Lebanon) také krouceni listi a nekrosy
stonku, jsou pfiznaky vyvolané PVA mirngj$i (pouze velmi jemna difizni mozaika a

prosvitajici zilky (Shukla et al., 1994).

1.9.9.4 Obranné mechanismy rostlin vit¢i virium

Rostlinné viry jako biotrofové musi pfekonat tii zakladni prekézky, musi se replikovat
v misté vstupu infekce, rozsifit se do sousednich bunék a vaskularniho systému a konecné
potlacit obranu hostitele a tim kolonizovat celou rostlinu (Hammond-Kosack a Jones, 2001).
Mnoho rostlin je odolnych vici vétSiné rostlinnych patogenti. Je to dano tim, ze virus
nepiekona tyto prekazky, piipadné Ze rostlina neni schopna zajistit latky nezbytné pro zivot
patogenu, nebo nepiiznivymi podminkami prostfedi, ve kterych patogen nepiezije (Dangl a
Jones, 2001).

Kazda rostlina vSak disponuje jak ptfedem danou (konstitutivni), tak indukovatelnou
obranyschopnosti (Agrios, 1997a,c).

Buniky na povrchu rostlin téz obsahuji riznd mnozstvi hydrolytickych enzymt, znichz
nckteré napt. glukanasy a chitinasy mohou zptisobit naruSeni bunécné stény patogenu, a tim
se podilet na rezistenci vici infekci.

Rostliny dale nemusi byt infikovany, jestlize v povrchovych buikéach neobsahuji specifické
molekuly potiebné pro rozpoznani hostitele, nebo jestlize rostlina neobsahuje specifické
faktory nezbytné pro infekci u hostitele (Agrios, 1997c).

K nekrotické obranné reakci neboli obrané hypersenzitivni reakci dochazi pouze pfii
specifickych kombinacich hostitel-patogen, kdy hostitel a patogen jsou navzijem
inkompatibilni, neboli patogen neni schopen infikovat hostitele (Agrios, 1997¢). Genetickou
podstatu interakce hostitel patogen vystihuje model ,,gen proti genu“ navrzeny v roce 1940
Haroldem H. Florem (obr. 9, str. 22). Tento model piedpoklada, Ze k rezistenci rostliny dojde
pouze tehdy, kdyz rostlina obsahuje dominantni gen rezistence (R) a patogen exprimuje
komplementarni dominantni gen avirulence (Avr) (Agrios, 1997c; Hammond-Kosack a Jones,
2000; Dangl a Jones, 2001). Floritv model je platny pro vétSinu interakci biotrofni patogen-
rostlina. Hypersenzitivni reakce je vysledkem obrannych odpovédi rostliny iniciovanych
rozpoznanim specifické signalni molekuly (elicitoru) produkované patogenem, nebo uvolnéné

z bunééné stény rostliny. Rozpoznani je slozity proces, kterého se pravdépodobné ucastni
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ruzné latky typu oligosacharidl, polysacharidl, proteinii a glykoproteinti (Agrios, 1997c).
Také o rostlinnych receptorech interagujicich s elicitory nebo rostlinnymi hormony je na
rozdil od Zivoc¢isné biochemie zndmo velmi malo, 1 kdyz se ukazuje, Ze jejich struktura a
funkce je zaloZena na podobnych principech. Tyto receptory jsou bud’ iontové kanély, nebo

jsou spojené s G-proteiny anebo maji proteinkinasovou aktivitu (Mehdy et al., 1996).

Pathogen Host plant genotype
genotype Y el

¢ &

Avrl Avrl  RI1 protein | Avrl rl protein

Mo disease Disease

(Plant and pathogen | (Plant and pathogen
are incompatible.) | are compatible. )

avrl avrl R1 protein avrl rl protein

Disease Disease

(Plant and pathogen| (Plant and pathogen
are compatible. ) are compatible. )

Obr. 9. Floriv model ,,gen proti genu“. K rezistenci (inkompatibilit¢) dochazi, jestlize rostlina (hostitel)
obsahuje dominantni gen rezistence (R1) a patogen komplementarni dominantni gen avirulence (Avr 1). Zaména
nebo ztrata dominantniho genu rezistence R1 rostliny za recesivni gen rl, ¢i dominantniho genu avirulence Avr
patogenu za recesivni gen avr zptisobi kompatibilitu vedouci k onemocnéni rostliny (Hammond-Kosack a Jones,
2000).

Rozpoznani hostitelskou rostlinou aktivuje kaskaddu biochemickych reakei jak
v napaden¢ buiice, tak v buiikkach okolnich. Mezi okamzité odpovédi napadenych bunék patii
tvorba aktivnich forem kysliku (AOS), syntéza NO, otevieni iontovych kanald,
fosforylace/defosforylace proteint, cytoskeletdrni zmény, indukce genli a hypersenzitivni
reakce sméfujici ke vzniku nekrosy zastavujici Sifeni patogenu a zahajujici obranné reakce
(Agrios, 1997c; Hammond-Kosack a Jones, 2000).

Mezi dulezité aktivni formy kysliku patii superoxidovy anion (O), ktery je tvoien
membranovou NADPH oxidasou. Superoxidovy anion je rychle pfeménovan na peroxid
vodiku, ktery je piimo toxicky pro patogen, ale prochazi také ptes plasmatickou membranu a
pusobi jako signalni molekula, ktera aktivuje dal$i obranné reakce a transkripéni faktory.
Peroxid vodiku se rovnéz podili na zesileni bunécné stény, ¢imz se rostlinna bunka stava
odolngj$i vic¢i priniku patogenit (Bartosz, 1997). Indukce obrannych odpovédi smétuje
k vytvotenich neptiznivych podminek pro vyvoj a mnozeni patogenu, soucasné vSak také
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vede k detoxifikaci a snizeni G¢inku toxinti produkovanych patogenem. Béhem 24 hodin je
obranna odpovéd’ u inkompatibilnich interakci mezi rostlinou a patogenem natolik intenzivni,
7e dochézi ptimo ¢i neptimo ke smrti hostitelskych bun€k v bezprostiedni blizkosti patogenu,
tzv. hypersenzitivni reakci. Naslednym zastavenim pfisunu Zzivin ¢i dal$imi mechanismy
rostliny je pak patogen eliminovan. Hypersenzitivni reakce je ptikladem programované
bunécné smrti (Dangl et al., 2000).

Aktivni formy kysliku méni redoxni stav builkky a jsou pro vlastni buiiku toxické.
Buniky se chrani pomoci systému vlastnich antioxida¢nich latek a antioxidacnich enzymi,
které jsou citlivé regulovany (Mehdy et al., 1996; Lee a Lee, 2000). Antioxidacni latky jsou
jednak hydrofobni latky rozpustné v tucich pfitomné v bunéénych membranach napft.
tokofenoly, karotenoidy, xantofyly, flavonoidy, vitamin D, jednak ve vodé€ rozpustné redukéni
latky napft. glutathion, askorbat, cystein, kyselina mocova a dalsi.
katalyzujici disproporcionacni reakci superoxidového aniontu na peroxid vodiku a vodu,
katalasa (CAT; EC 1.11.1.6) katalyzujici pfeménu peroxidu vodiku na kyslik a vodu,
askorbatperoxidasa (APOD; EC 1.11.1.11) katalyzujici oxidaci askorbatu peroxidem vodiku
na dehydroaskorbat a vodu, glutathionreduktasa (GR; EC 1.8.1.7) katalyzujici reakci
oxidovaného glutathionu a NADPH a dalsi enzymy napt. monodehydroaskorbatreduktasa (EC
1.6.5.4), dehydroaskorbatreduktasa (EC 1.8.5.1) a glutathionperoxidasa (EC 1.11.1.12)
(Bartosz, 1997).

Na regulaci obrannych reakci rostliny se také podili oxid dusnaty (NO). Posiluje
ucinky aktivnich forem kysliku, ptsobi synergicky (Hammond-Kosack a Jones, 2000).
Signalni transdukci dochédzi ke zméndm v sekundarnich metabolickych drahéach, v syntéze
proteinil spojenych s patogenezi (PR proteinil), hromadéni kyseliny benzoové a kyseliny
salicylové, produkci ethylenu a kyseliny jasmonové a k zesileni bunéénych stén (Hammond-
Kosack a Jones, 2000). Dalsi skupinou latek, které jsou syntetizovany v souvislosti s
napadenim rostliny patogenem jsou fytoalexiny, latky antimikrobialni povahy indukované
vétSinou patogennimi houbami. AvSak jako induktory produkce fytoalexinii byly
zaznamenany i viry (Agrios, 1997c; Dixon, 2001).

PR proteiny se vyskytuji jak uvnitf buiiky, tak v mezibunéénych prostorech. Riuzné
casti rostliny (napf. listy, semena, kofeny) mohou produkovat rizné PR proteiny. Podle
funkce, aminokyselinové sekvence, molekulové hmotnosti, sérologickych a dalSich vlastnosti

bylo popséano nékolik skupin PR proteini. Nejznaméjsi PR proteiny jsou (1—3) B-glukanasy
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(PR-2), chitinasy (PR-3, 4, 8 a PR-11), defensiny (PR12), thioniny (PR13), inhibitory
proteinas (PR-6) a peroxidasy (PR-9) (Agrios, 1997c; Hammond-Kosack a Jones, 2000; van
Loon a van Strien, 1999). Produkce B-glukanas, chitinas, peroxidas a syntéza dalSich PR
proteinti pfredstavuje systémové odpovédi rostliny (Hammond-Kosack a Jones, 2000, van

Loon a van Strien, 1999).

1.9.9.5 Rezistence u rostlin
Jestlize je urcity rostlinny druh imunni k ur¢itému viru, jednd se o nehostitelskou

rezistenci (Fraser, 1998). Teoreticky je tato rezistence vysvétlovana tim (Bald a Tinsley,
1967), ze viry mohou produkovat riizné faktory patogenicity, které jsou nezbytné pro jejich
multiplikaci a Sifeni. Zatimco rostliny produkuji rizné faktory susceptibility, které¢ umoziuji
viram multiplikaci a Sifeni. Pouze pti kompatibilité mezi rostlinnymi a virovymi faktory miize
dojit k ispé$né patogenezi (Fraser, 1998). Jiny mechanismus navrzeny Holmesem uvazuje, Ze
nehostitelské rostlina obsahuje znaéné mnozstvi inhibitorti jednotlivych krokti vzniku novych
virovych ¢astic (Fraser, 1998).

K rezistenci kultivard dochazi, jestlize je druh, ktery je obecné susceptibilni vici
urcitému viru, kiizen s rezistentnimi ptibuznymi druhy (Fraser, 1998).
Mnoho patogennich hub, bakterii a virih mize systémové aktivovat sadu genli mechanismem
nazyvanym systémova ziskand rezistence (SAR). Aby u rostliny doslo k SAR, musi ptivodni
infekce vyvolat vytvofeni nekrotické 1éze, bud’ jako soucast hypersenzitivni reakce, nebo jako
piiznak choroby. Aktivace SAR vede ke znacné redukci pfiznakd nemoci pii dalsi infekcei
mnoha rliznymi druhy patogenu (Fraser, 1998; Hammond-Kosack a Jones, 2000).
Utinny zptisob obrany rostlin proti virové infekci je ,,umléeni“ genové exprese pomoci

specifickych interakci nukleotidovych sekvenci, tzv. ,post-transcriptional gene silencing®

procesu je dvouietézcova RNA (dsRNA), ktera miize byt do rostliny vpravena exogenné nebo
muze byt produkovana in vivo RNA dependentni RNA polymerasou kédovanou virem ¢i
hostitelem. Dvoutetézcovda RNA je Stépena enzymem Dicer, ktery je podobny RNaselll, na
useky o délce 21 az 24 part bazi, oznaCované jako siRNA (small interfering RNA). siRNA
fidi ¢innost multipodjednotkové endonukleasy, ktera zajiStuje specifické Stépeni RNA (Susi
et al., 2004).

Proti tomuto obrannému systému rostlin si viry béhem evoluce vytvotily supresorové
proteiny, které jsou schopné potlacit RNA ,silencing®, a tim umoznit replikaci viru a jeho
systémové Sifeni. Pfikladem supresoru je HC-pro protein, ktery je soucasti genomu potyviri
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(Waterhouse et al., 2001). Protein HC-pro podporuje replikaci genomu potyvir, a tim
zvysuje hromadéni viru (Hammond-Kosack a Jones, 2000).

Gen pro protein HC-pro vneseny do genomu hostitelské rostliny znamend jakysi kompromis
mezi rezistenci rostliny a zvySenou vnimavosti rostliny vici virové infekei (Savenkov et al.,

2002).

1.10 Abioticky stres rostlin zpiisobeny suchem

Mezi nejcastéjsi abiotické stresory, kterym musi rostliny Celit, patii sucho, extrémni
teploty a zasolené pudy (Bhatnagar-Mathur et al., 2007). Stres suchem miize byt vyvolan
nejen nedostatkem vody zplisobenym nedostateCnymi ¢i Zadnymi deStovymi srazkami
v aridnich oblastech, ale také v zasoleném prostiedi ¢i prostfedi velmi nizkych teplot, kterd
znemoznuji kofenlim pfijimat vodu. Adaptaci rostlin vici suchu ovliviiuje mnoho faktort,
mezi které patii délka a intenzita nedostatku vody a moznost aklimatizace vyvolana
piedchozim vystavenim rostliny suchu (Bray et al., 2000).

Obsah vody v rostlin€ je charakterizovan dvéma zakladnimi parametry: relativnim
obsahem vody (RWC relative water content) a vodnim potencidlem (y,), ktery je po
zjednoduSeni definovdn jako soucet osmotického a tlakového potencidlu tzv. turgoru.
Osmoticky potencial je ovlivnén mnoZzstvim rozpusSténych ¢astic v buiice. Vodni potencidl tak
urcuje pohyb vody z bunky, nebo do bunky, nebot’ voda se samovolné pohybuje z mista
vysSiho vodniho potencidlu do ptilehlého mista niz§iho vodniho potencialu. Rostlina nemiize
pfijimat vodu kotfeny dokud neni vodni potencial v kofenech niz$i nez v pud¢, musi tedy
vytvofit gradient vodniho potencialu takovy, aby voda mohla byt kofeny piijiméana. Nékteré
rostliny jsou na stres suchem velmi citlivé a rychle uvadaji (ztraceji turgor), jakmile v pudé
dojde k poklesu vodniho potencialu. Existuji vSak i takové rostliny, které mohou ztraté
turgoru odolavat tim, Zze dokdzi regulovat svlij osmoticky potencidl (tzv. osmotickym
pfizpisobenim) a tak kompenzovat klesajici turgor. K osmotickému pfizpisobeni dochazi
hromadénim osmoticky aktivnich latek, predev§im aminokyseliny prolinu, sacharida (hlavné
oligosacharidu rafinosové tady, sacharosy, trehalosy), cukernych alkoholt (napf. manitolu,
sorbitolu) a aminl (glycinbetainu a polyaminu) (Seki et al., 2007; Bray et al., 2000). Mezi
klicové signalni molekuly podilejici se na transdukci stresu suchem identifikované u
Arabidopsis thaliana patii predev§im transkripcni faktory a proteinkinasy. Ne&které stresem

indukované geny jsou regulovany kyselinou abscisovou, ktera se podili na obranné odpovédi
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rostliny vii¢i stresu suchem uzaviranim priaducht a indukci genové exprese (Seki et al., 2007;

Bray et al., 2000).
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Cilem této disertatni prace byl komplexni pohled na enzym NADP-dependentni
malatdehydrogenasu (dekarboxylacni) (ddle NADP-ME) z listdi tabaku, jednak v souvislosti
s jeji regulaci, ktera nebyla u rostlinnych nefotosyntetickych NADP-ME studovana, jednak
v souvislosti s biotickymi a abiotickymi stresy, na kterych se mize vyznamné podilet. Studie
byla také doplnéna srovnanim vlivu infekce Y virem bramboru na NADP-ME v kontrolnich
rostlinach s rostlinami transgennimi s vnesenymi geny pro potyvirové proteiny, které by se

mohly infekci ovlivnit.

1. Purifikace a charakterizace NADP-ME z listi Nicotiana tabacum L., cv Petit Havana SR1
(urceni zakladnich fyzikalnich a kinetickych parametri, studium kofaktorové specifity a

mechanismu reakce katalyzované NADP-ME).

2. Studium regulace NADP-ME riznymi metabolity, stanoveni typu inhibice a pfislusnych

inhibi¢nich konstant

3. Sledovani vlivu biotického stresu (Y viru bramboru) na NADP-ME na trovni aktivity,

exprese a transkripce.

4. Srovnani vlivu Y viru bramboru na NADP-ME v kontrolnich a transgennich rostlinach
s vyuzitim rostlin Nicotiana tabacum L., s vnhesenym genem pro protein P3 z A viru
bramboru a transgennich rostlin Nicotiana benthamiana s vnesenym genem pro protein

HC-pro z 4 viru bramboru.

5. Sledovani aktivity NADP-ME a dalSich anaplerotickych enzymu v rostlinach N. tabacum

L. péstovanych in vitro.

6. Studium stresu suchem v souvislosti s aktivitou NADP-ME u rostlin N. tabacum L.
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Material

Rostlinny material

Rostliny tabaku (Nicotiana tabacum L. cv. Petit Havana SR1 viz pfilohy 1-4 a rostliny
Nicotiana benthamiana viz piiloha 5) byly laskavé poskytnuty Dr. N. Cefovskou,
Ustav experimentalni botaniky AV CR.

Transgenni rostliny Nicotiana tabacum L. cv. Petit Havana SR Is vnesenym genem pro
protein P3 z PVA (4 viru bramboru) viz ptiloha 4 byly laskavé poskytnuty Dr. Z.
Subrem, Virologicky ustav, Slovenska akademie véd.

Transgenni rostliny Nicotiana benthamiana s vnesenym genem pro protein HC-pro (z angl.
helper component protease) z PVA (A viru bramboru) viz ptiloha 5 byly laskavé
poskytnuty Prof. E. Savenkovem, SLU (Swedish University of Agricultural
Sciences), Uppsala, Svédsko.

Rostliny Nicotiana tabacum L., cv. Petit Havana SR1 péstované in vitro v kultivaénim médiu
byly laskavé poskytnuty Dr. H. Synkovou, Ustav experimentélni botaniky AV CR.

Semena kukufice Zea mays L. var. 2013 Cejé¢ 2002 byla ziskdna ze §lechtitelské stanice
Cezea, CR.

Rostliny Nicotiana tabacum L. cv. W 38 stresované suchem byly laskaveé poskytnuty Dr.
Vatikovou, Ustav experimentélni botaniky AV CR.

Rostlinné viry:

Y virus bramboru, kmen PVY"'™ (izolat Lebanon) a PVY? (izolat Kc 49) byly laskave
poskytnuty Dr. N. Cefovskou, Ustav experimentalni botaniky AV CR.

Protilatky:

Krali¢i polyklonalni protilitka tiidy IgG pripravena proti PVY"N'™ a PVY°-Ustav
experimentalni botaniky AV CR

NTN
Y

Protilatka tfidy IgG pfipravend proti PV znadend alkalickou fosfatasou-Ustav

experimentélni botaniky AV CR
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Mysi protilatka IgG pripravend proti krali¢i protilatce znacend alkalickou fosfatasou — Sigma,
USA
Krali¢i polyklonalni protilatka tfidy IgG ptfipravena proti NADP-ME v nasi laboratofi (ptiloha

3, str. 105), imunizace: Ustav sér a o¢kovacich latek, CR

Metody

3.1 Odbér vzorku z rostlinného materialu

3.1.1. Pro izolace NADP-ME a studium regulace NADP-ME
viz ptiloha 1, str. 65 a ptiloha 2, str. 82.

3.1.2.  Pro sledovani vlivu biotického stresu zpiisobeného PvY™™ na NADP-ME
v rostlindch Nicotiana tabacum L., cv. Petit Havana SR1
viz ptiloha 3, str. 103-104. V pokusu bylo pouzito 40-60 kontrolnich a 40-60 infikovanych

rostlin.

3.1.3. Pro sledovani vlivu proteinu P3 na aktivitu NADP-ME a dalSich anaplerotickych
enzymii v transgennich rostlinach N. tabacum L., cv. Petit Havana SR1 s vnesenym genem
pro protein P3

viz piiloha 4, kapitola Metody, str. 129. Bylo pouzito 50 rostlin ze vSech skupin rostlin

(kontrolni, transgenni, infikované kontrolni a infikované transgenni).

3.1.4. Pro sledovani aktivity a piitomnosti isoforem NADP-ME v transgennich rostlindach
Nicotiana benthamiana s vnesenym genem pro HC-pro vystavenych biotickému stresu
v podobé PVY"™

viz pftiloha 5, str. 145. V pokusu bylo pouzito 50 rostlin ze vSech skupin rostlin (kontrolni,

transgenni, infikované kontrolni a infikované transgenni).

Jednotlivé pokusy byly provadény nejméné tiikrat.

3.1.5. Pro sledovani vlivu nedostatku CO; na NADP-ME

Tyto vzorky listd mi byly laskavé poskytnuty Dr. Synkovou, Ustav experimentalni
botaniky AV CR. Jednalo se o rostliny N. tabacum L., cv. Petit Havana SR1 péstované in
vitro, v uzavienych nadobach omezujicich ptistup CO, (obr. 10, str. 30), pti vyssi vlhkosti

-20 .



3. Material a metody

vzduchu a na zivném médiu obsahujicim 2 % sacharosy (Murashige-Skoogtv agar). Vzorky
byly odebrany 3 tydny po pasdzovani z deseti rostlin. Jako kontroly byly pouzZity stejné staré
rostliny N. tabacum L., cv. Petit Havana SR1 péstované v pid¢ stejnym zplsobem jako

v3.1.2.

Obr. 10. Péstovani rostlin in vitro, za podminek nedostatku CO,.

3.1.6. Pro sledovani vlivu sucha na NADP-ME

Rostlinny materidl (rostliny Nicotiana tabacum L., cv. W38) byl péstovan v boxech
pro kultivaci rostlin pfi relativni vlhkosti vzduchu 80 % a pii rezimu 16 hodin pii 25°C a
umélém osvétleni 130 pmol m™ s™ a 8 hodin pii 23°C tma.
Rostliny byly pfesazeny po 4 tydnech od vysevu. Osmitydenni rostliny pak byly rozdéleny do
dvou skupin (kontrolni skupina 15-ti rostlin a skupina stresované suchem 15 rostlin). Skupiné
rostlin stresované suchem byla naposledy dodéna voda v den oznaceny jako nulty den pokusu.
Rostliny stresované suchem byly zabaleny do parafilmu, aby nedochazelo k ptijimani vzdusné
vlhkosti, kterd byla sniZzena na 35 %. Kontrolnim rostlindm byla dod4dvana voda pravidelné
(kazdy den).
Vzorky byly odebirany 5. a 11. den sucha. Déle byly rostliny stresované suchem 11. den
pokusu zality a 12. den také odebirany.
Listy byly odebirany jako smésné vzorky z nékolika intaktnich rostlin, a to po jednotlivych
patrech, podle umisténi na rostling: zvlast’ vrcholové listy (LNV), prvni dospélé listy (LV) a
nové vyvinuté listy béhem pokusu (LNVV). Smésné vzorky listh a kofenii byly okamzité

zmrazeny v tekutém dusiku a skladovany pii - 80°C.
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3.2 Purifikace NADP-ME, priprava rostlinnych extrakti

3.2.1. Purifikace enzymového prepardatu NADP-ME z listii tabdku

Proces zahrnoval 3 chromatografické kroky viz ptiloha 1, str. 68 a pfiloha 2, str. 82.

3.2.2. Purifikace enzymového preparitu NADP-ME ze semen kukuiice pro imunizaci
kraliki
viz ptiloha 3, str. 105.

3.2.3. Priprava rostlinného extraktu

viz ptiloha 3, str. 104, pfiloha 4 str. 129-130 a ptiloha 5, str. 145.

3.3. Stanoveni aktivity a rychlosti reakce katalyzované NADP-ME

3.3.1. Stanoveni aktivity NADP-ME v rostlinném extraktu
viz priloha 3, str. 104, ptiloha 4, str. 130 a ptiloha 5, str. 145.

3.3.2. Stanoveni zakladnich kinetickych parametrict NADP-ME
viz ptiloha 1, str. 65-66.

3.3.3. Stanoveni pH optima NADP-ME
viz ptiloha 1, str. 66.

3.3.4. Stanoveni kinetického mechanismu reakce katalyzované NADP-ME
viz ptiloha 2, str. 82-83.

3.3.5. Studium vlivu ruznych latek na aktivitu NADP-ME
viz ptiloha 2, str. 83-84.

3.3.6. Inhibicni studie NADP-ME
viz ptiloha 2 , str. 84-85.

3.4. Stanoveni aktivity PEPC a PPDK

Stanoveni aktivity fosfoenolpyruvatkarboxylasy (PEPC) a pyruvat, fosfatdikinasy (PPDK) viz
ptiloha 4, str. 130.
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3.5. Elektroforetické metody

3.5.1. Elektroforeticka separace v prostiedi SDS

Elektroforéza v prostiedi SDS byla provedena metodou podle Laemmliho (1970) viz
priloha 1, str. 66. Enzymové preparaty s nizkym obsahem proteini byly nejdiive srazeny 12
hodin pti —20°C s trojndsobnym mnozstvim 96 % ethanolu, poté centrifugovany 15 minut pfi
4°C pti 15 000 RPM (16 600 x g) a sediment resuspendovan v 20 pl destilované vody a 20 pl
vzorkového pufru. Byly pouZity i standardni proteiny o relativni molekulové hmotnosti 97
400; 67 000; 45 000; 29 000. D¢leni probihalo pfi poc¢ateénim stejnosmérném napéti 70 V. a
v okamziku dosazeni hranice separa¢niho gelu pti 150 V. Po skonceni elektroforézy byly gely
inkubovany ve fixa¢ni detek¢ni smési, ktera obsahovala 2 g Coomassie Brilliant Blue R 250;
0,5 g Coomassie Brilliant Blue G 250; 425 ml ethanolu; 100 ml kyseliny octové; 50 ml
methanolu a 425 ml redestilované vody. Nasledné odbarveni probihalo v nékolika laznich
odbarvovaciho roztoku, ktery obsahoval ethanol, kyselinu octovou a destilovanou vodu

v poméru 25 : 10 : 65.

3.5.2. Nativni elektroforéza a detekce NADP-ME

Nativni elektroforéza byla provedena obdobné jako v ptipadé¢ elektroforézy v prostiedi
SDS, avSak SDS bylo nahrazeno glycerolem (Lee a Lee, 2000). Byly pouzity 10 % a 6 %
separacni a 5 %, respektive 3 % zaostfovaci polyakrylamidové gely (viz pfiloha 1, 3 a 5, str.
66, 105 a str. 146). Dé&leni probihalo pfi pocatecnim napéti 70 V, po dosazeni hranice

separacniho gelu pii 150 V.

3.5.3. Stanoveni relativni molekulové hmotnosti NADP-ME podle Fergusona
viz ptiloha 5, str. 146.

3.6. Imunochemické metody

3.6.1. DAS-ELISA

Relativni obsah viru (PVYN™, PVY©®) byl v extraktech infikovanych listd sledovan
metodou DAS-ELISA (Double Antibody Sandwich - Enzyme Linked Immunosorbent Assay)
(Clarks a Adams, 1997) pomoci krali¢ich polyklonalnich protilatek zamétenych vaci
kapsidovému proteinu Y viru bramboru (Cefovska, 1998). V piipadé pfitomnosti antigenu

(kapsidového proteinu viru bramboru) ve vzorku dochdzi k navazani téchto protilatek a po
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pridani sekundarni protilatky konjugované s alkalickou fosfatasou je umoznéna vizualizace
pomoci substratu p-nitrofenylfosfatu, poskytujiciho enzymatickou reakci zluty p-nitrofenol.

Mnozstvi viru je umérné absorbanci pii 405 nm.

3.6.2. Priprava krali¢ich protilatek proti NADP-ME
viz ptiloha 3, str. 105.

3.6.3. Pi‘enos proteinit na nitrocelulosovou membrdanu

viz ptiloha 3, str. 106.

3.6.4. Imunochemicka detekce NADP-ME na nitrocelulosové membrané

viz ptiloha 3, str. 106.

3.7. Stanoveni mnozstvi bilkovin

Mnozstvi bilkovin bylo stanoveno metodou podle Bradfordové (1976).

Jako standard byl pouzit hovézi sérovy albumin BSA o koncentraci 0,25-1,4 mg/ml.

3.8. Dalsi metody

Mezi dalsi metody, které¢ doplnily tuto disertacni praci, avsak které jsem sama neprovadéla
patti in vivo lokalizace NADP-ME v histologickych fezech, kvantifikace mRNA NADP-ME
metodou polymerasové fetézové reakce v realném case (dale jen Real time-PCR) a stanoveni
aktivity vybranych antioxidacnich enzymu: katalasy (CAT), glutathionreduktasy (GR) a
askorbatperoxidasy (APOD), detekce aktivity superoxiddismutasy (SOD) v gelu po nativni

elektroforéze a isoelektricka fokusace.

3.8.1. In vivo lokalizace NADP-ME v histologickych Fezech
viz pfiloha 1, str. 65 a ptiloha 5, str. 146.

3.8.2. Kvantifikace mRNA NADP-ME metodou ,,Real time“ PCR
viz ptiloha 3, str.106-107.
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3.8.3. Stanoveni aktivity vybranych antioxidacnich enzymii (CAT, GR a APOD) a detekce
aktivity SOD po nativni elektroforéze
viz ptiloha 4, str. 130-131.

3.8.4. Isoelektricka fokusace NADP-ME
viz priloha 1, str. 66. Detekce aktivity NADP-ME stejn¢ jako 3.5.2.
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4. Vysledky a diskuze

V minulosti byla detailné charakterizovana fotosyntetickd isoforma NADP-ME z listt
C4 a CAM rostlin, jejiz vlastnosti a funkce byly objasnény. Avsak o nefotosyntetické isoformé
NADP-ME z rostlin je v tomto sméru k dispozici informaci méné (Casati, 2000) A byla-li
tato isoforma studovéna, tak z nefotosyntetickych tkani (kotfent, stonktl, semen) (Casati et al,
1997; Colombo et al., 1997, Maurino et al., 2001), ptipadn¢ byl hlavni daraz kladen na
studium genii tohoto enzymu (Chi et al., 2004; Gerrard Wheeler et al., 2005; Liu et al., 2007).
Dalsi oblasti zajmu je souvislost nefotosyntetickych isoforem NADP-ME se stresem rostlin
(Levitt, 1980; Schaaf et al., 1995; Synkova a Valcke, 2001; Maurino ef al., 2001; Ryslava et
al., 2003; Sun et al., 2003; Crecelius et al., 2003; Chi et al., 2004; Synkova et al., 2004;
Smeets et al., 2005; Saher et al., 2005; Valderrama et al., 2006; Liu et al., 2007, ptiloha 3 a
4).

V nasi laboratofi byla pro studium kinetickych parametrti, kofaktorové specifity a
regulace riiznymi metabolity izolovdna nefotosyntetickd NADP-ME z listt modelové C;
rostliny tabaku (Nicotiana tabacum L., cv. Petit Havana, SR1). Ve stejnych rostlinach byla
také sledovana mRNA, exprese proteinu a aktivita NADP-ME v rostlinach infikovanych Y
virem bramboru. Projekt byl dale doplnén o transgenni rostliny N. tabacum cv. Petit Havana,
SR1 s vnesenym genem pro potyvirovy protein P3, jehoz funkce je neznamé a o transgenni
rostliny Nicotiana benthamiana s vnesenym multifunkénim potyvirovym proteinem HC-pro.
Také abiotickému stresu byla vénovéana pozornost, a sice byl zkouman vliv nedostatku CO, a

sucha na aktivitu NADP-ME v listech tabaku.

4.1. Purifikace a charakterizace NADP-ME z lista Nicotiana tabacum L. cv.

Petit Havana, SR1

4.1.1 Purifikace

Z listd tabaku odebranych ve vegetativnim stadiu byl tfemi chromatografickymi kroky
zahrnujicimi ionexovou chromatografii na DEAE-celulose, nasledovanou gelovou a afinitni
chromatografii purifikovana NADP-ME o vysledné specifické aktivité 0,95 pmol.min.mg™.

Nejucinnéj$im purifikacnim krokem byla afinitni chromatografie na sloupci 2°,5"-ADP-
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Sepharosy 4B, ktera NADP-ME v piitomnosti L-malatu a Mg ionti specificky véaze. Eluce
je pak mozna pufrem bez ptidavku substratu a kofaktoru (Skorkowski a Storey, 1987). Enzym
se pfi vSech chromatografiich eluoval jako symetricky vrchol. Souhrn jednotlivych
purifikacnich krokd znazoriiuje tabulka I v pfiloze 1, str. 68. Purifikaci byl ziskdn téméf
homogenni enzym (ptiloha 1, obr. 2, str. 69).

Aktivita NADP-ME v C; rostlinach (v tabaku), a tedy i1 vysledna aktivita po purifikaci
je mnohonasobné niz8i nez aktivita fotosyntetického enzymu NADP-ME izolovaného z listl
kukufice (30,9 pmol.min'.mg"), aviak je srovnatelna se specifickou aktivitou NADP-ME
izolovaného z etiolovanych listd kukufice (1,4 pmol.min.mg"), zkofent kukutice (1,4
umol.min".mg™) nebo z pienice (0,98 pmol.min™'.mg™) (Drincovich ez al., 2001; Maurino et

al., 1996; Casati et al., 1997).

4.1.2 Zakladni kinetické parametry a specifita vici kofaktorium

NADP-ME je enzym vyzadujici pfitomnost kofaktoru (dvojmocného kofaktoru kovu).
V literatufe se jako kofaktory nejéast&ji uvaddji Mg®>" a Mn”", ptipadné Co>" ionty. Pro
rostlinny NADP-ME spise ionty Mg”", pro Zivo&idny enzym Mn?" (Chang a Tong, 2003;
Maurino et al., 2001). V nasi studii byly kromé téchto iontd jako kofaktory studovany jesté
jonty Ni**, Ca**, Cu®" a Zn**. Vhodnymi kofaktory NADP-ME z listii tabaku byly ionty Mg*"
(100 % aktivity), Mn*" (140 % aktivity oproti Mg®"), Co*" (59 %), Ni*" (54 %) a Zn”" ionty
(pouze 20 % aktivity oproti Mg*"). Na tom, které ionty budou mit schopnost se vazat na
enzym NADP-ME ma pravdépodobné vliv velikost iontu, nebot’ nevyhovujici ionty (Ca** a
Cu”") nespadaji do rozmezi velikosti u¢innych kofaktord (72-80 pm), ale jsou v&tsi.

V pritomnosti Mg**, Mn**, Co*" a Ni*" jontil byly stanoveny Michaelisovy konstanty
NADP-ME pro substrat L-malat a koenzym NADP" (ptiloha 1, obr. 5 a tabulka III, str. 72-
73). Michaelisovy konstanty NADP-ME pro L-malat se v zavislosti na ptitomném kofaktoru
NADP-ME pro L-malat nizsi nez v pritomnosti s ionty Mg>". Na druhou stranu Michaelisovy
konstanty NADP-ME pro NADP" nebyly pfitomnosti riznych kofaktori ovlivnény (pfiloha I,
tabulka III, str. 73). Vzhledem k tomu, Ze dvojmocné kationty kovil tvofi s L-malatem a
NADP" komplexy a jako substraty slouzi pouze slouéeniny volné (Maurino et al., 2001,
Grover et al., 1981), byla provedena korekce na chelataci Me”"-L-malat (ptiloha 1, tabulka
IV, str. 73), pro kterou byly na rozdil od Me*"- NADP" piislugné asocia¢nich konstanty pro
vSechny studované ionty dostupné (Martel et al., 2003).
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Oproti NADP-ME z C,4 rostlin, nebyla u NADP-ME 2z listi tabaku zjisténa inhibice
nadbytkem substratu (L-malatu) (ptiloha 1, obr. 5A, str. 72, Drincovich et al., 2001). Ziskana
Michaelisova konstanta NADP-ME pro L-malat a nepfitomnost inhibice L-maldtem je ve
shodé s rekombinantnim cytosolovym proteinem z tabdku Nt-NADP-ME2.

U rekombinantniho chloroplastového proteinu Nt-NADP-ME1 naopak k inhibici nadbytkem
substratu dochazi, prestoze se nejedna o fotosyntetickou isoformu NADP-ME (Miiller et al.,
2008).

Zajimava byla zavislost reakéni rychlosti NADP-ME z listi tabdku na koncentraci
kofaktorti (dvojmocnych kationtdi kovi: Mg>", Mn®", Co*"a Ni*"). Zadna totiz nevykazovala
klasickou hyperbolickou zévislost, v dvojité reciprokém vyneseni linearni, jak tomu bylo
v piipadé zavislosti reakéni rychlosti na koncentraci L-malatu ¢i NADP™ (piiloha 1, obr. 4, str.
71 a tabulka II, str. 70). V piipadé Mg®" experimentalni data nejvice vyhovovala rovnici
popisujici 2 vaznd mista. To znamena, Ze na jedné podjednotce enzymu je vice nez jedno
vazné misto pro Mg*" ionty (pravdépodobn& dvé&), s riznou afinitou viici Mg iontim. Stejné
tomu tak je 1 v pfipadé NADP-ME z C, rostlin kukufice a cukrové titiny (Drincovich et al.,
2001; Iglesias a Andreo, 1990). Zavislost rychlosti reakce na koncentraci ostatnich iontl
vykazovala sigmoidalni kinetiku. Nejvétsi pozitivni kooperativita byla zjidténa pro Mn’";
hodnota Hillova koeficientu 7,5 znamen4 nejméné 8 vaznych mist pro Mn®" ionty. Vzhledem
k tetramernimu uspoiadani NADP-ME z listi tabaku (viz 4.1.4) by se opét jednalo o dvé
vazna mista na podjednotku. Konstanta Sy s, vyjadiujici koncentraci substratu pii poloviéni
reakéni rychlosti v zavislosti, ktera neni podle Michaelise a Mentenové, byla pro Mn**
Co®" a Ni*". Pro Co*" a Ni*" byla pozitivni kooperativita mnohem niZ§i, hodnota Hillova
koeficientu byla pouze 3 a 1,3 (pfiloha 1, obr. 4, str. 71 a tabulka I, str. 70).

Vysledky detailnich kinetickych studii tykajicich se vlivu iontl kovii na NADP-ME

z jinych zdrojii nejsou dostupné.

4.1.3 Mechanismus reakce katalyzované NADP-ME

PiestoZe se na reakci katalyzované NADP-ME podileji 3 substraty (L-malat, NADP" a
Mg, je tato reakce v literatufe posuzovana jako dvousubstratové, vzhledem k tomu, ze Mg”"
ionty nejsou enzymovou reakci preménovany (Hsu et al., 1967; Chang et al., 1992; Teller et
al., 1992; Aktas a Cook, 2008). Kinetika reakce katalyzované NADP-ME z listt tabaku byla
studovana metodou po&ate&nich rychlosti. Vzdy pfi jedné fixni koncentraci Mg®" ionti byla

sledovana reakéni rychlost péti riiznych koncentraci prvniho substratu (NADP") spolu s péti
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riznymi koncentracemi druhého substratu (L-malatu). Koncentrace substrati byly
redukovany o koncentrace substratd vazanych v komplexech Mg”'-L-malat, Mg**-
NADP (Grover et al., 1981). Naslednym vyhodnocenim experimentélnich dat nelinearni
regresi s vyuzitim rovnic popisujicich oba zdkladni mechanismy (nasledny a ping pong)
(Marangoni, 2003), byl pro NADP-ME z listii tabdku mechanismus ping pong vyloucen a
specifikovan jako nésledny (sekvencni) viz ptiloha 2, obr. 1, str. 97.

Dal$im diagnostickym vynosem zavislosti zdanlivych konstant K" a V'j, (viz pfiloha
2, metody str. 82-83 obr. 1 str. 97) na koncentraci NADP" & L-malatu byl sekvenéni
mechanismus specifikovan na uspotfadany, coz se shoduje s cytosolovou isoformou NADP-
ME (EC 1.1.1.40) z jater holuba (Hsu et al., 1967), a s cytosolovou isoformou z nadorovych
linii epitelidlnich bunék prsu (Chang et al., 1992) a stejné jako s NAD(P)-ME (EC 1.1.1.39)
z nadorovych jaternich bun€k (Teller et al., 1992). Ze zjisténého mechanismu vyplyva, ze u
rostlinného NADP-ME z listli tabdku zalezi na potadi vazby substrati (NADP" a L-malatu) na
enzym. Naopak u mitochondialniho NAD(P)-ME (EC 1.1.1.39) enzymu z Ascaris suum byl

mechanismus diagnostikovan nasledny, ale neuspotadany (nahodny) (Aktas a Cook, 2008).

4.1.4 Zakladni fyzikalni vlastnosti enzymu NADP-ME

Purifikovany enzymovy prepardt NADP-ME byl analyzovan SDS-elektroforetickou
separaci v denaturujicich podminkéach, ktera ukazala pfitomnost prouzku s relativni
molekulovou hmotnosti pfiblizné 67 000 a dalSiho minoritniho prouzku s niz§i molekulovou
hmotnosti pravdépodobné odpovidajici kontaminujicimu proteinu. Nativni elektroforézou a
isoelektrickou fokusaci byl detekci aktivity NADP-ME nalezen pouze 1 prouzek.

Oligomeriza¢ni usporadani enzymu NADP-ME bylo zjisténo nativni elektroforézou s
vyuzitim Fergusonovy metody (Ferguson, 1964; Lottspeich a Zorbas, 1998) viz ptiloha 5, obr.
3, str. 147, tabulka 2, str. 148 a obr. 5 str.149, podle kterého NADP-ME z listt N. tabacum L.
cv. Petit Havana SR1 odpovida tetrameru o relativni molekulové hmotnosti pfiblizn¢ 264 000

(obr. 11, str. 39).
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Obr. 11. Specificka detekce aktivity NADP-ME z listd tabaku (T) a listd kukufice (K) po nativni elektroforéze
v 5-8 % polyakrylamidovém gelu, nasledné¢ vyhodnocené Fergusonovou metodou. Podle kalibra¢niho grafu
(ptiloha 5, str. 149) relativni molekulova hmotnost NADP-ME z tabaku je pfiblizn¢ 264 000. Pro srovnani byla
analyzovana i fotosyntetickd isoforma NADP-ME z kukufice, ktera také odpovida tetrameru, avSak s niz§i
relativni molekulovou hmotnosti 248 000 (Detarsio et al., 2007). Rostlinny extrakt z kukufice je 7x zfedény
oproti tabaku).

Tetramerni uspofadani NADP-ME bylo nalezeno také v listech kukufice (Detarsio et
al., 2007; obr. 11). Na oligomerizaci vSak ma vliv i hodnota pH; NADP-ME z listt kukufice a
stonkti pSenice byl pii pH nad 8 ve formé tetrameru, zatimco snizovanim pH se rovnovaha
posouva k dimeriim a monomeriim, a pii pH nizSim nez 6 se dokonce vétSina molekul
vyskytuje jako monomer. Podobné také oligomerizace zavisi na teploté; sniZovanim teploty
od 42°C knule pievazuje disociace na dimery a monomery (Spampinato et al., 1998).
V listech cukrové titiny byl NADP-ME nalezen pii pH 8 pfevazné ve form¢ tetrameru a
mnohem vys$i aktivité, nez pti pH 7, kdy ptfevladalo uspotadani dimerni (Iglesias a Andreo,
1990). Vyssi oligomerizacni stavy oktamer, hexamer a tetramer NADP-ME byly popsény u
Arabidopsis thaliana (Gerrard Wheeler et al., 2005).

Metodou isoelektrické fokusace a pomoci standardnich proteini byl zjiStén
isoelektricky bod (pI ) této isoformy (pl = 5,5) viz ptiloha 1, obr. 2, str. 69. Nalezeny
isoelektricky bod se shoduje spl nefotosyntetické isoformy NADP-ME pfitomné v
etiolovanych listech a v kofenech kukufice, zatimco fotosyntetické isoforma ma pl vyssi (6,2)
(Maurino et al., 2001). pH optimum NADP-ME z listii tabaku odpovidalo hodnoté 7,1 - 7,4
(ptiloha 1, obr. 3, str. 70), coz se shoduje s nefotosyntetickymi isoformami NADP-ME napf.
z hliz brambor (pH optimum?7,4), ¢i z plodd jablka (7,2), manga (7,2), grepu (7,2), rajcete
(7,0), anebo z pSenice (pH optimum 7,3). pH optimum fotosyntetické isoformy z kukufice je

vyssi (8,0) (Edwards a Andreo, 1992).

4.1.5 Lokalizace NADP-ME v listech N. tabacum L. cv. Petit Havana SR1
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V rostlinach tabaku je NADP-ME podobné jako v rostlinach se zndmym genomem
(Arabidopsis thaliana (Gerrard Wheeler et al., 2005) a Oryza sativa L. (Chi et al., 2004))
kédovan malou genovou rodinou. Detekci aktivity NADP-ME v histologickych fezech byla
zjisténa pfitomnost tohoto enzymu v chloroplastech (pfiloha 1, obr. 1, str. 67). AvSak
meétfenim aktivity NADP-ME v separovanych chloroplastech a v rozpustné cytosolové frakci
bylo zjisténo piiblizné¢ desetindsobné vyssi aktivita v cytosolu nez v chloroplastech
(Potickova, 2008). Pti purifikaci NADP-ME (pfiloha 1 a 2) byla pfitomna jedna isoforma, a
tedy pravdépodobné cytosolova. V letosnim roce byla publikovana sekvence chloroplastové
isoformy (GenBank ¢. DQ923119), cytosolové (GenBank ¢. DQ923118) a sekvence
piedpokladané isoformy NADP-ME (GenBank ¢. EH663836) z Nicotiana tabacum L. V nasi
laboratofi byla provedena izolace RNA z listi tabdku, reverzni transkripce a polymerasova
fetézovd reakce vredlném case pomoci primerl navrzenych na zakladé sekvenci pro
chloroplastovou a cytosolovou isoformu NADP-ME. Také tento pokus ukazal vys$si mnozstvi
mRNA cytosolové nez chloroplastové isoformy NADP-ME (ptiloha 3., obr. 6, str.124) Tento
vysledek je ve shod¢ s tidaji uvedenymi Miillerem et al. (2008). Ziskané vysledky se vztahuji
k listhm ve vegetativnim staddiu vyvoje, vjinych ¢astech rostliny bude je situace
pravdépodobné jina.

Také podobnost vlastnosti NADP-ME purifikované v nasi laboratofi s vlastnostmi
rekombinantni cytosolové Nt-NADP-ME2 potvrzuje, ze se jedna o isoformu cytosolovou.
Témito vlastnostmi jsou predevsim relativni molekulovd hmotnost, Michaelisova konstanta

pro L-malat a absence inhibice nadbytkem substratu (Miiller et al., 2008).

4.2. Regulace NADP-ME z listii N. tabacum L. bunéénymi metabolity

4.2.1 Vliv bunécnych metabolitit na aktivitu NADP-ME

Vzhledem k tomu, Ze NADP-ME je enzym, ktery muaze ovliviiovat jak anabolické
procesy (napft. poskytovanim NADPH pro biosyntézu lipidil), tak procesy katabolické (tvorba
energie ve formé ATP ptfeménou produktu NADP-ME pyruvatu pyruvatdehydrogenasou)
byly jako potencidlni modulétory testovany latky péti metabolickych skupin (intermediéty
citratového cyklu, latky spojené s lipogenezi, metabolity glykolyzy, n€které aminokyseliny a
energeticky bohaté latky (ptiloha 2, tabulka 2, str. 96). Vliv rtiznych latek na aktivitu NADP-
ME byl studovan nejen v saturacnich, ale 1 subsatura¢nich koncentracich obou substrata

(NADP" a L-malatu), aby bylo mozné odhalit kompetici mezi substratem a inhibitorem.
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Inhibice NADP-ME energeticky bohatymi latkami (silnd inhibice GTP, ATP, slabsi
ADP) a velmi slaba inhibice intermediaty glykolyzy naznacuje, ze funkce rostlinného NADP-
ME mé pravdépodobné souvislost s energetickou bilanci rostliny. Ostatni latky nemély
vyznamnéj$i vliv na aktivitu NADP-ME. Rekombinantni cytosolovd isoforma Nt-NADP-
ME2 ztabaku byla inhibovana fumaratem, oxaloacetatem, pyruvatem, glukosa-6-fosfatem,
ATP a naopak aktivovana koenzymem A (Miiller et al., 2008). Stejné tak u chloroplastové
tabakové Nt-NADP-ME1 byly inhibitory oxaloacetat, pyruvat, glukosa-6-fosfat, ATP,
koenzym A a také acetylkoenzym A. Na rozdil od vyrazné aktivace Nt-NADP-MEI
aspartaitem, na Nt-NADP-ME2 nem¢l aspartat zadny vliv, stejné¢ jako vyplyva z naSich
vysledki (Ptiloha 2, tabulka 2, str.96; Miiller et al., 2008). Také u rekombinantnich isoforem
NADP-ME z Arabidopsis thaliana, které jsou 4, byly zjistény nékteré zmény aktivity vlivem
riznych metabolitd. Jako nejvice regulovany isoenzym byl u Arabidopsis thaliana
vyhodnocen cytosolovy AtNADP-ME2, ktery byl aktivovan aspartatem, fumaratem,
sukcinatem a koenzymem A a inhibovan ATP, oxaloacetatem a glukosa-6-fosfatem (Gerrard
Wheeler et al., 2008). Ne&které¢ rozdily odnaSich vysledkii mohou byt zpusobeny
pozménénym trojrozmérnym uspotadanim rekombinantnich proteind, jejichZ vlastnosti se pak
mohou zna¢né lisit od nativni molekuly.

V jiné praci, ve které byl NADP-ME izolovan z Cerstvého materidlu, byla v kli¢ici
rostlin€ Ricinus communis zjiSténa aktivace nefotosyntetické NADP-ME sukcindtem,
koenzymem A, acetylkoenzymem A a palmitoylkoenzymem A pravdépodobné souvisejici se

syntézou mastnych kyselin ve vyvijejici se rostliné (Colombo et al., 1997).

4.2.2 Inhibice NADP-ME makroergickymi latkami (GTP, ATP a ADP)

Pro GTP, ATP a ADP byly provedeny detailni inhibi¢ni studie vzhledem k obéma
substratim (L-malatu a NADP™) a v piitomnosti jak Mg®", tak Mn?" jontd (p¥iloha 2, tabulka
1, str. 95, obr. 2-4, str. 98-100). Na zaklad¢ ne¢kolika riznych diagnostickych vynosi
(dvojitého reciprokého vyneseni, Dixonova vyneseni, Hanes-Woolfova vyneseni, Woolf-
Augustinsson-Hoffstee vyneseni) (Kotyk a Horak, 1977) bylo zjisténo, ze stejné¢ jako
v ptipad€ Zivo€isné mitochondridlni NAD-ME je inhibitorem pouze volny GTP (ATP, ADP)
(Hsu et al., 2004) a ze je tieba celkovou koncentraci GTP (ATP, ADP) redukovat o mnozstvi
latky vazané v komplexech s dvojmocnymi kationty kovli, pomoci pfislusnych asociacnich
konstant (Sigel et al., 2004, Sigel et al., 2001, Bianchi et al., 2003). Inhibice vSemi
zkoumanymi latkami (GTP, ATP, ADP) byla v piitomnosti Mg*" i Mn®" iontii viici NADP*
nekompetitivni, coz znamena vazbu inhibitoru do jiného misto nez se vaze NADP". V piipadé
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inhibice vii¢i L-malatu byla pro ATP a GTP v ptitomnosti Mg”" i Mn®" ionti1 zji§téna inhibice
smiSend. Slabsi inhibitor ADP byl vi&i L-malatu v pfitomnosti Mg”" iontd kompetitivnim
inhibitorem, v pfitomnosti Mn®" jontl inhibitorem smiSenym. V piitomnosti Mg®" byly
pfevazné zjiStény vysSsi inhibi¢ni konstanty inhibitort ATP, GTP a ADP. To ukazuje na
siln&jsi inhibici v pfitomnosti Mn®" iontd neZ iontd Mg*",

Inhibice Zivo¢isné NAD-ME je zaloZena na jiném principu, pfestoze inhibitorem je
také ATP, typ inhibice je vici NADP" i L-malatu kompetitivni. Strukturni studie ukézaly, Ze
ATP se vaze piimo v aktivnim centru. CTP a TTP nebyly inhibitory NAD-ME, tudiz pro

vazbu jsou ziejmé nutné purinové nukleotidy (Hsu et al., 2004). ATP se vSak muize vazat i

v tzv. exo misté na povrchu enzymu, kde ma vliv na udrzovani kvarterni struktury.

4.3 Vliv biotického stresu na aktivitu, expresi a transkripci NADP-ME

z listu V. tabacum L.

Bioticky stres vrostliné podstatné ovliviluje fyziologické funkce (zejména
fotosyntézu, respiraci, transpiraci, transport Zivin a asimilatl, piijem zivin kofeny a
reprodukci) (Agrios, 1997b), ¢imz pasobi na metabolismus rostliny, na jednotlivé
biochemické reakce. Kromé specifickych obrannych reakci (mezi které patii aktivace
obrannych genii, produkce aktivnich forem kysliku, NO, kyseliny jasmonové a salicylové,
produkce specifickych proteinii a fytoalexinli a dal$i) v rostliné dochazi také ke zméné
pratoku metaboliti primarnimi a sekundarnimi metabolickymi drahami, coz souvisi se
zménou aktivity pfislusnych enzymi. V této praci byla NADP-ME studovéan v souvislosti
s biotickym stresem ptisobenym dvéma kmeny Y viru bramboru: PVY® (b&zny kmen, z angl.

: . I o : NTN
ordinary zpisobujici mirné pfiznaky projevujici se chlorosami) a PVY

(izolat
nekrotického kmene N zpusobujici nekrotické zmény na hlizdch nékterych odrid brambor,
z angl. tuber necrosis). V experimentech byla pouzita indikatorova rostlina N. tabacum L.cv.

Petit Havana, SR1.

4.3.1 Prubéh virové infekce (Y virem bramboru, kmenem NTN a O: PV ™ q PVY°) v
rostlindach N. tabacum L.

Studium biotického stresu je komplikovanéjSi nez studium abiotického stresu
vzhledem k obtiznosti kvantifikace pfislusného stresoru. Mnozstvi viru lze v listech
systémov¢ infikovanych rostlin bylo zjisténo imunochemicky pomoci metody DAS-ELISA

zalozené na interakci virového proteinu, piedevsim kapsidového s ptislusnou protilatkou
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o4

vy§§i relativni mnoZstvi viru nez pro PVY?, jedna se vsak o metodu semikvantitativni, ktera
neumoziuje piesné porovnavat jednotlivé experimenty podle ,,rozsahu® infekce. Maximalni
obsah viru byl v obou piipadech (PVY® i PVYN™) zjistén 10. — 17. den po inokulaci, kdy byl
pokus ukoncen (ptiloha 3, obr. 1, str. 119).

4.3.2 Vliv infekce PVY na aktivitu NADP-ME

Aktivita NADP-ME v hornich pln€é vyvinutych systémové infikovanych listech N.
tabacum L. byla vlivem PVY® 12. den infekce zvySena oproti zdravym neinfikovanym

rostlinam (piiloha 3, obr. 2, str. 120) mén& nez v ptipadé viru PVY"™

, u kterého bylo toto
zvyseni v prvnim biologickém pokusu 17. den infekce az 6-ti ndsobné (ptiloha 4, obr. 5, str.
136), v druhém nezéavislém pokusu 10. den az 4-nasobné (ptiloha 3, obr. 2, str. 120).
V pribéhu infekce bylo zvySeni aktivity NADP-ME v listech imérné mnozstvi viru.

Dale byla aktivita NADP-ME sledovéana ve stoncich a kotfenech. Aktivita ve stoncich

YNTN

byla v maximu ptiznakd infekce (11. den u PVY® a 13. den u PV ) vlivem mirngjSiho

. O . , " , . NTN
viru PVY"™ zvysena 1,5-ndsobné, zatimco vlivem PVY

zpusobujiciho zavazné nekrosy na
povrchu listl a stonkli 2.1-ndsobné vyss$i vici zdravym stonkiim. Obdobny vysledek byl
zjidtén v kofenech, virus PVY? vyvolal 1,4-nasobny a virus PVY"'™ 2.4-nasobny nartist
aktivity NADP-ME oproti kontrolnim kofeniim zdravych rostlin (pfiloha 3, obr. 3, str. 121).

Vedle méfeni aktivity NADP-ME ve smésnych vzorcich byla aktivita ve v§ech castech
N. tabacum L. sledovéana také specifickou detekci po nativni elektroforetické separaci (pfiloha
3, obr. 4, str. 122). Ve vSech ¢astech rostlin byl nalezen jeden prouzek ukazujici na pfitomnost
jedné isoformy.

Z literatury je znamé zvyseni aktivity NADP-ME ptedev§im plisobenim abiotickych
stresori: v rostliné fazole po plisobeni kadmia (Smeets et al., 2005), v hyperhydrickych
vyhoncich hvozdiku zahradniho po 14 a 28 dnech kultivace in vitro (Saher et al., 2005),
v listech vodni rostliny Egeria densa po pifenosu z podminek nizké teploty a svétla do
podminek vysoké teploty a svétla (Casati et al., 2000), v ozimém Zité (Secale cereale L.) po
vystaveni chladu (Crecelius et al., 2003), v listech olivovnikil vystavenych solnému stresu
(Valderrama et al., 2006) podobn¢ jako solny stres v listech rostliny Aloe vera L. (Sun et al.,
2003), solny a osmoticky stres v listech a kofenech semenackt ryze (Chi ef al., 2004; Liu et
al., 2007). V kofenech kukufice byla zvySena aktivita NADP-ME nalezena po pisobeni
celulasy, jasmonatu a houbového elicitoru (Maurino et al., 2001).
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N S N LT
" 2 O

Obr. 12. ekrot'ické ptiznaky infekce PVY"'™ na listech (B) a stonku (D) opr-oti kontrolnim rostlinam (A, C).

4.3.3 Vliv infekce PVY™™ na expresi proteinu NADP-ME

Vyznamné zvysend aktivita NADP-ME vlivem PVY™'™ v listech iniciovala otazku,
zda tomuto narlGstu odpovidd syntéza NADP-ME de novo, tedy zvySena transkripce a
translace proteinu NADP-ME. Detekce mnozstvi proteinu byla provedena metodou Western
blot s vyuzitim specifickych krali¢ich protilatek pfipravenych proti antigenu NADP-ME
izolovaného ze semen kukufice (viz ptiloha 3, obr. 5, str. 123) Semena kukufice jako zdroj
antigenu namisto listd tabaku byla zvolena z diivodu nepfitomnosti kontaminujicitho enzymu
Rubisco, ktery ma v listech majoritni zastoupeni.

Zavislost mnozstvi NADP-ME (purifikovaného z listti tabaku viz ptiloha 1, str. 65)
stanovené imunochemickou detekci specifickou protilatkou na nitrocelulosové membrané na
intenzité¢ prouzku byla linearni (pfiloha 3, obr. 5A, str. 123). Bylo provedeno porovnani
mnozstvi proteinu NADP-ME v extraktech ze zdravych a infikovanych rostlin tabaku.
Intenzivnéjsi prouzky byly detekovany ve vzorcich z infikovanych rostlin odebranych 6., 10.
a 14. den infekce PVY™'™N. Denzitometrickym vyhodnocenim programem Elfoman 2.0 pak
byl v tyto dny zji§tén pfiblizné 2-ndsobny narist proteinu NADP-ME v PVY™N™ infikovanych
listech (ptiloha 3, obr. 5B, str. 123).
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4.3.4 Viiv infekce PVY™™ na mRNA NADP-ME

Vliv infekce na transkripni Grovni byl studovan Ing. Karlem Miillerem pomoci
izolace mRNA, nésledné reverzni transkripce a metody ,,real time*“-PCR. Jako standardni gen
byl pouzit Aktin 9, jehoz transkripce neni ovliviilovana virovou infekei (Rizhsky et al., 2002).

Pomoci této metody byla v listech kvantifikovina mRNA pro cytosolovou a
chloroplastovou isoformu proteinu NADP-ME v pribshu infekce PVYN'N. Zatimco b&hem
infekce doslo k vyznamnému zvySeni cytosolové mRNA (17. den aZ k trojnasobnému oproti
kontrolam ze zdravych listll), chloroplastovd mRNA ziistala infekci neovlivnéna (pfiloha 3,
obr. 6, str. 124). Produkty ,real time“-PCR byly s vyuzitim primerti pro cytosolovou a
chloroplastovou mRNA sekvenovany. PCR produkty vykazaly 100 % homologii se
sekvencemi databaze GenBank DQ923119 a DQ923118, odpovidajici rekombinantnim
proteinim N. tabacum L. Nt-NADP-ME1 a Nt-NADP-ME2 (Miiller et al., 2008).

Vysledky tedy ukazuji na syntézu NADP-ME v cytosolu N. tabacum L. vlivem
infekce PVY™'™ de novo. Zvysena aktivita NADP-ME spolu se zvy$enou expresi a transkripci
proteinu NADP-ME byla zjisténa také v kotenech kukufice po ptisobeni celulasy, jasmonatu a
houbového elicitoru (Maurino et al., 2001). ZvySena aktivita NADP-ME v listech olivovniku
vystavenych solnému stresu byla rovnéz doprovazena zvySenou expresi NADP-ME
(Valderrama et al., 2006). Podobn¢ solny stres v rostlinach aloe zptisobil nejen zvyseni

aktivity, ale 1 transkripce NADP-ME (Sun et al., 2003).

4.4 Vliv infekce PVY"'™N na aktivitu NADP-ME a nékterych dalSich
anaplerotickych a antioxida¢nich enzymu v transgennich rostlinach N.

tabacum L. cv. SR1 s vnesenym genem pro protein P3 z PVA.

Prvnim transgennim modelem vyuZitym v této praci byly rostliny s vnesenym genem
pro potyvirovy protein P3 z A viru bramboru (PVA). Strategii pokusu bylo sledovat, jaky vliv
bude mit exprese proteinu P3, jehoz funkce je neznamad, na aktivitu anaplerotickych (NADP-
ME, PEPC a PPDK) a antioxida¢nich enzymi (CAT, GR, APOD a SOD) v hornich,
systétmov¢ infikovanych listech rostlin Nicotiana tabacum L., cv. Petit Havana, SR1

v pribéhu infekce PVYN'™ (piiloha 4).

4.4.1 Anaplerotické enzymy (NADP-ME, PEPC, PPDK)
Spolu s aktivitou NADP-ME byla sledovéna i aktivita dal$ich anaplerotickych enzymu

PEPC a PPDK, jelikoz fotosyntetické isoformy jsou v Cj rostlinach s NADP-ME spojeny
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v cyklu fotosyntetické fixace CO,. Bylo zjisténo, ze stejn¢ jako aktivita NADP-ME, tak i
aktivita PEPC a PPDK se v pribéhu infekce PVY™N™ oproti zdravym rostlindm zvy3uje, a to
jak v rostlinach N. tabacum L., tak v rostlindch transgennich s vnesenym genem pro protein
P3 (ptiloha 4, obr. 5, str. 136). Nejvyssi aktivity NADP-ME, PEPC a PPDK byly zjistény 17.,
21. a 25. den infekce PVY™™. Nejcitlivéjsim enzymem vigi infekci byla NADP-ME (a2 6-ti
nasobné zvyseni). Aktivita PEPC byla nejvice zvySena 5-ti nasobné u netransgennich rostlin a
aktivita PPDK 2,8-nasobné. Mezi kontrolnimi a transgennimi rostlinami s vnesenym genem
pro protein P3 nebyl nalezen statisticky vyznamny rozdil v aktivité sledovanych enzymut

(ptiloha 4, obr. 5, str. 136).

4.4.2 Antioxidacni enzymy (CAT, GR, APOD, SOD)

Antioxidacni enzymy se ucastni predev§im okamzitych odpovédi rostliny (Hammond-
Kosack a Jones, 2000; Wojtaszek, 1997). V tomto pokusu byly aktivity nckterych
antioxidagnich enzymi sledovany jednak brzy po inokulaci PVY"™(2, 12 a 24 hodin po
inokulaci) a jednak v dob¢ pln¢ rozvinutych ptiznaka (10. den po inokulaci), av§ak ne v misté
infekce, ale v hornich, systémové infikovanych listech, kam se viry dostdvaji vodivymi

NTN

pletivy. Az na ojedinélé zmény (napf. zvySenad aktivita CAT vPVY infikovanych

rostlinach 24 hodin po inokulaci) nebyly v aktivitich vybranych antioxidac¢nich enzymut

zjistény vyznamné rozdily mezi kontrolnimi, PVYN'™

infikovanymi a transgennimi rostlinami
(ptiloha 4, obrazky 1-4, str. 132-135). Pravdépodobné je prfechodné zvySeni aktivity
antioxidacnich enzymii ve stresovanych rostlinich omezené nejen casové (na okamzité

odpovédi), ale 1 lokalné (na mistni odpovéd’ ptimo v misté vstupu patogenu).

4.5 Vliv infekce PVY"'" na aktivitu a isoformy NADP-ME v kontrolnich a
transgennich rostlinach N. benthamiana s vnesenym genem pro protein HC-

pro.

Druhym transgennim modelem byly rostliny Nicotiana benthamiana s vnesenym
genem pro protein HC-pro z 4 viru bramboru (PVA). Na rozdil od proteinu P3 je funkce
proteinu  HC-pro (z angl. helper component protease) zndmd. Protein HC-pro je
multifunkénim proteinem, usnadiujicim §ifeni viru rostlinou, zvySujicim amplifikaci virového
genomu a snizujicim PTGS (z angl. posttranscriptional gene silencing). Ovlivituje Sifeni viru
jednak zbunky do buiky, jednak na dlouhé vzdalenosti a ma proteinasovou aktivitu

cysteinového typu (Savenkov a Valkonen, 2002, Waterhouse et al., 2001). Na druhou stranu
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mize ptitomnost proteinu viru (HC-pro proteinu z PVA) znamenat ochranu vii¢i infekci
homolognim virem (PVYN'™) podobné, jako to bylo popséano pro tabak exprimujici HC-pro a
jeho snizené piiznaky virem tabakové mozaiky a vétSi odolnost vic¢i viru TBRV (tomato
black ring nepovirus) (Pruss et al., 2004).

NTNy

Opét byl studovan nejen vliv vneseného proteinu, ale i vliv virové infekce (PVY

v transgennich rostlinach na aktivitu NADP-ME (pfiloha 5).

4.5.1 Aktivita a isoformy NADP-ME v Nicotiana benthamiana

Cilem pokusu bylo zjistit, zda vliv virové infekce na aktivitu NADP-ME zjistény pro
rostliny N. tabacum plati i pro rostliny N. benthamiana. V rostlindm N. benthamiana vSak
byla na rozdil od rostlin N. tabacum L. zjisténa pfitomnost vice isoforem po nativni
elektroforetické separaci. Zatimco v rostlindch N. tabacum byla ve vSech Céastech rostliny
zjiSténa piitomnost pouze jednoho prouzku odpovidajicimu aktivit¢ NADP-ME (pfiloha 3,
obr. 5, str. 122), naznacujici pfitomnost jedné isoformy, v rostlindch N. benthamiana byl
jeden prouzek identifikovan pouze v mladych vrchnich listech a v kofenech, dvé isoformy a
prouzek odpovidajici pravdépodobné Stépu ve starSich listech a ve stoncich, a dokonce tfi
prouzky byly nalezeny v kvétech (ptiloha 5, obrazky 2 a 3, str. 147). Fergusonovou metodou
(Ferguson, 1964), umoziujici pfiblizné urcit relativni molekulovou hmotnost na zakladé
rozdilné pohyblivosti  nativnich  standardnich  proteini v riznych koncentracich
polyakrylamidového gelu (piiloha 5, obr. 5, str. 149), bylo stanoveno, ze relativni molekulova
hmotnost kotfenové isoformy odpovidd ~248 000, isoformy ptitomné ve starSich listech a
stoncich odpovidaji ~280 000, ~248 000 a stép ~70 000, a isoformy v kvétech pak ~70 000,
~140 000 a ~280 000 (ptiloha 5, tabulka 2, str. 148). Pti ptedpokladaném tetramerickém
uspotadani, jsou v rostlinach v N. benthamiana ptitomny isoformy NADP-ME o relativni
molekulové hmotnosti ~62 000 a ~70000, coz odpovida relativnim molekulovym
hmotnostem popsanych u rostlinnych NADP-ME (viz uvod, kapitola 1.5.1).

Fergusonovym vynosem (zavislosti 100[log(Rf x 100)] na koncentraci
polyakrylamidového gelu, kde Ry odpovida relativni pohyblivosti daného proteinu v gelu) Ize
také urcit, jak spolu dané isoformy souvisi, naptiklad kterd isoforma je vétsi ve velikosti ¢i
naboji, popiipad¢ jedna-li se o rizné oligomerizacni stavy. Ty se ve Fergusonové vynosu
projevi jako protinajici se pfimky v jednom bodé¢, v oblasti osy x mensi nez 2 % koncentrace
polyakrylamidového gelu (Lottspeich a Zorbas, 1998). Prave takovy vysledek byl ziskan pro
tf1 isoformy nalezené v kvétech, jedna se tedy nejspiSe o monomer, dimer a tetramer isoformy
NADP-ME o relativni molekulové hmotnosti ~70 000 (ptiloha 5, obr. 6, str. 149).
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Aktivita NADP-ME v listech a kofenech transgennich rostlin byla obdobna jako u
rostlin kontrolnich. Nebyly zaznamendny statisticky vyznamné rozdily mezi rostlinami
produkujicimi protein HC-pro a rostlinami netransgennimi (pfiloha 5, tabulka 1, obr. 4. str.
147 a 148) mozna z diivodu nizké nukleotidové podobnosti PVY s PVA, ktera ¢ini pouze 58
% (Moravec, 2001).

4.5.2 Vliv infekce PVY"™ na NADP-ME
Dalsi rozdil rostlin N. benthamiana oproti rostlinam N. tabacum L. byl zaznamenan
pii studiu vlivu infekce PVYN'™

narastu aktivity NADP-ME v prab&hu PVY™'™ v listech N. tabacum L. (ptiloha 4, obr. 5, str.

na aktivitu NADP-ME v listech. Oproti az Sestindsobnému

136) nebyl v listech rostlin N. benthamiana v prabehu 25 dni infekce pozorovan rozdil mezi

kontrolnimi zdravymi a PVYN'™™

infikovanymi (pfiloha 5, obr. 4A, str. 148). Pouze
v kotenech PVY™™ infikovanych rostlin byl v transgennich i netransgennich rostlinich
zjistén mirny narast aktivity NADP-ME (180 a 215 % oproti kofentim kontrolnich zdravych
rostlin (ptiloha 5, obr. 4B, str. 148).

Je tedy zieymé, ze zvySeni aktivity NADP-ME v listech vlivem virové infekce neni
pravidlem pro vSechny rostliny. Pravdépodobné zilezi jednak na isoenzymovém slozeni

NADP-ME, lokalizaci jednotlivych isoforem a pfedev§im na samotné obranné odpovédi dané

rostliny vici stresu.

4.5 Aktivita NADP-ME v rostlinach N. tabacum L. cv. Petit Havana, SR1

péstovanych v podminkach in vitro

Rostliny N. tabacum L. péstované in vitro, v uzavienych nadobkach omezujici piistup
CO,, pfi vyssi vlhkosti vzduchu a na zivném médiu obsahujicim 2 % sacharosy (Murashige-
Skooguv agar) vykazovaly vyssi aktivitu NADP-ME a PEPC nez rostliny kontrolni péstované
v pud¢ (aktivita NADP-ME se oproti rostlinam kontrolnim zvysila 5,5-ndsobné, aktivita
PEPC 2,4-nasobng) (obr. 13, str. 49). Zvyseni aktivity té€chto dvou enzyml muize znamenat
efektivnéjsi vyuzivani CO,, fixaci CO; uvolnéného respiraci a fotorespiraci prostiednictvim
PEPC a nésledné uvolnéni CO, za katalyzy NADP-ME. Nezménéna aktivita PPDK (obr. 13,
str.  49) pravdépodobné¢ znamend, ze v rostlindch tabdku nedochazi k regeneraci

fosfoenolpyruvétu, substratu pro PEPC. Dlivodem miiZe byt pfitomnost sacharosy v médiu.
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Obr. 13. Aktivita NADP-ME, PEPC a PPDK vztazena na Cerstvou hmotnost v listech rostlin Nicotiana tabacum
L., cv. Petit Havana, SR1 péstovanych v podminkach nedostatku CO,, in vitro, v Murashige-Skoogovu agaru, ve
srovnani s kontrolnimi rostlinami péstovanymi v pidé. Vysledky jsou primérem a smérodatnou odchylkou
meéfeni 30 vzorkl in vitro a 6 vzorku rostlin péstovanych v pudé. Statistické vyhodnoceni bylo provedeno t-
testem. Hvézdic¢ka oznacuje statisticky vyznamné zmény viéi kontrolni skupiné s p < 0.05.

4.6 Vliv sucha na aktivitu NADP-ME v rostlinach N. tabacum L.

Jelikoz 1 stres suchem ma urcité podobnosti a disledky (napf. uzavirani priduchi)
jako bioticky stres, byl zkouman jeho vliv na aktivitu NADP-ME, PEPC a PPDK v rtznych
castech rostlin N. tabacum L., cv. W38. Vzorky listi délenych podle umisténi na rostling
(zvlast vrcholové listy: LNV, prvni dospélé listy: LV a nové vyvinuté listy béhem pokusu:
LNVV) byly odebirany 5. a 11. den podminek sucha a den po zaliti stresovanych rostlin (12.
den pokusu). Jiz 5. den bylo zjisténo zvyseni aktivity NADP-ME (u LNV o 110 %), PEPC (u
LNV 0 75 %) a PPDK (u LNV o0 130 %) (obr. 14A, 15A, 16A, str. 50-51). Narist aktivity byl
jesté vyznamnéjsi 11. den podminek sucha, kdy aktivita u stresovanych vystoupila u enzymu
NADP-ME (u LNV o0 475 %), u PEPC (u LNV o0 650 %) a u PPDK (u LNV o 180 %) (obr.
15B, 16B, 17B, str. 50-51). V listech LV byla aktivita i jeji zvySeni vlivem stresu vétSinou
niz§i. Den po zaliti se rozdily mezi kontrolnimi a stresovanymi rostlinami zase zacaly
snizovat. ZvySeni aktivity NADP-ME 24 hodin po zaliti bylo u LNV o0 370 %, PEPC u LNV
0 80 % a PPDK u LNV o 150 % (obr. 14C, 15C, 16C, str. 50-51).
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Obr. 14. Aktivita NADP-ME vztazena na gram cerstvé hmotnosti rostlinného materialu v riznych castech
rostliny, po 5., 11. dnu sucha a den po zaliti 11 dnl stresovanych rostlin Nicotiana tabacum L. cv. W38; [ —
kontrolni rostliny, ll — rostliny vystavené suchu; LNV — vrcholové listy, LV — prvni pln& vyvinuté listy.
Vysledky jsou primérem a smérodatnou odchylkou méfeni 3 vzorkd. Statistické vyhodnoceni bylo provedeno t-
testem. Hvézdicka oznacuje statisticky vyznamné zmény viici kontrolni skupiné s p < 0.05.
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Obr. 15. Aktivita PEPC vztazena na gram Cerstvé hmotnosti rostlinného materialu v riiznych ¢astech rostliny, po
5., 11. dnu sucha a den po zaliti 11 dnd stresovanych rostlin Nicotiana tabacum L. cv. W38; O — kontrolni
rostliny, Il - rostliny vystavené suchu; LNV — vrcholové listy, LV — prvni pIn& vyvinuté listy. Vysledky jsou
primérem a smérodatnou odchylkou méfeni 3 vzorkl. Statistické vyhodnoceni bylo provedeno t-testem.
Hveézdicka oznacuje statisticky vyznamné zmény vici kontrolni skuping s p < 0.05.
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Obr. 16. Aktivita PPDK vztazena na gram Cerstvé hmotnosti rostlinného materialu v riznych ¢astech rostliny,
po 5., 11. dnu sucha a den po zaliti 11 dnd stresovanych rostlin Nicotiana tabacum L. cv. W38; L1 — kontrolni
rostliny, [ rostliny vystavené suchu; LNV — vrcholové listy, LV — prvni pIn& vyvinuté listy. Vysledky jsou
primérem a smérodatnou odchylkou méfeni 3 vzorkl. Statistické vyhodnoceni bylo provedeno t-testem.
Hvézdicka oznacuje statisticky vyznamné zmény vici kontrolni skuping s p < 0.05.

V rostlinach stresovanych nedostatkem vody je hlavnim problémem pokles turgoru
(tlakového potencidlu), uzavieni pruduchli, snizeni fotosyntézy a pokles rustu rostliny.
Druhotné pak stres suchem vyvolava deficienci zivin zplsobenou jejich nedostate¢nym
zasobovanim a pfijmem kofeny. Siln4 dehydratace je spojena s poskozenim membran, coz se
projevi ztratou jejich permeability. Jednim ze zplisobl udrzeni vodniho potencidlu je syntéza
osmoticky aktivnich latek, pfedevsim prolinu, sacharidl, glycinbetainu a cukernych alkoholt
(sorbitolu, manitolu). Tudiz v takto stresovanych rostlindich mtize byt zvysena aktivita NADP-
ME, PEPC a PPDK umoznujici poskytovani NADPH pro biosyntetické reakce jako napf.
biosyntézu prolinu, mastnych kyselin poskozenych membran, nebo biosyntézu manitolu
z mannosa-6-fosfatu vyhodnd. Za podminek uzavienych praduchii v souvislosti se suchem
mize byt rovnéz dulezit¢ poskytovani CO, enzymem NADP-ME. Produkci pyruvatu se

NADP-ME také podili na podporovani citratového cyklu.

4.7 Vyznam NADP-ME pro rostlinu za nefyziologickych podminek

V této praci byla zjisténa zvySena aktivita NADP-ME, PEPC a PPDK za

nefyziologickych podminek, vlivem biotického stresu zplisobené¢ho virovou infekci ¢i
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abiotickym stresem zptsobenym nedostatkem CO, a vody. Zustava otazkou, zda by NADP-

ME, PEPC a PPDK mohly spolu s NAD-malatdehydrogenasou, které je v cytosolu nadbytek,

tvofit obdobné jako jejich fotosyntetické protéjSky v C4 rostlinach cyklus, kterym by bylo

mozné ziskavat redukéni ekvivalenty NADPH na ukor ATP a NADH (obr. 17). Obzvlasté ve

stresovanych rostlinach za nefyziologickych podminek by NADPH bylo vyuzitelné pro

biosyntetické pochody, predevSsim k opravé poskozenych struktur ¢i syntéze osmolytik

v pfipadé€ stresu suchem. Stejné tak dalsi produkt tvofeny timto cyklem, CO,, je v rostlinach,

u kterych doslo k poSkozeni listl (napt. stresem virovou infekei, suchem) a/nebo k uzavieni

praducht vlivem stresu vyuzitelny pro fotosyntézu, jejiz rychlost je v téchto podminkach

podstatné sniZena.

Cl',GOL
:
MADH+ H
PEPC Lr,
| ) NAD*
_ o COO0
HCO, o i
(I:OO
O HO-CH
lC;—OF'Og ?H :
CH2 co0"
PEP L-malét
MADE*
coo
Mg o l NADP-ME
c=0
AMP + PPi + 2H* I:I:H3 NADPH + H*
PPDK aTp Py

Obr. 17. Enzymy piedpokladané metabolické drahy v rostlinach tabaku, ktera je pravdépodobné vice vyuzivana
za podminek biotického stresu vyvolaného virovou infekci.

Podobn¢ v rostlinach celedi Chenopodiaceae (merlikovitych) byla popsana Cy4

fotosyntéza probihajici pouze v jediné buiice, bez prostorového oddéleni karboxylacni a

dekarboxylacni reakce mezi mesofylovou buriku a buiiku pochev cévnich svazku (Lara et al.,

2006).
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1. Nefotosynteticka cytosolova isoforma NADP-dependentni malatdehydrogenasy
(dekarboxyla¢ni) (NADP-ME) byla tiemi chromatografickymi kroky izolovana z listd
tabaku Nicotiana tabacum L., cv. Petit Havana SR1 o vysledné specifické aktivité
0,95 pumol.min’.mg”, relativni molekulové hmotnosti jedné podjednotky tetrameru
priblizn¢ 67 000, isoelekrickém bodu 5,5 a pH optimu 7,1 - 7,4. Byly stanoveny zakladni
kinetické parametry této isoformy pro substrat L-malat a NADP" v piitomnosti u¢innych
kofaktord Mg”", Mn®", Co*", Ni*", stejn& jako byly sledovany zavislosti reakénich
rychlosti na koncentraci jednotlivych iontd. Zavislost reakéni rychlosti na koncentraci
Mn”" jonti byla sigmoidalni, se silnou pozitivni kooperativitou a vysokou hodnotou

Hillova koeficientu 7.,5.

2. Mechanismus dvousubstratové reakce katalyzované NADP-ME z listl tabadku byl urcen

jako uspotadany sekvenéni.

3. Regulace NADP-ME isoformy purifikované z listi tabdku se uskutecniuje predevSim

energeticky bohatymi latkami (GTP, ATP a ADP), mirné¢ pak nékterymi metabolity
glykolyzy.

4. Vlivem biotického stresu zptsobené¢ho Y virem bramboru (PVY) doslo v pribéhu infekce
ke zvyseni aktivity NADP-ME v listech, stoncich i1 kofenech Nicotiana tabacum L., a to
jak kmenem PVY©, tak kmenem PVY"™. Mirngjsi kmen PVY® zpiisobil nizsi zvyseni
aktivity nez nekroticky izolat kmene PVYN'™. Vyznamn& zvysené aktivité NADP-ME
vlivem PVYN™ odpovidala i zvySend transkripce cytosolové isoformy NADP-ME a

exprese tohoto proteinu.
5. Transgenni rostliny Nicotiana tabacum L., cv. Petit Havana SR1 s vnesenym genem pro

potyvirovy protein P3 z 4 viru bramboru a transgenni rostliny Nicotiana benthamiana

s vnesenym genem pro multifunkéni potyvirovy protein HC-pro z A viru bramboru se
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NTN

v odpovédi na infekci PVY aktivitou NADP-ME neliSily od svych netransgennich

kontrol.

Rostliny Nicotiana benthamiana neodpovidaji na virovou infekci PVY"™

v podobé
zvysené aktivity NADP-ME v listech, avSak zvySeni aktivity nalezené v kotfenech je
obdobné¢ jako zvySeni v kofenech infikovanych rostlin Nicotiana tabacum L.
V riznych castech kontrolnich i infikovanych rostlin Nicotiana benthamiana byly

nalezeny isoformy NADP-ME.

Abioticky stres v podobé nedostatku CO, a sucha zvySoval aktivitu NADP-ME v listech

rostlin Nicotiana tabacum L.
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Malic enzyme (L-malate: NADP* oxidoreductase (oxaloacetate-decarboxylating), EC 1.1.1.40,
NADP-ME), which was found in chloroplasts, was isolated from tobacco leaves (Nicotiana
tabacum L.) almost homogenous. The specific enzyme activity was 0.95 umol min™t mg™.
The enzyme pH optimum was found between pH 7.1 and 7.4. The affinity of NADP-ME to
substrates (L-malate and NADP*) was evaluated in the presence of divalent metal ions (Mg?*,
Mn?*, Co?*, Ni?*). The value of the apparent Michaelis constant of NADP-ME for L-malate
was dependent on the ion cofactor, while no such relationship was found for NADP*. The
dependence of the reaction rate on concentration of Mg?* indicates the presence of more
than one binding site for these ions in NADP-ME. Likewise, the sigmoidal dependence of
the reaction rate on Mn?* concentration and the value of Hill coefficient 7.5 indicate the
positive cooperativity of the reaction kinetics in the presence of the ions. The effect of Co?*
and Ni?* ions was analogous to that of Mn?* ions; however, the cooperativity was lower (the
values of Hill coefficients were 3.0 and 1.3 for Co?* and Ni?*, respectively). Regulation of
NADP-ME from tobacco leaves by divalent metal ions is discussed.

Keywords: Oxidoreductases; Enzyme kinetics; NADP-malic enzyme; Divalent metal ions;
Nicotiana tabacum L.

Malic enzyme (L-malate: NAD(P)* oxidoreductase (decarboxylating)) cata-
lyzes oxidative decarboxylation of L-malate using NAD* or NADP* as co-
enzymes in the presence of divalent metal ions to produce pyruvate,
NAD(P)H and CO, %2, This is ascribed to three related forms of malic en-
zymes. The first, EC 1.1.1.38, which uses NAD* as a coenzyme and can
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decarboxylate oxaloacetate in addition to L-malate, is predominantly found
in bacteria. The second enzyme, denoted as EC 1.1.1.39, uses NAD(P)*, but
it is unable to decarboxylate oxaloacetate. This enzyme is localized in plant
mitochondria as well as in animal cells®. Finally, NADP-dependent malic
enzyme (NADP-ME), EC 1.1.1.40, utilizes NADP* and catalyzes the de-
carboxylation of L-malate and other partial reactions including decarboxy-
lation of oxaloacetate and reduction of a-ketocarboxylic acid!. This enzyme
is found in animal and plant tissues as well as in prokaryotic and eukaryotic
microorganisms®. NADP-ME is widely distributed among all types of plants
and its isoforms are either plastidic or cytosolic2. NADP-ME is coded by a
small gene family, the expression of which is tissue and ontogenic stage
specific. In Arabidopsis three isoforms in cytosol and one in chloroplasts are
present®, similar results were obtained in rice®.

NADP-ME, located in chloroplasts of bundle sheet cells of C, plants
(a plant, in which the first photosynthetic product is a 4-carbon com-
pound), plays an important role in C, photosynthesis. It catalyzes the re-
lease of CO,, which is utilized in the Calvin cycle. In Crasulean acid
mechanism (CAM) plants, malic enzyme has an analogous function, but its
localization is cytoplasmic?f. NADP-ME is also present in C; plants
(a plant, in which the first photosynthetic product is a 3-carbon com-
pound), and in non-photosynthetic tissues of C, plants?’. It is assumed
that its main role is to supply reduced equivalents, NADPH, for synthetic
metabolic pathways such as synthesis of fatty acids and pyruvate. More-
over, NADP-ME together with phosphoenolpyruvate carboxylase serves to
maintain the intracellular pH. NADP-ME also participates in the mecha-
nism of stomatal closure and can affect the water economy of a plant®.

The NADP-ME function seems to be associated with metabolic response
of plants to stress. The increased activity of NADP-ME in maize roots
treated with fungal elicitors, jasmonate, or cellulase was found®, and in to-
bacco leaves affected by viral infection®, The enhancement of NADP-ME
activity was also found in water-stressed tobacco!! and in transgenic to-
bacco overproducing endogenous cytokinins'?. Molecular mechanisms of
such responses have not yet been explained. Furthermore, the enzyme of
C; plants has not been fully characterized until now. Therefore, we have
isolated NADP-ME from tobacco leaves and characterized kinetics of the re-
action catalyzed by this enzyme. Kinetic parameters of the enzyme in the
presence of various divalent metal ions were determined.
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EXPERIMENTAL

Plant Material

Tobacco plants (Nicotiana tabacum L. cv. Petit Havana SR1) were grown in a greenhouse un-
der 22/18 °C day/night temperatures. Seeds were sown in pots with sand and plantlets were
transferred to soil after 3 weeks. Leaves of seven-week old plants were collected for isolation,
frozen immediately in liquid N, and stored at -75 °C.

In vivo Localization of NADP-ME

Malic enzyme was localized by staining in fresh hand-cut sections of leaf midribs. The sec-
tions were incubated immediately in 10 ml of staining solution consisting of 100 mm
Tris-HCI buffer (pH 7.4), 10 mm L-malate, 10 mm MgCl,, 7.6 mg NADP*, 12 um Nitroblue
Tetrazolium chloride, and 0.16 um phenazine methosulfate at room temperature for 30 min
in the dark. The control staining was done without L-malate or NADP*. The blue color indi-
cated NADP-ME activity, which was not present in the control staining. The sections were
examined in light microscope Nicon Eclipse E600 equipped with CCD camera.

Enzyme Purification

Tobacco leaves (50 g) were homogenized in 100 mm Tris-HCI (pH 7.8) containing 1 mm
dithiothreitol, 1 mm EDTA and 5 mm MgCI, (buffer A) using a disperser Turrax DI-18. The
homogenate was filtered through cheesecloth, 1 g of poly(vinylpyrrolidone) was added, and
the mixture was centrifuged at 9400g for 30 min. The extract was precipitated with ammoni-
um sulfate. The fraction with NADP-ME activity precipitated between 30 and 55% saturation
of (NH,),SO,. The precipitated protein was dissolved in 6 ml of 25 mwm Tris-HCI (pH 7.8)
containing 0.5 mwm dithiothreitol, 1 mm EDTA and 5 mm MgCI, (buffer B) and dialyzed over-
night against 1 | of buffer B. The solution was applied onto a DEAE-cellulose column (1.5 x
10 cm) equilibrated with buffer B. After washing with buffer B, elution was performed with
a linear NaCl gradient (0-300 mm NaCl in buffer B) at flow rate 1 ml min™. NADP-ME activ-
ity was eluted as a single peak at 250 mm NacCl. Fractions containing the highest activity
were pooled, precipitated with 80% saturation of ammonium sulfate and centrifuged at
94009 for 10 min. The pellet was dissolved in a minimal volume of buffer B and applied
onto a column of Sephadex G-200 (1.5 x 30 cm) previously equilibrated with buffer B. Elu-
tion with buffer B was performed and fractions with NADP-ME activity were pooled.

2’,5’-ADP-Sepharose 4B was swollen and washed with buffer B, packed into a column (1 x
8 cm), equilibrated by washing with buffer B containing 5 mm L-malate and 5 mm MgCl,,
and then used for the separation of NADP-ME. Elution was performed with buffer C (25 mm
Tris—=HCI pH 7.8, 0.5 mm dithiothreitol, 1 mm EDTA).

Protein concentration was determined by the method of Bradford using bovine serum al-
bumin as standard®®.

The Enzyme Activity Assays

The NADP-ME activity was determined spectrophotometrically (Hellios o, Thermo
Spectronic) at 21 °C by monitoring NADPH production at 340 nm. The NADP-ME assay mix-
ture contained 80 mm 3-morpholinopropane-1-sulfonic acid (MOPS)-20 mm sodium ace-
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tate-NaOH buffer (pH 7.4), 16 mm L-malate, 2 mm MgCl, and 0.2 mm NADP" in total
volume of 1 cm®. The reaction was started by addition of the enzyme. Apparent Michaelis
constants (S, 5 constants, respectively) of NADP-ME for the substrates and cofactors were de-
termined by varying its concentration and maintaining the other substrates and cofactors
concentrations saturating (16 mm L-malate, 0.2 mm NADP* and 2 mm cofactor). Kinetic pa-
rameters were obtained by fitting the data from a substrate saturation curve to the equation:
Michaelis—Menten equation (A); Hill equation (B); expression, which describes two binding
sites for Mg?* ions** (C)

v=_—1t71 (A)

VST

= B
[Sos]" + [ST' ®)

vo VASTT Vst ©
[Sos, I + ST [Sys, I'* + ST

where V is apparent maximal velocity of enzyme reaction (umol min~t mg‘l), [S] substrate
concentration (mol I‘l), K, Michaelis constant (mol I‘l), So.5 Is substrate concentration
when the reaction rate is half of the maximal velocity in non-Michaelis-Menten Kkinetics,
and n is Hill coefficient under the given experimental conditions. The data were processed
by non-linear regression with MS Excel program.

The pH optimum of NADP-ME was measured utilizing 80 mm MOPS-20 mm sodium
acetate-NaOH buffer (pH 6.5-7.7) and 100 mm Tris—-HCI buffer (pH 7.1-9.0).

Electrophoretic Separations

Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE)
was carried out according to Laemmlit® using a Biometra apparatus. Gels (10%) were stained
for protein with Coomassie Brilliant Blue. Native gel electrophoresis was performed accord-
ing to Lee and Leel®. The gels (6%) were assayed for the NADP-ME activity by incubating in
a solution of 100 mm Tris-HCI (pH 7.4) containing 10 mm L-malate, 10 mm MgCl,, 2 mm
NADP*, 0.1 mg mI~! Nitroblue Tetrazolium chloride and 5 ug mi phenazine methosulfate
at room temperature®.

Isoelectric focusation was performed according to the Pharmacia manual except the pro-
longation of the procedure to 6000 V h instead of 3500 V h. The standard protein mixture
obtained from Serva was used for calibration.
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RESULTS

Localization of NADP-ME in Tobacco Plants

The localization of NADP-ME was studied in tobacco leaf midribs by stain-
ing for its activity (Figs 1A-1C). The dark blue colour, which is formed by

Fic. 1
Histochemical localization of the NADP-ME activity on fresh hand-cut section of tobacco leaf.
Blue staining indicates the enzyme activity. Cross-section of the tobacco leaf (A), more de-
tailed view of leaf cross-section (B), detailed view of mesophyll cell with stained chloroplast
(C). Chloroplasts marked by =k showed the NADP-ME activity
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reduction of Nitroblue Tetrazolium chloride and phenazine methosulfate,
corresponds to activity of NADP-ME. Figures 1A and 1B document higher
activity of NADP-ME in the cells surrounding the bundle sheets than in
other cells of tobacco leaf, i.e. L-malate transported in veins can be de-
carboxylated in these surrounding cells. Within the cell, NADP-ME is loca-
lized particularly in the chloroplasts. In Fig. 1C the chloroplasts are marked
with asterisk. However, the presence of this enzyme in other cell compart-
ments, such as vacuole or cytosol, cannot be excluded.

Purification of NADP-ME

The enzyme was isolated from seven-week old tobacco plants and purified
to a final specific activity of 0.95 umol min™ mg™, using chromatography
on DEAE-cellulose followed by gel and affinity chromatography. The purifi-
cation procedure is summarized in Table I. Purified NADP-ME was analyzed
by polyacrylamide gel electrophoresis under denaturating conditions
(SDS-PAGE). The band with molecular weight of 67 000 corresponded to
NADP-ME. Another band with lower molecular weight was also present, but
it was probably a contaminant protein (Fig. 2A). This was proved by non-
denaturating electrophoresis tested for NADP-ME activity, which showed
only the presence of one protein band with the NADP-ME activity (Fig. 2B).
Native isoelectric focusation assayed for activity indicated also only one
form of NADP-ME, with the estimated isoelectric point pl 5.5 (Fig. 2C).

TasLE |
Procedures used for purification of NADP-ME from tobacco leaves

Step Total protein Total activity Specific activity Purification Yield

mg pmol min™  pmol mint mg™*  fold %

Crude extract 67.62 0.99 0.015 1 100
(NH,),S0O, 29.61 0.73 0.025 2 74
Dialysis 25.83 0.65 0.025 2 65
DEAE-cellulose 3.84 0.34 0.088 6 34
Gel 0.36 0.21 0.591 41 22
chromatography

Affinity 0.04 0.04 0.950 65 4
chromatography
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Kinetic Properties of NADP-ME

The activity of NADP-ME was pH-dependent, having pH optimum between
7.1 and 7.4. A significant decrease in the enzyme activity was found below
pH 6.8 and above pH 7.6 (Fig. 3).

NADP-ME is known? to catalyze oxidative decarboxylation of L-malate in
the presence of divalent metal ions, particularly Mg2*. Therefore, in addi-
tion to Mg?* ions, other ions such as Mn?*, Co?*, Ni?*, Ca?*, Cu®* and Zn?*
were also analyzed (Table I1). While Mg?*, Mn?*, Ni?* and Co?* ions acted as
the NADP-ME cofactors stimulating the enzyme activity (Table 1I), Ca?* and
Cu?* were ineffective (not shown). The presence of a divalent metal ion is
essential, no NADP-ME activity was observed without this cofactor. Zero ac-
tivity without addition of divalent metal ions to the reaction mixture also
confirms, that the enzyme extract is free of divalent metal ions after all iso-
lation procedures. The Mn?* ions served as the most efficient cofactor of
NADP-ME, being 1.4-fold more efficient than Mg?* ions (Table I1). Ni2* and
Co?* ions were less effective to stimulate the NADP-ME activity, exhibiting

A C

w===—97 000
— S==—67 000
Ws— 45 000

= 29 000

4.5
— -

=35

FiG. 2
NADP-ME from tobacco leaves separated by SDS-PAGE stain-tested for proteins (A), by native
electrophoresis stain-tested for enzyme activity (B), by isolectric focusation stain-tested for en-
zyme activity (C). Positions of molecular weight markers (A) and isolectric focusation markers
are indicated on the right-hand side
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only 54 and 59% of the value of the reaction rate in the presence of Mg2*
ions, respectively. The activity of NADP-ME in the presence of Zn?* was
only 20% compared with Mg?* ions (not shown).

The experimental data obtained from the dependence of the reaction rate
on the concentration of MgCl, corresponded to the equation that describes
two binding sites for Mg?* ions (see Eq. (C) in Experimental). The particu-

TABLE 11
Kinetic parameters of NADP-ME from tobacco leaves characterizing the dependence of the
reaction rate on the concentration of Mg?*, Mn?*, Co?* and Ni®* ions

Mg2+
Cofactor Mn?* co®* Ni%*
1 2
Sy (Me2?), mm 021+003 1154055 004+001 006001 0.16+0.02
n 1.6+0.4 1.2+0.5 75+13 3.0+£0.3 1.3+0.1

V, umol mint mg? 042+007 065+011 149+025 063+0.11 0.58+0.10

Measured with 16 mm L-malate and 0.2 mm NADP* at 21 °C, SEMs were calculated from at
least 3 sets of data. V is apparent maximal velocity, S, s substrate concentration when the
reaction rate is half of maximal velocity in non-Michaelis-Menten kinetics, n Hill coefficient
under the given experimental conditions. Column 1: the first binding site for M92+ ions,
column 2: second binding site for M92+ ions.

1.2

v, umol min~t mg‘l

60 65 7.0 75 80 85 90 95
pH

Fic. 3
Effect of pH on activity of NADP-ME from tobacco leaves. ® 80 mm MOPS-20 mm sodium ace-
tate-NaOH buffer (pH 6.5-7.7), O 100 mm Tris-HCI buffer (pH 7.1-9.0)
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FiG. 4
Effect of increasing concentrations of divalent metal ions on the reaction rate of NADP-ME
from tobacco leaves. The concentrations of L-malate and NADP* were at saturating levels. Mg®*
saturation curve of NADP-ME (A), double reciprocal plots (B), Mn?* saturation curve of
NADP-ME (C), Hill plots (D), Co?* saturation curve of NADP-ME (E), Hill plots (F), Ni®* satura-
tion curve of NADP-ME (G), Hill plots (H)
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lar constants for both binding sites Sy (concentration of MgCI, at half-
saturation; for first binding site (subscript 1) and for second binding site
(subscript 2), Sy , S,5,) and V (maximal reaction rate, V,, V,) were calcu-
lated (Table I1). The mild positive cooperativity in the presence of variable
concentrations of Mg?* characterized by Hill coefficients of 1.6 and 1.2 for
these two binding sites were found (Figs 4A and 4B, Table II).

A typical sigmoidal kinetic curve, indicating a positive cooperativity,
was detectable in the presence of different concentrations of MnCl,. The
value of the S, 5 was equal to 0.04 mm, the value of Hill coefficient was 7.5
(Figs 4C and 4D, Table Il). The enzyme kinetics in the presence of variable
concentrations of Co?* and Ni?* ions was analogous to that in the presence
of Mn?* ions, but the positive cooperativity characterized by values of Hill
coefficients and maximal reaction rate was much lower (Figs 4E-4H, Table II).

The divalent metal ions affected the affinity of NADP-ME to L-malate (Table I1).
Hyperbolic kinetic curves were found for the NADP-ME reactions in the
presence of different concentrations of L-malate and all the ions tested in
the study (Fig. 5A). The values of apparent K, for L-malate at saturation level
of NADP* and relevant metal ions are summarized in Table Ill. For compari-
son, we calculated values of Michaelis constants in the presence of Mg?* us-
ing association constants Mg-malate (Table 1V). The highest K, value for
L-malate was found in the presence of MgCl,, whereas K, was twice lower
with MnCl,. None of the tested ions affected the affinity of NADP* to the
NADP-ME (Fig. 5B, Table I11). No inhibition of NADP-ME by L-malate was
found (Fig. 5A).
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TABLE 11
Apparent Michaelis constants of NADP-ME for L-malate and NADP* at saturating concentra-
tions (2 mm) of Mg?*, Mn?*, Co?* and Ni?* ions

Cofactor Mg?* Mn?* co?* Ni?*
K (L.-malate), mm 20+04 1.4+04 0.4+0.1 22+1.1
K., (NADP*), mm  0.04 +0.01 0.03 £ 0.01 0.03 + 0.01 0.04 +0.01

SEMs were calculated from at least 3 sets of data.

TABLE IV
Kinetic parameters NADP-ME calculated using association constants (Mez*—L-maIate):
Michaelis constants NADP-ME for L-malate in the presence of Mg?*, Mn?*, Co?* and Ni?* ions
and S, 5 for Mg?*, Mn?*, Co®" and Ni®" ions

Cofactor Mg?* Mn?* co?* Ni2*

log B (Me?*-L-malate)?® 1.71 2.24 2.82 3.17

K., (L-malate), mm 1.8+04 11+03 0.17+0.02 0.72+0.25

So5 (Me?"), mm 0.11+0.03 0.67+0.37 0.03+0.01 0.010 +0.006 0.006 + 0.001

n 16+04 12+05 75+13 2.8+03 1.3+0.1
DISCUSSION

The results shown in this paper demonstrate that in young tobacco leaves
only one form of NADP-ME is present. It follows from our data: (i) using
native gel electrophoresis, only one band detecting the enzyme activity was
found (Fig. 2); (ii) likewise, using native focusation, only one band detect-
ing the enzyme activity was observed (Fig. 2); (iii) symmetric peaks of
NADP-ME activity were evident after all chromatographic separations, espe-
cially after DEAE-cellulose chromatography, when the enzyme is eluted by
a very mild gradient of ionic strength; (iv) localization of NADP-ME activity
in chloroplasts (Fig. 1). Even though these data strongly suggest that the
NADP-ME in green tobacco leaves is present as one isoform, other isoforms
localized in other parts of tobacco plant or taking part in the metabolism of
other developmental stages of the plant cannot be excluded. Indeed, in
other C; plants, Arabidopsis thaliana and Oryza sativa, the genes for four
NADP-MEs were found*®. However, in these plants the proteins of individual
isoforms were not investigated.
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Figure 1C demonstrates that most enzyme activity is localized in chloro-
plasts and the contribution of possible cytosolic isoform is negligible.
NADP-ME was detected via enzyme activity (see Experimental), not immuno-
chemically, which could interfere with heat shock protein 7017,

A higher activity of NADP-ME was found in cells surrounding the veins
(Fig. 1B) although NADP-ME was detected also in other mesophyll cells
(Fig. 1A). Hibberd and Quick reported similar results, decarboxylation activ-
ity of NADP-ME in stems and petioles of tobacco and celery plants can
cover a part of CO, supply required for photosynthesis under higher energy
needs?8.

In order to characterize the properties of non-photosynthetic C; NADP-ME,
we isolated the enzyme from leaves of tobacco. The isolated enzyme with
the specific activity 0.95 umol min—t mg! was obtained during the isola-
tion procedure. The activity detected for the isolated enzyme is much lower
than that of the enzyme isolated from maize leaves (30.9 pmol min mg),
but it is comparable with the activity of the enzyme isolated from etiolated
maize leaves (leaves developed without chlorophyll by being deprived of
light) (1.4 umol mint mg™), maize roots (1.4 umol min~t mg™), and wheat
(0.98 umol min~t mg™1)21920 The specific activity of NADP-ME from to-
bacco leaves is comparable with the enzyme activities of other C; plants
and with those of non-photosynthesizing parts of C, plants. Moreover, the
values of pH optimum of NADP-ME from tobacco leaves correspond to pH
optimum of the NADP-ME of other C; plants such as wheat?°. In contrast,
the pH optimum of photosynthetic form (C,) of this enzyme lies in the al-
kaline region, at pH 8.02.

There are different values of the isoelectric point (pl) of NADP-ME from
green leaves and from non-photosynthetic parts of maize?. The pl value of
NADP-ME from tobacco leaves, 5.5 (see Fig. 2C), is analogous to that of
NADP-ME from maize roots and etiolated leaves®.

Malic enzymes isolated from various sources require Mg?* or Mn?* ions
for their activity. Generally, NADP-MEs from plants are known to prefer
Mg?* to Mn?* ions22122 put the activity of the enzyme from tobacco leaves
was stimulated more efficiently (by 140%) in the presence of Mn?* com-
pared with Mg?* ions (Table Il). This effect was observed also for malic en-
zymes of animal origin?324, We have also tested other ions for their ability
to substitute Mg?* and Mn?* and proved that Co?*, Ni2* and Zn?* could act
as additional cofactors of tobacco NADP-ME. However, they were less effec-
tive than Mg?* and Mn?* ions. Co?* was found also by other authors to
stimulate NADP-ME from maize leaves®?.
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Another target of our study was the investigation of the affinity of NADP-
ME to various substrates (L-malate, NADP*) in the presence of divalent
metal ions. Divalent metal ions form complexes with organic acid anions
such as L-malate, oxaloacetate, pyruvate and coenzyme NADP(H), which
are all components of the reaction mixture for measurement of NADP-ME
activity. Therefore, it is very complicated to consider the incidence of all
these factors because of equilibrium between all complexes, which is influ-
enced not only by association constants but also by the actual concentra-
tions of substrates and products in the course of the reaction. A further
problem is to determine the accurate values of these constants. Even
though the values of the constants were partly estimated by more authors
about 30 years ago?>27, some of the constants are not available. This is a
reason why we used in our calculations analytical concentrations of metal
ions and other compounds.

For comparison, we calculated values of Michaelis constants in the pres-
ence of Mg?* using association constants Mg-malate, which are available
not only for Mg?*, Mn?*, but also for Co?* and Ni?* ions?®. The values are
summarized in Table IV.

The values of apparent Michaelis constants for L-malate and NADP* of
enzymes from C,, CAM and C; plants in the presence of Mg?* were re-
viewed by Drincovich et al.2. The value of Michaelis constant of NADP-ME
for L-malate is lower for the enzyme of C, plants (i.e. 0.08-0.46 mm) than
for that of wheat (0.96 mm)22°. We found higher values of this constant for
NADP-ME from tobacco leaves (see Table Ill). Nevertheless, we detected
that in the presence of Mn?* and predominately Co?* the K,, value of
NADP-ME for L-malate is lower and thus comparable with those reported
for other plants?. In C, plants, inhibition of NADP-ME by excess of L-malate
was described2. No such inhibition was observed in our results (Fig. 5A);
this is in agreement with other C; plants?. The K, value of NADP-ME for
NADP* in C, plants is 3.15-12 um and that of wheat (37 um) is the same as
that of NADP-ME from tobacco leaves (see Table IlI). The affinity of tobacco
NADP-ME to NADP* was not affected by the presence of other metal ions.
Variations in the affinity of plant NAD-ME to L-malate and also to NAD* in
the presence of Mg?*, Mn?* and Co?* were found?®.

As demonstrated in this work, more than one binding site (probably two
binding sites) for Mg?* ions might be situated in one subunit of NADP-ME
from tobacco leaves with different affinity to Mg?*. This is in agreement
with properties of malic enzyme from maize? and sugar-cane?®. Moreover,
we found the sigmoidal kinetics for the reaction catalyzed with NADP-ME
from tobacco in the presence of variable concentrations of Mn?*, with pro-
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nounced positive cooperativity. The value of the Hill coefficient was 7.5,
which might indicate the presence of at least two binding sites also for
Mn?* in one subunit of the enzyme. The binding of Co?* and Ni?* showed
also positive cooperativity, although the value of the Hill coefficient was
lower.

Our results showed that the regulation of NADP-ME from tobacco is af-
fected not only by the substrate accessibility, but also by the presence of
different concentrations of divalent metal ions such as Mg?*, Mn?*, Co?*
and Ni2*. They differ in some properties; of those the ionic radius is proba-
bly the most important. Only ions with the radius 72-80 pm could bind to
the NADP-ME molecule, which becomes able to catalyze enzyme reactions.
Larger ions (i.e. Ca?*and Cu?*) are not able to play this role. The different
character of Mg2* and other ions, such as Mn2*, Co?*, Ni2*, can be explained
by their different ability to deform electron cloud and their different polari-
zation potentials. Mg?* ion is a “hard” Lewis acid, while Mn?*, Co?* and
Ni2* are on the borderline3°.

The physiological role of these metal ions in regulation of NADP-ME is
unclear. One of the reasons is that the exact concentration of those ions is
not known in relevant cell compartments. Nevertheless, we suggest that in
spite of its low content present in cells, Mn?* may affect the activity of
NADP-ME by smaller changes in its concentration even more efficiently
than Mg?* ions. This suggestion is supported by results found in our previ-
ous work!%. We have found an increase in the NADP-ME activity in tobacco
plants infected by Potato virus y. Although the virus presence was not
proved inside the chloroplasts, the reduction of pigment content and the
signs of plastid degradation were found3!. An increase in Mn?* concentra-
tion, which might result from decomposition of the pigment-protein com-
plexes in chloroplasts, could be responsible for the stimulation of the
enzymes obtained in these experiments.

This work was supported by grants of the Grant Agency of the Charles University 428/2004 and
Grant Agency of the Czech Republic 206/03/0310.
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Abstract

Non-photosynthetic NADP-malic enzyme EC 1.1.1.40 (NADP-ME) catalysing oxidative
decarboxylation of L-malate and NADP" to produce pyruvate and NADPH, which could be
involved in plant defence responses, was isolated from Nicotiana tabacum L. leaves. Mechanism
of the enzyme reaction was studied by the initial rate method and was found out as ordered
sequential one. Possibility of regulation of purified cytosolic NADP-ME was tested.
Intermediates of citric acid cycle (a-ketoglutarate, succinate, fumarate), metabolites of glycolysis
(pyruvate, phosphoenolpyruvate, glucose-6-phosphate), compounds connected with lipogenesis
(coenzyme A, acetyl-CoA, palmitoyl-CoA) and some amino acids (glutamate, glutamine,
aspartate) didn’t significantly affect the NADP-ME activity from tobacco leaves. In contrast,
macroergic compounds (GTP, ATP and ADP) were strong inhibitors of NADP-ME; a type of
inhibition and inhibition constants were determined in the presence of the most effective
cofactors (Mn”" or Mg”" ions), required by NADP-ME. Predominantly non-competitive type of
inhibitions of NADP-ME with respect to NADP" and mixed type to L-malate were found.
Possible functions and properties of NADP-ME from tobacco leaves were discussed.

Key Words: NADP-malic enzyme — macroergic compounds — Nicotiana tabacum L— kinetic
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mechanism —inhibition.

Abbreviations: c-, cytosolic; CAM, Crassulacean acids metabolism; C; plant, a plant that
produces the 3-carbon compound 3-phosphoglyceric acid as the first photosynthetic products; Cs4
plant, a plant that produces the 4-carbon compound oxaloacetic acid as the first photosynthetic
products; m-, mitochondrial; m-NAD-ME, mitochondrial NAD-dependent malic enzyme EC
1.1.1.38; MOPS, 3-morpholinopropane-1-sulfonic acid; NADP-ME, NADP-dependent malic
enzyme EC 1.1.1.40; PVYNTN, Potato virus Y, NTN strain.

Introduction

NADP-malic enzyme ([L-malate: NADP" oxidoreductase (decarboxylating)], EC
1.1.1.40, NADP-ME) catalyzes the oxidative decarboxylation of L-malate using NADP" as
coenzyme in the presence of divalent metal ions to produce pyruvate, NADPH and CO, (Edwards
and Andreo 1992, Drincovich et al. 2001). The presence of a cofactor and the coenzyme is
required for the reaction. The most effective cations are Mg2+, Mn** (Wedding et al. 1989).
NADP-ME:s have been found in most living organisms, including prokaryotic and eukaryotic
microorganisms, plants (C;, C4 and CAM), animals and humans. Their amino acid sequences are
highly conserved among various living organisms, suggesting that NADP-MEs may have
important biological function (Yang et al. 2002).

Regulation and kinetic mechanism of animal malic enzymes is much better investigated
than plant NADP-ME:s. In animals, three types of malic enzyme are known: cytosolic NADP"-
dependent (c-NADP-ME) (EC 1.1.1.40), mitochondrial NAD(P)" dependent (m-NADP-ME) (EC
1.1.1.40) and mitochondrial NAD(P) -dependent malic enzymes (m-NAD-ME) (EC 1.1.1.38).
Mitochondrial m-NAD-ME can use either NAD" or NADP" as cofactors but prefers NAD" under
physiological conditions (Chang and Tong 2003).

The crystal structures of the pigeon and rat cytosolic (c-NADP-ME) and of the Ascaris
suum and human mitochondrial NAD(P") dependent malic enzyme (m-NAD-ME) are known
(Xu et al. 1999; Yang et al. 2002; Chang and Tong 2003). In animals, the cytosolic isoform (c-
NADP-ME) is involved in the generation of NADPH for the biosynthesis of fatty acids and
steroids in liver and adipose tissues. c-NADP-ME may also have a role in microsomal drug

detoxification (Xu et al. 1999). Human mitochondrial m-NAD-ME is believed to have an
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important role in metabolism of glutamine for energy production in rapidly proliferating cells and
tumors (Xu et al. 1999). The activity of this enzyme is regulated by ATP as an inhibitor and by
fumarate as an activator (Yang et al. 2002). Structural studies of m-NAD-ME reveal two ATP-
binding sites, one at the NAD" binding site in the active center and the other at the exo site in the
tetramer interface. Inhibition of the enzyme activity is due to the competition between ATP and
NAD" for the nucleotide-binding site at the active center. Binding of the ATP molecule at the exo
site, on the other hand, is important for the maintenance of quaternary structural integrity (Hsu et
al. 2004).

NADP-ME in plants is localized in plastids and cytosol (Drincovich et al. 2001). The best
characterized is photosynthetic NADP-ME isoform present in chloroplast of bundle sheet cells of
some Cy4 plants (e. g. maize, sugar cane, sorghum). In this case, NADP-ME plays a key role in
photosynthetic metabolism as it generates CO, and NADPH (reducing power) in places of Calvin
cycle operation; thus it eliminates a photorespiratory loss of CO,. In CAM plants in addition to
supplying CO, for Calvin cycle, NADP-ME also provides pyruvate and reductive power for
gluconeogenesis. (Edwards and Andreo 1992). The photosynthetic isoform (NADP-ME from
maize leaves) is up regulated by light (Tausta et al., 2002). Regulation of maize NADP-ME by
various compounds is accomplished either via inhibition by an access of L-malate as a substrate
or by other effectors. Several organic acids have been found to inhibit the C4 NADP-ME (from
maize leaves); the strongest inhibition was observed in the presence of oxaloacetate and o.-
ketoglutarate. Fructose 1,6-bis-phosphate is reported to be an allosteric inhibitor of NADP-ME
from the C,4 species (maize, sugar cane and sorghum) and a CAM plant, but an activator for the
enzyme from the Cs species rice (Edwards and Andreo 1992). Photosynthetic NADP-ME (from
sugar cane leaves) is also influenced with pH (pH optimum is about 8), which affects
oligomerization state of enzyme. The enzyme can readily undergo changes between monomer,
dimer and tetramer. All three forms of the enzyme possess enzyme activity, but the highest
specific activity occurs at pH 8 for the tetramer form (Edwards and Andreo 1992).
Photosynthetic intermediates were tested as possible activators or inhibitors too. At least at a
concentration of 1 mmol/l the mono- and di-phosphates of ribulose and fructose,
phosphoenolpyruvate, 3-phosphoglycerate, dihydroxyacetone phosphate and orthophosphate had
no effect on the activity of NADP-ME isolated from maize leaves (Edwards and Andreo 1992).

Recombinant non-photosynthetic isoforms of NADP-ME from Arabidopsis thaliana and
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Nicotiana tabacum L. were found to be regulated with some intermediates of citric acid cycle
(oxaloacetate, fumarate, succinate) and ATP (Miiller et al. 2008; Gerrard Wheeler et al. 2008).

The function of non-photosynthetic NADP-ME isoform present in C; plants and in non-
photosynthetic tissues of Cy4 plants is not fully explained. It is assumed that its main role is to
supply reduced equivalents (NADPH), for synthetic metabolic pathways such as synthesis of
fatty acids. NADP-ME together with phosphoenolpyruvate carboxylase serves to maintain the
intracellular pH. NADP-ME also participates in the mechanism of stomatal closure and can affect
the water economy of a plant (Laporte et al. 2002). Moreover, NADP-ME function seems to be
associated with metabolic response of plants to stress (Maurino et al. 2001; Synkova and Valcke
2001; Crecelius et al. 2003; Ryslava et al. 2003; Sun et al. 2003; Synkova et al. 2004; Chi et al.
2004; Smeets et al. 2005; Saher et al., 2005; Valderrama et al. 2006; Liu et al. 2007). In C; plants
NADP-ME:s are encoded by a small gene family, the expression of which is tissue and ontogenic
stage specific. The best-studied family of malic enzymes is from Arabidopsis thaliana (Cs dicot
plant) and rice (C; monocot plant), where the whole genome sequence is known (Gerrard
Wheeler et al. 2005, Chi et al. 2004). Two recombinant isoforms of Nicotiana tabacum L. were
fully characterized (chloroplastic Nt-NADP-MEI and cytosolic Nt-NADP-ME?2) and the
transcript of a third putative NADP-ME has also been identified (Miiller et al. 2008).

Previously we have characterized NADP-ME from tobacco leaves (RyS$lava et al. 2007).
The objective of the present communication is the study of the kinetic mechanism of NADP-ME
reaction that has not been described for any plant enzyme as well as detailed inhibition studies

with important inhibitors.
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Materials and Methods

Plant material

Tobacco plants (Nicotiana tabacum L. cv. Petit Havana SR1) were grown in a greenhouse under
22/18 °C day/night temperatures. Seeds were sown in pots with sand and plantlets were
transferred to soil after 3 weeks. Leaves of seven-week old plants were collected, frozen

immediately in liquid N, and stored at —75 °C.

Enzyme purification

A modified procedure described by Ryslava et al. (2007) was used for the purification of NADP-
ME enzyme from tobacco leaves. In contrast to previously used method, homogenization buffer
contained in addition 330 mM sorbitol. Chromatography on DEAE-cellulose, Sephacryl S-300
and finally on a 2°5’-ADP-Sepharose yielded a purified enzyme preparation with specific activity
0.95 pmol.min".mg™". Purified NADP-ME was stored at 4 °C for further studies.

The enzyme activity assays

The NADP-ME activity was determined spectrophotometrically (Hellios o, Thermo Spectronic)
at 21 °C by monitoring NADPH production at 340 nm as previously indicated Ryslava et al.
2003.

Kinetic studies

The initial-rate study of kinetic mechanism of NADP-ME was performed by varying the
concentrations of free NADP" (0.025 - 0.166 mmol/l) and varying the concentration of free L-
malate (0.879 - 14.633 mmol/l). Association constants for Me*'-NADP" and Me**-L-malate
complexes described by Grover et al. (1981) were used. Concentrations of other compounds were
constant (4 mmol/l MgCl,, 80 mmol/l MOPS-20 mmol/l sodium acetate-NaOH buffer (pH 7.4)).

Experimental data were fitted using the equations characterizing two-substrate mechanism. The

82



sequential initial-rate pattern (Eq. 1) was found to be the best suitable. Differentiation between
order sequential and random sequential mechanisms was achieved by scrutiny of the constants K~
and constants V ;i (calculated from Eq. 2,3 and 4) versus L-malate concentration and versus

NADP" concentration, respectively.

V= \/Iim [A][B] (1)
[B] KmA + [A] KmB + [A] [B]+ KA ’ KmB
. Ky Ko
Koo+ B (2)
K, K
K’:W+K,ﬂ3 (3)
T Vlim [B]
\/Iim - KmB +[B] (4)

where v is initial reaction rate, Vjn, is apparent maximal reaction rate, [A], [B] substrate
concentrations; Kma®)Michaelis constant for the particular substrate, K4 dissociation constant for

complex enzyme-substrate A, B, K" apparent Michaelis constant (Marangoni 2003).

Effect of various compounds on the NADP-ME activity

The NADP-ME assay mixture contained 80 mmol/l MOPS-20 mmol/l sodium acetate-NaOH
buffer (pH 7.4), 16 mmol/l L-malate, 4 mmol/l MgCl, and 0.2 mmol/l NADP" in total volume of
1 cm’. Alternatively, the reaction mixture contained subsaturation concentration of some
substrate: 2 mmol/l L-malate, 2 mmol/l MgCl, or 0.05 mmol/l NADP", respectively. The
reaction was started by an addition of the enzyme. The tested concentration of potential
modulators (GTP, ATP, ADP, puruvate, a-ketoglutarate, succinate, fumarate, glutamate,
glutamine, aspartate, phosphoenolpyruvate, and glucose-6-phosphate) in the reaction mixture was
2 mmol/l or 5 mmol/l. In the case of compounds related to lipogenesis (coenzyme A, acetyl-

coenzyme A and palmitoyl-coenzyme A) their concentration in the reaction mixture was 0.01
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mmol/l or. 0.1 mmol/l. The NADP-ME activity without additions of potential regulators was
taken as 100%.

Inhibition studies

Inhibition constants and type of inhibition for GTP, ATP and ADP were established with 3
concentration of inhibitor towards 5 various concentration of L-malate (free concentrations result
from particular graphs in Fig. 2-4A,B) or 5 various concentrations of NADP" (free concentrations
result from particular graphs in Fig. 2-4 C,D) and in the presence of Mg”" (Fig. 2-4A,C) or Mn*"
ions (Fig. 2-4B,D). The saturation NADP-ME assay mixture for inhibition studies together with
varying substrates and inhibitors contained 80 mmol/l MOPS-20 mmol/l sodium acetate-NaOH
buffer (pH 7.4), 2 mmol/l MgCl, or 0.1 mmol/l MnCl, in total volume of 1 cm’. The reaction was
started by addition of the enzyme. Concentrations of free inhibitors ATP, ADP and GTP are
listed in figure legends (Fig. 2,3,4 respectively). The free ATP (GTP, ADP) was calculated using
association constants of complexes ATP - Mg®" (log B = 4.29), ATP - Mn*" (log p = 5.01), GTP —
Mg** (log p =4.31), GTP - Mn*" (log B = 5.36), (log ADP - Mg*" (log B = 3.36) and ADP -
Mn®" (log B = 4.22) (Sigel et al. 2004, Sigel et al. 2001, Bianchi et al. 2003). In the presence of
ATP (GTP and ADP), the chelations by the substrate or cofactors are negligible (Hsu et al. 2004).
Inhibition constants were obtained by fitting the experimental data to the equation (5: equation
characterizing non-competitive inhibition, 6: equation characterizing competitive inhibition, 7:

equation characterizing mixed inhibition) (Bisswanger 2002):

) (6)
\/Iim [A] V

(K, +[A] )(1 + }(']] K. [1 + ;E]] +[A]

(7

VvV =

Vim|A]

. K{1+EJ+(1+£]J[A]

ic u

where Vi, is apparent maximal reaction rate, [A] substrate concentration; [I] inhibitor

concentration; K, Michaelis constant for the substrate, K;., Kj, inhibition constants for inhibitor
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(free ATP, ADP or free GTP) derived by slope (intercept respectively) in Lineweaver-Burk plot.

The data were processed by non-linear regression with MS Excel program.

Results
Mechanism of two-substrate reaction catalyzed by NADP-ME

Kinetic mechanism of reaction catalyzed by non-photosynthetic isoform of NADP-ME present in
leaves of Nicotiana tabacum L., cv. Petit Havana, SR1 (Cs plant) was analyzed by initial rate
studies with 5 various concentrations of NADP" at 5 fixed concentrations of L-malate as
sequential (Fig. 1A,B). This type of two-substrate reaction is distinguished by all lines intercept
in one point at (or above) x axis in double reciprocal plot (Fig. 1A,B). Ping-pong mechanism
characteristic with set of parallel lines in double reciprocal plot was excluded. Dependence of
apparent Michaelis constants (K") and V'ji calculated from Eq. 2,3 and 4, respectively on the
concentration of fixed substrate was used for the additional specification of sequential
mechanism, which was determined as ordered (Fig. 1C,D,E). Fig. 1E (substrate ‘s concentration
dependence of Vi) indicate, that second substrate to bind to the enzyme is L-malate. From
determinations of K" at different concentrations of substrate it is possible to obtain estimates of

K.g and K4.

Inhibition of NADP-ME by macroergic compounds

NADP-ME from tobacco leaves was inhibited by ATP, ADP and GTP. ATP and GTP are
stronger inhibitors than ADP (Table 1). Detailed inhibition studies were carried out with ATP,
ADP and GTP as inhibitors with respect to L-malate and NADP" in the presence of Mg®" or Mn?*
ions as NADP-ME cofactors (Fig. 2,3,4). Based on various diagnostical plots of experimental
sets of data (double reciprocal plot (Figs. 2,3,4), Dixon plot, Hanes-Woolf plot, Woolf-
Augustinsson-Hoffstee plot (data not shown)), it was concluded, that ATP (GTP, ADP)
concentration have to be corrected for Me*" - ATP (Me*" — GTP, Me®" — ADP) complex, because
only free ATP (GTP, ADP) was assumed to be the inhibitory species (Hsu et al. 2004).

ATP, ADP and GTP are non-competitive inhibitors with respect to NADP"
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Dependences of the enzyme reaction rate on NADP" concentration were measured in the
presence of 3 concentrations of inhibitors (ATP, GTP or ADP) and Mg*" or Mn*" ions. Lines in
double reciprocal plots of these dependences are in all cases intercepted at the x axis (Fig. 2C,D;
Fig. 3C,D; Fig. 4C,D), indicating non-competitive type of inhibition.

It means that macroergic inhibitors (ATP, GTP or ADP) are bound to the other site than binding
site for coenzyme NADP". Relevant inhibition constants are summarized in Table 1. K, ADP (free)
is in the presence of Mg2+ ions approximately 10-times higher than K; atp (frec) and Ki g1 (free) and
also in the presence of Mn*" ions is Ki, ApP (free) the highest constant (7-times higher than K; atp

(free) and 12-times higher than K G1p (frec))-
ATP, ADP and GTP are predominantly mixed inhibitors with respect to L-malate

Detailed kinetic studies of NADP-ME inhibition by ATP (GTP) with respect to L-malate in the
presence of Mg®" or Mn”" ions showed mixed type of inhibition. In double reciprocal plot all
lines meet in a joint intercept left of the ordinate, i.e., they differ in gradient and ordinate
intercept, because this type of inhibition influences both the apparent Michaelis constant and the
maximum rate Fig. 2A,B; Fig. 3A,B; Fig. 4A,B. Two constants K;. and Kj, characterizing this
type of inhibition are for both inhibitors (ATP and GTP) and cofactors (Mg®" and Mn”" ions)
summarized in Table 1. ADP was with respect to L-malate milder inhibitor than ATP. Inhibition
of NADP-ME by ADP toward L-malate was in the presence of Mg®" evaluated as competitive,

whereas in the presence of Mn”" ions mixed analogous to inhibitors ATP and GTP.
Effect of other compounds on NADP-ME activity

Five groups of compounds important in metabolism were tested as inhibitors or modulators of
NADP-ME activity: macroergic compounds (ATP, ADP, and GTP), intermediates of citric acid
cycle (a-ketoglutarate, succinate, fumarate), metabolites of glycolysis (glucose-6-phosphate,
phosphoenolpyruvate, pyruvate), compounds related to lipogenesis (coenzyme A, acetyl-CoA,
palmitoyl-CoA) and some amino acids (glutamate, glutamine, aspartate). The influence of these

compounds was tested as possible modulators with respect to L-malate and to NADP" not only at
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saturating concentrations, but also at sub-saturation concentrations to indicate e.g. competition
between inhibitor and NADP-ME substrate. Only macroergic compounds (ATP, ADP and GTP)
significantly affect (inhibit) the NADP-ME activity. Other compounds, with exception of a slight
inhibition effect of intermediates of glycolysis, did not influence the NADP-ME activity within
the frame of S. E. M. (Table 2).
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Discussion

In this paper, the mechanism of the reaction catalyzed by the non-photosynthetic NADP-
ME from tobacco leaves and its regulation possibilities were studied.

Although the enzyme is in tobacco both in chloroplast and in cytosol, we work likely with
cytosolic isoform because: 1) chloroplast were removed during the enzyme isolation (see
Methods, Enzyme purification) ii) the activity of NADP-ME in the chloroplastic fraction is much
lower than in soluble cytosolic fraction (data not shown), iii) the transcription and translation of
NADP-ME in cytosol is much higher than in chloroplasts (Miiller et al. 2008) and iv) the kinetic
parameters determined for purified NADP-ME from tobacco leaves (Ryslava et al. 2007) is in
good agreement with those published for recombinant cytosolic NADP-ME (Miiller et al. 2008).

The mechanism of the two-substrate reaction catalyzed by mitochondrial NAD(P)-ME
from Ascaris suum was found to be random sequential (Aktas and Cook 2008), while the
cytosolic NADP-ME from pigeon liver and human breast cancer cell lines were established as
ordered sequential one (Hsu et al. 1967; Chang et al. 1992). Similarly, kinetic studies of
mitochondrial NAD(P)-ME from hepatoma tumor cells were consistent with an ordered
sequential mechanism (Teller et al., 1992). As far as we know, the reaction mechanism of plant
NADP-ME has not been studied yet.

The reaction mechanism catalyzed by NADP-ME from tobacco leaves was found to be
ordered sequential (Fig. 1). It means that the enzyme must bind only one substrate first (substrate
A), followed by binding of substrate B, to form the ternary complex enzyme-substrate A-
substrate B. (Marangoni 2003). With respect to the Fig 1E, which can be used as an indicator of
substrate-binding order (a fixed substrate’s concentration dependence of V'jiy, is associated with
the second substrate to bind the enzyme) (Marangoni 2003) and from results shown in Fig. 1C,D,
we supposed, that NADP" is leading substrate followed by L-malate. This mechanism is
analogous to animal cytosolic NADP-ME (Hsu et al. 1967; Chang et al. 1992).

Our results indicate that the regulation of non-photosynthetic NADP-ME from C; plant
tobacco differ from that of human m-NAD-ME. No activation of NADP-ME from tobacco leaves
by citric acid cycle intermediates (a-ketoglutarate, succinate, fumarate) was observed, while the
human m-NAD-ME activity can be allosterically activated by fumarate (Hsieh et al. 2006, Hsu et
al. 2004). Also next two tested groups: compounds related to lipogenesis (coenzyme A, acetyl-

CoA and palmitoyl-Co) and amino acids (glutamate, glutamine and aspartate) haven’t been found
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as regulators of natural NADP-ME from tobacco leaves. On the other hand, fumarate,
oxaloacetate, pyruvate, ATP, CoA and glucose-6-phosphate are potent regulators of recombinant
cytosolic tobacco Nt-NADP-ME2 and recombinant cytosolic Arabidopsis AtNADP-MEI1,
(Miiller et al. 2008; Gerrard Wheeler et al. 2008). Significantly increased activity of AtNADP-
MEI was observed in the case of succinate (Gerrard Wheeler et al. 2008). However, recombinant
proteins may not be consistent with native proteins or proteins isolated from fresh material.
Recombinant protein can differ in 3D structure and in oligomerization state that can affect
enzyme properties.

NADP-ME from germinating Ricinus communis cotyledons was activated by coenzyme
A, acetyl-CoA, palmitoyl-CoA and succinate. Therefore, the cotyledon NADP-ME was
suggested to play a role in metabolism of fatty acids (Colombo et al.1997).

Macroergic compounds have been found as NADP-ME inhibitors. Although the inhibitors
of NADP-ME from tobacco and from human m-NAD are the same (ATP, ADP), human m-
NAD-ME differs in type of inhibition. We established non-competitive inhibition of NADP-ME
by ATP, GTP and the ADP with respect to NADP" and predominantly mixed inhibition by ATP,
GTP and ADP to L-malate in the presence of Mg”" or Mn®" ions, whereas inhibition of human m-
NAD-ME by ATP toward NAD" and L-malate is competitive. Free ATP (GTP, ADP
respectively) was assumed as the inhibiting species in both tobacco NADP-ME (by evaluating
various diagnostically plots) and in human m-NAD-ME (from structural studies) (Hsu et al.
2004). Divalent metal ions (cofactors) significantly influenced inhibition constants. The values of
Kii, ATp (free)s Ki, GTP (free) and Ki ADP (free) fOr non-competitive inhibition by ATP (GTP, ADP) toward
NADP" were in the presence of Mn”" ions lower than in the presence of Mg”" ions, it means that
ATP (GTP, ADP) is in the presence of Mn>" ions as cofactor stronger inhibitor. Also Kic, atp GTp)
free aNd Kiu, ATP (GTP) free cOnstants of mixed type of inhibition by ATP (GTP) to L-malate are lower
in the presence of Mn”" ions than Mg”" ions. Only exception is inhibition by ADP with respect to
L-malate, which is however in the presence of Mg ions competitive and in the presence of Mn*"
ions mixed.

Structural derivate of NADP" B-nicotinamide mononucleotide had no effect on tobacco
NADP-ME activity (data not shown), suggesting that adenosine diphosphate part of the molecule
is important for NADP" binding.
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Regulation of NADP-ME from tobacco leaves by its cofactors was studied previously
(Ryslava et al. 2007). Not only Mg>" and Mn*", but also Co*" and Ni*ions were found to be
cofactors of NADP-ME. The dependence of reaction rates on Mg2+, Mn*", Co*" and Ni**
concentrations does not correspond to Michaelis - Menten kinetics. Two binding sites were
determined for Mg®" ions and binding of Mn”" ions caused strong positive cooperativity (Ryslava
et al. 2007). NADP-ME from tobacco leaves was not regulated by inhibition by L-malate, which
is characteristic trait for C; plant.

A role of NADP-ME in plant is more important under abiotic or biotic stress conditions
(Maurino et al. 2001; Synkova and Valcke 2001; Crecelius et al. 2003; Ryslava et al. 2003; Sun
et al. 2003; Synkova et al. 2004; Chi et al. 2004; Smeets et al. 2005; Saher et al., 2005;
Valderrama et al. 2006; Liu et al. 2007). Biotic stress caused by Potato virus Y, strain NTN
(PVY™™) increased the NADP-ME activity from tobacco leaves up to six-times (Ryslava et al.
2003). One of the functions of NADP-ME in leaves with necrosis caused by PVY™'™ could be
providing NADPH for biosynthetic process related to repairing of damage structures. Another
function could be to facilitate Cs; photosynthesis in wounded leaves by generating CO,. Malate in
stressed plants may serve as an additional carbon sink and as a CO; store (Crecelius et al. 2003).
Higher activity of NADP-ME in tobacco was also found in young developing leaves than in
vegetative and lower leaves (not published data), in young leaves the requirement for NADPH
for biosynthetic processes is very high.

In conclusion, the inhibition of NADP-ME by macroergic compounds (ATP, ADP and
GTP) (Fig. 2,3,4) and slight inhibition by intermediates of glycolysis (Tab. 2) indicate that the
enzyme could participate in maintaining plant energy balance. It could be more important, when
this non-photosynthetic isoform is involved in plant defense response (Ryslava et al. 2003).
Results of NADP-ME could affect not only anabolic pathways (e.g. lipid biosynthesis by
providing NADPH), but also katabolic ones (e.g. retrieval of energy by pyruvate conversion in

citric acid cycle).
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Table 1. Inhibition constants and types of inhibition of plant NADP-ME from tobacco leaves by
ATP, ADP or GTP with respect to NADP" or L-malate in the presence of Mg”" or Mn®" ions as
cofactors. S.E.M. from 3 independent measurements are shown. Kj., Kj, inhibition constants for
inhibitor (free ATP, ADP or free GTP) derived by slope (intercept respectively) in Lineweaver-
Burk plot, calculated from Eqgs. 5,6 and 7.

Inhibitor/with

2+ 2+
respect to Mg Mn
MIXED MIXED
Kic
ATP/L-malate  [mmol/] 0.19 +0.06 0.053 +0.013
Kiu
[mmol/1] 0.94+0.13 0.39 +0.06
NON - COMPETITIVE ~ NON - COMPETITIVE
ATP/NADP’ K
‘ 0.54 +0.20 0.40 £ 0.13
[mmol/1]
COMPETITIVE MIXED
Kic
ADP/L-malate  [mmol/] 0.68 +0.15 0.45+0.02
Kiu
NON - COMPETITIVE ~ NON - COMPETITIVE
ADP/NADP" K
080, 580,
[mmol/l] 5.08+0.43 3.58+0.39
GTP/L-malate MIXED MIXED
[mﬁjm] 0.23 +0.08 0.047 + 0.025
[mﬁ‘,‘l/l] 1.65 +0.32 0.35+0.10
GTP/NADP" NON - COMPETITIVE ~ NON - COMPETITIVE
[mﬁlﬂ] 0.70  0.20 0.23 4 0.03
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Table 2. Effect of different compounds on NADP-ME activity from tobacco leaves. Activity of

the enzyme expressed in percentage, control experiment without inhibitors or modulators taken as

100 %.* Concentration of tested compounds 5 mmol/l, ° concentration of tested compounds: 0.1

mmol/l. S.E.M. from 3 independent measurements are shown.

Different compounds

Composition of the reaction mixture

16 mmol/l L-malate

2 mmol/l L-malate

16 mmol/l L-malate

0.2 mmol/l NADP" | 0.2 mmol/l NADP" | 0.05 mmol/l NADP"
4 mmol/l MgCl, 4 mmol/l MgCl, 4 mmol/l MgCl,

_ GTP 59+2 50 +2 62+2
gﬁ;‘;ﬁg ATP 5444 46 +8 5142
ADP 71 £8 70£5 78 +4
glucose-6-phosphate 98 +4 97+6 100+ 3
Intermediates 3-phosphoglycerate 92+5 84+9 90 +£5
of glycolysis® phosphoenolpyruvate 94+ 6 100 + 17 85+5
pyruvate 97 +4 91+2 98 + 3
) a-ketoglutarate 9712 91+6 101+ 1
gﬁiibailiﬁesyo;ea succinate 100 + 4 109 + 14 104 £ 6
fumarate 102+ 4 103+9 100 £4
Compounds coenzyme A 103 + 10 103 + 4 96 + 5
related to acetyl-CoA 106 + 4 99+6 97+3
lipogenesis” palmitoyl-CoA 101 £ 2 97 + 18 95+5
glutamate 105 £ 10 104 + 4 107 £ 17
Amino acids” glutamine 102 +3 102+ 6 99+4
aspartate 100 £ 2 102+5 101 £4
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Legends to Figs.
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Figure 1. Double reciprocal plots of dependence of reaction rate on concentration of NADP" (A)

and L-malate (B) and dependences of apparent Michaelis constants (K') and constants V'jiy

calculated from Eq. 2,3 and 4 respectively on concentration of NADP" (C) and L-malate (D, E)

specified sequential mechanism as ordered. Plot C also indicate Michaelis constant for substrate

B (Kmp) and plot D dissociation constant for complex enzyme-substrate A, B (K4) (both labeled

with arrows). Concentrations of the free (chelation-corrected) NADP": 0.025 - 0.166 mmol/l;

concentration of free L-malate: 0.879 -14.633 mmol/l.
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Figure 2. Mixed and non-competitive type of inhibition of the plant NADP-ME from tobacco
leaves by ATP with respect to L-malate and NADP" in the presence of Mg*" ions (A, C) or Mn*"
ions (B, D). NADP-ME activity was measured at different concentrations of L-malate (A, B) or
NADP' (C, D) at various concentrations of free ATP (from top to the bottom, the chelation-
corrected free ATP concentrations were 1.090, 0.296, 0.047 and 0 mmol/l in A, C and 0.402,

0.200, 0.027 and 0 mmol/l in B, D.
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Figure 3. Competitive, mixed and non-competitive type of inhibition of the plant NADP-ME
from tobacco leaves by ADP with respect L-malate and NADP" in the presence of Mg”" ions (A,
C) or Mn*" ions (B, D). NADP-ME activity was measured at different concentrations of L-malate
(A, B) or NADP" (C, D) at various concentrations of free ADP (from top to the bottom, the
chelation-corrected free ADP concentrations were 3.238, 2.317, 0.741 and 0 mmol/l in A, C;
1.903, 0.906, 0.510 and 0 in B and 4.901, 3.902, 1.903 and 0 mmol/l in D.
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Figure 4. Mixed and non-competitive type of inhibition of the plant NADP-ME from tobacco
leaves by GTP with respect to L-malate and NADP" in the presence of Mg”" ions (A, C) or Mn*"
ions (B, D). NADP-ME activity was measured at different concentrations of L-malate (A, B) or
NADP" (from top to the bottom, the chelation-corrected free GTP concentrations were 1.086,

0.289, 0.049 and 0 mmol/l in A, C and 0.401, 0.202, 0.104 and 0 mmol/l in B,D.
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Abstract

Plants respond to stress not only by specific defense reactions but also by changes
in the participation of their primary and secondary metabolic pathways. The effect
of biotic stress induced by viral infection (Potato virus Y, strain NTN and O) on
NADP-malic enzyme (EC 1.1.1.40) in tobacco plants (Nicotiana tabacum L., cv.
Petit Havana, SR1) was tested at the transcriptional, translation and activity level.
The increase of enzyme activity in infected leaves was correlated with an
increased amount of expressed enzyme protein and with mRNA of cytosolic
NADP-ME isoform. Transcription of the chloroplastic enzyme was not
influenced. The increase of the enzyme activity was also detected in infected
stems and roots. The effect of viral infection induced by Potato virus Y, NTN
strain, causing more severe symptoms, was compared with that induced by milder
strain PVY®. The observed increase in NADP-malic enzyme activity in all parts

YN™N gtrain than in the case of

of the studied plants was higher in the case of PV
strain PVY®. The relevance of NADP-malic enzyme in plants under stress

conditions was discussed.

Keywords - NADP-malic enzyme; Nicotiana tabacum L.; Potato virus Y, strain
NTN (PVYNTN); Potato virus Y, strain O (PVYO); biotic stress, real time-PCR.

Abbreviations - DAS-ELISA, Double Antibody Sandwich Enzyme Linked
Immuno Sorbent Assay; EDTA, ethylenediaminetetraacetate; NADP-ME, NADP-
dependent malic enzyme; Tris, tris(hydroxymethyl)aminomethane; PVY, Potato

virus Y; Rubisco, Ribulose-1,5-bisphoshate carboxylase/ oxygenase

Introduction

Virus diseases are one of the main causes for decreased world-wide crop
productivity (Arias et al. 2003). On the other hand plants have both preformed and
infection-induced factors, that help them to defend against pathogen infestation.
Whereas preformed factors are provided by waxy cuticular “skin” layers and anti-
microbial compounds, induced defence responses are connected partly with
specific responses (e.g. generation of reactive oxygen species, synthesis of NO,
opening of ion channels, modification of protein phosphorylation status,
hypersensitive cell death and transcriptional activation of numerous defence-

related genes), but also with changes of fluxes through primary and secondary
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metabolic pathways (Dangl and Jones 2001, Hammond-Kosack and Jones 2000).
Under stress conditions enzymes with anaplerotic function could play more
important role.

In the present study the influence of biotic stress caused by plant viruses
on non-photosynthetic NADP-malic enzyme (E.C. 1.1.1.40) (NADP-ME) from C;
plant Nicotiana tabacum L. was discussed. A relationship between non-
photosynthetic isoform of NADP-ME and plant defence response was suggested
(Maurino et al. 2001, Synkova and Valcke 2001, Ryslava et al. 2003, Sun et al.
2003, Chi et al. 2004, Synkova et al. 2004, Smeets et al. 2005). NADP-ME
catalyzes the oxidative decarboxylation of L-malate using NADP" as a coenzyme
in the presence of divalent metal ions (Mg:,r2+ or Mn*" ions) to produce pyruvate,
NADPH and CO; (Edwards and Andreo 1992, Drincovich et al. 2001). The
presence of a cofactor and the coenzyme is required for the catalysis. The NADP-
ME is widely distributed in nature from bacteria to humans, in both the cytosol
and the mitochondria (Chang et al. 2002). Animal cytosolic NADP-ME is
involved in the generation of NADPH necessary for the biosynthesis of fatty acids
and steroids in liver and adipose tissues. This isoform may also participate in
microsomal drug detoxification (Xu et al. 1999). Besides this, NADP-ME in
plants is localized in chloroplasts, well known is its photosynthetic function in
some C4 plants (e.g. maize). Supporting functions such as providing NADPH for
assimilatory process (e.g. lipid biosynthesis), maintaining intracellular pH
(Edwards and Andreo 1992) and above-mentioned implication in plant defence to
stress are proposed for non-photosynthetic C; NADP-ME isoform localized in
chloroplasts and/or in cytosol (Drincovich et al. 2001, Miiller et al. 2008) .

This study is focused on changes in transcriptional, translation and activity
levels of non-photosynthetic tobacco NADP-ME under biotic stress caused by
Potato virus Y, (PVY), one of the most economically damaging plant viruses

(Cetovska 1998).

Material and methods

Plant material

Nicotiana tabacum L., cv. Petit Havana, SR1 plants were grown in a greenhouse
under 22/18 °C day/night temperatures. Day irradiance [overall integrated mid-

values were ca. 500 umol(quantum) m™ s™'] was prolonged by the additional
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irradiation [PPFD ca. 200 pmol(quantum) m™ s™, Philips TL-D 36W/54-76 T] to
16 h. Seeds were sown in pots with sand and plantlets were transferred to soil
after 3 weeks. Leaves of seven-weeks old plants were mechanically inoculated
with Potato virus Y, strain NTN (PVYN™) or Potato virus Y, strain O (PVY®)
kindly provided by Dr. Dédi¢ (Potato Research Institute, Havlicktiv Brod, Czech
Republic).

Two groups of controls were used for measuring of NADP-ME activities.
First one involved 50 healthy, non-inoculated plants, the second one included 50
mock-inoculated (buffer and carborundum) plants. The samples were collected
from control and infected leaves, stems and roots within 3 weeks. Leaves were
collected each 2-4 days during infection until plants death, whereas stems and
roots were collected in the maximum of symptom development (11" and 13™ day,
respectively). Roots were washed thoroughly and dried. Material from several
plants was cut with scissors, mixed and packet separately as 0.5-2 g sample. As a
control the plants without viral infection were used. Samples were immediately
frozen in liquid N, and stored at —80°C. The extent of viral infection was
determined by real time-PCR and by DAS-ELISA (Clark and Adams 1977) in
homogenates of the leaves of infected plants using polyclonal antibodies raised
against the respective pathogens (Cefovska 1998). Two different biological
experiments with PVY® and three independent experiments with PVYN'™™

continuing to our previous work (Ryslava et al. 2003) were done.

Enzyme activity assay

For assay of NADP-ME activity, 0.5g of plant tissue were homogenized in

1.5 ml of 100 mM Tris-HCI buffer (pH 7.8) containing 1 mM dithiothreitol, 1 mM
EDTA and 5 mM MgCl, (buffer A); then 0.02 g of polyvinylpolypyrrolidone was
added and the homogenate was centrifuged at 23 000 g for 15 min at 4 °C. The
supernatant was used as plant extract for measuring NADP-ME activity. The
NADP-ME activity was determined spectrophotometrically at 25 °C by
monitoring NADPH production at 340 nm. The NADP-ME assay mixture
contained 100 mM Tris-HCI buffer (pH 7.4), 10 mM malate, 2 mM MgCl, and
0.2 mM NADP" in total volume of 1 ml. The reaction was started by addition of

50 ul of the enzyme extract (Ryslava et al. 2003).
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Native PAGE

Native gel electrophoresis was performed according to Lee and Lee (2000). The
same volume (25 ul) of all plant extracts in 20% (w/v) of sucrose was applied to
the gel. Protein zones with NADP-ME activity were detected after incubation of
gels (10%) in a solution of 100 mM Tris-HCI (pH 7.4) containing 10 mM L-
malate, 10 mM MgCl,, 2 mM NADP", 0.1 mg/ml nitroblue tetrazolium and 5
png/ml phenazine methosulfate at room temperature (Maurino et al. 2001). The
estimation of relative molecular mass after native electrophoresis was performed

according to Ferguson’s method (Ferguson 1964, Doubnerova et al. 2007).

Purification of NADP-ME from maize seeds

NADP-ME from maize seeds was purified as was described previously for
NADP-ME from tobacco leaves with some minor modification (Ryslava et al.
2007). 100 g of dry maize seeds were finely ground and then extracted in 300 ml
of buffer A (100 mM Tris-HCI, pH 7.8 containing 1 mM dithiothreitol, I mM
EDTA and 5 mM MgCl,) for 30 min. Next procedures including ion-exchange,
gel and affinity chromatography were performed by the same way as in Ref.
(Ryslava et al. 2007), only Sephadex G 200 was replaced by Sephacryl S 300. The
obtained enzyme preparation was used for rabbit immunisation. Similarly, NADP-
ME from Nicotiana tabacum L. leaves was isolated according to (RySlava et al.

2007).

Preparation of rabbit antibodies against NADP-ME

Antibodies against NADP-ME were obtained by immunization of two New
Zealand rabbits with 0.2 mg of the purified protein NADP-ME from maize seeds
emulsified in Freund’s complete adjuvant, in subcutaneous and intramuscular
injections. Booster injections (0.4 and 0.6 mg) of the same protein with
incomplete adjuvant were applied after 21 and 42 days. Pure antigen (0.822 mg)
was administered after 63 and 84 days. The rabbits were bled 14 days after the last
antigen injection. The serum fractions were collected and stored at -20 °C until
required. The immunoglobulin (IgG) fraction from the antisera was obtained
according to (Steinbach and Audran 1969) and stored with 0.05% (w/v) NaNj; at 4
°C.
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Western blot analysis

Equal amounts of total proteins were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) (Laemmli 1970) in 10% polyacrylamide gels. After
electrophoresis proteins were transferred to nitrocellulose membrane by
electroblotting using a semi-dry system (Fastblot B31, Biometra). The
immunochemical detection of NADP-ME was carried out using polyclonal rabbit
antiserum raised against maize seed NADP-ME. Bound antibodies were
visualized using mouse antirabbit IgG labelled with alkaline phosphatase. NBT-
BCIP (nitroblue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate) was used as
a substrate for alkaline phosphatase. At least 4 western blot analyses were
performed with control and infection samples. The linearity of band intensity was
tested using various quantities of NADP-ME protein purified from tobacco leaves

and determined by program Elfoman 2.0.

mRNA extraction and quantification

Total mRNA was isolated from 100 mg of leaf sample using RNeasy kit (Qiagen).
Any contaminated genomic DNA was removed by treatment with DNasel
(Qiagen). The quantity and purity of the mRNA was determined
spectrophotometrically and the level of intact RNA was determined by agarose
gel electrophoresis.

Approximately 1 pg of RNA was transcribed by M-MLV reverse transcriptase
(Promega) using oligo-dT primer. Quantitative real-time PCR was performed on a
Lightcycler 480 (Roche) using FastStart DNA Master SYBR Green PLUS kit
(Roche Applied Science). Conditions for the amplification of Actin9, NADP-
ME(cyt) and NADP-ME(chl) transcripts were: 10 min polymerase activation at 95
°C and 50 cycles, each cycle at 95 °C for 10 s, 60 °C for 10 s and 72 °C for 15 s.
Primers for chloroplastic and cytosolic form of NADP-ME were designed
according to GenBank sequences DQ923119 and DQ923118, respectively.
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Sequences of primers were:

MEcyt Forward | ATA CAT TCT TGT TCC TCG GAG CAG

MEcyt Reverse CCCTTT GAA TCC ACC AGC CA

MEchl Forward GCT CTC TTT ATA CAC TGC TCT GG

MEchl Reverse AAG TTC GGCATATTCCTGTCCT

Actin9 primers were kindly provided by Dr. Helena Storchova (Institute of
Experimental Botany, Academy of Sciences, Czech Republic).
The ratio corresponding to the difference in NADP-ME transcription between

healthy and infected plants was calculated according to eqn. 1:

CP NADP-ME
NADP-ME

Cp Actin9 1
eA ctin9

ratio =

where ey pp-yr and eyqino represent PCR amplification efficiency of each product
and CP represent the crossing point of each sample reaction.

Statistical analysis

Two independent PVY® and two PVY™™ experiments were performed. Leaves
for enzyme activity measurements and real-time PCR quantification were
processed at least in 3 samples, activity of NADP-ME in roots and stems at least
in 6 samples. Statistically significant differences in the mean values were tested

by Student’s t-test at P = 0.05

Results

NT . . .
N'in Nicotiana

Time course of viral infection caused by PVY® and by PVY
tabacum L. plants

Two different strains (O and NTN) of Potato virus Y (PVY) were used to
Nicotiana tabacum L., cv. Petit Havana, SR1 plants to inflict biotic stress.
Determinations of relative content of virus in tobacco leaves by DAS-ELISA and
real time-PCR confirmed the increase of viral infections. In the case of more
harmful virus (PVY"'™), higher relative content of virus was determined than in
the case of PVY? (Fig. 1). The maximal content of both viruses was found about

10"-17" d after inoculation (Fig.1).
Fig. 1
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Influence of PVY infection on NADP-ME activity
The NADP-ME activity in PVY? infected leaves was on the 12" day 2.5-fold
higher than in control plants. Similarly, the 4-fold enhanced NADP-ME activity
in PVYN™ infected leaves was detected on the 10™ day (Fig. 2). In the course of
infection, the virus content correlated with the activity of NADP-ME (Figs. 1, 2).
Mock-inoculation didn’t change NADP-ME activity in leaves; it was the same as
in healthy control leaves (data not shown).
Fig. 2
NADP-ME activity in stems (Fig. 3A) was in the phase of maximum of symptom
development (11" day of PVY® infection and 13™ day of PVYN'™ infection) in
plants infected by milder PVY® 1.5-fold higher and in plants infected by PVY"™
2.1-fold higher than in control stems. Similar situation was observed in roots:
PVY® caused 1.4-fold increase in NADP-ME activity, whereas PVY™'™ caused
2.4-fold increase in NADP-ME activity as compared to control roots (Fig. 3B).
Fig. 3

NADP-ME activity was also evaluated after electrophoretic separation in
polyacrylamide gel under native conditions. Higher activity in infected plants
corresponded to more intensive bands noticeable after the detection of NADP-ME
activity. Active NADP-ME zones in gel corresponding to control, PVY® and
PVY"™ infected leaves, stems and roots are shown in Figure 4. Only one band
was found in all parts (leaves, stems and roots) of Nicotiana tabacum L. (Fig. 4).
No band corresponding to NADP-ME activity was observed in control incubation
without substrate, coenzyme and cofactor, respectively (result not shown).

Fig. 4

Influence of PVY™'" infection on the expression of NADP-ME

Western blot analysis was used for the detection of the amount of NADP-ME in
tobacco leaves the 6™-17" day after PVY™™ inoculation. For this purpose, rabbit
antibodies raised against maize seeds NADP-ME were used.

The linearity of intensity tested using various amounts of NADP-ME is shown

in Fig. 5A. NADP-ME purified from Nicotiana tabacum L. leaves using three
types of chromatography (DEAE-cellulose, Sephacryl S 300 and 2°, 5'-ADP-
Sepharose 4B) according to (Ryslava et al. 2007) was used.
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More intensive bands indicating enhanced expression of NADP-ME, were
found the 6™, 10" and 14" day of viral infection (Fig. 5B). Intensity of bands was
analysed by densitometry with commercial program Elfoman 2.0. About 2-fold
higher signal was found for PVYN™ infected leaf samples the 6™, 10™ and 17"
day after inoculation, in comparison with control plants.

Fig. 5

Influence of PVY"'" infection on NADP-ME mRNA

Reverse transcription followed by real-time PCR was used to measure
transcription of NADP-ME mRNA in tobacco leaves in the period from 6™ to 17"
day after PVY"'™™ inoculation. Actin9 was used as standard gene as its
transcription is not affected by biotic stress (Rizhsky et al. 2002). In infected
samples the increase in the amount of NADP-ME mRNA of cytosolic isoform
was observed (Fig. 6A). Maximum transcription occurred the 17" day after virus
inoculation and was 3-fold higher as compared to healthy control (Fig. 6A). The
transcription of chloroplastic isoform of NADP-ME was not influenced by
PVY ™ infection (Fig. 6B).

Melting curve analysis of real-time PCR reaction shows a single product peak in
the expected temperature range (result not shown). Products of real time PCR
using primers for chloroplastic and cytosolic NADP-ME were sequenced. PCR
fragments showed 100% homology with GenBank sequences DQ923119 and
DQ923118, respectively.

Fig. 6

DISCUSSION

Generally, the study of biotic stress is more complicated than abiotic stress, due to
problems with a quantification of the stressor. To test the impact of various
severity of viral disease on metabolic changes in tobacco plants, we used two
strains of PVY characterized with different severity of symptoms. Potato virus Y,
strain NTN (PVY"™) is harmful, economically significant, rapidly expansive
virus, which caused extensive veinal necrosis on the surface of leaves of host
plants. Tobacco plants belong to such models. Potato virus Y, strain O (PVY®)
caused milder symptoms (mottle mosaic, chlorosis) than PVY"'™. Furthermore,

the used isolates of PVY had a capacity to infect tobacco systemically (Synkova
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et al. 20006).

PVY"™ which induced more severe symptoms, was accompanied by 4-fold
enhanced activity of NADP-ME in leaves of infected tobacco plants (Fig. 2).
PVY®, characterized by milder symptoms, increased the enzyme activity up to
2.5-fold. In our previous study, where we tested the influence of Potato virus A
(PVA) which caused only very mild symptoms, no significant increase of NADP-
ME activity in Nicotiana tabacum L. was found (Ryslava et al. 2003).

The different amount of virus was spread in various parts of tobacco plants
(results not shown). The highest virus content was found in systemically infected
leaves and this finding was in correlation with the highest measured activity of
NADP-ME (Fig. 2). Lower increase of NADP-ME activity was found in roots, in
which the virus content is lower as compared to upper leaves (Fig. 3). Similar
correlations between NADP-ME activity and stress conditions were observed also
in other systems. Enhanced enzyme activity (2-fold) was found in maize
seedlings treated with cellulase, jasmonate and fungal elicitor in roots (Maurino et
al. 2001). Increased activity of NADP-ME was found mainly in plant stressed by
abiotic factors, e.g. in Phaseolus vulgaris after Cd application (Smeets et al.
2005), in hyperhydric carnation shoots cultured for 14 and 28 days in vitro (Saher
et al. 2005), in leaves of submersed aquatic species Egeria densa after transfer
from low temperature and light to high temperature and light conditions (Casati et
al. 2000), in cold hardened winter rye (Secale cereale L.) (Crecelius et al. 2003),
in leaves of olive plants under salt stress condition (Valderrama et al. 2006), in
leaves of Aloe vera L. under salt stress (Sun et al. 2003), similarly salt and
osmotic stress induced NADP-ME in leaves and roots of rice seedlings (Chi et al.
2004, Liu et al. 2007).

Different result was found in Nicotiana benthamiana plants, where
PVY™™ strain did not cause a significant increase of the NADP-ME activity in
leaves, but only slight increase (1.8-fold higher) of NADP-ME activity in roots
(Doubnerova et al. 2007). Nicotiana benthamiana and Nicotiana tabacum L.
plants also differed in NADP-ME isoform content. Whereas one band
corresponding to NADP-ME activity was found in Nicotiana tabacum L leaves
(Ryslava et al. 2007), in Nicotiana benthamiana one band was found only in

roots, two isoforms were present in stems and leaves (Doubnerova et al. 2007).
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To find out a relationship between the enhanced activity of NADP-ME in
tobacco plants after potyviral infection and the enzyme biosynthesis de novo, we
evaluated immunochemically the amount of NADP-ME and also by quantitative
real time-PCR the amount of NADP-ME mRNA (Figs. 5 and 6). The increase of
translational level was up to 2-fold (Fig. 5) and in the transcription was
interestingly increased only mRNA of cytosolic NADP-ME (up to 3-fold),
whereas chloroplastic NADP-ME wasn’t affected (Fig. 6).

Maurino et al. (2001) found out that the increase in activity of NADP-ME
in maize roots after cellulase, fungal elicitor and jasmonate treatment is correlated
to the increase of both the protein and the mRNA content, thus they supposed de
novo synthesis of NADP-ME. The enhanced activity of NADP-ME in olive plants
under salt-induced oxidative stress was also accompanied by its increased protein
expression (Valderrama et al. 2006). Similarly in Aloe plants, salt stress in the
form of NaCl caused in addition to an increased NADP-ME activity also
increased transcription (Sun et al. 2003). Enhancement of NADP-ME activity in
plants of Aloe species - correlated with salt stress tolerance, in Aloe vera L. plant,
which is a tolerant species, was the activity of NADP-ME significant more
enhanced than in Aloe saponarea Haw, a sensitive one (Sun et al. 2003).

NADP-MEs in Cs plants are encoded by small gene families (Chi et al.
2004, Wheeler et al. 2005, Miiller et al. 2008). In Arabidopsis thaliana (C; dicot
plant), where the whole genome sequence is known (Wheeler et al. 2005), one
isoform 1is localized in plastids (NADP-ME4), whereas the other three isoforms
are cytosolic (NADP-MEI1-3). The expression of NADP-ME1 and NADP-ME3 is
restricted by both developmental and cell specific signals (Wheeler et al. 2005).
Similarly, the rice (Oryza sativa, C; monocot plant) NADP-ME family is
composed of four members, one plastidic and three cytosolic versions. Each rice
NADP-ME gene has presumably a different tissue-specific and developmental
profile (Chi et al. 2004). Three different putative nadp-me transcripts were
identified in Nicotiana tabacum L. plants, from which cytosolic NADP-ME
encoded by GenBank sequence accession no DQ923118 and plastidic counterpart
encoded by GenBank sequence accession no. DQ923119 were expressed and their
response to stress (hypoxia, NaCl, Na,COs;, NaHCOs;, abscisic acid,
polyethylenglycol, UV-B exposure, fungal elicitors, cellulase and infiltration with

Agrobacterium tumefaciens) was analyzed. Various stressors affect particular
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nadp-me transcripts in different manner, analogous the enzyme activity (Miiller et
al. 2008). In leaves of rice plants grown in carbonates (NaHCO; and Na,COs) the
increased activity by more than 50 % was accompanied by gene NADP-ME,
induction (Liu et al. 2007). Using transgenic plant Arabidopsis thaliana with
inserted gene for rice cytosolic NADP-ME,, the role of this gene in adapting to
carbonate stress was confirmed (Liu et al. 2007). Our results documented that
biotic stress affected only the cytosolic isoform. On the other hand Miiller et al.
(2008) found out, that stress caused by fungal elicitor influenced more
transcription of chloroplastic NADP-ME. The four rice NADP-ME genes all
responded to salt and osmotic stresses regardless of subcellular protein
localization (Chi et al. 2004).

The biosynthesis of the enzyme may be not the only source of the enhanced
activity of NADP-ME in infected tobacco plant leaves, but other factors can
modulate the activity, too, e.g. the interaction with heat shock protein 70 (Lara et
al. 2005), that is associated with some types of stress (Wang et al. 2004) or some
other factors.

The proposed function of NADP-ME in infected plants is probably the
production of NADPH for biosynthetic purposes. The supply of reducing
equivalents in the form of NADPH is important not only for the plant growth and
development, but especially it is important under stress conditions. Besides its
participation in several reductive biosynthetic reactions, NADPH is also required
in the ascorbate — glutathione cycle for protection against oxidative damage.

In tobacco plant under conditions of viral infection, stomatal conductance
is reduced, the stomata are closed (Ryslava et al. 2003) and the CO, supply for
photosynthesis is limited. Under these conditions, CO, formed in the reaction
catalysed by NADP-ME, which is in tobacco plants predominantly localized in
chloroplasts, could be significant. This hypothesis is supported by the fact that
enhanced activities of phosphoenolpytuvate carboxylase and pyruvate, phosphate
dikinase besides NADP-ME were found in stressed tobacco plants (Ryslava et al.
2003). These enzymes together with NAD-malate dehydrogenase could form a
cycle within one cell analogous to plants with “single cell C4 photosynthesis”
(Edwards et al. 2004). NADH and energy in the form of ATP are consumed in
this cycle, but at the same time NADPH is produced. Simultaneously, respired

CO; is fixed to Rubisco. Rubisco can thus re-fix CO, released by respiration or to
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use CO; incipient of malate transported from non-photosynthetic plant parts
especially from roots. This pathway was also suggested by Hibberd and Quick
(2002) in the course of flowering.

Many plants response to various types of stress by changes in the activity
of NADP-ME, but its enhancement and protein expression vary among plant
species and probably could correspond to plant tolerance to stress, however many

experiments in this field is needed.
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Figure legends

Fig. 1. The relative content of PVY® (grey columns) and PVY™'™ (black columns)
in leaves of Nicotiana tabacum L. in the course of PVY? and PVYN™ infection
was determined by DAS-ELISA with p-nitrophenylphosphate as substrate for
alkaline phosphatase. Absorbance at 405 nm is proportional to the virus content.

The absorbance of each sample was measured in triplicate, S.E. are shown.

Fig. 2. Activities of NADP-ME from Nicotiana tabacum L. leaves during PVY®

(grey columns) and PVY"™

(black columns) infections calculated per fresh mass.
The activity of each sample is shown as percentage of the non-infected control in
particular day, where 100% NADP-ME is 0.053 + 0.017 umol.min".g"'. NADP-
ME activity in mock-inoculated leaves was the same as in non-inoculated
controls. The activity was measured in at least 3 samples, S.E. are shown.

Statistical analysis was done using t-test. * denotes significant difference from

controls at P < 0.05.

Fig. 3. Activities of NADP-ME from Nicotiana tabacum L. stems (A) and roots
(B) collected 11" day after PVY® inoculation and 13" day after PVY ™
inoculation calculated per fresh mass. The activity of each sample is shown as
percentage the activity value of the non-infected control, where 100% NADP-ME
is in stems 0.040 + 0.005 pmol.min".g™", in roots 0.076 + 0.016 pmol.min™.g™.
The activity was measured in at least six samples, S.E. are shown. Statistical

analysis was done using t-test. * denotes significant difference from controls at P

<0.05.

Fig. 4. Detection of isoforms of NADP-ME from control (marked as C), PVY®
and PVY"™ infected leaves, stems and roots of Nicotiana tabacum L. plants in
10% polyacrylamide gel after non-denaturating electrophoresis. Samples were

collected at the maximal symptoms occurrence of infection.
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Fig. 5. Test of linearity of Western blot analysis signal using various quantities of
purified NADP-ME protein from Nicotiana tabacum L. leaves. Estimated relative
molecular mass according standard protein was 66 000. Inset plot indicate
decrease in relative intensity of signal (expressed in %) evaluated
densitomerically by Elfoman 2.0 (A). Detection of NADP-ME protein in control
(white columns) and PVYN™ infected (black columns) leaves collected 6™-17"
day after inoculation (B) by Western blot analysis. At least 4 Western blot
analyses were performed (representative one is shown) with control and infection
samples. 100% corresponds to intensity of protein NADP-ME in control sample in
the 6™ day. Statistical analysis was done using t-test. * denotes significant

difference from controls at P < 0.05.

Fig. 6. Amount of cytosolic (A) and chloroplast (B) NADP-ME mRNA in
PVY™N™ infected Nicotiana tabacum L. leaves (black columns) compared to
healthy control (white columns) leaves measured by reverse transcription
followed by real-time PCR method 6™ — 17™ day of viral infection. Result
corresponds to ratio of cytosol NADP-ME transcript (A) or chloroplast NADP-
ME transcript (B) and standard gene Actin9. The amount of NADP-ME mRNA
was calculated from at least 3 samples, S.E. are shown. Statistical analysis was

done using t-test. * denotes significant difference from controls at P < 0.05.
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Fig. 1 The relative content of PVY® (grey columns) and PV (black columns) in leaves of

YN™ infection was determined by DAS-

Nicotiana tabacum L. in the course of PVY® and PV
ELISA with p-nitrophenylphosphate as substrate for alkaline phosphatase. Absorbance at 405 nm
is proportional to the virus content. The absorbance of each sample was measured in triplicate,

S.E. are shown.
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Fig. 2 Activities of NADP-ME from Nicotiana tabacum L. leaves during PVY® (grey columns)
and PVY"™ (black columns) infections calculated per fresh mass. The activity of each sample is
shown as percentage of the non-infected control in particular day, where 100% NADP-ME is
0.053 + 0.017 pmol.min™.g". NADP-ME activity in mock-inoculated leaves was the same as in
non-inoculated controls. The activity was measured in at least 3 samples, S.E. are shown.

Statistical analysis was done using t-test. * denotes significant difference from controls at P < 0.05.
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Fig. 3 Activities of NADP-ME from Nicotiana tabacum L. stems (A) and roots (B) collected 11"
day after PVY® inoculation and 13" day after PVYN™ inoculation calculated per fresh mass. The
activity of each sample is shown as percentage the activity value of the non-infected control,
where 100% NADP-ME is in stems 0.040 + 0.005 pumol.min™.g", in roots 0.076 + 0.016
pumol.min™.g". The activity was measured in at least six samples, S.E. are shown. Statistical

analysis was done using t-test. * denotes significant difference from controls at P < 0.05.
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Fig. 5 Test of linearity of Western blot analysis signal using various quantities of purified
NADP-ME protein from Nicotiana tabacum L. leaves. Estimated relative molecular mass
according standard protein was 66 000. Inset plot indicate decrease in relative intensity of signal
(expressed in %) evaluated densitomerically by Elfoman 2.0 (A). Detection of NADP-ME protein

YN™ infected (black columns) leaves collected 6™-17" day after

in control (white columns) and PV
inoculation (B) by Western blot analysis. At least 4 Western blot analyses were performed
(representative one is shown) with control and infection samples. 100% corresponds to intensity of
protein NADP-ME in control sample in the 6" day. Statistical analysis was done using t-test. *

denotes significant difference from controls at P < 0.05.
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Fig. 6 Amount of cytosolic (A) and chloroplast (B) NADP-ME mRNA in PVY"™ infected
Nicotiana tabacum L. leaves (black columns) compared to healthy control (white columns) leaves
measured by reverse transcription followed by real-time PCR method 6™ — 17" day of viral
infection. Result corresponds to ratio of cytosol NADP-ME transcript (A) or chloroplast NADP-
ME transcript (B) and standard gene Actin9. The amount of NADP-ME mRNA was calculated
from at least 3 samples, S.E. are shown. Statistical analysis was done using t-test. * denotes

significant difference from controls at P < 0.05.
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Summary. The response of transgenic Nicotiana tabacum
L. plants carrying the gene for potyviral non-structural P3
protein to Potato virus Y (strain NTN) infection was not
significantly different from the wild type. The activities of
antioxidant enzymes catalase (CAT), glutathion reductase (GR),
ascorbate peroxidase (APOD) and superoxid dismutase (SOD),
determined in systemically infected leaves at early stages of the
infection did not change except for the transient increase in CAT
and GR activities in the wild type infected plants compared to
the healthy ones. At the stages, when severe symptoms of the
infection developed on the leaves and the virus content reached
its maximum, a significant increase in the activities of several
enzymes of anaplerotic metabolic pathways, NADP-dependent
malic enzyme (NADP-ME), phosphoenolpyruvate carboxylase
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(PEPC), and pyruvate orthophosphate dikinase (PPDK) in transgenic
plants was found, similarly as in the wild type.

Key words: antioxidant enzymes, NADP-malic enzyme, PEPC,
PPDK, Potato virus Y.

Abbreviations: AOS-activated oxygen species, APOD-ascorbate
peroxidase, CAT- catalase, DAS-ELISA-Double Antibody Sandwich
Enzyme Linked Immuno Sorbent Assay, FW-fresh weight, GR-
glutathion reductase, SOD-superoxid dismutase, NADP-ME-
NADP-dependent malic enzyme, OAA-oxaloacetace, P3 plants-
Nicotiana tabacum L, cv. Petit Havana, SR1 transformed with gene
of protein P3 from Potato virus A, PEP-phosphoenolpyruvate, PEPC-
phosphoenolpyruvate carboxylase, PPDK-pyruvate orthophosphate
dikinase, PVY-Potato virus Y, SR1 plants-Nicotiana tabacum L, cv.
Petit Havana, SR1, TMV-tobacco mosaic virus.

INTRODUCTION

Plants must continuously defend themselves against changing and often
harmful environmental conditions. One of the factors which affect plants
in their environment, is biotic stress that results from a battery of potential
pathogens such as fungi, bacteria, nematodes, viroids and viruses (Dangl
and Jones, 2001) Viral diseases are one of the main causes for decreased
crop productivity world wide (Arias et al., 2003). Potato virus Y, strain
NTN (PVYNY) invoking necrotic lesions on the host plant Nicotiana
tabacum L., 1s a member of the genus Potyvirus (family Potyviridae), the
largest and most destructive group of plant viruses (Shukla et al., 1994).
Although plants respond to pathogens in a variety of ways, their resistance
always correlates with the activation of diverse sets of certain defence
mechanisms. The response involves transcriptional activation of numerous
defence-related genes, opening of ion channels, modification of protein
phosphorylation status, and activation of preformed enzymes to undertake
specific modifications of primary and secondary metabolism. In addition, a
range of secondary signalling molecules is generated to ensure coordination
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of the defence response both temporally and spatially, resulting in rapid
containment of the pathogen (Hammond-Kosack and Jones, 2000).

Plant-virus interaction may result in a host hypersensitive response or
in systemic symptoms (Arias et al., 2003). One of the earliest responses
of plant cells to pathogens is the production of activated oxygen species
(AOS) (Mehdy et al., 1996). The typical AOS detected are superoxide
radicals (O,*) and hydrogen peroxide (H,O,) (Hammond-Kosack and Jones,
2000). AOS play a crucial role during pathogenesis. They are involved
in the hypersensitive response typical for plant-pathogen incompatible
interactions. They can limitthe spread of pathogen by strengthening plant cell
walls and/or by killing pathogens directly (Dat et al., 2000). However, AOS
act as cytotoxic compounds, too. Plants have evolved complex antioxidant
systems in order to protect cellular membranes and organelles from the
damaging effects of AOS (Lee and Lee, 2000). Antioxidant enzymes and
metabolites are located in different plant cell compartments to fulfil their
protective function. The key enzymes, superoxide dismutases (EC 1.15.1.1;
SODs), are a family of metalloenzymes catalyzing the dismutation of O,*to
H,O,. SODs can be found in chloroplasts, mitochondria, peroxisomes, and
in cytoplasm. Catalases (EC 1.11.1.6; CATs), heme proteins that catalyze
the removal of H O,, are located in peroxisomes. Enzymes and metabolites
of the ascorbate-glutathione cycle (ascorbate peroxidase (APOD), EC
1.11.1.11; glutathione reductase (GR), EC 1.8.1.7; monodehydroascorbate
reductase (DHAR), EC 1.6.5.4), which is important in H O, scavenging,
are located in organelles and cytoplasm (Bartosz, 1997; Dat et al., 2000;
Lee and Lee, 2000). Antioxidant enzymes were often studied at sites of
attempted pathogen attack and in connection with immediate responses
of invaded cells (Wojtaszek, 1997). The activity of SOD and guaiacol
peroxidase increased under blight conditions (caused by Phytophthora
colocasiae) in taro (Colocasia esculenta L. Schott) (Sahoo et al., 2007).
Simultaneous overexpression of both CuZn SOD and APOD in transgenic
tall fescue plants confers increased tolerance to a wide range of abiotic
stresses (methyl viologen, H O, and heavy metals) (Lee et al., 2007).
Enhanced activities of peroxidase, APOD, SOD and CAT were found in
rice in response to infection caused by Rhizoctonia solani (Paranidharan et
al., 2003).
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Our present study focused on systemic responses at later infection
stages. Anaplerotic enzymes can redirect the flux of intermediates in
primary and secondary metabolism, thus regulating plant metabolism
under stress conditions. NADP-malic enzyme (NADP-ME; EC 1.1.1.40),
phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31), and pyruvate
orthophosphate dikinase (PPDK; EC 2.7.9.1) are known as photosynthetic
enzymes in C4 plants (e.g. maize, sorghum), but in C3 plants (i.e. tobacco)
these enzymes play diverse functions. One of them, in addition to maintaining
intracellular pH, is production of reduction equivalent NADPH. Generally,
the demand for NADPH is probably higher in infected cells especially
for anabolic processes requiring NADPH, such as biosynthesis of lipids,
protein turnover and synthesis of specific plant defence compounds as
phytoalexins (Edwards and Andreo, 1992). Transgenic plants containing
viral proteins can modulate the sensitivity of the plant to viral infection due
to gene silencing. It is well documented for viral coat protein (Goldbach
et al., 2003). The function of potyviral non-structural P3 protein remains
unknown. Immunological studies showed that it was localized either in
the cytoplasm or in the nucleus of infected cells (Langenberg and Zhang,
1997; Rodriguez-Cerezo et al., 1993). P3 is believed to play a role in virus
replication (Guo et al., 2001; Merits et al., 1998), in cell-to-cell movement
(Johansen et al., 2001), as a protease cofactor (Riechmann et al., 1992).
In addition, it can play an important role in some highly specific process,
e.g. in the virus-host interaction. Although the functions of the P3 protein
in the potyviral infection are not clear, interactions with products of plant
resistance genes have been indirectly demonstrated (Jenner et al., 2003;
Johansen et al., 2001). Therefore, it is possible that P3 protein affects some
enzymes included in plant defence reactions.

The aim of the present work was to study the effect of viral infection on
the activities of antioxidant and anaplerotic enzymes in upper, systemically
infected leaves of transgenic Nicotiana tabacum L. plants transformed with
the non-structural P3 gene of Potato virus A (PVA) in comparison with the
wild type.
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MATERIALS AND METHODS
Plant material

Transgenic plants of Nicotiana tabacum L. cv. Petit Havana SR1 with
introduced one copy of the PVA P3 gen (P3 plants) were prepared in the
Institute of Virology, Slovak Academy of Sciences, Bratislava, Slovakia
(Novékova et al., 2005; Jbubr et al., 2006). These plants as well as the non-
transgenic controls-wild type Nicotiana tabacum L. cv. Petit Havana SR1
(SR1 plants) were grown in a greenhouse at 22/18 °C day/night temperatures.
Seeds were sown in pots with sand and plantlets were transferred to pots
with soil after 3 weeks. Leaves of 50 seven-week-old plants were infected
with the virus PVYN™, Virus isolate PVY™N (Lebanon) was kindly
provided by Dr. P. D&di¢ (Institute of Potato Research, Havlickiiv Brod,
Czech Republic) as frozen symptomatic leaves. For virus inoculation, those
leaves were homogenized (1/10 w/v) in 0.057 M Na HPO, buffer (pH 8)
and mechanically inoculated on the adaxial surface of the bottom of mature
leaves using carborundum mesh 600 as abrasive.

Two groups of controls were used for measuring the activities of the
antioxidant enzymes. The first one consisted of 50 healthy, non-inoculated
plants while the second one included 50 mock-inoculated (buffer and
carborundum) plants. Mixed samples from upper, systemically infected
leaves were collected after 2, 12, and 24 h, and then each 3-4 following
days from whole mature leaves, placed above those used for the inoculation.
Samples were immediately frozen in liquid N, and stored at —80 °C. The
extent of viral infection was determined by DAS-ELISA (Clark and Adams,
1977) in homogenates of the leaves of infected plants using polyclonal
antibodies raised against the respective pathogens (Cefovska, 1998).

Enzyme activity assays
For enzyme activity assays, 1 g of leaf material was homogenized in 3
ml 100 mM Tris-HCI (pH 7.8) containing 1 mM dithiothreitol, ] mM EDTA

and 5 mM MgCl, (buffer A); then 0.02 g of polyvinylpolypyrrolidone was
added and the homogenate was centrifuged at 23 000 g for 15 min at 4 °C.
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The supernatant was immediately used for enzyme activity measurements
and native electrophoretic separations (applied in 20 % sucrose).

Antioxidant enzymes (CAT, GR, APOD)

Catalase was detected at 240 nm as the rate of decomposition of H,O,
as described by Aebi (1984). Glutathione reductase activity was assayed
by the oxidation increase of NADPH at 340 nm according to Goldberg and
Spooner (1984) Total ascorbate peroxidase activity was determined as the
decrease in absorbance of ascorbate at 298 nm by the method of Gerbling
et al. (1984).

Enzymes of anaplerotic pathways (NADP-ME, PEPC, PPDK)

The activities of all enzyms were determined spectrophotometrically
at 25 °C by monitoring NAD(P)H production or depletion at 340 nm and
activities were calculated as [pumol (substrate/product).min'.g”’ (fresh
weight)].

The NADP-ME assay mixture contained 100 mM Tris-HCI buffer (pH
7.4), 10 mM malate, 2 mM MgCl, and 0.2 mM NADP" in total volume of
1 ml (Iglesias and Andreo, 1990). The PEPC assay mixture contained 100
mM Tris-HCl buffer (pH 8.1), 5 mM NaHCO,, 2 mM MgCl,, 2 mM PEP,
and 0.2 mM NADH in a total volume of Iml (Slack and Hatch, 1967). The
PPDK assay mixture contained 100 mM Tris-HCI buffer (pH 8.1), 10 mM
MgCl,, 5 mM NaHCO,, 2 mM pyruvate, 2 mM K HPO,, I mM ATP, and
0.2 mM NADH in a total volume of 1 ml (Aoyagi and Bassham, 1983).

Electrophoretic separation

Native gel electrophoresis was performed according to Lee and Lee
(2000).

Detection of SOD

The patterns and activities of superoxide dismutase (SOD) isoenzymes
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were obtained after separation by gradient 7 - 14 % non-denaturing
polyacrylamide gel electrophoresis (PAGE). Aliquots of supernatants
corresponding to 25 pg of protein per lane were used. SOD isoenzymes
were detected in sifu in the gel by the photochemical nitrobluetetrazolium
(NBT) staining method according to Beauchamp and Fridovich (1971). For
identification of Cu/Zn-, Mn-, and Fe-SOD isoenzymes the inhibition by
2 mM KCN and 5 mM H, O, was used prior to placing the gels into the
staining solution. KCN inhibited Cu/Zn-SOD while H,O, inactivated both
Cu/Zn-SOD and Fe-SOD.

Protein content determination

Protein content was determined by the method of Bradford using bovine
serum albumin as a standard (Bradford, 1976).

RESULTS
PVYNN infection

The spread of PVYN™ infection was followed by the development of
necrosis and determined by DAS-ELISA. The development of the symptoms
was identical in both wild type and transgenic plants. Typical vein necrosis
followed by leaf distortion and deformation was observed from the 9™ —
12" day of the infection. The relative content of PVYN™ according to DAS-
ELISA was rapidly enhanced from the 7" day of the infection in infected
transgenic plants and from the 10" day in the wild type plants (Table 1).

Antioxidant enzymes

Firstly, we studied the antioxidant enzymes, GR, APOD, CAT and SOD.
These enzymes are known to be involved in an immediate plant defence
response. Samples for activity measurements of the antioxidant enzymes
were collected (a) during the early stage of the infection (2, 12 and 24
h after inoculation), and (b) when the first visible symptoms of the virus
infection appeared on the leaves (10 days after PVYN™ inoculation).
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The activities of CAT, GR and APOD were measured
spectrophotometrically (Fig. 1, 2, 3), whereas the activities of the particular
1soforms of SOD were monitored in the gel (Fig. 4).

The changes in the antioxidant enzyme activities at early stages of the
infection were insignificant particularly in the transgenic P3 plants infected
with PVYN™. The only exception was CAT activity which was 5-fold
higher in the PVYN™N infected SR1 already 24 h after inoculation (Fig. 1A)
and 1.5-fold higher in the infected P3 plants compared to the healthy plants
(Fig. 1B).

GR activity increased significantly 2 h after the inoculation in PVYN™
infected SR1 (Fig. 2A), while a decrease was observed in P3 infected
plants (Fig. 2B). The increase of GR activity was apparent in both types of
infected plants (up to 120 %) 10 days after the inoculation (Fig. 2A, B).

APOD activity showed a similar time-course as GR activity. An increase
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was observed 2 h after the inoculation in the infected SR1 and then 10 days
after the inoculation (Fig. 3A), while in P3 plants (Fig. 3B) no significant
differences among control, mock-treated and infected plants were found,
although generally APOD activity increased in all plants at a later stage of
the infection (Fig. 3).

The activity of SOD was specifically detected after non-denaturating
electrophoresis (Fig. 4). Total SOD activity represents the combined
action of Cu/Zn-, Mn- and Fe-SOD. Using KCN to inhibit Cu/Zn-SOD
(Fig. 4C) or H O, to inactivate both Cu/Zn-SOD and Fe-SOD (Fig. 4D),
SOD isoforms were identified. As shown in Fig. 4, one isoform of SOD in
SR1 and transgenic P3 plants was identified as Mn-SOD, one isoform as
Fe-SOD and two isoforms as Cu/Zn-SOD. No changes in the isoenzyme
content between control healthy plants and PVYN™ infected plants, and
between transgenic P3 plants and wild type plants were found (Fig. 4). The
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difference was apparent between the 10" day of the infection, when the
activity of SOD was much higher than on the 2" day of PVYN™N infection
(Fig. 4A, B). It could be related to senescence of the plant.

Enzymes of anaplerotic pathways

We focused our attention on NADP-ME, PEPC, and PPDK, the
enzymes of anaplerotic metabolic pathways, which seem to play a very
important role in plants under stress conditions (Ryslava et al. 2003). The
time course of enzymatic activities in control (healthy), PVYN™ infected
and transgenic plants during the 25-d period of infection is shown in Fig.5.
NADP-ME, PEPC and PPDK significantly increased from the 10™ day of
PVYNN infection in leaves of infected SR1 and transgenic P3 plants as
compared to the healthy controls (Fig. 5). The highest activities of NADP-
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Fig. 4. Specific detection of SOD after non-denaturating electrophoresis on the 2
(A) and 10" (B) day of PVYN™ infection and identification of SOD isoforms in
the presence of 2 mM KCN which inhibited Cu/Zn-SOD (C) and in the presence
of 5 mM H,O, which inactivated both Cu/Zn-SOD and Fe-SOD (D).

1 - healthy control leaves from Nicotiana tabacum L., SR1

2 - infected leaves from Nicotiana tabacum L., SR1

3 - healthy control leaves from transgenic Nicotiana tabacum L., SR1 plants
carrying the gene for P3 protein

4 - infected leaves from transgenic Nicotiana tabacum L., SR1 plants carrying the
gene for P3 protein

5 - mechanically mock-inoculated leaves from Nicotiana tabacum L., SR1

6 - mechanically mock-inoculated leaves from Nicotiana tabacum L., SR1 plants
carrying the gene for P3 protein
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Fig. 5. NADP-malic enzyme, phosphoenolpyruvate carboxylase and pyruvate
orthophosphate dikinase.

Activities of NADP-ME, PEPC and PPDK from Nicotiana tabacum L., SR1 leaves (A,
C, E) and from leaves of transgenic Nicotiana tabacum L., SR1 transformed with gene
for protein P3 (B, D, F) 0-25" day after inoculation by PVY™'™ calculated per fresh
mass. The activity of control healthy plants is shown as [ , the activity of PVY"'™
infected plants as ll. The activity was measured in triplicate; S.E. are shown.
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Table 1. DAS-ELISA.
A (405 nm) The relative content of
DAY OF . Transgenic Vlms ,PVYNTN in-infected
pyyNIN | Nicodana tabacum Nicobuna Nicotiana  tabacum L.,
INFECTION L., 8R1 tabacum- P3 SR1 plants and in infected
transgenic Nicotiana
3. 0.010 0.001 tabacum L., SR1 with
7 0.003 0914 gene for protein P3
was determined by
10. 0454 0128 DAS-ELISA with
p-nitrophenylphosphate
7. 0.389 0.185 as a substrate. Absorbance
21. 0937 0112 at 405 nm corresponds to

virus content.

ME, PEPC and PPDK were obtained on days 17, 21 and 25 of the infection
in both groups of infected plants (Fig. 5). NADP-ME was the most sensitive
enzyme to PVYN™ spread. The activity of NADP-ME was 6 times higher
in SR1 plants and also in transgenic P3 plants within the last 8 days of the
infection, when severe symptoms of virosis were visible (Fig. SA, B).

The activity of PEPC increased from 10" day of the PVYN™ infection
up to 520 % in infected SR1 plants and up to 270 % in infected transgenic
P3 plants (Fig. 5C, D). A similar response was observed with PPDK. This
enzyme was most enhanced on the 7% and 25" days of the infection. The
increase was slightly higher (up to 280 %) in infected SR1 plants (Fig. SE)
than in infected P3 plants (Fig. 5F) (up to 260 %).

DISCUSSION
Virus infection

Tobacco plants transformed with potyviral P3 gene may be resistant
against the homologous virus, as shown by Moreno et al. (1998). The P3
plants used in our experiments showed no resistance against PVA, although

the P3 protein was immunologically proved in them (Novakova et al., 2005;
2006). However, a slight infection delay was observed in comparison with
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non-transgenic plants (Novakova, personal communication). With PVYN™
we did not detect such a delay but the virus concentration according to
ELISA was generally lower in P3 plants than in SR1 plants although no
time or severity differences in symptoms formation were recorded.

Antioxidant enzymes

Infection of plants by necrogenic pathogens often results in enhanced
protection against secondary infection not only in the inoculated leaves but
also systemically, i.e. in the healthy leaves located above the inoculated
site. The biochemical mechanisms of this effect are still poorly understood,
even when phenomenon of local acquired resistance and systemic acquired
resistance have been thoroughly studied for many years (Ryals et al., 1996).
In our study, we have focused our attention on several antioxidant enzymes,
which play a crucial role in the metabolism of H O, that seems to play a
central role in oxidative burst. It acts as a signal for localized death of
challenged cells (i.e. hypersensitive reaction) and as a diffusible signal for
the induction of a cellular protectant in adjacent cells (Levine et al., 1994).
As we were interested particularly in the systemic response, we followed
only the systemic response to the PVYN™ infection in the leaves located
above the inoculation site.

Surprisingly, a transient increase of the activities of GR and APOD
was observed already 2 h after the inoculation in the infected SR1 plants.
This effect was only temporary but significant and it seemed to respond to
virus inoculation rather than to mock-treatment. Substantial enhancement
was observed 10 d after the inoculation. A transient increase was found
also in CAT activity 24 h after the inoculation. Later on, no differences
among healthy control, mock-treated and infected plants were observed in
CAT activity. This is in agreement with previous findings of other research
groups (Hernandez et al., 2001; Fodor et al., 1997). They found no changes
in tobacco infected by TMV (Fodor et al., 1997) or rather a decrease in
CAT activity in apricot infected by p/um pox virus (Hernadndez et al., 2001).
Fodor et al. (1997) found also a transient decline in APOD, GR, and SOD
activities preceding the appearance of symptoms, but a substantial increase
of these activities after the onset of necrosis in the inoculated leaves. In
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the upper leaves, the glutathione level and the activities of GR and SOD
increased 10-14 d after the inoculation concomitantly with the development
of systemic acquired resistance. We did not find any substantial changes
in SOD isoenzymes pattern evoked by PVY™N™N infection, although the
activities of all isoenzymes were significantly higher compared with non-
infected controls.

In transgenic P3 plants, an early systemic response to the inoculation was
not observed and no significant changes in antioxidant enzyme activities
were found. Nevertheless, the infected P3 plants exhibited a similar increase
in GR activity as SR1 plants 10 days following the inoculation.

Enzymes of anaplerotic metabolic pathways

Inthe maximum ofthe infection, when the symptoms were fully developed
and the virus proteins were immunochemically detected, enhanced activities
of anaplerotic enzymes (NADP-ME, PEPC, PPDK) in the infected plant
leaves were found (Fig. 5). These enzymes catalyse reactions connecting
primary metabolism and thus redirect the metabolic flow which could be
advantageous for the plant under non-physiological or stress conditions.
PEPC can connect the metabolism of saccharides and amino acids and
proteins. Under stress conditions the glycolytic degradation of storage
polysaccharides and the synthesis of proteins including “pathogenesis-
related proteins” is enhanced. The reaction catalysed by NADP-ME
provides reduction equivalents NADPH for biosynthetic purposes, such as
lipids and lignin for fortification of cell wall, specific defence compounds,
phytoalexins or substrates for antioxidant enzymes (Edwards and Andreo,
1992). All these functions of NADPH could be important for the plant under
viral infection. PPDK catalyses the production of phosphoenolpyruvate from
pyruvate and so yields a substrate for PEPC. The described reactions could
form a cycle inside one cell analogous to the cycle present in mesophyll
and bundle sheeth cells in C, plants. The significance of such a cycle in
plants under biotic stress caused by viral infection could be the production
of NADPH at the expense of ATP and NADH. CO, released after malate
decarboxylation can be used for photosynthetic fixation via Calvin cycle,
which can be important when the stomata are closed.
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We can summarize that enhanced activities of the monitored anaplerotic
enzymes were found in systemically infected leaves, however, enhanced
activities of antioxidant enzymes were measured not only in infected plants,
but also in mock-inoculated and healthy plants. These results were obtained
for both groups of tobacco plants - control and transgenic plants carrying
the gene for P3 protein. The increased metabolic flow through pathways
catalyzed by PEPC, NADP-ME and PPDK seemed to be advantageous for
plants under biotic stress, while the enhanced activities of the antioxidant
enzymes were related more likely to plant senescence.

Acknowledgements: This work was supported by grants GA UK 428/2004,
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The activity and isoforms of NADP-malic enzyme in Nicotiana
benthamiana plants under biotic stress
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Abstract. The activity and presence of isoforms of NADP-dependent malic enzyme (NADP-ME, EC
1.1.1.40) were studied in non-transgenic and transgenic Nicotiana benthamiana plants containing
potyviral gene for helper component protease (HC-pro) and in plants infected by Potato virus Y strain
NTN (PVYNTN), No significant changes in enzyme activities and isoenzyme pattern were observed
due to foreign gene introduction and PVYNTN infection. However, the activity and isoenzyme com-
position of NADP-ME measured in extracts from different parts of the plants showed significant
differences. Non-denaturating electrophoresis followed by specific detection of NADP-ME activity
in polyacrylamide gel detected the presence of only one isoform in roots and younger leaves. Two
isoforms of NADP-ME were detected in older leaves and stem (relative molecular mass ~248,000
and ~280,000) and three isoforms corresponding to tetramer, dimer and monomer were found in
flowers. The activity of NADP-ME and the isoenzyme pattern was discussed in relation to its role in
plant metabolism within distinct plant parts.

Key words: NADP-malic enzyme isoforms — Nicotiana benthamiana — HC-pro — Potato virus Y

Abbreviations: EDTA, ethylenediaminetetraacetate; NADP-ME, NADP-dependent malic enzyme;

Tris, tris(hydroxymethyl)aminomethane; PVY, Potato virus Y

Introduction

NADP-dependent malic enzyme (NADP-ME, L-malate:
NADP* oxidoreductase (oxaloacetate-decarboxylating), EC
1.1.1.40) catalyzes the oxidative decarboxylation of L-malate
and NADP* to produce pyruvate, CO, and NADPH (Edwards
and Andreo 1992; Maurino etal. 2001). To decarboxylate malate
enzyme requires a divalent cation. The most effective cations are
Mg*", Mn** and Co?* (Wedding 1989). The NADP-ME was
found in animal and plant tissues as well as in prokaryotic and
eukaryotic microorganisms (Edwards and Andreo 1992).

Correspondence to: Veronika Doubnerovd, Department of Bio-
chemistry, Faculty of Science, Charles University, Hlavova 2030,
128 40 Prague 2, Czech Republic

E-mail: doubnerova@volny.cz

In mammals, malic enzyme is a tetrameric protein with
double dimer structure and enzymes assigned as EC 1.1.1.40
are either cytosolic or mitochondrial enzymes (Chang and Tong
2003). In mammalian liver, NADP-ME is major NADPH-gen-
erating enzyme for lipogenesis (Chang and Tong 2003).

The NADP-ME is widely distributed among all types of
plants, but the isoform present in bundle sheath chloroplasts
of several C4 plants is the best characterized. In this type
of plants, NADP-ME plays an important role in photosyn-
thetic metabolism as it generates CO, and reducing power
(NADPH) in the chloroplasts, where Calvin cycle operates
(Maurino et al. 2001). Three isoforms of NADP-ME have
been characterized in maize: 62,000 form, which is impli-
cated in C4 metabolism and predominated in green leaves,
66,000 non-photosynthetic isoform assembles as a dimer
and 72,000 non-photosynthetic form of the protein, present
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mainly in etiolated leaves (Maurino et al. 1996; Saigo et al.
2004). However, the 72,000 protein, which was also purified
from wheat stems (Casati et al. 1997), Egeria densa leaves
(Casati et al. 2000), Aptenia cordifolia leaves (Falcone et al.
2003), Ricinus communis cotyledons (Colombo et al. 1997),
and immunochemically identified, was later defined as a heat
shock protein (Lara et al. 2005). The photosynthetic enzyme
isolated from maize leaves exists as a tetramer (at pH 7.5) or
a dimer (at pH 7.0) depending on pH and a buffer used. The
enzyme purified from sugar cane (Cy) leaves can readily un-
dergo changes in oligomerization between monomer, dimer
and tetramer with the tetramer form being favoured at high
pH (8.0). All three forms of the enzyme are enzymatically
active (Edwards and Andreo 1992). In CAM (crassulacean
acid metabolism) plants, a cytosolic isoform (e.g. ice plant
64,000 form) also functions as a decarboxylase of malate to
donate CO, for Calvin cycle (Drincovich et al. 2001).

Also in Cj; plants, the NADP-MEs are encoded by small
gene families. The best studied family of malic enzymes is
from Arabidopsis thaliana (Cs dicot plant), where the whole
genome sequence is known (Wheeler et al. 2005). The Ara-
bidopsis genome contains four genes encoding NADP-MEs.
One isoform is localized in plastids and exists in equilibrium
of active dimers and tetramers, whereas the other three iso-
forms are cytosolic and are present as hexamers or octamers
(Wheeler et al. 2005). The rice (Oryza sativa, C3 monocot
plant) NADP-ME family is composed of four members, one
plastidic and three cytosolic versions. Each rice NADP-ME
gene has presumably a different tissue-specific and develop-
mental profile (Chi et al. 2004).

Non-photosynthetic forms of NADP-ME seem to be
present in all plants (Cy4, CAM, C3) and they play diverse
functions. These roles may be anaplerotic, providing pyruvate
and NADPH, which could be used in assimilatory processes
requiring NADPH, e.g. lipid biosynthesis (Edwards and
Andreo 1992). NADP-ME has also been suggested to serve
as a pH stat in a combination with phosphoenolpyruvate
carboxylase. In addition, non-photosynthetic NADP-ME
has been proposed to function in plant defence response.
For example, a direct evidence of the induction of bean
NADP-ME by UV-B radiation was obtained (Drincovich
et al. 2001). The increase in NADP-ME activity was also
observed, when a fungal elicitor preparation, cellulase or
jasmonate were applied directly to roots of intact maize
seedlings (Maurino et al. 2001). In our previous work, the
influence of viral infection caused by Potato virus Y strain
NTN (PVYNTN) on plant metabolism of Nicotiana taba-
cum L. cv. Petit Havana SR1 was studied. PVYN"N-infected
tobacco plants responded with the enhanced activity of
NADP-ME (Ryslava et al. 2003). Gels after non-denaturating
electrophoresis stained for NADP-ME activity showed the
presence of one protein band with the NADP-ME activity
in leaves of N. tabacum L.

In this study, we used control, non-transgenic Nicotiana
benthamiana and transgenic N. benthamiana plants trans-
formed with the gene for helper component protease (HC-
pro) of Potato virus A (PVA). Plants expressing HC-pro could
change susceptibility to infection with homologous viruses
(Savenkov and Valkonen 2002). The aim of this study was
to test the influence of viral infection caused by PVYN N on
the activity of NADP-ME and on the presence of NADP-ME
isoforms in different parts of transgenic and non-trans-
genic N. benthamiana plants. The approximately relative
molecular masses of corresponding NADP-ME isoforms
were determined after non-denaturating polyacrylamide
gel electrophoresis.

Materials and Methods

Plant material

N. benthamiana plants and transgenic N. benthamiana plants
transformed with HC-pro of PVA were kindly provided by
Dr. Savenkov (Uppsala, Sweden). The plants were grown in
a greenhouse under temperatures 22/18°C day/night. Seeds
were sown in pots with sand and plantlets were transferred
to soil after 3 weeks. Leaves of 7-weeks old plants were
mechanically inoculated with PVYN™N, kindly provided
by Dr. Dédi¢ (Potato Research Institute, Havlickav Brod,
Czech Republic). The samples were collected from control
and infected leaves within 26 days and 26" day also from
flowers, stems and roots. As a control the plants without viral
infection were used. Samples were immediately frozen in
liquid N, and stored at —75°C. The extent of viral infection
was determined by double antibody sandwich-ELISA (Clark
and Adams 1977) in homogenates of the leaves of infected
plants using polyclonal antibodies raised against PVYNTN
(Cefovskd 1998). Sample of maize leaves were collected from
plants Zea mays var. 2013 Cej¢.

The enzyme activity assays

For assay of NADP-ME activity, 0.5 g of plant tissue was ho-
mogenized in 1.5ml 100 mmol/l Tris-HCI (pH 7.8) contain-
ing 1 mmol/I dithiothreitol, 1 mmol/l EDTA and 5 mmol/I
MgCly; then 0.02 g of polyvinylpolypyrrolidone was added
and the homogenate was centrifuged at 23,000 x g for 15
min at 4°C. The supernatant was used as plant extract for
measuring NADP-ME activity. The NADP-ME activity was
determined spectrophotometrically at 25°C by monitor-
ing NADPH production at 340 nm. The NADP-ME assay
mixture contained 100 mmol/l Tris-HCI buffer (pH 7.4), 10
mmol/l malate, 2 mmol/l MgCl, and 0.2 mmol/l NADP" in
total volume of 1 cm®. The reaction was started by addition
of 50 ul of the enzyme extract.
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Electrophoretic separations

Native gel electrophoresis was performed according to Lee
and Lee (2000). The same volume (25 yl) of all plant extracts
with 20% of sucrose was applied to the gel. The gels (6%)
were assayed for the NADP-ME activity by incubating in
a solution of 100 mmol/l Tris-HCI (pH 7.4) containing 10
mmol/l L-malate, 10 mmol/l MgCly, 2 mmol/l NADPY, 0.1
mg-ml~! nitroblue tetrazolium and 5 yg-ml™! phenazine
methosulfate at room temperature (Maurino et al. 2001).

Native molecular mass estimation

The molecular mass of the protein NADP-ME was evaluated by
native gel electrophoresis using a Biometra multigel apparatus
and commercial markers for native electrophoresis. 100[log(R¢
x 100)] values were plotted against the acrylamide concentra-
tions in gels, where Reis relative mobility of standard proteins.
Consequently, the logarithms of negative values of slopes were
plotted against the logarithm of relative molecular masses
(248,000; 132,000; 66,0005 45,000; 29,000; 14,200). The size of
isoforms of NADP-ME was calculated from the regression line
thus obtained (Ferguson 1964; Lottspeich and Zorbas 1998).

In vivo localization of NADP-ME

Malic enzyme was localized by staining for its activity on
fresh hand-cut sections of the leaf midribs and the stem. The
sections were incubated immediately in 10ml of staining
solution consisting of 100 mmol/l Tris-HCl buffer (pH 7.4),
10 mmol/l L-malate, 10 mmol/l MgCl,, 7.6 mg NADP", 12
pmol/l nitroblue tetrazolium chloride (NBT), and 0.16 ymol/l
phenazine methosulfate for 30 min in the dark at the room
temperature. The control staining was done without malate
or NADP*. The blue dye indicated NADP-ME activity, which
was not present in the control staining. The sections were ex-
amined in the light microscope Nikon Eclipse E600 equipped
with CCD camera.

Results

Activity and isoforms of NADP-ME in different parts of N.
benthamiana

Plant extracts from different parts of N. benthamiana (leaves,
stems, roots) were assayed for activity of NADP-ME and the
presence of enzyme isoforms was studied. The whole plant
was divided into several sections, labelled as L1-14, indicat-
ing the position of leaves from top of the plant (Fig. 1). The
stem was divided in two parts, upper (S1) and lower (S2).
Leaves at top of the plant L1 exhibited the highest activity
of NADP-ME calculated per fresh weight. The activity of

L1
(2.5 cm@)

L4

(1.5-3.5 cm Q)

Figure 1. Leaves from 7-weeks old plants N. benthamiana were
divided into 4 groups (L1, L2, L3 and L4) according their localiza-
tion and size.

NADP-ME decreased gradually from the upper parts of the
plant to the older basal leaves (Fig. 2).

Native gel electrophoresis and staining for NADP-ME
activity detected one band in young (L1) leaves and in the
roots (R), but with different electrophoretic mobility (Fig. 2).
The occurrence of one band probably indicates the presence
of solely isoform of NADP-ME in young leaves and roots.
Two isoforms were observed in older leaves (L2, L3, L4)
and in two different sections of the stem (S1, S2; see Fig. 2).
Moreover, three isoforms of NADP-ME were apparent in
flowers of N. benthamiana (Fig. 3).

Influence of PVYN™N infection on NADP-ME

The relative content of virus PVYN ™ and activity of NADP-
ME in leaves of control N. benthamiana and transgenic
plants of HC-pro N. benthamiana were measured in samples
collected three times a week during 26 days of infection. The
time course of activity of NADP-ME in leaves was expressed as
percentage of the activity of control healthy plants (calculated
per fresh leaf matter). No statistically significant changes were
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Figure 2. A. Activities of NADP-ME calculated per fresh mass from
different parts of N. benthamiana (from different leaves L1, L2, L3
and L4; from upper stems S1, lower stems S2, and from roots R).
The activity was measured in triplicate, S.E. are shown. B. Detection
of activity of NADP-ME in 6% polyacrylamide gel after non-dena-
turating electrophoresis. The line with label 1 contains plant extract
from green maize leaves, 7-times diluted compared to others sam-
ples. The straight arrow indicates a position of NADP-ME isoforms
with lower electrophoretic mobility, whereas isoforms with higher
electrophoretic mobility are marked with oblique arrows.

found in activities of leaves from N. benthamiana and trans-
genic HC-pro N. benthamiana plants infected by PVYN TN
(Fig. 4A). Onlyin PVYNTN.infected roots from both groups of
plants were found slight increase (180 and 215%) in activities
of NADP-ME in comparison to healthy controls representing
100% (Fig. 4B) in the maximum of infection.

The maximal content of PVYNTN virus was found in the
end of the infection (26™ day) in both transgenic (HC-pro)
and non-transgenic plants of N. benthamiana (Table 1).

Figure 3. Detection of isoforms of NADP-ME from control and
PVYNTN jnfected flowers (F), leaves (L2), stems (S1) and roots (R)
of N. benthamiana plants (A) and from transgenic N. benthamiana
plants transformed with HC-pro (B) in 7% polyacrylamide gel after
non-denaturating electrophoresis. The line with label 1 contains
plant extract from green maize leaves, 7-times diluted compared
to others samples. The same results were obtained from two inde-
pendent courses of PVYN™Ninfection. The oblique arrows indicate
position of bands corresponding to NADP-ME activity, which were
visible only when 8 and 7% polyacrylamide gel was used.

Table 1. The relative content of virus PVYNTN was determined by
DAS-ELISA with p-nitrophenylphosphate as enzyme substrate.
Absorbance at 405 nm is proportional to the virus content

Absorbance (405 nm)
Day of PVYNTN N. benthamiana N. benthamiana
infection - HC-pro

3 0.03 0.02

7 0.06 0.05
10 0.06 0.08
14 0.78 0.67
17 0.85 0.92
21 1.19 1.28
25 1.74 1.31
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Figure 4. Activities of NADP-ME in leaves L2 (A) and
roots (B) of N. benthamiana (M) and in transgenic
plants N. benthamiana with HC-pro (&) 0-26"" day
after inoculation by PVYNTN, The activity of each
sample is calculated as percentage of the non-in-
fected control, where 100% of NADP-ME activity
corresponds to 0.022 % 0.004 ymol-min~!-g™! in N.
benthamiana leaves and 0.032 + 0.011 ymol-min~!.g ™!
in N. benthamiana roots. In each repetition of the
experiment, the activity was measured triplicate.
S.E. are shown.

NADP-ME activity (%)

NADP-ME isoform analysis of crude extracts from flow-
ers, leaves, stems, and roots from healthy and infected
non-transgenic and transgenic N. benthamiana plants was
done on 26™ day of the pvyYNIN infection, when the virus
content was very high (Fig. 3). No significant differences in
the isoform contents were observed among transgenic and
non-transgenic plants.

Estimation of relative molecular masses of NADP-ME isoforms
in N. benthamiana

Native electrophoresis carried out in various concentrations of
polyacrylamide gel, which simultaneously enables to stain the
gels for enzyme activity and distinguish isoform of NADP-ME
and its oligomerization states, was applied. Non-denaturat-
ing electrophoresis with native standard proteins in various
concentrations of polyacrylamide gel was used for molecular
mass estimation of corresponding isoforms of NADP-ME. The
presence of the isoforms of NADP-ME in flowers, leaves, stems
and roots is shown in Table 2. When the native electrophoresis
is carried outin a set of gels of various polyacrylamide concen-
trations, the enzyme isoforms differing both in molecular mass
and/or charge could be determined (Lottspeich and Zorbas
1998). In 5, 6, 7 and 8% polyacrylamide gels we measured
relative mobility of three bands presented in N. benthamiana
flowers samples, two bands in leaves and stems samples and
one band in roots and maize leaves sample (only 7% gel is
shown in Fig. 3). No differences in isoenzyme content were
observed between healthy and PVYNN-infected parts of N.
benthamiana plants. Another (third) band was also visible in
leaves and stems (Fig. 3), but only in 7 and 8% polyacrylamide
gel. Therefore, this form couldn’t be exactly analyzed with
Ferguson’s method (Ferguson 1964; Lottspeich and Zorbas
1998). Probably it is a partially degraded NADP-ME, but
with retained enzyme activity. Also the presence of another

300

250

100

50

21 25 25
NTN

Day of PVY

infection

Table 2. The presence of isoforms of NADP-ME in flowers (F),
leaves (L2), stems (S1) and roots (R) from both control and
PVYN™N.infected plants Nicotiana benthamiana and transgenic
plants N. benthamiana transformed with HC-pro

~280,000 | ~248,000 | ~140,000 | ~70,000 | Fragment
(~70,000) | (~62,000) | (~70,000) NADP-ME
F + - + + -
L2 + + - - (+)
S1 + + - - (+)
R - + - - -

The numbers indicate apparent relative molecular mass of whole
native protein NADP-ME, the number in brackets corresponds to
relative molecular mass of a monomer in case of the native NADP-
ME is a tetramer or dimer. +, the presence of the isoform; —, the
absence of the isoform; (+), facultative presence of the isoform.

isoform is possible as well. Fergusons’ plots (dependence of
100[log(R¢ x 100)] on polyacrylamide gel concentration) al-
lowed determine, which isoform is larger in size or charge,
alternatively found how given isoforms are related to each
other. For example, when in Ferguson’s graph two plots are
connected in one point, which is positioned bellow value 2% of
polyacrylamide gel on x-axis, then two relevant proteins have
different molecular weight, but the same charge. Generally it
could be two oligomerization forms of one protein (Lottspeich
and Zorbas 1998). It was the case of three forms presented in
flower of N. benthamiana. All three Fergusons’ plots were inter-
sectin one point (T < 2% of polyacrylamide gel concentration)
(Fig. 6). Each curve had different minus slope value (retarda-
tion coeflicient) and calculated relative molecular masses from
calibration curve (Fig. 5B) correspond to tetramer, dimer and
monomer, when monomer was about 70,000 (Table 2).
Tetramer NADP-ME with molecular mass of one subunit
about 70,000 found in flowers (~280,000 isoform) had ana-
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Figure 5. A. Ferguson plots for determination of standards slopes.
R¢ corresponds to relative mobility of native protein in various
concentrations of polyacrylamide gel (5-10%). a-lactalbumin
(14,200; ¥), carbonic anhydrase (29,000; M), albumin from chicken
egg (45,000; O), albumin from bovine serum (66,000 monomer
A\; 132,000 dimer A) and NADP-ME from maize green leaves
(248,000; @) were used as the standard proteins. B. Secondary
regression line obtained from plot A, from which relative molecu-
lar masses of isoforms of NADP-ME from different parts of N.
benthamiana were calculated.

logues in leaves and stems of N. benthamiana, because we
established for appropriate forms identical relative mobility
in gels. Second isoform of NADP-ME in leaves and stems
and one isoform present in roots of N. benthamiana have
very similar relative mobility in gels with NADP-ME from
maize leaves. Ferguson’s plots were near each other; retarda-
tion coefficients were almost the same. Calculated relative
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Figure 6. Fergusons plots for determination of slopes for 3 isoforms
NADP-ME present in N. benthamiana flowers. R¢ corresponds to
relative mobility of native protein in various concentrations of
polyacrylamide gel (5-8%). The point of intersection indicates
that there is one protein in three different oligomerization states.
From the slopes relative molecular masses of 70,000; 140,000 and
280,000 can be estimated.

molecular masses from calibration curve (Fig. 5B) agree
with tetramer of NADP-ME from maize leaves. Therefore,
it could indicate, that NADP-ME isoform present in N.
benthamiana leaves, stems and roots has relative molecular
mass about 248,000, because it is known, that NADP-ME
from maize leaves is tetramer with molecular mass 248,000
(Edwards and Andreo 1992; Detarsio et al. 2007). Ferguson’s
plot belonging to NADP-ME from maize leaves (248,000
isoform) and plot belonging to ~280,000 isoform weren’t
intersect, with 248,000 isoform plot above ~280,000 isoform
(data not shown). It correlates with fact, that upper protein
according to Ferguson’s method is smaller and with larger
charge (Lottspeich and Zorbas 1998).

Localization of NADP-ME in N. benthamiana plants

Localization of NADP-ME activity was carried out on fresh
hand cut sections from various parts of N. benthamiana plant
using NBT staining method (Fig. 7). NADP-ME activity was
indicated by blue colour. Fig. 7A represents control staining
without the presence of malate. In leaves, the enzyme was local-
ized particularly in cells around the veins in the midrib (Fig. 7C).
Blue stains were also apparent in chloroplasts of stomatal, epi-
dermal, and mesophyll cells (small arrows, see Fig. 7D and E).
In stem sections taken from upper and lower part of the stem
(81, S2), NADP-ME activity was localized in xylem parenchyma
cells vessels and in phloem cells (Fig. 7B,EG,H). Contrar% to
small changes in activities of crude extracts found in PVYNTN

infected leaves, the stem sections of infected N. benthamiana
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Figure 7. Localization of NADP-ME activities in fresh hand cut sections from different parts of N. benthamiana plant by the method
of NBT staining. The blue coloration indicates NADP-ME activity. A. Control staining without the presence of malate. B. The section
of the stem (S2). C. The section of the leaf midrib. D. Stomatal cells. E. Epidermal cells. F. Detailed view of the xylem and phloem
cell in the stem section. G. Cross-section of the stem (S1). H. Cross-section of the stem (S2) of the healthy N. benthamiana. 1. Cross-
section of the stem (S2) of the PVYN™.infected N. benthamiana. J., K., L. Detailed view of S2 section from the PVYNN infected
N. benthamiana. Small arrows mark stained chloroplasts. Scale bars represent: A, B, C, ], K, L = 100 ym; D = 35 ym; E = 25 ym; F =
50 um; G, H, I =500 ym.
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plants showed stronger coloration, particularly in phloem and
along the xylem vessels (Fig. 7LJ,K,L).

Discussion

Occurrence of NADP-ME isoforms

Our results showed that NADP-ME in N. benthamiana
plants is present at least in two isoforms differing in their
electrophoretic properties (Figs. 2, 3). Plant NADP-MEs are
coded by a small gene family (Wheeler et al. 2005). In C;
plants Arabidopsis thaliana and Oryza sativa with known ge-
nome, the sequences of three cytosolic and one chloroplastic
isoforms were found (Chi et al. 2004; Wheeler et al. 2005).
However, it is not sure until now if such a composition of
the gene family is common for all plants. Differences in the
expression of particular NADP-MEs may occur in various
tissues, in different developmental stages, and among plant
species (Chi et al. 2004; Wheeler et al. 2005).

Localization of NADP-ME

We found NADP-ME activity in various parts of the plant N.
benthamiana. It was present in epidermal cells, particularly
in stomatal cells (Fig. 7D,E). The function of NADP-ME in
these cells is in close relation to pH changes and stomatal
movements (Latzko and Kelly 1983; Schnabl 1983).

We localized NADP-ME activity in cells surrounding
main veins in stems and leaves (Fig. 7B,C,EG,H). In these
cells NADP-ME could contribute to photosynthetic CO,
fixation via decarboxylation of malate transported through
floem (Hibberd and Quick 2002). This possible function
maintains the presence of NADP-ME in chloroplasts (Fig. 7).
Probably, the cytosolic isoform is present but its contribution
is not so easy to distinguish as that of plastids.

Molecular mass of subunits of NADP-ME

The molecular weights of monomers of isoforms NADP-ME
found in N. benthamiana were estimated at ~62,000 and
~70,000. Even though molecular weights couldn’t be deter-
mined with high accuracy, we used native polyacrylamide
gel electrophoresis, because this method enables to detect
enzyme isoforms and simultaneously estimate relative mo-
lecular masses of native proteins from Ferguson’s calibration
graph. Furthermore, mutual position of curves belonging to
appropriate isoenzymes in Ferguson’s graph could confirm
which protein is smaller or which proteins are identical
(Lottspeich and Zorbas 1998). Detected sizes of monomers
are common for plant NADP-MEs (Drincovich et al. 2001).
Monomer with relative molecular mass of 66,000-67,000 is
typical for non-photosynthetic forms (Cj plants, non-pho-

tosynthetic parts of C4 plants) (Saigo et al. 2004; Lara et al.
2005). In N. benthamiana this isoform is mainly present in
young leaves and together with other isoform in stems and
in older leaves (Fig. 2). The molecular weight estimated for
the other isoform was surprisingly 62,000, nevertheless, this
lower molecular weight is typical for photosynthetic forms
in C4 plants (Edwards and Andreo 1992). Moreover, this
isoform was the main one in roots of N. benthamiana.

Oligomerization of NADP-ME

NADP-ME occurs in plant tissues in several oligomeric stages
(monomer, dimer, tetramer, hexamer, octamer) (Edwards and
Andreo 1992; Wheeler et al. 2005). In some plants NADP-
ME is in the form of larger oligomers, due to the absence
of a sequence near the C terminal, which is responsible for
tetrameric structure of animal NADP-ME (Chang and Tong
2003). Hexamers or octamers are supposed in some NADP-
ME isoformsin A. thaliana (Wheeler et al. 2005) and Zea mays
(Fig. 3, upper bands in sample 1) but such aggregates were not
detected in our experiments. In leaves, stems, and roots of N.
benthamiana isoforms with molecular weight of ~248,000 and
~280,000 were found, therefore NADP-ME build tetrameric
molecules. The pattern of isoforms of NADP-ME in flowers is
more complicated, because also molecules of molecular weight
of ~140,000 and ~70,000 were found. It means the presence
of dimers and monomers (Fig. 3).

Function of gene for HC-pro protein in plants

HC-pro is a multifunctional potyviral protein, enhancer
of genome amplification and suppressor of PTGS (post-
transcriptional gene silencing). It affects symptom develop-
ment, cell-to-cell movement and long distance movement
and has cystein-type proteinase activity (Waterhouse et al.
2001; Savenkov and Valkonen 2002). In our experiments we
have not found any differences in susceptibility to PVYNTN
infection in N. benthamiana plants (Table 1). The activity
and isoform composition of NADP-ME in leaves and roots
of both types of N. benthamiana plants during PVYNTN
infection were very similar.

Stress response

The expression and activity of NADP-ME is associated with
plant responses to biotic or abiotic stresses (Maurino et al.
2001; Sun et al. 2003; Chi et al. 2004; Smeets et al. 2005; Liu
et al. 2007). Recently, we have reported, that the activity of
NADP-ME of N. tabacum L. in PVYNTN infected leaves in-
creased 5 to 6 times (Ryslava et al. 2003). However, in analo-
gous experiments performed with N. benthamiana plants,
any significant change in NADP-ME activity in leaves was not
found (Fig. 4). The reason for such differences between two
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species of genus Nicotiana is not clear. However, in roots of N.
benthamiana PVYN"N-infected plants enhanced activity of
NADP-ME was found (Fig. 4). Similar results were reported
by Maurino et al. (2001) in maize roots after jasmonate, cel-
lulase and fungal elicitor treatment.
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