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Introduction

Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) catalyzes the carboxylation of PEP
to yield oxaloacetate and inorganic phosphate. It is one of the CO,-fixing enzymes, HCOj3" acts as
substrate and the presence of a divalent metal ion is required (Chollet et al., 1996; lzui et al., 2004;
Lepiniec et al., 1994). PEPC is widespread not only in all photosynthetic organisms such as plants,
algae, cyanobacteria, and photosynthetic bacteria, but also in most non-photosynthetic bacteria and
protozoa. PEPC plays a key photosynthetic role in primary CO, fixation by C, and CAM plant
leaves (Andreo et al., 1987; Ernst and Westhoff, 1997; Kawamura et al., 1990; Nimmo, 2000). In
addition, PEPC produces oxaloacetate and malate that replenish the intermediates of the citric acid
cycle and provides carbon skeletons to support nitrogen assimilation. PEPC is also involved in
regulating the pH of cells (Huppe and Turpin, 1994; Latzko and Kelly, 1983; Miyao and
Fukayama, 2003; Vance et al., 1994).

PEPC is usually composed of four identical subunits with molecular weight of about 95-110
kDa. Most PEPCs are allosteric enzymes and there exists a wide variety of allosteric effectors
depending on the organism. Vascular plant PEPCs are typically inhibited by L-malate and
activated by D-glucose-6-phosphate. In addition, L-aspartic and L-glutamic acids are allosteric
inhibitors of PEPCs in plant tissues active in nitrogen assimilation and / or transamination
reactions (Blonde and Plaxton, 2003). Vascular plant PEPCs are regulated by reversible
phosphorylation of the conserved serine located near N terminus (Chollet et al., 1996). After the
discovery, specific phosphoenolpyruvate carboxylase kinase (PPCK) was cloned and characterized
for several plant species. Plants contain a PPCK gene family: A. thaliana has two PPCK genes,
soybean at least three, and tomato at least two (Nimmo, 2003; Sullivan et al., 2004). Light and
nitrate treatment favor the stimulation of PPCK activity in vivo in wheat leaves (Duff and Chollet,
1995).

Environmental stresses have also been shown to induce PEPC activity. Induction of PEPC
expression by salt stress was documented in facultative CAM plant Mesembryanthemum
crystallinum, it is part of the switch from C; to CAM photosynthesis (Cushman and Bohnert,
1999). PEPC is less studied in C3 plants. LiCl and NaCl induced expression of the PEPC in roots
of wheat. Other types of stress affecting the water balance such as drought and cold also had a
positive effect on the level of PEPC in various plants (Fedina and Popova, 1996; Gonzalez et al.,
2003). Low oxygen stress induced an increase of PEPC activity in roots and etiolated leaves in
rice seedlings (Moons et al., 1998). Another study was performed on Pinus halepensis exposed to
ozone and drought. No change in PEPC activity was found during drought but ozone stress

induced a dramatic increase of PEPC activity in pine needles (Fontaine et al., 2003). Increased
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activity of PEPC was found in cucumber plants grown in the absence of Fe (De Nisi and Zocchi,

2000).

Aim of the work

Following aims were set to characterize and discuss the role and regulation of PEPC in

tobacco during biotic stress caused by potyviral infection:

Isolation and characterization of PEPC from tobacco leaves.

Study of phosphorylation of tobacco leaf PEPC and the effect of phosphorylation on kinetic
parameters.

Study of the role of PEPC and related enzymes during potyviral infection in tobacco plants.
Regulation of PEPC on transcriptional, translational and post-translational level during
PVYN™ infection.

Study of the effect of enhanced level of endogenous cytokinins in tobacco plants during

biotic stress.



Results and discussion

Isolation of PEPC from tobacco leaves

Phosphoenolpyruvate carboxylase was partially purified from tobacco leaves collected from
8-10 weeks old plants. Ammonium sulphate fractionation, ionex chromatography on DEAE
cellulose, gel chromatography on Sephadex G200 and hydroxyapatite chromatography were the
main steps of isolation. PEPC was purified to the final specific activity 0.8 U/mg. This low value
corresponds to other reports on PEPC isolated from C; plant (e.g. 0.137 U/mg from Cicer
arietinum, Singhal and Singh, 1986).

Characterization of tobacco PEPC

In vitro phosphorylation and dephosphorylation of PEPC

Phosphorylation of serine residue near N terminus of plant type PEPC plays an important
role in activity regulation (Chollet et al., 1996). In vivo PEPC is phosphorylated by specific PEPC
kinase and dephosphorylated by a protein phosphatase type 2A.

PEPC activity during the phosphatase treatment was monitored. Phosphatase inhibitors were
added into control reaction. While no change in PEPC activity was estimated in the control
reaction, dephosphorylation caused 40% decrease of PEPC activity after 4 hours. The enzyme
becomes probably completely dephosphorylated.

Effect of protein kinase A (catalytic subunit) on PEPC activity at the presence of ATP was
studied. No change in PEPC activity was visible during the whole experiment. Tobacco PEPC
probably is not substrate of protein kinase used in our experiment, contrary to PEPC isolated from

maize seeds as showed by Cerny (2007).

Substrate affinity of tobacco PEPC

The kinetics of saturation of native and dephosphorylated PEPC isolated from tobacco leaves
by PEP was studied. The measurements were carried out at optimal pH 8.1 and sub-optimal pH
7.3. In both cases reaction showed hyperbolic character described by Michaelis-Menten equation.

Values of Vi and K, are shown in Table 1.

Table 1: Values of V. and K, of native and dephosphorylated PEPC
isolated from tobacco leaves at optimal and sub-optimal pH.
pH 7.3 pH 8.1
Vmax Km Vmax Km
[wmol/min.mg] | [MM] | [umol/min.mg] | [mM]
native 0.5 0.45 0.8 0.25
dephosphorylated 0.37 0.47 0.45 0.21
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Low value of Ky, and thus high affinity to the substrate correspond to non-photosynthetic
PEPC isoform (Svensson et al., 2003). On the contrary, C4 photosynthetic isoform usually showed
lower affinity to substrate (e.g. maize PEPC K, 1.1 mM and 87 mM at pH 8.1 and 7.3,
respectively; Frank et al., 1999).

Effect of L-malate on PEPC reaction rate

Effect of L-malate on dependence of reaction rate of native and dephosphorylated PEPC on
substrate concentration was studied. The sensitivity to malate was affected by pH and
concentration of PEP. L-malate caused decrease of tobacco PEPC activity at both optimal and sub-
optimal pH conditions; however, the higher effect was monitored at pH 7.3. Data best fitted into

equation of mixed inhibition:

Ve [S]
= 1] [
K, 1+ l[<lc)+[8].(1+ KIU)

Values of inhibition constants obtained by non-linear regression are shown in Table 2. No

difference in malate sensitivity was found between native and dephosphorylated tobacco PEPC.

Table 2: Values of inhibition constants describing

malate inhibition of tobacco PEPC.

Kiy [mM] Kic [mM]

native 1.3 0.2

dephosphorylated 1.7 0.5

Sensitivity of native and dephosphorylated tobacco PEPC to malate inhibition was similar.
This was surprising result, because previous studies, although performed mostly on C4 forms,
showed higher sensitivity to malate in case of dephosphorylated PEPC (Tovar-Mendez et al., 2000;
Cerny, 2007). More detailed studies on other C3 plants need to be done to confirm, if this behavior

is common for C3; PEPC.

Effect of L-aspartate on PEPC reaction rate

Aspartate was shown to be very weak inhibitor of tobacco PEPC; 2 mM aspartate caused
10% and 5% decrease of reaction rate of native and dephosphorylated PEPC, respectively.
Inhibition constants calculated by non-linear regression indicated, that the inhibition corresponds

to competitive one (native: Kic = 3 mM, dephosphorylated: K,c =10 mM).



Effect of D-glucose-6-phosphate on PEPC reaction rate

The reaction rate of PEPC isolated from tobacco leaves increased at the presence of glucose-
6-phosphate. Activating effect was higher with sub-optimal pH and lower concentration of PEP. 1
mM concentration of glucose-6-P caused nearly 100% increase of native PEPC reaction rate at pH
7.3. The sensitivity of dephosphorylated enzyme to glucose-6-P was lower. 1 mM concentration of

glucose-6-P caused 40% increase of dephosphorylated PEPC reaction rate at pH 7.3.

Regulation of tobacco PEPC during viral infection

Several independent experiments were performed to study PEPC activity, its regulation and

activity of enzymes functionally related to PEPC during potyviral infection in tobacco plants. In

YNTN

more detailed studies, PV was chosen as source of biotic stress for its significant impact on

infected plants.

control tobacco PVY"™ infected tobacco
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R

The time course of viral infection of tobacco plants was monitored by immunochemical
semi-quantitative method (ELISA) and by relative quantification of viral RNA in infected tobacco
leaves.

Activity of PEPC during potyviral infection
The activity of PEPC was 2-3-fold elevated during PVYN™ infection. In contrast to PVYN™,
PVA infection affected enzyme activity insignificantly (Figure 1).
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Figure 1: Activity of PEPC in tobacco leaves 4-18 days after inoculation by PVA and PVYN™ calculated in
percent per fresh weight. 100% corresponds to 0.1 U/g.
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Increased PEPC activity in plants under stress condition was previously reported in case of
abiotic stress (Thomas et al., 1992; Moons et al., 1998; Gonzales et al., 2003). We proved that
biotic stress also affected PEPC activity; however, the mechanism of regulation still had to be

determined.

PEPC protein and mRNA levels during potyviral infection

The amount of PEPC protein in tobacco leaves was determined by Western blot analysis
using anti-PEPC antibodies. No significant change in PEPC protein amount was detected in
PVY"N™ infected tobacco leaves compared to healthy control (Figure 2A).

Amount of PEPC mRNA was measured in tobacco leaves by real-time RT PCR. Actin9 was
used as reference gene. Figure 2B shows ratio of PEPC/actin9 mRNA. No significant change in
PEPC transcription was detected in infected tobacco leaves 17 days after virus inoculation (Figure

2B).
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Figure 2: Amount of PEPC protein (A) and mRNA (B) in and infected tobacco leaves collected 17 days

after PVYN™ inoculation.

YNTN infection

Changes in PEPC phosphorylation during PV

As there were no changes in PEPC expression, we studied the post-translational modification
of PEPC protein. Phosphorylation of serine residue near N terminus of plant type PEPC plays
important role in its activity regulation (Chollet et al., 1996). The PEPC, from extracts of control
and infected leaves collected 17" day after virus inoculation, was treated by alkaline phosphatase
and decreasing PEPC activity was monitored. PEPC activity in the dephosphorylated control
sample was 60% when compared to native form. The difference was more evident in PVYN™
infected samples where the value of dephosphorylated PEPC activity was 40% compared to native
form (Figure 3A).

Concentration of free phosphate was measured in leaf extracts. Concentration of phosphate
in dephosphorylated extracts from healthy tobacco leaves was 145% compared to non-treated
extracts. Higher phosphate concentration (185%) was detected in dephosphorylated PVYN™

samples.
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Figure 3: PEPC from tobacco leaves was dephosphorylated by alkaline phosphatase. A) Difference of PEPC
activity between native (light colours) and dephosphorylated (dark colours) PEPC in control and PVYN™
infected tobacco leaves. B) Concentration of free phosphate in native (light colours) and phosphatase

treated (dark colours) extracts from healthy and PVYN™ tobacco leaves.

Immunochemical detection of phosphoproteins was carried out using anti-phosphoamino

acids. Higher intensity of band corresponding to PEPC was monitored in PVYN™

infected sample
in comparison with healthy control.

Higher expression of PEPC during stress conditions is more often described mechanism of
regulation of PEPC activity (Thomas et al., 1992;, Gonzales et al., 2003). Fontaine et al. (2003)
reports possible post-translational regulation of PEPC in Pinus halepensis exposed to ozone. We
proved that PEPC in infected leaves was more phosphorylated and thus the phosphorylation is
responsible for higher PEPC activity in infected plants. Translational apparatus of the infected
plant is used for the production of defense proteins and competes with the virus tendency to
multiply itself in the host cells, thus post-translational changes may play more important regulatory
role. However, the way to induce the phosphorylation of PEPC used by plant cells still remains to

be elucidated.

Activities of NADP-ME and PPDK during potyviral infection

The activities of enzymes biochemically related to PEPC (NADP dependent malic enzyme
and pyruvate, phosphate dikinase) were studied in tobacco leaves during potyviral infection.
PVY"N™ infection caused an increase in activity of both enzymes; the most sensitive was NADP-
ME with 6-fold higher activity compared to healthy control. The activity PPDK was 2-3-fold

elevated.



Effect of cytokinins in tobacco leaves during stress

Transgenic plants over-expressing bacterial gene coding for isopentenyl transferase (ipt), a
key enzyme of cytokinin biosynthesis, were used for study of the effect of cytokinins on tobacco
response to the biotic stress. The ipt transgenic tobacco plants had increased concentration of
endogenous cytokinins. Four types of plants were used for our experiments: control tobacco (N.
tabacum L., cv. Petit Havana SR1) from seeds (SR1) or grafted onto the control rootstock (SRG);
ipt transgenic shoots grafted on control rootstock (G) and autogamic progeny of the transgenic
grafts, which are able to form a small root system (SE).

Effect of cytokinins on Rubisco activity during PVYN™ infection was studied. Healthy SR1
plants exhibited the highest Rubisco activity compared to other plant types. SRG and SE plants
exhibited more than 70% reduction in Rubisco activity as compared with SR1 plants. Even lower
activity was detected in samples from G. PVY infection caused the most significant decline in SR1
(ca. 20% of healthy control), while 0 or only 10 - 15% activity reduction in G and SRG + SE
plants, respectively, was observed after infection.

Effect of PVY"™ infection on PEPC, NADP-ME and PPDK activities were studied in
control (SR1) and ipt transgenic rooted tobacco plants (SE). Activities of all three enzymes were
increased during infection in wild-type and transgenic plants, however transgenic tobacco plants

embodied 5-7 days long delay in elevation of enzyme activities.

What could be the meaning of induced PEPC activity in tobacco leaves during virus
infection? We propose these possibilities:

i.  Replenishing intermediates of citrate cycle depleted by proteosynthesis.

ii. PEPC together with NADP-ME and PPDK form reaction cycle which converts
NADH to NADPH at the cost of ATP. NADPH is utilized in biosynthetic pathways
and as a substrate for several antioxidant and detoxification enzymes.

iii.  Plants in our experiments closed their stomata and had lower photosynthetic activity
during potyviral infection. PEPC can refix CO, released by respiration and
photorespiration. The drop of inbound CO; could be compensated by its more

effective disposal, which PEPC can provide.

10



Uvod

Fosfoenolpyruvatkarboxylasa  (PEPC; EC 4.1.3.31)  katalyzuje = karboxylaci
fosfoenolpyruvétu za vzniku oxaloacetatu a fosfdtového aniontu. Patii k enzymtm fixujicich COp;
bikarbonat slouzi jako substrat a pro priibsh reakce je nutnd piitomnost kationtu Mg?* (Lepiniec a
kol., 1994; Chollet a kol., 1996; Izui a kol., 2004). PEPC se vyskytuje ve vSech fotosyntetizujicich
organizmech (rostliny, fasy, sinice a fotosyntetizujici bakterie) ale téz ve vétSingé
nefotosyntetizujich bakterii a prvocich. PEPC hraje kli¢ovou ulohu v primarni fixaci CO; v listech
rostlin sC, a CAM metabolismem (Andreo a kol., 1987; Kawamura a kol., 1990; Ernst a
Westhoff, 1997; Nimmo, 2000). Oxaloacetat a po redukci malat je vyuzit pro doplnéni
intermediati citratového cyklu a téz jako uhlikovych skeletd nutnych pro fixaci dusiku a
metabolismu aminokyselin. PEPC také pusobi Vv regulaci pH bunék (Latzko a Kelly, 1983; Huppe
a Thurpin, 1994; Vance a kol., 1994; Miyao a Fukayama, 2003).

PEPC se sklada ze &tyf identickych podjednotek o relativni molekulové hmotnosti 95-
110 kDa. Vétsina PEPC patii k alosterickym enzymim, dosud bylo identifikovano mnoho
alosterickych efektori. Rostlinné PEPC jsou inhibovany malatem a aktivovany glukosa-6-fosfatem
(Blonde a Plaxton, 2003). Vyznamny prvek regulace rostlinné PEPC je reverzibilni fosforylace
serinového zbytku nachazejicim se pobliz N-konce proteinu (Chollet a kol., 1996). Fosforylaci
katalyzuje specifickd PEPC kinasa, kterd byla popsana pro nékolik rostlinnych druht, zejména
vSak rostlin s C4 typem metabolismu. Je to nejmensi znama protein kinasa a jeji aktivita v buiikach
je regulovana piedevs§im syntézou de-novo; podnétem syntézy je napiiklad svétlo (Duff a Chollet,
1995).

Nedavno byl prokdzan vliv stresu na aktivitu PEPC. ZvySena exprese PEPC vlivem solného
stresu byla popsana Vv rostlinach Mesembryanthemum crystallinum, rostliny s fakultativnim CAM
typem metabolismu. V tomto piipadé dochazi vlivem stresu k piechodu zCz; na CAM
metabolismus (Cushman a Bohnert, 1999). I dalsi typy stresu souvisejicich s vodni rovnovahou
vedly ke zvySené aktivit¢ PEPC, a to v nékolika rostlinnych druzich (Fedina a Popova, 1996;
Gonzalez a kol., 2003). Nedostatek kysliku podnitil zvyseni PEPC aktivity v sazenicich ryze
(Moons a kol., 1998). V jehlicich smrku byla vlivem ozonu zji$téna vedle zvysené aktivity PEPC

také jeji zvysSena fosforylace (Fontaine a kol., 2003).
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Cile prace
Cilem piedkladané prace je zjistit vyznam PEPC pro rostliny tabaku za podminek biotického
stresu zpusobeném virovou infekci. Prace byla rozdélena do nasledujicich ¢asti.
e Piiprava purifikovaného preparatu PEPC z listi tabaku a stanoveni kinetickych parametrt a
vliv regulatort pro fosforylovanou a defosforylovanou formu PEPC.
e Stanoveni aktivity PEPC a metabolicky souvisejicich enzymii v pritb¢hu infekce potyviry.
e Studium PEPC v listech tabaku na transkripcni, transla¢ni a posttranslaéni Grovni béhem

infekce PVYN™,

e Stanoveni aktivity PEPC a metabolicky souvisejicich enzymt v transgennich rostlinach

tabaku se zvySenym obsahem endogennich cytokinini v pribéhu infekce pvyN™N,

Vysledky a diskuze
Isolace PEPC z listd tabaku

Fosfoenolpyruvatkarboxylasa byla izolovana z listi 8-10 tydnii starych rostlin tabaku.
Purifika¢ni kroky zahrnovaly: srazeni siranem amonnym, ionexovou chromatografii na DEAE
celulosovém nosic¢i, gelovou chromatografii na nosi¢i Sephadex G200 a chromatografii na
hydroxyapatitovém nosi¢i. Vyslednd specificka aktivita takto purifikovaného enzymu byla
0,8 U/mg. Tato nizkd hodnota odpovida izolacim z Cs rostlin (naptiklad 0,14 U/mg z Cicer
arientium, Singhal a Singh, 1986).

Charakterizace PEPC z listd tabaku
Fosforylace serinového zbytku pobliz N-konce PEPC proteinu je dilezitym prvkem

v regulaci aktivity enzymu (Chollet a kol., 1996). In vivo je PEPC fosforylovana specifickou PEPC
kinasou a defosforylovana protein fosfatasou 2A.

Sledovali jsme zménu aktivity PEPC béhem reakce s alkalickou fosfatasou. Inhibitory
fosfatas byly pifitomny v kontrolni reakci; zadna zména PEPC aktivity nebyla v této kontrolni
reakci pozorovana. Oproti tomu defosforylacni reakce vykazovala zietelny pokles aktivity PEPC a
to az 40% po 4 hodinach reakce. Delsi Cas reakce ani zvySené mnozstvi fosfatasy jiz nezpisobilo
zadny dalsi pokles aktivity, predpokladame tedy, ze PEPC jiz byla plné defosforylovana.

Sledovali jsme téZ vliv protein kinasy A (katalytické podjednotky) na aktivitu PEPC
v piitomnosti ATP a Mg”* iontd. Zadny vliv na aktivitu PEPC nebyl patrny a to i pfi pouziti jiz
pfedem defosforylovaného enzymu. Domnivame se, Ze PEPC z tabdku neni substratem pouzité

protein kinasy. Oproti tomu PEPC izolovdna ze semen kukufice je za stejnych podminek
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substratem protein kinasy A; aktivita pfedem defosforylovaného enzymu v tomto ptipadé po

ptisobeni kinasy vzrostla na ptivodni hodnotu (Cerny, 2007).

Kinetika saturace substratem PEP byla studovana pro nativni i defosforylovanou formu
PEPC tabaku. Méfeni byla provedena pii optimalnim pH 8,1 a sub-optimalnim pH 7,3. V obou
ptipadech vykazovala zavislost pocatecni reakéni rychlosti na koncentraci substratu klasicky
hyperbolicky prubéh popsany rovnici Michaelis-Mentenové. Hodnoty Vmax @ Ky jsou uvedeny

v tabulce 1.

Tabulka 1: Hodnoty V..x a K, nativni a defosforylované formy PEPC
izolované z listl tabaku.
pH 7.3 pH 8.1
Vmax Km Vmax Km
[umol/min.mg] | [MM] | [umol/min.mg] | [mM]
nativni 0.50 0.45 0.80 0.25
defosforylovana 0.37 0.47 0.45 0.21

Niz$i hodnota Michaelisovy konstanty a tedy vysoka afinita k substratu odpovida
nefotosyntetické PEPC isoformé (Svensson a kol., 2003). C4 fotosyntetické formy PEPC obvykle
vykazuji niz8i afinitu k substratu, naptiklad Michaelisova konstanta PEPC z kukutice 1,1 mM pfi
pH 8,1 a 8,7 mM pfi pH 7,3.

Byl studovan vliv malatu na zéavislost reak¢ni rychlost nativni a defosforylované PEPC na
koncentraci substratu fosfoenolpyruvatu. Malat inhiboval aktivitu PEPC, a to jak pfi optimalnim

pH 8,1, tak i pti pH 7,3, avSak vyraznéjsi inhibice byla prokazana v pfipadé sub-optimalniho pH.

Naméfena data byla proloZena kiivkou definovanou rovnici rovnici smiSen€ inhibice:

Vmax'[s]
= 0 0
Km.(1+KIC)+[S].(1+KIU

Hodnoty inhibi¢nich konstant byly vypoc¢teny nelinearni regresi a jsou zobrazeny v tabulce
3. Nebyl pozorovan rozdil v citlivosti k inhibici malatem mezi nativni a defosforylovanou formou

PEPC.

Tabulka 3: Hodnoty inhibi¢nich konstant

charakterizujicich inhibici PEPC malatem.

Kiu [mM] Kic [mMM]

nativni 1.3 0.2

defosforylovana 1.7 0.5
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Stejna citlivost nativni a defosforylované formy PEPC k inhibici malatem nebyla dosud pro
PEPC z jinych rostlinnych druhti zjisténa. Vyssi citlivost defosforylované formy PEPC k inhibici
malatem byla naméfena naptiklad pro PEPC z listi a semen kukufice (Tovar-Mendez a kol., 2000;
Cerny, 2007). Avsak pro PEPC z Cj3 rostlin nejsou v literatufe k dispozici zadné detailni kinetické

studie.

Dale jsme sledovali vliv L-aspartatu na reak¢ni rychlost PEPC. Aspartat ptisobil jako slaby
inhibitor PEPC; 2 mM aspartat vedl k 10% a 5% poklesu reakéni rychlosti nativni a
defosforylované PEPC. Inhibice odpovidala typu kompetitivni s hodnotou Kic = 3 mM (nativni
PEPC) a Kic = 10 mM (defosforylovana PEPC).

Reak¢ni rychlost PEPC tabaku vzrostla v piitomnosti glukosa-6-fosfatu. Vyssi aktivaci jsme
pozorovali pii sub-optimalnim pH a niz$i koncentraci substratu PEP. 1 mM koncentrace glukosa-
6-P zplsobila zvysSeni reakéni rychlosti PEPC o 100%. Nizsi aktivaci jsme pozorovali v piipadé

defosforylovaného enzymu; 1 mM glukosa-6-P vedla pouze ke 40% zvyseni reakéni rychlosti.

Regulace PEPC v rostlinach tabaku infikovanych PVY"™
Aktivita PEPC a regulace jeji aktivity byla studovana v rostlinach tabaku infikovanych

potyviry. Pfitomnost viru v rostliné byla prokazana metodou ELISA a relativni kvantifikaci PCR

V realném c&ase.Vlivem infekce PVYN™

se aktivita PEPC zvysila 2-3 krat. Oproti tomu, vliv PVA
infekce na zvyseni aktivity PEPC byl neprikazny (Figure 1). Zvyseni aktivity PEPC Vv rostlinach
bylo diive zjisténo i za podminek abiotického stresu (Thomas a kol., 1992; Moons a kol., 1998;
Gonzales a kol., 2003).

V dalSich experimentech jsme sledovali, zda zvySeni aktivity PEPC v rostlinach tabaku
vlivem infekce PVY"™ je provazeno rovnéz zvysenou transkripci a translaci PEPC. Mnozstvi
proteinu PEPC bylo detekovano imunochemicky pouzitim specifickych protilatek. Mnozstvi
mRNA pro PEPC bylo sledovano pouzitim reversni transkripce s naslednou kvantifika¢ni real-time
PCR. Ani jednou z pouzitych metod nebyl zji§tén podstatny rozdil mezi zdravymi a PVYN™
infikovanymi rostlinami tabaku (Figure 2). Dal$i moznosti regulace aktivity PEPC je rozdil
Vv posttransla¢ni modifikaci PEPC fosforylaci.

Fosforylace PEPC je v rostlinach dilezitym regulaénim prvkem aktivity tohoto enzymu

(Chollet a kol., 1996). Fosforylovany enzym se od defosforylované formy mize lisit v fadé
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vlastnosti (Izui a kol., 2003). V ptipadé¢ PEPC tabaku je vyznamny rozdil v aktivité mezi obéma
formami. Pro sledovani miry fosforylace PEPC v rostlinach jsme pouzili tii rizné ptistupy.

1) Rozdil v poklesu aktivity po pusobeni alkalické fosfatasy. VEétsi pokles nastal v ptipadé vzorku
z infikovanych listti tabaku (Figure 3A).

2) Byla zméfena koncentrace volného fosfatu v extraktech z listt tabaku a v extraktech oSetienych
alkalickou fosfatasou. Touto metodou jsme detekovali vétsi mnozstvi fosfatu uvolnéného
fosfatasou ve vzorcich z infikovanych rostlin (Figure 3B).

3) Imunochemickd detekce fosfoproteini pomoci specifickych anti-fosfoaminokyselinovych

protilatek ukazala silnéjsi prouzek odpovidajici PEPC proteinu v piipad¢ infikovanych rostlin.

Vsechny tyto pfistupy ukazuji na zvySenou fosforylaci PEPC v listech tabaku infikovanych
PVYN™, JelikoZ exprese PEPC ziistava vlivem infekce nezméndna, je vyssi aktivita ziejmé
PEPC vlivem stresu (Thomas a kol., 1992; Gonzales a kol., 2003), existuji i studie v nichz je
prokazana modifikace na Urovni posttranslacni. Napiiklad Fontaine a kol. (2003) tento jev
pozoroval v jehlicich smrku v pfitomnosti vysoké koncentrace ozonu.

V ptipad€ virové infekce, kdy je proteosynteticky aparat bunck vyuzivdn pro syntézu
obrannych proteint ale téz pro produkci novych viriond, je posttranslaéni modifikace s naslednym
zvySenim aktivity enzymu pravdépodobné pro rostlinu vyhodnym. Fosforylace PEPC je
Vv rostlinach katalyzovéna specifickou PEPC kinasou (Chollet a kol., 1996). AvSak zpiisob jakym

dochazi k indukci fosforylace v pribéhu virové infekce teprve ¢eka na své objasnéni.

Aktivity NADP-malatdehydrogenasy, dekarboxyla¢ni (NADP-ME) a pyruvat,fosfatdikinasy
(PPDK), enzymt biochemicky sptiznénych s PEPC, byly téz sledovany v pribéhu virové infekce.
Vlivem infekce PVY"N™ byly aktivity obou enzymil zvyseny, a to aZ $estkrat v pripadé NADP-ME

a dvou az tfikrat v ptipadé¢ PPDK, Vv porovnani s kontrolnimi rostlinami.

Vliv cytokinint na pribéh virové infekce v rostlinach tabaku
Ve studii vlivu cytokininii na prubéh virové infekce byly pouzZity rostliny tabaku se zvySenou

expresi isopentenyltransferasy (ipt), kliCovym enzymem biosyntézy cytokinind. Tyto transgenni
rostliny vykazovaly zvySené mnozstvi endogennich cytokininli. Byly pouzity nasledujici typy
rostlin: kontrolni pravokotfenné, kontrolni roubované, transgenni roubované a transgenni se

schopnosti vytvaret drobny kofenovy systém.
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V prvnich pokusech byla méfena aktivita ribulosa-1,5-bisfosfat-karboxylasy/oxygenasy
(Rubisco) v pribéhu infekce PVY™™ ve viech typech rostlin. Nejvys§i aktivitu Rubisco
vykazovaly kontrolni pravokofenné rostliny, avSak vlivem infekce byla aktivita snizena o 80%.
Roubované rostliny a rostliny transgenni s kofenovym systémem vykazovaly o 70% nizsi aktivitu
Rubisco nez kontrolni tabaky. Virova infekce vSak meéla v téchto rostlinach vliv na aktivitu
Rubisco nepatrny, jen 10-15% pokles v aktivité byl pozorovan v infikovanych listech v porovnani
se zdravymi.

Déle byly sledovany aktivity PEPC, NADP-ME a PPDK v prtibé¢hu virové infekce v
kontrolnich a transgennich kofenovych rostlin tabaku. Aktivity vSech tfi enzymu byly zvyseny
V obou piipadech, avSak zajimavy byl rozdil v po¢atku nartstu enzymovych aktivit. Transgenni
rostliny vykazovaly zpozdény nartst aktivit 0 5-7 dni. To pravdépodobné souvisi se zvySenou
resistenci ipt transgennich rostlin tabaku k virové infekci. Podobny vliv cytokininii na prubéh

biotického stresu byl publikovan v praci Pogany a kol. (2004).

Jaky vyznam muize mit zvySend aktivita PEPC pro rostlinu v pribéhu virové infekce?
Nabizeji se nasledujici moznosti:

i.  PEPC dopliuje intermediaty citratového cyklu spotiebované zvySenou proteosyntézou.

ii.  ZvySené mnozstvi malatu a zvySena aktivita NADP-ME vede k produkci redukénich
ekvivalentt NADPH vyuzitelnych pro biosyntetické tcely a jako subtrat nékterych
antioxida¢nich enzymi.

iii.  Rostliny vnaSich experimentech mély vlivem virové infekce zaviené priaduchy a
snizenou fotosyntetickou aktivitu. Pomoci PEPC se muze refixovat CO2 uvolnény
respiraci a fotorespiraci. Toto efektivné€jsi CO2 by mohlo kompenzovat jeho limitujici

piisun.
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