e Mechanizmy pohybu priduchu
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Pohyby priuduchu

Otevirani péduchi:
snizeni osmotického potencialuésacich bugk transportem iori z
apoplastu do siracich bugk a produkci osmoticky aktivnich latek

transport vody do sracich bugk - zvySeni tlakového potencialu
oteveni piiduchi

Zavirani pfiduchi:
zvySeni osmotickeho potencialwesacich bugk transportem ioritze

swracich bugk do apoplastu- transport vody ze svacich bugk -
snizeni tlakoveého potencialu zaveni pfiduchi

Hlavnim transportovanym kationtem je*Kaniontem Cl Transpor
pies plasmalemu i tonoplast. Hlavnim produkovanym aniontem |
malat. Mize se podilet i sachardza.




Transport iontd membranou

Obecre transport ioni membranou -
selektivnimi kanalyCasto odlisné
kanaly pro transport ioftdovnitt
aven.

Rychlos zavis ne

1) membranovém potencialu

2) koncentraci transportovaneho iontu
3) koncentraci jinych iotitnebo molekul

4) strukturnich modifikacich diky
fosforylacici defosforylaci proteifh

5) mechanickém n&g

Schema vpravo: Buchsenschetal 2005

KZM2 ZORK

Fig. 7 Schematic diagram of the K" channel genes expressed

within the stomatal complex of maize composed of two subsidiary !

cells (SC) and two guard cells (GC). Note that guard cells of grasses
are interconnected via perforations in the polar parts of their
ventral walls (Sack 1987). The direction of the channel-mediated
ion fluxes is indicated by arrows.



Hlavni kanaly transportu iofitve s\¥racich bukach

Fig. from Schroedeet al.2001

Plasmalema , tonoplast — iontové kanaly

K+in1 K+out1 Ca2+in

aniontové kanaly R-typ a S-typ

Na expresi proteiniontovych kanal se
Ucastnirada gen, nag.

K*,. KAT1, KAT 2, AKT1, AKT2/3

K*.,,+ GORK, TPK

Cat,: CPK

R-typ:

S-typ: SCAC1, SLAH

Hyperpolarizace a depolarizace membran
— H*-ATPaza (AHA1, OSTY
(Kim et al 2010)
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Reakce priduchi na oz&enost -
hlavni faktor puasobici otevirani pfiduchi

Modra i cervenacast spektra viditelného &tla miize pisobit @imo na
s\weraci buky
Receptorem modrého &la jsou:

— Fototropiny (photl, phot2) situovantepazri
v plasmalens.

— zeaxanthin v chloroplastech (interakcétleva CO, concentration).

Mechanizmu:;

— aktivace ATPazy fosforylaci C-terminale> aktivni transport H do
apolastu= polarizace membrany (elektricky potencial asi -120 m¥)
aktivace selektivnich membranovych kangro transport K dovnitt
swracich bugk (K*;,). Doprovodnym aniotem je obvykle ClI

Vyrazre vysSi citlivost piiduchi k modrécasti spektra coz se upiaije (i
otevirani piiduchi po rozedsni.

CAM rostliny — cirkadialni rytmus




Receptorem modrého &la je zeaxantin v chloroplasteché&uacich bugk nebo fototropiny. Po excitagi
swtlem je signal penasSen do cytoplazmy kde aktivuje serin/treonin kinazto Kaaza aktivuje ATPaz
a stimuluje transport H= K*,. Zeaxanthin vznika ip deepoxidaci violaxantinu (xantofylovy cyklu
Koncentrace zeaxantinu zavisi na rychlosti transportkref# a spoteld ATP a NADPH i fixaci CO..
Tim koncentrace COmuze ovlivnit reakci péduchi na s¥tlo. (zeiger, E. Trends Plant Sci. 5: 183, 20

Shimazakiet al. 2007)
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Processes of stomatal opening in response to blue light,



Modré s¥étlo nejprve indukuje fosforylaci treoninu (18§ na C terminalu. Pro
aktivaci H-ATPazy je vSak nezbytna jé3tazba proteinu 14-3-3.

H'-ATPase activation by 14-3-3 protein 1363
Blue light
Inhibited state Inhibited state Activated state

H*-ATPase Thisso @
ATP ADP + Pi

14-3-3 protein

Fig. 5 Activation mechanism of the plasma membrane H'-ATPase in response to BL in stomatal guard cells. PK and PPase indicate protein
kinase and protein phosphatase, respectively. P indicates the phosphorylated Thry, residue.




Pasobenkerveného sitla

Receptorenterveného sitla jsou
chloroplasty

Mechanizmus:

indukce fotosyntézy chloroplassweracich buk

cyklicka fotofosforylace (zdroj ATP)

aktivace PEPC (karboxylact PEP vznikléhc
rozkladem Skrobu, na oxalacetat, ktery
redukovan na malat).

akumulace sacharézy

Swétlo mize pisobiti neimo - indukovat
fotosyntézu buék mezofylu a tim snizeni
vnitini koncentrace CO Také produkované
monosacharidy mohou byt transportovany
swracich bugk a g'emenény na sacharozu.
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Zmeény parameti fluorescence chlorofylu v zavislosti na éaxdosti ve
s\weéracich bukach pfiduchi a v mezofylovych bikach(Lawsonet al 2002)

10 Fos —— ] Figure 4. Responses of the fluorescence parameters FJ 7R (M), R/
Fy' (B), and F,'/F, (C) of a variegated tradescantia leaf to increasing
PPFD. Data were obtained from guard cells in white (O) areas of the
leaf and from mesophyll (@) and guard cells (@) in green areas.
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NPQ - nefotochemické zhaSeni, PL - fosfolipaza, PP - fospatazyrgroiesP, - inositol-3-fosfat

14-3-3 proveln
> LAy PPLPPEA s firsicweeln
= mPiJ) linalenke aeld/  (OA semalilve) kimaved
il

l 2" H* pumps

.-4"

|.||._'{|’It -ﬁ#iﬂﬂﬂﬂﬂn-ﬁ-ﬁdqqdqﬂdﬂ
abil-t/—f '[ T T T b '

(bloe light] arachidunic scid l

-
- N
o ABA asone gt PP2B  actin Mlament \
7 InaP3 K*in channel )
" InaPé Protein knases'
CDPrK

Figure 1 A simplified working model for proposed functions of positive and negative reg-
ulators in light-induced stomatal opening. Positive (in green, fop) and negative regulators
(in red, bottom) of light signaling in guard cells are shown. The sequence of events and epis-
ftasis among regulators remain largely unknown and requires further genetic, biochemical,

and cellular signaling analyses, For simplicity, parallel signaling branches are not included
here (see text for details).



Reakce priduchi na vodni stres -
hlavni faktor piasobici zavirani piiduchi

vodni deficit v listovém mezofylu
muaze byt v disledku nizké vlihkosti vzduchu, nizkeho obsahu vodyidépzasoleni, nizke teploty

hydraulické signalygrimy viiv):
obsah vody ve sracich butkach
obsah vody v epidermalnich tkach
tlakovy potencié v xylemt

chemické signalyriepimy vliV):

positivni nebo negativni: ABA, jiné fytohormony, mineralni ionty, polyam
(spermidin, spermin, putrescin, kadaverin), sfingosin-1-fosfs®,HNO

Snizovanim obsahu vody v listu diky zvySené rychlosti tpanase se zvySuje i koncentrace ABA v apopla
a proto g snizeni vodniho potencialu se "zvySuje citlivostiigachi na ABA
Ovlivnéni transportu K zmenou tlakoveho potencialu - mechanicky vliv

iny

5tu




ABA

ABA je stresovy hormon a umozuje komunikaci mezi koreny a nadzemni
¢asti rostlin
SyntezaABA v listech i v karenech, prekursory ABA jsou karotenoidy.

 9'-cisviolaxanthin nebo 9cis-neoxanthin [ —» xanthoxin (9eis-epoxycarotenoid
dioxygenaza; NCEDAINCED2,3,5,6,9

« xanthoxin O - aldehyd kyseliny abscisové (xanthoxin oxidaasABA2.
« aldehyd kyseliny abscisové - ABA (ABA aldehyd oxidazaAAO3

Distribuce xylem, floem, apoplast i symplast (ve foémvolné ABA nebo
konjugéti), zavisi na pH.

Degradace- preména na kyselinu fazeovou a dinydrofazeovou

Koncentrace ABA v xylémubyva 10 nmol dn¥, pri stresu az 3imol dm?.

Pro reakce prduchi je vyznamnakoncentrace ABA v apoplastu v okoli
swéracich bunék.

ABA je uvoliovana ze symplastu mezofylu a transportovana xylémenmienko
Dochazi k rozkladu konjugéidiky zvySené koncentra@iglukosidazy.

ABA tez zvySuje permeabilitu keni, ovliviuje expresirady gerd, inhibuje rist
nadzemntasti, stimuluje opad list urychluje starnuti.



Zvyseni koncentrace ABA indukované vodnim stresem v |
v apoplastu a ve svacich bulkach znang s.o. outiaw, w.H.ar. 3. Plant growth regul. 2 30001
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Reakce pkduchi na aplikaci ABA niize zaviset nejen na jeji koncentraci, druhu
rostliny, ale také na pH
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Fig. 2. Steady-state aperture areas of stomata in isolated epidermis of
Commelina communis and Arabidopsis thaliana incubated at pH 7 or pH__
"5 under conditions promoting stomatal opening for 3 h (solid bars) and

~ then incubated for a further 2 h in the presence of either 10 uM ABA~
(hacched barsy or 10 aM ABA (open bars). Inset: stomatal closure in
response to either 10 pM ABA (haiched bars) or 10 nM ABA (open bars)
expressed as the percentage change in aperture area relative to the initial
aperture area. Values are the means of 150 separate measurements of
aperture area *standard error of the mean.




ABA - mechanizmus indukce zavirani péducht

v Vs -

pro disociovanou (ABA a nedisociovanou ABAHmMozné receptory p#ti mezi
G-proteiny: GCR2, GTG1, GTG2 nebo proteiny PYR/PYL/RCARKet al. 2010)

ABA ovliviuje osmoticky potencial &acich burk

 inhibice kanal pro transport *dovnitr swracich bugk (K*;)

« stimulace kandl kanati pro transport Kven ze s¥racich bugk (K*, )

« stimulace pomalych a rychlych kafddro transport aniofitven ze seracich
* burgk

« depolarizace plazmalemy

ABA pisobi zrany mechanickych vlastnostiesacich burek
struktura aktinovych viaken a mikrotulful

ABA pisobi zrany v expresi geh




Ca?* - sekundarni posel

Zména koncentrace Ca* je obecnym mezistugm signalnich drah vedouciq
jak k zavirani tak k otevirani pduchi (je znamo vice nez 200 protédirktere
vazou Ca)

Ca* je transportovan jak z apoplastu tak ze zasob ve vakuole specialnimi |
nebo pumpami

kanaly pro transport Cd jsou aktivovany:

* Inositol-1,4,t-fosfatem, inositol hexakisfosfate

» cyklickou adenosin-difosforibézou (CADPR)

o G-proteiny

fosforylace a defosforylace protéincalmodulin

inhibice K, stimulace K, kanah pro transport aniofit

zmeny v oscilacich koncentrace

Ca&* mize stimulovat i otevirani pduchi pires Ca-dependentni protein-kinazu
ktera aktivuje tonoplastové kanaly pro transport Cl

[analy




Cesty pisobeni ABA

Ovlivnéni transportu K+

1) Zavislé na C&*

ABA = fosfolipaza C= Ins3P= C&* = inhibice K, aktivace K,
ABA = ADP rib6za= C&* = inhibice K, aktivace K,

ABA = G-proteiny= C&* = inhibice K, aktivace K

2) Nezavislé na C?*

ABA = zvySeni pH cytoplasmy inhibice K, , aktivace K

ABA = inhibice H+-ATPazy= depolarizace membrany inhibice K, ,
aktivace K




Cesty pisobeni ABA

Ca?*-dependent ABA

out

ABA

Ca?*-independent

Fig. 11. Possible cation channel interactions during Ca®*-dependent and -independent ABA induced guard cell turgor loss. ABA can initiate guard
cell turgor loss through a rise in [Ca®*].,,. at least some of which appears to arise through mobilization of intracellular Ca*>* stores. Three possible
pathways exist to mobilize Ca>* from the vacuole. (1) Cytosolic inositol 1,4,5 trisphosphate (IP;) can increase [Ca®*].,, in guard cells (Gilroy
et al., 1990) although the IP;-gated channel has yet to be identified in guard cell vacuoles. (2) cADPR is able to activate Ca®* -selective currents in
guard cell vacuoles and elicit a [Ca®*],,, increase (GJ Allen and C Leckie, unpublished data), and (3) hyperpolarization-activated Ca** channels
also exist in guard cells (Allen and Sanders, 1994). Although these channels are likely to be involved in [Ca®*],,, signalling their exact role in ABA-
signalling is not fully understood. ABA-induced Ca®” release from the vacuole does not preclude Ca?”" release from other internal stores, or influx
across the plasma membrane. (4) An increase in [Ca®*]., will activate the vacuolar VK channel (Ward and Schroeder, 1994), initiating vacuolar
K™ release. Also the vacuolar SV channel (5) will be activated by [Ca**],,,, and in addition can be up-regulated by an increase in pH,, (Allen and
Sanders, 1996; Schulz-Lessdorf and Hedrich, 1995). The activation of the SV channel could release additional Ca?>* and K* from the vacuole,
increasing the [Ca®*],, signal (Ward and Schroeder, 1994; Allen and Sanders, 1995). (6) [Ca**],,, will concurrently inhibit vacuolar FV channels
and (7) plasma membrane K, channels. In addition, the [Ca®*],,-dependent activation of plasma membrane anion channels (not shown) will
depolarize the membrane, thereby activating K, channels. Alternatively, ABA may initiate guard cell turgor loss via Ca?*-independent signalling
which causes an increase in pH,,, by as yet unknown processes. (8) The pH,,, increase will be in the range where the FV channel will remain
active, and so could be a pathway for vacuolar K* release (Figs 1, 3, 10). (9) ABA-induced pH,,, increases would also activate the plasma
membrane K, channel (Blatt and Armstrong, 1993), and (10) could also inhibit the plasma membrane K;, channel (Grabov and Blatt, 1997).




ABA - regulace kandil pro transport aniofif(schroedeet al 2001)

InsiP
¥ cADPR
} CICR PRIPP2A
5 . . feomdsthomal
E GCAZ ; 1} Kymitunin H"}:"M'“ e ..:“HL‘
e + Cadt release i e— Baoaatis
E  Ca? channchs 1 | AMBPK
a AAPK
LY Py FI n CDPK l ABR
m= 11m.|1l:'|lmu
v Anion =
ABA—& — - - -r =+ =4 =+Channcl=*
T & T  Activaton

g Kim PPLPP2 AR
.E e Iﬁ;g]ifcf abi2-] ERA I A |“-l"'l-'|'. " { coilityomal)
o ( Y(PP2C)  (¥rase)
2 ~ f
= ABA
1]; 2
I\_- L- - _v_ _.--"'ii
ABCAP

Figure 3 A working model for the proposed functions of positive and negative regulators
of ABA-induced stomatal closing and of S-iype anion channels in guard cclls. Positive
transducers are shown at top and/or in green and negative regulators arc shown below in
red. The sequence of events and cpistasis among regulators remains largely uvnknown and
requires further analysis. For simphicity, parallel signaling branches are not shown. Note
that some of the ABA signaling “casettes™ {fop, vertical cascades) may be activated by ABA
in parallel (sce text for details),




ABA - regulace kandil pro transporkK~,
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Figure4 A working model for the proposed functions ol positive transducers and negative
regulators of K, channels in guard cells. Positive transducers (green, fop) and negative
regulators (red, bottom) arc shown.



ViIhkost vzduchu

snizeni vihkosti vzduchu- zvySeni peristomatalni transpirace snizenil
tlakového potencialu svacich bugk — zavirani péiduchi

snizeni vlhkosti vzduchu, zvySeni transpirace. snizeni vodniho potencia
listi » zavirani paduchi

snizen vlhkosti vzducht - inhibice K*, a aktivace K* ,, — snizen
osmotickeho potencialy. zavirani péduchi (mechanizmus ??, ABA??)




Koncentrace oxidu uhiitého

Praduchy reaguji na COna s\étle i ve tn, ale jejich citlivost je na sitle vySsi;
nizka konc. jsobi otevirani pirduchi, vysoka koncentrace jejich zavirapi;

Mechanizmy

mechanizmus neni vgSen, pravépbodobré spise vliv vnitni nez vrgjsi konc.
CO,(mozna i HCQ, dulezita carbonic anhydraza)

a) zvysSena c - snizena koncentrace zeaxantinu v chloroplastech (sn
reversibiln de- -epoxidac violaxantinu pfes anteraxanti ne zeaxantin -
snizen aktivace ATPazy...

b) zvySena c— uvoliovani malatu z busk mezofylu do apoplastu - aktivag

R-typu anlontovych kanalu. zavirani péduchi

C) zvySena € —» zvySena tvorba malatu ve &acich bukach vedouci K

inhibici transportu H a ke zméné pH , depolarizaci membran a stimula
aniontovych kandila K*,

d) zmena frekvence oscilaci v obsahu €a nizka konc. C VySSi
frekvence, poateini faze vSak nezavisla na €aotevirani i zavirani pinduchl

Zzena

CI
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Figure 10. Scheme for the sensing and transducing processes
implicated in the guard cell CO; response. A”, anion; PEP,
phosphoenolpyruvate; PEPcase, phosphoenolpyruvate
carboxylase.



Ostatni fytohormony

Auxiny - zvysuji nebo snizuji g
Cytokininy -zvySuji nebo nerni g,
Gibereliny -zvysuji nebo snizuji g
Jasmonaty snizuji g,

Brasinosteroid - snizuji g,

Etylen -??

Mechanizmy podobné jako ABA:
ovlivnéni Ce*

aktivace nebo inhibice ATPazy
cytokininy a auxiny snizuji koncentraci NO
Interakce mezi ABA a jinymi fytohormony




Jiné faktory

Teplota - 13 - 20°C aktivace K;, a K*
20 - 28°C pouze K, - proti prefrati

Polutanty SO,, NO,, O; - vysoke koncentrace obvykle zvysuji otewmost
praduchi, rychlost transpirace a tim zvySuji nebegpsdniho stresu

Fusiccocir (fytotoxin produkovanyFusicoccum amygdi) - otevirani
praduchi aktivaci protonové pumpy

H,O,, NO, CO - mozné signalni molekuly prdizné stresy
ABA = H,0, = NO = G-proteiny, ADP riboza, Ins3B> C&* = .....

out




Pisobenim ABA se fluorescencessacich bugk vyrazreé zvysila, coz indikovalo
syntézu NO. K daleko menSimu zvySeni fluorescence doch&zsloupasném
pusobeni inhibitok NO PTIO a zejména L-NAME.

Obr. 2. Strzena epidermis byla inkubovana v
pufru MES @-(N-morpholino)ethanesulfonic
acid) na s¥tle 1 h, gidan DAF-2 DA
(diaminofluorescein diacetate - pouzivany k
vizualizaci syntézy Npa po 30 min byla
autofluorescence skacich bugk
pozorovana laserovym konfokalnim
skanovacim mikroskopem (Nikon
PCM2000).

a - pouze MES

b-10uM ABA

c - ABA + 200uM PTIO

d - ABA + 25uM L-NAME




Otewvenost piiduchi u Pisum sativunma s¥tle se vyrazaé snizila po aplikaci ABA
nebo donak NO (SNP - sodium nitroprusside, GSNO - S-nitrosoglutaiby.

Pridani inhibitofi NO (PTIO - 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl- imimbline-1-oxyl-3-oxide,
L-NAME - a-nitro-L-arg-methyl-esterzmirnilo reakci piiduchi na ABA a zcela zvratilo
jejich reakci na NQNeill et al. 2002)

A - 10uM ABA; a
A+P - ABA + 200uM PTIO 5
A+L - ABA + 25 uM L-NAME
S-100uM SNP;

S+P - SNP + PTIO;

G - 500uM GSNO;

G+P - GSNO + PTIO

stomatal aperture {pam)
2]

« Exogenni NO indukuje zavirani
praduchi podobr jako ABA
 NO se tvdi ve s¥racich bukach ',,ght A AP AIL 5 S+P G G+P

pii exogennim fisobeni ABA
* Pro pisobeni jak ABA tak NO jsou
dulezitée cGMP a cADPR




Schéma pisobeni faktal prostedi uvazujici NO nebo J@, jako sekundarni posl
(Desikanet al 2004)
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