Signalizace viasts

komunikace
a komunikace je zakladem zivota....
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e Signalizace sitlem
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Signalizace, regulace, komunikace
a Integrace v hice, pletivu a
organizmu

Nekolik poznamek

o Kvantitativre prevazujicim prvkem regulace genové
exprese je represe (a jeji odblokovani).

« VétSina bilkovin je polyfun&nich a jejich exprese a
funkce je regulovana na mnoha urovnich najednou.

 Signalni drahy se integruji na Urovni spwieho
regula&niho bilkovinného intermediatui(lad fosf.),
druhého posla, promotoru, processtruktury.

e Signal je zesilovarti zeslabovan -ip tom Sum okoli
muze byt pozitivie vyuzit k zesileni signalu =
stochasticka resonance



http://www.lancs.ac.uk/depts/physics/research/condatt/Ing/srshow/srslidel.html



e Z toho, ze organismus viadnenxam
(nejen buky organizmu), také plyne, ze
také bunka a organizmus viadne signalnim

dra
pro
pro

nam a sitim. Bika neni jen vysledkem
nletence procésstruktur, které v ni

nihaji/strukturuji, ale take jejich

tvarcem.



Analogy view of cell signaling transduction pathway




CELL WALL CYTOPLASM

- Signal
Reception transduction Response
Receptor Reactions

producing / Activation
—3» | —» —3» —» | — of cellular
second \ responses

el messengers \

O

Hormone or
environmental
stimulus

Plasma membrane

Copyright © Pearsen Education, Inc., publizhing as Benjamin Cumimings.



A wide range of disparate external and internal signals
is monitored by plants and used to compute appropriate
developmental responses

Exogenous signals Endogenous signals
Light Growth regulators
« Quality « Cytokinin
= Quantity » Ethvlens
= Duretion » Gibb=islin
« Direction * AL

: = Ah=cisic acid
Machanical » Brassinostarcids
‘arablks ;
- Wind Mechanical
v Herbivores « Zroath-relaked
iorstant lis=ue compression
« Substrata and tension

« Suppoit struciues
Atmospheric humidity

Defznce =ignals
« Jasmonic acid

Cither plant prosmity + Salicic acid
Temperatura Developmental regulators
Sail nutrients = Mickile RMAs

Soil water Metabalites

Pathogens = Sugars

Gravity « Eutamata

COs

Molecular Cell Biology
2: 307- 314 (2001)

Regulation of growth and development
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* Etylen
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Box 1. Plant hormones versus animal hormones

Plant hormones

Small organic molecules

Synthesised throughout the plant

Affect local cells and tissues, or can be transported through the
vascular system

Wide-ranging effects

‘Decentralised’ regulation

Animal hormones

Peptides/proteins/small organic molecules

Synthesised in specialised glands

Affect distant targets (often transported in the circulatory
system)

Specialised effects

Regulated by the central nervous system



Rostlinné "hormony"

= AuXins

Gibberellins
Cytokinins

= Abscisic acid

Ethylene
Brassinosteroids
JA, SA



Plant Hormones: Structure and Effects

Plant Hormones Chemical Structure Functions
auxins Apical bud dominance (retards growth of lateral buds
CH,—COOH immediately below); mediate growth response to light
direction; induce development of vascular tissue; promote
N activity of secondary meristems; induce formation of roots

| on cuttings; inhibit leaf and fruit drop; stimulate fruit

H
. - development; stimulate ethylene synthesis
indoleacetic acid (IAA)

cytokinins }|f CH Promote cell division in shoot and root meristems; influence
HN_CHE_(;:c/ : development of vascular tissues; delay leaf aging; promote
“SCH,0H development of shoots from undifferentiated tissue in lab culture
N= N
Ay
X
e
H
zeatin
ethylene Promotes ripening of some fruits; promotes leaf and flower
H,C==CH, aging and leaf and fruit drop from plants; affects cell elongation
and seed germination; helps plants perceive and respond to
ethylene -
pathogen attack and mechanical stress
abscisic acid Promotes transport of food from leaves to developing seeds;
promotes dormancy in seeds and buds of some plants; helps
H.C _CH, CH, plants respond to water stress emergencies; regulates gas
NN exchange at the surfaces of leaves
OH
O CH; COOH
abscisic acid

Table 12.1 (part 1) Plant Biology, 2/e © 2006 Pearson Education



gibberellins

gibberellic acid (GA)

Stimulate both cell division and cell enlargement during shoot
elongation; promote seed germination; stimulate flowering in
some plants

brassinosteroids

Stimulate shoot elongation; reduce plant stress caused by heat,

OH cold, drought, salt, and herbicide injury
OH
HO
HO 0
(6]
brassinolide
salicylic acid Helps plants perceive pathogen attack
COOH
OH
salicylic acid

Table 12.1 (part 2)

Plant Biology, 2/e

© 2006 Pearson Education



Plant Hormones

Chemical Structure

Functions

systemin o acids Signals that wounding has occurred
systemin
jasmonic acid Helps plants resist fungal infection and other stresses; induces
o plant production of protective secondary compounds (alkaloids)
- CH,
COOH
jasmonic acid
sugars HOCH, Helps regulate amounts of chlorophyll and other photosynthetic
0 components
H H
HO OH
H OH
glucose

Table 12.1 (part 3)

Plant Biology, 2/e

© 2006 Pearson Education



Main approaches used to study plant hormone percamt
signal transduction biosynthesis and responses

1. Molecular genetics approach
hormone biosynthetic mutants
vs. hormone insensitive mutants

2. Biochemistry approach

hormone binding protein

(photo-affinity probe, affinity chromatography,
immunopurification)

3. Inhibitors approach
kinase/phosphatase, 6-protein, PKC etc. inhibitors



e Prenos signalu
* Rotlinné hormony a jejich signalni drahy
— Signalni drahy zalozené na regulované proteolyze

Komponenty proteolytickych degradanich drah

Auxin

Giberellin

Jasmonat (?)
— Signalni drahy zalozené na dvoukomponentni draze
o Cytokininy
* Etylen
— Brassinosteroidy a signalizace pomoci proteinkinaz
— Peptidové hormony

e Signalizace sitlem



Degradace bilkovin
je stejre dulezity regul&ni krok
jako jejich syntéza.
Signalni drahyasto obsahuji
vysoce specifickou/regulovanou
degradaci bilkoviny jakoidezity
regula&ni krok.
(Vzpomame na cykliny...)



Proteolyza je ovsem také
konstitutivni proces.

Az 30% translatovanych

bilkovin je nefunknich.
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Degradace buiénych bilkovin

Proteolytické drahy u eukaryot

- 1. vakuolarni/lysozomalni

- 2. Na ubiquitinu-proteasomu zavisla degradace
- 3. post-proteasomalni degradace : Tricorn, TPII?
- 4. Degradace membranovych protein &
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Hlavni proteolytick € drahy eukaryot

cytoplasmic
roteins
¥ endosome- - b
lysosome .
system .
Lysosome/
endosome

Ubiquitin-
« proteasome

gsystem

Mltochondrla

nuclear
proteins

Nucleus

“» endosome-lysosome
pathway degrades
extracellular and cell-
surface proteins

+“» ubiquitin-proteasome
pathway degrades
proteins from the
cytoplasm, nucleus and
ER

* mitochondria (and
chloroplasts) have
their own proteolytic
system that are of
bacterial origin



Degradace membranovych proteinii. 1716
ATP dep.membr. komplexy

< AAA proteases mediate the degradation of membrane proteiris in bacteria,
mitochondria and chloroplasts (i.e., compartments of eubacterial origin)

% combine proteolytic and chaperone activities in one system, acting as quality-
control machineries

- model substrate polypeptides
containing hydrophilic domains at
eitherside of the membrane can be
completely degraded by either of
two AAA proteases found in
mitochondria, if solvent-exposed
domains are in an unfolded state

- a short protein tail protruding from
the membrane surface is sufficient to
allow the proteolytic attack of an
AAA protease that facilitates domain
unfolding at the opposite side

Leonhard et al. (2000) Mol. Cell 5, 629-638.




CIpAP je proteazovy komplex
aktivni v plastidech (homol.
E.coli).

ATP  ADP + @,
4

b ',_

ClpAP

Brani hromadni nefunknich hilkavin v plastidech. Podobye tomu
v mitochondriich.
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Vakuolarni/lysozomalni degradace

“* macroautophagy is the equivalent of forming intracellular endosomes
(phagosomes) that fuse to the lysosome and result in the breakdown of its contents

plasma membrane, 3~</

( endocytosis/
exocytosis
K \;‘3
kuol autophagic
vaxuo __vacuole
> —==2
[ = lysosome /
\_\ é
oo
microautophagy ’

hsc73-mediated transport /g ¢ | \ endoplasmic
T / refﬁulum
macroou’rophag‘\?\..__fy %2
// /)J
— r'/é;,
__,_.-/

—

f

=
—

\ {’\
W
\

Fig. 1 Pathways of protein degradation in lysosomes. Lysosomes
are able to degrade intra- and extracellular proteins following dif-
terent mechanisms

Cuervo and Dice (1998) J. Mol. Med. 76, 6-12.



Bilkoviny urcené k degradaci
proteasomem jsonnodifikovany
ubigquitinem
Prvnim znamym proteinem ubig.
vivo v aktivni forme byl u rostlin
fytochrom.

Vétsina bilkovin je ped ubiquitinaci specificky fosforylovana.
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Ubiquitinov a draha

“ E1 - ubiquitin activating enzyme

ATP AMP + PP, e _ _
% A ¢ E2 - ubiquitin conjugating enzyme
\R_f:jx % E3 - ubiquitin ligase
/ff_ = “a % ‘~" denotes high-energy thioester bond
Ub E1~-Ub + DUB, deubiquinating enzyme
pUa JE‘..‘:#&l
| E2-Ub
peptides + Ub-peptide £3 /

[.L—— substrate-eNH 3

265
ADP + Pi2—4  proteasome

/ Ub_-substrate

ATP ‘-ﬂ_\\{-i'tl'ﬂ A



(A) (B)

Syntet. z fusnich tandemovych prekuiser3 az 6.
Jsou Stepeny deubiqutidrdmi enzymy/proteasami BUB

76 AA —rostl. od kvasinek/ziviachu se lisi 2/3 AA.

Ubg. se kovalenthvazena Lys cilove bilkoviny C*-Gly.



SH
@ Ubiquitin

Ca+ bt
m+n;~/F R E1 — ubgAktivace

E2 — ubgKonjugace

E3 —ubg.Ligaceubq. na
Lys cilove bilkoviny. E3
zaJist’uje specifitu
rozpoznani

Na bilkovirg je
ubg. vice Lys a
to opakovai =
polyubiquitin.



Genes in the Arabidopsis Ubiquitin/26S Proteasome Pathway

No. of Genes

Ubiquitin 16
E1ls 2
E2s 45
E3s
HECT 7
F-Box >694
Skp/Cullin/Rbx 33
APC 207
Ring Finger 387
U-Box 37
UBPs 32
AfﬂbfdﬂpSfS UENEE] Proteasome
20S CP 23
19S RP 31

Estimated Total >1327
5.1 % of PROTEOME !!!
[Vierstra, 2003 TIPS]




E3 Complex

APC

Ring/U-Box




Predicted Diversity of E3s Among Eukaryotes

‘\3
n’@“

o
E3 type «{eﬁé’ O 0° c,-aﬂ“

HECT 7 13 9
SCF (F-Box) 14 24 337
Ring/U-Box 47 105 154 455




(a) (b)

LIb

=

TRENDS in Mlant Soence

Figure 1. K=y steps in the pathweay of polyubigquitylation by SCF E3 ligese, which
targets substrate protein and leads to degradsation by the 265 protessome. (a) Ubi-
quitin {LU'b} is linked via & thioaster bond to the ubiguitin-sctivating enzyme {E1}.
Ubiguitin is transferred from E1 to the oysteine of the ubiquitin-conjugating
enzyms {E2). b} The SCF E3 ubiquitin ligesa {Skpd, cullin, F-box and Rbx? | cate-
I'vses the transfer of ubiquitin from E2 to & Iysine residue on the substrete protein

Formation of 8 polyubiquitin chain on the substrate protein targets it for degre-
dstion by the 265 protassome.

F-box-odpovidaza specifitu interakce se substratem.



Monoubliquitinacamaze slouzit
jako regul&ni modifikace. Nap
pro tidéni do endocytotické drahy
a vakuoly/lysozomui modifikuje

nag. transkripci TF-ubg.



Proefeasom

da c
20S Core Protease (CP)

BASE

P 1] 26S Proteasome

! Core Protease (CP) '

Figure 2 Organization and structure of the 265 proteasome. (o) Organization of the 208 core
protease (CP) based on the crystal structure of the veast particle (60). The positions of the
active-sife threonines are shown. (1) Predicted organization of the 1958 regulatory particle (RP)
based on its subumit mteraction map with the Lid and Base shown in red and vellow, respec-
tively (46). The RP AAA-ATPase (RPT) subunits are shown in blue. The RP non-ATPase sub-
units are shown m orange. () iagram of the 265 proteasome combined with the predicted
activities of the complex during the degradation of ubiquitinated proteins. Adapted from
Reference 134,



Topologie proteasomu zaige,
Ze proteazovou aktivitou nebudou
nespecificky zasazeny
cytoplasmatické bilkoviny.

U Arabidopsis kazda podjednotka
= dva geny - to zmaizne subtypy
proteasomu.



CSN (COP9 / signalosom) komplex
byl poprve
objeven u Arabidopsis (viz. dale =
s\veétlo jako signal).

Jeho podjednotky a celkova
organizace jsou homologni "viku" RP
proteasomu, ale funguje nezavisle,
jako regulator ubiquitinace a
aktivity proteazomu.



MNEDD

'

bW S BEDoe] Maddylation

.

@
'

FUd Ubiquitylation

=
:

==

263 Proteasome

CAND1T association with
unneddylated cullins

E2 ubiquitin ligase neddylation
and CAMD1 dissociation

Degradation substrate ubiquitylation
and 265 Proteasomal degradation

Cullin deneddylation and
CAMDI1 reassociation

Current Opinian in Flanl Biolagy

Ganaral overview of the sukaryotic ubiquitin-protessoms system. Proteolysis substrates (SUB) are recognized by E3 ubiguiten (L) ligases E3),
exemplified here by an S8CF-type E3 complex. Poly-ubiquitylation of the bound subsirate also requires the acthaties of E1 ubiguitin-activating
enzymas {E1) and E2 ubiquitin-conjugating enzymes (E2). Folliowing paly-ubiquitylstion, substrates are degraded in the 265 proteasome [1,3]
The E3 subunit cullin can be modified by MEDDE conpugation (neddylation) [12]. At the biochemical lewsl, ubiquitdation and naddylation ars
highty relsted processes. Cullin neddyiation results in the dissocistion of the cullin-imteracting proten CANDT [13,14,15%). This process may
allow the cullin-RBEX1 complex to associate with specificity components of the E3, such az SKP1-F-box protein (FBF) heterodimers. The COP2
signaiosceme (C5N) = associasted with unneddylated and neddylated culins [16,17). s GSM5 subunit mediates cullin densddyiation and may
thersfore play a role in controfling E3 complex formation [16-18]. Thers = some evidence that CSN interacts with subunits of the 265
protessome [25,74].

Abbreviations
ACS

APC/C
BTB/POZ

CANDY

LAF1
NEDD&/RUB1

phyA
RBX1

RGA
SCF

SKP1
LYt
SPA1

1-aminocychopropane-1-carbonylic acid synthass
anaphass-promoting complex/ cyclosome
Bric-2-Brac Tramirack and Broad Complew/Po vinus
and Zinc finger

CULLIN-ASSOCIATED NEDDYLATION
DISSOCIATED1

COMSTITUTIVELY PHOTOMORFHOGENICS
COPY signalosoms

DDB1 foullin 4 A%-box

DAMAGED DNA-BINDING PROTEIN1
DEETIOLATED1

ubiquitin-activating enzyms
ubiquitin-conjugating enzyme

ubiguitin igase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVE3

ETHY LENE INSENSITIVE3-LIKET

sthylene overproducer?

gibberslic acid

GIBBERELLIC ACID INSENSITIVE

LONG HYPOCOTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

MEURAL FRECURSOR CELL EXPRESSED,
DEVELOPMENTALLY DCWWREGULATED &
RELATED TO UBIQUITING

phiytochrome A

RING-BOX1

REFRESSOR OF gat-3

SKP1/Culiin /F-box pratein

SUPPRESSOR OF KINETOCHORE PROTEIM1
SLEEPY1

SUPPRESSCOR OF PHYTOCHROME A1



CSN kontroluje aktivitu E3 SCF
ligazy prostednictvimneddylace
¢l deneddylacelNEDDS ¢i
RUB1 jsou peptidy podobné
ubiquitinu)
a degradaci bilkovin interakcemi

S proteasomem (alternativni
Viko").



 Bilkoviny se mnohonasoba liSi
poloéasem zivotnosti a ten se prudce
méni s meénicim se
diferenciacnim/regula¢nim stavem
bunky.

 Klicove proteiny signalnich drah (¥etné
transkrip ¢nich faktora) byvaji velmi
labilni .
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Giberellin

Jasmonat (?)
— Signalni drahy zalozené na dvoukomponentni draze
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* Etylen
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Auxin

| | CH;COOH
—

I
H

Indole-3-acetic acid (1AA)




chorismate — = anthranilate —— ﬁbé}%gﬁpﬁlme—' - e<carboxyphenylamino)-1 -decxyribulose-5-phosphate
ASAL(trp5) PATl
ASAZ (tepl) PAL l (o8l
ASEI (frpd) PALZ | :
ASE2 indole-3-glycerol phosphate — i indole
ASB3 1 TSAL {trp3) synthase?
indole
:l:hl-t TSEJ (trp2), TSB2
N-LD_
W mnmnx} enase

L0 ,-.,. okide
::n-:

Suge

MH, Trp )%

mu:lu:u]eacemnude

a_ Ti'p decarboxylase (LAM)
/ MH,
|s.,.'r § | try ptamine T o
[CYPTIB2 N (TAM)
CYPTORS ) ol
S-tindolvlacetohydroximoyl)-L-cysteine \ ||c-.,u’u.fﬂ lut UCCA | | I
J -5 lyase i .:'-. PToRI H 3
F—— .,
tsurl) 1 OH  jndole-3-pymuivic acid (IPA)
i} \ N-hydroxyl-TAM
| | SH \\\ T 7
indole-3-thiohydrosima \ e
. -hiehydroximate \ | 1 sndole 3 acetskixime ey
I M
A 050 I (1A0x)
| L]
M .
| [ . indole-3-
= S-ghacase : || |l acetaldehyde
. H . Y ¢ (lAAL)
indole-3-methylglucosinolate H
J’ myrosinase 1 AAD]
! O
&=
Swh i T ]
N NIT2 S .
H NIT3 "
indole-3-acetonitrile (TAN) (mith indole-3-acetic acid (TAA)

Fia. 2. Potential pathways of LA A bicsynthesis in arabidopsiz. De nove [IAA biosynthetic pathways initiate from Trp or T recursons. Compounds
quantified in ambidopsis are in blue, enzymes for which the arabidopsis genes are identified are in red, and mh-'lm]ms mutants are in lower-case italics,
Sug qcm:d conversions for wh1d| g;mr_f. ame not 1d=:m-| fied are mdmaicd w1ﬂ1 qms‘nm marks, 'Trp ]ﬂnS.}'J'Iﬂ‘IE.'IS. and T.h:: Pa50-catalyzed convemsion of Trp to




Orglucose  1BA-ElUCOSE ; COOH
O s O e
N A UGT? e Yl Y TalAR3 %
i -glucose o X IBA-Ala
lIEA-{'oA aynthase?
O phrme _,_.N\(___J_o-n[-l
Y @UNY ﬁ\"
" b o BA-CoA "
H \ T = m[AA Asp
[AA-plucoss £
ANY 1 -oxidation = CO0H
-
E — % l - ll w \[
I//f‘ﬁl |/\’r/ Y : | : e i
S o @l\ J/\r LAA-Asp
H . 0
Tnihle . b, H  IAACoA
N_ _.COOH T £
rff\“‘“ |/\|‘/ “‘“l/ T 3 1Lﬁ..A-CDA thicester eritics
] 5 N, > hydrolasa?
Vi e = — - ; / C/ \E/"U:"m
H e .
1AA-Lan RI (7= - lﬁ o H [AA-Glu
T Sy N
e Obexose
w2 Sl e S Re e
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Fig. 3. Potential pathways of [AA metabolism, Compounds quantified in arabidopsis are in blue, enzymes for which thearabidopsis genes are cloned are in
red, and ambidopsis mastants ane in lower-case italics, Sugresied conversions for which plant genes are not identificd are indicated with guestion marks. A
family of amidohy drolases that apparently resides inthe ER lumen can elease [AA from [AA conjugates, [L R has specificity for LA A—Lew { Bartel and Fink,
194951, whereas [AR3 prefors [A A-Ala {Davies er al,, 1999 Maize (Zm) gl and arabidopsis UGTEB] esterify [AA to glucose (Szemzen eral., 1994;
Jackson e al., 2001); theenzymesthat form and hydmlyse [AA—peptideshave notbeenidentified, [BA is likely to be converied to LAA—Co A in a peroxisomal
process that parallels fatty acid f-oxidation to acetyl-CodA (Bantel er af, 2001 [AA can be inactivated by oxidation {oxEAA) or by formation of non-
hydrolyzahle conjugates { LA A— Asp and [AA-Glu). [AA-—amino acid conjugates can be formed by members of the GHVIART family { Staswick et al,, 2002,
2005). Ox[AA can be conjugated to hexose, and A A—Aspcan be further oxidized {Ostin ez al,, 1998), ITAMT] can methylate IAA (Zubicta eral,, 2003), b
whether this activates or inactivates [AA is not known, IBA and hydmlyzahle LAA conjugates are presumahly derived from [AA ] biosynthesis of these
com potnds may contribute to LA A inactivation. Formation and hy drolysis of [BA conjugates may alzo contribute to LA A homeostasis; the wheat (Ta)enryme
Tal AR3 hydrolyses IBA-Ala {Campanella o7 al., HX4),

Hladina aktivniho auxinu je regulovana modifikacewjugacemi
reverzibilnimi i ireverzibilnimi.



Polar transport of Auxin

ll.'r:: Plasma membrane
i Cell wall Cell \ |
s | w7 | Chemoosmotickéeorie transportu
a InE
\|| | |'..|"-.. ] | \ auxinu potvrzena objevem AUX1
i ﬁ;\\ S /~ vtokového a PIN vytokovych
) " W | | prena3e&d a jejich polarni lokalizace.
e L @N | . v
[ x4 | Transportjde ovsem takégABC
- ‘l,# | || transportery (PGP, zavislé na ATP) a
: @, 0 | Je moznataké sekrece z IAA napin
) e W || | nych v&ki jako v gpads neuro-
\ N

| \ @ : Jels -\,.:w- .
L el & 7 transmited.
| - _ﬁﬁ__“";@:-(lk? a
li) Proton pump ‘ || ffr/' -'_:-_-_-_:_'_" '. \\"'-,L |II |

"'| '|
'{ : ) | |
Auxin carrier J > |‘ ‘ I| |I |
protein =, {2 , 1|
\. I | | III

& 1989 Addison Wealey Longman. Inc.




Auxin - prenos signalu
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Anxin (phd)

Fia. 1. Auxins promote lateral oot formation and inhibit root elongation, Arabidepsis thaliana Cold ecotype plants were grown on unsupplementad

meditm{ Han ghn and Somerville, 1")}5{1]fnrﬁd,ﬂs::nm::ﬂ'cn'cdinumqu]cn:m:dnxdimn{ﬁjnrmdjmnsuﬂjlcm:m:dwith 10 [AA(B), HXInM ZA-D

{00, 100 oM NAA (DN or 10 yM IBA (E)and grown tor 6 additional days. {F) Plants were grown on varioos concentrations of natural and synthetic auxing
for § d. Poinis represent means = stindard emor, 1 = K All plants were grown at 22°C under yellow light,



Funguji PINy jako senzory?
Co Je receptorem auxinu???



 F-BOX SCF-ES LIG.
KOMPLEXU TIR1 JE
RECEPTOREM
AUXINU .



Auxin signhal transduction
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Mutanti monopteros(mpabodenlos(bdl)
nemaji kaden

 MP kodujeclena ARF (auxin response transcript. factors) rodiny
transkrignichaktivatoii ARF5. (Prosim neplést s malymi
GTPazami!).

« BDL kodujeclena rodinyinhibitori ARFi AUX/IAA, 1AAL12. Tyto
bilkoviny se vyznauji minutovym pol@éasem zivotnosti. S ARFy
tvori heterodimery a tak blokuji jejich aktivitu. Trangkee
AUX/IAA genu je stimulovana IAA (okamz) - tak byly objeveny.



Fia 4. Ribbon diagram showing the struciure of an ABPL dimer. The
f-sheeis are shown as broad arows, ABP1 iz N-glyveosylated and some
of the =ugar residues are shown & the top of ecach monomer, Three
C-terminal residucs were not resolved and would extend the o-helices a
the foot af the moleceles, The zinc iomis shown in green. Reproduced
from The EMBO) Jouwmal, Vol, 21 No, 12, pp. ZETT-2885, 20002, with
permizsion Froem Woo e ol (200020, Oxtond University Press,

Auxin Binding Proteinl byl objeven biochemicky je lokalizovan
prevazie do membrany ER, ale mala frakce "unika" a je akthani
povrchu buky. Pokus s blokovanim reakce protoplasa IAA protilat.
prokazal jeho podil na reakci na I1AA.



Rada mutarit s postizenym
proteasomem (a také CSN) ma
auxinovy fenotyp - byvaji auxin

rezistentni.



Model regulace AR& AUX/IAA a jejich
auxinem stimulovanou proteolyzou.

(L) A4 A4

Canalization
by PIF4

|AA

v
Degradation @

via SCFTIRT &7
complax Dimerization

P [ |

AuxRE A pin-response gene

l

Organization of the root
meristam

Currznt Cpinion in Flanl Biclogy

AuxfaA and ARF proteins act togsther to mediate suxin responzss in the embryo. Awon i3 canalized in the embryonic root by FIN4. Whan a
cartain auxin concantration is reached BOL-MP hetsrodimers dissociate. BOL is then degraded wia the SCET 1Skp 1/ Culin/F- boe-Toll interlaukin 1
recaptor) complex; whareas MP builds homodimers that bind to suxin+esponsive elements (fuxRE) on the promoters of unknown auin-responsive
genes whoss expression thus is turned ‘on’. Comect BOL-MP signaliing s necessary for the crganization of the root meristam. The expression

pattems of MP (light gray] and BOL {dark gray) are shown in a torpedo-stags embnyo.

BDL a dalSi AUX/IAA geny jsou také cilem transk&md stimulace.



De novo syntéza AUX/IAA
represoll umoauje potlaceni
signalu =
atenuaci.

Podobr kinazy funguiji jako

prenaseée signal jen diky proti-
pusobicim fosfatazam.

a tak je to 1 s Ca2+ a dalsimi....



auxin-regulated

low gene
auxin ARF

Aux/TAA

auxin-regulated

high

auxin

d

profeasomial
degradation

auxin-regulated

Fia.4. The SCF™! relieves Aux/IAA repression of activating ARFs, (A)
An activating ARF protein { green) binds an AwxR E promoter element via an
MN-terminal DMNA binding domain (DBD). Under low-auxin conditions, an
Aux/AA repressor (red) binds the activiating ARF via heterodimerization
between Aux/TAA and ARF domains HI and IV, (B) Auxin promotes Aux/
IAA domain IT-TIR| association, bringing the Aux/TAA protein to the
SCF™!  complex (purple) for ubiguitination (Ub) and subsequent
destruction by the 265 proteasome. The activating ARF, with a Gln-rich
{Q) middle domain. is then freed to promote auxin-induced gene expression.



TIR1 a spol. jsou regulovany
neddylaci/RUB1 modifikaci
a tedy take CSN.
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263 Proteasome

CAND1T association with
unneddylated cullins

E2 ubiquitin ligase neddylation
and CAMD1 dissociation

Degradation substrate ubiquitylation
and 265 Proteasomal degradation

Cullin deneddylation and
CAMDI1 reassociation

Current Opinian in Flanl Biolagy

Ganaral overview of the sukaryotic ubiquitin-protessoms system. Proteolysis substrates (SUB) are recognized by E3 ubiguiten (L) ligases E3),
exemplified here by an S8CF-type E3 complex. Poly-ubiquitylation of the bound subsirate also requires the acthaties of E1 ubiguitin-activating
enzymas {E1) and E2 ubiquitin-conjugating enzymes (E2). Folliowing paly-ubiquitylstion, substrates are degraded in the 265 proteasome [1,3]
The E3 subunit cullin can be modified by MEDDE conpugation (neddylation) [12]. At the biochemical lewsl, ubiquitdation and naddylation ars
highty relsted processes. Cullin neddyiation results in the dissocistion of the cullin-imteracting proten CANDT [13,14,15%). This process may
allow the cullin-RBEX1 complex to associate with specificity components of the E3, such az SKP1-F-box protein (FBF) heterodimers. The COP2
signaiosceme (C5N) = associasted with unneddylated and neddylated culins [16,17). s GSM5 subunit mediates cullin densddyiation and may
thersfore play a role in controfling E3 complex formation [16-18]. Thers = some evidence that CSN interacts with subunits of the 265
protessome [25,74].

NEDD8=RUB1

Abbreviations
ACS

APC/C
BTB/POZ

CANDY

LAF1
NEDD&/RUB1

phyA
RBX1

RGA
SCF

SKP1
LYt
SPA1

1-aminocychopropane-1-carbonylic acid synthass
anaphass-promoting complex/ cyclosome
Bric-2-Brac Tramirack and Broad Complew/Po vinus
and Zinc finger

CULLIN-ASSOCIATED NEDDYLATION
DISSOCIATED1

COMSTITUTIVELY PHOTOMORFHOGENICS
COPY signalosoms

DDB1 foullin 4 A%-box

DAMAGED DNA-BINDING PROTEIN1
DEETIOLATED1

ubiquitin-activating enzyms
ubiquitin-conjugating enzyme

ubiguitin igase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVE3

ETHY LENE INSENSITIVE3-LIKET

sthylene overproducer?

gibberslic acid

GIBBERELLIC ACID INSENSITIVE

LONG HYPOCOTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

MEURAL FRECURSOR CELL EXPRESSED,
DEVELOPMENTALLY DCWWREGULATED &
RELATED TO UBIQUITING

phiytochrome A

RING-BOX1

REFRESSOR OF gat-3

SKP1/Culiin /F-box pratein

SUPPRESSOR OF KINETOCHORE PROTEIM1
SLEEPY1

SUPPRESSCOR OF PHYTOCHROME A1
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Effects of Gibberellins

* General cell elongation.

- Breaking of dormancy in some plants which require

stratification or light to induce germination.

* Promotion of flowering.

" Transport 1s non-polar, bidirectional
producing general responses.



Discovered in association with Foolish
disease of rice (Gibberella fujikuroi)




Effect of Gibberellins on growth and development

= \V// W

.-’/

dl di1 WT WT
+GA; +GA;

GA, stimulates stem elongation in

corn dwarf mutant, but has no

effect on tall WT

Cabbage, a long-day plant, remains
a rosette under short day, but it can
be induced to bolt and flower by
applications of GAs
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Embryonic  Germination  Stem Flowearing Flower
cell fate® alongation development
Currant Opinion in Plant Biclegy

Model of the GA signaling pathway. Ovals represent transcription
factore, gray lines indicate hypothesized interactions. Arrows and
T-bars indicate direct or indirect activation and inhibition, respectivaly.
B genes encode Pl and APZ; the C gene in this pathway encodes
AGAMOUS; DELLA includes RGEA, GAl, RGELs, SLR1, SN, and
other orthologs. *PEL inhibits embryonic cell fate during
post-embryanic development.



DELLA —represory
GIBBERELINové odpnovédi

GA SIGI AL TING C-1

DELLA VHYNP LHEI NLS LHR2 SH2-like
l 11 |
DELLA Domain GRAS Domain
{GA-response Specific) { Functional Domain)

Figure 1 The DELLA subfaouly of GERAS prot=mns. The uwmgue N-temuinal “DELLA
domam”™ of the DELLA proteins comtains two highly conserved monfs (named DELLA
and WHTHE) and 2 Polv 5T region. The C-temminal region 15 conserved amonz all GEAS

fapuly members, Poly 5T, polvmenc Ser and Thr; LHFE., Leu beptad repeai; MLS, ouclear
localization sigmal.

nemaji zietelnou DNA vazebnou doménu a interaguji tedy pravdépodobné S DNA
prostiednictvim jinych bilkovin. Arabidopsis = RGA, GAI a 3xRGL
Ryze = SLRI1



A PHORI
I |OED0ENEN

APt el

BR

GA/GAL proteins

PHELLA  LHH| NLS S Tikee

LHRE
4 neapoms sl GRAG
{ regu lntoay conisin i usctimal damaing
C 5PY
— [PPEEEERF ]
RS Carakylw demmzin

Figure 2 schemes of PHORT, BEA/GaAl and SPEY

SPY negativni
regulator

(A} PHOR centains a CPI demain, which is a GA-repressibls oyto-
solic retention signal, and the armadillo repeats, which function in
nuclear localization and may allow it to interact with transcription
factors.

(B) RGA/GA] proteins contain & highly congerved C-terminal recion
that iz sharsd among all GRAS fam iy members, The nuelzar local-
ization signal is absent in some of the GRAS members (Pysh et al.,
1939; Schumacher et al., 1999; Bole et al, 2000). HGAGA| and
ather nuclear localization signalcontaining GRAS family members
are likely to function as transcriptional regulaters. The M-terminal re-
gion of the AGA/GAI proteins is required for the inactivation of these

st Gl o)

IC) SPY proteing contain two conszrred damainz: the TPR damiain,
which iz believed to interact with ather proteing; and the catalytic
damain, which post-translationally modfifies proteins with Gle NAc.
Arm, amadillo; LHR, Leu heptad repeat; MLS, nuclear localization
signal.

SPY
(SPINDLY,Arabidopsis)=Ser/Thr O-
N-acetylglukosamin (GleNAc)
transferiaza jc negativnim
regulatorem GA signalu.

Pripojenim GleNAe na Ser ¢i Thr
interferuje s fosforylaci, ktera
piredchazi ubiguitinaci — stabilizuje
inhibitory GA signalu.

Patii mezi geny, které
Slechtitelé nevédomky
modifikovali pfi Slechténi na

zkraceni stébla = Zelena revoluce

GO 1éta 20 stoleti




Green revolution

Fig. 1. Semi-dwarf rice cultivars and their tall isogenic lines. From left to right: Dee-
geo-woa-gen (dwarf indica cultivar), woo-gen (tall equivalent), Calrose 76 (dwarf
japonicacultivar), Calrose {tall equivalent).

Indica and japonica rice: Subspecies of rice (Oryza sativa). Indica is grown
mostly in tropical and subtropical regions. It tends to be tall and, therefore,
prone to lodging. Japonica rice is grown typically in temperate regions and is
Norman Borlaugh :.c . indics rice.

Semi-dwarf: A mutant variety that is moderately reduced in height relative to
the normal plant. It has been defined as having a height that lies between 50—
100% that of the normal plant, whereas a dwarf is =50% the height of the
normal plant [26].



Pozitivnimi regulatory
GA signalu jsou
GID2(GA 1nsensitive dwart2) u
ryze a SLY1 (SLEEPY 1) u

Arabidopsis



Embryonic  Germination
cell fate”

Stem
alongation

Fln:w aring Flower
development
Current O pinion in Plant Biclogy

Oba koduji vysoce homologfibox

podjednotku SCF E3
ligazového komplexu.




Receptorem GA v cytoplasme je GIDI1 —
novy typ bilkovin prib. lipdzam
objeven u ryze.

Vol 437|29 September 2005| doi:10.103 8/nature04028 nature

ARTICLES

GIBBERELLIN INSENSITIVE DWARF1
encodes a soluble receptor tor gibberellin

Miyako Ueguchi-Tanaka'*, Motoyuki Ashikari'*, Masatoshi Nakajima™, Hironori ltoh', Etsuko Katoh”,
Masatomo Kobayashi®, Teh-yuan Chow’t, Yue-ie C. Hsing’, Hidemi Kitano', Isomaro Yamaguchi*®

& Makoto Matsuoka'

Gibberellins {(GAs) are phytoho rmones that are essential for many developmental processes in plants. It has been
postulated that plants have both membrane-bound and soluble GA receptors; however, no GA receptors have yet been
identified. Here we report the isolation and characterization of a new G A-insensitive dwarf mutant of rice, gidl. The GID1
gene encodes an unknown protein with similarity to the hormone-sensitive lipases, and we observed preferential
localization of a GID1-green fluorescent protein (GFP) signal in nuclei. Recombinant glutathione 5-transferase
(GST)=GID1 had a high affinity only for biologically active GAs, whereas mutated GST=GID1 corresponding to three gid1
alleles had no GA-binding affinity. The dissociation constant for GA, was estimated to be around 107 M, enough to
account for the GA dependency of shoot elongation. Moreover, GID1 bound to SLR1, a rice DELLA protein, in a
GA-dependent manner in yeast cells. GID1 overexpression resulted in a GA-hypersensitive phenotype. Together, our

vaciilbe imdicata that PRI 2 a caliihla saranbas madiatines R A clamalling in vica



Signalni —_—

draha GA - D ——
. , -_‘-‘_‘_‘_____‘_‘—l—_.

ana_IOglea k Low gibberellins

auxinu

@Dy,
A{(.
Gibberellin NS Gibberellin
response genes © response genes

NARARRNRNRRNRR AR




THTTTL
GA response GA response

Figurf: 1

Model of gibberellin signaling in rice. Under low GA concentrations, SLR1 represses the GA responses.
Under high GA concentrations, a soluble receptor, GID1, binds to GA; however, the binding is unstable
and easily dissociates from the other, The GID1-GA complex specifically interacts with SLRI ar the site
of DELLA and TVHYNP domains. The triple complex composed of GID1-GA-SLR1 is stable and does
not easily dissaciate. The triple complex is in turn targeted by the SCFS™? complex and the SLR1
protein is degraded by the 265 proteosome, which releases the repressive state of GA responses.



(met)JA

Kyselina
(met)jasmonova



Reakce na poranéni a mterakce s
patogeny
(Casto v souhfe s kys. salicylovo -
SA)
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Signalni draha JA?
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m JA-inducible gene




SHRNUTT - Ubiguitin-ligase based receptors (auxin,
jJasmonates and gibberellin)

GENES & DEVELOPMENT 22:2139-2148 (2008)
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Two-component or phospho-relay circuitry
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Cytokininy
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Function of cytokinins

Promotes cell division.
Morphogenesis.

Lateral bud development.
Delay of senescence.
Stomatal opening.

Rapid transport in xylem stream.



crel1/wol chybi v koreni
floem a tvori se jen xylem.

lat (ki

Figura 1. Shoreroot phanatyns of the i muutam,
{8} rawT mutant seedlings were grown for 7 days on vartical plates, with the wild type: {Wt) and e wol mutant.

{0 Upper pan el: Confooal | mages o fprotoslam (pxl and mataxyiamime) calis stainadwith basic fuchsinin the meain root dn Wi, woland raw T meutant, Scale bars,

38 prn, Lower pand: Transvarse ssctions of the primarny root stained with Tolwldine Blus. Vascular eylindar of Wi, wol and rewT mutants are shown: arnows
iniic gte protoxydam tissues. Scals bars, 20 um.

WOODEN LEG koduje jeden z receptorti cytokinind.
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Curert Cpinian i Flant Bickagy

Sructures of cytokinin receptors and other proteing of the cylo kinin signalling pathway. Amino acids that participate in the phosphorelay are circled.
(rher characteristic consenaus motifs are also indicaled. Mutations that lead 1o losa of function in CRE1T/AHKA are shown below the CRET/AHKA

girecture [T 7,20, Abbreviations; sa, amino ackds; AD, acidic domaim; CHASE, cyclasea/miglidine kinases associated senaory exfraceliutar; GARF,
O A-binding maotlf, HE, histidine kinase; LB, putatne ligand binding domaing NLE, nuclear localisation aignal; 00, output domaing RD, recedver domain;

RLD, recerver-like domain, TM, raramembrane domain. Domains are according to [12.27 347", 38]. "A longer open reading frame of CRET coding for
additional 23 aminog acids at the N-temmninal end was also dentified [7):
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Hpt hiatidine phoaphotransior protein

nii| mitochondrial regpiratory chain compiex |
TCS e commpoment sy ism

crel/wol chybi v koreni
[loém a tvoii se jen xylém.
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Ethylen



Functions of ethylene

(Gaseous 1n form.

Rapid diftfusion.

Aftects adjacent individuals.
Fruit ripening.

Senescence and abscission.
Interference with auxin transport.

Initiation of stem elongation and bud
development.



Triple response of etiolated seedlings with ethylene

* short hypocotyl
* thick radial growth

-apical hook formation




Screening of ethylene response mutants

Constitutive ethylene response in air (CER)

ETO
CTR

Ethylene resistant/insensitive in ethylene (ETR/EIN)
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Randy Moore, Dennie Clark, and Darrell Vodopich, Botany Visual Resource Librasy & 1888 The MeGraw-Hill Companies, nc. All rights reserved.
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Brassinosteroidy



Brassinosteroids

A sterondal compound found
im both vascular and non

vascular plants

Fffects include:

® [ncrease stem and cell
clongation

OTASECS
® H* actrvation
m Ethylene production

m Phoromorphopenesis?

Mutants show altered

and sensitvity to hght

® Llorolling and bending of

rrovwth

)

Brassinosteroid-deficient mutants




BRI1 je Receptor Like Kinase
(RLK), ktera po aktivaci
interaguje s dalSimi Kinazami.
Pro dalsi prenos signalu jsou
klicove fosfatazyv.

5 T 1zl ||-|.'||I'|||-!I T residue island
EEA Leucine zipper g Transmembrane domain
i g . .
I/{;I [ W {1 HRs “Eé] ‘l‘-..llw.‘-'n: devmimr
P— o
.- = i -

Cwsteime pans ™

Fia_ 1 Representation of BRI,



Brassinosteroid signaling pathway

Low brassinosteroid High brassinosterold

Brassinosteroid
: .

+

9 + Ub

- (2
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@ -

265
proteasome

NM

21 4
_.- J
x EIM x >
BR response BR feedback BR response BR feedback
genes genes genes genes

Development 133, 1857-1869 (2006)




A Hinase phylogeny Subfamily B RiKconfig. RLCK config.
r L I 1 r r 1 Species legend
] o Arabidanais
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i core
A Glyoo_fydro 18

0 Leguma focdn 4
& Logume lecdn B
W LRR

-] Lywlr enarsd
0 5Cp

=="  RLKsaryze pies 1000.

I Hinase
== WD
& U-box

=k Multiplikace RLKs je
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APOITAAT WY v

e pravdépodobné spojena
predevSim s obranou proti
fytopatogenum.

Receptorlike kinases (RLKs} belong to the large RLK/Pelle gene family, and it is known that the Arabidopsis thaliana
genome contains =800 such members, which play important roles in plant g mowth, development, and defense responses.
Surprisingly, we found that rice (Oryza sativa) has nearly twice 85 many RLK/Pelle members as Arabidopsis does, and it is
not simply a consequance of a larger predicted gene numbeer in ri ce. From the inferrad phylogeny of all Arabidiopsis and rice
ALKPalle mambers, we estimated that the commaon ancestor of Arabidopsis and rice had =440 RLK/Pelles and that large-
scde expansions of certain RLK/Pelle members and fusicns of novel demains have occurred in both the Arabidopsis and
rice lineages since their divergence. In addition, the extracellular domains have higher nonsynonymous substibution rates
than the intrmcellular domains, consistent with the role of extracellular domains in sensing diverse signals. The lineage-
spedfic expansions in Arabidopsis can be attributed to both tandem and large-scae duplications, wheras tandem
diuplication saems to be the major mechahism for recent expansions in rce. Interestingly, although the RLKs that are
involved in development s eem to have rarely been duplicated after the Arabidopsis-rice spiit, those that are involved in
defense/disease resistance apparently have undergone many duplication events. These findings led us to hypothesize that
mast of the racent axpansions of tha RLK/Palle family have invaled defense/resistance-relatad ganes.
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Comparative Analysis of the Receptor-Like Kinase Famil
in Arabidopsis and Rice™
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ABA

Structure of Abscisic Acid (ABA)

Hac CH3 CHS

IR
OH

0 COOH
CHg



Functions of abscisic acid

General growth inhibitor.
Causes stomatal closure.

Inhibits stomatal opening.

Readily translocated.

Produced 1n response to stress.



ABA —ruzné signalni drahy
Ruazné receptory?
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Abscisic acid

Flowering

Chloroplast

ABA regulation of germination,
growth,
stomatal movements



A Low abscisic acid B High abscisic acid

—
NM

> FLC >
SOC1 gene S0C1 gene
derepression of floral delayed flowering
inhibition
RAVAARYAYAAATAN

Fig. 7. The abscisic acid (ABA) signalling pathway that controls
the regulation of flowering time. (A) At low ABA concentrations,
FCA and FY interact and together prevent the accumulation of FLC
mRMNA. FLC is a potent inhibitor of flowering, as several pathways
converge on it to block the expression of the floral integration gene
SOCT by directly binding to its promoter (Hepwarth et al., 2002).

(B) ABA binds to the C-terminal part of FCA, close to its interaction site
with FY, disrupting the association of these two proteins in vitro and
leading to the accumnulation of FLC in vivo, which delays flowering.
Transcription of SOCT only occurs in plants with low FLC levels;
additional cues are required for the transition to flowering.



e Prenos signalu
e Rotlinné hormony a jejich signalni drahy
— Signalni drahy zalozené na regulované proteolyze
« Komponenty proteolytickych degrattdch drah
o Auxin
e Giberellin
e Jasmonat (?)
— Signalni drahy zalozené na dvoukomponentni draze
o Cytokininy
* Etylen
— Brassinosteroidy a signalizace pomoci proteinkinaz
— ABA = mnoho funkci a receptibr
— Peptidove hormony

e Signalizace sitlem



PEPTIDY jako hormony

Table 1. Plant signalling peptides

H. Sang & &., unpublished.
b, Casson & al., un punlishea,

Peptide class Species Function Reafs
AR T A Arabidopsis Shoot rmeristem arganizgation [413]
EMOD40 Legumes, rice Root nodulation [31-33]
Phytos ulfokines Asparagus, rice, Arabidopsis Cell division [51,52]°
POLARLS Arabidopsis Cell expansion b

R L [omato, whaceo, alfalfa LInkncwn [56]

SR Bras=icaceae =ell-incompatibiliby [43,48 49]
Sy stemin lamato, potato, black nightshade, bell pepper, tobaceo Systemic wournd response [15, 24, 24]




Fig. 1. T he systemic
activation of defernce-
related genes, asocours
iNnsolanaceals species,
ismediated bya
transmissiblesignal from

thie damaged lealto cther
leaves. The mobile
18-amino acid (18 aa)
signalling peptide
systemin has been
idertified in sswveral
species, including
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pepper, and is generated
by the cleavage afthe
Z00-3a prapratein
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| CLVT expression
WIS expression

CLV3 expression

Shoot apical
meristem

Leaf
primordium

| eaf
primordium

TRENDS in Plant Sciance

Fig. 3. CLAVATAT{CLIVT)
and SLAVATAI (CLVE) are
bioth exprassed inthe
central zoneof the shoot
apicalmeristem (5 AM)
and prevent the
crverproliferation of
undifferentiated stem

AN W11

CH 3 encodes a peptide
el by the <lerm

cells at the SAMN apex,
whichmight be the ligand
For the CLY receptor-
kinase-like protein
produced in cells deeper
in the central zone. The
WUSCHEL (WUS) gene
encodesa homeodomain
protein that promotes
stemeel | identity andis
nedgatively requlated by
CLY signalling in a
fesdback systerm that
requlates the balance of
stemcel |l production and
division activity at the
SAM [63 6541,
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Fig. 7. The abscisic acid (ABA) signalling pathway that controls
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. . g ‘A . . mbryonic - Germination  Skem Flowering Flower
tfle regulatl_on of flowering time. '._ELI At low ABA conf:entranlofrjs, ~all Fale” elongation develonment
FCA and FY interact and together prevent the accumulation of FLC Current Opinion in Plant Biclogy

mRMNA. FLC is a potent inhibitor of flowering, as several pathways
converge on it to bloc_k the expressiorn ofrthe floral integration 0EN€ gl of the GA signaling pathway. Ovals rpresent transcrigticn
SOCT by directly binding to its promoter (Hepworth et al., 2002). lore, gray lines indicate hypothesized interactions. Arrows and
(B) ABA binds to the C-terminal part of FCA, close to its interaction site ars indicate direct or indirect activation and inhibition, respectively.
with FY, disrupting the association of these two proteins in vitro and  lenes encode Pl and AP, the C gene in this pathway encodes
leading to the accumulation of FLC in vivo, which delays flowering. e -l L
Transcription of SOCT only occurs in plants with low FLC levels; or orthologs. "PRL inhibits emiryonic cal fats curing

SCrip SULT only plants v WRLL IRVELS, t-embryonic development.
additional cues are required for the transition to flowering.

ABA GA






SVETLO
jako

SIGNAL



Kvalita
Kvantita

Sner
Trvani/Perioda

Swvétlo

UV-B 280-320nm
UV-A 320-380nm
Modré s. 380-500nm
Cervené s. 620-700nm
DI. Cerv. S. 700-800nm
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Light quality variation during the day
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Light quantity variation in nature
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The light intensity in nature varies at least ten
orders of magnitude
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Fotoreceptory

Fytochromy
Kryptochromy
Fototropiny (NPH1)
Neznamy rec. UV-B



Cryptochrome Phytochrome
@ Pterin ;| FAD [Fl PDR
| | | |

CNT/PHR CCT/DAS PHY  PAS PAS HKRD

Far red

700

;| FMIN ;| FMIN

[ ] — e —

LOV LOV Serine/threonine kinase
Phototropin

To monitor the light environment, plants have evolved a series of photoreceptors. Cryptochromes and phototropins
perceive blue and ultraviolet A (UVA) wavelengths. Phytochromes predominately absorb the far-red and red
wavelengths, and an unidentified photoreceptor, or photoreceptors, absorbs UVB.

In higher plants, phytochromes form a small family, which further evolved independently in dicots™®. There are five
phytochromes (PHYA to PHYE) in Arabidopsis thaliana. PHYA is a type | phytochrome, which is most abundantin the
dark and degrades rapidly after light exposure. All other phytochromes are relatively stable in the light and are
classified as type Il (REF. 139). The phytochromes are dimeric chromoproteins. Each polypeptide consists of an
N-terminal photosensory domain that covalently binds a single bilin chromophore (P®B), followed by a C-terminal
domain that contains several motifs and functions in dimerization, light-dependent nuclear localization and, possibly,
regulation of signalling'“.

There are two well-characterized cryptochromes in A. thaliana®, CRY1 and CRY 2, and a more divergent CRY3
(REFS 7,141). CRY1 and CRY2 have an N-terminal photolysase-related (PHR) domain (CNT) and a less-conserved,
intrinsically unstructured C-terminal DAS domain (CCT), which is not presentin CRY3 (REFS 141,142). The PHR domain
non-covalently binds to two chromophores, a flavin adenine dinucleotide (FAD), and a pterin. CCT mediates a constitutive
light response through direct interaction with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) (REFS 1425-145).

Phototropins are plant-specific blue light receptors, which have a photosensory N-terminal half and a C-terminal
half with serine/threonine kinase function®. The N terminus contains two flavin mononucleotide (FMN)
chromophore-binding LOV domains (LOV1 and LOV2).
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Absorption spectra of the two
forms of Phytochrome
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Figure 12.9 Plant Biology, 2/e © 2006 Pearson Education



Fytochromy

5 geni v Arabidopsis (PhyA - PhyE)
VSechny exprimovany +/- vSude —> post-
transl&ni regulace

PhyA a PhyB dominantni a nejvice studovany

PhyA je foto-labilni
Phy B,C,D,E jsou foto-stabilni

PhyA je nejen nestabilni na&le (polatas
rozpadu PfrA ~ 1h), ale dochazi také k poklesu
jeho transkripce zpragtdkovaného
fytochromovym systémem




Phytochrome A/B specificity Signal transmission

Chromophore Regulatory Ubiquitination
C ) region site
A 4 A 4 ‘fim l l l Y
HoN—( || | )~ cooH
U A A[ T
PEST Dimerization
site
74 kDa 55 kDa
N-terminal domain C-terminal domain

PLANT PHYSIOLOGY , Third Edition, Figure 17.16 © 2002 Sinauer Associates, Inc.

Phytochromes consist of a polypeptide (~125 kD012
aa) and a covalently linked tetrapyrrole chromophoitée

N-terminal part.

Phytochromes are homodimers through the C-terminal
dimerization (heterodimer?)

All phytochromes seem to have identical chromophore

The protein part of phytochrome is encoded by mahe
family (phytochrome gene family) in all higher plant
examined



Polypeptide
AL

Chromophore: phytochromobilin
A

Thioether Cis isomer
linkage B
Far-red Red light
converts
darkness cis to trans o
e s 5 I}l 10 H Trans isomer
| H
Pfr

PLANT PHYSIOLOGY , Third Edition, Figure 17.4 © 2002 Sinauer Associates, Inc
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Fig.7.2 ['hc balance berween phyA and phyB in dark- versus hght-grown seedlings. (a) In dark
grown scedlings, the PHYA gene is highlv expressed resulting in the accumulation of large
amounts of phyvA in the Pr form (PrA), The PHYR gene 1s expressed at a lower level, (b The
concentration of phvA declines rapidly when dark-grown seedhings are rransterred 1o the light
because of light-induced inhibition of franscription from the PHYA gene, and the rapad
destriction of PHA. In contrast, the PHYR gene s transeribed ar a similar rate in botl light
and dark conditions, and PHB is stable, Consequently, whereas phvA dominates in dark-grown
scedhings, phvB dominates in light-grown scedlings,



Phy v Pfr forng jsou kinazy

(B) Plant phytochrome

» Autofosforylace, fosf. regulatory

Chromophore

b/J—Rf;nght

(Aux/IAA, TFs), kryptochromy ., ¢

 Jen PfrB jde do jadra (FR to
Inhibuje)— kin. hodiny.

 PhyA olz formy v jade po os¥tleni-

Ser Kinase domain }COOH
*\ /’
~_ Phytochrome __-~
k = ATP
(P Chromophore
Ser Kinase domain )—COOH

kin. 15min.



XREC] light

Pr

Cytoplasm

Far-red




Fytochromovi mutanti

Jak je hledat?
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{a) Continuous (b) Continuous
red light far red light
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Wild type  phyE phyA cryl wit phyB phyd cryl
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() Continuous {d) ) Darkness

UV-A/blue light 52;’1
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seedling

wit phy8 phyA cryl wit Pleiotropic copidet/fus
mutant mutant mutant mutants

Fig. 7.6 Dusitive and negative regulation of photomorphogencesis in Avakidopsis revealed by
mutants, Phoramorphogenesis is promoted by conunuous red light, contnuous far red light
and continuous UV-A/blue light in wild tvpe scedlings. The phenotypes of photoreceptor
mutants indicate that the response to red light requires phy B (ag; the response to far red light
requires phyA (bl and the response to UV-A /Dblue light requires ervl (o) (d) In darkness, wild
tpe seedlings are etiolated and photomorphogenesis is suppressed. The pleiotropic cop/det/ fus
mutants have a photomorphogenic phenotype in darkness, indicating that the COP/DET/FUS
genes are required 1o suppress photomorphogenesis i dark-grown seedlings,



Phytochrome function specificity
during early Arabidopsis development
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PhyB se nap (i¢astni uniku ze
stinu
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Fig.7.8 'The rano of red light to far red hight regulates the shade escape response, (a) Companng
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Kryptochromy

* Vyvinuly se z fotolyaz — nezavisle u rostlin
a zivaiichu

cryptochrome




Cryptochromes

Many plant responses were not R-FR reversible
and had action spectra with peaks in the blue and
near-UV. There must be a BL receptor(s).

Due to their elusive nature, Gressel (1977)
described BL receptors as “cryptochromes”.

hy4 mutants showed a lack of hypocotyl growth
Inhibition under blue light,but were normal under
red and far-red. Dark BL BL

Wild-type cryl
adapted from Neff and Chory, 1998

The sequence of Hy4 was reported in 1993, and it was similar to DNA
photolyase (Ahmad and Cashmore 1993, Sancar 1994) yet  has no photolyase activity.
Re-designated “Cryptochrome 1" (Lin et al., 1995)

Involvement in circadian rhythms; led to discovery of animal crys (Cashmore, 2003)

cry’s are phosphorylated when illuminated (Shilatin e t al., 2003, Bouvy et al., 2003).
The timing of phosphorylation agrees well with the t ime course of early physiology
(Folta and Spalding, 2001)



The C-Terminus CCT of cryl Regulates Photomorphogenesis

A (dark)

C (constitutive)

e

—

W —

Wl CoT

Cashmore, 2003

Ectopic overexpression of the CRY1
C-terminal extension results in a
constitutive-photomorphogenic
phenotype.



Pozitivni a negativni regulace
fotomorfogeneze
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Xing Wang Deng, Yale

COP Mutants
First isolated by Deng et al., 1991

--Constitutive Photomorphogenic
phenotype:

expanded cotyledons, short hypo-
cotyls, light-regulated gene
expression patterns in darkness

1996 Mayer et al. show that COP1
mutation affects expression of
many genes— not just specific to
photomorphogenesis.
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E2 ubiquitin ligase neddylation
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Current Opinian in Flanl Biolagy

Ganaral overview of the sukaryotic ubiquitin-protessoms system. Proteolysis substrates (SUB) are recognized by E3 ubiguiten (L) ligases E3),
exemplified here by an S8CF-type E3 complex. Poly-ubiquitylation of the bound subsirate also requires the acthaties of E1 ubiguitin-activating
enzymas {E1) and E2 ubiquitin-conjugating enzymes (E2). Folliowing paly-ubiquitylstion, substrates are degraded in the 265 proteasome [1,3]
The E3 subunit cullin can be modified by MEDDE conpugation (neddylation) [12]. At the biochemical lewsl, ubiquitdation and naddylation ars
highty relsted processes. Cullin neddyiation results in the dissocistion of the cullin-imteracting proten CANDT [13,14,15%). This process may
allow the cullin-RBEX1 complex to associate with specificity components of the E3, such az SKP1-F-box protein (FBF) heterodimers. The COP2
signaiosceme (C5N) = associasted with unneddylated and neddylated culins [16,17). s GSM5 subunit mediates cullin densddyiation and may
thersfore play a role in controfling E3 complex formation [16-18]. Thers = some evidence that CSN interacts with subunits of the 265
protessome [25,74].

CSN komplex(viz. nahde)

Abbreviations
ACS

APC/C
BTB/POZ

CANDY

LAF1
NEDD&/RUB1

phyA
RBX1

RGA
SCF

SKP1
LYt
SPA1

1-aminocychopropane-1-carbonylic acid synthass
anaphass-promoting complex/ cyclosome
Bric-2-Brac Tramirack and Broad Complew/Po vinus
and Zinc finger

CULLIN-ASSOCIATED NEDDYLATION
DISSOCIATED1

COMSTITUTIVELY PHOTOMORFHOGENICS
COPY signalosoms

DDB1 foullin 4 A%-box

DAMAGED DNA-BINDING PROTEIN1
DEETIOLATED1

ubiquitin-activating enzyms
ubiquitin-conjugating enzyme

ubiguitin igase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVE3

ETHY LENE INSENSITIVE3-LIKET

sthylene overproducer?

gibberslic acid

GIBBERELLIC ACID INSENSITIVE

LONG HYPOCOTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

MEURAL FRECURSOR CELL EXPRESSED,
DEVELOPMENTALLY DCWWREGULATED &
RELATED TO UBIQUITING

phiytochrome A

RING-BOX1

REFRESSOR OF gat-3

SKP1/Culiin /F-box pratein

SUPPRESSOR OF KINETOCHORE PROTEIM1
SLEEPY1

SUPPRESSCOR OF PHYTOCHROME A1

COP9 byla prvni znama podjednotka signalosomu



HYS5 Is a positive regulator of photomorphogenesis ah

actsdownstream of multiple photoreceptors
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Photomorphogenesis



HY5 and COP1

« HY5 encode a bZIP type DNA-binding
transcription factor

 HY5 binds to promoters of light-regulated
genes and mediates their light activation

« HY5 Is a nuclear protein and directly
iInteract with nuclear localized COP1
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Hy5 integruje signaly z fytochroma a kryptochromi
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Fototropismus
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FOTOTROPINY



Perception of light and signal transduction in phototropism

In most species, UV-A and blue wavelengths induce the greatest phototropic

Uniform illumination
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Fig. 7.9 1he Cholodny-Went hypothesis of phototropism in oar colcopriles. Unilateral ilfurmin-
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CHLOROPLAST
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Phototropism Stomatal opening Chloroplast Cotyledon/leaf Leaf movement
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Figure 1

Phototropin structure and function. (#) Diagram illustrating the range of phototropin-induced responses
in higher plants. Photl and phot2 are activated by blue light and overlap in function to mediate several
responses. These are enclosed in the yellow rectangle and include phototropism, stomatal opening,
chloroplast accumulation movement, and cotyledon and leaf expansion. Phototropins have also been
implicated in controlling blue-light-induced leaf movements. Chloroplast avoidance movement is only
mediated by phot2. Likewise, photl alone plays a role in mediating the rapid inhibition of hypocotyl
growth and promoting the destabilizadon of specific transcripts under high light intensities. () Protein
structures of phototropin and neochrome photoreceptors. Domain structures of these proteins along
with their respective chromophores are indicated.
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Figure 1 Einase activity and protein structare of the phototropins. (4] Autoradiograph showins bhae Light-mmduced
antophosphorylation of photl in protein extracts prepared from dark srowm Arabidapsis seedlings . Protein extracts were
prepared under a dim red safe light and sven a mock pradiation (D for dark) or 2 pulse of bhie hizht (BEL) prior to the
addition of radiolabelled ATF. In membrane extracts prepared from wild-type seedlings ("W, photl undergoes
atophosphorylation in response to bhe hight. This response 15 lacking mm the phord mall noatant (photi-3). In addition,
no photl kinase activaty 15 detected i sohible protein extracts from wald-tvpe seedhings, indicating that photl 1s
membrane associated. (B Protein strctures of Arabidopsis photl and phot2 (996 and 215 anuno acids respectively].
The hzht sensing LOV domains are showm mm yelloer, The sernefthrecmne kinase domaims are shown in red. {Click

image 1o enlarge.}
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Figure 1 Structure and proposed mechanism of hght activation of the phototropins.
(A} Schematic representation of the phototropin structure. The phototropins contain

two FMN binding LOV domains and g cgponical Sep/Thr protein Kingse domain at

the C terminus. (B) Schematic mechanism of light activation according to the model

proposed by (69,
Mechanismus asociace s membranou je nejasny.



Po os¥tleni jecast Photl
bilkoviny uvolréna do
cytoplazmy.

V kortexu etiolovaného
hypokotylu jePhotl bilkovina
prednosti polarizovar
kolokalizovana s Pinl na
pricnych sénach.



Fotoperiodicka signalizace a
biologicke hodiny
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Fig. 710 The ctfects of night-time hght treatments on photoperiodic lowering. Whereas day-
rime dark treatments have litde effect on flowering, interrupting nights with brief penods of
umination can inhibit flowering in short-day plangs (a) and can promote flowering in long-day
plants (b}
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This result is supported and extended by analysis of flowering in mutants
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Fig. 711 Regulation of the photoperiodic response to light treatments by the circadian clock i sovbean, Sovbean
is 2 SDI that requires several long nights to mduce flowering, {a) The plant can be induced to lower i an 8 hour
day is followed by 64 hours of darkness. The induction is prevented it a 4-hour light treatment is given during a
subjective ‘night’ (b}, but pot it the light treatment is given during a subjective ‘day” (¢}, (Data from Salisbury
& Ross, 1992.)



Teci | =y uy )
~

mRNA

6h 18h 6h 18h

Obr. 117. Zjednodusené schéma mechanismu negativniho zpé&tnovazebného obvodu, ktery je Jadrem biologickych
hodin (oscildtoru) rostlin. Sipka od TOC1 a LHY zna&i aktivaci genové exprese, zardzka v opzifuém sméru znaci inhi-
bi¢ni plisobeni CCA1 a LHY na transkripci TOC 1. Pribéh kfivek, vyjadfujicich cykhické zmény mnoZstvi mRNA téch-
to transkripcnich faktort, ukazuje dvanactihodinovy posun jejich fize.

"Biologické hodiny" tikaji v kazdé burce rostliny a s vi¢jSim ¢asovym
cyklem komunikuji p res fytochormovy/kryptochromovy systém.



Transkriptomicka analyza
Arabidopsis ukazala, ze asi
6000 gek je exprimovano v
diurnalnim rytmy z toho asi

500 @imo v zavislosti na

"centralnim
oscilatoru/hodinach”
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Figure & | The photoperiod response in Arabidopsis thaliana. The three transcription feedback loops of the circadian
oscillator, which all consist of CIRCADIAN CLOCK ASSOCIATED 1 (CCA1L) and LATE ELONGATED HYPOCOTYL (LHY),
are shown in the shaded areas. In the first loop, CCAL and LHY repress TIMING OF CAB EXPRESSION 1 (TOCT) expression
by binding to the evening element (EE) of its promoter, while TOC1 acts as a positive requlator for CCAT and LHY
expression. Similarly, EARLY FLOWERING 4 (ELF4), GIGANTEA (G} and LUX ARRHYTHMO (LLIX) form another feedback
loopwith CCA1/LHY. By contrast. in the third feedback loop, CCA1 and LHY positively requlate the expression of PRES,
FRRY and PRRY, and these three proteins repress the expression of CCAT and LHY. The grey shaded area in the box
indicates activities that peak in the subjective night, whereas the blue area indicates activities that peak during the
subjective day. Light signals are perceived by phytochromes (PHYs) and cryprochromes (CRYs), and possibly by ZEITLUPE
(ZTL)and LOV KELCH PROTEIN 2 (LKP2). Dashed lines indicate the extrinsic inputs that requlate gene expression.
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