Signalizace, regulace,
komunikace a integrace v
bunce, pletivu a

organizmu
Nékolik poznamek.

Kvantitativné pfevazujicim prvkem regulace genové
exprese je represe (a jeji odblokovani).

Vetsina bilkovin je polyfunkCnich a jejich exprese a
funkce je regulovana na mnoha urovnich najednou.
Signalni drahy se integruji na urovni spoleCného
regulaCniho bilkovinného intermediatu (priklad fosf.),
druhého posla, promotoru, procesu Ci struktury.
Signal je zesilovan, Ci zeslabovan - pri tom Sum okoli
muZe byt pozitivn€ vyuzit k zesileni signalu =
stochasticka resonance.



http://www.lancs.ac.uk/depts/physics/research/condmatt/Ing/srshow/srslide1.html



7 toho, Ze organismus vladne bunkam
(nejen bunky organizmu), také plyne, Ze
také bunka a organizmus vladne signalnim

dra
pro]
prol

ham a sitim. Bunka neni jen vysledkem
vletence procesu/struktur, které v ni

bihaji/strukturuji, ale take jejich

tvurcem.



Degradace bilkovin
je stejné dulezity regulaCni krok
jako jejich synteza.
Signalni drahy Casto obsahuji
vysoce specifickou/regulovanou
degradaci bilkoviny jako dulezity
regulaCni krok.
(Vzpomenme na cykliny...)



Proteolyza je ovSem take
konstitutivni proces.
Az 30% translatovanych
bilkovin je nefunkCnich.
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Degradace buneéCnych bilkovin

Proteolytické drahy u eukaryot

- 1. vakuolarni/lysozomalni

- 2. Na ubiquitinu-proteasomu zavisla degradace

- 3. post-proteasomalni degradace : Tricorn, TPPII?
- 4. Degradace membranovych proteint
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Hlavni proteolytické drahy eukaryot

cytoplasmic

> proteins
> endosome- .
lysosome .
system .
Lysosome/ “  Ubiquitin-

¥ proteasome

gsystem

endosome

Mitochondria

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 proteinu. 17-16
ATP dep. membr. komplexy

%+ AAA proteases mediate the degradation of membrane proteins 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
either side 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.




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

ATP  ADP + (P,
4

— P

Clpl
ClpAP
Clp A

Brani hromadéni nefunkCnich bilkovin v plastidech. Podobné je tomu
v mitochondriich.



Vakuolarni/lysozomalni degradace e

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

plasma membroD_e_( $</
=/

( \Q) endoqrytgsis/
@ exocytosis

,,@)\ auftophagic

“ ____vacuole

Vh

x lysosome /[/F \I

\ﬁa /é \\;;;,_;/ |
[ o

microaufophogy P

hsc73-mediated fransport /g & ) \ %r}ﬂcé%ﬂ?nsmlc
ﬁ@t_m/ /

/
macroautopha -
P QY ///)

vakuol

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

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



Bilkoviny urCene¢ k degradaci
proteasomem jsou modifikovany
ubiquitinem.

Prvnim znadmym proteinem ubq. in
vivo v aktivni forme byl u rostlin
fytochrom.

Vetsina bilkovin je pred ubiquitinaci specificky fosforylovéna.
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Ubiquitinova draha

*» E1 - ubiquitin activating enzyme

ATP AMP + PP, . R ) -
4 A *» E2 - ubiquitin conjugating enzyme
T % E3 - ubiquitin ligase
#  H Hu‘ % ‘~” denotes high-energy thioester bond
Ub £1-Ub “» DUB, deubiquinating enzyme
A
DUg E2 51
E2-Ub
peptides + Ub-peptide £3 /

‘/;_'a—— substrate-eNH 2

2635
ADP + Pi4—  proteasome

Ub_-substrate
ATP . DUB



(A) (B)

Syntet. z fusnich tandemovych prekursortl — 3 az 6.
Jsou Stepeny deubiqutinaCnimi enzymy/proteasami = DUB

76 AA — rostl. od kvasinek/ZivoCichu se 1i8i 2/3 AA.

Ubq. se kovalentné vaze na Lys cilové bilkoviny C -Gly.



El —ubq. Aktivace

E2 — ubqg. Konjugace

E3 —ubq. Ligace ubq. na
Lys cilové bilkoviny. E3
zajist'uje specifitu

rozpoznani.
(2, .
= Q Na bilkovine je
{ T ubg. vice Lys a
Ubiquitinatin, " ) v
enzy?necumplegx . to OpakOVane —
° polyubiquitin.

Delivery to
proteasome
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E3 ubiquitin ligazy

« 4 zakladni typy E3 ubiquitin ligaz u rostlin: kol.1300 gentl Arabidopsis kéduje
podjednotky E3 ligaz.
« s HECT domains (E6AP-related proteins) - monomerni 17x u A.t.

. s Ring/U-Boxem (VHL, SCF, APC, MDM2, c-CBL, etc.) 480x RING a 64x U-Box
uA.t

. SCF komplex 4 podjednotky - podjednotka Fidici specifitu

F-box 700x u A.t.
. APC

ale také 37x AtE2 = potencial€ obrovské mnozstvi spec. ubq. komplexu.



WCB BTE/POZ DCXDET1-COP APCIC HECT
Cullin 2/ Cullin 3 Cullin 44 APCEZ

Cullin &
HECT

RIMNG-HZ

RIMNG-HZ2

Current Opinian in Plant Biclogy

Proteins and protein complexss that have reported E3 ubiquitin ligase activity. Many of thess complexss share 2 common architecturs.
They are composad of a cullin subunit that associstes with the RING-doman protein RBX1 and a receptor subunit. The E3 APC/C also
contans a cullinsalated subunit, APCZ, and 2 RBX1-related RING-domain protein APC11. Thers 3 no evidence for & consarvation of 2 VOB

complex in plants.

vedle 700 F-boxu ma Arabidopsis 21 SKP bilkovin.
Opét velka kombinatorika komplexU — existuji ovSem preferované
kombinace.



(a) {b)

o
k

Figure 1. Kevy steps in the pathwsy of polyubiquitylstion by SCF E3 ligasa, which
targets substrete protein and leads to degradstion by the 265 protessome. (a) Ubi-
quitin {Ub} is linked via a thioestar bond to the ubiquitin-sctiveting enzyme {E1}).
Ubiquitin is transfermed from E1 to the coysteine of the ubiquitin-conjugating
enzyrma (EZ}. (b} The SCF E3 ubiquitin ligase (Skpl, culling F-box and Rbx1) cats-
lyvses the transfer of ubiquitin from E2 to & lysine residus on the substrete protein.
Farmation of 8 polyubiquitin chain on the substrate protein targets it for degra-

dation by the 265 protessome.

TRENDS in Plant Soence

B el s S S

F-box odpovida za specifitu interakce se substratem.



El

E3 SCF complexes

Y
)
m
degradation
Cdcs3 via the 265
R proteasoms
Skp T bax el
Skpt I‘ l‘_‘?" ubiquitination substrale. substrale
protein substrate™ function® nase™
WDA0 repeats P mhibition of
e N Cln-Cdc2s

[ [[Cded ]

leucine-rich repeats

I I et

"

K_’_D
) —
) —o

2
i

Clb-Cde28 kinase

inhibition of
Cln-Cde28 kinase

initiation of
DNA replication

amino acid
biosynthetic
trangeriptional
response

kinetochore
component

Sicl degradation,

initiation of budding,

other evenls at Start

cyloskeleton
polarity regulation

HXT gene
repression
Cde28 mhibitory
phosphorylation

MET pene

L > aclivation

Cln-Cde2 8

Cln/Clb—Cde28?

unknown

unknown

Cln-Cde28 auto-

phosphorylation

unknown

Clb—Cilc28?

SCF-
dependentni
ubiquitinace

u kvasinek

+» F-box proteins
mediate substrate
selectivity in degrading
various yeast proteins
“ many (all?) of the
substrates need to be
phosphorylated to be
recognized by the F-box
protein

+» WD40 and leucine-
rich repeats (LRRs)
present in F-box
proteins mediate
protein-protein
interactions

17-11

u rostlin je to podobne¢



Monoubiquitinace muze slouZit
jako regulaCni modifikace. Napfr.
pro trideni do endocytotické drahy
a vakuoly/lysozomu Ci modifikuje
napf. transkripci TF-ubq.




17-12

Anaphase promoting complex (APC)

“ The anaphase-promoting complex (also termed ‘cyclosome’) is a ubiquitin-protein ligase
that controls important transitions in mitosis by ubiquitinating regulatory proteins

“»consists of many different proteins, including some related to SCF (e.g., ring protein)

* To initiate sister chromatid separation, the APC has to ubiquitinate the anaphase
inhibitor securin, whereas exit from mitosis requires the ubiquitination of B-type
cyclins

L

ubiquitin

i

Gieffers et al. (2001)
Mol. Cell 7, 907-913.




TABLE 1 E3sand targets of the Ub/26S proteasome pathway involved in plant growth and

development

E3 (Typey Target protein(s) References
Cell cycle
G1/5 (Rb pathway ) SKP2 (F-Box) E2Fc (26)
Mitosis APC CYCBI, CYCA3, {16.51)

CDCe

Hormone regulation
Auxin TIR1 (F-Box) AUX/MAA family (36, 178)
Auxin SINATS (Ring HC) NACI {166)
Auxin ? EIR1 (130}
Abscisic acid ? ABIS (95, 132)
Brassinosteroids ? BZR1 and BZR2 (68
Ethylene EBF1 and 2 (F-Box) EIN3 {50a, 60a, 110a)
Gibberellins SLY (F-Box) RGA (98)
Gibberellins GID2 (F-Box) SLR1 (118)
Jasmonic acid COIl (F-Box) RPD3b (30)

Responses to the abiotic environment

Light

Light

Red/far red light

Red/far red light

Red/far red light

Blue light
{circadian rhythm)

Blue light
(circadian rhythm)

Circadian rhythm
Heat and cold shock
Cold signaling

COPI (Ring HC)
CIP8 {Ring HC)
EID1 (F-Box)

AFR (F-box)

FKF1, LKP2 (F-Box)

ZTL (F-box)
9

ALCHIP (U-Box)
HOS1 (Ring HC)

Responses to the biotic environment

NIMI pathway
Virus spread
Self-incompatibility
Self-incompatibility
Development
Flower development

SONI (F-Box)
?

SFB (F-Box)
ARCI (U-Box)

UFQ/FIM/PFO/
STP (F-Box)

HY3, HYH, LAF1
HY3, HYH
PhvA

0
a

0

TOCI

ZTL
Denatured proteins

(73, 106, 123)
(63}

(21, 22)

(35)

(63a)

(102, 120a)

(96a, 133)

i81)
(171)
91

(79}

(114)
{143)
(135)

(117, 179)

Proteasom

TABLE 1 (Continned)

E3 (Typef* Target protein(s)  References
Senescence/shoot branching ~ ORES/MAX2 (F-Box) 7 {134, 163)
Trichome development UPL3 (HECT) ! (39)
Wax biosynthesis CER3(RING HC) ! (62)
Metaholic pathways
Glycolysis ] PyrKin; (139
Alkaloid biosynthesis ? TDC i)
N-end rule pathway PRT! (Ring HC) N-end rule (1

substrates

or SCF E3s, cnly the F-Ben mutants are inclucled.

T Unknawn,



205 Core Protease (CP)

Ladt

[P e O p-

o - h- S

—iisA—

b
IiBS Regulatory Particle (RP)

265 Proteasome

T e — -

Core Protease (CP) - ]

Figure 2 Organization and structure of the 265 proteasome. (o) Orgamization of the 208 core
protease (CP) based on the crystal structure of the yveast particle (600, The positions of the
active-site threonines are shown. (#) Predicted organization of the 195 regulatory particle (RF)
based on its subunit interaction map with the Lid and Base shown m red and vellow, respec-
tively (46). The RP AAA-ATPase (RPT) subunits are shown in blue. The RP non-ATPase sub-
units are shown i orange. (o) Diagram of the 265 proteasome combined with the predicted
activities of the complex during the degradation of ubiquitinated protems. Adapted from
Reference 154



Topologie proteasomu zajistuje,
Z¢ proteazovou aktivitou
nebudou nespecificky zasazeny
cytoplasmaticke bilkoviny.

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



CSN (COP9 / signalosom) komplex
byl poprve
objeven u Arabidopsis (viz. dale =

svetlo j

ako signal).

Jeho podjednotky a celkova

organizace jsou |

homologni "viku" RP

proteasomu, ale funguje nezavisle,
jako regulator ubiquitinace a

aktivity

proteazomu.



(]
'
Ubiquitylation

¥
UBAz-ULA1 Neddylation
¥

265 Proteasome

CAND1 association with
unneddylated culling

E3 ubiquitin ligase naddylation
and CAMDT dissociation

Dagradation substrate ubiquitation
and 265 Proteasomal degradation

Cullin denaddyation and
CAMD1 reassociation

Cumrert Cpinion in Flant Biokgy

Gerneral overview of the sukarnyotic ubiguitin-protessoms system. Proteohysis substrates (SUB) are recognized by E3 ubiquitin (U) ligases E3),
examplified hers by an SCF-type E3 complex. Poly-ubiguitylation of the bound substrate also reguires the actiities of E1 ubiquitin-activating
enzymes (E1) and E2 ubiguitin-conjugating enzymeas (E2). Following poly-ubiquitylation, substrates are degraded in the 265 proteasoms [1,3).
The E3 subunit cullin can be modified by MEDDE conjugation (neddylation) [12]. At the biochemical level, ubiquitdation and neddylation ars
highty relsted procssses. Cullin neddylation results in the dissocistion of the cullin-inter acting protein SANDA [13,14,15%]. This procsss may
gllow the culin-REX1 complex to associate with specificity components of the E3, such as SKP1-F-box protein {(FEF) heterodimers. The COF3
signalosomea §55N) = associated with urnaddylated and neddylated cullins [16,17). s C5NS subunit medistes culiin densddylation and may
tharetore play a role in controlling E3 complex formation [16-18). There iz some svidance that CEN interacts with subunits of the 265
protessome [25,74].

Abbreviations
ACS

APC/C
BTB/FOZ

CAND1

LAF1
NEDDE/RUB1

phyA
REX1

RGA
SCF
SKP1
BLY1
SPA1

1-aminocychopropans- 1-carbaxylic acid synthase
complex

Bric-a-Brac Tramtrack and Broad Complew/ Pox virus

and Zin finger

CULLIN-ASSOCIATED NEDDYLATION

DISSOCIATED1

CONSTITUTIVELY PHOTOMORFHOGENIC

COPA signalozoms

DB feullin 4 A7X-box

DAMAGED DNA-BINDING PROTEINT

DEETIOLATEDM

ubiguitin-actvating snzyme

ubigutin-conjugating enzyms

ubiquitin ligase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVES

ETHYLENE INSENSITIVE3-LIKE!

ethpene overproducer?

gibberslic acd

GIBBERELLIC ACID INSENSTTIVE

LONG HYPOCQTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

NEURAL PRECUREOR CELL EXPRESSED,

DEVELGPMENTALLY DOWNREGULATED &/

RELATED TO UEIQUITING

phytochroms A

RING-BOX1

REPRESSOR OF gat-2
SKP1/Culiind /F-box protein

SUPPRESSOR OF KINETOCHORE FROTEIN1

SLEEFY1
SUPPRESSOR OF PHYTOCHROME A1



CSN kontroluje aktivitu E3 SCF
ligazy prostrednictvim neddylace
Ci deneddylace (NEDDS Ci
RUBI1 jsou peptidy podobne
ubiquitinu)

a degradaci bilkovin interakcemi

s proteasomem (alternativni
,,Viko*).



N-koncove pravidlo

Met, Thr, Ser, Gly a Val na N stabilizuji
bilkovinu, zatimco Lys, Arg, His j1
destabilizuji.



Acetyl group ~00C

N-koncova acetylace stabilizuje bilkovinu.



- HaMNT

Arginyl-tRNA-
Arg-tRNAME protein transferase
’ Glu or Asp

Ubiquitin conjugation

:

Proteasome-mediated degradation

U nékterych prot. je N'Met odstepen aminopeptidazou a novou
poCateCni AA byva Glu nebo Asp;takové bilkoviny se stavaji
substratem ubiquitinace teprve po pfidani N - Arg.



 Bilkoviny se mnohonasobné lisi
poloCasem Zivotnosti a ten se prudce
meni s meénicim se
diferenciaCnim/regulaCnim stavem
bunky.

« KliCové proteiny signalnich drah (vCetné
transkrip€nich faktor(l) byvaji velmi
labilni.



Priklady proteolytickych bilk. a
ovlivnénych procesl u rostlin.

Summary of proteolysis components with known biological function.

E3 specificity Biochamical function Pathway Froteolysis Biochemical function Referencea(s)
componznt substrate
FRT1 RING -domain protsn M-and mile substrates [75]
AFP Abscisic acid ABIS Tranzcription factor [76]
TIR1 F-box protein Avpin ALXAAS Transcription repressos [F7-T7g]
SIMATS RING -domain protein Ann NAC1 Putatie transcription factor [80]
Auxin transport EIR1/PINZ Putative awdn efflux camier [B1]
Brassinosteroid EZR1/BZR2 B2]
SKF2 F-box protein Call cycle E2Fc Transcription factor B3]
APCIC APGIC Cell cycle Cyclin B1, Cyclin A2 Cyolin [B4]
APCIC APGIC Cell cycle CDCs [BS]
Cell cycle ICK1 Cell-cycle inhibitor 155]
Crcadian rythm co Transcription factor [BT]
Circadian rhythm ZTL F-baox protein [4* B8]
FKF F-box protein Circadian rhythm 159]
ZTL F-box protein Circadian rhythm TOC [4*,65,90]
ATCHIP U-box protein Denatured proteins 1]
EEF1, EBF2 F-box protein Ethylenz EINZ Transcription factor [50=-53"]
ETO1 BTE/FOZ-domain protein Ethylens ACSE, ACSE Biosynthetic enzyme |
UFD F-box protein Floral develapment B2 93]
BLY1 F-box protein Gibberelic acid GAl, RGA Putatie transcription [38,39,40% 41"",43]
factors
con F-box protein Jasmaonic acid [Bd]
S0N1 F-box protein Pathogen responss MIK1 [B5]
COP1 RING-domain protein Photomorphogenesis HY'E, HYH, Transcription factors, JE3-65,70.,71]
LAF1, phyA photorecaptor
DET1 FPhotomorphogenssis HY5, HYH Transcription factor B2,64]
EIC F-box protein Photomorphogenesis 2|
AFR1 F-box prot=in FPhotomonphogenssis a7
OREYMAXZ2 F-box protein Shoot branching/ssanescance [88,949]
UPL2/KAK HECT-domiain protein Trichome development [100,101]
CER3 RING-domain proten Wax biosynthesis [102]

ABl ABSCISIC ACID INSEMSITIVE AFP, ABI FIVE INTERACTING PROTEIN; AFR, ATTENUATED FAR-RED RESPONSE; AtCHIP,
ARABRIDNDRPS!IS THALIANA HscTO-INTERACTING FROTEIN, ALRCIAA, AUXINANDOLEACETIC ACID; BZR, BERASSINAZOLE RESISTANT,

COC, CELL DIVISION CY CLE; CER, ECERIFERUN, GO, CONSTANSE; GO, COROMATIME INSENSITIVE; EID, EMPFINDLICHER IM DUNKELROTEM
LICHT; EIR, ETHYLENE INSENSITIVE ROOT; FKF, FLAVIN-BINDING/KELCH-REPEAT/F-BOX; ICK, INHIBITOR OF CYCLIN-DEFENDENT
KINASE; KAK, KAKTUS; MAaX, MORE AXILLIARY GROWTH; MAC, NO-APICAL-MERISTEM'CUP-SHARED COTYLEDOM; MNIM,
NOM-INDUCIELE IMMUNITY; ORE, ORESARA; PIN, PINFORM; FRT, FROTEOLYSIS; SINAT, SEVEM-IN-ABSENTIA OF ARABIDORSIS
THALIANAS; SOM, SUPFRESS0OR OF nim 1-1; TIR, TRAMSFORT INHIBITOR RESISTANT; TOC, TIMING OF CAE EXFRESSION; UFD,
UNUSUAL FLORAL ORGANSE; UFL, UBIQUITIN PROTEIN LIGASE; ZTL, ZETLUPE.



Inhibitory proteasomu

The peptide aldehydes, MG 132, MG 115,
and PSI, inhibit the complex's chymotrypsin-
like activity in a potent but reversible
manner. Lactacystin is a natural,
irreversible, nonpeptide, cell permeable
iInhibitor that is more selective than peptide
aldehydes but less selective than peptide
boronates, another class of proteasome
inhibitors.



SVETLO
jako

SIGNAL






e Svétlo

- UV-B 280-320nm
« UV-A 320-380nm
e Modres. 380-500nm
« Cervenés. 620-700nm
« DI Cerv. S. 700-800nm
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Fotoreceptory

Fytochromy

Kryptochromy
Fototropiny

Neznamy rec. UV-B



 J
phototropins cryptochromes . phytnc_hmmes

E )

dark  light

phototropism de-etiolation photoperiodism
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Phytochrome Exists in Two
Photointraconvertible Forms

.
pr = Pf

=
R

-synthesized as Pr in darkness

-converted by red light (max=
666 nm) to Pfr

-Pfr is biologically active form

-Far-red light (730 nm) converts
to Pr



red light

synthesis pR — ' =) responses:
y_} seed germination
(— flowering
setting biological
Per ing biologi
e far-red light \
ylu.. -',o )
.-.----------- enzymatlc

slow conversion

in darkness destruction

Figure 12.9 Plant Biology, 2/e © 2006 Pearson Education
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Figure 3 Domain structure and photochemical property of phytochromes. (A4) Do-
main structure of phytochromes using Arabidopsis phyvB as amodel. (F) Twoisomers of
phytochromobilin, 152 (Pr chromophore) and 15E (Pfr chromophore). () Absorption
spectra of Pr and Pir forms of phytochrome. (1) Photoconversion and dark reversion
between Pr {inactive) and Pfr { active) form of phytochrome.



PHYTOCHROME STRUCTURE  Phytochromes are homodimers in solution. Each mo-
nomer 1s a ~125-kDa polypeptide with a covalently attached linear tetrapyrrole
chromophore. phytochromobilin, which 1s synthesized in the chloroplasts from
heme (35, 104, 134, 145, 146). The phytochrome protein can be divided into two
domains: an amino-terminal photosensory (signal input) domain and a carboxy-
terminal domain that has been traditionally regarded as a regulatory, dimerization
and signal output domain (146). The N-terminal domain comprises four subdo-
mains: Pl (N-terminal extension, NTE), P2, P3 (bilin lyase domain, BLD), and
P4 (Figure 3A) (130, 192). The P3 domain contains a conserved cysteine residue
that forms a thicether linkage with the A ring of phytochromobilin and also auto-
catalyzes the bilin ligation reaction (Figure 38) (94, 192). The P4 domain has been
suggested to directly interact with the D ring of the chromophore to maintain its ex-
tended linear conformation in the Pr form and to stabilize the Pfr form (130). The

carboxy-terminal half of phytochrome contains two subdomains: a PAS-related
domain ( PRI containing two PAS domains (PAS-A and PAS-B)(11) and a histi-

dine kinase-related domain (HKRD). which belongs to the ATPase/kinase GHKL
(gyrase. Hsp90, histidine kinase, MutL.) superfamily (Figure 34) (42, 130, 200).

PAS-A  PAS-B GHKL

PRD | HKRD "7

o o 100aa



Early Developmental Effects of Phytochromes

Phytochromes regulate (100’s of processes
described)

-- stem elongation

-- cotyledon expansion

-- chloroplast development (greening)
-- apical hook opening

-- gene expression

Microarray analyses show that the early
effects of phytochromes are to induce the
expression of transcription factors that then
alter the expression of genes involved in
photomorphogenic development
(Tepperman et al., 2001).




Fytochromy jsou syntetizovany v
Pr forme

a vedle fotokonverze existuje temnostni
reverze Pfr na Pr u mnoha
dvoudéloznych (neni u jednodeloznych,
trav)
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Fig.7.2 The balance berween phyvA and phyB in dark- versus hight-grown seedlings. (a) In dark
grown scedlings, the PHYA gene is highly expressed resulting in the accumulation of large
amounts of phyA in the Prform (I'rA). The PHYR gene is expressed at a lower level. (b1 The
concentration of phvA declines rapidly when dark-grown scedlings are transferred to the light
because of light-induced inhibition of franscription from the PHYA gene, and the rapid
destruction of PRA. In contrast, the PHTR gene is transcribed at a similar rare in both light
and dark conditions, and PtrB is stable. Consequently, whereas phvA dominates in dark-grown
scedlings, phyvB dominates in light-grown scedlings,



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



* PhyA je nejen nestabilni na svetle (PfrA-1h
p.r.), ale dochazi take k poklesu jeho
transkripce zprostfedkovaného
fytochromovym systémem



Phy v Pfr forme jsou kinadzy

Autofosforylace, fosf. regulatory (Aux/IAA,
TFs), kryptochromy

Jen P{rB jde do jadra (FR to inhibuje)— kin.
hodiny.

PhyA obé formy v jadre po osvetleni- kin.

1 5min.

PfrB vaze TF PIF3 — transkr. svetlem regul.
genuU



PrPr [ |

Nuclear Bodies

Nuclear Body
Compartmentalization

Cytoplasm

Figure4 A schematic illustration of phytochrome localizationusing phyB as amodel.
There are two steps involved in phytochrome translocation after light activation, nu-
clear import and localization to nuclear bodies. Nuclear import requires at least one
phytochrome molecule in the Pfr form in a phytochrome dimer. In the nucleus, PfrPfr
homodimers are more likely to compartmentalize to nuclear bodies. Shaded arrows
represent phvB signaling functon. D.R., dark reversion.
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PIF3 and PHYB only interact if phyB is in Pfr state.



Interaction between PIF3 and PHYB is dependent upon state of PHYB

a . B - PIF3 bound to bead,
£ :'-EP.EI Pr — FL-piyE - PHYB radioactively
+ labeled.
o Extract treated
|: :"E'*-D PIF3 = FL- ckvE & xtracts were treate
- _I ! with R or FR, spun down,

and electrophoresed.

[ FRa(P = L RpdF Rp(P
e H| I:H:-.I
- @— —_ - o 05
i L + - + - £ - &+ - + - % -
BADIFFE - + - ¢+ - + — + —+ — 1 PIF3 and PHYB
pallel 5% sup pete! S%EsUp pallel 5% 5Up only ||_1te_ract if
phyB is in Pfr
state.

Ni et al., 1999



Fytochromovi mutanti

Jak je hledat?



Jsou 1 na svetle CasteCne slepi - a
tedy vypadaji jako ve tme.

THE PLANT CELL, Vol 3, Issue 12 1263-1274,
Copyright © 1991 by American Society of Plant
Biologists

RESEARCH ARTICLES

The hy3 Long Hypocotyl Mutant of Arabidopsis Is
Deficient in Phytochrome B

D. E. Somers, R. A. Sharrock, J. M. Tepperman and P.
H. Quail

University of California, Berkeley/U.S. Department of
Agriculture, Plant Gene Expression Center, Albany,

California 94710



(a) Continuous (b) Continuous
red light far red light

%% %%
%% e

Partially
-etiolated De-etiolated
seedling seedling

Wild type  phyB phyA cryl phyB phyA cryl
{wit) mutant  mutant mutant mutant mutant  mutant
(c) Continuous (d) ) Darkness
UV-A/blue light & eﬂ
Etiolated
seedling

wit phyB phyA cryl wit Pleiotropic cop/det/fus
mutant mutant mutant mutants

Fig. 7.6 DPositive and negative regulation of photomorphogenesis in Arabidopsis revealed by
mutants. Photomorphogenesis is promoted by continuous red light, continuous far red light
and continuous UV-A/blue light in wild-tvpe seedlings. The phenotypes of photoreceptor
mutants indicate thar the response to red light requires phyld (a); the response to far red light
requires phyA (bj; and the response to UV A/blue light requires ervl (o). (d) In darkness, wild
wvpe seedlings are etiolated and photomorphogencsis is suppressed. The pleiotropic cop/det/ fus
mutants have a photomerphogenic phenotype in darkness, indicating that the COP/DET/FUS
genes are required to suppress photomorphogenesis in dark-grown scedlings,



PhyB se napr. GCastni tniku ze
stinu
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(b) The effects of red
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{a) Light intensity at different wavelengths in
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Fig.7.8 The ratio ot red light to far red light regulates the shade escape response, (a) Comparing
spectral fluence rates (light intensity at different wavelengths) in sunlight and canopy shade
shows that the ratio of red light to far red light (R : FR) is much higher in sunlight. Therefore, R :
FR 1s an mdicator of the degree of shading by neighbouring plants. (b) If red is high relative to
far red, as in sunlight, then Pr will convert to Pir. High Ptr inhibits the transcription ot the
ATHB-2 gene and hence inhibits shade escape. The line ending in a bar and accompanied by a
‘minus’ sign indicates negative regulation. The arrow accompamed by a “plus’ sign indicates
positive regulation, ((a) from Smith, 1994 (Fig. 1) with kind permission tfrom Kluwer Academic

Publishers.)



Kryptochromy

* Vyvinuly se z fotolyaz — nezavisle u rostlin
a ZivoCichu



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

Wild-type cry1
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 et al., 2003, Bouvy et al., 2003).
The timing of phosphorylation agrees well with the time course of early physiology
(Folta and Spalding, 2001)



The C-Terminus CCT of cry1 Requlates Photomorphogenesis

A (dark) Ectopic overexpression of the CRY1
C-terminal extension results in a

IR e constitutive-photomorphogenic

phenotype.

Is cry functioning through
C (constitutive) <«— a mechanism involving — *
COP1?

WT CoT

Cashmore, 2003



Pozitivni a negativni regulace
fotomorfogeneze



Blue light  Red light

Etioplast
Cryplochrome Phytochrome |
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Signaling intermediates F————— proteins

Photomorphogenesis

Chloroplast

Wild-type plants det Seop mutants



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— nhot just specific to
photomorphogenesis.
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Ubiquitylation

¥
UBAz-ULA1 Neddylation
¥

265 Proteasome

CAND1 association with
unneddylated culling

E3 ubiquitin ligase naddylation
and CAMDT dissociation

Dagradation substrate ubiquitation
and 265 Proteasomal degradation

Cullin denaddyation and
CAMD1 reassociation

Cumrert Cpinion in Flant Biokgy

Gerneral overview of the sukarnyotic ubiguitin-protessoms system. Proteohysis substrates (SUB) are recognized by E3 ubiquitin (U) ligases E3),
examplified hers by an SCF-type E3 complex. Poly-ubiguitylation of the bound substrate also reguires the actiities of E1 ubiquitin-activating
enzymes (E1) and E2 ubiguitin-conjugating enzymeas (E2). Following poly-ubiquitylation, substrates are degraded in the 265 proteasoms [1,3).
The E3 subunit cullin can be modified by MEDDE conjugation (neddylation) [12]. At the biochemical level, ubiquitdation and neddylation ars
highty relsted procssses. Cullin neddylation results in the dissocistion of the cullin-inter acting protein SANDA [13,14,15%]. This procsss may
gllow the culin-REX1 complex to associate with specificity components of the E3, such as SKP1-F-box protein {(FEF) heterodimers. The COF3
signalosomea §55N) = associated with urnaddylated and neddylated cullins [16,17). s C5NS subunit medistes culiin densddylation and may
tharetore play a role in controlling E3 complex formation [16-18). There iz some svidance that CEN interacts with subunits of the 265
protessome [25,74].

CSN komplex (Viz. nahofe)

Abbreviations
ACS

APC/C
BTB/FOZ

CAND1

LAF1
NEDDE/RUB1

phyA
REX1

RGA
SCF
SKP1
BLY1
SPA1

1-aminocychopropans- 1-carbaxylic acid synthase
complex

Bric-a-Brac Tramtrack and Broad Complew/ Pox virus

and Zin finger

CULLIN-ASSOCIATED NEDDYLATION

DISSOCIATED1

CONSTITUTIVELY PHOTOMORFHOGENIC

COPA signalozoms

DB feullin 4 A7X-box

DAMAGED DNA-BINDING PROTEINT

DEETIOLATEDM

ubiguitin-actvating snzyme

ubigutin-conjugating enzyms

ubiquitin ligase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVES

ETHYLENE INSENSITIVE3-LIKE!

ethpene overproducer?

gibberslic acd

GIBBERELLIC ACID INSENSTTIVE

LONG HYPOCQTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

NEURAL PRECUREOR CELL EXPRESSED,

DEVELGPMENTALLY DOWNREGULATED &/

RELATED TO UEIQUITING

phytochroms A

RING-BOX1

REPRESSOR OF gat-2
SKP1/Culiind /F-box protein

SUPPRESSOR OF KINETOCHORE FROTEIN1

SLEEFY1
SUPPRESSOR OF PHYTOCHROME A1

COP9 byla prvni znama podjednotka signalosomu.



The hy5 mutant — long hypocotyl under light conditions, particularly blue
(Koorrneef et al., 1980). Encodes a B-zip transcription factor that is
presumably a positive regulator of photomorphogenesis.

light=dark dark =light
10 1520 D 0 5 10 1520 L e :
s HY5 accumulates rapidly in light and is not

e > - .“. as detectable upon transfer of plants to

0.5
Uit
IR

darkness

«—— fluence rate

Plants grown for days in light show different
levels of HY5— HY5 level correlates with advanced

photomorphogenic development.

How does HY5 regulate photomorphogenesis?

Is it simply present only in light and acting as
a positive regulator? Is it more complex? It
seems to be acting in a manner that is
antagonistic to COP1....

P - .

Osterlund et al., 2000



Does COP1 Interact with CRY?

A

AD-COPT
&n Ol

AD-AZn

COP1

CRY2

Relative [ —gal activity
[ A ——
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e
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[F1LexA-CCT2
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anti-CRY2
COP10E

anti-CRY?2
cry2-1

Total
COP10E
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COP10E
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Yeast 2-hybrid assay between COP1
truncations and CCT2 (CRY2 c-terminus)

Conclusions: The WD repeat domain is
necessary and sufficient for interaction,
yet binding is strongly enhanced by the
coiled-coil and Zn binding domains.

CCT2-GUS interacts similarly.

Coimmunoprecibpi

sing anti-CRY2, COP1 can be
coimmunoprecipitated, demonstrating
likely interaction in vivo.




COP and CCT1 Co-Localize
to the Nucleus

GFP::COP1

GFP::CCT1




Proposed Model for Cryptochrome Function — COP1, CRY, HY5
Interaction to Regulate Degradation of HY5

Hellmann and Estelle, 2002



A v jadfe ve tmé, na svétle

[ Photolyase Homology Region DAS eryl v
— D v cytoplasme
Photalyase Homology Riegion cry2 A% jédi"e
ED FAD
TP
[l_Protiase Homology Ragion | evd v mitochondriich i plastidech
PO FAD
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novejsi
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LRE Light Fiegulated Gene_

LRE Light Reguistad Gars

Figure2 Structure and proposed mechamsm of light activation of the cryptochromes.
(A} Schematic representation of the eryptochrome structure. The cryptochromes have a
photolyase homology region that binds to FAD and a pterin or deazaflavin (P/T). cryl
and cry2 have short carboxy-terminal extensions with little conservation except for
short stretches of homology (DAS) according to the nomenclature by Lin & Shalitin
(111}, crv3 has a transient peptide (TP) required for localization in the chloroplast and
mitochondria. (B) Schematic mechanism of light activation according to the model
proposed by Cashmore (23). Upon light perception the conformation of cry | is modi-
fied, leading to a conformational change of COPL. The change of COPI conformation
releases the transcription factor HY'S that can activate light-induced genes.






Fototropismus

a

FOTOTROPINY



Perception of light and signal transduction in phototropism

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

Uniform illumination Unilateral illumination Tip bends towards
{ 3 Lateral auxin the light
] 5 transport PP,
ok Lal. .
- o LV e Y — —
ha IRV o 2 T e i
AN W ol ot i
Oat ol g AR NI N
coleoptile T
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Uniform ceIII L
elongation
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v

Basipetal = ) _
auxin Uniform auxin _
transport — concentration  Low auxin |

B
Rapid cell ¢
'
'

High auxin |

Fig. 7.9 The Cholodnv-Went hypothesis of phototrapism in oat colcoptiles. Unilateral illunin-
ation induces lateral auxin transport in the colcoptle tp leading to uneven auxin distribution in
the coleaprile and to changes in cell expansion rates. The changes in expansion rates cause the
coleoptile to bend rowards the hight.

ope€t auxin a jeho transport



CHLOROPLAST




L2 ® )9 M

Phototropism Stomatal opening Chloroplast Cotyledon/leaf Leaf movement
accumulation expansion
r 1
photi phot2
g wie h¥

Hypocotyl mMRNA stabili Chloroplast
grow)tfll'?ionhilt)yition by avoidance
b LOV1 LOVZ2

Phototropin ‘ |®O| |(II)H| _]
Adiantum weoctrome [IIDOOOIN 000 OO0 I

kapradina

[ Phytochrome photosensory domain (XD Flavin mononucleotide
[ ] LOV domain XXXy Phytochromobilin
[ Ja-helix

- Serine/threonine kinase domain

Figure 1

Phototropin structure and function. (#) Diagram illustrating the range of phototropin-induced responses
in higher plants. Phot1 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 destabilization 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 stmctore of the phototropins. (A) Autoradiograph showang bhie Light-induced
mtophosphorylation of photl in protemn extracts prepared from dark grown Arabidopsis seedhings. Protein extracts were
prepared under a dimn red safe hight and siven a mock rradiation (D for dark) or a pulse of bhae light (BL) prior to the
addition of radiolibelled ATF. In membrane extracts prepared from wald-type seedlings (W, phot]l undergoes
mtophosphorylation i response to bhe hight. This response 15 lacking mm the photd mall nmtant (photi-3). In addition,
no photl kinase activity 15 detected in sohible protein extracts from wald-type seedlings, indicating that photl i
membrane associated. (B] Protem stmctares of Arabidopsis photl and photZ (998 and 915 anuno acids respectively].
The Light sensing LOV domains are showmn in yellowr. The serinefthreonine kinase domains are shown in red. {Click

image to enlarge.)
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Figure 1 Structure and proposed mechanism of light activation of the phototropins.
(A} Schematic representation of the phc-l-:-ltc-pm structure. The phot-:-w:-pms contain
two FMN binding LOV domains and : L The 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 osvetleni je Cast Photl
bilkoviny uvolnéna do
cytoplazmy.

V kortexu etiolovan¢ho
hypokotylu je Photl bilkovina
prednostné polarizovane
kolokalizovana s Pinl na
priCnych sténach.






Fotoperiodicka indukce kveteni a
biologicke hodiny



{a) Short-day plant

Light Dark Light Dark
s . T TR R R P T e FIUWE’S

Oh 12h 24h 36h 48h

12h

Light pulse Light pulse

{b) Long-day plant
Light Dark Light Dark

Mo flowers
48 h

0h 12h 24h I6h 2 48h

Light pulse Light‘;:-uls.e

Fig. 710 The cttecrs of might-ume light treatments on photoperiodic flowering. Whereas day-
time dark treatments have livde effect on flowering, interrupting nights with brief periods of
illumination can mhibit flowering in short-day plants (a) and can promote flowernng in long-day
plants (b).
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This result is supported and extended by analysis of flowering m mutants

Clock Subjective  Subjective  Subjective  Subjective ~ Subjective | Subjective ; r"@

phase: day  night day  night day | night = —» ﬁ«.

0h 12h 24h 36h ' 48h 60h 72h Floweis

{a) 8h day Darkness

Clock  Subjective | Subjective  Subjective ' Subjective  Subjective  Subjective
phase: day night ; day night day nigh

oh 12h 24h 36h 48 h 60h 72h B Flowers

b
(b) 4h light treatment

Clock  Subjective  Subjective | Subjective  Subjective ' Subjective Subjective
phase: day night day night : day ; night

oh 12h 24h 36h ash 60h 72h Flowers

(c) ,

4 h light treatment
Fig. 711 Regulation of the photoperiodic response to light treatments by the circadian clock in soybean. Sovbean
is 2 SDP that requires several long nights to induce flowering,. {a) The plant can be induced to flower it an 8- hour
day is followed by 64 hours of darkness. The induction is prevented it a 4-hour light treatment is given duning a
subjective night” (b}, but not if the light treatment is given during a subjective ‘day’ (¢). (Dara from Salisbury
& Ross, 1992
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Biological clocks

jsou odolné vuci zménam teploty
« Two concepts associated with
biological clocks
— Free running period
— Entrainment by light

Light
intensity

Hours O 6 121824303642 54 66 78

90
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mRNA
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Obr. 117. Zjednoduené schéma mechanismu negativniho zp&tnovazebného obvodu, ktery je jadrem biologickych
hodin (oscildtoru) rostlin. Sipka od TOC1 a LHY znaé&i aktivaci genové exprese, zaraZzka v opaéném sméru znadi inhi-
bi¢ni pusobeni CCA1 a LHY na transkripci TOC 1. Priibéh kfivek, vyjadfujicich cyklické zmény mnozstvi mRNA téch-
to transkripcnich faktort, ukazuje dvandctihodinovy posun jejich fize.

"Biologické hodiny" tikaji v kazdé bunce rostliny a s vnéj$im €asovym
cyklem komunikuji pfes fytochormovy/kryptochromovy systém.



Transkriptomicka analyza
Arabidopsis ukazala, zZe asi
6000 genu je exprimovano v
diurnalnim rytmu, z toho asi
500 primo v zavislosti na
"centralnim
oscilatoru/hodinach”
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Fig. 712 A maodel tor the p]h:lnpt_‘l'iudic regulation of lowernng in —!.l'grfr;'d.ufn;.rr The phorapern-
odic response is induced by light absorbed by erv2 and phvA. When the circadian clock is in the
day phase, signal transducrion berween these photoreceptors and C0'is blocked. When the clock
ts in the night phase, signal transducrion is allowed, increasing €O expression and inducing
flowering. Henee Hlowering is induced when night length is shorter than the period for which
the gate is open. Arrows accompanied by a *plus’ sign indicate positive regulation.
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Wild-type control 358::CO transformant
(ecotype Landsberg erecta)

na kratkém dnu






Rostlinné "hormony"

= Auxins

= (Gibberellins

= Cytokinins

= Abscisic acid

* Ethylene

= Brassinosteroids
= JA, SA



Plant Hormones: Structure and Effects

Plant Hormones Chemical Structure Functions
auxins Apical bud deminance (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

i development; stimulate ethylene synthesis
indoleacetic acid (IAA)

cytokinins f‘f CH Promote cell division in shoot and root meristems; influence
HN-—CHz—-CZC/ 3 development of vascular tissues; delay leaf aging; promote
“SCH,0H development of shoots from undifferentiated tissue in lab culture
N= N
e,
=™
i
H
zealin
ethylene Promotes ripening of some fruits; promotes leaf and flower
H,C=CH, aging and leaf and fruit drop from plants; affects cell elongation
sthvlene and seed germination; helps plants perceive and respond to
Y 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
NS exchange at the surfaces of leaves
OH
O CH,4 COOH
abscisic acid

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



gibberellins

gibberelic 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
O
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 i aids 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
components
H
HO

Table 12.1 (part 3) Plant Biology, 2/e © 2006 Pearson Education



Signals are

auxin

Receptor
proteins, often
with carbohydrate
sidechains

perceived at the
cell membrane
and transduced
to the nucleus,
resulting 1n a
change 1n gene
expression

blue
light ethylene salicylic acid

One to many 2°
signals:
proteins, ions, or
the morphogens
themselves.

nucleus

The last transducer

growth and
differentiation

phototropism

gene expression

is a gene regulator
turned off and on

protein.

defense
response

defense
ethylene response
growth
response

W/

N A4

Figure 12.2 Plant Biology, 2/e © 2006 Pearson Education



Auxiny



Auxin

CHoCOOH

I
H

Indole-3-acetic acid (1AR)
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Fia. 3. Potential pathways of LAA metabolism. Compounds quantified in arabidopsis are in blue, enzymes for which the arabidopsis genes are cloned are in
red, and arabidopsis mutants are in lower<case italics. Suggesied conversions for which plant genes are not identified are indicated with question marks. A
family of amidohydrolases that apparently resides inthe ER lumen can release [AA from [AA conjugates. LR has specificity for [AA—Leu (Bartel and Fink,
1995), whereas [AR3 prefers [AA-Ala (Davies er al., 1999). Maize (Zm) iaglu and arabidopsis UGTE4B1 esterify [AA to glucose (Szemszen eral., 1994;
Jackson erai., 2001); theenzy mesthat form and hydroly se | AA—peptideshave notheen identitiod, IBA is likely to beconverted to IAA-Co A in a perox isomal
process that parallels fatty acid foxidation to acetyl-CoA {Banel erai,, 20011 [AA can be inactivated by oxidation {ox [AA) or by formation of non-
hydrolysable conjugates { [AA-Asp and IAA-Glu). [AA-amino acid conjugates can be formed by members ofthe GHAJARI1 Family ( Staswick eraf., 2002,
2005). Ox LA A can be conjugated tohexose, and IAA-Aspcan be furtheroxidized (Ostineral., 1998). IAMTI can methylate [AA (Zubicta eral., 2003), but
whether this activates or inactivates [AA is not known. [BA and hydmlysable [AA conjugates are presumably derived from [AA: bicsynthesis of these
compounds may cortribute to LAA inactivation. Formation and hydrolysis of IBA conjugates may also contribute to [AA homeostasis; the wheat (Taj)enzyme
TalAR3 hydrolyses IBA-Ala (Campanclla er ai., 2004,

Hladina aktivniho auxinu je regulovana modifikacemi/konjugacemi -
reverzibilnimi 1 ireverzibilnimi.



Polar transport of Auxin

Plasma membrane

Cell wall Cell \
| | |

\"’"‘f P || | |'| |'| Chemoosmoticka teorie transportu

‘. |\ | \ auxinu potvrzena objevem AUX1
|8, vokovehoaPIN vitokovych
//f /|/ lf_'{\{\ | prenaSeCU a jejich polarni lokalizace.

\ | | Transport jde ovSem také pfe ABC

T M @ transportery (PGP, zavislé na ATP) a
D | “* |

| = || | je mozn4 také sekrece z IAA naplné-
2] tonized fom H+ - "| ")\ nych Vécky jako v pripade neuro-

. . /| . transmiteru.

\ N~ @@J : § e
B e | e

— II‘l
‘ | /—____ —— H"\\I | I|I {
@ Proton pump L /S |! ‘ l

| L |

e ||
| Ry vlb\ﬁ e ||
Auxin carrier |
protein = \_\L+ % | ‘ || I|II ll'.
\I+ |I | | || |

& 1989 Addison Wesley Longman, L Inc.

Y



Auxin - prenos signalu



——————[AA
—=—— 24D
NAA

—s— [BA

Roat length (mm})

0 0-001 001 01
Auxin (uhdy

Fra. 1. Auxins promote lateral oot formation and inhibit oot elongation. Arabidapsis thaliana Cold) ecotype plants were grown on unsupplemented

medium{ Ha ghn and Somerville, 1986) for 6 d, then tmnsferredto unsupplemented medium { A) or medium supplemented with 10nm IAA(B), 100nM 2 4-D

(T3, 100 oM NAA (I or 10 M [BA (E) and grown for & additional days. {F) Plants were grown on various concentrations of nauml and synthetic auxins
for 8 d. Points represent means *+ standard emor, £ = H All plants were grown at 22 °C under yellow light.



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



Fig 4. Ribhon diagram showing the structure of an ABP1 dimer. The
fi-sheets are shown as broad arrows. ABPL is N-glycosylated and some
of the sugar residues are shown at the top of cach monomer. Three
C-terminal residues were not resolved and would extend the w-helices at
the foot of the moleceles. The zinc ion is shown in green. Reproduced
from The EMBQO Jourmal, Vol 21 Noo 12, pp. ZETT-2HES, 2002, with
permizssion from Woo er al (2002), Oxtord University Press.

Auxin Binding Proteinl byl objeven biochemicky je lokalizovan
pfevazné do membrany ER, ale mala frakce "unika" a je aktivni na
povrchu bufky. Pokus s blokovanim reakce protoplastu na IAA protilat.
prokazal jeho podil na reakci na TAA.



Mutanti monopteros(mp) a
bodenlos(bdl)
nemaji koren.

MP koduje Clena ARF (auxin response transcript. factors) rodiny
transkripCnich aktivatorl ARF5. (Prosim neplést! s malymi
GTPazami).

BDL koduje Clena rodiny inhibitorU ARFU AUX/TAA, TAA12.
Tyto bilkoviny se vyznaCuji minutovym poloCasem Zivotnosti.
S ARFy tvori heterodimery a tak blokuji jejich aktivitu. Transkripce
AUX/IAA genu je stimulovana IAA (okamZit€) - tak byly objeveny.



Rada mutantQ s postiZenym
proteasomem (a take CSN) ma
auxinovy fenotyp - byvaji auxin

rezistentni.



Model regulace ARFU AUX/TAA a jejich
auxinem stimulovanou proteolyzou.

LY 144 | AL
Canalization

by PIN4

184

v
Degradation @

ia SCFTIRT A&
complex Dimerization

1P [ |

AuxRE ALKin-response gens

i

Organization of the root
merstam

Currznt Cpinian in Flant Bicloogy

AuxAA and ARF protsins act together to mediate suxin responses in the embryo. Auxin is canalized in the embryonic root by FIM4. When a
cartain awxin concentration is reached BOL-MP heterodimers dissociate. BOL is then degraded via the SCF™™ (Shop 1/ Culiin/F- boxe-Tallinterlaukin
recaptor) comples; wharsas MP buids homodimers that bind to suin+esponsive slements (AuxRE) on the promotars of unknown awin-responsive
genes whose sxprassion thus i turned ‘on’. Comect BOL-MP signaliing is necessary for the organization of the root meristem. The sxprassion
pattemis of MP (ight gray) and BOL {dark gray) ars shown in 2 torpedo-stage embryo.

BDL a dalsi AUX/IAA geny jsou také cilem transkripCni stimulace.



De novo syntéza AUX/TAA
represorld umozAuje potlaCeni
signalu =
atenuaci.

Podobne kinazy funguji jako

pfenaseCe signalu jen diky proti-
pUsobicim fosfatazam.

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



* F-BOX SCF-E3 LIG.
KOMPLEXU TIR1 JE
RECEPTOREM
AUXINU.



TRENDE in Plani Soence

Figure 1. Key staps in the pathwsay of polyubiquitylstion by SCF E3 ligass, which
targets substrate protein and leads to degradsation by the 265 protessoms. [a) Ubi-
quitin (b} is linked via & thioestar bond to the ubiquitin-activeting enzyme {E1}.
Ubiquitin is transferred from E1 to the oysteine of the ubiquitin-conjugating
enzyme (E2}. (b} The SCF E3 ubiquitin ligase {Skp1, cullin, F-box and Bbx1} cats-
lvses the transfer of ubiquitin from E2 to & lysine residue on the substrete protein.
Farmation of & polyubiquitin chain on the substrete protein targets it for degra-

dation by the 265 protezsome.
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Receptorem auxinu je TIR1 a jeho
homology: F-box podjednotka SCF E3
ligazy.

Figure 1. Zwnn Signal Transduction Pathway

Top patel) In plant cells exposed to Little of no aumin, SuwTA L transcriptional repressor proteins remain bound to the ARF (aumn response factor) transcription
factor, and target genes of ausin remain switched off (Bottom panel) When ausin {orange) binds to the TIR 1 awsan receptor, TIR 1 (or its family members, the
ATFEs) strongly nteracts with AusmTA S protems. TIE 1/AFEs are leucine-rich repeat F box proteins, which are part of an 2CF-type E3 ubirquitin igase, containing
ASE 1 (Arabidopsis SKP1-Likel), CTULT {Culinl}, and EBX1 (EING-box protem1). Once azsembled, thiz protemn comples recrits an E2 ubigquitin-conjugating
enzyme, and ther combined action adds ubigquitin molecules (b} to the AuTA S protems, which are subsequently degraded. When AvuxTA S protems bind to
auzmin-modified TIE 1 AFBs, the AFF transcription factor iz no longer repressed, resulting in the expression of target genes required for Arabidopsis embryogenesis
(vellew sihousttes).



A AurRE auxin-regulated
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auxin-regulated

proteasomal
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gene

F1G.4. The SCFT™! relieves Aux/IAA repression of activating ARFs. (A)
An activating ARF protein (green) binds an AuxR E promoter element viaan
N-terminal DNA binding domain (DBD). Under low-auxin conditions, an
Aux/IAA repressor (red) binds the activating ARF via heterodimenzation
between Aux/TAA and ARF domains 11 and IV, (B) Auxin promotes Aux/
IAA domain 11 TIRI association, bringing the Aux/IAA protein to the
SCF™™! complex (purple) for ubiquitination (Ub) and subsequent
destruction by the 268 proteasome. The activating ARF. with a Gln rich
(Q) middle domain. is then freed o promote auxin-induced gene expression.




TIR1 a spol. jsou regulovany
neddylaci/RUB1 modifikaci
a tedy take CSN.
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UBAz-ULA1 Neddylation
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265 Proteasome
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unneddylated culling

E3 ubiquitin ligase naddylation
and CAMDT dissociation

Dagradation substrate ubiquitation
and 265 Proteasomal degradation

Cullin denaddyation and
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Cumrert Cpinion in Flant Biokgy

Gerneral overview of the sukarnyotic ubiguitin-protessoms system. Proteohysis substrates (SUB) are recognized by E3 ubiquitin (U) ligases E3),
examplified hers by an SCF-type E3 complex. Poly-ubiguitylation of the bound substrate also reguires the actiities of E1 ubiquitin-activating
enzymes (E1) and E2 ubiguitin-conjugating enzymeas (E2). Following poly-ubiquitylation, substrates are degraded in the 265 proteasoms [1,3).
The E3 subunit cullin can be modified by MEDDE conjugation (neddylation) [12]. At the biochemical level, ubiquitdation and neddylation ars
highty relsted procssses. Cullin neddylation results in the dissocistion of the cullin-inter acting protein SANDA [13,14,15%]. This procsss may
gllow the culin-REX1 complex to associate with specificity components of the E3, such as SKP1-F-box protein {(FEF) heterodimers. The COF3
signalosomea §55N) = associated with urnaddylated and neddylated cullins [16,17). s C5NS subunit medistes culiin densddylation and may
tharetore play a role in controlling E3 complex formation [16-18). There iz some svidance that CEN interacts with subunits of the 265
protessome [25,74].

NEDD&=RUBI

Abbreviations
ACS

APC/C
BTB/FOZ

CAND1

LAF1
NEDDE/RUB1

phyA
REX1

RGA
SCF
SKP1
BLY1
SPA1

1-aminocychopropans- 1-carbaxylic acid synthase
complex

Bric-a-Brac Tramtrack and Broad Complew/ Pox virus

and Zin finger

CULLIN-ASSOCIATED NEDDYLATION

DISSOCIATED1

CONSTITUTIVELY PHOTOMORFHOGENIC

COPA signalozoms

DB feullin 4 A7X-box

DAMAGED DNA-BINDING PROTEINT

DEETIOLATEDM

ubiguitin-actvating snzyme

ubigutin-conjugating enzyms

ubiquitin ligase

EIN3-BINDING F-BOX

ETHYLENE INSENSITIVES

ETHYLENE INSENSITIVE3-LIKE!

ethpene overproducer?

gibberslic acd

GIBBERELLIC ACID INSENSTTIVE

LONG HYPOCQTYLS

LONG HYPOCOTYLS-LIKE

LONG AFTER FAR-RED LIGHT1

NEURAL PRECUREOR CELL EXPRESSED,

DEVELGPMENTALLY DOWNREGULATED &/

RELATED TO UEIQUITING

phytochroms A

RING-BOX1

REPRESSOR OF gat-2
SKP1/Culiind /F-box protein

SUPPRESSOR OF KINETOCHORE FROTEIN1

SLEEFY1
SUPPRESSOR OF PHYTOCHROME A1



TasLeE 4. Auxin-relared SCF components and SCF-regulatory genes from avabidopsis

Geac Funclion Lass=ol=lunstion phenolype™® Mssay
TIRT Auxin F-box Auxin resistant’ Root elongation inhibition
MPA, CPTY resistant’ Root elongation inhibition
Reduced lateral root number”
Hypocotyl elon; Growth al elevated temperature
Enhances axrd-12 dwarlism®
Enhances cand] dwarfism®
CULIAXRS SCF scaffold Auxin resistant’ Root elongation inhubition
Fmhryo lethal (nuall)®
ASE CLIL 1Bt Aunxin resistant (aski)® Root elongation inhibition
adapter Reduced lateral root number (askl)*
Dweart (ask Iy
Floral abnormalities (askd and askd 1)®
Embryo lethal (aski ask2)®
REX1 CULVED adapter Auxin resistant’ Root elongation inhibition
Heduced lateral root number”
Dwearfism’
MelA resistant” Raoot elongation inhibition
Delayed cold-induced gene expression’ Northern blot
RUBTI RUR2 Tlbiguitin=like Auxin resistant® REoot elongation inhibition
maodifier Reduced lateral root number®
Dwarfism®
Ethylene overproduction® Hypocotyl elongation in darkness, (GO
Embryo lethal (muall)®
AXRL KUB acuvating Anxin resistant” Root elongation inhibition
cnryme Reduoced gra\-juop'_smm Root reoricntation
componsnt Dwarfism (severe alleles)”
MelA resistant’ Root elongation inhibition
ACC resistant'>"* Hypocotyl elongation inhibition in darkness
Enhances copl =4 deetiolation” Growth in darkness
Floral abnormalites™
Delayed cold-induced gens expression’ Morthem blot
ECRT KUB activating Reduced suxin-induced gens Morthern blot of wild-type plants
cnryTme CRPT o transformed with a mutant version of
component Dwarfism™ ECR1
Floral abnormalities'™
RCEI RUB E2 enzyme Auxin resistance'® Root clongation inhibition
Reduced lateral root proliferation Lateral root indection by anxin
Reduced gravitropism'™® Root recrientalion
Dwarfism'™
MelA resistance'® Eool elongation inhibition
Ethylene overproduction' Gas chromatography
Reduced l']l;'p()l:-ﬂt}'l clongation in
darkness
CENS COPY signalosome Auxin resistance’ Root elongation inhibiton
component Reduced lateral root number
Dwarfism’
MelA resistance’ Root elongation inhibition
Delayed coldsinduced gene expression’ Maorthern blot
CANDIAETAZ SCF regulator Auxin resistance™ ' 17 Root elongation inhibition
Reduced lateral rool number®
Dwarfism®
MelA nm'stancg” Root elongation inhibition
ACC resistance”™ Hypocotyl elongation inhibition in darkness
Reduced apical hook ' Growth in darkness
Floral abnormalities!”
ABA resistance’? Root clongation inhibition
Enhanced red light response’” Hypocotyl elongation inhibition
Late Mowering!”
RGTih SCF regulator Auxin resistance'® Eoot elongation inhibiton

Reduc lateral root number'®
MeJ A resistance’®

Root elongation inhibition

*Red, auxin-related phenotypes; blue, ethylene-related phenotypes: purple, jasmonate-related phenotypes: green, Horal development phenoty pes.

"Rucgger er al. { 1998);

TChuang eral. (2004); *Hellmann er ail, (2003 ); *Shen er af {2002); *Gray er al.{ 1999), "Zhao er al. (20032); "Schwechheimer ar af.

{2002); *Bastick ef al. {3004}, Lincoln eral, (1930 ); "“Dharmasin ef al, (20038); " Tinaki and Staswick (2002); "Xu er al. (2002); “Cheng er al. (2004 );

del Poro er al. (2002); "Larsen and Cancel (2004 ); "Gy er al. (2003); ""Feng er al. (2004),



