Light perception




What does a plant see?

Light: y/n Direction Intensity Color Duration
Photomorphogenesis Phototropism Photons /time x area Spectral distribution Day length

Skotomorphogenesis

daytime season
below / above ground flowering time

shade (avoidance)

day / night v




Four photoreceptor systems

- light perception: ~ 260 bis ~730 nm
- perception by eye (max:~ =550 nm)

- cytosolic photoperception vs. photosynthetic
pigments in plastids

- phytochromes

- absorption maxima: red/far-red
- photoreversible
- 2 types of blue light/UV-A-photoreceptors
- phototropins and cryptochromes
- UV-B photoreceptor (UVRS)

- UV-B protection

Uv-B UV-A/Blue Red/Far-Red

UVR8  Phototropins  Cryptochromes Phytochromes
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Chromophores
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1. Phytochromes

photoreversible pigment

Z, syn

Red light changes P, to P;,

Far-red light changes P;, to P,
P;. reverts to P, in the dark

Pr (667 nm) Pfr (730 nm)

0.3 red light
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Photo-/scoto-morphogenesis: classical phytochrome experiment

Dicotyledoneous seedlings

Photomorphogenesis

Hypokotylhaken —»—-—*@

A

Kotyledonen Skotomorphogenesis

- germination is normally light-inducible

- 3 criteria for photomorphogenesis

- hypocotyl elongation

Photomorphogenesis e ':

- hock opening

- cotyledon developmen

-Questions:

- why such a developmental change?

Sinapis alba )

- isolation and characterization of
mutants

SB21.17

- involvement of photorecpetor?




phytochrome controls
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17.6 Phytochromobilin wird in den Plastiden synthetisiert und
in das Cytosol ausgeschleust, wo es mit dem Phytochrom-Apo-
protein zusammentritt. (Nach Kendrick et al. 1997)



phytochrome photoconversion
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17.4 Struktur der Pr- und Pfr-Form des Chromophors (Phyta-
chromobilin). Der Peptidanteil ist (ber eine Thioetherbriicke
mit dem Chromophor verbunden. Der Chromophor erféhrt als
Reaktion auf Hellrot- und Dunkelrotlicht eine cis-trans-lsomeri-
sierung am Kohlenstoffatom 15. (Nach Andel et al. 1997)



Light-lable PhyA and light-stable PhyB

o' 3

dark reversion

degradation

FR

dark reversion

seed germination

seed germination

LHCB induction

floral induction
chloroplast development

hypocotyl growth

seed germination
nucleus LHCB induction

cotyledon expansion

chloroplast development

floral induction
hypocotyl growth




Feedback regulation for Phytochrome A

PHYA gene ’ PHYA mRNA '  PHYA protein accumulates in Pr form in the dark
e LIGHT
Down- - _
regulation ‘I‘Dfr ' ubiquitin’  degradation
Reaction

De-etiolement

The Pfr form of PHYA shuts down expression of its own gene and degrades PHYAfr via
ubiquitin.

No such regulation for PHYB.
PHYB operates preferentially in green plants.

During de-etiolation, control shifts from PhyA to PhyB.



PhyB migrates to the nucleus




Domain structure of PhyA and PhyB

Signalweiterleitung

Phytochrom A/B-Spezifitat

| l
Chromophor
G Ubi
¢ L !
HQN‘_ J i%ii{}}? - COOH
i 1 o 2
]
PESTE
74 kDa 55 kDa
N-terminale Doméne C-terminale Domane
- PhyA/B specificity - dimerisation
- Chromophor binding - ubiquitin binding domain ONLY in PHYA

- signaling domain / interaction partner binding sites



Chl absorbs most of red, but
not far-red light
=>
Plants in the shade: more
inactive Pr

Shade avoidance response of
phytochrome B

above-canopy
spectrum

e

P below-
‘¢ canopy
r\ Spectrum

High RFR

Low R FR



sSpektrum des Sonnenlichtes
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Abb.5.3. Die Bedeutung des Phytochromsystems zur
Messung der Lichtqualitat fur die pflanzliche Entwicklung
im Schatten. Die Funktion des Phytochromsystems be-
schrankt sich nicht nur auf die fridhe Keimlingsentwick-
lung, sondern es milBt auch Lichtqualitaten in der adulten
Pflanze. Dieses MelRsystem ist fur Pflanzen wichtig, die
im Schatten anderer Pflanzen oder dicht neben konkur-
rierenden Pflanzen wachsen, weil es der Pflanze bereits
zu einem Zeitpunkt Informationen Uber die Umwelt lie-
fert, zu dem die pflanzliche Konkurrenz noch keinen di-
rekten Schatten wirft. Die spektrale Zusammensetzung
des eingestrahlten Sonnenlichtes ist im oberen Teil der
Abbildung gezeigt. Unterhalb won 400 nm fallt ver-
gleichsweise wenig Lichtenergie ein, der Abfall der Licht-
energie bei 760 nm wird auf den WasserdampT der At-
mosphare zurtickgefiihrt. Das Licht, das die Pflanzendek-
ke passiert hat, besitzt eine charakteristische spektrale
Zusammensetzung {(mittleres Diagramm). Neben einer
geringen NMenge grinen Lichtes (GrinlGcke) tritt vor-
nehmlich Licht oberhalb 700 nm auf. Der Pfeil verdeut-
licht, dal dieses Licht Pfr im Maximum anregt und das
Gleichgewicht weitgehend in Richtung auf Pr verschiebt.
Eine entsprechende Zusammensetzung hat auch von gri-
nen Pflanzen reflektiertes Licht; es signalisiert einer Pflan-
ze durch die Bildung von Pr in den Seitenblattern die Ge-
fahr des Uberwachsenwerdens. Dieses Phanomen kdnnte
den ,, Randeffekt” in Feldern erklaren, namlich dafi Pflan-
zen im Inneren eines Bestandes einheitlich und deutlich
haher wachsen als am Rand

Shaddow
> Pfr > Pr
»long hypokotyl

» field — plants at the edges
are shorter, because
less shaded (contain
more Pfr)



phytochrome regulates gene
expression

Dark * light transition: > 1500 genes are turned on

Signaling mutants
- Chromophor mutants
(all phytochromes are affected)

- Apoprotein mutants

- loss of function mutants
(e.g. defect in signaling component)
- gain of function mutants

(e.g. constitutive active signaling component)

Phenotype mutant screens

dark phenotype in light
light phenotype in dark



phytochrome signaling from
cytoplasma to nucleus:
Ca?* and cGMP

Experiment 1:

Differentiation,
chloroplast
development

Microinject
phytochrome A
into aurea mutant
cell and illuminate
with red light

Experiment 2:

Differentiation,
chloroplast
development

Microinject cGMP
and Ca®* into
aurea mutant cell




Anthocyane
Lichtschutz

Chloroplastenbiogenese

P+ CAE-GUS
{Ca**-Calmodulin}

Abb.5.8 Ein Modell der Signaltransduktionskette des
Phytachroms. Als Genmarker fiir die Anthocyansynthese
wurde der Chalkonsynthasepromotor {CHS) (5.4.1.5
u.Abb. 4.7) eingesetzt, die Promotaren eines LHC -
{CAB) und NADP-Ferredoxinoxidoreductase-Gens (FNR)
dienten als reprasentative Photosystem-Ii- baw, Photosy-
stemn-l-asscziierte Gene. Untereinheiten der beiden Pho-
tosysterne selbst (PS |, PS Il), des Cytochrom-bf-Komple-
xes (Cyt b/f), der ATP-Synthase (ATPase) und der Ribu-
lose-1,5-hisphosphat-Carboxylase/Oxygenase  {Rubisco)
wurden immuncytochemisch nachgewiesen. Ausgehend
von Pfr, das nach diesen Vorstellungen zumindest tempo-
rar an der Plasmamembran lokalisiert sein mufite, wird
die a-Untereinheit eines heterotrimeren G-Proteins (G
aktiviert. Das fuhrt einerseits zu einer Erhdhung der intra-
zellularen Ca?+-Konzentration, andererseits zu einer Sti-

mulierung der Guanylatcyclaseaktivitit.  Calmodulin
{(CaM} induziert die CAB-Transkription, aktiviert aber
auch andere Photosystem-Il-Gene sowie die Gene fiir die
kleine Untereinheit der Rubisco (rbcS) und fir Unterein-
heiten der ATP-Synthase. Uber cGMP allein wird der Se-
kundarstoffwechsel aktiviert, der zur Synthese der An-
thocyane fihrt. Das Anschalten des fnr-Promotors sowie
der Gene flr Untereinheiten des Photosystems | und des
Cytochrom-b;f-Komplexes ist ¢GMP- und Ca?*-Calmo-
dulin-abhangig. Die Bicgenese funktionsfahiger Chlaro-
plasten erfardert damit die gleichzeitige Aktivierung bei-
der Regulationswege. Inzwischen mehren sich die Hin-
weise, dall der cGMP- und der Ca?*-Calmodulin-Weq
sich gegenseitig negativ beeinflussen (nach Neuhaus u.
Mitarb. und Bowler u. Mitarb.)
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Many phytochrome signaling
components are also involved in
cryptochrome signaling

Blue light Red light

| L | N

DET/COP

Signaling intermediates  F——— proteins

Fhotomorphogenesis

Chloroplast

Wild-type plants det /cop mutanis



Light signaling fits into general
signaling models from eukaryotic cells

Signals

Calcium —g---4» Protein
~ kinases

Response




PhyB migrates to the nucleus

Pfr-form migrates, Pr-form stays in cytoplasm

Active retardation of Pr-form

General principles of distribution of proteins between cytoplasm and
nucleus

- transcription factors
- ,Steroid hormone receptors*

- cryptochromes






Sequestration?

Pr is actively inhibited
to migrate to the nucleus

(de-etiolion: active process) -

Pr —f—— Pfr

Far red

Inactive

Nucleus




Physiological action (a.u.)

Phototropins & Cryptochromes

Different action spectra

Wavelength (nm)
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2. Phototropins

- PHOT1 (low light intensity ) vs. PHOT2 (higher light intensity)

- 3 main functions
- Phototropism
- Chloroplast movement
- Stomata opening
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gene knock-out mutants
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photl
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Chloroplast movement
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Phototropism and auxin

LIGHT




Phototropin and stomata closure

Closed Stomata
K+

) H20
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Phototropin — structure and absorption spectra

Ser/Thr-Kinase
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3. Cryptochromes

- CRY1 (low light intensity ) vs. CRY2 (higher light intensity)

- main functions

blue light perception and control of gene expression
Signaling merges with phytochrome action
Circadian rhythm

Plasi Physied. Uil 121, 1999

5111{ %l’ummaaffﬁt
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Flavonoid biosynthesis pathway

Besides red anthocyanin, flavonoids absorb UV
and have UV-B protective functions.

Marker genes (PAL, CS, Cl, etc.) are light-regulated.

Red (phytochromes)

NG

Blue (cryptochromes)

J
UV-B (UVRS)



CRY1

CRY2

Domain structure
CYP1 and CYP contain pterin and flavin

pterin : flavin
.
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Cryptochromes are present in many organisms
and play a crucial role in circadian rhythm

7

AVAAVATA o

Arabidopsis CRY ¢ Q

Q—

Chlamydomonas CRY 1—Q

Drosophila CRY C Q Q -
Homo sapiens CRY ¢ Q Q -
Pterin Flavin




Cyptochromes originate from photolyases

in prokaryotic and eukaryotic organisms
Structure is similar to cytochromes
Flavin (FAD) and Pterin as chromophores

Photolyases are enzymes for DNA repair after blue-light activation

4
AVAVAVAYA o
Arabidopsis CRY ¢ . O 5 rs o v
Chlamydomonas CRY Q O TSR TR T T IRD

Drosophila CRY C S, Q -
Homo sapiens CRY ¢ . Q -

Typ | Photolyase ¢ . Q )

6-4 Photolyase ¢ . Q )
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(Photolyase)

Photo-reactivation by blue light



Cryptochromes are involved in control of circadian rhythm

Input

(e.g. CYP, PHY
temperature,

nutrients)

In plants and animals

Oscillator

Schrittmacher”
(e.g. PER, TIM,
FRQ, TOC)

Output

response

(e.g. genes,
K+ channels,

phosphorproteins)
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circadian/diurnal control

Length of period (peak 1 > peak 2):

mutants in Drosophila, Neurospora, Chlamydomonas,
Arabidopsis, mice)

per gene in Drosophila:

perl, pers, pera (long, short, arhythmic period)

Temperature compensation: Q;,0.8-1.3

Entrainment: Adjustment of light/dark rhythm by exogenous factors
(e.g. sun light)




General model

2 proteins in cytosol: period & timeless ( )
Interaction via PAS domain

increasingly phosphorylated during the day
transloaction to nucleus

transcriptional repression of the transcription factor genes
clock & cycle

clock und cycle proteins are bHLH dimers via PAS domain:
dimers binds to E box in promoter of per and tim genes and
activate their transcription

Mechanism: feedback loop
Cryptochrome:

Arabidopsis/Drosophila: input signals

mammalians: oscillator component
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An interval timer influences the schedule of moleoular events in the Drosophile dreadian clock.
Transcription of per and tim in the nuclews i5 devven by the combined actson of transcription fadtors CLK and
CYC. The resulting transcr pis move to the cyloplasm where PER and TIM are made. These peofeins rapidly
dssockale into 3 helerodimer and remain & such Tor 3 long pessod of e, The duration of this interval,
which contributes to the long tme constant of the circadhan clock, i set by a PER-influenced interval limes,
Eventually PER and TIM enter punciate oytoplasmic fodi (nol shown) belcre their dissocation from each
other and separate enbry inlo the nucleus. PER then goes on to depress the activity of the CLE-OYC complex,
thereby reducing expresson of per and tim,



4. UV-B photoreceptor
(UVRS8)

Protection against UV-B light
Activation of genes for enzymes involved in flavonoid biosynthesis
Pigments accumulate in vacuole and absorb UV-B

UVRS8 absorbs 280-315 nm, max. 285 nm
no prosthetic chromophore; light sensing (intrinsic to the molecule) with Try-285.
Orthologous genes in all land plants

anthocyanin

No UV: UVRS8 protein as dimer in the cytosol
With UV: monomers that travel to the nucleus
The monomer interacts with COPL1 in the nucleus (like phytochrome and cryptochrome)



UVRS8 structure & function

dimer monomer

Try-285

Inactive dimer Active monomer
- Interaction with COP1

— Gene expression changes
— Acclimation and UV-B tolerance

— Hypocotyl growth inhibition
TRENDS in Plant Sclence

complex with COP1 * signal transduction in nucleus’ complex interacts with HY5 (specific for UV-B
stress) ' transcription of genes involved in UB-B stress tolerance
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Abb. 17.6. Ausbildung von ,Jugendanthocyan® bei der Rose
(Rosa spec.). Die Rotfarbung der jungen Blatter vieler Pflanzen
geht auf die Akkumulation von Anthocyanen in der Vacuole der
Epidermiszellen zuriick. Kilte und hoher Lichtflufl fdérdern
diese Reaktion. Anthocyane absorbieren kurzwelliges Lichtund
UV und schiitzen dadurch das empfindliche Assimilations-
parenchym wihrend des Aufbaus des Photosyntheseapparats.
Anschliefend wird das Pigment wieder abgebaut. Auch die
lichtinduzierte Anthocyansynthese von Keimlingen ist als eine
solche Lichtschutzreaktion zu deuten



Abb. 17.7. Farbvarianten von
Petunienbliiten (Petunia atkin-
siana), die durch konventionelle
Ziichtung (A-D) oder gentech-
nische Transformationen (E-H)
erzeugt wurden; z.B. wurde die
Transformante E durch Einbau
eines antisense-Gens fiir Chal-
consynthase (— Abb. 17.5) in
die Sorte A erhalten. (Nach Hol-
ton u. Cornish 1995)



Basics in plant signal transduction

-general mechanisms
- differences plants/animals



Photosynthetic light
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Three types of receptors regulate signaling accross the plasma membrane

Lo

(A) G-protein-linked receptor

Signal moleculs

Signal molecule

Actvated Activated
G-protein ENEVIMne
(B} Enzyme-linked receptor (C) lon channel-linked receptor
" 5i |
C5—signal ® e Bna
dimer ® maolecule

ﬁntﬂ

-

Inactive catalytic Active catalytic
domain domain



Signaling depends on calcium and cAMP in animals
and cGMP in plants
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Ca signaling is very complex in plants

- Source of Ca (external, internal stores)

- CDPK

- more than 100 Ca-binding pregulatory proteins (network)
- CaCaMK are located in cytoplasm and nucleus

- Differences in Ca signatures determine specifity
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Heterotrimeric G-proteins play a major role in animals, but are less important in plants

Signal-binding site
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Plants: 1 receptor gene, 1 gene for +,2 3 subunits ’ little changes for specificity in signaling
higher specificity

Animals: more genes for the proteins’

more protein combinations’



®— Hormone
Exterior r-—.u’\,/ Receptor pratein

Plasma G protein .
membrane ‘:Ydj;':;w
Cytosol i I e

Gy Gn -

@ Binding of hormone
produces confarmational
change in receptor

Heterotrimeric G-proteins activate the adenylate
cyclase in animals, and
a guanylate cyclase in plants

@ Receptor binds to G,
protein

GDP (@) Binding to receptor induces
a conformational change
GTP in Gy,
GDP hound to Gy, is
replaced by GTF and the

subunit dissociates from Gy,

@ G,,, binds to adenylyl
cyclase, activating synthesis
of cAMP; hormene
dissociates

G, G
ATP  cAMF + PP,
(B} Hydrolysis of GTP to GDP
® P; causes Gy, to dissociate
from adenylyl cyclase and
r\_f-\ bind to G, ____




Plant phospholipid signaling is quite different to animals, (phosphatidic acid,
PLC and PLD, no IP, receptor at ER)

Ca?*is mainly taken up from the cell wall and less from internal stores
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The two component system plays an important role in plant hormone signaling
(histidine kinase & response regulator),
but is not present in animals
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ﬁensqr
omain :
histidine periplasm
kinase
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domain

regulatory
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effector
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AR regulator

responses
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MAPKs play important roles in plant defense

Arabidopsis Mammals
Receptor 95‘ FLS2 E TLR2/4/5/9
Plasma
Kinase membrane
? IRAK kinase
MAPKKK AtMEKK1 MEKK
MAPKK AtMKK4/5 MEK
MAPK AtMPK3/6 JNK/p38/ERK
Transcription
WRKY22/29 Jun/Fos

factor

Defense gene expression

@ Bob Crimi



- Genetic approaches to identify signaling processes in
plants
VS.
- Biochemical analyses of signaling processes in animals
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