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Mepiypaupa TOU HOOAMATOG

* Aopn Kal AsITOupyia TWV QUWTOCUVOETIKWY CUNTTAOKWYV
* TpOTTOI HETAPOPAG NAEKTPOVIWV
* T[lpoocappoyn oTo WG: ATTOPUYN KATAOTPOPWV KI £TTIOIOPOWON
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PWTOOUVOETIKWY GUUTTAOKWYV
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Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complex. Photochemistry and Photobiology. 84: 1349-1358.
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Photosystem Il
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Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complex . Photochemistry and Photobiology. 84: 1349-1358.
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Aopun Kal AgIToupyia TOU UTTEP-CUUTTAOKOU
Photosystem Il — LHCII

TO PS” €|’VG| 'ITO)\U- ﬂ) O'UVTr]pr”JéVOA Alﬂepng 60”" TOU PS”
TTPWTEIVIKO GUUTTAOKO, TTUPAVOC
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ECWTEPIKES TTPWTEIVEG )

higher plants. EMBO reports. 4: 900-905; Reprinted with permission © Annual Reviews Nickelsen, J. and Rengstl, B. (2013).Photosystem Il assembly: From cyanobacteria to plants. Annu. Rev. Plant Biol. 64: 609 — 634.
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Reprinted with permission © Annual Reviews Nickelsen, J. and Rengstl, B. (2013).Photosystem Il assembly: From cyanobacteria to plants. Annu. Rev. Plant Biol. 64: 609 — 634.
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Mwg YiveTal N HETAPOPA NAEKTPOVIWYV OTO

(1) To ewg dieyeipel TNV XAWPOQPUAAN TOU KEVTPOU

avTidpaong P680 ->P680*

(2) HAekTpOVIO euyel atro 1o P680*, aprivel P680*

(pwTO-0EEIdDWON, DIAXWPICHOC POPTIWV)

(3) To NAeKTPOVIO HETAPEPETAI TNV QAIOPUTIVN

(pheophytin-Pheo), dnuioupyei Pheo~
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(5) Q4 Oivel To NAeKTPOVIO OTNV Qp, TTaPAYEl Qg~

PSII:

STROMA

Qg
(4)

()
— QB_

AG

Qa— Qu”
Ye

(3) -
Pheo — Pheo

A®

P680 - P680* — P680*
(1) (2)

Teaching Tools
in Plant Biology™

ideas to grow on

AN INNOVATION FROM THE PLANT CELL

© 2015 American Society of Plant Biologists



[MAaoTOKIVOVN/ TTAOGTOKIVOAN Eival
METOPOPEIC NAEKTPOVIWYV Kal HY

O \2}H+ OH Aidxuon otn AImmidIakn)
HsC 2 e HaC dITTAoCoTIBGOA TTPOG TO
5 Cyt bgf
HsC ~ H HsC = i 6
O CHy 9 OH CHz 9
. : PQH, diaxéeral,
Plastoquinone (PQ) Plastoquinol (PQH,) pgac;ép;g)\ﬁ;?ll-ﬁ
otnv Qg 6éon Tou PSII KQl NAEKTOOVIA.

Plastoquinone (PQ) otnv Qg 6€0n
avayetal oe PQ? - kai Traipvel 2 HY
QTTO TO OTPWHA VIO OXNUOTIOE
PQH, (plastoquinol)

See Cramer, W. A., Hasan, S.S., and Yamashita, E. (2011). The Q cycle of cytochrome bc complexes: A structure perspective. Biochim. Biophys. Acta - Bioenerg. 1807: 788-802.
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To ocuptrAoko €KAuong O, (OEC) gival oTnV EMIQAVEIA
Tou PSI| TTpOog TNV HATPA TOU BUAOKOEIDOUG

2T0 KATAAUTIKO KEVTPO Tou OEC uTrapxel
avopyavo ouptrtAoko Mn,CaO. TTou OIECAYEl TN
MNXAVIOTIKA OUCKOAN avTidpaon Tou V’
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NAEKTPOVIA KAl TTPWTOVIA ATTO TO VEPO YIA VA
oxnuaTtiogl Hoplakod of,uyévo
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Current Opinion in Chemical Biology

Reprinted from Vogt, L., Vinyard, D.J., Khan, S. and Brudvig, G.W. (2015). Oxygen-evolving complex of Photosystem Il: an analysis of
second-shell residues and hydrogen-bonding networks. Curr. Opin. Chem. Biol. 25: 152-158 with permission from Elsevier. Neveu,Curtis
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HAeKTPOVIO HETAPEPOVTAI ATTO TNV TTAEUPA
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Reprinted from Senge, M. O., Ryan, A. A,, Letchford, K. A., MacGowan, S. A., & Mielke, T. (2014). Chlorophylls, symmetry, chirality, and photosynthesis. Symmetry. 6: 781-843
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PwTOVIa OECHEUEI KAl TO CUMTTAOKO OUAAOYNG PWTOG

LHC*Il Trou oxnuaTilel TPIMEPN

*LHC, light harvesting complex = aUUTTAOKO OUAAOYAG QUITOG

‘Eva povopepéc LHCII
OTTAVAKIOU TTEPIEXE! 1
TTOAUTTETTTION0,14 XAWPOPUAAEC,
Kal 4 KapOTEVOEION

O puBbuobc
METAPOPAC
evépyelag armro LHCII
o1o PSII opiletal
QTTO TO YPWC,
TTEPIBAAAOY,
METAPBOAIKN
KAatdoTaon, K.O.K.

LHCII Tpipepn
(TTpGoIvO)
TTEPIKUKAWVOUV
Oiuepn PSII

(Ykpi)

RCII complex {}

LHCII trimer &

LHCIl monomer 4§

Reprinted by permission from Macmillan Publishers Ltd Liu, Z., Yan, H., Wang, K., Kuang, T., Zhang, J., Gui, L., An, X. and Chang, W. (2004). Crystal structure of spinach major light-harvesting complex at 2.72 A
resolution. Nature. 428: 287-292; see also Drop, B., Webber-Birungi, M., Yadav, S.K.N., Filipowicz-Szymanska, A., Fusetti, F., Boekema, E.J. and Croce, R. (2014). Light-harvesting complex Il (LHCII) and its

supramolecular organization in Chlamydomonas reinhardtii. Biochimica et Biophysica Acta (BBA) - Bioenergetics. 1837: 63-72..
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2 UpAoko Cytochrome b f & o KUKAog Q
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Light Light
Cytochrome NADP* + H*
bef oupTTAOKO TTpWHA
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METAQPEPEI NAEKTPOVIO
atro 10 PSII 1o Cyt bf

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complext. Photochem. Photobiol 84: 1349-1358.
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Reprinted from Hasan, S.S., Yamashita, E., Baniulis, D. and Cramer, W.A. (2013). Quinone-dependent proton transfer pathways in the photosynthetic cytochrome bgf complex. Proc. Natl. Acad. Sci. USA 110: 4297-
4302; See also Tikhonov, A. (2013). pH-Dependent regulation of electron transport and ATP synthesis in chloroplasts. Photosynth. Res. 116: 511-534.. Stroebel, D., Choquet, Y., Popot, J.-L. and Picot, D. (2003). An
atypical haem in the cytochrome bgf complex. Nature. 426: 413-418.
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http://www.nature.com/nature/journal/v426/n6965/full/nature02155.html

H TTAaoTOKIVOVN €ival HeETa@OpPEQS dUO
NAEKTPOVIWV Kal T’ a1rodidel oTto Cyt b f

OH
Plastoquinone (PQ) avayetal o€

H3C plastoquinol (PQH,), kai gava-
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HAekTPOVIO & TTPWTOVIA TTEPVAV OTTO TO
Cyt b f p€ow TOU KUKAOU Q (KIvovNng)

1° Mio6 Tou KUKAou Q 2° Mio6 Tou KUKAoU Q AREN Tou KUKAOU
PQH, eAeuBepwvel 2 H* atn ANAN PQH, apnvel 2 akoun H* otn uAtpa, 1 e
unTpa, 1 e-otnv PC ki1 1 oto otnv PC. PQ, 2 e kai 2 H* avatrapayouv PQH,,
Cytbef, n PQ yupiCel ato PSII TTOU €TTaVaAaUBAvElI TOV KUKAO
Cyt bgf H*
pQ @ } PQ 2
(o] ¢

PSII
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~
-——
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\\ @ f / 6
\\\ ) H
\‘ ]
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Aopun Kal AsiIToupyia Tou
wTtoouoTnuatog | — LHCI ouuTtTAOKOU

PSI Reaction Center
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120z 1o HAEKTPOVIO HETAKIVOUVTAI OTTO TO C
bsf ato PSI pe Tnv plastocyanin (PC)

N 10 Cyt Ce(UKN)

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complext. Photochemistry and Photobiology. 84: 1349-1358
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PSI gival TTOAU-TTPWTEIVIKO OUMTTAOKO ME,
TTOAAEG XPWOTIKEG

PSI pe 17 TTpwreivec-
UTTOMOVADEG
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TTPOCOETIKEG OUADEG, Lhcal ) r 1‘
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| —— 185 A —]

Reprinted from Amunts, A. and Nelson, N. (2009). Plant photosystem | design in the light of evolution. Structure. 17: 637-650 with permission from Elsevier
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Aopun Kal aAucida HETAPOPAG
NAEKTPOViIWV TOU PwWTOCUCTAHMATOCG |

To NADPH
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5 76
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Chlorophyll

2 uutTrAoko PSI: gaivovrail Plastocyanin/ T ¢§
Ol TIPWTEIVEG Kal N TTAQOTOKUQVIVN
aAuCida PETAPOPAC
NAEKTPOVIWV

Reprinted by permission from Macmillan Publishers Ltd Jordan, P., Fromme, P., Witt, H.T., Klukas, O., Saenger, W. and Krausz, N. (2001). Three-dimensional structure of cyanobacterial photosystem I at 2.5 A resolution. Nature. 411: 909-917, ©
2015 David Goodsell & RCSB Protein Data Bank See also . Amunts, A., Drory, O. and Nelson, N. (2007). The structure of a plant photosystem I supercomplex at 3.4 A resolution. Nature. 447: 58-63
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http://www.nature.com/nature/journal/v411/n6840/full/411909a0.html
http://www.nature.com/nature/journal/v447/n7140/full/nature05687.html

2TO QUTA, TO PSI TTEPIKAEIETAI OTTO
MNVIOKO CUMTTAOKWYV LHCI

Katown tou PSI-LHCI
OUMTTAOKOU QTTO TN UATPO TOU
BuAako&gIdoUg

MNpwrteiveg

Chlamydomonas
2 oeipég LHCI

MTTICEAI
1 og1pd LHCI

Lhcad

Reprinted from Mazor, Y., Borovikova, A. and Nelson, N. (2015). The structure of plant photosystem | super-complex at 2.8 A resolution. eLife. 4: €07433. Minagawa, J. (2013). Dynamic reorganization of
photosynthetic supercomplexes during environmental acclimation. Front. Plant Sci. 4: 513.
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http://journal.frontiersin.org/article/10.3389/fpls.2013.00513/full

H @epedOCivN METAPEPEI NAEKTPOVIO NECW
TnG ferredoxin:NADP* reductase (FNR)

From
PSI

e

)

Ferredoxin »), N f ’}‘
"l F 4 I
mowrein | | 5 S : R
’ - y NADP* NADPH
\FezSz Y,

Avnyuévn Fd ptropei va
Owoel NAEKTPOVIA KAl O€
aAAa Eviupa

Reprinted from Mulo, P. (2011). Chloroplast-targeted ferredoxin-NADP+ oxidoreductase (FNR): Structure, function and location. Biochim. Biophy. Acta (BBA) - Bioenergetics. 1807: 927-934 with permission from Elsevier.
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Aopun kal Asitoupyia tng ATP cuvlBdaong

To ATP culeuyvuel TNV attooRean TNG TTPWTOVIO-KIVNTIKIS duvaung ue ouvBeon ATP

ATP
Synthase

ATP

ADP+Pi/

H+
H* H+ H*
H* Thylakoid lumen

Daum, B., Nicastro, D., Austin, J., McIntosh, J.R. and Kiihlbrandt, W. (2010). Arrangement of Photosystem II and ATP synthase in chloroplast membranes of spinach and pea. Plant Cell. 22: 1299-1312.
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ATP synthase gival 1O «TTEPICTPOPIKI
MNXOvA» ME TTOAAEG UTTOMOVADG

H F, uttopovada
EXEI TPEIG a, TPEIG
B uttopovAadEg,
KAl OTTO dia aT1To
Y, O, Kal €.

Mnxaviopog TTePIOTPOPNS TNG
ATP ouvBdong Video link

ATP
v H'
e
o M
. U'ITOI.JOVdéG: 10 — 15 H* Thylakoid lumen
UTTOPOVADEG C
oxnuartidouv dakTUAIo Pon nAekTpoviwv péow Tng
uéoa oTn PePBPAvN Tou | | TTEPICTPEPEI TNV KEVTPIKNA
. BuAakoegldoUg UTTOMOVADA-KOPUO ONUIOUPYWVTAG
Reprinted by permission from Macmillan Publishers Ltd: from Abrahams, J.P., Leslie, A.G.W., Lutter, R. and Walker, J.E. ( pOTITI] TTOU WOEi Tmv o uvBeo n ATP 0:
621-628.; Seelert, H., Poetsch, A., Dencher, N.A., Engel, A., Stahlberg, H. and Muller, D.J. (2000). StrUCtUral DIOIOgY: PrOLOl. psewrue vusmsres e se porsmsss s svsare s semeans e rarare s s s anrans sy e sarens s-rsey e ydOL).

The structure of the chloroplast F,-ATPase at 3.2 A resolution. J. Biol. Chem. 276: 1345-1352.
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2uvoyn: Aopun kai AsiToupyia
PWTOOUVOETIKWY GUUTTAOKWYV
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NADPH
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ATP Synthase
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O1 TTpooTTaBeIEC TTOAAWYV £peUvVNTWY, ETTI TTOAAG £T1, ATTOKAAUWAV TIG
AETTTOPEPEIC OOUEC KAl TOUG JNXAVIOHOUG KABEVOS TWV QWTOOUVOETIKWV
OUMTTAOKWV Padi hE TIC TTPWTEIVEC, KI EKATOVTADEC XPWOTIKES Kl
OUMTTOPAYOVTEC TTOU TIG ATTAPTICOUV.

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complex. Photochemistry and Photobiology. 84: 1349-1358.
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0O00i HETAWPOPAC NAEKTPOVIWV
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KATaAAyouv OTO

NADPH

Xpnaon: PSII, Cyc bgf,
and PSI

Mapaywyr) NADPH kai
profeta ﬁﬂvﬂ" 2 ATP
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H,O

KukAIkf puetagopa (CET)

HAekTpOVIO peTApEPOVTAI
KUKAIKQ, OEV TTOPAYETAl
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Xpnon: Cyc bgf and PSI
Mapaywyn pmf yia ATP
ouvBeon

H+

HAekTpOVIO peTagpEpovTal
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000i HETAPOPASC NAEKTPOVIWV

LET (Z-scheme) atroteAei gia atro Tig duvatég 0d0Ug. H pévn mrou mrapayel NADPH, GAAeg 0doi ptropouv
va mrapdyouv ATP Kal V' aTTOTPETTOUV QWTO-ETTAYWHEVES BAARBEG

NADPH
Light
NADP* + H*
gR ) 85—
¥5te
=N N \
e,
};2. o "
,f' b ‘s : v
i 0
Crag

X e O kUkAog water-water
4H* cycle eikaetal ot dpa
PWTOTTPOOTATEUTIKA

1120, + 2H+* Cyclic electron transport

(CET) 1copporTrei cuvBeon
ATP ka1 NADPH ka1 dpa
PWTOTTPOOTATEUTIKA

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complext. Photochem. Photobiol. 84: 1349-1358.
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LET. Flow of electrons from H,O to PSI|
to Cyt b,f to PSI to NADPH

H,O —» PSIl - PQ — Cyt bsf > PC ->PSI » Fd - NADP* - NADPH

Ferredoxin

e G
G

Plastoquinone
ZHZO—{P G
O,

4 H*

Plastocyanin
Cytochrome
bef complex

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complex . Photochem. Photobiol. 84: 1349-1358.

Photosystem Il Photosystem |

Teaching Tools
in Plant BlOlOgy'"‘ AN INNOVATION FROM THE PLANT CELL © 2015 American Society of Plant Biologists

ideas to grow on


http://onlinelibrary.wiley.com/doi/10.1111/j.1751-1097.2008.00444.x/full

2ToIXEIOMETPIO TNG LET @wToouvOeong

6. The Calvin-Benson
cycle requires 3 ATP
kal 2 NADPH yia 1

1. MNa kBavTiki atrédoon carbohydrates
0.8, yIa KABe 5 pwToVIa ' 2... 4 e yIa f

TToU deapelel To PSII, 4 avaywyn

e~ ymaivouv otnv LEF | 2 NADP*™ o,

atro 1o PSII. .. + 2H"o¢
NADPH... AN

5. ATP synthase
Traipvel 14 H* yia
ouvBeon 3 ATP

- 1 o T~ ~ ~
5 photons g N _ 5 photons
Yy ¥ le™s. |4¢ 11747

synthase

(c subunit), ,

3... Kal 4 H* divel N 2n.
ogeidwaon Tou H,O 7. Atraitouvral 2 H*
emTAeOV (atro CEF) yia
4. Ta 4 e armo 10 PSII - va AEITOUPYNOEI O KUKAOG
HETa@EPOUV 8 HT oTn Calvin-Benson

MNTPA KATA TOV KUKAO Q

Minagawa, J. (2013). Dynamic reorganization of photosynthetic supercomplexes during environmental acclimation. Front. Plant Sci. 4: 513.
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2TNV KUKAIKN HETAPOPA, NAEKTPOVIA
TeEPVAVE atro To PS| oTo Cyt bf

[MpwToVIa
METAQPEPOVTAI OTN
unTpa (yia cuveeon
ATP) aAAa dEv
TTapayetal NADP*,
‘Eto1n CET
aAAdadel To Adyo
TWYV TTOPAYWMHEVWV
ATP to NADPH o€
ouUyKpIon ME TV
LET. Etriong dpa
PWTO-
TTPOCTATEUTIKA.

hot
ste
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cyclic electron transport
around photosystem |

electron
transport

H* H*

cyanin

H+
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ferredoxin

/ NADP* .
|

hot:
yst
l 3

__» ATPase

Reprinted from Shikanai, T. (2014). Central role of cyclic electron transport around photosystem | in the regulation of photosynthesis. Curr. Opin. Biotechnol. 26: 25-30 by permission from Elsevier..
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Ymrapyouve 2 Tpotrol CET

(1) PSI > Fd 5PQ - Cyt bef »PC —PS|

(2) PSI > Fd ->NADP* - PQ — Cyt b /f -PC —»PSI

To oxnua 1 armaitei 1i¢ PGRS5
(PROTON GRADIENT
REGULATEDS) and PGRL1

(PGR-LIKE1) 2T0 OXNMO 2 GUPMETEXEI N
NAD(P)H dehydrogenase (NDH)

Reprinted from Shikanai, T. (2014). Central role of cyclic electron transport around photosystem | in the regulation of photosynthesis. Curr. Opin. Biotechnol. 26: 25-30 by permission from Elsevier..
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O KUKAOG veEPOU-VEPOU gival HIA ETTITTAEOV
000G HETAWPOPASC NAEKTPOVIWV

H,O —» PSIl > PQ —» Cyt b ,f »PC —» PSI - O, »H,0, - H,0O
SOD APX

O, o« 0,7 —> HO, —> H,O
@ @ SOD = superoxide
dismutase
@ APX = ascorbate
peroxidase

[ ‘Omtwg otnv CET, 0 KUKAOG vePOU-
vepou trapayel ATP 6x1 kart NADPH.
2 HZO —§§6 @ 2UvnOwg Opa Aiyo PETA TNV PETABAON
02 QTTO TO OKOTAdI OTO PWG, OTAV TO
4 H* avaywyikd NADPH dgv
KaTavaAAwVETal TTAAPWGS PEXPI va
@Bdaocel 0 KukAog Calvin Benson otnv
MEYIOTN TaXUTNTA TOU

Cytochrome Photosystem |

bef complex

Reprinted by permission from Baniulis, D., Yamashita, E., Zhang, H., Hasan, S.S. and Cramer, W.A. (2008). Structure—Function of the Cytochrome b6f Complext. Photochem. Photobiol. 84: 1349-1358.
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2uvouyn: NapaAAayEg oTnv aAucida
METAPOPAG NAEKTPOVIWYV
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H,O eival o 861ng
NAekTpoviwv kai To NADP* o

eI TEAIKOG OEKTNG.
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(water-water - z
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Linear et P > H,0 n)’\sKTpowan\I/cxKu KAWVOVTOI
Stroma transport transport S, MECW TOU :
............ =5
2TOV KUKAO vEPOU-VEPOU
..................................................... NAEKTPOVIA ATTO TO VEPO
Lumen avayouv O, maAl o€ H,0.
2 . . .
...'lll--l-lununl;--:‘l’--nn----ll----l-----l"“‘ @plaStquinone

e plastocyanin

H oxeTiki TTpoo@popa KABe odou e€apTaTal
QTTO TNV METARBOAIKN TTPOC@OPA Kal {fTnon
yia ATP kai NADPH
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Atrouyn Ki £mid10p0won BAABNG:
TTPOCOPMOYN OTOV UTTEPLOAIKO QWTIOUO

YTTEPBOAIKOC PWTIONAS
= KATAOTPEPE! TA
w 8 }9(4 PWTOOUVOETIKA OUMUTTAOKA
\o Q e 4
&3 2 ‘
O .
i § & I5avikég ouvOnRKE
3
S
> € XAUNAO _________________
PWTIOUO, TO QWG ;
gival 0 I H peTaBoAikni kai

TTEPIOPIOTIKOG

TTAPAYovTaG TNG
pwToouvBeong

(PUOIOAOYIKN KATACTAON
TOU uUTOU R/Kal Tou
KUTTApoOU KaBopilouv
TTOTE TO PWG EIvVal
UTTEPBOAIKO

‘Evraon wTtoég >

Adapted from Li, Z., Wakao, S., Fischer, B.B. and Niyogi, K.K. (2009). Sensing and responding to excess light. Annu. Rev.Plant Biol. 60: 239-260.
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YTTEPOIEYEPON TWV PWTOCUCTNHATWYV
TTPOKAAEI PWTO-0EIOWTIKNA BAGRN

Me QWTIOHO N XAWPOPUAAAN
@Bdavel o€ KATaoTaon AtrAnG

diEyepaong LChl*, 1Chr*
H 1ChI* xavel evépyeia: 1 i Ne B NPQ
P | dwroxnuIKE 3T %Q
L oo o o5 e,
- (.L)T X ]
E (e.g., heat, NPQ) damage«102*‘)\‘ F SHHctel change
\
\
EvaAAakTIKG, peTaBaivel o€ _ | j oat
SIEyEPUEVN KATAOTAON TPITTAETOC Fhiotosynthicsis chi
3Chl* TTou ptTOpEi VO PETAPEPE] ?
EVEPYEIQ OT 0Euyovo,

TTAPAYOVTAC OPACTIKEG NOPPES
(ROS), o1 o110ieC TTPOKAAAOUV
BAGBEC OTA PWTOCUCTAMATA.

Reprinted by permission from Macmillan Publishers Ltd Demmig-Adams, B. and Adams, W.W. (2000). Photosynthesis: Harvesting sunlight safely. Nature. 403: 371-374.
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YTTapXOouV OTPATNYIKEG TTPOCTACIOC VI
atropuyn BAABNG atro UTTEPLOAIKO PWTICHO

Meiwon TNS ATTOPPOPWHEVNG EVEPYEIAS

TTPOCAPUOLOVTAC DUVAUIKA TA
OUOTHMOTA KEPAIQG

TpOTTOTTOINCN TWV PINXAVICUWV
aTTEAEUBEPWONG EVEPYEIOG 0DYNYEI O
XAWpPwon Kal 6avaTo TwV QUTWV.

Antenna comple

T ATTeAEUBEPWON
EVEPYEIOC WG
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ATtToTogivWwaon OpACTIKWY HOPPWV
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UTTEPPBOAIKN) QWTEIVH evépyela (TT.X.,
TTaPAywyrn avTioZEIdWTIKWV)

o, ZEaxanthin<w
Ceacavlivn

HO

J

Li, Z., Ahn, T.K., Avenson, T.J., Ballottari, M., Cruz, J.A., Kramer, D.M., Bassi, R., Fleming, G.R., Keasling, J.D. and Niyogi, K.K. (2009). Lutein accumulation in the absence of zeaxanthin restores nonphotochemical
quenching in the Arabidopsis thaliana npgql mutant. Plant Cell. 21: 1798-1812. Havaux, M. and Niyogi, K.K. (1999). The violaxanthin cycle protects plants from photooxidative damage by more than one mechanism.
Proc. Natl. Acad. Sci. USA. 96: 8762-8767; Adapted from Li, Z., Wakao, S., Fischer, B.B. and Niyogi, K.K. (2009). Sensing and responding to excess light. Annu. Rev.Plant Biol. 60: 239-260
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Top view
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Side view
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S 1 e
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L\ .
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VA JEIWOOUV TOV
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Oikawa, K., Kasahara, M., Kiyosue, T., Kagawa, T., Suetsugu, N., Takahashi, F., Kanegae, T., Niwa, Y., Kadota, A. and Wada, M. (2003). CHLOROPLAST UNUSUAL POSITIONINGL is essential for proper
chloroplast positioning. Plant Cell. 15: 2805-2815. Donald Hoburn; Walter Siegmund; Kristian Peters
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Mpoocapuoyn HECW aAAaywyv oTNV
OTOIXEIOMETPIO TWV PWTOOCUCTNHATWYV

XaunAd ewg:
[MeploodTepa
ouoThHUaTa
QWTOOUAAOYNG
(LHCII)

Y@nAd @uw:
Augnuevn
PWTOOUVOETIKN
IKAVOTNTA
(TrepioocoTepa PSI
Kal I, K.A.1T.)

Kal QWTOTTPOCTACIA
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Relative content (mol Chl™")

LHC Il PS Il cyt f PS | Rubisco

2UOTATIKA TWV XAWPOTTAACTWY OXETIKA JE TNV OUVOAIKA
TTOoOTATA XAWPOPUAANG o€ Arabidopsis peyaAwpéEVo O€
XauNAS (Maupol pdRdol) A uwnAd (Aeukoi paRdol) PWTIOUO.

Reprinted by permission from Walters, R.G. (2005). Towards an understanding of photosynthetic acclimation. J. Exp. Bot. 56: 435-447.
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H utrepBoAIkn evépyela oKeOALETAI HECW
MA-@WTOXNMIKWYV punxaviopwy (NPQ)

1Ch|* Mn-pwToXNMUIKA
\ améoBeon/

Non-photochemical
quenching (NPQ)

Photon

“Mn pwTtoxnuIkA attéoBeon’

— lvetal pe apkePOUS TPOTTOUG:

Chl ME APKEPOUG TP S
gE = AmmooBeon pe datravn evépyelag: KUKAoG EavBopuAwv
gT = ANayr KataoTaong ewToouoTNUATwy: AAAayr oTn
dlauopewaon Tou LHCII
gl = dwToavaoToAr: PwTo-£TTAYWHEVN EAATTWON TNG
KBavTIKNG atrddoong wg atrotéAeoua BAaBwy oTa
PWTOOUCTAMATA.
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Atroofeon pe datravn evépyeilag (QE)
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KUKAOG SavOoUAAWYV:. QVTIOTPETTTAH
METOATPOTTI KOPOTEVOEIOWYV

Stroma Thylakoid Membrane Lumen
Zeaxanthin Violaxanthin
epoxidase de-epoxidase
b :
(ZE) - Violaxanthin (VDE)
ZE | » VDE
OH
NADPH + O, S AN - Ascorbate
pH =7.0 HOT ~ v - ‘ pH =5.2
Antheraxanthin
ZE VDE
= . ~OH
IARAAARA NN 1) YwnAo ewg/ xaunAoé pH
HO _ . erayouv VDE, TTou KATAAUEI
Zeaxanthin

TNV PJETATPOTIA BioAagavBivng
oe Ccacavoivn.

2) XapnAo ewc/ upnAoé pH
eTayouv Tnv ZE, TT0U
QVTIOTPEPEI TNV avTidpaon.

Hieber, A.D., Kawabata, O. and Yamamoto, H.Y. (2004). Significance of the lipid phase in the dynamics and functions of the xanthophyll cycle as revealed by PshS overexpression in tobacco and in-
vitro de-epoxidation in monogalactosyldiacylglycerol micelles. Plant Cell Physiol 45: 92-102 by permission of Oxford University Press.
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Zeagavliveg TTpowOoUvV OOMIKEG
METORBOAEC & ATTWAEIO OEpUOTNTAG
Low light High light

2uocowpeuon CeacavOivng (Aoyw
evepyoTtroinong VDE) avadiopyavwvel
Ta LHCII ka1 PSII (RCIIl ora oxnuara),
WOTE VA JEIWOOUV TNV METAPOPA
EVEPYEIQC oto PS I

RCIl complex U
LHCII aggregate
LHCII trimer ’

LHCIl monomer g Violaxanthin ==
Zeaxanthin =

Car S Chl Ch|réJ Car \S[rr‘ Chl Chlf)
Chl  Chl Chl
Car Savs Chlw “<h

Chl Chl ' > oh™w Chi
Car S Chl Chlﬁ Quenching

T Car ‘Sl“w_ Chl ;Ch?ﬁ
Pigment pool of PS || _ excitonic Pigment pool of PS I
interactions

O1 OOUIKEC AUTEG
aAAayEC TTPOKOAOUV
MEYAAUTEPN ATTWAEIQ
EVEPYEIOC WC BepudTNTA

Reprinted with permission from Ruban, A.V. (2015). Evolution under the sun: optimizing light harvesting in Photosynthesis. J. Exp. Bot. 66: 7 — 23; Miiller-Moulé, P., Conklin, P.L. and Niyogi, K.K. (2002). Ascorbate
Deficiency Can Limit Violaxanthin De-Epoxidase Activity in Vivo. Plant Physiol. 128: 970-977.
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H (sagavOivn Kai AouTteivn dOpouvV Kal WS
AVTIOCEIOWTIKA OTNV QPWTOTTPOCTACIA

”"“r““ Chlamydomonas pe petaAAdyuara 1Tou
carotene TTapeUTTOdi(OUV TNV TTAPAYWYN TNG

| CeacavBivnc kai AouTeivng eivail
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Niyogi, K.K., Bjérkman, O. and Grossman, A.R. (1997). The roles of specific xanthophylls in photoprotection. Proc. Natl. Acad. Sci. USA 94: 14162-14167.

Teaching Tools
in Plant Biology™ AN INNOVATION FROM THE PLANT CELL © 2015 American Society of Plant Biologists

ideas to grow on



http://www.pnas.org/content/94/25/14162.full

H ogc1doavaywyiki KATAOTACT TWV KIVOVWYV
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Rosso, D., Bode, R., Li, W., Krol, M., Saccon, D., Wang, S., Schillaci, L.A., Rodermel, S.R., Maxwell, D.P. and Hiiner, N.P.A. (2009). Photosynthetic redox imbalance governs leaf sectoring in the Arabidopsis thaliana
variegation mutants immutans, spotty, varl, and var2. Plant Cell. 21: 3473-3492.
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Minagawa, J. (2013). Dynamic reorganization of photosynthetic supercomplexes during environmental acclimation. Front. Plant Sci. 4: 513.
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Nagy, G., Unnep, R., et al.. and Minagawa, J. (2014). Chloroplast remodeling during state transitions in Chlamydomonas reinhardtii as revealed by noninvasive
techniques in vivo. Proc. Natl. Acad. Sci. USA 111: 5042-5047. See also Unlii, C., Drop, B., Croce, R. and van Amerongen, H. (2014). State transitions in
Chlamydomonas reinhardtii strongly modulate the functional size of Photosystem Il but not of photosystem I. Proc. Natl. Acad. Sci. USA 111: 3460-3465.
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Reprinted by permission from Takahashi, S. and Murata, N. (2008). How do environmental stresses accelerate photoinhibition? Trends Plant Sci 178-182.
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Reprinted by permission from Nath, K., Jajoo, A., Poudyal, R.S., Timilsina, R., Park, Y.S., Aro, E.-M., Nam, H.G. and Lee, C.H. (2013). Towards a critical understanding of the Photosystem Il repair mechanism and its
regulation during stress conditions. FEBS Lett. 587: 3372-3381.
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Reprinted with permission from Rumeau, D., Peltier, G. and Cournac, L. (2007). Chlororespiration and cyclic electron flow around PSI during photosynthesis and plant stress response. Plant Cell Environ. 30: 1041-1051. See
also Nawrocki, W.J., Tourasse, N.J., Taly, A., Rappaport, F. and Wollman, F.-A. (2015). The plastid terminal oxidase: Its elusive function points to multiple contributions to plastid physiology. Annu. Rev. Plant Biol. 66: 49 -74.
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Reprinted with permission from Allahverdiyeva, Y., Suorsa, M., Tikkanen, M. and Aro, E.-M. (2015). Photoprotection of photosystems in fluctuating light intensities. J. Exp. Bot. 66: 2427-2436. Zhang, P., Eisenhut, M., Brandt, A.-M., Carmel, D.,
Silén, H.M., Vass, L., Allahverdiyeva, Y., Salminen, T.A. and Aro, E.-M. (2012). Operon flv4-flv2 provides cyanobacterial photosystem Il with flexibility of electron transfer. Plant Cell. 24: 1952-1971.

Teaching Tools
in Plant IOIOgY"‘ AN INNOVATION FROM THE PLANT CELL © 2015 American Society of Plant Biologists

ideas to grow on


http://jxb.oxfordjournals.org/content/66/9/2427
http://www.plantcell.org/content/24/5/1952.abstract
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Reprinted with permission from Schéttler, M.A., Téth, S.Z., Boulouis, A. and Kahlau, S. (2015). Photosynthetic complex stoichiometry d KL,J K AO U Ca|V| n - B e n SO n .
the cytochrome bgf complex. J. Exp. Bot. 66: 2373-2400.
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Adapted from Jahns, P. and Holzwarth, A.R. (2012). The role of the xanthophyll cycle and of lutein in photoprotection of Photosystem 1. Biochim. Biophys. Acta Bioenergetics. 1817: 182-193. Dietz, K.-J. (2015). Efficient high light
acclimation involves rapid processes at multiple mechanistic levels. J. Exp. Bot. 66: 2401-2414. Erickson, E., Wakao, S. and Niyogi, K.K. (2015). Light stress and photoprotection in Chlamydomonas reinhardtii. Plant J. 82: 449-465.
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Nature Reviews | Molecular Cell Biology

Reprinted with permission from Macmillan Publishing Ltd from Jarvis, P. and Lopez-Juez, E. (2013). Biogenesis and homeostasis of chloroplasts and other plastids. Nat Rev Mol Cell Biol. 14: 787-802; see also Dietz, K.-J. (2015). Efficient high
light acclimation involves rapid processes at multiple mechanistic levels. J. Exp. Bot. 66: 2401-2414I Chi, W., Sun, X. and Zhang, L. (2013). Intracellular signaling from plastid to nucleus. Annu. Rev. Plant Biol. 64: 559-582; Estavillo, G.M., Chan,
K.X., Phua, S.Y. and Pogson, B.J. (2013). Reconsidering the nature and mode of action of metabolite retrograde signals from the chloroplast. Frontiers Plant Sci. 3: 300.
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TRENDS in Plant Science
Reprinted from Takahashi, S. and Badger, M.R. (2011). Photoprotection in plants: A new light on Photosystem Il damage. Trends Plant Sci. 16: 53—-60. with permission from Elsevier
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H pwTtooUuvOeon TTPETTEI V' AVTATTOKPIVETAI OTNV
KOATAOTAOT AVATTTUENG & KATATTOVNONS TOU (PUTOU

STRESS

oT0 €TTiITTED0 OAOKANPOU TOU PUTOU, O€
ox€on WE TNV €TTidpAcn TNG avATITUENC,
KATATTOVACEWYV, NAIKIag, avaykn yia
PWTOOUVOETIKA TTPOIOVTA Kai OAOU TOU
AAANOUC TTOPAYOVTEG TTOU TNV ETTNPEACOUV.

Tom Donald; Tom Donald; See Allahverdiyeva, Y., Battchikova, N., Brosché, M., Fujii, H., Kangasjirvi, S., Mulo, P., Mdhénen, A.P., Nieminen, K., Overmyer, K., Salojarvi, J. and Wrzaczek, M. (2015). Integration of
photosynthesis, development and stress as an opportunity for plant biology. New Phytol. 208: 647-655; FEMA
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