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schopni nabizené $ance vyuzit a objektivnim vyjadfenim toho je pres
30 kvalitnich publikaci v mezinarodnich ¢asopisech naseho ustavu
v roce 2005.

Kolegové, ktefi nam s projekty pomahali, jsou z laboratofi v Treboni,
Ladislav Nedbal, ktery se mnou potom pokladal zaklady Akademického
a univerzitniho centra Nové Hrady, Jifi Masojidek a Jifi Kopecky, ktefi
vedou Laboratoi biotechnologie a na nichz spociva nejvétsi tiha
budovani biotechnologického inkubatoru ,Centrum biologickych
technologii“ v Novych Hradech. Dale Josef Komenda, Ondfej Prasil,
Michal Koblizek, Martin Tichy a cela fada studentd a dalSich
spolupracovniku.

Z Ceskych Budéjovic musim opét pfipomenout tragicky zesnulého
Pavla Siffela, ktery, jako vyjime¢né tvrdohlavy experimentalni fyzik,
doved| nékteré biologické problémy na hranici, ktera by mohla vest i ke
skuteénému pochopeni jejich podstaty. Véta ,tomu ja nerozumim®
znamenala ve skuteCnosti, ,tak to teda opublikujte, ale ja si ve
skute¢nosti nemyslim, Ze je to hotové". Bohuzel naladéni svétové védy
takovym koleglm nepfeje a ja si nejsem jist do jaké miry my se s jeho
odkazem vyrovnavame. NejvétSi pomoc a oporu jsem po celou dobu
mél v osobé FrantiSka Vachy, o némz jsem vzdy védél, ze mi, byt se
stejné zatatymi zuby jako byly ty moje, bude pomahat v reSeni
administrativnich problému, které meély casto jen velmi vagni oporu
v objektivni realité. Z dalSich kolegi musim podékovat Jané
Nebesarove, lvané Kuté Smatanove, ktera ma nejvétsi podil na vysoké
kvalité a mezinarodnim uznani naseho vzdélavani na Novych Hradech,
Michalovi Kutéemu a dale vSem studentim a technickym pracovnikim
ktefi s nami spolupracovali.

Na Novych Hradech se Castecné vytvofil tym zcela novy, ¢astecné se
na nas$i praci podileli kolegové zminéni v pfedchozich odstavcich.
Velkym organizacnim dilem se na nasich vzdélavacich aktivitach podili
Karel Rohacek. Rudiger Ettrich, ktery prisel pozdéji, je kliCovou osobou
v rozvoji vypocetni chemie a predevsSim diky nému se nase centrum
ziskalo opravdu mezinarodni vyznam a uznani. Martinu Zackovi, Jifimu
Pichovi, Petru Kohoutovi a Vitézslavu Bfezinovi patfi zvlastni dik za
podil na vybudovani technického zazemi centra.

Z blizkého zahrani¢i s nami po veétSinu cesty Sel Norbert Miiller
z Univerzity v Linci, diky némuz uz 8 let bézi preshrani¢ni studijni obor
Biofyzika. Pfestoze neustale celime vice-méné politickému protitlaku na
obou stranach hranice, polozili jsme spolu zaklad né€emu, co se dale
riznymi sméry rozviji a ma snad budoucnost.

Pokud jde o védeckou stranku véci, muj nejvétsi dik patfi uréité mym
studentim, Martinu Stanéekovi z Bratislavy, ktery byl mym studentem
v Lundu, Julii BeneSové a Kristiné Nickové, které pracovaly na
projektech s biotechnologickym zaméfenim, ale zejména Zbynkovi
Halbhuberovi a Zdernce Petrmichlove, ktefi maji velky podil na
vysledcich, uvedenych v této praci. V jeji posledni fazi se na ni podileli i
Michael Green z univerzity v Princetonu a Zofie Sovova.

Samozrejmé se omlouvam vSem, ktefi nebyli explicitné jmenovani.
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1. Objekt studia — thylakoidni membrany a jejich klicové proteiny

Thylakoidni membrany jsou tim mistem fotosyntetickych organismu,
kde je energie fotonu zachycenych fotosyntetickymi pigmenty
preménéna na redukovanou formu nikotinamidadenindinukleotidfosfatu
(NADPH) a na gradient elektrochemického potencialu proton( pres
membranu. Fotosyntetické pigmenty jsou vazany na proteinove
komplexy fotosystému | a fotosystému Il. DalSi malé organicke
molekuly, jako chinony a molekuly hemu, se ucastni transportu

elektront (viz obr. 1.1).

Obr. 1.1 Schematicky diagram pfenosu elektroni v kyslikové
fotosyntéze. Energie zachycena anténnimi systémy je prenesena do
reakcniho centra fotosystému 2. Tam dojde k rozdéleni naboje. Vznikly
elektrochemicky potencial je tak vysoky, ze postacuje k oxidaci kysliku
zvody na molekularni kyslik. Zaroven jsou uvolfiovany protony na
lumenalni strané membrany. Uvolnéné elektrony jsou transportovany
po spadu elektrochemického gradientu az na molekulu chinonu, ktera
se redukuje na chinol za pfijeti dvou protont ze stromalni strany
membrany. Protony jsou pfedany membranové vazanym cytochromam,
které elektron prenesou na lumenalni stranu membrany, kde jsou
predany plastochinonu za dalSiho uvolnéni protont. Plastochinon je pak
oxidovan fotosystemem 1, ktery opét zuzitkovava energii zachycenou
svymi anténnimi systemy. Kone¢nym pfijemcem elektronu je molekula
NADP+, ktera reaguje s elektronem a protonem a vytvari redukovanou
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PH. Vznikly gradient protoni’j je pak vyuzit K produkci ATP.

formu NAD Rt 1996)

(Upraveno podle Ort

i J ziva k syntéze
Vznikly elektrochemicky potencial protonu S€ vyuz y

_(ATP) z adenosindifosfatu

energetického prenasece adenosintrifosfatu

(ADP) za katalyzy enzymem ATP synthetazou.

Funkce thylakoidni membrany byla studovana celou fadou pfimych |

nepiimych metod po dobu poslednich nejméné 40 let (Ort a Yocum

1996). Podstata funkce na drovni molekul a atomU je vsak mnohem
méne znama.

Mezitim se objevily prvni proteinové struktury, na nichz bylo mozno
studovat detaily molekularnich mechanismi jejich funkce (prehledeny
Clanek o fotosystému | z posledni doby Grotjohann a Fromme 2005,
posledni Clanek o struktufe fotosystému Il pak Kern a spol. 2005),
metody studia se zpfesiovaly a posléze umoznily i navrzeni metod
molekularni dynamiky (pfehledné o vyvoji molekulové dynamiky napf.
van Gunsteren 1998), které za jistych podminek mohou priblizit i ty
proteinové struktury, jez jsou experimentainé nepfistupné. V této
kapitole se snazim kratce priblizit objekt studia s drazem na

experimentalné studované a modelované objekty

1.1 Principy formovani architektury thylakoidnich membran

Archi s

itekturou thylakoidnich membran rozumime jejich prostorové
uspofadani B :
eeERInA A aslenp Tento pojem nenj uzivan pro jiné

biologické membrany, Protoze v nich nebyly nikd

komplexni struktury (obr



um

em

tésné navzajem naskladana (tzv. grana) a dalSi Cas

standardnich lipidovych dvojvrstev (tzv. lumen).

Obr. 1.2

-

t je volna ve formé




LHC Il vnitini cytochrom b f PSl- ATP
antény PSlI komplex LHCI synteaza

Obr. 1.2 (a) ultratenky fez chloroplastem tabaku zobrazeny metodou
elektronové mikroskopie. Dvé obalové membrany (envelope mer'nbvrane
— EM) ohraniéuji stroma chloroplastu (S). V thylakoidni membrané Ize
rozlisit naskladana grana (GT) a volné stromalni lamely (ST). Velikost
rozlisovaciho tseku je 1um. (Pfevzato z Ort a Yocum 1996).

(b) elektronovy mikrogram thylakoidnich membran ziskany metodou
mrazového lamani z jednotlivého grana thylakoidi hrachu. Struktura
membranovych lamel se zda naznacovat, Ze nahlou¢ena grana se
organizuji do spiral propojenych stromalnimi lamelami. (Upraveno podle
Ort a Yocum 1996)

(c) Predstava o funkéni organizaci thylakoidnich membran. (Upraveno
podle Ort a Yocum 1996) Zobrazeny jsou pozice hlavnich enzymd
;pojenych elektronovym transportem, vznikem protonového gradientu a
jeho vyuzitim pro fixaci energie. Jedna se o svétlosb&rny komplex Il
(LHCII), vnitini antény a reakéni centrum fotosystému Il (PSII), komplex
g;?gg;?nr?“bgfg fzchitéotSéﬁs;ergel (P3t|)_a ATP synthetaza. Experimentalnimi
oblasti je rizné a ze tato Iaﬁ:a?éﬁmoﬁztérhp]dqve slozeni jednotlivych
(historicky pfehled napf. Staehelin 2003). PURNIS A BinkCat ¥isna

Architektura thylakoidnich membran se da studovat celou fadou metod

(review napfiklad Albertsson 2001). Nejpfimejsi e L g
metodou elektronové mikroskopie. Z téchto experimentdi pochazi

terminologie j Bt
ogie jako nahlou¢ena grana (grana stacks), stromalni Bmals &

odobné.
poccbne. Tyuziim metody mrazového lamani (freeze etching) bylo
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mozno pozorovat i lateralni strukturu thylakoidnich membran a bylo tak

poprvé zjisténo, ze biologické membrany nejsou vzdy homogenni
Jfluidni mozaikou“, ale Ze se mohou skladat z oddélenych a dobfe
definovanych lipid-proteinovych oblasti. Podobnou informaci, navic se
zahrnutim dil¢iho funkéniho méreni, dava mikroskopie atomarnich sil
(Kaftan a spol., 2002).

BlizSi priblizeni ke slozeni a funkci thylakoidnich membran pfinesly
separacni metody. Ty lze provadét s vyuzitim detergentl, kdy se
vyuziva faktu, ze stromalni lamely jsou pro detergent pfistupnéjsi a
tudiz se vném rychleji rozpousti (prehled z posledni doby napriklad
Bricker a spol. 2001) nez nahlou¢ena grana. Mnohem
reprezentativnéjsi je vSak metoda mechanické fragmentace, v podstatée
lamani, pomoci sonikace a nasledné separace mezi dve vodné faze. Pri
tom nedochazi k rozpousténi ¢asti membrany a vysledné Castice jsou
pro puvodni ¢asti membrany reprezentativni (Albertsson a spol. 1994).
Jakékoliv kvantitativni vyjadreni vysledkl byva zatizeno velkou
experimentalni chybou, i kdyz vysledky Albertssonovy skupiny
(Albertsson 2001) se zdaji byt vnitiné konzistentni a ukazuji, ze
v granach se nachazi jak fotosystém II, tak fotosystém | a Ze v nich
probiha linearni elektronovy transport. Ve stromalnich lamelach je pak
fotosystem |l pfinejmensim nefunkéni a probiha v nich cyklicky
elektronovy transport okolo fotosystému |.

Zda se, ze vSechna mereni podporuji hypotézu, ze vznik oddélenych
oblasti v membranach je analogii fazoveho rozdéleni ve smésich o

mnoha slozkach (Stys 1995 - ¢lanek 3) z posledni doby napfiklad
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(2005) Biochemicka méfeni vseparovanych oblastech je

Engelman :
Z i smési jineho
tedy nutno posuzovat s vyhradou, Z€ v nehomogenni S j
' ' em o vlastni
slozeni dojde posleze k jiné separaci. Pokud jde OvSé

i thylakoidnich membran a jejich domén, zejmena metoda

je jisté reprezentativni. Thylakoidni

slozen

separace mezi dvé vodné faze

membrany jsou tak nejzajimavéjsim objektem pro studium principu

formovani biologickych membran jako takovych.

1.2 Interakce formujici thylakoidni membrany

Dominantnim proteinem thylakoidnich membran rostlin, ve skutecnosti
evoluéné nejuspésnéjsim membranovym  proteinem viubec, je
svétiosbérny komplex Il (LHCII). Proto se také vétSina modelovych
uvah o struktufe a organizaci thylakoidnich membran opira o dilci
experimenty s timto proteinem. Struktura LHCIl je pomérné dobfe
znama (Liu a spol, 2004, Kihlbrandt a Wang 1991) mimo
nejzajimavejSi oblast, ktera obsahuje specifické vazebné misto pro
lipidy (Nussberger a spol. 1993, Veverka a spol. 2000 - ¢lanek 7) a
misto, kde dochazi k proteinové fosforylaci (Allen 1992). Struktura této

klicové oblasti byla studovana metodou NMR spektroskopie a dal§imi

strukturnimi metodami (Veverka a spol. 2000 ~ &lanek 7. Nilsson a

spol., 1997 — &l : '
p clanek 5), které vedly k identifikaci nékterych specifickych

funkéni , ey
unkenich mist. Neexistuje vaak zadn4 eXperimentaini metoda, ktera b
. ktera by

v plné mire : i
Popsala trojrozmérnou struktyry této interaguijici oblasti. To
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riznych Ffadd jsou pro strukturu thylakoidni membrany kliCove
(Kuhlbrandt a Standfuss 2004, Pali a spol. 2003 a c¢lanky v nich
citovane).

Ve véci funkéniho vyznamu regulace zaloZzené na fosforylaci N-koncove
domény LHCII existuji dvé filozoficky odlisné koncepce. Koncepce
Barbera (1982) i Allena (1992) sdili predstavu, Ze existuji dvé vice-
méné stabilni domény — chemicky dvé oblasti rizného lipidového a
proteinového sloZzeni — mezi nimiz regulované molekuly migruji na
zakladé afinity k témto doménam. Jelikoz fosforylace LHCIl je
povazovana za masivni jev (Allen, 1992b), vedl by tento mechanismus
k rozsahlym zménam v architekture thylakoidni membrany. Ty vSak
nebyly experimentalné pozorovany (Stefansson a spol 1995). Druhou
koncepci, ktera se zda byt konzistentnéj$i s experimentem, je koncepce
Garabovy skupiny. Ta za rozhodujici pro architekturu thylakoidni
membrany povazuje lipid proteinové interakce (Pali a spol. 2003). Tim
se problém migrace komplexi a zmén architektury do znacné miry
vytraci, protoze pro vlastnosti proteinu a jeho okoli, a tim i pro jeho
umisténi v jednotlivé fazi pfi vyuZiti riznych separa¢nich metod, jsou
zodpovédny spole¢né fyzikalné-chemické vlastnosti proteint i lipidu.
Fakt, Ze nedochazi k makroskopicky pozorovatelnym zménam pod
vliivem fosforylace, muze byt nejspiSe zplUsoben tim, Ze rozsah
fosforylace LHCII je za skute¢nych podminek, pfi nichz je experiment
provadén, fakticky mnohem mensi nez se predpoklada, coz poprvé
naznadily vysledky Styse a spolupracovnikl (Stys a spol., 1995 &lanek

2), dale pak i Aro a spolupracovniki (Rintamaki a spol. 1997). Zcela
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jako zdroji odpuzovani mezi membranovymi lamelami. Pravé naopak,

jeji zavedeni muze vest i ke zvySeni pozitivnino naboje na povrchu

membrany na uroven vySSi neZ je rovnovazna uroven predpokiadana
na zakladé coulombickych interakci.

Vedle LHCII se zda byt hlavnim proteinem, jehoz chovani je rozhodujici
pro formovani struktury thylakoidnich membran, protein PsbH
(Komenda a spol. 2003 — &lanek 9). Tento protein se vyskytuje
v thylakoidnich membranach jak vyS$Sich rostlin, tak vSech nizSich
rostlin i sinic. Je, na rozdil od vétSiny ostatnich proteind, pfitomen i
v etiolovanych listech rostlin rostoucich ve tmé, kde neni chlorofyl a
lipidy se misto v lipidovych dvojvrstvach vyskytuji ve formé kapalnych
krystalG v kubickeé fazi. V poslednich letech (Komenda 2005, Komenda

a spol. 2005, Bumba a spol. 2005) byla ovéfena klicova role PsbH ve

formovani jadra fotosystému || (photosystem 11 core), ktery je tvoren

reakenim centrem a systémem vnitfnich anten. V nepfitomnosti PsbH

se ja : prase
Jadro fotosystému Il bud netvof vubec a organismus neni schopen

fot ' : _ _
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novo (Komenda a spol. 2005). Pfitom protein D1 se nachazi uprostied
jadra a je obklopen dal$imi proteiny. Pfi jeho obméné tedy musi dojit
bud k otevieni jadra, nebo kjeho vyméné ze strany kolmo na
membranu a zaroven musi dojit k rychlému navazani kofaktorl. Take
tento proces je v nepfitomnosti PsbH velmi omezeny (Komenda a
spol., 2005). Protein PsbH byl pozorovan téz v mnozstvi vy$Sim nez
stechiometrickém vzhledem k jadru fotosystému Il za podminek
obecného stresu, pfi némz dochazi kbiosyntéze stresovych
membranovych proteini jako jsou malé anténni proteiny apod.
(Komenda a spol. zaslénqﬁ. Tato data naznacuji, ze kromé specifické
funkce v jadre fotosystémL; Il (Komenda a spol., 2003) by protein PsbH
mohl i méné specifickym zplsobem asistovat pfi rychlém sbalovani
membranovych proteinu.

Abychom takovou funkci mohli posoudit, potfebujeme védét, jak protein
PsbH interaguje s membranou ve své volné formé. Tim ovSem ukol
nabyva na vysoke teoretické zajimavosti, protoze jakkoliv se o lipid-
proteinovych interakcich Siroce diskutuje (viz. kapitola 2.2), ab-initio
vypocet formovani struktury — sbalovani proteinu s jednim helixem a
jeho interakce s lipidy se zahrnutim vSech atom( - doposud nebyl
proveden. Jediny vypocet tohoto typu (Venturoli a spol. 2005) vyuzZival
potencialové funkce, ktera explicitné nezahrnuje vSechny atomy a ani
proteinovy model nebyl realny. Prvni vysledky simulace interakce
proteinu PsbH s lipidovou dvojvrstvou, v nichZ je zaroven vysledek
porovnan s experimentem, jsou popsany v Clanku 10, ktery je soucasti

tohoto spisu.
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rostlin jsou popsany Vv glanku St i ‘
k nim je pak popsan Vv komentafi k pfilozenym ¢lankim v casti 5 této

prace. Pokrok, ktery od doby napsani ¢lanku nastal, se netyka zadnych

informaci, jez by byly specificke pravé pro tyto membrany, spise

naopak, zda se, Ze néktere experimenty jsou opakovany, aniz by se

getly a byly citovany experimenty autorll predchozich praci, obsahujici
témér identické vysledky (napf. Kim a spol. 2005 versus Stys a spol
1999 a dokonce Hager 1966). V oblasti formovani lipid-proteinovych
domén jsou stale klicové hypotézy o hydrofobnim pfizpusobovani
(hydrophobic matching) a coulombickém charakteru repulzi mezi
mimomembranovymi ¢astmi lipidovych molekul a jejich odstinéni ionty
pii tvorbé domén (Sackmann 1990, J6nsson a Wennerstrom 1983,
v posledni dobé napriklad Tanaka a Sackmann 2005). Tento stav je na
jedne strané zpusoben nedostatkem novych experimentalnich informaci

a na druhé strané vypocetni naroénosti viech modeli, ktere zahrnuji

vice nez pouze bodove naboje a membranu simulovanou jako planarni

téleso. Detailngjsi modely zaginaji byt dostupné priblizné od roku 2000

(Lindahl a Edholm 2000 a b), do roku 2003 probihala optimalizace

vypocetnich systémi a modelii a teprve o teto doby jsou vieobecné

vyuzitelné. Pfesto néktere skupiny (Venturolj a Spol. 2005) stale pracuji
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domnivame se, ze pro organizaci membran jsou klicove interakce mezi

proteinovymi mimomembranovymi oblastmi a lipidovymi skupinami,
které se nachazeji na prechodu mezi hydrofobni a vodnou fazi. Tyto
oblasti jsou v obou pfipadech polarni, nékdy nesou i elektricky naboj.
Podle charakteru se tak mohou pfitahovat nebo odpuzovat. Pridavek
iontl pak vede k odstinéni tohoto odpuzovani a promisSeni lipidi
(v roviné membrany) nebo, u rostlinnych thylakoidnich membran, téz
k pritahovani mezi lipidovymi vrstvami.

Podstatny pokrok nastal pfi posuzovani specifickych lipid-proteinovych
interakci, kdy se na proteinu nachazi natolik silné vazebni misto, ze
vném lipid zlstane vazan i po extrakci komplexu detergentem.
Ruznych struktur vysokého rozliSeni, které umoznuji detailni posouzeni
takovych interakci, je znamo méné néz 20 (Marsh and Pali 2004, nové
struktury jsou pak v databazi proteinovych struktur). Diverzita lipidovych
molekul, které jsou ve strukturach pozorovatelné, ve spojeni s moznosti
tvorby artefaktl zplUsobenou rlznym vlivem entropické slozky pfi
interakcich v roviné membrany a v prostoru, dava jen malo prostoru pro
jakakoliv zobecnéni. Je mozné ale porovnavat vysledky ziskané pomoci
vypoctl s vysledky strukturnich studii a nasledné zlepsovat simulaéni

prostredi (viz kap. 3).

2. Struktury proteinii a metody jejich stanovovani
2.1 Principy organizace proteinovych struktur
Jako primarni  struktura proteini je oznaCovana sekvence

aminokyselinovych zbytku v proteinove makromolekule.
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vazany peptidovou vazbou (viz

' ajem
Aminokyselinové zbytky Jsou navzal

imi fetézci.
obr. 2.1) a lisi se meZi sebou postrannimi

(
N ( ( N
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{ . ;
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| trans - Peptidova vazba | cis - Peptidova vazba ¢
|
Torzni thel L R =
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i -.\_r E‘ 43
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Obr. 2.1 peptidova vazba chemicky spojuj ' | :

' ptidova vaz pojuje dva aminokyselinové zbytk
podél peptidového fetézce a vazba C-N je amidovou vazbou (upravséng
podle van der Holde a spol. 2006). Vazba vykazuje Caste¢ny charakter

dvojné vazby, kdy n elektrony pochazeii :
; ! e - ;s
kyshk'u a dusiku a jsou rozpt¥,|§ny Jl Zvolnych elektronovych part

reprezentovat konformaci higynihe ¥ers a Jednak umoziuje
uhlikdi C.. Tak van 2ot i

ikaji nejznameiz
konformaci. j JZnamejs
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(viz

Podle vlastnosti postrannich fetézci se aminokyseliny déli na

nepolarni, aromatické, nenabité, zaporné nabité a kladné nabité (viz

obr. 2.2).
[}\ /0 O‘\./D
‘ |
NH.—rl—n ’."H—E—H
T | ! ! e
CH, I+ CH, CH,— CH. 2 2 CH,
: /‘ ‘\ : | : \<'|( R
CH, CH, CH CH, i CH
PR | |
CH, CH, CH, 5
1 .
Alaline aline Leucine Isoleucine Proline Methionine
8 Ala, A Val, V Leu. L lle. | Pro. P Met, M
L 7.9% 6.9% 7.5% 46% 4 6% | 1.7%
Alkyl
I |
CH CH
- LS Nepolarni (hydrofobni) aminokysliny
@ o T I8 T
— ! tliHl ClH_—OH CH,
@ OH CH, SH
henylalanine Tryptophan Glycine Serine Theronine Cysteine
he, F Trp. W Gly, G Ser, S The, T Cys, C
B,5% 1.1% 7.5% 7,1% 6,0% 2.8%
P
Aromaticke
“J Nenabite polarmi aminokyseliny
' I | | | |
CH CH CH CH. CH
| I | l
C CH, C CH
N S |5 /N |
NH, © c 0 s} c
o Ry S
NH (0] (o] [¢]
i I Aspartic acid Glutamic acid
Tyrosine Asparagine Glutamine Asp, D Glu, E
Tyr, ¥ Asn, N Gin, Q 5,5%, 3,0pK 6.2%, 4.2pK
3,5% 4,4% 3,%% ¥
I L J Zaporné nabilé (kyselé)
i aromatické amidy aminokyseliny
F | |
CH, KA {_lH (IH_.
tytky BRI
aveno et S I
I'akter 2,1%, 6.0pK, (I H, TH
| parﬁ L lih L|=“H.-
Jonylu Lysine NH"
. ’ % Arginine
?ff!l h lfyn--fmnpxd :?.r—?':-fUSpKd
Cnyc Kladné nabité (basicke) aminokyseliny
rmace
i “ ke . : : e :
torzn Obr. 2.2 Dvacet béznych aminokyselin. Ve vSech Zivych organismech
e Puh se vyskytuje téchto dvacet aminokyselin a to v chiralni konformaci L na
'Zﬂyqe uhliku C,. Podle postrannich retézcu se aminokyseliny déli na nepolarni
)znujh — hydrofobni, nenabité polarni a nabité polarni aminokyseliny.
Po]oh Podskupinu v ramci jak nepolarnich, nenabitych i nabitych polarnich,
lovyC aminokyselin tvori aminokyseliny s aromatickymi postrannimi fetézci.



zejména do interakci typu
. to ¢lanku je tfeba

terakci. V kontextu tohoto C: e
h inte ki mezi fosfatovymi skupinami lipidu a
ejmé zodpovédna za velmi silné
11 diskutovanych v této praci.

¢ ¥atd uji
Polarni nabité postrann fetézce vstupu)

solnych mustku — iontovyc 0
upozornit na tvorbu solnyf_:h mugt_ \
nabitymi aminokyselinami, ktera je Zr

ieZ | nalezli v élancich 7 a 11 CIS® ¥ 5

i ' ikovy eb. které, podle nasich poznatku, vytvareji
interakci typu vodikovych vaz PO R edrol. Mnchem t iad

vétsinu interakci mezi proteinem YIS
postizitelné jsou hydrofobni interakce pro jejich entropicky charakter,
ktery de-facto neni soucasnymi vypocetnimi metodami spravné

reprezentovan (kap. 3). Aromatické aminokyselinové zbytky’ Y] pak',
diky své polarizabilité, c¢asto vyskytuji na ppVF§ICh membran. T{:ikt?
postiZzeni tohoto typu interakci pomoci vypocetnich metod si vyzada

dalsi vyvoj.

Aminokyselin, znichZz jsou vystaveny véechny proteiny v Zivych
organismech, je 20 a véechny maji stejnou chiralni konformaci na alfa
uhliku. Trojrozmérné zobrazeni struktur aminokyselinovych zbytka (obr.
2.3) naznacuje slozitost celého problemu formovani a stanovovani

struktur proteind.
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Obr. 2.3. Priklady trojrozmérného zobrazeni aminokyselinovych zbytku
lysinu a tryptofanu jako dratového modelu a modelu van der
Waalsovych povrchu. Priklad byl vybran, aby demonstroval nékteré
paradoxy, které se pfi hodnoceni moznych interakci mezi
aminokyselinovymi zbytky vyskytuji. (a) Lysin, ktery byva bézné
hodnocen jako typicka pozitivné nabita aminokyselina, obsahuje Ctyfi
skupiny CH, a vytvafi tak, spolu s argininem, nejdelSi linearni nepolarni
retézce mezi vSsemi aminokyselinami. Ackoliv je tedy zdanlivé lysin
nutno hledat na povrchu proteinu exponovaném vodé, pokud ma byt
struktura stabilni, musi pozici lysinu vzdy zaroven doprovazet
hydrofobni interakce jeho nepolarniho fetézce. Voda v okoli nabite
skupiny zpusobuje stinéni naboje (hydrataci) a proto nejsou solné
mustky v proteinech tak silné jako by byly ve vakuu. V membranovych
proteinech uvnitf hydrofobni ¢asti membrany, v nepfitomnosti vody, se
pak mohou vytvaret solné mustky podstatné silngjsi nez v pfitomnosti
vody. (b) Tryptofan, typicka nepolarni aromaticka aminokyselina, muze
velmi snadno vystupovat jako polarni nenabita aminokyselina, zejména
v pfechodné oblasti na povrchu membrany, kde dochazi k ¢astec¢né
polarizaci. Obrazek byl vytvoren v programu Yasara ((Krieger a spol.,
2004)

Na prikladu dipeptidu slozeného ze dvou velmi jednoduchych
aminokyselin (obr.2.1) Ize demonstrovat rozsah vzajemné odliSnych

konformaci, v nichz se i tento velmi jednoduchy systém muze nachazet.
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hierarchicky na sekundarni strukturu, kterou charakterizuji dvojice uhl(
e

na po sobé nasledujicich alfa uhlicich (obr. 2.1), supersekundarni

strukturu neboli anglicky fold (obr 2.4), ktera uruje vzajemnou polohu
deldich segment sekundarni struktury, terciarni strukturu v niZ jsou
uréeny pozice vech postrannich fetézcu (obr. 2.5) a strukturu
kvartérni, o niz Ize mluvit pokud jeden protein jako chemické individuum
interaguje s jinym proteinem. Jednotlivé sekundarni struktury Ize od
sebe rozeznat jejich zafazenim do takzvaného Ramachandranova
diagramu (obr. 2.6), ktery je také prvni kontrolou spravnosti proteinové

struktury, at uz ji stanovujeme experimentalné nebo vypoctem.
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Obr. 2.4 Supersekundarni struktura proteinu neboli fold. Vyse zminény
fakt, Ze strukturu proteint dobfe definuji polohy alfa uhliki, ma svuj
odraz i ve strukturach proteinu. Bylo nalezeno mnohem méné
rozdilnych vzajemnych prostorovych pozic sekundarnich struktur, nez je
rozdilnych proteinovych struktur a funkci. Jinymi slovy, stejny fold
v zadném pripadé neznamena stejnou funkci a naopak stejna funkce
muze byt nalezena v ruznych foldech. Jakou roli maji foldy pfi sbalovani
proteinU a co je vlastné vede kjejich vzniku, kdyz identita
aminokyselinovych sekvenci je Casto blizka nahodnosti a naopak
zaména jedné klicové aminokyseliny vede k Gplné jinému foldu, je
jednou z klicovych otazek modelovani proteinovych struktur.

Typicke foldy byly vybrany takto (v poradi zprava doleva) alfa-alfa:
Fructose-bisphosphate aldolasa A (1ALD), beta-alfa-beta: Nitrit
reduktaza (1ET7), beta hairpin: Hlavni cold shock protein z Bacillus
subtilis (1CSP), greek key: SAM doména z lidského EphB2 receptoru
1B4F. Reprezentace struktur byly vytvofeny v programu Yasara
(Krieger a spol., 2004)
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Obr. 2.5 Reprezentace struktury proteinové molekuly. Struktura
makromolekuly je seznam soufadnic jejich atomu. Tyto hodnoty mohou
byt interpretovany tak, Ze vznikne (a) dratovy model, (b) model CPK
nebo model van der Waalsovych povrchu, ktery priblizné reprezentuje
povrch proteinu na wuréité hladiné vyznamnosti z hlediska
pravdépodobnosti vyskytu elektronového obalu, (c) stuhovy - Ribbon
model, (d) model povrchu dostupného rozpoustédiu a (e) zjednoduseny
nakres proteinu. Jedna se o reprezentace struktury proteinu psbH

diskutovaného v této praci vytvorené v programu Yasara (Krieger a
spol., 2004) : ( :
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Plot statistics

Residues in most favoured regions [A,B,L] 39 73.6%
Residues in additional allowed regions [a,b,1,p] 13 24.5%
Residues in generously allowed regions [~a,~b,~1,~p] 1 1.9%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 53 100.0%
Number of end-residues (excl. Gly and Pro) 0
Number of glycine residues (shown as triangles) 8
Number of proline residues 3
Total number of residues 64

Obr. 2.6 Ramachandranuv diagram modelu struktury proteinu PsbH.
Van der Waalsovy energie v aminokyselinovém zbytku (v tomto pripadé
alaninu) mohou byt, v pfipadé alaninu dokonce do zna¢né miry
jednoznacné, vyneseny proti Ghlim ¢ a y. Diagram ¢ ay ukazuje
oblasti, které jsou stericky povolené (tmave oblasti), oblasti které jsou
casteCné povolene, neboli jejichz zaujeti je v proteinech cCasté, ale
vyzaduje dodavku energie jinymi interakcemi (Sedé oblasti), a oblasti
zakazané. Krivky prochazejici grafem ukazuji na moznosti cyklického
opakovani struktury — tvorby Sroubovice neboli helixu prislusného
opakovani. Kazda povolena oblast odpovida strukture urcitého nazvu
jako je pravotocivy o-helix (og), levoto€ivy alfa helix (o), 310 helix,
paralelni 3 skladany list (Bp), antiparalelni § skladany list (Ba), § ohyb
(Br), polyprolin (P) a kolagen (C). Vysledek je vystupem programu
procheck (Laskowski a spol., 1993).



. t al. 1961) dokazal, Ze trojrozmeng
| 1961 (Anfinsen €
Anfinsen v roceé

teinii se samovolné formuje a na tomto zakladé vysioy
struktura pro

. e struktura je kompletné uréena proteinovou sekvenci
hypotézu, z€

| I ; t t takzva e Sbalovani proteil"ol

neprobiha ve véech pfipadech zcela samovolné, ovéem hypotéza, 7
struktura proteind je kompletné uréena jejich sekvenci, nebyla nigim
zpochybnéna. Od té doby je nejvétsi Gsili v proteinové chemii vénovang
na jedné strané co nejpfesnéjsimu stanovovani proteinovych struktur,
2 nichz Ize odhalit principy, diky nimz ke sbalovani dochazi, a na druhé
strané modelovani struktur neznamych proteini na zakladé téchto
principu.

V tomto kontextu je zajimavy poznatek, ktery popisujeme v ¢lanku 10
prilozeném k této praci, kdy jsme dokazali, Ze v urcitém detergentovem
prostredi se spravné sbaluje i membranova doména malého
membranoveho proteinu PsbH. Doposud se totiz predpokladalo, Ze
sbalovani membranovych proteini je t&sné spjato s jejich aktivnim
transportem pfes membranu nebo je zavisla na vazbé kofaktord.
Souhm o téchto poznatcich a experimentalni potvrzeni faktu, ze tomu
tak nemusi vzdy byt, Ize nalézt napfiklad v ¢lanku (Roosild a spol.
2005)

- Nas ¢lanek ¢ 10 prochazel redakci soub&zné.

Chemicka struktura Proteinu je dana. V prab&hu sbalovani se vytvarejl

Pouze takzvané S-S mustky oxidaci sousednich —SH skupin na

aminokyseling cysteiny. Obecné se vsak soudi, ze S-S mustky spise
stabilizuji jiz zformovanoy Strukturu, nez aby ji vytvarely. Pro formovani

struktur jsou rozhodujici nevazebné interakce, na jedné strané piitazlivé
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a odpudivé sily mezi jednotlivymi atomy v proteinu a prostorova a
konformacni omezeni dana vlastnostmi atomu. Fakt, ze energie, kterou
je nutno vydat na rozbaleni proteinu je srovnatelna s roztrZzenim
chemické vazby, se zdlvodnuje tim, Ze na tvorbé proteinove struktury
se podili tisice dil€ich nevazebnych interakci.

To, Zze modely proteini — a koneckoncu vSech molekul studovanych
v organické chemii a biochemii — vypadaji jako slozite mechanicke
hracky, zastinuje fakt, Zze ve skuteCnosti se formovani jejich struktur i
interakce mezi nimi fidi principy kvantové mechaniky. Kazda rotace a
vibrace jednotlivé vazby je tedy kvantovana. To nam umoziuje
odhadnout pocet stavu dostupnych pro danou proteinovou molekulu —
pro protein o 100 aminokyselinach je jich asi 9%. Z tohoto faktu je
odvozen Levinthaliv paradox, (Levinthal 1968), ktery fika, Ze pokud by
pro sbaleni proteinové struktury bylo nutno vzorkovat cely konformacni
prostor, protein by se nikdy nesbalil. Napfiklad pokud by vzorkovani
jedné konformace trvalo 1ps, vzorkovani vSech konformaci by trvalo
107 let. Pfitom fada pohybti detekovanych experimentalné v proteinech

se odehrava v mnohem delSich ¢asovych $kalach (tab. 2.1).




ych procest v proteinech

5 §ké ulov
Tab. 2.1 Casove skaly molek ;
(podle Cammon @ Harvey 1987) 2
e SRR N
frmeeryaeTe S Casova $kila
B B b A 10-100 fs JE
Vibrace vazanych atomd ]
— Ejastické vibrace globularnich oblasti B D 3
race ponoreny ' 10 ps-

" Torzni librace ponofenych skupin Rl e‘
[ Relativni pohyby vzajemne volné vazanych 10 ps-100 ns

v

globularnich domen ___-_-‘-I
Allosterické prechody 10 us-1s

0ps-1s

10-100ps |

Mistni denaturace

Rotace povrchovych postrannich fetézcu
1 . =

" Rotace stredné velikych fetézcl uvniti proteinu 0.1ms-1s
————

Pochopit, &im se fidi proces sbalovani proteinl, ale koneckoncl i jgjich
funkce, Ize tedy nejspise pouze v konfrontaci tvorby modeld proteini a
stale presnéj$iho experimentalniho stanoveni jejich struktur. Diky
vhodnému modelu, ktery se zda predstavovat pravé protein PsbH, se
tohoto vyzkumu Gcastnime i my (viz ¢lanek 11). Dokonce se z nasi,
zatim relativné omezené zkuSenosti zda, ze pro nékteré klicové male

membranove proteiny jsou vypoéty struktur jednodussi, nez pro stejné

velké proteiny rozpustné ve vodé.

2.2 Metody stanoveni proteinovych struktur s rozli§enim na drovil

atomu

Infor F int Z
mace o struktufe proteint na vysokém rozligen davaji prevazné

bouze dvé rozsifen&jsi metody: rentgenova krystalografie monokrystall dor
proteind a NMR Spektroskopie vysokého rozliSeni v roztoku. ge
Podminkou pro Uspesny experiment pfi stanoveni struktury proteint
Pomoci rentgenoveé difrakce (X-ray Struktury) je pravé ziskani kvalitnin0
30
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proteinového monokrystalu (prehled z posledni doby napfiklad Blundell
2005). Ten je pak umistén v difraktometru a méri se rozptyl svétla na
jednotlivych atomech v ném. Pro Ucely této diskuse jsou podstatné
—  nasledujici zavery: Vysledkem méreni neni struktura proteinu, ale mapa

elektronové hustoty, ktera udava hustotu elektronového obalu atomu,

vytvarejicich strukturu proteinu (obr. 2.7).

| jejich
einl a

Diky
oH, se
z nasi,
3 malé

stejné

Grovni

swazné

4 Obr. 2.7 Mapa elektronové hustoty s rozlisenim 2.1A s viozenym

rystam dratovym modelem proteinové struktury. Jedna se o doposud
nepublikovanou strukturu CRD1 domeény galectinu 4 v komplexu
s laktézou (poskytnutou laskavé Dr. Jifim Bryndou pred zaslanim
k publikaci).

oteinu

Jlitniho




ita této mapy je dana kvalitou difrakéniho obrazce, z NejZ Sei
Kvalita

- nejlepsim rozliSenim je mozp
i ve strukturach s né
rekonstruuje. Jen

identifikovat elektronovou hustotu prislusejici nékterym atomum vodiy,
|

Pitom pravé atomy vodiku jsou kli¢em pro tvorbu vodikovych mistkg

Klicovych nevazebnych interakci, které stabilizuji proteinové struktyy

(viz. kap. 3).

7akladem pro interpretaci proteinové funkce z X-ray difrakce je mode
vytvofeny na s4kladé difrakéni mapy. Tento model je vytvoren
kombinaci ruéniho zpracovani, kdy se identifikuji jednotlive, predevsim
velké, aminokyselinové zbytky a z nich pak i celé Casti proteinového
fetézce, a pocitacového zpfesriovani vétSinou metodami molekulové
mechaniky. Pfitom se fesi minimalizace potencialni energie, pficemz pii
pfiblizeni hranicim mapy elektronové hustoty hodnota potencialové
funkce vysoce vzrista. Vysledkem je model struktury proteinu, ktery je
pak uloZen v databazi proteinovych struktur (Berman a spol. 2000). Pii
nasledném modelovani, jehoz cilem je, napfiklad, interpretace funkce
proteinl, se Casto na fakt, e sama struktura uloZena v databazi je
vlastné modelem, zapomina. To vede k ob&asnému zpochybriovan
téchto interpretaci experimentatory, a to jak ze strany fesitell
krystalovych struktur, vesmes kvalifikované, tak ze strany biochemiki,

zde Casto neopravnéns.

Pro objasnéni Ly
0 objasnéni funkce proteiny Jsou velmi dulezité pripady, kdy sé

odari
podari - makromolekuly Vykrystalovat se substratem nebo jeho

analogem, 5 : ;
gem. Fakt, Ze tyto systemy Ize casto ziskat uz pouhym sycenim

monokrystal(; : d
ystalu roztokem substraty nebo inhibitoru, demonstruje dal



'Ma SRR O Y i
P dulezity poznatek: monokrystaly proteini maji vysoky obsah vody. Ta je
MozZng L .. : 5 . g -
vétsinou neuspofadana, coz na jednu stranu samozrejme snizuje
vodiky & : e . 3 W
' dosazitelné rozliseni, na druhou stranu ukazuje, Ze znacna Cast
Stkdi proteinu je obalena vodou stejné jako v pfirozeném prostredi uvnitr
Tuktuy — puiky.
Obecné lze shrnout, Ze presnost stanoveni krystalovych struktur je
model experimentalné omezena nasi schopnosti odecist a spravné
ytvoren kvantifikovat difrakéni obraz u difrakci vy$siho fadu. Presny vztah mezi
devsim dosazenym rozlis§enim, poctem reflexi a poétem atomud v molekule neni
noveho tedy mozno jednoduse definovat. Pro ilustraci sloZitosti problému
skulové uvadim tabulku prevzatou z prace Jabri a spol. 1995 (Tab. 2.2).
emz pii
\cialové Tab.2.2 Krystalograficka data a vysledky pro ureazu (podle Jabri a spol.
1995)
ktery je Krystal Rozliseni | Pocet Kone¢ny | Nevodikove | Molekuly
dat unikatnich | R faktor proteinove | rozpoust
00). Pri reflexi atomy édla
Nativni protein 2A 58 336 18,5% 6002 215
funkce
Apoenzym 28A 20 532 18,4% 5944 157
ibazi je HOHgC¢H,CO,Na 33A 11 027
’ EuCl, 33A 12 210
dnovan Hg2(CH,COO0), 25A 28709
regitell C(HgOOCCH3), 24A 29672
(CH3);Pb(CH,CO0) 2,4 A 23 486
1emiku, Se-Met 30A 20 332
J
kdy 8 Druhou metodou pro stanoveni detailni struktury proteinu je NMR
o spektroskopie vysokého rozliseni (Evans 1995). Velkou vyhodou této
[
o metody je moznost prace s proteiny vroztoku. Odpada tudiz casto
yce
galé velmi obtizna pfiprava monokrystalll a je mozna cela fada manipulaci
e da



teploty pridavky substrati @ inhibitord.  NMR

jako zmeny pH, .
e velké mnoZstvi snadno Citelnych

spektroskopie navic poskytuj

informaci, jako jsou udaje O chemickych vazbach mezi atomy,
tech mezi atomy, dynamice jednotlivych casti molekuly,

onstantach apod. Naproti tomu je

vzdalenos

vodikovych vazbach, disociaénich k

velikost molekul méfitelnych pomoci NMR spektroskopie omezena

velikosti molekuly, teoreticky asi do 40 000 Da i vice, ve skutecnosti
vsak vétginou do 20 000 Da, tedy asi 200 aminokyselin. ZvySovani
molekulové vahy vede k rozsifovani spektralnich linii a zvySujici se
komplikovanosti a tudiz zhorsene interpretovatelnosti spektra.

Pfiklad vicerozmérnych NMR spekter je v ¢lancich 7 a 10, které jsou
prilozeny k této praci. U téchto spekter jsme vsak nedelali kompletni a
rigor6zni analyzu, protoze vysledky experimentl ukazaly, Ze bychom
nebyli schopni ziskat dostatek dat pro stanoveni trojrozmérné struktury.
Interpretace NMR spekter se odehrava v nékolika krocich. Prvnim je
prifazeni (assignment) jednotlivych signall jednotlivym protondm.
V nejjednodussich, proton-protonovych spektrech, se vyuziva cteni
dvou typl experimentl — experimentu, ktery ukazuje sousedstvi atomu
na chemickych vazbach a druhého, ktery ukazuje sousedstvi atomd
vprostoru. Prvni typ spekter nam definuje aminokyselinové zbytky a
druhy ukazuie jejich vzajemnou polohu v prostoru. v dobie rozlisgeném

spektru Ize tak principialng ,Cist" proteinovouy sekvenci

Jakmile je pfif ' el
Je prirazeni hotovo, zacina se stanovovanim struktur. K tomu

jsou dostupné : .
Pne dva typy informaci (@) informace o vzdalenostech mezi

protony a (b) i
y a (b) informace o konformacich na jednotlivych vazbach. Obé

34



informace jsou zatizeny vyznamnymi chybami, které prameni jak
z podstaty metody NMR spektroskopie, tak z dynamiky proteinu, jez
zpusobuje rozsifovani spektralnich linii a fluktuaci vzdalenosti. Navic
dosah stanoveni vzdalenosti je maximalné 5,5 A. Vzajemna poloha
vzdalenéjSich atomu tak neni vibec uréena. Struktura proteinu se
stanovuje optimalizaci modelu, ktery vyhovuje vSem znamym
poznatklm a je tak €asto vyznamné ovlivnéna viastnim modelovacim
prostredim.

Velkou vyhodou NMR spektroskopie, kterou jsme praveé vyuzivali
v pracech popsanych v publikacich 7 a 10, je ziskani detailnich
poznatkl o zménach v proteinové strukture zplsobenych interakcemi.
To nam umoznilo identifikovat ty atomy, které se Gc¢astni specifické
vazby N-koncové domény  svétlosbérného komplexu [l
s fosfatidylglycerolem (Veverka a spol. 2000 — ¢lanek 7) a ujistit, Ze pri
pridavku lipidu k detergentovému roztoku proteinu PsbH dochazi
k tvorbé velkych komplexu, jejichz velikost presahuje predpokladany

komplex PsbH-jedna lipidova molekula (Stys a spol. 2005 — ¢lanek 10).

2.3 Studium struktur membranovych proteint
VsSe, co bylo feceno v pfedchozi kapitole, se jen velmi omezené tyka
membranovych proteinu. Jejich pfirozenym prostfedim je lipidova

dvojvrstva z obou stran obklopena prostfedim vody a iontu (obr. 2.8).
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Obr. 2.8 (a) Membranovy protein je zanofen do lipidové dvojvrstvy svou
hydrofobni ¢asti, mimomembranové ¢asti interaguji s hydrofilnimi
Castmi lipidovych molekul prostfednictvim solnych mustkd, vodikovych
vazeb a ne zcela detailng popsanymi interakcemi zavislymi na
polarizabilitt  postrannich  fetézel aromatickych  aminokyselin.
Modelovaci prostredi zatim neni schopno plné postihnout ani fluktuace
tloustky membrany, ani tvorbu domén. Viastn/ nepublikovany vysledek
Ettrich, Sovova a Stys. (b) Pfechodna vrstva mezi vodnym prostfedim a
hy_drofobni Casti membrany tvori az 72 jeji celkové tloustky. Toto
anisotropni prostredi proménné tloustky vyrazne ovliviluje interakce,

11), napfiklad naznaéuii, ze dochazi k postupné

SEa et mohou tyto typy interakei hréat
vetSi roli nez ve vodném prostredi. Vétsing i i ¥

o i . Vet
vodikovymi mustky. Sina interakci je ale tvorena

= St .
ohoto  prostfedi jsoy Proteiny - extrahovany detergenty, v jejichz

nepfitomnosti ji
P ' denaturujj, S€ a ztraceji aktivitu. V nékolika

fipadech Fi I |
Pripadech se Podafilo ziskat trojrozmérné Struktury membranovych
proteind pomocj analyzy Jejich Monokrystal(
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proteini v micelach detergentu. Pomoci NMR spektroskopie zatim
skuteéna trojrozmérna struktura membranového proteinu, ktera by
davala detailni informaci o pozici funkéné vyznamnych skupin,
stanovena nebyla. Struktur membranovych proteinl s rozlisenim pod
2,5 A, znichz by bylo mozno odvodit nové pfesné poznatky o funkci
protein.ﬁ, bylo stanoveno o Ctyfi fady méné nez struktur proteind
rozpustnych.

Navic, i kdyz je uz struktura membranového proteinu znama, o jeho
funkci vypovida jen ta ¢ast, kde se neocekava interakce s lipidovou
dvojvrstvou. Tedy uvniti komplexu a vjeho mimomembranovych
doménach. O interakcich s lipidovou dvojvrstvou a s okolnimi proteiny
v ni nevime experimentalné témer nic. Jak jiz bylo zminéno v kapitole 1
teto prace, interakce mezi proteiny a lipidy pfi formovani struktury
thylakoidni membrany, ale i jinych membran, je rozhodujici pro jejich
funkci. Jediny pristup je tedy modelovani.

V této praci uvadim dva pokusy, kdy jsme se snazili ziskat informace o
interakcich mezi proteinem a lipidovou dvojvrstvou na arovni

jednotlivych atoma.
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teinovych struktur, proteinova dynamika a interakce
protel

3. Modely
e shodné s van der Holde a spol 2006.)

(Notace a poradi diskuse |

3.1 Problemy modelovani proteinov ch struktur

Jak uz bylo feceno v kapitole 2.1, sily formujici struktury lze presng
d

popsat pouze metodami kvantove chemie. Je tomu tak zcels

samozfejmé, uvédomime-li si rozméry objektl, se kterymi pracujeme,
oro né? je adekvatni jednotka Angstrom A - 10" M (napf. obr. 2.) |
Jinak feceno, konformacni prostor, ktery pfi modelovani proteinovych
struktur vzorkujeme, neni kontinualni ani z hlediska prostorového
usporadani, ani z hlediska dynamiky dovolenych pohybd. Ani u
pomérné malych organickych molekul (nékolik desitek atomu) vsak
takové vypocty v Uplnosti neni mozno provest. Proto se vyuziva metod
aproximativnich, takzvanych empirickych potenciala, které pak
umoznuji vyuzivat pro modelovani metod klasické newtonovské fyziky.
| pii tomto zjednoduseném pristupu je modelovani proteinl extrémné
komplikované.  Napfiklad insulin, velmi maly protein s 5
aminokyselinami a tudiz na spodni hranici velikosti nutné pro stabil
konformaci, ma 760 atomd 2 nichs 400 je nevodikovych. Kdyz
zahrneme molekuly vody, které jsou samoziejmé asociovany s kazdou

molekulou protej ) .
proteinu, systém se stava nezpracovatelnym. Napfiklad
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V$echny zucastnéné molekuly jsou velmi dynamické. To se netyka jen
prostfedi, ale i makromolekul samotnych, které rotuji a pohybuiji se jako
celek a zaroven se na jejich povrchu i uvniti pohybuje cela rada atomu
a skupin postrannich i hlavnich fetézcd. Jinymi slovy, véechny molekuly
maji velké mnozstvi stupil volnosti. Jedinou moznosti jak systém
modelovat je zjednodusit ho.

Zjednodusujici predpoklady, ktere byvaji zavadény, vychazeji
predev§im z prfedpokladu, ze prumémé chovani celého systému
odpovida chovani jedné jeho reprezentativni casti. Jako reprezentativni
cast se vybira jedna makromolekula obklopena molekulami vody
v kubickém prostoru - krabici (obr. 2.8). Je-li jedna molekula v této
krabici skutecné dynamicka, tedy nikoliv, napriklad, vazana na protein,
za urcitou dobu bude vzorkovat cely konformaéni prostor, ktery je pro
system dostupny. Pokud tento pristup periodicky opakujeme, krabice
polozime vedle sebe a nechame kazdou molekulu nebo jeji ¢ast, ktera
krabici opousti, vstoupit do krabice sousedni (fakticky, pfi vypoctu, do
puvodni krabice z druhé strany), koncentrace zustavaji neménné. Tento
predpoklad je klicovy, protoZe vlastnosti proteini véetné stability jejich
struktur kriticky zavisi na koncentraci vody i jinych molekul (ionty, malé
organické molekuly apod.). Velkym problémem tohoto druhu
modelovani je vytvofit krabici tak velkou, aby spravné simulovala
systéem véetné chovani okolniho rozpoustédia.

Naproti tomu se dnes objevuji metody (pro nami studované systémy
piehledny clanek napfiklad Vacha a spol., 2005), které umoziuji

studium funkce jednotlivych molekul. Zatim ale tato méfeni nepfinesla
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7 by se dala ovérovat validita vypoéetmch

dostatek dat, pomoci nich

metod.

‘o e nativni konformace je konformaei
: X kladem Je, Z€ na i
m hlavnim predpo

ji, pticemz dynamika systému se ignoruje,

Druhy

s nejnizsi potenciéinf energ

3.2 Molekulova mechanika

Pi tomto pfistupu popisujeme formovani proteinové struktury jake

pohyb v potencialovem poli pristupy klasicke mechaniky. Definujeme

tedy celkovou energii E systéemu jako soucet kineticke energie Ka
potencialni energie V
E=K+V (3.1)

Za kinetickou energii povazujeme energii vyvolanou pohybem vSech
atoml v systému. Potencialni energie je soucCtem vSech potenciall
jednotlivych atomu a muze byt reprezentovana multidimenzionalnim
povrchem pro kazdou jednotlivou konformaci tohoto pohybu. Rez timto
povrchem predstavuje napfiklad i Ramachandraniiv diagram v podobg,
jak je zobrazen na obr. 2.6 stim, ze v pfipadé aminokyselinového
zbytku  zabudovaného do proteinu by se energetické hodnoty
V jednotlivych oblastech lisily od hodnot pro jednotlivy dipeptid.

Na zakladé druhého Newtonova zakona pak mizeme napsat vztah

mezi si : Arni i
I silou F podél molekularni trajektorie (vektor vzdalenosti T)

zrychlenim a a hmotnosti m.

F=ma (3_2)
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Pro zjednoduseni diskuse budeme uvazovat pouze pohyb podél osy x.

Povrch se pak zjednodusi na energeticky profil. Sila podél trajektorie r

je pak

oV

F=—

(3.3)

or
jinymi slovy, sila zavisi na tom, jak se potencial méni podel molekularni
trajektorie. Mistni gradient potencialni energie definuje silové pole
v molekulové mechanice. Pro molekulovou mechaniku byla vyvinuta
cela fada silovych poli. Kazdé silové pole ma své vyhody a nevyhody a
zadné se neda pouzit univerzalné. Proto se v dal$i diskusi omezim na
to, co je vSem silovym polim spole¢né.

Specialni pfipad, ktery hledame, je systém v rovnovaze kdy F=0 a tedy

TS

—-:—zo‘ Hledame tedy energetické minimum a tyto metody
or

molekulové mechaniky se proto c¢asto nazyvaji téZz minimalizace
energie.

Pokud zahrneme téz kinetickou energii danou vyvolanou rychlosti
v respektive hybnosti p, (pfi odvozeni opét uvazujeme jen slozky ve
sméru jedné osy)

K =%m'i-’2 A (3.4)

2 m
jedna se o metody molekulové dynamiky, kdy sledujeme dynamickou

zménu v pozici atomu v kazdem case t.

3.3 Molekulové potencialy
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: 215 do znagné miry vychazi Z tradiénich
svrh m h potencial
Navrh olekulovycC

dkvantovych) predstav o chemickych vazbach a nevazebnyeh
(predkvan

kcich. Vyvoj potenciéla stale probiha, ovéem slabinou celéhg
interakcich.

tohoto pistupu je fakt, ze S€ jedna pouze o metodu aproximativni, kters
oho ,

“ezohlediiuje kvantové-mechanickou podstatu problému. Casto se

ukazuje, Zze potencialy vhodné pro jeden system nejsou pouzitelné pro
systéem jen mirné odlisny.
Naproti tomu probihaji neustale pokusy o vytvoieni zjednoduSeného
potencialového pole, které by zohledriovalo vlastnosti nékolika atom(
najednou (Grubmiller a Tavan 1994). Takové sjednocené potencialy by
umoznovaly, napfiklad, vypocty ab-initio sbalovani proteind. Tyto
potencialy se vytvareji pro jednotlivé pfipady (napf. Venturoli a spol.
2005) tak, aby odrazely urcCité viastnosti simulovaneho systému, ale
zaroven probiha snaha i o jejich vyuZiti pro ab-initio sbalovani proteind.
Tato snaha je tazena Usilim o pochopeni principti sbalovani proteind
neboli otazkou, pro¢ se proteiny sbaluji presto, ze plati Levinthaliv

paradox.

Zakladni pfedstavou je tedy, ze celkova vnitini potencialni energie

molekuly Vit se da popsat Jako soucet vsech vazebnych interakei (=

energii  v§ B ’
gil vsech chemickych vazeb) Vipougng a véech nevazebnyeh

interakci Vironbonding. Neboli:

it 2 - :
total : (I bonding - I JJranr"merx ) (35)

pro N atomg :
v'molekule proteiny. Vil je tedy funkei koordinat
Jednotlivych 0. PF 2
yeh atomd. Predpoklada S€, Ze k hodnoté Vi, vyznamné
pfispivaji pouze i
Il Pouze interakce s majoy skupinou sousednich atomu. Mohou
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to byt vzajemné chemicky vazané nebo chemicky nevazané atomy
nebo jejich skupiny.

Vazebna energie je definovana jako energie, kterou je nutno dodat
k roztrzeni kovalentni chemické vazby. Nevazebné interakce zahrnuji
napfiklad elektrostatické interakce, dipél-dipdlové interakce, stericka

omezeni a podobné.

3.3.1 Vazebné potencialy

Vazebné potencialy pfirozené dominuji potencialové funkci, protoze

predstavuji energii 150-1000 kcal/mol (obr 3.1).

QNN @UOVVe

NG SO0 N b
+100+ H-H s 3o
= O = = === e == = e
. e
5 -100f | =
é g =
-200 = | - -
2 = Q{W}.
S U @000
4001 1 I 1 | 1 ! A

005 01 02 03 Aty ratAr U,-A6 8 :
vzdalenost mezi atomy délka vazby vazebny uhel

Obr. 3.1 Potencialni energie vodikové vazby a energie deformace
vazebného u(hlu (upraveno podle van der Holde a spol. 2006).
Potencialni energie pocitana pomoci kvantove mechaniky (horni kfivka)
je porovnana s vazebnou energii posuzovanou modelem pruziny a
s experimentalnimi hodnotami pro vodikovou vazbu (dolni krivka).
Deformace spojené s délkou vazby jsou modelovany, v nejjednodussim
pfipadé, jako pruzina s danou pruzinovou konstantou pro natahovani a
kompresi vazby o vazebné délce r. Pruzinovy model predevs§im
nadhodnocuje natahovani vazby pro velka kladna Ar. Deformace
vazebného uhlu 6 mohou byt podobné modelovany jako deformace
pruziny mezi dvéma atomy vazanymi na spole¢ného vazebného
partnera.
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i fakt, e vramci vypoétu nepredpokladame r0ztrsen
To zohlednuje :

by ani jeji ,asadni deformaci. Nejjednodussi modej pro
chemické vaz

dnoduseny popis vazby je v zasadé modelem pruziny tedy:
zjednoau

+ kyora (r=1,)" (3.6)

J’.ﬁnu\-f = I 0, hond

kde Vo bons j& délka vazby V rovnovazném stavu a funkce POpisuje
zménu energie pii odchylce delky vazby od rovnovazné polohy ro. k,, .
je fakticky konstanta pruznosti a cela rovnice je jednoducha harmonick
funkce. Ve skutecnosti takto popsany potencial neodraZi ani nage
empirické predstavy o chemické vazbé, ale pro malé odchylky of
rovnovahy, které Ize v proteinech predpokladat, do znaéné miy
vyhovuje.

Pro vibrace vazebnych hll Ize napfiklad napsat podobnou rovnici

Vo=Vyg +kq(0 - 0, ) (3.7)

kde 6o je rovnovazna hodnota vazebného Ghlu. Alternativné |ze,

napfiklad, zmény vazebného (hlu charakterizovat vzdalenosti mezi

dvéma atomy, které navzajem nejsou vazany (obr 3.1).
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Obr. 3.2 Potencialni energie pro rotaci okolo dihedralniho Ghlu ¢ pro
jednoduchou vazbu (a) a dvojnou vazbu (b). Krivky byly pocitany
z rovnice 3.8. s n=3, y=0°, pro jednoduchou vazbu a n=2, y=-180° pro
dvojnou vazbu. (Upraveno podle van der Holde a spol. 2006).

Z dal$ich uvazovanych interakci je duilezité se zminit o interakcich mezi
Ctyfmi atomy vzajemné vazanymi tfemi vazbami (obr. 3.2). Takova
interakce se charakterizuje takzvanym torznim uhlem ¢ a nejjednodussi

priblizeni k jejimu popisu predstavuje rovnice

V

= VotV cosyi— %) (3.8)

kde V, je torzni sila, n po¢et minim a y uhel v némz lezi minimum
J Y

Samozrejmé pokud atomy na vazbé nejsou ekvivalentni, musi byt

......
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332 Nevazebné potenciéfy
‘o shrnuto VyS€ podle klasické predstavy se jedng e
Jak uz je s !

ktrostatické interakce, dipél-dipc’:lové interakce, van der Waalsow
eKlros

& mustky. Zakladni predstava o elektrostatickyqp

el

interakce a vodikov

interakcich vychazi z Coulombova zakona a popisuje se:

Z7e
e 2 3.9
Ve Dr (3.9)

kde V. je elektrostaticky potencial, Zy a Z, jsou naboje jednotlivych
atomu, D je c__lielektrické konstanta a r vzdalenost. Velkym problémem
této rovnice je zejména spravné posouzeni dielektricke konstanty, ktera
se méni v zavislosti na prostiedi a poloze jednotlivych atoml mezi
jednotlivymi naboji. Pristupl je nékolik. Napfiklad Ize dielektrickou
konstantu povaZovat za funkci vzdalenosti, kdy se predpoklada, ze
vokoli naboje se vyskytuje vice polarizovatelnych atomi a se
vzdalenosti jejich pocet klesa. Alternativné se napfiklad mie
dielektricka konstanta povazovat za lokalni funkci zavisejici na hustoté
atomd proteinu v daném misté. Zde se pfedpoklada, ze prostor, v némz

€ nenachazeji atomy samotného proteinu, je vyplnén vodou a D je

t ot e
vtomto misté rovna D vody. Kazdé dalsi zpresnéni nad tyto

a 5 - £ "
(a podobné)  jednoduché Predpoklady bohuzel vede k vysokém

narlstu naroénosti Vypoctu.

Dipél-dipélové | : '
polové  interakce vznikaji mezi polarizovanymi vazbami

atomy. Diky tomu maji tyto

interakc y
€ vektorovy charakter a klasicky se popisuji rovnici:
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" dd

i Dlr| . DMq

kde pi jsou vektory dipolovych momentu, jejichz velikost je dana
sou€inem vzdalenosti a rozdilu parcialnich nabojii na jednotlivé vazbé a
r vektor jejich vzdalenosti. Casto se ovéem misto dipél-dipélovych
interakci reprezentuje kazdy atom jako dil¢i naboj a potencial se tak
zahrnuje do coulombovskych funkci.

Van der Waalsovy interakce vychazeji z poznatku, Ze i zcela nenabité a
chemicky nereagujici Castice se navzajem pritahuji. Tyto interakce se
popisuji jako nékolik oddélenych vzajemnych pusobeni atomu.
Takzvané Londonovy sily se zjednoduSené popisuji jako vzajemné
ovlivnéni elektronovych oball, pricemz dochazi k indukci elektrickych
dipolu, které spolu nasledné interaguji. Van der Waalslv potencial pro
Londonovy sily V| je popsan rovnici

e 3o a,

311
4r° ( )

kde | je ionizaCni energie, o;jsou polarizability jednotlivych atom.

Druha vyznamna interakce, takzvana repulzivni sila V, v zasadé
zohlednuje fakt, ze atomy maji nenulovy objem a nemohou se k sobé
tedy pfiblizit nekonecné blizko. Nejjednodussim pfiblizenim je model
pevné koule, kdy pfi pfiblizeni na urCitou vzdalenost funkce nabyva

nekoneénou hodnotu. Obvykle se ale tato interakce aproximuje funkci
s oy o)

1
i

kde m se stanovi mezi 6 a 12 a k je empiricka konstanta.
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iy dohromady s¢itaji jako van der Waalsqy
e sily

rovnic
Nekdy se tyto dv ) Lennart-Jones;
=12, jedna se O takzvany Lenrafsgi klesar
nterakce. Pokud se M=1&
sleduj
otencial. .
P ‘ kticky interakce, které |ze popsat pouze ng ktera
Vodikové vazby jsou fa ické vazbé. |
5 kv fedstav 0 chemicke vazbé. Jsoy konfo
zakladé kvantové-mechanickych p
i smi atomy prvni periody, které maji volng Metoc
pozorovany mez vodikem a tem! y
. ovwv par atomu pfiblizi na dostategng energ
elektronové pary. Pokud se takovy P
i ana koordinaéng-
malou vzdalenost (0,26-0,3 nm), vznikne takzv g poten:
kovalentni vazba. Je ziejmé, Ze se jedna jak o problém vzdalenosti, tak
o problém geometricky. Aniz bych se poustél do hlubsiho rozboru této
sily, Ize shrnout, Ze byva popisovana souctem atraktivni a repulsivni Jinym
komponenty jako dané
{2 muze
['/HH = T == 7(313)
f ' t+At n
kde C a D jsou konstanty charakterizujici jednotlivé vazebné partnery.
Vodikova vazba je, vzhledem k poétu takovych potencialnich part, pro
tvorbu proteinovych struktur velmi vyznamna.
pricer
3.4 Simulace makromolekularnich struktur a pochopeni sil, které zrych
struktury formuji nekor
Simulace struktur biologickych makromolekul v sobé tedy nese celou &leny
fadu problémd, jejich Spoleénym jmenovatelem je komplexnost, kterd jako
neumoznuje jejich korektni feseni v rami soucasného poznani. vztaz

Nejiednodussi molekyfarmes mechanické  vypogty jsou zalozeny na

hledani mini i love i
Nl minima potencialoye funkce v ramci molekularniho potencidlV

defi ' f '
novaneho v predehozi kapitole Vychazi se z toho, ze NewtonoV
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! rovnice jsou deterministické, a proto se da pouzit metody nejstrméjsino
klesani, kdy ménime polohu jednotlivého atomu o maly prispévek a

sledujeme, zda energie klesa nebo stoupa. Tim ziskame trajektorii,

3 ktera vede nejrychlej$i cestou k minimu, na jehoZ svahu se vychozi
d konformace nachazi. Nikoliv tedy k minimu celkovému.

e Metoda molekulové dynamiky fesi nejen potencialni, ale celkovou
] energii systému. Hybnost atom( je vztazena k sile plisobici na atom a

potencialni energii vztahem

k
15/ ov

o F:a—i’z—5 (3.14)

nl Jinymi slovy, kineticka energie je vztazena k funkci potencialni energie
dané silovym polem. Pouzijeme-li prvni dva cleny Taylorova rozvoje,
muzeme pro zmeénu pozice atomu z polohy v ¢ase t do polohy v ¢ase
t+At napsat:

y.

0 x(!+Ar):x(t)+[d;(”:lm+{d;;({)}%{+”..(3.15)
pricemz {d;;(:)} je rychlost, ktera je rovna v=(2K/m)"? a [i{;—(f—)]

ré zrychleni a=F/m. Ackoliv Tayloriv rozvoj je mozZno expandovat do
nekoneéna, pro molekulovou dynamiku se vyuzivaji pouze prvni dva

u ¢leny. Jinymi slovy, pro danou hmotnost je poloha atomu definovana

ra jako funkce potencialni a kinetické energie. Kineticka energie je
vztaZzena ke stavu systému rovnici

na =37 (3.10)

iu

vy
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anta a faktor 3 sohlediuje 3 stupné

kde kg je Boltzmannova konst | iy
u. Jelikoz potencialni energie V nezavisi na

volnosti pohybu atom L |
4 energie. Za nizkych teplot je

plotné z4visla pouze kinetick

teploté, je te : -
otencialni energii, za vysokych hlavné

poloha atomu zavisla hlavne na p

na kinetické.

Molekulova dynamika predpoklada, ze soubor atomd v makromolekule

se zhlediska rozdéleni rychlosti  chova v souladu s Maxwell-

Boltzmannovym rozdélenim a tedy plati:

]

312
} exp[— mv’ kaﬁT)ﬁlm-'zE}v (3.17)

P("W{zﬂkﬁr
kde P(v) je pravdépodobnost, Ze hmota ma rychlost va teplotu T.
Pravdépodobnost g, Ze uréity atom bude mit rychlost v ve smeéru osy x
ma tedy gaussovské rozdéleni. ProtoZe krok At musi byt velmi maly, je
omezena i délka vypoctu. Napfiklad pocet jednotlivych vypoctl energie

systému pfi sledovani trajektorie v ¢ase 1 ps je asi 10°. Tato vypodetni

narocnost je dalSim hlavnim omezenim velikosti systémd, které je

mozno studovat.

Prakticky se nejéastéji pouziva simulace pomoci takzvaného

simulovaného Zihani (simulated annealing). Jedna se o opakovany

simulovany ohfev a ochlazovani sytému. Je to jedna z metod, jak

obchaz iy :
et nebezpedi, ze system sklouzne do lokalniho minima. Z gisté

bychom si v§ I byt jisti se i
y I vsak mohli byt jisti e ISme dosahli globalniho minima az po
nekonecné dlouhé simulacj.
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e Az do tohoto okamziku byla diskutovana v zasadé pouze energetika
e sbalovani. Nejedna se tedy o vypocet Gibbsovych volnych energii ale
e pouze entalpického prispévku knim. V systému, ktery obsahuje
Vne makromolekulu, je treba odlisit dva druhy entropického pfipévku.
Konformacni entropii makromolekuly a entropii rozpoustédla. Pocet
kule raznych konformaci W muaze byt odhadnut na zakladé po¢tu moznych
vell- konformaci g aminokyselinového zbytku o n atomech jako:
W=g"% (3.18)
Napriklad pro rfetézec 100 rliznych aminokyselin s primérnym g=9 je
pocet rliznych izomerl 9%°=3x10%’. Rozdil AS mezi entropii nativni
1T struktury Sy a entropii vSech moznych nahodnych struktur je pak
i AS=S, - S, =k,[In(1)-In(")]=k,(n-2)Ing (3.19)
V. Je V tomto vypocCtu AS= asi —2KJ/molK. To je jedno z moznych odvozeni
gie Levinthalova paradoxu zminéného v ¢asti 2.1.
setni Levinthalovu paradoxu bychom se mohli vyhnout pokud plati, ze
¢ e sbalovani prochazi jen uréitou sadou konformaci. To je princip
sbalovani prostrednictvim zformovani ,roztaveného klubka“ (molten
1eho globule). Pro existenci takoveho intermediatu existuje fada
jany experimentalnich indicii, jako jsou nalezene intermediaty pfi sbalovani
jak proteind in vitro nebo molekuly zvané ,chaperony” (pfehledny ¢lanek
$sté napf Baram a Yonath 2005) které, jak se zda, rozvoliuji $patné
331) sbalené intermediaty a dovoluji jejich dalsi korektni sbaleni.
3 pO Za proces tazeny entropii se v8eobecné povazuje i hydrofobni efekt.

Jedna se voprincipu o znamy jev oddéleni fazi ve smési dvou

nemisitelnych rozpoustédel. Pfi energetickém pfistupu k simulaci



kromolekul jsou vzajemneé atrakce respektive repulze hycraimiens
makr

hydrofilnich Eastic skryty v parametrech potencialového pole. Pokud se

ale skute¢né jedna o entropicky Jjev. tento pfistup by nemél byt
dostate¢ny. Za soutasného stavu poznani a (mozna predevsim) pri

moznostech vypocetnich kapacit se ale pfi hodnoceni hydrofobniho

efektu omezujeme fakticky na hodnoceni velikosti povrchu pristupnych

nebo nepfistupnych rozpoustédiu a pro vlastni simulaci se jich

nevyuziva.

K ziskani Gibbsovy volné energie G, coZ je hodnota bézné méfena
chemickym experimentem, z vypodtu se muze pristoupit nékolika
zplsoby. Napfiklad mizeme posuzovat rozdil mezi volnou energii
nativni konformace Gy a rozbalené (unfolded) konformace Gy. To Ize
z vypoctu odvodit napriklad tak, Ze spocteme energie velkého mnozstvi
konformaci a ty pak statisticky vyhodnotime. Pro vypoéet G bylo
navrzeno nékolik postup, z nichz ovéem vSechny bez vyjimky narazeji
na nasi neschopnost konformace dostateéné vzorkovat — Levinthaltv

paradox.

Pres to vs§ ' alné
Sechno se proteiny v realném case sbaluji, nejspise tedy je

vnasich dvahdch néjaka zasadni chyba. Potvrdilo se vsak, ze

vychazime-i : :
! ' 2& stuktury jen malo odiigne od struktury nativni

molekularné ickd «i
dynamicka simulace vede k otekavanému vysledku

Uspéch predpovadi
Povédi  struktury Predevdim zavisi na dobré znalosti
vychozi konformace.

35 Si u:‘ac lipi / .
m e ,D.l'dOV}/C dVOjV Stey d J"I',O."d-p otefnovyc -
h I I n Interakci



7 Jak bylo feéeno v kapitole 2.3, studium biologickych membran, které by
Tse poskytovalo tdaje o interakcich jednotlivych atomi, je experimentalné
byt nepfistupné. Velké dusili tedy bylo vénovano tomu, aby simulace
) pi potvrzovaly vysledky, které tyto interakce popisuji nepfimo. Jsou jimi
Niho rizna mereni lipidové dynamiky a orientace lipidovych molekul ve
Wch dvojvrstvé. Edholm a Lindahl ve spolupraci s dalSimi skupinami
Jich (Lindahl a Edholm 2000) dokazali, ze pfi vhodné zvoleném potencialu
lze lipidovou dvojvrstvu Uspésné simulovat standardnimi metodami
fena molekulove dynamiky v pfitomnosti vody.
olika V dalSich letech byl tento systém uspésné aplikovan téz na interakce
erg membranovych protein znamé struktury s lipidovou dvojvrstvou.
) Ize Postupovalo se tak, Ze se v prvni fazi vypocétu vytvofil v membrané
Setyi otvor velikosti studovaného proteinu (Faraldo-Gémez a spol. 2002) tim,
bylo Ze se z daného prostoru vynaly vSechny molekuly lipidu, které se v ném
a3eil nachazely celé. Dale se na systém aplikoval dal$i potencial tvaru
B podobnému potencialu tuhych kouli, kdy pfitomnost atomu v oblasti
vyClenéné pro protein je vysoce energeticky penalizovana. Tak vznikl
Ee v membrané otvor, do né&jz byl zasazen protein a simulace mohla
yie probéhnout. Z hlediska proteinové funkce nebo lipid-proteinovych
I. : interakci vSak tyto simulace neprinesly zasadni poznatky.
¥ V posledni dobé se objevilo nékolik simulaci konformace peptidu
!dku: povrchové vazaného na biologickou membranu. Doposud nikdy ale
ilosti

nebyl popsan pripad, kdy by bylo studovano, jak maly membranovy
protein ovliviiuje funkci membrany jako celku. Ten popisujeme poprvé

v ¢lanku 11 prilozeném v této praci.
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5. Shrmuti ¢lanka prilozenych k této praci

Clanky shrnuji jednu z experimentalnich linii, jiz jsem se v poslednich
letech vénoval. Cilem bylo objasnéni interakci, které vedou k formovani
architektury thylakoidnich membran. V letech 1993-1995 jsme s kolegy
na Katedfe biologie rostlinné bufiky na Univerzité v Lundu zkoumali
regulace funkce thylakoidnich membran proteinovou fosforylaci. Cilem
bylo  zjistit, jakeé zmény  struktury vyvolava fosforylace
v nejvyznamnéjSich  proteinech, které se na regulaci podileji,
svetlosbérnem komplexu 2 a PsbH. Jinymi slovy, cilem bylo zjistit, jake
interakce se meni pri této vazbé. Prvni krok byl udélan s vyuzitim
biochemickych metod, kdy jsme studovali vliv N-koncové domény LHCII
na aktivitu specifickych enzymu: kindzy, ktera katalyzuje vazbu
fosfatové skupiny na protein, a fosfatazy, ktera naopak fosfatovou
skupinu odstépuje.

Clanek & 1 - Cheng a spol. 1995, - popisuje ziskani zakladnich
materiall pro dalsi praci, chemickou syntézu N-koncového peptidu
z proteinu LHCII ve fosforylované a nefosforylované forme. Dale jsou
zde popsany zakladni experimenty, které ukazuji nespecificitu enzymu
fosfatazy. Dokazali jsme experimentalné, Zze pokud synteticky peptid o
sekvenci stejné jako ma N-koncova doména LHCII fosforylujeme
pomoci izolovanych thylakoidnich membran, tento peptid muze slouzit
jako substrat pro fosfatazu vazanou na membranu. Takto fosforylovany
peptid byl defosforylovan mnohem pomaleji nez jednotlivé proteiny
vazané v membrané. Naproti tomu synteticky peptidovy analog N-

koncové domény LHCII zpomaloval defosforylaci vSech membranovych
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Clanek & 2 — Stys a spol. 1995, ukazuje, ze proteiny LHCII a PsbH se

podileji na dvou odlignych regulacnich procesech. Puvodnim cilem

studie publikované v tomto ¢lanku bylo zjistit, zda peptid, ktery obsahuje

sekvenci odpovidajici fosforylacnimu mistu LHCIl, muze blokovat

zpétnou vazbu LHCIl do membranovych komplextd. Proto byly
navozeny podminky, za nichz dochazi k fosforylaci LHCII a sledovalo
se, jak se méni tvar spekter nizkoteplotni fluorescence. Touto metodou
Ize relativné citlivé sledovat zmény ve slozeni komplexu v thylakoidni
membrang, jen obtizné v§ak lIze tyto dil¢i zmény pfifadit jednotlivym
proteinim a jejich komplexim. Pfesto se podafilo dokazat, Ze pfi
zablokovani vazebnych mist peptidovym analogem LHCI| se ve spektru
objevuje mnohem vyraznéjsi zastoupeni maxima pii 715 nm. Toto
maximum byva pfipisovano volnému LHCII, vyskytuje se vSak |
vriznym zplsobem poskozenych membranach. pfipadé nasich
experimentl se kontrolni vzorky chovaly jako neposkozené membrany,

¢imz - i i
S€ pravdeépodobnost nasi identifikace tohoto maxima zvysila.

Mnohem zaiji oA s
Zajimavejsi viak byl poznatek, ktery byl v tomto &lanku ziskan
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v§ech proteint v prvnich dvaceti minutach. To jsou ¢asy, pfi nichZ se

zastavuje vétSina béznych experimenti. Po této dobé zacala
fosforylace LHCII klesat, fosforylace vétSiny proteini se zastavila —
zfejmé diky saturaci — a stoupala jediné fosforylace PsbH. Je tedy
zfejmé, Ze role LHCII a PsbH v regulaci struktury a funkce thylakoidnich
membran je odliSna a dokonce, zZe v Casech delSich nez 20 minut za
nami nastavenych podminek, neni ani klicova. Tento poznatek byl
v dalSich letech potvrzen mnoha autory, dodnes v§ak nikdo nepatral po
moznych molekularnich principech této odliSnosti zejména proto, ze
nastal odklon od biochemického pfistupu k problému a prevazilo jeho
studium v intaktnich buiikach in vivo. Dale se ukazalo, Ze v zasadé
nikdo se nikdy nezabyval otazkou, jaka je efektivni koncentrace
druhého substratu fosforylacni reakce (vedle proteinu), totiz ATP. Tyto
experimenty jsem provedl a ukazalo se, ze pravé koncentrace ATP
limituje rychlost fosforylace LHCIl. Bohuzel se mi jiz tyto vysledky
nepodarilo zopakovat a publikovat, protoze jsem svij pobyt na
univerzité v Lundu ukoncil a v Treboni pro tyto experimenty nebyly
podminky. (Na této praci jsem se podilel jako hlavni experimentator
spolu se studentem bakalaiského studia Martinem Stancekem
z Bratislavy, praci jsem celou sepsal, 80%).

Clanek ¢ 3 - Stys 1995a, shrnuje dosavadni znalosti o moznych
principech regulace struktury a funkce membran na molekularni urovni.
Hlavnim cilem tohoto prehledového ¢lanku bylo zduraznit (tehdy)
posledni experimentalni vysledky a konfrontovat je s hypotézami, které

byly rozvijeny v tehdy zacinajicim sméru studia membranovych rafta,
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vych smésich a interakci v ramci membranové
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fazovych rozhrani v lipid
smus na jehoz zakladé dochaz

4N0, Z i
lamely. Bylo konstatovano, Z€ mechan

k formovani membranovych lamel, je studovan jiz od roku 1982, kdy

byla Barberem navrzena hypotéza, ktera vychazela z klasické teorie

DLVO, popisujici chovani koloidnich gastic. Proti ni byla postavena

hypotéza specifickych interakci vyslovena Allenem 1992. Z experiment

véak bylo zfejmé, ze VIV iontd neni mozné vylouCit. Dosavadni

hypotézy tplné opomijely ViV protein-lipidovych interakci na rozdeleni
lipid-proteinovych domeén a mozny vliv sterického omezeni pro
pfiblizeni membranovych lamel dostateéné blizko, aby mohlo dojit ke
vzniku jejich atrakce vlivem iontl nebo van der Waalsovych sil. Bylo
navrseno nékolik experimentl, které by navrzené hypotézy mohly
vyvratit, ¢imz byl vice-méné stanoven dalsi experimentalni plan. (Na
¢lanku jsem jedinym autorem a je 100% mou autorskou praci.)
Clének ¢. 4, Stys a spol. 1995b, kromé analyzy strukturnich zmén
zplsobenych fosforylaci N-koncové domény LHCII obsahuje take jinde
nepublikovanou titraci fosforylovaného peptidového fragmentu N-
koncové domény LHCII hofe&natymi lonty. Vazba byla sledovana malo
uzivanou metodou NMR spektroskopie hofe¢natych iontll, kdy se
f’y”z"’a sledovani zmén tvaru spekira kvadrupolarniho jadra. Ziistil
j::r:',k'zedvazebna konstanta ma hodnotu 110 M. To e sice méné nez
Priklad u kaseinu nebo jinych fosfat-vazicich peptidu (250-25000 M

1
), tam se jedna o
vazbu do specifického vazebného mista s radou

(39



e roli fosfatové skupiny pfi vazbé na LHCII. Na rozdil od bézného pohledu
100haz; zalozeného na vzniku elektrostatického odpuzovani, zpusobeného
. kdy vnesenou nabitou fosfatovou skupinou nebo konformaéni zmeénou
! teorig (ktera je ovSem samoziejma), muze jit i o vznik specifického vazebného
avens mista pro iont. To pak muze ovlivnit jak specifickou vazbu proteinu na
‘iment; dalSi proteiny, tak nespecifickou atrakci zprostfedkovanou iontovymi
iavadni silami. (Vysledky uvedené v praci jsme experimentalné vytvofili
zdélen s Torbjornem Drakenbergem, ostatni spoluautofi prispivali k diskusi
ni pro vysledki, 60%)
ojit ke Clanek ¢. 5 Nilsson et al. 1997, jiz dava prvni pfiblizeni k strukturnimu
il. Bylo zakladu regulace. Klicovym poznatkem bylo Zze N-koncova doména ma
mohly ve fosforylovaném stavu tendenci k agregaci. Experimenty byly
n. (Na provadény na peptidu, ktery obsahoval pouze fosforylacni misto a to ve
fosforylovanem a nefosforylovaném stavu. Pouzivali jsme metody
o) strukturniho stanoveni a to pomoci spektroskopie cirkularniho
& jinde dichroismu a NMR spektroskopie. V NMR spektroskopii se ukazaly
o jasné rozdily ve struktuife nefosforylovaného peptidu — ta odpovidala
) volnému peptidu vroztoku bez tendence zaujimat specifickou
K konformaci — a fosforylovaného peptidu, kde se objevovalo mnohem
E 59 vice signall, nez by bylo mozno prifadit peptidu o 15 aminokyselinach.
Zjlsmj Zaroven se ukazovalo, Ze pfinejmensim urCita Cast peptidu zaujima
Fr velmi presné definovanou a dlouhodobé stabilni konformaci, coz
o dokonce komplikovalo navrzeni optimalnich experimenti pro NMR
et spektroskopii. V dobé, kdy se experimenty provadély, byl tento vysledek
'OU?Ch obtizné vysvétlitelny. S rostouci znalosti struktur fosforylovanych
ed M
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kazalo, ze velka a nabita fosfatova skupina po zavedeni
{ se ukazalo,

protein |
azbu se sousednimi NH sku

i pinami hlavniho
do proteinu vzdy vytvari v

k& mozno vysvétit, proc je fosfatova skupina velmi
a )

procesech. V nasem pfipadé se

fetézce. Tim je t
¢asto vyuzivana v riznych regulacnich
i kdyz uplné nepotvrzenym,

ukazalo, ze nejpravdépodobnejsm,

strukturni zménu  mezi fosforylovanym a

vysvétlenim  pro

nefosforylovanym  peptidem je zvySeni agregace v pfipadé

fosforylované formy. Pro vlastni vysvétleni mechanismu mél tento

vysledek jen diléi vyznam. (Podilel jsem se na pripravé a mefeni vsech
experimentdl s vjjimkou infragervenych spekter a napsal jsme |
podstatnou ¢ast ¢lanku, 30%).
V dal$i etapé jsem se snazil oddélit a experimentalné charakterizovat
od sebe jednotlivé jevy, jejichz vliv na formovani thylakoidnich
membran jsem predpokladal.
Clének ¢. 6 Stys a spol. 1999 experimentalné dokazuje odlignosti ve
vlivu polyionti a specificky interagujicich N-koncovych peptidid na
organizaci thylakoidnich membran. Hlavnim cilem bylo zjistit, jakou Cast
zmén v thylakoidni membrané predstavuji specifické interakce mezi
LHCII a ostatnimi proteiny a jakou ¢ast Ize pfipsat nespecifické atrakci
Zpusobené vazbou polyiontu, Dalsim experimentalnim testem bylo
p:'z't' alfatickjch diaminii rizné délky uhlikového fetézce. které mély
objasni Fi :

JS8E; eaaRinagne) membranovych lamel hraje roli vzdalenost mezi

lamelami. Byl gt
Y Vyuzity tfi metody detekee stavu membran: elektronova

mikroskopie, i i
nizkoteplotn; fluorescengn spektroskopie a
|

nefotochemické zhagen n
zhas JiSte n
eni. Bylo Zjisteno, ze vazba peptida :
h a membranu
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je specificka a Zze chovani membran je odli$né i pfi pfidavku raznych
diaminl. (Provedl jsem sam pievaznou c¢ast experimenta kromeé
elektronové mikroskopie a clanek jsem sam sepsal, 80%).

Clanek ¢. 7 Veverka a spol. 2000 pfedstavuje nejzazsi experimentalni
pfiblizeni k pochopeni interakce N-koncové domény LHCII s lipidovou
dvojvrstvou. Byly experimentalné identifikovany ty protony, ktere se
pfimo podileji na interakci s fosfatidylglycerolem. Rychlost vymény mezi
vazanou a volnou formou vSak neumoznila stanoveni trojrozmérné
struktury vazané formy. (Navrhl jsem vétsSinu experimentl, podilel se na
jejich provadéni i zpracovani dat, ¢lanek jsem z vétsi ¢asti sam sepsal,
40%).

Clanek 8 Komenda a spol. 2003 je shrnutim poznatk(i o proteinu PsbH,
pfi€emzZ je poprvé vyslovena hypotéza, ze PsbH je zodpoveédny za
spravné sestavovani komplex( fotosyntetickych reakénich center.
Obsah této prace se do znaéné miry shoduje s pfislusnou kapitolou
uvodu této prace. (25% podil).

Clanek 9, Halbhuber a spol. 2003 popisuje novou metodu ziskavani
membranovych proteint heterologni expresi v bakterii E. coli a jeho
vyuziti pro produkci proteinu PsbH. Metoda je zaloZzena na spojeni
malého membranového proteinu do jednoho genového konstruktu
s velkym rozpustnym proteinem glutathion transferazou. Vznikly fuzni
protein se pak chova jako velky rozpustny protein, ktery se jen z velmi
malé casti integruje do membrany hostitelského organismu. Diky tomu
neni burika okamzité po indukci produkce proteinu poSkozena ve svych

funkcich, jak je tomu v pfipadé, kdy se membranovy protein produkuje
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Konstrukt byl navrzen a

mbrany. (
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m. biochemicka izolace byla navrzena E.Thulin,

realizovan K. Alexcieve

i imali [ ymi studenty Z.
dali experimenty jsmé provadéli a optimalizovali s mym ty

Ravi et
Halbhuberem a Z. Petrmichlovou, viastn! prace asl 25%.)

pol. 2005 popisuje model struktury PsbH

Clanek 10, Stys a s

ergentovém roztoku. Struktura byla vypogitana pomoci molekulové

v det

dynamiky a odpovida experimentalnimu stanoveni struktury proteinu

pomoci cirkularniho dichroismu. V ¢lanku se popisuje pfiprava proteinu
znaceného izotopem "N, ktery mé spinové kvantové Cislo 2 a muze
byt tedy vyuzit vklasickych experimentech, které davaji spektra
vysokého rozliseni. Dale se popisuji vysledky spektroskopie CD
detergentového roztoku proteinu, kdy se ukazalo, Ze protein se sbaluje
autonomné a Ze kjeho sbaleni neni tfeba ani aktivni integrace do
membrany, ani pfitomnost dalSich proteind. Spektrum NMR také
ukazalo, Ze vproteinu je mozno jednotlivé identifikovat kazdy
aminokyselinovy zbytek, coz ukazalo, ze se jedna o unikatni konformaci

proteinu, ktery se nachézi v monomemim stavu. Tyto experimentalni

Udaje byly podkladem pro vypocet struktury proteinu. ktery byl veden

jako  vypocet struktur samotné  C-koncové & N

mimomembranové domény. Tyto domény byly nasledné napojeny na

model trans . : _ ’
membranového helixy Pripraveny metodou molekulového
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Clanek 11 Stys a spol. 2006 (rukopis) popisuje simulaci reainé struktury
PsbH v lipidové membrané, tvofené jinym nez viastnim lipidem. Cilem
této simulace bylo posoudit tu ¢ast lipid-proteinové interakce, ktera
neni specificka pro dany protein. V ¢lanku jsou zahrnuta i dal$i méreni
metodou cirkularniho dichroismu, kdy se ukazalo, ze pfi pokusech o
rekonstituci proteinu do lipidové dvojvrstvy dochazi k tvorbé struktur
vétSiho rozsahu. Takové struktury byly pozorovany i ve smeési
detegentu a lipidového extraktu z celych thylakoidnich membrany a byly
doprovazeny vznikem anomainiho signalu v nizkoteplotni fluorescenci
chlorofylu. Nebyly vSak nikdy pozorovany ve smeési detergentu a
jednotliveho separovaného lipidu. Byly vSak pozorovany ve spektrech
liposomi obsahujicich PsbH a jednotlivé lipidy, které vytvareji
dvojvrstvy. Jedna se s nejvétsi pravdépodobnosti o vznik lipidovych
struktur, které vznikaji ve smeésich lipidu pfi ur¢ittm poméru slozek ve
smési a jejichz formovani je indukovano i proteinem PsbH. Méfeni
metodou NMR pfi rekonstituci ukazovalo, Ze pfi pridavku lipidd
nevznikaji zadné komplexy lipid-protein, které by ukazovaly na
stechiometrii mezi 1:1 az 1:15. Ve spektrech se vzdy vyskytovaly pouze
signaly odpovidajici proteinu v roztoku a ty se pfi pfekroCeni urcité
koncentrace lipidu zacaly ztracet. Tento vysledek ukazoval na tvorbu
agregati vysoké molekulove hmotnosti, které jsou pro velkou Sifi
spektralnich ¢ar nepozorovatelné. To je vysvétlitelné pouze tim, Ze
PsbH nevytvafi zadné specifické pevné komplexy s lipidy, které by
existovaly v micelach v nepfitomnosti membrany, ale Ze s nejvétsi

pravdépodobnosti ve vsech lipidovych dvojvrstvach vytvari domény,
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které se pak projevuji dlouhovinnym signalem v spektru CD. Pro

to jevi bylo nutno pfistou

yl vyuzit model popsany Vv €lanku

vysvétleni téch pit k simulaci proteiny

v membranovém prostredi. K tomu b

10. V pfipravené lipidove membrané byl vytvofen otvor o velikosti, ktera
pravé odpovidala helixu PsbH a do ng byl tento helix vioZen.
Molekularné dynamicka simulace ukazala, ze mimomembranové

domény proteinu se velmi rychle integruji do lipid-proteinové dvojvrstvy

a po urité dobé se ustali i urcity pocet lipidt, které tésné obklopuji
protein ponofeny do membrany. Zda se, 7e tento modelovy experiment
naznacuje, ze navrzena hypotéza, Ze protein PsbH indukuje tvorbu
lipidovych domén, je pravdépodobna. (Podilel jsem se na pripravé

proteinu, navrhu experimentd i jejich vyhodnocovani a pripravé dat

k vypoctu a jeho vyhodnocovani - 35%)
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Effects of synthetic peptides on thylakoid phosphoprotein

phosphatase reactions

Liiling Cheng, Dalibor Stys and John F. Allen

Cheng, L., Stys, D. and Allen, J. F. 1995. Effects of synthetic peptides on thylakoid
phosphoprotein phosphatase reactions. — Physiol. Plant. 93: 173-178.

A synthetic peptide analogue of the phosphorylation site of LHC II, when phosphory-
lated by thylakoid , served as a substrate for the thylakoid phosphoprotein
phosphatase. The phosphopeptide became dephosphorylated at a low rate, comparable
to that of the 9 kDa phosphoprotein. Phospho-LHC I itself became dephosphorylated
much more rapidly, at a rate unaffected by endogenous phosphorylation of the peptide.
Endogenous phosphorylation of the peptide was also without effect on other thylakoid
protein phosphorylation and dephosphorylation reactions. In contrast, dephosphoryla-
tion of many thylakoid phosphoproteins was inhibited by addition of a pure, chem-
ically-synthesised phosphopeptide analogue of phospho-LHC II. This result suggests
that at least one thylakoid phosphoprotein phosphatase exhibits a broad substrate
specificity. The results indicate that any one of a number of amino acid sequences can
give a phosphoprotein configuration that is recognised by a single phosphatase.

Key words — Chloroplast thylakoids, LHC II, molecular recognition, phosphoprotein
phosphatase, protein kinase, synthetic phosphopeptide.

L. Cheng, D. Stys and J. F. Allen (corresponding author), Plant Cell Biology, Lund
Univ., Box 7007, §-220 07 Lund, Sweden.

This paper is part of the contmbutions to a Plant Cell Biology Workshop on Thylakoid

Protein Phosphorylation, held at Lund University, Sweden, 27-29 March, 1994,

Introduction

Reversible protein phosphorylation regulates protein
function in many aspects of prokaryotic and eukaryotic
metabolism, gene expression and response to environ-
mental change (Edelman et al. 1987). Protein phosphory-
lation is catalysed by protein kinases and dephosphoryla-
tion by protein phosphatases. In plants, a number of
protein phosphorylation systems have been found (Ran-
jeva and Boudet 1987). One of these is the chloroplast
thylakoid system that regulates photosynthesis (Bennett
1991, Allen 1992). Phosphorylation of thylakoid proteins
is stimulated by light (Bennett 1979) and when phospho-
rylated material is then placed in the dark, it becomes
dephosphorylated (Bennett 1980). The phosphatase that
catalyses dephosphorylation of thylakoid phosphopro-
teins is membrane bound (Bennett 1980) and redox-inde-

Received 27 June, 1994; revised 26 August, 1994
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pendent (Silverstein et al. 1993). The enzyme was found
to be inhibited by classical phosphatase inhibitors fluo-
ride (Bennett 1980) and molybdate (Owens and Ohad
1982) but not by okadaic acid (Mackintosh et al. 1991,
Sun and Markwell 1992), an inhibitor of specific mam-
malian phosphatases (Cohen et al. 1990).

A central question is how protein kinases and phospha-
tases recognise their diverse protein substrates. Since
structural information is available for only a handful of
protein substrates (Johnson and Barford 1993), synthetic
peptides have played an important role in assessing the
specificity and recognition features of protein kinases and
phosphatases (Kemp and Pearson 1990, Kennelly and
Krebs 1991). Synthetic phosphopeptides have been used
to distinguish different protein phosphatases (Donella-
Deana et al. 1990, 1991) and as model substrates to
investigate their specificity (Agostinis et al. 1987, 1990),
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; for protein
providing clues to sequence mq;“fﬁf;?ésphos phogeo-
phosphatase recogmtion. For the thy \des mimicking
tein phosphatase, synthetic phosphopeptl THC I have
the N-terminal phosphorylation sit¢ of the 2 mral
been shown to act as substrates of a phosphop .

i f phosphopeptides DY
phosphatase. Dephosphorylation of P Swylaficn
thylakoid membranes was similar to dePh"anm': 0 s
of endogenous LHC Il in its pl-l_-dcgendence p E ) i
sensitivity to inhibitors, and in (s divalent catio recl]a L
ment (Sun et al. 1993). To test fuqher the rcg;e =
properties of thylakoid phosp_hOpmtem phosphased e
the structural requirements of its substrates, we U 2
unphosphorylated and phosphorylated synthetic pep e 3;
Our results demonstrate that dephosphorylation =z
phosphopeptide that has been phosphorylated bly a Q:;.
koid-bound protein kinase proceeds at a much lower =
than that of phospho-LHC IL. We also show that the
presence of endogenously phosphorylated peptide has lr;o
effect on the dephosphorylation of LHC II or other thyla-
koid phosphoproteins. However, ‘the co_m_:spond:_ng
chemically-synthesised phosphopegnde exhibits an in-
hibitory effect on all phosphoprotein phusphata§e reac-
tions. We suggesnhatanyomofanumberofapmoam'd
sequences can give a phosphoprotein configuration that is
sufficient for recognition of the phosphoprotein by a
single phosphatase. However, the configuration of other
domains in the native protein, remote from the phoaphp-
rylation site, may also be essential for efficient catalysis.
The possible regulatory role of molecular recognitjpn
between thylakoid phosphoprotein phosphatase and its
substrates is discussed.

Abbreviations — Chl, chlorophyll; CP43, PS II (psbC) poly-
peptide; D1 and D2, 31 (psbA) and 32 (psbD) kDa PS 11 reaction
centre polypeptides; DCC, dicyclohexylcarbodiimide; HF, hy-
drogen fluoride; HOBt, 1-hydroxybenzotriazole; LHC II, light
harvesting complex II; 9 kDa, PS II (psbH) polypeptide; PQ,
plastoquinone; PS I and 11, photosystem I and II; SDS-PAGE,
sodiom dodecyl sulphate-polyacrylamide gel electrophoresis.

Materials and methods
Plant material

Pea seedlings (Pisum sativum L. cv. Sockeriirt de grace)
were grown at 20°C with a 12 h light period. Leaves were
pm'vested during the light period 14-16 days after sow-
ing.

Preparation of the synthetic peptide
A 15 amino-acid synthetic peptide corres

i ponding to an
N-terminal fragment of pea LHC [j {RKSA%TKK-
VASSGSP) and its phosphorylated form

(RKSAT[PO,JTKKVASSGSP) were s i

i ynthesised b
solid phase, t-Boc strategy according to Barany and p,:e:
qﬁeld (1980) and Grehn et al. (1987). The phospho
tide was synthesized using the standard Bm.pmom[;eg;,

an ABI 430A solid phase peptide synthesi
ase | zer. In
phosphorylated threonine in the synthetic peplidmplamlizft;;’f
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OPh),] was incorporated. Boc-Thriop
gﬂgﬂo \n(.ras o);lxined by PhPSPhﬂf}'laDBg Boc-Thr-(p,
with diphenylphosphochlorldate 'accordmg to Perig
(1991) and then hydrogenated using 5% PA/C in ey,
acetate:acetic acid (25:1) for 2' h. The phosphothreopy,
was coupled twice for 3 h using DCC and HOBt.

entide was cleaved from the resin with HF: Anisol (9
?of one hour at =5°C. After wgshmg the resin with ethy
and extracting the peptide with 30% acetic acid, g,
peptide was lyophilized. The product was then hydr,
genated in the solution containing 200 mg peptides, 13
mg platinum oxide (PtO;) n H, at twice atmospher
pressure in 12 ml 80% acetic acid for 4 days,. The produg
was purified on a 250 x 20 mm Kromasil 5 m, 3
column with 1% TFA-acetonitrile gradient. The purity
the phosphopeptide was >90% as revealed by HPLC ay
mass spectroscopy (not shown). The correct mass accord.
ing to mass Spectroscopy Wwas 1585.5 Da (theoreticy
mass: 1584.7 Da). High specific activity [y-"P]JATP wy
obtained from Amersham. Other chemical reagents wer
purchased from Sigma (St. Louis, MO, USA).

In vitro phosphorylation and dephosphorylation

Thylakoid membranes were isolated from pea chlor
plasts by the method described in Harrison and Alles
(1991) and then stored on ice in darkness for 60 min prix
to radiolabelling. Phosphorylation of thylakoid mem
brane proteins and of the synthetic peptide was carrie|
out by incubation of purified thylakoids at 0.2 mg Chl
ml~! together with 334 pM synthetic peptide in a mediun
containing 0.1 M sorbitol, 50 mM HEPES (pH 7.6) ani
MgCl,, NaCl, NH,CI, all at 5 mM and [y-*?P]ATP (0.
mM) at a molar activity of 3.7 TBq mol~' at 22°C (Allex
and Findlay 1986) and by illuminating the samples for Il
min with a desk-lamp giving a light intensity ~ 130 pmol
m™ s™'. Dephosphorylation was obtained by incubation of
the P-labelled samples in darkness from 10 to 180 mix
with or without chemically-synthesised phosphopeptid
(final concentration 167 puM). Dephosphorylation time
courses were started by switching off the light, and san+
ples (100 pl) were withdrawn at intervals and immed:
ately precipitated by mixing with 0.8 ml acetone (pr
cooled at ~20°C). The sample at zero time served as e
control (100% phosphorylation). The acetone suspensi
Wwas stored on ice for at least 30 min before centrifugatior
at 13000 g for 2.5 min. The protein pellets were preparei
for gel electrophoresis as described below.

Polymhmlde-gel electrophoresis

Samples were solubilized in 62.5 mM Tris-HC (pH 63
4;;-1'. containing 12% glycerol, 5% 2-mercaptoethanch

=% SDS, and 0.01% bromophenolblue by vortexi
and incubation at room temperature for 2 h untl
1f3e]lets Wwere dissolved. The samples were heated to 70
jor > min, and centrifuged at 13000 g for 5 min befd®

ading on the slab gel. SDS-PAGE was performed ®
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Fig. 3. SDS-PAGE phosphorimage of the time-course of de
phosphorylation of both endogenously phosphorylated peptide
and pea thylakoid phosphoproteins in presence of exogenous
phosphopeptide. The P labelled samples were incubated with
167 uM of exogenous phosphopeptide n darkness for D, 10, 20,
40, 60, 90, 120 and 180 min. Stained gels for all the samples are
identical (not shown). Tracks were loaded with protein equiv-
alent to 2 pg chlorophyll.

protein i solution. Competition of a membranc protein
with a soluble protein for the same binding sile 1s in-
completely understood. Nevertheless, other factors may
be responsible for less cfficient catalysis of the endoge-
nously phosphorylated peptide by the thylakoid phospho-
protein phosphatase. These factors could include absence
of other domains in the native protein, remote from the
phosphorylated site, or a low stability ol the proper con-
figuration on the phosphopeptide,

The presence of endogenously phosphorylated peptide
did not interfere with the dephosphorylation of phospho-
LHC 1L Similar results were observed on the dephospho-
rylation of most other thylakeid phesphoproteins
(Fig. 2). The results show that the thylakoid phosphopro-
tein phosphatase is activated nu;ﬁonly by ils native sub-
strates, but also by an exogenous product of the kinase
reaction. On the other hand, although the total concentra-
tion of the phosphopeptide is higher than those of the
phosphoproteins (Fig. 1, Lane time 0), it does nol com-
pete significantly with them for the phosphatase. The
difference between the phosphoproteins and the phospho-
peptide in recognition by the phosphoprotein phosphatase
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may be responsible for their different rates of dephospho-
rylation

Figure 3 shows a phosphorimage of SDS-PAGE frac-
tionation of the time-course of dephosphorylation of both
endogenously phosphorylated peptide and (hylakoid
phosphoproteins in presence of the chemically-synthe-

sised phosphopeptide  (RKSAT|PO,]TKKVASSGSP).
The chemically-synthesised phosphopeptide acts as a
compelitive inhibitor not only of phospho-LHC TI, but
also of all the thylakoid phosphoproteins (Cheng et al.
1994). By addition of the same phosphopeptide in the
system with the endogenously phosphorylated peptide
present, the dephosphorylation of most thylakoid phos-
phoproteins was inhibited (Fig. 4). The inhibitory effects
are stronger on the rapidly dephosphorylated phospho-
proteins such as LHC 1I and 56 kDa phosphoprotein
compared to those slowly dephosphorylated phosphopro-
teins such as 9 kDa and endogenously phosphorylated
peptide, the dephosphorylation of which were hardly de-
tcctable. However, the inhibitory effects of the chem-
ically-synthesised phosphopeplide on the dephosphoryla-
tion of thylakoid phosphoproteins in the presence of en-
dogenously phosphorylated peptide are slightly less
compared with the dephosphorylation of thylakoid phos-
phoproteins in the absence of endogenously phosphory-
lated peptide. We have measured the concentration of the
phosphorylated peptide in the solution of the endogenous
peptide by HPLC. The chromatographic peuk of the
phosphopeptide was not detectable although the phos-
phorylated and unphosphorylated peptides were clearly

120 T T

3

)

a 4

g

a

Q

E

=%

e ]
|

o 100 200
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Fig. 4. Quantificaton of the “P labelling in specific bands of
phosphorimage shown in Fig. 3. The sample incubated at zero
time served as 100% “P incorporation, Peptide (---), LHC Il
(@), 9 kDa (O), CP43 (m), 56 kDa ([0), 12 kDa (<), 20 kDa
(A), 18 kDa (&), 16 kDa (¢), DI (+), D2 (x).
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Fig. 1. SDS-PAGE phosphorimage of the time-coursc of de-
phosphorylation of both endogenously phosphorylated peptide
and pea thylakoid phosphoproteins. Purified pea thylakoid
membranes were incubated with the unphosphorylated peptide
it a reaction medium with [y-"PJATP, illuminated for 10 min.
The P labelled samples were subsequently incubated n dark-
ness for 0, 10, 20, 40, 60, 90, 120 and 180 min. Stained gels for
all the samples are identical (not shown). Tracks were loaded
with protein equivalent 10 2 pg chlorophyll.

10-25% gradient gels with the buffer system of Lacmmli
(1970). Silver staining of the gels was performed accord-
ing to manufacturer's instructions for Bio-Rad ‘silver
stain plus’. Gels were dried and subsequently analysed by
phosphorimaging. The quantity of radioisotope present in
_the specitic bands was measured using a Fuji Bio-lmag-
ing analyzer BAS 2000.

Chlorophyll determination

Chiurophy]l determination in 80% acetone was per-
formed by the method of Arnon (1949),

Results and discussion

The potentially phosphorylated resi i >
have been idenliﬁedp (Mﬁ‘)]el 1983(?':;(1!]]5}?:3\«11[“]?5;1
preferentially Thr-5 (Thr-6 if the N-terminal Mtl '
cﬂuunlcd as the first amino acid) (Bennett et al I;H.?l\
From the pea LHC Il sequences deduced by C'Ivah .
(1984), a synthetic peptide (RKSA'I'I'KKVASS(“S‘P lTlUl'C
logue of an N-lerminal segment of LHC | ariadr'\l ik
phorylafcd form (RKSATIP()dj']"l{KVASS(“,QI!})s ph(\“h
synthesised. The unphosphorylated synthetic é lid ke
phosphorylated by a thylakoid protein kjnn‘zep:in?uvlvtas
e a-
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th native thylakoid proteins when the Peplid
ted together with thylakoid membrances il
nce of [y-"P JA;P- Dgphﬂsphoryiatim'

- o< nhosphopeptide (here term ‘endogenously phy,
::L;I;;(ﬂtad Eept[idg'] and U_f the other l_hylakniq ph_ﬁﬁ‘l‘ahry
protins started when the light was switched off. Figyp
is a phosphorimage of an SDS--PAG'E_ gel showing ,
typical time-cOUrsc of dephnsphuryldnfm of endog
nously phosphorylated peptide and thyl‘il‘(md phosph,
proteins. The relative quantitics ol the -P—Iab_elling il
specific bands of the phosphorimage are s‘h{)v?.rn in Fig )
As can be seen in Figs 1 and 2, despitc its ideniicy
sequence with a fragment of LHC II, the endogenou,
phosphorylnted peptide was dephosphorylme_d slowly, 4
4 rate comparable to that of dephosphorylation of the |
kDa phosphoprotein. Dephosphorylation of phosphg
LHC [I was much more rapid, with a half-time of 7 mi,
in agreement with results obtained in the absence (f
peptide (Cheng ct al. 1994). The phosphopeptide serve;
45 a weak substrate for the phosphatase, indicating thy
he recoguition features required by the phosphatase wer
present in the phosphopeptide. However, since dephos
phorylation of the endogenously phosphorylated pepiig:
was slow compared to the dephasphorylation of its paren
protein LHC I1, some structural feature of the phospho
peptide must be unfavourable for the phosphatase acty-
ity. Slower dephosphorylation of the phosphopepti:
may also be caused either by low stability of the strucun
of the phosphopeptide or by a higher probability th
membrane proteins interact with each ather than with:

120 v T X l
b

neously wi
was incuba
nated in the prese

32p |ngorp. (%)

100

Tima({min)

Fig. 2. Quantification of “P-labelli if :
Juar - ling in speeific bands of &
ﬁ'll?;p:;?l::}dgt shown in Fig. 1. The .\umppie incubated at 2
i (“Ch‘ I(K‘l’ﬁ P incorporation. Peptide (---), LHC l
(O, 18 by Ok CP43 (W), 56 kDa (), 12 kDa (O). 0MP
V), 4(A), 16 kDa (@), DI (+), D2 ().
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resolvable on the control assay (data not sh}ourn)- ;;?:
concentration of the phosphopeptide in the solution

. horylated peptide is therefore
taining endogenously phosphory pe i
negligible compared to that of the quhﬂsph ospl:E g
tide. This again supports the conclusion that the thb!:an 2
peptide is a weak substrate comparpd_ to the me e
phosphoproteins and is able to inhibit the phosp i
only at high concentration. We cannot exclude very lim-
ited feedback control of the phosphatase by the concen-
tration of the substrate but our experiments make such
control less probable.

In mmm?yrf) our results show that the presence of the
endogenously phosphorylated peptide served only as a
weak substrate of the phosphatase, with a dephosphoryla-
tion rate similar to that of the 9 kDa pho;phogmtem,
which has a sequence at the phosphorylation site un-
related to that of LHC II (Michel and Bennett 1987) and
the phosphopeptide. When the chcmica]ly-s:_mthesmcd
phosphopeptide was present at a concentration much
higher than that of the endogenously phosphorylated pep-
tide, it acted as a competitive inhibitor of the phospha-
tase, not only for dephosphorylation of LHC II but also
for dephosphorylation of other thylakoid phosphopro-
teins. The results are in agreement with our previous
observation and support the conclusion that at least one
phosphoprotein phosphatase in thylakoid membranes ex-
hibits a broad substrate specificity. The results indicate
that any one of a number of amino acid sequences can
give a phosphoprotein configuration that is sufficient for
recognition of the phosphoprotein by a single phospha-
tase. However, the configuration of other domains remote
from the phosphorylated site of the substrate are likely to
be essential for efficient catalysis. The availability of
phosphopeptides creates the possibility of using an artifi-
cial structure for specific detection and assay the thyla-
koid phosphoprotein phosphatase. Future experiments in-
volving structural and enzymological characterisation of
synthetic phosphopeptide analogues of the phosphoryla-
tion site of other thylakoid phosphoproteins as substrates
for .the thylakoid phosphoprotein phosphatase should
clarify the general structural features required for sub-
strate recognition.
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4. Subsma
Jotein phy
In pres;
Jkadsic gy bstract
on. - Treag
i s Dylakoid membranes of pea were used to study competition between extra-membrane fragments and their parental
gation of snembrane-bound proteins. Phosphorylated and unphosphorylated fragments of light harvesting complex II (LHC
gnm ) from higher plants were used to compete with LHC II for interactions with itself and with other thylakoid
—2m. rotein complexes. Effects of these peptide fragments of LHC 1I and of control peptides were followed by 80 K
phosphashlorophyll fluorescence spectroscopy of isolated thylakoids. The phosphorylated LHC II fragment competes with
ﬁn:iq wﬂnembrane-bound phosphoproteins in the phosphatase reaction. The same fragment accelerates the process of dark-
fochim. Bio-light adaptation and decreases the rate of the light-to-dark adaptation when these are followed by fluorescence
E G, [yPectroscopy. In contrast, the non-phosphorylated LHC II peptide does not affect the rate of adaptation but produces
Biockem fesults consistent with inhibition of formation of a quenching complex. In this quenching complex we propose that
_HC Il remains inaccessible to the LHC II kinase, explaining an observed decrease in LHC II phosphorylation in the
ﬂ : phosphory
imjl odater stages of the time-course of phosphorylation. The most conspicuous protein which is steadily phosphorylated
it prepenidluring the time-course of phosphorylation is the 9 kDa (psbH) protein. The participation of the phosphorylated
akin % o of psbH in the quenching complex, where it is inaccessible to the phosphatase, may explain its anomalously
lent WIOW dephosphorylation. The significance of the proposed complex of LHC II with phospho-psbH is discussed.
tains elecn
?Aﬁe?gj;[bbrevfaﬁon s: LHC II — light harvesting complex II; PS II — Photosystem II; PS I — Photosystem I

al. 1993a), thylakoid protein phosphatase reactions are
redox-independent and kinetically heterogeneous (Sil-
verstein et al. 1993b). LHC II is dephosphorylated
more rapidly than other proteins. The 9 kDa protein
exhibits an extremely low rate of dephosphorylation
(Allen and Findlay 1986; Cheng et al. 1994). Other
phosphoproteins are dephosphorylated at various rates
between these two extremes (Cheng et al. 1994). It has
been shown by Demming et al. (1987) that changes in
chlorophyll fluorescence are not in a simple relation to
LHC II phosphorylation. The adaptation of thylakoid
membranes by protein phosphorylation to changes in
light conditions may then be a more complex process

- At Flp¢roduction

je recogn® i
342-3% Adaptation of chloroplast thylakoid membranes to
l”"ww,,lhanges in light intensity and light quality is accompa-
's555-15%ied by phosphorylation or dephosphorylation of sev-
ins 80%ra] thylakoid proteins (Allen 1992). Most of these
) Nwmbﬂcng to Photosystem II (PS II). Membrane fraction-
plant P“ation studies (Anderson and Andersson 1982; Kyle
€t al. 1984) are consistent with lateral movement of
;yﬁeﬂ‘ﬂ:lighi harvesting complex II (LHC II) from PS II to
,PS T upon phosphorylation, but the productive bind-
'ep”]m”iﬂg of LHC II to PS I has not been consistently
observed (Allen 1992). While most thylakoid protein
tkinase reactions are redox-dependent (Silverstein et
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than simple movement of LHC II proteins between PS

I- and PS I-enriched domains. :
Here we present results of low-temperature fluores

cence spectroscopy which are cons?stent wii.hI f0$2:
tion of a quenching complex in which LHC I Pl »
ipates in its unphosphorylated form. Phosphorylation

of LHC II reaches its maximum in an early stage after

which LHC 1I becomes dephosphorylated and protect-
This dephosphory-

ed against further phosphorylation. . .

Jation of LHC 11 is accompanied by increasing phos-
phorylation of the 9 kDa phosphoproteil? whereas fhe
majority of other thylakoid phosphoproteins maintain a
constant degree of phosphorylation. We therefore sug-
gest that the quenching complex is formed between
9 kDa phosphoprotein in its phosphorylated form and
LHC II in its unphosphorylated form.

Materials and methods
Peptide synthesis

Peptides were synthesized by a solid phase,
t-Boc strategy (Barany and Merrifield 1980).
The peptides RKSATTKKVASSGSP and SRPLS-
DQEKRKQISVRGLAGVENV were supplied by the
Dr. Ivo Blaha group in the Institute of Organic Chem-
istry and Biochemistry, Prague. The phosphorylated
peptide RKSA[T(PO;)ITKKVASSGSP was synthe-
sized by the same methods. In place of phosphory-
lated threonine, Boc-Thr[OPO(OPh),] was incorpo-
rated and a deprotection step carried out as described
by (Grehn et al. 1987). This peptide was supplied by
Dr. Henry Franzén from the Biomedical Unit at Lund
University.

Thylakoid preparation

Thylakoid membranes were isolated from pea (Pisum
sativum). Peas were grown at 20 °C in a 12-hour light
and 12-hour dark cycle. Leaves were harvested from
14-16-day-old seedlings towards the end of the dark
phase of the cycle. Thylakoids were prepared by the
method described in (Harrison and Allen 1991 ). Thy-
lakoids were stored on ice in darkness for at least 60
minutes before the measurements. Results were inde-

pendent of the age of thylakoid preparati
hours after isolation. Rérmton up fo §

Dark-to-light adaptation

Thylakoid membranes wWere suls‘pencled {0 give fh el
concentration of 5 ug Chlml™"1n the suspending

um given by (Harrison and )?Lllcn 1991) to whig, ol
and peptides were added to give final concentrat,, . yer
mM ATP and 2 mM peptides. A peptide-free thy mwgﬂ o
suspension was used for the control experimen ¢ ¥ el
ples were illuminated with a fluorescent strip lmkuulaLGF o Th
ing a light intensity of 5 pmol m~2-s~! while 8" hgfUr s
with the phosphorylated peptide and 8.5 pimo g Wﬂssbeha‘-'i(
while working with the non-phosphorylated p%ma:r g
Samples were pipetted at different time intervalsj M:;d il
the suspension into the fluorescence cuvette andf h i
immediately in darkness to the temperature of j

of !

"
using a Perkin-Elmer LS-5 luminescence spe oscence
% e light-do-d2
Light-to-dark adaptation e by meas

aaies withds
o liguid nitrog
wder o keep
e pesence O

Fully light-adapted thylakoids after 2.5 hours of
mination in a suspension of concentration 10 pg
ml-! with the light intensity 8.5 gmol m~?. 5~
suspended in an equal volume of solution contai
mM peptide in darkness. The samples for fluo
measurements were taken in the same way as fi
dark-to-light adaptation.

i preparatiof

: | &
Phosphorylation measurements - au. : —
wission b
For measurement of the amount of 32P inco Eeséleple
1 from:

into membrane proteins during the phosphoryli§ .
we prepared a suspension containing [~-32P] AT,
concentration of 0.1 mM at a specific activity
- ml™!, The concentration of thylakoid membrd,

was 0.2 mg Chl - ml~!. Samples were taken a OfP.S
intervals from 15 seconds to 2 hours. At each § te =2
interval a sample (100 ul) of suspension was J::s o
drawn and precipitated in Eppendorf tubes con iy mpende
0.9 ml of acetone pre-cooled to —20 °C. Tubes';, »h'The
placed on ice for 30 minutes and centrifuged at 1% A
rpm for 2.5 minutes. The pellets were redissol"ﬂd.j:;gi

2% SDS sample buffer at 70 °C for one hout, %y,

which SDS-PAGE (Laemmli 1970) and autoradd? ! uml .
phy were performed. Measurement of the *2P-lib¥ lhiE ‘
of the protein bands was performed by phosphori Sae ;
ing with a Molecular Dynamics Phosphﬂﬂmagd"m‘?::]

Background labelling was subtracted for each %

Ritey
Tt o



BV}, Results
T,

to why [solation of thylakoids

Centry

fresyy, Thylakoids were isolated from pea leaves harvested
erimey, before the light was switched on in the growth chamber.
Strip g, Isolation of chloroplasts and their lysis were performed
While s in low light. The isolated thylakoids were incubated in
ummmf darkness for several hours. We have found no differ-
rlmedpeence inr behavior between thylakoids incubated for 1
intery and 6 hours and it may be concluded that in the fresh-
ette ang; 1Y isolated thylakoids the complete oxidation of the
ature ¢ plastoquinone pool does not take more than 1 hour.

'as cam

ce spea Fluorescence measurements

The light-do-dark and dark-to-light adaptation was fol-
lowed by measurement of emission spectra at 80 K of
samples withdrawn at the times indicated and frozen
i B E.in liquid nitrogen. The light intensity was chosen in
ou 10 ‘order to keep the depletion of PS II fluorescence in
n-2 ¢ the presence of peptides in the time scale which may
mbe followed by the experimental arrangement used.
= ﬂumDifferencc§ in th.c range of up to 15% of the total flu-
way orescence intensity were observed both for the initial
'values and for the kinetics of adaptation between vari-

ous preparations of thylakoids.
As a result of dark-to-light adaptation, the PS
11 emission band of isolated thylakoid membranes
) becomes depleted in the chlorophyll b (Chl b) as may
P mcorp::be seen from the loss of the 473 nm excitation com-
losg:;]mﬁ’,pomant in excitation spectra of fluorescence emission
i _911685 and 695 nm (Fig. 1). No subsequent increase in
ctivity Yhe Chl b component was observed in the excitation
id metigpectra of PS I at 735 nm (Fig. 1C) and no rise of a
e taken éseparate emission peak for the free antenna systems
. At “d{AS) was observed (Fig. 2). The reversibility of the
sion W& light-dependent depletion of Chl b absorption was also
ibes c0¥checked. The fully light-adapted thylakoids (2.5 hours
C. Tubtafter the beginning of the adaptation) were put into
Eugedﬂ“" darkness and the fluorescence changes were followed.
redissoIn about 30 minutes the fluorescence of PS II increased
one ho by about 25% but no further increase was observed in
d antorld“.he next 18 hours (Fig. 3, control). In all the proce-
¢ 2P dures, the control experiment was performed under
hospo” the same conditions in absence of ATP. A decrease of
horlmé# Up to 5% in the relative fluorescence intensity of fluo-
yr each ¥ Tescence emission at 686 to 735 nm was observed after
2.5 hours of illumination in the absence of ATP. Incu-
bation in darkness had no influence on the fluorescence
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279

00 450 500

~ » Fluorescence intensity (a.u.)

400 450 500
Wavelength

400 450 500

Fig. 1. Superposition of fluorescence excitation spectra of dark

* adapted (solid line) and fully light adapted thylakoids (dashed line)

at 685 (Fig. 1A), 695 (Fig. 1B) and 735 (Fig. 1C). Spectra were
obtained using slit width 2.5 nm on both excitation and emission
monochromators. Spectra were normalised with respect to the max-
imum at 435nm. The depletion of chlorophyll b component in the
spectrum at 685 and 695 nm may be clearly seen from the decrease
of the intensity at 473 nm. No such effect was observed in the
excitation spectrum at 735 nm. The symmetrical maximum seen at
460 nm in Fig. 1A and at 466 nm in Fig. 1B are most likely second
order interference artefacts arising from the use of unblocked grating

monochromators.
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Fluorescence intensity (a.u.)

1
700
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Fig. 2. Fluorescence emission spectra of dark-adapted (solid line)
and light-adapted thylakoids (dashed line). Spectra were obtained
using 480 nm excitation with a slit width 2.5 nm on both excitation
and emission monochromators. A blue green filter blocking all light
of wavelengths above 530 nm was installed in the excitation pathway
in order to remove the second order interference artefacts arising
from the use of unblocked grating monochromators. Spectra were
normalised with respect to the maximum at 735 nm. A decrease in
intensity of the fluorescence emission at both 685 and 695 nm is
observed whereas no new emission peak appears.
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Fig. 4. Time course of light-adaptation of dark adapted thyla
Value on the y axis represents the ratio of fluorescence i
685 nm to 735 nm (Fggs/F735). Significant acceleration of
in the presence of phosphorylated peptide is observed.

In the next series of experiments we follow
influence of the phosphorylated peptide fragm
LHC II on the rate of the dark-to-light adapt
If the main consequence of adaptation is disco
tion of LHC II from PS II by its phosphor
and subsequent binding of phosphorylated LHCI
antenna system of PS I, we would expect com
tion of the phosphopeptide in this process. The
tion of the phosphorylated peptide fragment of L
leads to acceleration of the adaptation (Fig. 4)w
may be explained by its competition with mem
phosphoproteins in the phosphatase reaction |
et al. 1994). This explanation is supported by i}
that addition of the phosphorylated peptide marlj
decreased the rate of dark adaptation of fully If
'a‘_dapted thylakoids (Fig. 3). The phosphorylated
nde. itself had no effect on either the emission ¢
excitation spectra of thylakoids at various stag
adaptation (data not shown).

In the presence of high concentrations of
phosphorylated peptide the depletion of PS Il
b was not significantly accelerated (data not s
I‘_IOWever, major changes were observed in the &
S10n spectrum, where a new peak at 697 nm &Y
(Fig. 5). A shift of the emission maximum of PS!*
735 nm to 731 nm also occurred. The new peaki’
M and the blue shift of PS T were not obser®
;t:e presence of phosphorylated peptide or at adv’

ages of light adaptation of thylakoid membrar

9
8
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thylakoid membrane proteins. The phosphorylation of LHC II at 15 minutes largely
phoproteins maintain a constant level of phosphorylation (Fig. 7B), whereas the
horylation of the 9 kDa protein increases.
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Fig. 5. Fluorescence emission spectra of light adapted thylakoids
after 60 min of adaptation in presence of the non-phosphorylated
peptide (dashed line) and without peptide (solid line). Spectra were
obtained using 480 nm excitation with a slit width 2.5 nm both
on excitation and emission monochromator. The blue green filter
blocking all light on wavelengths above 530 nm was installed as
in Fig. 2. Spectra were normalised with respect to the maximum at
735 nm or 731 nm. Note that a new peak appears with an apparent
maximum at 697 nrm.

shown). No detectable differences were observed in
the excitation spectra of the light-adapted thylakoids
in the presence or absence of the non-phosphorylated
peptide (not shown). The light-to-dark adaptation was
unaffected by addition of non-phosphorylated peptide
(Fig. 3).

In order to check the possibility of non-specific
effects caused only by the influence of high concen-
tration of peptide (for example non-specific absorp-
tion, effects on ion transport, effects on phase sepa-
ration) we measured the dark-to-light adaptation also
in the presence of 2 mM and 4 mM peptide SRPLS-
DQEKRKQISVRGLAGVENV. This peptide repre-
sents a fragment of the phosphorylation site of glyco-
gen phosphorylase (Chan et al. 1982). In this case
peither changes in the rate of adaptation nor a change
in the spectrum was observed (data not shown)

Measurement of incorporation of **P

The time course of incorporation of 2P into various
phosphoproteins in the thylakoid membrane was fol
lowed for 2 hours (Fig. 6). The phosphory]atiﬁn f
LHC 1II' and of the 9 kDa phosphoproteins exc 3
that of the other phosphoproteins by severél lir;:: ;l

28]

Fig. 6. Autoradiographic scan of the SDS page of thylakoids
at various stages of light adaptation. Samples were taken at the
time intervals shown. Arrows show positions of bands used for
quantification.

various stages of the adaptation (Fig. 7). Phosphory-
lation of LHC 1II reaches its maximum in about 15
minutes whereas 9 kDa phosphoprotein is increasingly
phosphorylated for at least another 1.5 hours. Detailed
analysis of the times course of phosphorylation and
dephosphorylation of proteins from thylakoid mem-
branes illustrates the complexity of the phenomena.
S_ome proteins are phosphorylated by a steadily active
kinase, some proteins are phosphorylated by light-
dependent kinase, some proteins are phosphorylated
by bqth kinases and some proteins are phosphorylated
only in darkness (Figs. 6 and 7), and also (L. Cheng et
al,, unpublished). Heterogeneity has been found also
In the time course of the light-dependent phosphory-
'?"““ fEiE- 6). There are proteins whose phosphoryla-
tion achieves a maximum value and then declines (¢.2
LHC I1), proteins the phosphorylation level of which
5 constant, and proteins which are increasingly phos-
phorylated during the time-course (e.g. 9 kDa). As &
control we measured the level of phosphorylation of

several other membrane

phosphoproteins whose max-
imal leve] of 3 .

) .
<D o . e 4
P incorporation was achieved within 13
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minutes and did not increase further with time. In order
to eliminate the possibility that we observed a kinetic
difference in the phosphatase reaction when the kinase
reaction becomes limited by depletion of ATP, we per-
formed two control experiments. In the first, a fresh
mixture of ATP was added to the system after 15 min-
utes of adaptation. In the second, after 15 minutes of
adaptation membranes were spun down, a new batch of
dark adapted thylakoids was added, and their phospho-
rylation was followed. In all cases the phosphorylation
of membranes followed the same time course as seen
in Fig. 7A (data not shown).

Conclusions

The dark-to-light adaptation of thylakoid membranes
sonsists mainly of depletion of PS II in chlorophyll
b (Chl b)-containing antenna systems. Such a mecha-
nism has been proposed by (Kyle et al. 1984). The fact
that this depletion is not accompanied by an increase
in the corresponding antenna component of PS I or by
the appearance of a new fluorescence emission peak
for the free antenna system shows that there is an effi-
sient quenching mechanism for the Chl b-containing
tomponent of the antenna systems. Such a quench-
ing mechanism does not completely exclude the pos-
sibility of migration of minor part of the antenna to
the PS 1. The fact that this mechanism does not lead
lo immediate quenching of all the PS II fluorescence
suggests that the antenna systems are no longer pro-
ductively connected to PS II. In the purple bacterium
Rhodospillium rubrum, where the energy difference
between the chlorophylls of the antenna systems and
the photosystem is much higher than in the case of
plant PS I, about 25% of the energy transferred to
the photosystem is detrapped by the antenna systems
(Timpman et al. 1993). In the case of plants, the detrap-
ping rate should be even higher. Formation of a tight
complex between the reaction centre and antenna sys-
tem is necessary for productive energy transfer to PS
I1. As the random contacts between the proteins in the
membrane are very frequent (Grasberger et al. 1986),
the free antenna systems must quench very efficiently
in order to prevent energy transfer to PS II.

Analogues of the N-terminus of LHC II are known
to be substrates for the LHC II kinase (Bennett et al.
1987; Michel and Bennett 1989) and phosphatase (Sun
etal. 1993). Recent results from our group (Cheng et
al. 1994) show that the phosphoryla[ed form of the
LHC II N-terminal fragment may compete efficient-
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ly with the phosphoprotein phosphatase reaction. This
result is quite consistent with the influence of the phos-
phorylated peptide on the rate of adaptation of isolated
thylakoids described here.

By analogy, the non-phosphorylated peptide should
be expected to compete with the membrane-bound
phosphoproteins in the reaction of the kinase. A
decrease in the rate of the kinase reaction, however,
has been observed only at concentrations of the peptide
between 0.5 and 1.34 mM, whereas at lower peptide
concentrations the kinase was apparently activated and
athigher peptide concentrations the phosphorylation of
both the peptide and the membrane proteins declined
(L. Cheng et al., unpublished). The influence of the
unphosphorylated peptide on the rate of thylakoid pro-
tein phosphorylation may be interpreted as an unspecif-
ic phenomena related to changes in the surface charge
and ionic strength in the solution. This interpretation
is supported by the influence of a peptide that is not
recognized by the membrane bound kinase on the rate
of phosphorylation of membrane proteins (White et al.
1990). In our experiments, nevertheless, we observed
the appearance of the new emission peak at 697 nm
only in the presence of the non-phosphorylated LHC
II peptide. This spectral change suggests that the non-
phosphorylated LHC II fragment specifically blocks
efficient quenching of energy captured by free antenna
complexes. The 77 K emission spectrum of isolat-
ed, aggregated LHC II shows two maxima at 680 and
697 nm and a broad shoulder towards longer wave-
lengths (Moya and Tapie 1984). A similar spectrum
was observed for isolated LHC II in vesicles (Mul-
let and Arntzen 1980). Diluted LHC II has a sharp
maximum at 680 nm. Superposition of the spectrum
of the aggregated antenna on the spectrum of light-
adapted thylakoids gives a spectrum equivalent to the
spectrum found in our experiments (Fig. 5). In the pres-
ence of the non-phosphorylated peptide most probably
the fluorescence of free aggregated LHC II is observed
whereas the depletion of PS Il in LHC I is not affected:
the quenching mechanism has been blocked.

The specificity of influence of peptides on adap-
tation is clearly seen from the difference of the
results in the presence of the phosphorylated, the non-
phosphorylated and the glycogen-phosphorylase pep-
tides. In a diluted solution in which ATP forms one of
the negatively-charged ions, the concentration of ATP
in the proximity of the membrane surface is to a large
extent dependent on the charge on the surface (Ceve
1990). The membrane surface charge itself would be
changed by non-specific binding of positively charged
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4). The experiments involv-
de represent a special case

because the phosphorylated peptide is dephosphory-
lated by a membrane bound phosphatase ((.Zhen.g gL
1995) and therefore binds to a class of binding sites on
the membrane inaccessible 10 ul.'q:'hosnphﬁl')’hm’ff_i pep-
tides. The influence of the phosphorylated peptide o5
the concentration of ions in the membrane-solution
interface may therefore be different from that of the
other peptides (Ceve 1990). One should concentrate
on qualitative changes in the spectrum rather than on
the changes in the rate of adaptation.

On the basis of our results we propose a two-step
mechanism for light adaptation. As a first step LHC
11 is liberated from its binding site at PS II by partial
phosphorylation. Free, partially phosphorylated LHC
11 immediately forms the quenching complex with oth-
er proteins. These proteins are either constantly present
in the membrane or also released from their original
position by phosphorylation. Alternatively, based on
our knowledge of rapid dephosphorylation of LHC II,
the quenching complex may be built around the com-
pletely dephosphorylated LHC I1.

) The mechanism proposed here predicts that phos-
phorylation of LHC II will reach a maximum and
then decline or stay constant at constant illumination.
Among the proteins of the thylakoid membrane, LHC
II reaches its maximum phosphorylation in approxi-
mately 15 minutes, and subsequently its phosphory-
lation declines (Figs. 6 and 7). The majority of oth-
er phosphoproteins, including known phosphoproteins
CP43, D1 and D2, reach their maximum of phospho-
rylation within 15 minutes and then stay steadily phos-
phorylated (Fig. 7). In contrast, the 9 kDa phosphopro-
tein becomes increasingly phosphorylated for 2 hours.
The decline of LHC II phosphorylation excludes the
simple mechanism according to which LHC 1T fluo-
rescence is quenched solely by LHC II migration out-
side the PS II region of the membrane, since this pre-
dicts a steady level of phosphorylation of LHC II in
the final stage of adaptation. More likely a quenching
complex is built in which one of the other phosphopro-
teins of thylakoid membranes participates. A necess
requirement for this mechanism is that either the 52
ond component of the quenching complex has higher
affinity for the liberated antenna than PS IT or the PS
I binding site for the LHC II is modified, or both In
eagh case, if a single mtrpduced phosphate group per
unit of liberated LHC II is expected, the total numb
of phosphate groups introduced either ¢ L
component of the quenchin 0 fhie gecand
g complex or to the mod-

peptides (Sackmann 199
ing phosphorylated pepti

ified LHC II binding protein shoqld be equa] oy
total amount of phosphate groups introduceq Lﬁkjﬁw‘wmgd.
1. The total number of phosphate groups introduoed,' ghele?
LHC I is difficult to examine as the level of j;
phorylation at any time is a result of both the hu‘ y
and the phosphatase reactions, the nature of yjjy |
in many important aspects unknown. Neverthelg
is clear from the phosphorylation pattern seen onF% s
6 and 7, that only the number of phosphate g1ty
introduced to the 9kDa phosphoprotein may pog
equal the number of phosphate groups introdyey ™
LHC 1I in the maximum of its phosphorylatiop,7; lod
the 9 kDa protein may be expected to form the se”
main component of the quenching mechanism,
The 9 kDa protein has been isolated from oxy#"
evolving PS 11 particles (Farchaus and Dilley iy
and it may be considered that phosphorylation of
9 kDa phosphoprotein may be responsible for g
ation of th'e l"S II binding site for LHC II. A y -7 Proein phospborylt
sequence similarity of the 9 kDa phosphoprotein i gicin Biophys Acta 109
LHC II has been reported (Hind et al. 1986; AlaFusi Holnes NG (1986) A g
and Findlay 1986). The difficulties in isolation of seniesc uif fuocion by pr
kDa from the light harvesting proteins when bot Fxguﬁlls]smbﬂ R
specifically extracted from oxygen-evolving PS Iy i prosphorylation coup
ticles (Farchaus and Dilley 1986) may indicate fsémbutonofexcitation energy b
phospho-9 kDa protein forms a complex with L] ¥
and itself forms the component responsible for ﬂ":m Fodsy IBC (1986) An
II quenching. Analogously to protection of LHCI [N:Tﬁﬁ;fm e
its unphosphorylated form from the kinase reactif: ) ud Andersson B (1982
its binding to the quenching complex, the anomaf™
ly slow dephosphorylation of the 9 kDa phospha, e
tein may be a consequence of its protection fron b‘e'-r; " RB (1980) T
phosphatase reaction in the quenching complex
psbH protein may itself be a pigment binding prd™%
(Allen and Findlay 1986) on the pathway of exciidk,
energy transfer from LHC II to PS II reaction iy,

grStefénsson et al. 1994) which show that the st %‘-Iﬁiulmm(}nm DI
action in thylakoid membranes phosphorylat af 7: 3655-3
15 minutes at conditions similar to those used it p;kn .l

article becomes enriched in LHC II but not in Bk N’anss- o
proteins, includi iy s
] » Including the 9 kDa. No data are, ne¥¥is - F (199 5
€ss, available at present about the changes inf""  Phosphatyge .
tein composition at later stage of phosphorylation ! g
results describ .

e Scribed here suggest that phosphorylat”
Fis dmmales non-photochemical radiationless &4 "%
on decay, thereby deflecting excitation energ) "

[h il I
€ Path to PS 11 photochemistry. Whether the ], g,




y

%f) this decay lies in LHC II or in phospho-psbH remains
ity g be determined.

Lofy

by

‘0 yAcknowledgements

Vet

ieey,The authors thank Dr Ivo Blaha and Dr Henry Franzén
shak for the peptides used in the study. The work was
nay[;supponcd by the Swedish Natural Sciences Research
nggCouncil (J.E.A.) and Kungliga Fysiografiska Sillskapet
flatpin Lund (D.S.) by research grants. D.S. received a
mifellowship from Swedish Natural Sciences Research

misy Council and M.S. a studentship from the EC TEMPUS
Top rogram.
flatio
ble jReferences
= ﬁl]]en JF (1992) Protein phosphorylation in regulation of photosyn-
thesis. Biochim Biophys Acta 1098: 275-335
1986A11en JF and Holmes NG (1986) A general model for regulation of
isolaty photosynthetic unit function by protein phosphorylation. FEBS
s'henbmz“ 202: 175-181
: JF, Bennett J, Steinback KE and Amtzen CJ (1981) Chloro-
X" plast protein phosphorylation couples plastoquinone redox state
indiy to distribution of excitation energy between photosystems. Nature
(with 291: 25-29
ible hmm JF and Findlay JBC (1986) Amino acid composition of the
s 9 kDa phosphoprotein of pea thylakoids. Biochem Biophys Res
(of ¥ Commun 136: 146-152
sereainderson JM and Andersson B (1982) The architecture of photo-
e anie synthetic membranes: lateral and transverse organization. Trends
Biochem Sci 7: 288-292
IMMy G and Merrifield RB (1980) The Peptides. Academic Press,
stion New York
1t J, Shaw EK and Bakr S (1987) Phosphorylation of thylakoid
indiy proteins and synthetic peptide analogues. FEBS Lett 210 (1): 22-
126
y oftormann BJ and Engelman DM (1992) Intramembrane helix-helix
i association in oligomerization and transmembrane signalling.
otras Annu Rev Biophys Biomol Struct 21: 233-242
" eve G (1990) Membrane electrostatics. Biochim Biophys Acta
tigh® 1031 (3): 311-382
m exfthan K-FJ, Hurst MO and Graves DJ (1982) Phosphorylase kinase
at el specificity. J Biol Chem 257: 3655-3658 Sy
hhﬂg L, Spangfort MD and Allen JF (1994) Substrate specificity
P]m and kinetics of thylakoid phosphoprotein phosphatase reactions.
s 0% Biochim Biophys Acta 1188: 151-157
it golPbeng L, Stys D and Allen JF (1995) Effects of synthetic peptides
g On thylakoid protein phosphatase reactions. Physiol Plant 93:
_ 173-178
a8 %mmig B, Cleland RE and Bjorkman O (1987) Photoinhibition,
joryl® 77 K chlorophyll fluorescence quenching and phosphorylation
; of the light-harvesting complex of Photosystem II. Planta 172:
] 378-385
‘archaus J and Dilley RA (1986) Purification and partial sequence
n gl of the Mr 10,000 phosphoprotein from spinach thylakoids. Arch
{hcfﬁ‘ Biochem Biophys 244: 94-101

.

285

Giardi MT (1993) Phosphorylation and disassembly of the photo-
system II core as an early stage of photoinhibition. Planta 190:
107-113

Grasberger B, Minton AP, DeLisi C and Metzger H (1986) Interac-
tions between proteins localized in membranes. Proc Nat Acad
Sci USA 83: 6258-6262

Grehn L, Fransson B and Ragnarsson U (1987) Synthesis of sub-
strates of cyclic AMP-dependent kinase and use of their pre-
cursors for convenient preparation of phosphoserine peptides. J
Chem Soc Perkin Elmer I: 529-535

Harrison MA and Allen JF (1991) Light-dependent phosphorylation
of photosystem II polypeptides maintains electron transport at
high-light intensity: Separation from effects of phosphorylation
of LHC I1. Biochim Biophys Acta 1058: 289-296

Hind SM, Dyer TA and Gray JC (1986) The gene for the 10 kDa
phosphoprotein of Photosystem II is located in chloroplast DNA.
FEBS Lett 209: 181-186

Kyle DJ, Kuang T-J, Watson JL and Amtzen CJ (1984) Movement
of a sub-population of the light harvesting complex from grana to
stroma lamellae as a consequence of its phosphorylation. Biochim
Biophys Acta 765: 89-96

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-685

Michel H and Bennett J (1989) Use of synthetic peptides to study
substrate specificity of a thylakoid protein kinase. FEBS Lett 254:
165-170

Moya I and Tapie P (1984) Lifetime studies by phase fluorimetry in
isolated light-harvesting complexes (LHC): Dependence on the
aggregation state. In: Sybesma C (ed) Advances in Photosynthetic
Research, pp 103-106. Martinus Nijhoff/ Dr W. Junk Publishers,
The

Mullet JE and Amtzen CJ (1980) Simulation of grana stacking in a
model membrane system. Biochim Biophys Acta 589: 100-117

Sackmann E (1994) Membrane bending energy concept of vesicle-
and cell-shapes and shape transitions. FEBS Lett 346: 3-16

Silverstein T, Cheng L and Allen JF (1993a) Redox titration of
multiple protein phosphorylations in pea chloroplast thylakoids.
Biochim Biophys Acta 1183: 215-220

Silverstein T, Cheng L and Allen JF (1993b) Chloroplast thylakoid
protein phosphatase reactions are redox independent and kineti-
cally heterogeneous. FEBS Lett 334: 101-105 .

Stefinsson H., Wollenberger L. and Albertsson P.-A. (1994) Frag-
mentation and separation of the thylakoid membrane. Effect of
light-induced protein phosphorylation on domain composition. J.
Chromatogr. A, 668: 191-200

Sun G, Sarath G and Markwell J (1993) Phosphopeptides as sub-
strates for thylakoid protein phosphatase activity. Arch Biochem
Biophys 304: 490-495

Timpman K, Zhang FG, Freiberg A and Sundstrdm V (1993) Detrap-
ping of excitation energy from the reaction centre in the photosyn-
thetic purple bacterium Rhodospillium rubrum. Biochim Biophys
Acta 1183: 185-193

White IR, O’Donnell PJ, Keen JN, Findlay JBC and Millner PA
(1990) Investigation of the substrate specificity of thylakoid pro-
tein kinase using synthetic peptides. FEBS Lett 269: 49-52



— € 4 _

pHYSIOLOGIA PLANTARUM 95: 651-657. 1995

i D &~ all rights res i Copyright © Physiologia Plantarum 1995

ISSN 00319317

Minireview

Stacking and .separation of photosystem I and photosystem II in
plant thylakoid membranes: A physico-chemical view
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The main objective of this article is to highlight important experimental findings and
discuss current theories on photosystem segregation and stacking in thylakoid mem-
branes. The facts are put in a framework of recent theoretical developments in the
field of membrane biochemistry and biophysics. Some important experiments not
considered by the cumently accepted theories are discussed. Modifications of these
theories in order to incorporate new results are proposed. The currently accepted theo-
ries on formation of membrane domains (probably responsible for segregation of pho-
tosystem I and II) and on interlamellar interactions (stacking) are discussed. Finally, a
scheme is put forward summarising the forces which are responsible for organisation
of functional structure of thylakoid membranes,

Key words — Domain formation, ion-membrane interactions, membrane organisation,

photosystem segregation, stacking.
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Introduction

Thylakoid membranes from green plants contain the
two-photosystem photosynthetic apparatus. In all higher
plants and many algae, thylakoid membranes form spe-
cial regions called grana stacks and stroma lamella. It is
known from membrane fractionation studies (Anderson
and Andersson 1982) that photosystem I (PSI) is en-
riched in stroma lamellae and photosystem II (PSII) in
grana stacks. Stacking of grana lamellae is induced by
addition of cations, and the absence of cations leads to
mixing of photosystems and quenching of PSII fluores-
cence (Murata 1969). The relative efficiency of PSI and
PSII is regulated by protein phosphorylation (Allen
1992a, for a recent review). The evidence of unstacking
upon state transitions (Bennoun and Jupin 1974) and ev-
idence of phosphorylation dependence of state transi-
tions (Allen et al. 1981) led to the proposition of cou-
pling between the phosphorylation-induced regulation
and stacking of thylakoid membranes.

The mechanism by which photosystems separate and
membranes stack has been under dispute during the last
.20 years. Two main theories dominate the field. Barber
(1982) proposed that surface charge has a key role in

Received 31 May, 1995; revised 26 July, 1995
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stacking (surface-charge theory, SC). According to SC,
two membrane lamellae are attracted by van der Waals”
type forces and repulsed by electrostatic forces (Fig. 1).
The repulsive electrostatic force is shielded by counter-
ions, which finally results in the prevalence of the attrac-
tive, van der Waals’ force. This theory is essentially an
application of the DLVO (Deryagin and Landau 1945,
Verwey and Overbeek 1948) theory of colloid aggrega-
tion. A recent detailed and clear analysis of the phenom-
enon of cation-induced shielding of electrostatic repul-
sion between two surfactant bilayers is given by Dubois
et al. (1991). In this paper experimental evidence is also
given for the validity of the DLVO theory and the limits
of DLVO are explored.

The segregation of PSI and PSII is, according to SC, a
cooperative effect of lipid and proteins which creates re-
gions of low surface charge in which proteins contribute
to the increase in van der Waals’ attraction. Phosphory-
lation of membrane proteins then increases the negative
charge on their surface, and phosphoproteins migrate out
of the stacked regions or, in other words, create addi-
tional unstacked regions.

Allen (1992b) proposed an alternative hypothesis
mainly based on molecular recognition between proteins

651



]
]
93909,

O.o.o.o.o,o,o‘o.(a_o X

N

Fig. 1. Schematic view of thylakoids and the regulatory role of p

: jects in the lamellae are ot
Barber 1982). The white transmembrane objec Electrostatic repulsion is shiel

der Waals’ forces and repelled by _elecn'%s”tflic hioroes.
appressed than in unappressed regions. Fhosp
rs;?u?sim between the negative charge on the phosphate group

(MR). According to the MR, thylakoid membranes con-
sist of complexes of PSII and its antenna systems and
those of PSI and its antenna systems (Fig. 2). PSII with
its antenna systems mainly occupies the stacked regions
of thylakoids. Stacking of grana is achieved by specific
interactions between proteins. A similar hypothesis with
respect to stacking was proposed by Mullet and Arntzen
(1980) who proposed that stacking is achieved specifi-
cally by binding of the N-terminal domains of light-har-
vesting complex II (LHCII). The MR does not specify
the protein responsible for stacking, but quite generally
phosphorylation of membrane proteins will alter their
structure and consequently change the binding specific-
ity of antenna complexes from PSII to PSI. At the same
time phosphorylation will also cause a structural change
of another protein specifically involved in stacking and
this causes unstacking. In contrast to SC, MR is an ap-
plication of observations on the interaction of soluble
proteins with membrane proteins.

The main objective of this article is to highlight im-
portant experimental findings and discuss the estab-
lished theories in the light of recent theoretical develop-
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from appressed to unappressed regions by electrostatic

ments in the field of membrane biochemistry and bio-
physics. In the first part I will discuss important experi.
ments not considered by SC and MR.

(1) Webb et al. (1988) and Menikh and Fragata (1993)
observed aggregation between micelles of digalactosyl-
diacylglycerol (DGDG) caused by formation of specific
complexes.

(2) Wollmann and Diner (1980) showed that stacking
of thylakoids and segregation of photosystems are two
independent phenomena caused by two different ion-de-
pendent mechanisms.

In the second part I will discuss progress in the field
of ion-membrane interactions: the ion induced segregs-
tion in lipid and lipid-protein mixtures caused by raising
of the critical demixing temperature (Sackmann 1990,
1994) and the ion-dependent attractive correlation forces
(Gulbrandt et al. 1984).

Abbreviations — DGDG, digalactosyldi lycerol; DLVO,
Deryaging, Landau, Vﬂam Overbeckacythmyls ycLHClI. light-
harvesting complex 1I; molecular recognition theory; PC,
phosphatidylcholine; PG, phosphatidylglycerol; PSI, photosys-
tem [; PSIL, photosystem II; SC, surface-charge theory.

Fig. 2. Schematic view of
thylakoids and the regulatory
role of protein phosphorylation
according to the molecular
recognition (MR, Allen
1992b). Specific recognition

for formation of complexes
between antenna proieins
(LHCII) and photosystems
(PSL, PSI) as well as for
stacking. Phosphorylation
changes the structure of the

. binding site of LHCII on PSI.
Phosphorylated membrane
proteins lose their affinity for
PSII and are driven, by
diffusion, away from the
stacked regions and bind to PSL
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in the review of Tocanne et al. (1994). It is, however,
gener‘&ll)’ accepted that the formation of domains is
mainly facilitated by the segregation of lipids according
to their classes that is induced by the presence of pro-
teins.

In thylakoids, the presence of ions will increase the
critical demixing temperature, and this will mainly
favour lipid-mediated protein-protein interactions. The
strong hysteresis of the ion dependence of photosystem
segregation (Wollman and Diner 1980) supports phase
separation rather than gradual shielding of charge by in-
creasing ion concentration. The experiments involving
isolation of membrane compartments by detergent ex-
traction clearly show that certain regions of thylakoid
membranes behave as large complexes (e.g. Hipkins and
Baker 1986, for a textbook).

The relative lipid composition of the various compart-
ments in thylakoid membranes varies mainly for charged
and zwitterionic lipids (Murata et al. 1990): phospha-
tidylglycerol (PG) accumulates in the region containing
PSII and phosphatidylcholine (PC) in the region contain-
ing PSI. However, the differences in composition are not
striking. Differences were found in the fatty acid compo-
sition of PSII particles and the rest of the membrane. In
PSII particles, saturated and short-chain fatty acids in all
lipids dominate, with the exception of DGDG. The ex-
periments on lipid composition by Murata et al. (1990)
support the hypothesis that PSII particles are lipid-pro-
tein domains whose stability is dependent on special
properties of fatty acid chains. In general thylakoid
membranes appear to form an exception to the generally
accepted hypothesis that lipid segregation according to
their headgroups plays a primary role in formation of
membrane domains. It seems likely that lipid segrega-
tion may play a role, at a microscopic scale, in formation
of membrane complexes, but forces driving the large-
scale organisation have yet to be explored.

The observed dominance of protein-protein and lipid-
protein interactions are consistent with the SC theory. At
the same time, partial non-specific reversal of segrega-
tion caused by phosphorylation implies specific changes
in protein-lipid and protein-protein affinities rather than
a general change in surface charge that leads to a de-
crease in ion concentration in the interface, a decrease in
critical demixing temperature and a subsequent and
more pronounced mixing of domains. It appears that
some degree of specificity is involved both in ion-in-
duced segregation between photosystems and in all reg-
ulatory events. Thus, in the light of proper physico-
chemical analysis, the seemingly sharp border between
SC and MR is smeared.

lon-induced attractive and repulsive forces in lamellar
liquid crystals )

Lamellar liquid crystals of lipids consist of stacks of par-
allel lamellae of lipid bilayers. Most of the data on the
Structure of lipid bilayers have been obtained with
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lamellar liquid crystals (e.g. Petty 1993, for a recent
textbook). Over a wide range of lipid-to-water ratios, the
lamellar structure exists as a single-phase system. In
most cases, when the critical concentration of water
(maximum swelling) is achieved, another phase, of pure
water, appears. In some systems, however, several dis-
tinct phases in the system may be observed (e.g. Dubois
et al. 1991). Swelling of crystals may be diminished in
the presence of ions. Such an observation, however,
would be predictable in bilayers of negatively charged
lipids for which the classical DLVO theory considers the
existence of classical van der Waals® attraction forces
and repulsive electrostatic forces between surfaces of the
same charge. A detailed analysis (Dubois et al. 1991)
shows that the repulsion between lamellae may be analy-
sed by a comparison of the chemical potentials in the in-
terlamellar space and in the outer solution. In the pres-
ence of salts, the salt concentration is considerably lower
in the interlamellar space than in the outside solution,
which leads to the equilibration of chemical potentials
and thus to the decrease in repulsion. In sufficiently high
salt concentration, the repulsive electrostatic force is
lower than the attractive van der Waals® force and the
lamellae do not swell. However, swelling is observed
even in bilayers of zwitterions, whose surface is un-
charged (Parsegian 1967). This observation cannot be
explained by the DLVO theory.

The main limitation of the applications of DLVO the-
ory to lipid bilayers is that it does not consider the influ-
ence of ions on each other and on the interacting lamel-
lae. The lamellae are treated as surfaces with uniformly
smeared charge which is not affected by the ions. There
is no simple approach to overcome this limitation. Jons-
son and Wennersirom (1983) developed a model in
which a border between regions of different dielectric
properties (dielectric discontinuum) is a charged lipid
surface, and ions from one side of this discontinuum in-
duce formation of complementary charges on the other
side of the discontinuum (image charges). This ap-
proach, called image-charge model, is a construction
that extends the original model described by DLVO.
Over the last few years the image-charge model has been
successfully applied to explain electrostatic effects in
ion-colloid and polyion-colloid interactions (Gulbrand et
al. 1984, Granfeld et al. 1991, Woodward et al. 1994) in
which predictions based on the classical DLVO theory
would be incorrect.

In the same way as Barber (1982) used the classical
DLVO theory for description of stacking of thylakoid
membranes, one can use the current considerations on
the influence of ions on colloids for an improved evalua-
tion of possible stacking forces. The main differences
between predictions by the image charge model and pre-
dictions by the classical theories as described by Gul-
brand et al. (1984) are as outlined below.

(1) Ion-ion correlations are taken into account. This
leads to prediction of higher concentrations of the coun-
terions at the charged surface, which in turn reduces the
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overlap between electric double layers and, conse-
uently, reduces repulsion. ;
5 2 %arrclated fluctuations in the J..lm:.\":lo;id E?p‘i “i‘na‘:
additional attractive [orwe of van Jer Wad .
way similar to that by which correlated ﬂuctul'l-wﬂs mn
electron clouds lead to classical van der Waals' attrac-
tion. Using realistic values of parameters for the calcult:
tion, an attraction between (wo charged lamellac may
icted.
p‘egmm stacks in thylakoid membrancs strongly resem-
ble lamellar liquid crystals of lipids. The anractive force
caused by correlation between cation ck?uds at thc inger-
face of neighbouring lamellae may provide an additional
attractive force, non- ific and independent of othu‘
membrane properties except for surface-charge density.
The analyses of the behaviour of lipid bilayers should,
therefore, be fully applicable to grana stacks. It appears
that it is fully legitimate to consider the dominance of
electrostatic effects in the interlamellar interactions as
considered by SC, although the detailed analysis has yet
to be done.

The contribution of correlative forces, an ion-depen-
deat force as well as non-specific van der Waals® aftrac-
tions, may be completely negated by steric hindrances
caused by proteins which prevent sufficiently close con-
tact between membranes. The tertiary structure of the
majority of membrane proteins belonging to stacked re-
gions is not known. LHCI (Kiihibrandt 1994, Kiihil-
brandt et al. 1994) is unusually flat on the stromal side of
the membrane. On the other hand, the structure of PSI
{Krauss et al. 1993) shows a number of subunits stretch-
ing far from the membrane. It is possible that steric hin-
drance is an additional factor that prevents stacking in
the PSI region. For the ion-induced correlative forces the
steric hindrance may be overcome at high ion concentra-
tions. The calculations considering this possibility have
yet to be done.

Conclusions
mmdmmﬂel!meem“_
iments on the properties of thylakoid membranes in

calculations on mode! systems. The surfacecharge hy-
pothesis (SC, Barber 1982) was developed on the basis
of the classical DLVO theory (Deryagin and Landau
1945, Verwey and Overbesk 1948), The novel experi-
mental observations and theoretical conclusions cited in
t]:u.-r a:u?le, namely (a) the involvement of specific inter-
actions in the segregation of photosystems, (b) the exist-
ence of separate mechanisms for stacking and for photo-
System segregation, () the existence of an attractive
force caused by electrostatic interactions between ion
clouds and (d) specific complex formation between the

No ions in medium '
unsegregated,

osystems are
f::t:lsive forces between [ameilae prevail

\

Low ¢ jon of divalent cations;
segregation of photosystems )
Segregation forces are lon-induced  segregation
in lipid mixture as well 2s spemﬁc protein-

protein and protein-lipid recognition by
elactrostatic, van der Waals’, and steric elastic
forces '

High concentration of divalent cations:
Stacking, especially a2bundant in regions
containing PSH

Lameflar formation depends upon van der Waais
attraction forces, ion-induced correlation
attraction forces, and specific complex
formation between digalactosyl-lipids. The
repulsion force is mainly electrostatic. Steric
obstacles of stacking in the PS region may also
be present.

Fig. 5. Schematic overview of ion-induced events and fores
which may operate in thylakoid membranes.

form. The attractive and repulsive forces in thylakoid

membranes, as well as the events which may be io-
volved in regulation, are summarised in Fig. 5.

The molecular recognition hypothesis (MR, Allen
1992b) was developed in order to explain a new obser-
vation regarding the phosphorylation-dependent adapta-
tion of thylakoids. The MR does not attempt to explain
the ion-dependent events in stacking and photosystem
segregation. However, it appears that the ion-induced
segregation of photosystems is also a process dependent
on specific protein-protein and lipid-protein interactions.
Therdeofspedﬁcmmbo!hﬂnum
and the adaptation mechanisms seems to be a primary
one while the stacking may be fully explained by unspe-
cific electrostatic and van der Waals’ forces. The poss
bility of contribution of interactions between lipid hesd-
mmt:@cmcﬁvcfomembccxc}ndﬁ.m

distinction between the segregation of
s?m’mdmhﬁmdmmngdmgym
f“‘ﬂﬁmmsmmcomerside(wwmmmdbim
ﬁlsmted,mlymemmscmoww
b7 are able to explain properties of thylakoid men-
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[mportant experiments not considered by SC and

MR
Lipid-based stacking

Webb et al. (1988) observed ion-induced adhesion be-
rween digalactosyldiacylglycerol (DGDG) vesicles, This
observation was confirmed and extended by Menikh and
Fragata (1993), who found that adhesion between
DGDG vesicles is most probably a consequence of the
formation of specific complexes between lipid head-

ups and cations. The efficiency of divalent cations
for induction of adhesion was 10-20 times higher than
that of monovalent cations. Apart from specific protein-
protein interactions (as proposed by MR) and non-spe-
cific van der Waals’ attractions (as proposed by SC),
specific lipid-lipid interactions induced by ions should
be considered as an additional attraction force, which
may contribute to stacking. Both theories need only
slight modification to account for this.

Disparity between stacking and segregation of photosystems

Wollmann and Diner (1980) followed the ion-depen-
dence of photosystem segregation (monitored by total
fluorescence intensity) and stacking (monitored by light
scattering as compared to changes observed by electron
microscopy). Different relative efficiencies of monova-
lent as compared to divalent cations were found for
stacking and for segregation between photosystems. Full
segregation of photosystems was achieved in a 2 mM so-
lution of MgCl,, whereas attempts to achieve a similar
degree of segregation by KCI lead to precipitation of
membranes at about half of the maximum achievable
fluorescence yield. In the initial part of the titration
curve of fluorescence versus ion concentration, the mo-
lar ratio of KCl to MgCl, at which the same effect was
achieved was 110. The titration curve showed sharp hys-
teresis. In contrast, stacking increased uniformly during
the whole titration curve, up to 25 mM MgCl,. The titra-
tion by KCl led to precipitation when 80% of maximal
stacking was achieved. This is a clear indication that
ion-induced stacking and fluorescence are two different
events. Wollman and Diner (1980) interpret their results
by postulating the existence of two regions of different
surface-charge density, one in which ion-induced fluo-
rescence changes occur, and a second in which stacking
is achieved.

An additional observation reported by Wollman and
Diner (1980) is that fluorescence quenching of PSII by
PSI does not occur in a mutant lacking the antenna sys-
tems of PSI. The authors conclude that there is a specific
binding site for PSII antenna on antenna systems of PSI.

The SC basically considers a two-event mechanism,
formation of a region with low surface-charge density
and then stacking in this region. According to SC segre-
gation of photosystems and stacking occur at the same
time and have the same ion-dependence. This is incon-
sistent with the observations of Wollman and Diner
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(1980). The most obvious simple adjustment to SC is the
Separation between photosystem segregation and stack-
g, in which segregation is the primary event, creating
the region of low surface-charge density, and stacking is
the secondary event. Such a two-step mechanism pre-
dicts quantitatively different effects on stacking for
monovalent as compared to divalent cations. In the case
of divalent cations, segregation is complete at an early
stage and the concentration dependence of scattering is
simple. In the case of monovalent cations the curve re-
flects not only build-up of regions with low surface-
charge but also stacking, the relative influence of
monovalent and divalent cations will, therefore, change
with the relative influence of these two events. Close ex-
amination of the data of Wollman and Diner (1980)
shows that for monovalent cations the course of stacking
is dominated by the segregation mechanism, and for di-
valent cations by the stacking mechanism. Although
there is no doubt about the involvement of two mecha-
nisms, more data, mainly using mixtures of ions and tri-
ple-charged ions, should be accumulated to distinguish

"between the mechanism predicting photosystem segre-

gation as the primary event and stacking as the second-
ary event and a mechanism predicting two independent
events.

The MR theory does not discuss the ion-dependence
of stacking. It considers the situation that will occur in
fully stacked membranes with completely segregated
photosystems. However, according to Wollmann and
Diner (1980), stacking is a continuous process, and the
extent of stacking steadily increases with increasing con-
centration of ions. If stacking is dependent on specific
binding between proteins, then such a protein should be
uniformly distributed over the thylakoid membranes or
several proteins contribute to this binding. Another pos-
sibility is that specific lipid-ion complexes are involved.
DGDG, which is evenly distributed over all thylakoid
membrane compartments (Murata et al. 1990), appears
as a primary candidate for such specific recognition.
Then, however, the regulation of stacking by phosphory-
lation will no longer be specific but rather caused by
phosphorylation-induced changes in ion concentration at
the membrane-solution interface.

A physico-chemical model for ion-induced events in
membranes

Cation-induced phase separation in protein-containing lipid
mixtures

Cation-induced separation of phases in a mixture of
phosphatidyicholine and phosphatidic acid was demon-
strated by Knoll et al. (1986). To avoid experimental dif-
ficulties in direct measurement of membrane composi-
tion, the gramicidin channel was reconstituted into the
lipid mixture and current relaxation after a voltage jump
was measured. At low Ca™ concentration only a single
population of channels was observed. With increasing
Ca’* concentration, the properties of the channels
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Fig. 3. lon-induced scparation of phases in a mi_xt_u:e _of lipids as
obﬁa’ved by Knoll et al. (1986). The mixed lipid bilayer con-
tains phosphatidykcholine (lipids with white headgroups) and
phosphatidylglycerol (lipids with black headgroups). Binding of
cations to the membrane surface changes the clectrostatic prop-
erties of lipids and increases the critical demixing temperature.
Two phases of different lipid composition arise in a previously
homogeneous mixture. The precise analysis of the composition
of each of the phases was, however, beyond the possibilities of
the experimental setting.

changed and finally two different populations of chan-
nels appeared. The properties of the two different popu-
lations corresponded to properties of channels in differ-
ent lipid environments. In presence of ions there are two
different regions in the lipid bilayer which have different
lipid composition. Similar segregation may be achieved
in many binary systems by lowering the temperature be-
low the critical demixing temperature. Sackmann (1994)
concluded that phase separation in lipid mixtures is a
consequence of a decrease in the critical temperature of
demixing in lipid mixtures. Ion-induced demixing of lip-
ids is schematically shown in Fig. 3, which represents
demixing in a mixture of lipids with different polar
headgroups. Although there is no doubt about involve-
ment of unspecific electrostatic interactions between
lipid headgroups, some degree of specificity will play a
role in each particular case.

According to most widely accepted theories, the ma-
jor protein-lipid interactions (Sackmann 1990, 1994, To-
canne et al. 1994) are based on electrostatic interactions
be:tween lipid headgroups ‘and hydrophilic parts of pro-
teins, and on steric elastic mechanisms, perturbation of
membrane ﬂl-ickne{:s by interactions of hydrophobic
parts of proteins with hydrophobic parts of lipids (Fig
4). L_lp:ds with negatively charged headgroups accumu-
late in the region occupied by proteins with positively
charged extra-membrane regions, and lipids with short
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¢ fatty acid chains accumulate in the regiop
ns with shorter mnsmﬂt:;nbmne heliceg

- _ In favourable cases the steric elat
:::ch‘::?sn‘:c\:s:uld lead to segregation of lipids and pr,.
teins with matching hydrophobic regions (hydrophobjg
mismatch, Mouritsen and !3100111 1993) and formation of
membrane domains (Welti and Glaser 1994, for a recey
revSI:;)I-nm (1990) predicts that lipid-mediated, long.
range protein-pfoteiﬂ ipu;ractions play a role. mainly
close to the critical demixing temperature of a lipid-pro.
tein mixture. The critical demixing temperature may be
increased by addition of cations. The_ distance betwee
interacting proteins in seg{egawd regions may be much
larger than in regular protein complexes whereas the do-
mains formed on the basis of these interactions retain the
character of complexes (i.e. stay intact in certain deter-
gent extraction procedures).

Recent results from Kithlbrandt’s group (NuBberger
et al. 1993) show that specific lipid-protein interactions
exist between LHCII and an uncharged lipid DGDG. In
this case the specific recognition is clearly of non-elec-
trostatic origin. NuBberger et al. (1993) also found tha
only a limited amount of DGDG is necessary to facili-
tate crystallisation of LHCIL. This is in agreement with
theoretical predictions and with experimental observa-
tions that specific interactions between proteins and
lipid headgroups are restricted on the first layer of lipids
surrounding the protein (Newton 1993, for a recent re.
view). Various types of protein-protein and protein-lipid
interactions are systematically classified and evaluated

- ) er'gs:
G
)

or more elasti .
containing protel

S0

N
%

Fig. 4. Protein-lipid interactions in biological membranes. The
big objects in the membrane are the membrane proteins. The hy-
drophilic parts of proteins are white, the h ic transmen-
brane region is dashed. Black dots represent lipid-binding sites.
Lipids differ in the charge of their headgroup, in their affinity
for proteins as symbolised by the colour of their headgroupt,
and in the length and compressibility of their fatty acid chaiss
Lipids with specificity for proteins (black headgroups) bind spe-
cifically to binding sites on proteins (protein with farge, hydr
philic, extra-membrane regions) by electrostatic (Sackman
1950) or other specific interactions (Newton 1993, NuBberger !
al. 1993). Lipids with shorter and/or more compressible fafy
acid chains are driven by steric elastic forces to regions conBit
Ing proteins with shorter hydrophobic transmem regions
even though there is no other specific interaction between thest
Elg(;t;ms and lipids (Sackmann 1990, Mouritsen and Blood
dm‘]" Under favourable conditions, mainly close to the criticl
Ceoreung lemperature, proteins and lipids with mutaal affiny
T};serei;ate to form lipid-mediated protein-protein complexes

+ cagil:;?\? demixing state may also be caused by the presenct
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1. Introduction

Itis believed that upon phosphorylation, some LHCII complexes move towards
unappressed regions of the thylakoid and act as light-harvesting antennae for photosysterr
I[1,2,3]. A structure at 3.4 A resolution has been described for the major part of non-
phosphorylated LHCII [4] but gives no information regarding the N-terminal domain that
contains the phosphorylation site. Attempts to isolate pure phosphorylated LHCII have so
far been unsuccessful.

Appression of thylakoid membranes, also called "stacking”, is induced by the
presence of cations. For a long time there has been a dispute about the involvement of
specific and non-specific interactions in this process [1,2,3,5,6). Barber [1] suggested the
dominance of unspecific electrostatic interactions in both stacking and lateral segregation
of proteins, Mullet and Amtzen [8] considered dominance of protein-protein interactions
involving LHCII in stacking and Allen [3] proposed dominance of protein-protein
interactions in both stacking and lateral segregation. If unspecific, electrostatic shielding
of electrostatic repulsion between lamellae in the presence of salts induces appression,
then the salt concentration may be several orders of magnitude lower in the interlamellar
space than in the rest of the solution [7]. This prediction is in clear disagreement with
experimental evidence from thylakoids, where the membranes, although sometimes highl
appressed, are more enriched in cations than it would be needed for compensation of the
surface charge. The electrostatic equilibrium concentration may be restored by EDTA
treatment, by which tight complexes may be disrupted. An alternative hypothesis could
thus be proposed by which the interlamellar interactions in stacking are dominated by
specific binding of ions rather than by purely electrostatic effects. _

It is known that LHCII has a strong tendency to aggregate[5]. The three-
dimensional structure of the stromal part of LHCII [4,8] 1s relatm;ly flat and contains a
number of carboxylic acid groups. It may also contain a phosphatidylglycerol (PG)
héadpiece which is known to be tightly bound to LHCII [9]. Several _rno!cculcs of
digalactosyldiacylglycerol (DGDG) are necessary for proper crystallisation of LHCII [8].
Carboxylic acids, phosphate groups and saccharides are known to bind cations.

A number of laboratories have produced data on the relative effectiveness of
mono- and di-valen cations in cation-dependent processes in thylakoid nzlimbrancs and in
lipid vesicles. There is an apparent similarity of the effectiveness of Mg<" relative to
mponovalcnt cations for stac[;(ing of thylakoids [10), for aggregation of LHCII [5], and for
association of PG vesicles [11]. Such similarity may be just coincidental and the whole
phenomena needs proper analysis.
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conditions may be expected.

(12 13]1[“}1:‘; ut;‘:'lw known examples of magnesium binding to phosphate groups on protein

L ,cl exceedinm%h Cotr,l_sta{lts are always of the order of few hundreds to thousands M~ 1,

T SEC ﬁ{c e gb © binding constant of the phosphate group of lipids [11,14]. Here we
mig e obtained with small synthetic peptide fragments of the LHCII

tI.Jh P !l‘))’ ation site. In any case the incorporation of the phosphate group into a protein a
¢ membrane surface will significantly affect the binding of ions at weaker sites.

2.Results

210 1

o mc;r:.ganson of NMR spectra of the phosphorylated and non-phosphorylated LHCII
Major differences between the spectra of the non-phosphorylated and phosphorylated
peptides are clearly observed at all pH values (Fi gure 1). We will therefore concentrate th

discus:.non to the spectra at pH 5.3, where the assignment of resonances was least
complicated by spectral overlap and by exchange of NH protons.
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Figure 1. Segments of 1H NMR TOCSY spectrum of unphosphorylated LHCII fragment
and of phosphorylated LHCII fragment at pH 5.3 .

Both the non-phosphorylated and phosphorylated forms of the peptide
RKSAT(PO3)TKKVASSGSP show non-random-coil chemical shifts for most of the
protons (Figure 1). Major differences in chemical shifts between the two forms of the
peptide are observed for protons of Thr 5 and 6, and these can be attributed to changes in
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:,r? \:l'zlltltc::t[gsigrt: CSt::l:% aflﬁyzog(:hl;f?; rlicséln adc_lition_ chan ges in chemical shif ts are greater
changes in structure (or stabilisati € %-terminal part of the molecule. This indicates that

aton of : ; :
part of the molecule upon phosph Ofylali(i:: prevalent structure) occur in the N-terminal

: : Further s i i
different preferred structure in each form of l;:e pﬁgﬁgg?sg ti\t’:l?)?:r;ivfg; :i%iﬁ?il:écgﬁh%f 4
: /13 1n the non-phosphorylated form and in those of Ala 4
Thr g.03).5 and T]}‘l: 6 in addition to Ser 14 and Gly L3 in the phosphorylated form. This
dou li“gnéspn;oslt s ,;1113’ fj‘dﬂsed by cis/trans isomerism around the peptide bond between
Selr ta et cl oubling of resonances for residues 4 to 6 shows that there exists
at ieas 026 more populated conformation in which the C-terminus is sufficiently close to
residues 4 to 6 to affect their chemical shifts. [n addition, several non-sequential
man!chalnh- to-sidechain NOE crosspeaks are seen in the spectrum of the phosphorylated
peptide whereas in the non-phosphorylated peptide NOESY crosspeaks are observed only
between the sidechains of Lys 7 or Lys 8 and Ser 14 NH. There is, however, a clear
indication of a preferred tertiary structure in the non-phosphorylated peptide between
residues 7 and 15, and of extension of such a structure right up to the N-terminus of the
phosphorylated peptide.
The pH-dependent changes in the spectrum were consistent with pKa's of 4.5 an
5.9 for the single and double protonations, respectively, of the phosphate group, consisten

with previous data on the protonation of the phosphate group of various phosphoproteins
given in [15].

2.2 Magnesium binding to peptides
The binding constant of MgZ+ ions to both phosphorylated and unphosphorylated peptide

was determined from the concentration dependence of line broadening of the 2Mg NMR
signal at 259C (Fig.2).
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Figure 2. Dependency of line broadening of 2SMgz"‘ signal in presence of 2.1 mM

I fragment on concentration of Mg2+. _
phOSphoNrglrz:ltggn%gEm bin%ling site is located on the unphosphorylated peptide. In contras
the phosphorylated peptide binds magnesium. The calcullauon of 'the. binding constant of
Mg4+-phosphopeptide complex gives a value of 110 M-1. The bmdmg constant is low in
comparison to known binding constants of phosphate group which are b'ewvec-n 2§0 @d
25000 M- lin casein and casein-derived peptides [12] where the magnesium _bl_ndmg is to
cluster of serine phosphates. The binding constants to phosphate groups on lipids and

sugars are, however, of the order of 5-20 M.
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Proton NMR spec
peptide in conc _peggcf)s&o%, Was performed in 8 mM solution of the phosphorylatec
differences were found f gClp that were increased stepwise up to 150 mM. Small
chemical shift were ‘for lh_e Ch.em‘?al shifts of the NH protons. The differences in
Wahlirdh etal [1311::1;11 orm in dlrecn-on, varying between (.04 and 0.01. In the work of
surroundin thé metal t:)i_ngqs In chemical shifts were found also for the o protons

& etal-binding phosphoserines. These changes [13] were one order of

magnitude larger than those found j ndicat :
3 : In our w ium-
change in the structure is very it anyt:nrl-t, indicating that the magnesium-induced

3. Conclusions

The proton NMR spectra of the pho .
peptide gave indications o the existence of & prelemed steuewure in soluion, Marbed
tqua ?;g::swﬁ?ggn mcgr%f" NMR spectra of the phosphorylated and unphosphorylatec

%‘erred i served. These differences may be interpreted either as a change in
fel‘e e Cf tIl']e orasa stabilisation of one of the preferred conformations of the N-
terminal part of the peptide. The structure of the peptide furthermore varied with changes
in the protonation of the phosphate group.

_ .. The phosphate group on proteins is known to be one of the strongest magnesium
binding groups in biochemical systems[14]. The hypothesis [16] that stacking of thylakoi
membranes is chermmed to a large extent by binding of magnesium to lipids seems to
have some experimental support [5,9,11). The binding constant of 110 M-! for
magnelsmm to the phosphopeptide is almost one order of magnitude higher than the value
12 M~* found in the literature for PG [11]. In phosphorylated LHCII will the phosphate
group at the _N—tf.amunus favourably compete with the sites on lipids unless the phosphate
group is buried in the structure..
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The most abundant chlorophyll-binding complex in
plants is the intrinsic membrane protein light-harvest-
ing complex IT (LHC II). LHC Il acts as a light-harvesting
antenna and has an important role in the distribution of
absorbed energy between the two photosystems of pho-
tosynthesis. We used spectroscopic techniques to study
a synthetic peptide with identical sequence to the LHC
[Ib N terminus found in pea, with and without the phos-
phorylated Thr at the 5th amino acid residue, and to
study both forms of the native full-length protein. OQur
results show that the N terminus of LHC II changes
structure upon phosphorylation and that the structural
change resembles that of rabbit glycogen phosphoryl-
ase, one of the few phosphoproteins where both phos-
phorylated and non-phosphorylated structures have
been solved. Our results indicate that phosphorylation
of membrane proteins may regulate their function
through structural protein-protein interactions in sur-
face-exposed domains.

Light harvesting complex II (LHC II)! is a major chlorophyll-
containing protein complex that accounts alone for half of the
pigments involved in photosynthesis in plants. It is located
mainly in appressed regions of the thylakoid membrane where
it acts as the light-harvesting antenna for photosystem II (PS
[.. Reversible phosphorylation of LHC II is an established
mechanism for redistribution of absorbed light energy between
PS [l and PS I. Phosphorylation of LHC II (giving LHC II(P)) is
triggered by conditions where the plastoquinone pool of the
photosynthetic electron transport chain becomes reduced (1).
The kinase responsible for the phosphorylation of LHC II is not
yet identified, although it is suggested that it is located in the
tore of photosystem II (2) or in contact with the cytochrome bgf
complex (3, 4). LHC II(P) is found in the unappressed regions of
the chloroplast thylakoid membrane and there acts as a light-
harvesting antenna for photosystem I (PS I) (5-7). From elec-
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tron crystallography of 2-dimensional crystals, a structure for
the major part of non-phosphorylated LHC IT has been de-
scribed at 3.4-A resolution (8). This structure reveals no infor-
mation regarding the N-terminal domain that contains the
phosphorylation site at position 5 (Thr); the protein backbone
was traced only to residue 26 where it ends up close to the lipid
membrane, consistent with the fact that the sequence between
residues 21 and 29 (RVKYLGPF) (9) consists mainly of hydro-
phobic, aromatie, or charged amino acids. Aromatic residues
are located at the membrane surface in structures of mem-
brane proteins (10-13), and residues Trp-16 and Tyr-17 of LHC
I may also then form a point of contact with the membrane.
LHC II has been shown to lose its ability to trimerize when
more than the first 15 amino acids are removed from the
apoprotein (14). At this site, specific lipid-protein interactions
between the amino side chains and the lipid phosphatidylglyc-
erol are involved in stabilization of the trimers (15), which
implies that only the first 15 amino acid residues at the N
terminus may be free of competing interactions with the mem-
brane. This sequence (RKSAT*TKKVASSGSP, where * de-
notes the phosphorylation site, Thr-5) contains numerous pos-
itive charges, which may be compensated by the negative
charge introduced by phosphorylation. To see whether a struc-
tural change occurs within the N-terminal domain itself, we
have studied a synthetic peptide with the N-terminal sequence
normally found in pea (9) with and without Thr-5 synthetically
phosphorylated. We have also studied native LHC I/LHC II(P)
from pea to see if there exists a structural analogy between the
peptides and the native protein. Our results show that phos-
phorylation causes a structural change both in the model pep-
tide and at the N terminus of LHC II itself, together with
dissociation of the trimer aggregate. Specific changes in structure-
dependent protein-protein as well as lipid-protein interactions
must therefore be the basis of the mechanism by which phospho-
rylation controls the functional interactions of LHC II in vivo.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Protein Purification—The synthetic peptides
REKSATTKKVASSGSP (1585.5 Da) and the corresponding phosphoryl-
ated form RESAT(PO,)TEKVASSGSP (1664.5 Da) were synthesized as
described earlier (16). For the Fourier transform infrared (FTIR) and
circular dichroism (CD) measurements, full-length proteins of LHC IT
were isolated from pea leaves (Pisum sativum L.) according to standard
protocols (17, 18). Normally 100 g of pea leaves were harvested, and
each batch of thylakoids was then divided into two; one, giving phospho-
LHC IL was then illuminated (130 pmol m™* s~ for 20 min) in the
presence of 0.4 mM ATP (Sigma) and 25 mM NaF (Sigma). The same
purification protocol was followed for both samples, except that all
buffers contained 10 mm NaF in the purification yielding phospho-LHC
I1. This preparation contained a mixture of both phosphorylated and
non-phosphorylated LHC II; the proportion of LHC II(P) was deter-
mined by mass spectroscopy to be apprm:imate_\y 10%. For simplicity
the phosphorylated preparation will from herein be denoted as LHC

II(P).

This paper is available on line at hnp:.",l’www.ihc_nrg
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UV Absorption Measurements—Stati
sorption measurements of LHC II(P) an
double-beam Hitachi U-3000 (Hitachi Ltd, Japan); equ
dissolved in 20 mM Tris buffer (pH 8.0) or H,0 v;etl: u‘ie up to 10% (viv)
reference, respectively. Ethanol was then added to g1 e measured
in both sample and reference, and difference spectra Wer o s
between 200 and 300 nm at a resolution of 0.1 nm. All differen thanol

: jon 200-600 nm, before ethano
showed zero absorbance in the region :dividual, but
addition. The difference spectrum is the average of five lln : arz;tion
nearly identical, difference spectra, each Rkt samﬂ ihpr r':.ault'mg
(five non-phosphorylated and five phosphorylated), and the oflL-t}frD'
spectra were then co-added and averaged. Standard spectraH it
sine and L-tryptophan (Sigma) solutions in Tr?s_b“ﬂ.er il -
additional ethanol were used to confirm the origin of .the gy
absorbance at 280 nm upon solvent perturbation. Identical solunonsfln
the sample and reference cuvettes were used to check the samples for
inhomogeneity; no spectral difference between samples was then seen
either before or after addition of ethanol.

CD Measurements—The circular dichroism (CD) spectra were ob-
tained on a JASCO 720 (Japan Spectroscopic Co. Ltd, Tokyo, Japan)
spectrophotometer at 25 °C, using an 8.0 mM, 0.1 my, or 0.8 pM protein
solution in a quartz cuvette with an optical path length of 1 mm. T
scan velocity was 1 nm s~* in the frequency range between 180 and 250
nm, and each spectrum consists of eight scans. The spectra shown are
the average of four, each from an individual sample, and with the water
background subtracted. The relative contribution of each secondary
structural motif was calculated with software supplied with the spec-
trophotometer (19). Solutions of LHC II and LHC II(P) were measured
between 350 and 750 nm to determine the oligomeric state (20) but were
otherwise under the same conditions as those described above.

FTIR Measurements—FTIR spectra were recorded at a Bruker IFS
66 (Karlsruhe, Germany) spectrometer using a liquid N, cooled MCT
detector. 2000 scans were collected and Fourier transformed to obtain a
spectral resolution of 2 cm ™! in the spectral region 4000~600 cm™". The
spectra were measured using a horizontal attenuated-total-reflection
(ATR)-crystal (45°) (ZnSe). Peptide solution (approximately 75 pl, 0.8
uM (pH 5.2)) was spread out on the internal reflection crystal and then
the sample holder was sealed to avoid evaporation of water. All peptides
were washed repeatedly with either H,0 or D,0 (Sigma), followed by
rotary evaporation using a Speedvac (Savant Industries, Farmingdale,
NY) to dry the peptide between washes, to remove traces of the triflu-
oroacetic acid used during peptide purification. The H,0/D,0 exchange
of LHC II was performed on a dried sample by addition of 70 pl of D,O
to the protein film. The exchange was followed by sequential measure-
ments of 100 scans (30 s) during a period of 2 h. The film was then
repeatedly dried and rehydrated with D,0 to obtain full H,0/D,0
exchange. All the difference spectra are the average of eight individual
spectra, each from one sample preparation (four non-phosphorylated
and four phosphorylated), and each individual spectrum is the signal
average of 2000 scans. Spectral deconvolution (LabCalc-Galactic Indus-
tries Corp., Salem, NH) and derivation were performed. The number of
bands and the peak positions thereby obtained were used
P 5 il re used to calculate
(PeakFit-Jandel Scientific Software, San Rafael, CA) a curve fit that is
composed of Lorenzi?.n bands for the original IR absorbance band. In
the case of H,0, an interactive spectral subtraction was performed to
remove the spectral influence of the 5-mode of bulk water ositioned
1645 cm ™', All FTIR measurements were performed at 2'; °C L 8

NMR Measurements—All nuclear magnetic resonance (NMR) spec-
tra were acquired at 500 MHz on a GE Omega 500 spect
(General Electric, Fremont, CA). Spectra were obtained 2 f g 7
peptide solutions (8 mm). pH was established by additi of aqueous
volumes of HCl or NaOH solution in the case of meas o uf. small
or of deuterium chloride or sodium deuteroxide in Durgn:r"!llts in H,0
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All NMR spectra were recorded at 2 °C. To obtaip g 1. o
pendence of the NH chemical shift for e
5.2, TOCSY spectra were recorded at 5, 17, and 25 °C Topé‘;t:fe at pH
were acquired using the MLEV sequence (21) with a : Spectra
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TasLE [
the calculated relative amount or relative areq representing
the different classes of secondary protein structures
The results are from the nonphosphorylated 15-mer peptide and the
pbgsphonllawd 15-mer peptide, presented above in that order.

Showing

CD-calculated

_ Nl T
Peak assignment relative amount pegkr::::e l"g]o:{it?;:k
. * Wy
15 52/54 162
Wgated strand 56/ 0-1630
a-Helix 0/12 2/23 ~1655
p-Sheet 20/25 38/19 1670-1680
5.Turn 21/19 3 1698

is not sufficient to form a complete a-helical turn. The B-struc-
ture content is constant at around 45% for the two peptides, but
the random coil content is decreased in the phosphorylated
peptide by the same amount (12%) as the increase in a-helix,
(D measurements made at the same concentration range (8.0-
0.1 mp) as the NMR spectra (see below) show almost identical
spectra (Fig. 1A) for the two peptides, both being rather similar
to the spectrum of the non-phosphorylated peptide at lower

| concentrations. These spectra indicate mainly random coil
| structures with some B-structure contribution. The difference
" between the two sets of concentrations indicates that the pep-
| tides aggregate at higher concentrations, and intermolecular

interaction is thereby introduced.

Most of the NMR spectra were taken of an 8 mm self-buffer-
ing solution, under conditions in which the CD spectra of both
the phosphorylated and non-phosphorylated peptides were
identical. Upon stepwise dilution down to 0.1 mM, neither the
position of the resonances nor the line shape changed, which

' indicates that the structure remains unchanged and the even-

tual aggregates remain intact.

The NMR spectra of the non-phosphorylated peptide are
largely independent of pH, whereas the spectra of the phospho-
rylated peptide change significantly in the pH range 4.0-7.5
(Fig. 2). We analyzed the spectra corresponding to residues
2-14 taken at pH values 4—5.6 and residues 3—-14 at pH 6.2. At
higher pH, the exchange rate of the backbone NH protons was
too fast to enable analysis of the spectrum other than to assign
the spin systems on the basis of their analogy with the reso-
nances in the spectrum taken at lower pH.

In all NMR spectra, the number of spin systems exceeds the
expected number deduced from the primary structure. In the
non-phosphorylated peptide (Fig. 34), doubling occurred of the
spin system of Gly-13, whose NH protons appear at 8.45 and
1.9 ppm. In the corresponding ROESY spectrum, a strong se-
quential cross-peak for Gly-13(8.45)-aH-Ser-14-NH is present,
whereas only a Gly-13(7.9)-NH Ser-14-NH cross-peak can be
observed, and not the corresponding «H-NH cross-peak. The
Lys-7(8)BH-Ser-14-NH cross-peak can also be identified for the
non-phosphorylated peptide. _

For the phosphorylated peptide we confine our discussion to
the spectra measured at pH 6.2, the highest pH at which a
spectrum could reasonably be interpreted (Fig. 3B) and the pH
closest to the physiological value (pH 8). In addition, the spec-
ra at pH values in the range 4.2-5.6 are complicated by the
Eistence of a number of minor spin systems that probably
rise from minor structures in slow exchange. Many spectral
features of the non-phosphorylated peptide are seen also for the
thosphorylated peptide. A new position appeared for the

y-13 spin system resonances which is indicated by the cross-
Pak with coordinates 8.12 and 3.45. We could observe _on]y a
"eak Gly(8.12)-NH-Ser-14-NH sequential cross-peak in the
“00-phosphorylated peptide. Distinct differences were found,
" surprisingly, for the residues Thr-5 and Thr—_6. )

e NMR spectra of the phosphorylated peptide contain

——

Phosphorylation Controls LHC IT Structu re

0.8
?T'.‘ 0.6
=
w
- 0.4
-
E
GE l
£E

B
S’

=
o 0.0
=g g
=
=
= 02

04 ™ T T Tt T T T

3,2 4.2 4.5 4,8 5,3 5,5 6,2 7.3
pH

Fi6. 2. pH dependence of the chemical shifts. The chemical shift
of the residues Thr-5 and Thr-6 in the phosphorylated peptide as a
function of pH is shown. The proton chemical shifts of the more popu-
?;{edﬁs?uctum are shown. O, aH Thr-6; @, aH Thr-5; [}, NH Thr-6; i,

-5.

many unique cross-peaks. These are difficult to assign unam-
biguously, since the peptide obvicusly adopted more than one
conformation (Fig. 4).

Fig. 5 shows the FTIR spectral region of the C=0 stretch
vibration of the peptide backbone, normally denoted as the
amide I band (1580-1750 cm ") or amide I' when studies are
performed in deuterated solvent. The dihedral angles of the
peptide backbone determine the geometry of the backbone.
Different backbone geometries thus imply different lengths
and strengths of the hydrogen bonds involving C=0 groups.
The different characteristic amide I frequencies arise from the
variation in length and direction of these hydrogen bonds cor-
related with the different structures. Different peak positions
have been assigned through both empirical and theoretical
work to different structural motifs of the peptide backbone (25).
Bands located around 1650-1658 cm ™' correspond to a-struc-
tures (26) or, as found in some cases, loops (27), whereas bands
centered around 1620-1640 and 1680-1689 cm ! are due to
B-structures (28, 29), and those at around 1690-1700 cm ! are
due to B-turns (30). Fig. 5 shows the FTIR spectra of the
non-phosphorylated (panel A) and phosphorylated (panel B)
peptide (trace a in H,0, trace b in D,0), together with the 2nd
derivative spectrum (trace c), the Fourier self-deconvoluted
spectrum (trace d), and the individual spectral components
(traces e) from the curve fitting procedure, respectively. As can
be seen, deuterated and H,0-subtracted spectra are in a very
good agreement. Furthermore, both the Fourier self-deconvo-
luted and the 2nd derivative spectra indicate identical num-
bers of bands and band positions. Table I lists the relative band
areas and peak positions obtained for the different spectral
components and their correspondence to different structural
classes. The relative area of an infrared absorption band can,
as a first approximation, be assumed to be a measure of the
relative amount of that particular component. However, this
assumption does not take into account absorption by amino
acid side chains, or the slightly different extinction coefficients
of different structural motifs (31-33). The most conspicuous
difference between the FTIR spectra of the phosphorylated and
the non-phosphorylated peptides is that the phosphorylated
peptide contains a definite contribution from «- structure that
is absent from that of the non-phosphorylated form (Table I).
Furthermore, the large contribution of H—tur:n structure in the
nun-phosphﬂr}'lated peptide is much lower in the phosphoryl-
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ated form.

Structural Effect of Phosphorylation of LHC 1I by FTIR, CD,
and UV Solvent Perturbation Spectroscopy—In addition to in-
formation obtained from synthetic peptides corresponding to
the LHC TIb N terminus, We have performed studies of the
pative protein. Fig. 6 <hows the amide I band region of the
ATR-FTIR spectra of LHC II and LHC II(P), together with the
difference spectrum. These absorbance bands are the sum of
ahsorbances from each amino acid in the protein, and the first
15 amino acid residues of the N terminus contribute only as a
partuftthullstructureof?.'Maminoadds.Themainabsorb—
ance band is located at 1653 cm” 1 indicating mainly an a-hel-
;cal structure, which is in agreement with the model based on
electron diffraction (8). A second band is also shown in the
figure at around 1550 cm ~1 and is assigned to the delocalized
amide II vibration. This band has a more complex origin and is
therefore not interpreted here. Even though the individual
spectra seem to be identical, the difference spectrum shows
significant changes. The positive peaks in the difference spec-
trum reflect structures more abundant in the non-phosphoryl-
ated protein than in the phosphorylated protein, and vice
versa. For the samples measured in H,0, the positive band
located at around 1625 cm ' is assigned to B-strand structures
whereas the negative bands at 1678 cm ™! and 1652 cm ™! =
assigned to B-turns and a-helices, respectively. H,0/D,0 ex-
change experiments (Fig. 6B) confirm that the 1652-cm'? band
originates from an o-like structure and not from a random or
unordered structure (25), since deuteration has no effect on this
band even after 2 h, indicating no direct contact with the
surruux_mding solvent. Furthermore, the deuteration effect on
the amide [I band (delocalized C—N—H bending mode) at 1550
e~ ! confirms the assumption that part of LHC IT is exposed t
the surrounding medium and is not embedded in the m 0
brane. After exposure to D,0 for only 5 min, approxim em-
xdpmgdrr i s R e g
corresponding to 25% of the protein accessible for rap;;n[l.mj
exchange. The hydrophobic segments inside the membrane and

coiled structures outside the membrane are prevented fron
such exchange, and only a minor increase of exchanged protous
can be found even after 2 h exposure. Interestingly, the neg
tive 1652 cm " band in the D0 difference spectrum is the only
one of the three major bands found in H,O difference spectrun
that remains at the same positions in both solvents. The abst
lute area of the difference bands in this region is approximate]
4% of the total area in the absorbance spectrum.

The FTIR results demonstrate that LHC II(P) has a highet
content of a- and B-turn structures and a lower content
B-stranded structures than the non-phosphorylated forn d
LHC II. The protein segments that cause the 1625- and 167¢
em~! bands are located outside the membrane domain of 0o
phosphorylated LHC II. The protein segment that causes It
1652-cm ! band originates from an a-structure present ooly 2
!..HC TI(P). The total number of amino acid residues participé
ing in these changes is in the order of 5-10 amino residues

CD in the wavelength region 350-750 nm has beed su
gested as an assay for the oligomeric state of !
(20): the trimeric form of LHC II has a characteristic

the monomeric and trimeric forms of LHC II. LHC e O
spectra measured here have a less pronounced shoulder at 54!,
nm than the LHC II spectra (Fig.
features typical for the monomeric form of LHC Il at the othef
two wavelengths. Studies of the minor light-harvestind dks

phylla/b-binding protein CP 29 (Lhc bd) have showt & |

increased chlorophyll b content will enhance a negatie ®

a;aﬁttalnm in the CD spectrum (34). Our findings thus indic
: ;dxsaouation of the trimer and phosphorylatiod may pﬂ:
urb the chlorophyll b, or b, (8) in the same way. This gl

that phosphorylation induces dissociation of LHC I tl;;;’ﬁ

The samples here denoted LHC TI(P) contain around ures >

:Eg‘ph""‘phor)’lﬂied LHC II (see “Experimental Prec
i would therefore be expected to show only 10% ® °
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of e

\

of the s
] , The NOI
it at pH 4.2, 5.3, and

351 for the non-phosphoryla
Jias that one or more N
wims of the residue defined
ied square indicates ambig
sviebackbone constraints
T to Val-9yH NOE at p

2 to the more populatec

-!Iﬂ_mati-: amino acid res
2iinthe UV l'eail]ﬂ‘ Thi

o |1 change in the p

g glycerol or ethanol,

native protel |
pegatite |, |
shoulder in the CD spectrum at 648 nm, and further but e |
significant differences were found at 412 and 478 nm betweet |

1B) together with spec® |

F-ﬁ! msj'dues Wﬂl‘ hﬂw{
f‘lﬁb\‘ thanges in the |
e bere to study th
e residues between
800 10% (v1) ethar
.l concentratio




L

JTREVAS;
dicates thes
reonine resy

revented o
1anged prix
ngly, the 4
rum is ther
rence specn
ents, The i
approun:

0.

3) has abig
wer conted
ylated for
625- and If
domain of¥
hat causes:
preseﬂlﬂﬂ]

18354
RS [A[T[T[KIK[V[A[S[S|G[S|P RIKISIAIT[TIK[K][V[A[S[S[G[5 ]
R 1
5 [
K LY NN N (W]
5 N s T
A 1Al _—_'_‘1
T 3 0 N :-
T S | T EHEER
B N é N N B
V[ | V] E N
ALl B
s = iz NN
5 AN - =
T [§
5 _:ﬁj ] 5
® 1 P
pH 4.2 pH 5.3
REISJA[T[TIK[K]V[A[SIS|G|S|P R|K|SA[T[T]KIKIV[A]S[S|G[S [P
R | E
NN LS ]
5 5
A N A
T T
T T
A K|
NN K
v v
(] | N A
SN -
G G
5 5 N
P N NN P
pH 6.2 no n-p hosphorylated pH 5.3

Fic. 4. Summary of the structural information obtained by
NMR spectroscopy. The NOE constraints observed in the spectra of
the peptide at pH 4.2, 5.3, and 6.2 for the phosphorylated form and at
pH 5.3 for the non-phosphorylated peptide. A filled square in the figure
indicates that one or more NOE constraints was observed between
protons of the residue defined by the coordinates in the scheme. A
hatehed square indicates ambiguous assignment. In all cases only side
chain-to-backbone constraints are observed, with the exception of Lys-
78) vH to Val-9yH NOE at pH 6.2. Only those constraints that are
assigned to the more populated structure are taken into account.

Aromatic amino acid residues (Trp, Phe, and Tyr) absorb
light in the UV region. Their absorption spectra may be per-
turbed by change in the polarity of the environment, e.g. by
adding glycerol or ethanol. Membrane-embedded, or otherwise
buried, residues will, however, not be affected to the same
degree by changes in the solvent. Such solvent perturbation
was used here to study the differences in number of buried
aromatic residues between the LHC IT and LHC II(P). After an
addition of 10% (v/v) ethanol, to samples of LHC II and LHC
II(P) at equal concentrations, a positive peak is found in the
difference spectrum LHC II(PY/LHC II at around 280 nm (Fig.
1C). Both Tyr and Trp groups have stronger absorbance at 280
nm when dissolved in ethanol than when dissolved in H,0.
This implies that the phosphorylated samples of LHC II have
more aromatic amino acid residues exposed to the surrounding
medium than the non-phosphorylated samples.

DISCUSSION

Other studies of subunits of phosphoproteins or phosphopep-
tides (35— 43) have shown local structural alteration upon phos-
phorylation in some cases but not in others. Of these examples,
the chlorophyll protein 29 subunit of PS II is most closely
related to LHC 1. There is independent evidence for a cunfo_r-
mational change upon phosphorylation of chlorophyll protein
29 (43). Previous structural studies of LHC II (8, 44) have
produced no direct structural information about the phospho-
rylation site. Indirectly, it has been found that proteolytic re-
moval of the first 8 amino acid (44) residues does not affect the
trimerization of LHC 11 but removal of the first 49 does. It k}as
therefore been proposed (44) that the segment of 8 amino acids
dtthe N terminus is disordered and has no structural role of
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Fic. 5. The FTIR spectra of the peptide in the amide I region.
ATR-FTIR spectra of the non-phosphorylated peptide (panel A), and the
phosphorylated peptide (panel B). In both panels, trace a is the spec-
trum measured in H,O after interactive subtraction of bulk water, and
trace b is the spectrum obtained when the peptide is dissolved in D,0
and no subtraction is performed. Trace c is the Fourier self-deconvo-
luted H,0 spectrum (66), using a k value of 2.4 and (d) is the 2nd
derivative of the H,0 spectrum. The e traces are the results of a curve
fit performed on the original IR band measured in H,O, using the
number of bands and peak positions obtained from traces ¢ and d as
initial starting values.

the formation of trimers. However, the study was carried out
only on LHC II and not on LHC II(P). LHC II(P) has not so far
been found in the trimeric state, which is the only state that
has been crystallized. The formation of two-dimensional and
three-dimensional crystals has been shown (44) to depend on
specific lipid-protein interactions. Specifically, the region
around residue 16 (Pro-Trp-Tyr-Gly-Pro) has been shown to
interact with the lipids phosphatidylglycerol (14, 15), mo-
nogalactosyl diacylglycerol, and digalactosyl diacylglycerol.
Crystal formation is also dependent on the relative concentra-
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Fic. 6. The FTIR spectra of LHC II/LHC II(P) in the amide I
region. ATR-FTIR spectra of LHC II (trace aV/LHC II(P) (trace b) in
H,0 (panel A) and in D,0 (panel B). The difference spectra (trace c)
were obtained by subtracting the LHC II(P) spectrum from that of LHC
I1 and is scaled 50 times compared with the absolute absorbance spectra
{a and b). In panel B, trace d is the H/D difference spectrum of LHC II
showing the effect of the H/D exchange on the amide I and IT bands. ;

tion of the last two lipids. Monogalactosyl diacylglycerol is a
non-lamellar phase-triggering lipid (for review of this area_ see
Ref. 45), whereas digalactosyl diacylglycerol forms bilayer's or
reversed hexagonal phases depending on the acyl chain com-
position. Furthermore, modification of the C-terminal end of
LHC II (46) has been shown to be important for stabilization of
the protein, particularly of the pigment-protein complex ’
Our results clearly show that peptides corresponding -t(J th
N terminus of LHC IT and LHC II(P) have non-random tert; s
structure although the backbones are mostly e\(tondp;r Fary
thermore, we found that the peptides can fnr.—m :at,abl > cl'. et
and the NMR data indicate that the phosphate ;;mu : flmem:
forms a hydrogen bond to the NH proton of Thrh .{::l i

= A lace (47 3 ] e
phosphorylase (47), a similar hydrogen bond bet iy

ween the phos

rols LHC ]I Structure 1835

4 and backbone NH of Val-15 is obserygg

on Ser-1 ‘
p rotons in the N-terminal region O

other P i
ffected only margl ‘
er spectrnscopic tzc.hmque‘s that the T
interacts with surroun ing amino acid resjg
Phgtihﬂ_ (:;? :;ters the structure. The phosphate group ;::
§:crease5 the tendency of the peptides to aggregate. The i,
crepancy between the amount of the secondary structural g,
tif, particularly the lower values of p-structure and highy
co[,mant of random coil obtained frorr} thta C.D compared with thg
FTIR measurements (see Tabi.e 1), is similar to that describg
for other proteins (27, 28, 48)_ and may be attributed to fh
different sensitivities of the different methods .and probleny
with structural classification of very small peptide segmenfy
The CD spectrum actually reflects .t.he asymmetric conform
tion of the single {-amino acid peptide backbone, whereas th
FTIR spectrum reflects the environmental effects on the (=
bond of the peptide backbone. We conclude that the full-lengy
LHC II exhibits structural differences between its phosphon.
ated and ncn—phosphorylated forms that are similar to thosesf
the model peptide; upon phosphorylation of LHC II, ol
tended structure is replaced by a short, helix-like structure anf
by a B-turn. These changes are confined to parts of the proteis

extrinsic to the membrane.
The band at 1652 cm ™', which is characteristic of a helx,

phate grou
Surprisingly,
peptide were a
tion from the oth

nally. We also have an ingjy,

(396

may be assigned to the local structure around Thr-5, in agres |[@

ment with our findings that the phosphorylated peptide ha i

such a structure around its phosphorylation site. Such a strue
tural change is similar to that seen in the crystal structuresd
rabbit glycogen phosphorylase in its non-phosphorylated an
phosphorylated forms (47). The structural information d
tained from the peptides in this investigation may not reflects
totally accurate protein backbone conformation. In the cased
glycogen phosphorylase (47) the change in local st:ructureilﬁ
duces a global structural change involving subunit interactis
and cofactor binding. Our findings of enhanced p-turn contett
in LHC II(P) may thus indicate a similar global structurd
change upon phosphorylation of LHC II. Furthermore, ok
solvent perturbation measurements show that LHC Il has &
higher number of aromatic amino acid residues associated will
the hydrophobic membrane domain than LHC II(P). Residueli
is Trp and residue 17 is Tyr. It is therefore plausible to assund
that these aromatic amino acid residues are the ones that
shielded by the lipids in the non-phosphorylated LHC I
whereas upon phosphorylation of the N terminus, they &
exposed to the surrounding medium. Thus, a good candidatefit
the B-turn site is the same region as that at which the phet
phatidylglycerol interaction has been shown to take pli
There are two prolines located at positions 15 and 19. Proli®®
are able to cis-trans-isomerize, and a total isomerizaﬁm_

these two prolines would induce a complete turn of the protétt |

backhane. Proline groups are also known to induce h-iﬂg'_’“
different proteins (49-51). Such relocation of the 1J.eg‘a“‘“ill

charged phosphate group can move it closer to the highly P [

itively charged region around the helix-membrane it
(see Fig. 7). This model would then also explain why LHC
18 npt found as trimers and hence does not crystallize. The
action I?etween phosphatidylglycerol and the region around ™
idue 16 was shown to be of importance for trimerizat®
ifir::)ir;;ysmt formation. [n LHC [I(P) this lipid-proteis ™
=5 Funmrken by struftuml and interactional changes: 2
our result ctions of LHC Il and LHC HI(P)—As discussed?
sults imply a quaternary and tertiary structurdl

upon phosphorylation of LHC I We shown !
I‘HI. 1, v dprlﬂ,_:

| propose a model,
dese . :
cribing the events of phosphorylation an

tion i
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Phosphorylation Controls LHC 11

tween LHC II and PS .II is
nfprotein-lipid interactions,
The regulatory effects

migration. The tight complex be
based on specific protein-protei =
which include the phosphorylation site. 1 ! ;
of phosphorylation of LHC II are decoupling of an.j_]acem:.j t};{{: ;_
koids, destacking of the membranes, and ;mgr.atmn Eltfl cTib
ing of LHC II(P) with PS I (5). Dephosphorylation of e
has the opposite effects. These effects have previous YUJ :
proposed to depend mainly on simple e_lectrastatlc rep _su:n
and/or attraction (52), where the addition of the Begah\.re y
charged PO, group induces a repulsive force between opposing,
stacked thylakoids and, to reduce that force, LHC II(P) mi-
grates laterally into unappressed regions of membrane. Ht?w-
ever, earlier it has been shown that photosystem segregation
and membrane stacking are separate events (53). Furthermore,
it has been shown that importing LHC II into stacked and
unstacked thylakoid membranes causes the LHC II in the
unstacked regions to migrate toward the PS H-ricl} atack‘ed
regions and not in the opposite direction toward regions with
high density of PS I complexes (54). This result is in agreement
with LHC II and LHC II(P) having different affinities for the
two photosystems. The findings of dimer formation by the
non-phosphorylated peptide and dissociation of the dimer by
phosphorylation may help to explain the role of phosphoryla-
tion in destacking of the thylakoid membranes.

Qur results are more in favor of an explanation of control of
LHC II function based on structural changes (5, 55, 56), reduc-
ing the distance of electrostatic effects to short range, intramo-
lecular interactions. The tertiary structure of LHC II may have
a higher affinity for PS II than that of LHC II(P) and a lower
affinity for PS I, and migration of LHC II between PS IT and PS
I will then be simply a result of normal lateral diffusion (57).
Structures have now been obtained for some of the primary
components of photosynthetic light harvesting (8, 58—60), re-
action centers (10, 61-63), and secondary electron transfer and
CO, assimilation (64, 65). Further work can now logically be
directed at an atomic resolution description of the structural
changes involved in regulation of light harvesting in photosyn-
thesis, where the complexes involved are intrinsic to photosyn-
thetic membranes.

Conclusions—The results presented here imply that regula-
tion of light-harvesting by means of phosphorylation of chloro-
plast LHC II can be understood in terms of effects of the
phosphate group on protein structure and on molecular recog-
nition. This conclusion removes a conceptual barrier between
regulation of ligand binding in soluble proteins and regulation
of the function of membrane proteins, where, in photosynthesis
at least, emphasis has been placed on the effect of protein
phosphorylation on net membrane surface charge. Our results
indicate that understanding regulation of photosynthesis will
likewise depend on a full three-dimensional structural descrip-
tion of effects of post-translational, covalent modification.
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The relation between changes in non-photochemical
quenching, low temperature fluorescence emission,

and membrane ultrastructure upon binding of pelyionic
compounds and fragments of light-harvesting complex 2
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Abstract

Experiments were performed to distingnish some of the proposed mechanisms by
which thylakoid membranes regulate the performance of photosynthetic apparatus in
relation to non-photochemical quenching, qy. Aliphatic diamines were used as
uncouplers of transmembrane H* gradient as they can be transported across the
membrane at the expense of hydrogen cations. Diamines did not induce changes in
low-temperature fluorescence emission but induced different changes in membrane
ultrastructure. Positively charged peptides did not affect membrane ultrastructure but
blocked qy. In addition, they caused an increase of low temperature fluorescence
emission between 710 and 720 nm. For control peptide, the maximal fluorescence
increase was found at 715 nm. Fragments of light-harvesting complex 2 in their
phosphorylated and non-phosphorylated form shifted the position of this increase.
We believe that peptides bind to membrane surface and reduce the mobility of
membrane components whose migration is needed for observation of qy.
Phosphorylated and non-phosphophorylated LHC2 fragments bind to different
binding sites for corresponding forms of the protein.

Received 22 April 1999, accepted 30 August 1999. . _
Abbreviations: Chl - chlorophyll; LHC2 - light-harvesting complex 2; PS - photosystem; qy - non-
hotochemical quenching of chlorophyll fluorescence. |
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Czech Republic.
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Introduction
i ching of chlorophyll (Chl) fluorescence (qu) is a relatively
s Ee—p—— la:ed toolhcpst};le of photosynthetic apparatus. Because

- ure parameter re _ tus. E
?tﬁga?;ezasurcd non-invasively (Schreiber 1983), many plant physiologists and

biologists routinely use t_hjs parameter in experiments. MOS‘. o_f the g:f;eﬁ[ﬁ
emission of photosynthetic apparaus at room (emj bably reflect chatfgcs 1
system (PS) 2 (Krausc and Weis 1991) and its transients probably refle -
the efficiency of utilisation of energy captur ed by PS2 antennae. i
Several mechanisms were proposed for qy. Each of them was based on different
lines of biochemical evidences. Quenching related to xantophyll cycle is supposed to
be caused by excitation energy flow from Chl to zeaxanthin, a pigment whose con-
centration in the membrane increases with rising irradiance (Hager 1966, Gilmore
1997). Another line of evidence points out that proton gradient across the thylakoid
membrane is necessary for qy (Briantais er al. 1979). Lowering of solution pH in
suspension of isolated PS2 membranes leads to a decrease in fluorescence yield
(Krieger and Weis 1992). The analogy between the reduction of fluorescence emis-
sion in precipitated isolated LHC2 (Burke ef al. 1978) and the decrease in fluore-
scence emission of leaves and thylakoid membranes has suggested the hypothesis
(Ruban ef al. 1992) relating the decrease in fluorescence yield with LHC2 aggre-
gation. This hypothesis was recently modified and nowadays the minor antennae are
considered to play crucial role in qy (Crofts and Yerkes 1994, Ruban e al. 1996).
Another mechanism by which plants regulate the energy flow from antennae to
reaction centres is phosphorylation of membrane proteins (first observed by Bennett
1977 reviewed by Allen 1992). This mechanism is probably directly related to state
l-st?te 2 transitions (reviewed by Allen 1992), i.e., increase of absorption cross-
section of PS1 at the expense of that of PS2 and vice-versa. According to Rintamékki
et al. (1997) the phosphorylation pattem of thylakoid membrane proteins in vivo
varies with irradiance and length of irradiation. Similar observation was reported
earlier (Stys ef al. 1995) on isolated thylakoids. Main evidence between the 1
irradiance and high-irradisnce fom ion ke
phosphorylation lies in the phosphorylation of LHC2

which is high at low irradiance and low at high irrads
e e o ghm?#mnce-——clem"ly, the role of LHC2

In this article, we describe eXperiments aimed at distinguishing some of the propo-

sed mechanisms for qy. The low-pH i :
which are supposed t:Jm be h’:ns;\;tep;{ mduced quenching was blocked by diamines
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BINDING OF POLYIONIC COMPOUNDS AND LHC2 FRAGMENTS

LHC2 fragments induce a red or blye shift

indicates that the main influence of LHC? 0 emission of PS1, respectively, which

may be sought in PS1 and its antennae.

Materials and methods

lso{:h;ﬂLof ?Jfrlﬂkmds Thylakoids were isolated from threc-weeks-old pea (Pisum
sativum L. cv. Tyrkys) seedlings grown on a perite substrate in a heated greenh

gl S 4 : : greenhouse
o uppicmentary irra ation with halide lamps (200 pmol 2 s1). 3 g of leaves
were crushed in 25 cm? of isolation medium (0.4 M sorbitol, 2.5 mM Mgcl 10 mM
KCl, 1 mM MnCly, 50 mM Tricine, 1 % bovine serum albumine, pH 7.5) c?z; ice and
ﬁltered .thl'ough elght lﬂyefs of cotton gaze. Chloroplasts were stimented at 50,00xg
for 4 min at 4 °C. The pellet was resuspended in a shock medium (15 mM MgCl,, 10
mM KCl, 1 mM MnCl,, 50 mM tricine, pH 7.1) and stirred for 1 min. Thylakoids
were sedimented at 5000xg for 4 min, resuspended in the shock medium with 0.33 M
sorbitol, and stored on ice.

In all cases and for all experiments described except electron microscopy, the
dependence of the observed effect on concentration of either diamine or peptide was
tested to exclude a possible qualitative change at certain concentration. Finally, the
concentration of 10 mM was chosen for diamines and 0:83 mM for peptides. The
concentrations above these values either did not change the extent of observed effect
(diamines) or caused precipitation (control peptide).

Fluorescence spectra: Thylakoids were diluted in resuspension medium supplemented
with the desired concentration of polypeptides or polyamines to give final Chl
concentration of 25 g m-3 and mixed with 10 cm3 of 2 mM rhodamine B solution
(internal fluorescence standard). The mixture was kept on ice for 5 min, pipetted into
a shallow (0.4 mm) groove of a metal holder, and frozen in liquid nitrogen. Chl
concentration in the sample was 1 g m. Emission spectra were measured with a
Fluorolog fluorimeter (SPEX) equipped with halogen lamp and double
monochromators. Excitation wavelength was 480 nm. Spectral emission and
excitation bandwiths were 2 and 4 nm, respectively.

Fluorescence yield: Influence of polypeptides and polyamines on the Chl fluorescence
yield and its light-induced changes were assayed w:th a PAM ﬂuurugeter (Wf:b:,
Germany). Thylakoids were diluted to 20 g(Chl) m? with the resuspension medium
with 3 mM of sodium ascorbate in a cuvette, and tested oomgounds (reagents)_ qf
desired concentration were added. Changes in the fluorescence .y1el('i upon red actinic
irradiation (A >650 nm, 300 pmol m s1) and Chl relaxation in th;: dark were
recorded. The maximal fluorescence yield was determined using white-light

saturation pulses (3000 umol m2 s} for 1 5). The fluorescence yield was measured at

100m temperature. I 1994, Stys et al
: ibed earlier (Cheng er al. 1994, Stys et at
Peptide synthesis was performed o5 desmﬁed (Bamfy and Merrifield 1980). In the

1995) . In general, the t-Boc strategy was : ;
Place)of pifophothreonine. ThfOPO(OPh),] was mwtggrate‘:;:ds;eilgiiﬁo;wg:
carried out as described by Grehn ef al. (1987). Peptides
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. - Ipstitute of Organic Chennstry and Biochemistry of
laboratory of Dr. Ivo Bléba i (e the Czech Republic in Prague (peptides

ihe Academy of Science Oof RKSATTKKVASSGSP) and in  the

SRPLSDQEKRKQISYCESL;SM& at the Biomedical Unit at Lund University

laboratory of Dr. H
(RKSAT(POc%)IKKVASS GSP). : - Samples fi

.. ond preparation of samples for electron microscopy: Sampes for clectron
Fixation w‘::re eped sentially as described m Wollenberger er'al. (1995).
mmm;ool::’e re fixed overnight with 1 % osmium tetmxx:de, dd_lydrated wnth. acetone,
Sempics ciences, USA). Thin sections were stained with

; in (Polys
ﬂ;;“::;‘:‘;;’:i‘.’:ﬂﬁ’"( e and examined with a Philips EM 420 electron

Microscope. )
Calculation of fluorescence parameters was done generally as defined in Krause and

Weis (1991). Non-photochemical quenching gy Wwas calculated according to the
formula

Results and discussion

Influence of charged compounds on membrane ultrastructure: The influence of
charged compounds on membrane ultrastructure was examined by electron
microscopy of isolated thylakoids. Polyionic compounds such as ethylenediamine or
nigericin are frequently used as uncouplers of the transmembrane H* gradient across
thylakoid membranes (Portis and McCarty 1976). These compounds are probably
transported across the thylakoid membrane in uncharged state while they lose H* ion
on the side where the environment is deficient in H* (stroma) and accept it on
opposite side (lumen). In this way the ion balance remains unaffected but the identity
of ions is changed. To our knowledge, the influence of these positively charged ion
compounds on membrgm: ultrastructure was not systematically examined although it
is known that polyamines modify membrane surfaces and adhesion of membrane
h;ll}tﬁae (see Gulbrand et a/. 1984 for summary including discussion of mechanisms
T eat;::e this effect). The compounds used in our study are indicated in Table 1.
= j:ie‘c fa‘;: that for both diamines the mechanism of membrane transport should
mediums;m;' dilgvﬂmce on membrane ultrastructure (Fig. 14 - free membranes in
stacks (Fig, 18) while doeerr L amine induced formation of tight membrane
(Fig, 1C) simil ar‘:o tl:at ccyldiamine induced formation of elongated stacked regions
Dot Sochooits. i f:"’md_m presence of polylysine (Berg et al. 1974). Hence
surface of the me e T Posgnl?le transport across the membrane, modify also the
PRSI ¢ membrane and do it in different way. W beli iami
UE 10 1ts shorter aliphatic chaj ' Y. We belicve that cthylenediaminc,
decyldiamine is abll: % h(:]kam’ can hnk only membranes with flat surfaces, while
occupying domains such even reglons from which extend bulky and space
as subunits on stromal side of PSI or ATP-synthase.
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id membrane in the absence (4)

thin layer section of thylako
iamine i medium, The ultrastructural changes

observed in the presence of diamines differ from cach other (see text). Peptides caused irregular minor
and were not statistically significant (D -Pl,

ultrastructural changes which were difficult 1o gvaluate
R)(SAT(PO4}TI(KVASSGSP. e P3;

Fig. 1. Electron microscopic pictures of
and in presence of (B) ethylendiamine of (C) decy

SRPLSDQEKRKQISVRGLAGVENV, E - P,

RKSATTKK VASSGSP)
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The effect of non-transportable polyions was examined using multiply charged
peptides containing carboxylic and other acidic groups. Such compounds, although
positively charged in neutral medium, cannot become completely uncharged at any
conditions and thus canmot be transported across the membrane by the same
mechanism as diamines. As control peptide we used peptide P1 (positively charged
peptide with sequence SRPLSDQEKRKQISVRGLAGVENYV). To examine specific
binding of LHC2 we used phosphorylated (RKSAT(PO4)TKKVASSGSP) and non-
phosphorylated (RKSATTKK VASSGSP) fragments of LHC2, denoted P2 and P3.

A Wiy ® 3
H
B LR L“LM i b2
: HIIIHHT PlLLLu.Lq
L3 G T ) it

fragment (E) the :
non-photochemica] ing i -
LHC?2 fragment (F) a steady Jinear da;::hlofgﬁf hibited. In the presence of non-phosphorylated
orescence was observed

No s
was

Tabke

|13% 588

¥

tif| 1)

i

-
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Table 1. Structures of compounds used in the study.

cthylenediamine NH;(CH,); NH,

dc:im - ' ﬁ{m‘h)m NH;
LSDQEKRKQISVRGLAGVENV

phosphorylated LHC? fragment (P2) RKSAT{PO.;}TKJ?‘VASSGSPG

non-phosphorylated LHC2 fragment (P3) RKSATTKKVASSGSP

Table 2. Parameters of non-photochemical quenching as defined in Krause and Weiss (1991).

Sample Fo/Fr F/Fo a
dark adapted light adapted dark adapted light adapted

suspension medium 0.19 021 0.81 0.79 0.74
ethylenediamine 0.19 0.20 0.81 0.82 0.06
decyldiamine 027 029 0.80 0.79 0.05
control peptide (P1) 0.21 024 0.79 0.76 0.12
phospho-LHC2 (P2) 0.21 023 0.81 0.77 0.15
non-phospho-LHC2 (P3) 0.22 0.26 0.78 0.75 0.15

Influence on fluorescence parameters: Each of the compounds used in the study, i.e.,
ethylenediamine, decyldiamine, and peptides P1, P2, and P3, was able to block non-
photochemical quenching (Fig. 24-F and Table 2). Upon addition of various
compounds used in this study, we observed both quantitative differences in the extent
of qy and differences in the course of fluorescence decrease. Thus our experiments
point out that qy may be blocked not only by depletion of the trans-membrane proton
gradient, but also by modification of membrane surface. Positively charged peptides
bind to membrane surface and islands of membrane components are for?ned ‘below
them (Sackmann 1990). If nothing else, this leads to res.txiction in diffusion of
membrane components. In principle, none of the experiments r_cpfane.d so far
demonstrated that qy was inhibited in the presence of diamines by elimination of H*
gradient and not by binding of diamines to membrane surface. We believe, however,
that the fact that diamines change membrane ultrastructure, while the peptides do not,

is caused by transport of diamines to lumenal side of the membrane. Peptides most

probably mainly restrict the lateral migration of some membranes components. This

points out that lateral migration of membrane components (not necessarily proteins)

is a second factor required for the formation of qn. mpounds were found in low-

: ts of individual co oy .
Differences between effects 0 we assumed that majority of changes involve

temperature fluorescence spectra. Since ume ]
ChIF;)e-rcontailﬁng antenna g:ms we used excitation wavelength ::0 n::{;nl::u:fagﬁ;
of membranes in the dark did not lead to any spectral change in pr
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. i 1 m2 s-1
irradiated for 5 min at 300 pmo

. When the membrancs Were some s
ot “s;:e medium prior o low-temperature mewe:;:'in ﬂuom
- ﬂleam?pTehce resence of peptides in the medmm' lead to mncre ot observed in the
msionlbetw;ﬂ 710 and 720 am (Fig. iBm)‘ i eﬁegm:;:. :jﬂ‘erences between
presence of diamines (Fig. 34). g;we;ﬁml pepwt‘i::lz si'ny:luccd maximal fluorescence
the influence of individual Pef::_yl ol fragment of LHC2, P2, induced maximal

. P3, induced maximal
i the non-phosphorylated fragment, S, mndi '
ﬂ:: :ti 7-"171:!011:::"1 (F::flSB). Similar changes were observed earlier In expenments

in the of ATP, i.e., when phosphoryletion of membrane proteins was
observed (Stys et al. 1995).

FLUORESCENCE [relatve]

FLUORESCENCE ([relatve]

| GRS R g e ] RN (O 100 Pl [ O S

12} Seaeasie s
7| ~— decyidiamine/free thylakoids 4
’,...--vr‘l'“‘f"'-

1.0 e AR ~

L i i A - Aol 1 i 1 i I 1 L i L I L 1 1
850 700 750 650 700 750
WAVELENGTH [nm)

Fig. 3. 77 K fluorescence emission spectra of thylakoids frozen at high energy state after 10 min
irradiation with 1000 pmol m? s of "white light”, at conditions when the non-photochemical
quenching occurred in_free membranes. Upper panels represents emission spectrum of free thylakoids
{dal‘!en?' Inlle), thylakoids in the presence of (4) 10 mM ethylenediamine (solid line) and 10 mM
decyldiamine (dashed line), or (B) in the pressnce of 083 mM peptide Pl
SRPLSDQEKRKQISVRGLAGVENV (short  dashed line), 083 M peptide P2
RKSAT(PO4)TKKVASSGSP (long dashed line) and 0.83 mM peptide P3, RKSATTKKVASSGSF;

(solid line). Lower panels. ratio of the spectra recorded with i iami
e St ptee b and without (4) 10 mM ethylenediamine

We believe that the fluorescence increase b, 1
o etween 710 and 720 nm is an
mthcauog of restriction of lateral migration (perhaps it reflects inappropriate
aggregaif tion of_' photosy_stel_ns or antenna systems). The LHC2 fragment occupied
specific and different binding sites on the membrane which had became accessible
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upon membrane irradiation. These obs

in fine tuning of PS| antenna and that
influence different sites.

ervations indicate that LHC2 ma i
y be involved
phosphorylated and non-phosphorylated LHC2

be put in relation to non-photochemical enchin :
photochemical quenching involves probably f]:o o gﬁﬁoﬂi &mﬂfﬂmf lI:.n-
The low-temperature experiments indicate that there are specific. bindi sit]: fe.
b?ﬂx phosphorylated and non-phosphorylated LHC?2. 1t supports ﬂ,fgms.ﬂ; 3}
Rmta.m.ﬁkk! et al. (1_997) and Stysl ef al. (1995) which indicate that there are two
stages in the adaptation of thylakoid membranes to light—an early stage, in which
LHC?2 is the prominent phosphoprotein, and the late stage, when LHC? is functional
in non-phosphorylated form. It might be hypothesised that both non-phosphorylated
and phosphorylated LHC2, in response to irradiation, physically migrate and bind to
a specific binding site on outer antennae of PS].

Question to be solved is to which extent the observation on isolated thylakoids
may be applied to observations on intact leaves. The similarity of results on isolated
thylakoids (Stys et al. 1995) and on intact leaves (Rintamiikki et al. 1997) shows that
at least in the case of phosphorylation, results on isolated thylakoids and intact leaves
are comparable. Isolated thylakoids inavoidably miss many enzyme components, pro-
ducts, and intermediates such as ribulose-1,5-bisphosphate carboxylase/-oxygenase,
the terminal electron acceptor, the electron carriers such as NADP* and ferredoxin,
substrates and products of the ATP synthase reaction to list just the components
certainly related to the thylakoid membrane. In a combination of mild isolation
methods, optimisation of isolation media, and addition of protective compounds such
as ascorbate, similar behaviour of the signal of variable fluorescence to that observed
in intact leaves may be preserved. We thus believe that the observations presented in
this article reflect at least a part of the mechanisms which contribute to qy quenching
in intact leaves.
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Abstract

The peptide fragment of the light harvesting complex II comprising the trimerisation site binds strqngiy a{ld. selectively to
fophatidylglycerol while the affinity to the other LHCII-bound lipid diga!actosyldia{:ylglyc‘ero] is neg}lglble‘ Upon its
ning, large aggregates of the lipid are formed which do not occur in the presence of other peptides, in particular the peptide
mprising the phosphorylation site. Our observation supports a hypothesis that the trimerisation s'nc‘of .LHCH.IS also Il:le
wific binding site for phosphatidylglycerol and favors another hypothesis that the phosphorylation site is directly involved in

% control of trimerisation. © 2000 Elsevier Science B.V. All rights reserved.

mords: Light-harvesting complex 1I; Trimerisation; Specific lipid binding

L Introduction

Light harvesting complex 11 is the major protein of
:‘..""lak"id membranes of plants [1]). Model of a three-
'ﬁmsional structure of this membrane protein was
Mlished by Kiihlbrandt et al. [2,3]. The model based
:'f'ftieclmn diffraction data shows mutual positions of
"_imffe monomeric units. The high sequential diver-
" mong species and probably also a lack of order
..f.'hm,the N-terminal region prevented more detailed

“Uis of the N-terminal domain of the protein.
g

o onding author, Department of Analytical Chemistry,
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U addresy. veverkav@vyschr.cz (V. Veverka).

8601y
f )

i see front matter © 2000 Elsevier Science
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It has been known for a long time that trimerisation
of the light harvesting complex II depends on intact-
ness of the N-terminal region of the protein, which
may be cleaved by proteinases (4,5]. l_”urthermore, it
has also been proved that phosphatidylglycerol is
needed for the correct formation of trimers [6].
Hobe et al. [7] identified the amino acid sequence
W16-R21 to form the site of the light-hm.'vesting
complex II responsible for the trifner‘ forn.mtxloq and
raised a hypothesis that the trimerisation _smf is 'df’“‘
tical with the phosphatidylglycerol pnndfng site.
However, it was also found that r.es:due Ile‘ 22‘2
which is located within the C-te@lnal dpmam. 1s
also essential for successful formalmp of mme.rs [8].

The N-terminal domain of LHC!I is vitally impor-
tant for understanding the regulation of the protein

. B.V. All rights reserved
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; ion site.
function, because it contains the phosphorylation

The structural changes, which follow this modlﬁcg-
tion were hypothesized for the first time by Allen [1 1]
and later supported experimentally by. Nilsson et al.
[11]. However, Nilsson’s experiments were
performed in the absence of lipids. =l
In this contribution we report on a study of binding
of phosphatidylglycerol to the peptide fragments
derived from the N-terminal domain of LHCIL By
the identification of amino acid residues involved in
the binding we want to demonstrate the identity of the
lipid binding and trimerisation sites of this protein.

2. Materials and methods

Three peptides P1 (H-RKSATTKKVYGSSP-OH),
P5 (H-WYGPDRVKYLGPFSG-OH) and P6 (H-
RKSATTKKVYGSSPWYGPDRVKYLGPFSG-OH)
were synthesized using Fmoc strategy. Phosphatidyl-
glycerol (PG), digalactosyldiacylglycerol (DGDG)
and monogalactosyldiacylglycerol (MGDG) were
purchased from Lipid Products (Surrey, UK). NMR
samples of the free peptides were prepared as 0.5-
2 mM solutions in a mixture of 90% H-O and 10%
D-0. pH value was adjusted to 4.1 by adding small
amounts of either HCl or NaOH. Complexes with
phospholipids were prepared by adding the stock solu-
tions of the particular peptide to colloidal solutions of
phospholipids and homogenized by 30 min sonica-
tion. The concentration of the phospholipid was
0.5 mM and the peptide/lipid ratios were up to 1:5.

NMR experiments were carried out on a Bruker
DRX-500 Avance spectrometer equipped with a
5-mm inverse, triple resonance gradient probe at
21,

CD spectra were measured on a modified Jasco
J-?ls.spectrometer with the option of right-angle
detectlop. Samples were prepared in the same way
fas described for the NMR Spectroscopy and measured
in 0.1 mm thick quartz cuvette.

3. Results

3.1. NMR spectroscopy

‘ The sgmples consisted of a stable suspension of
lipid vesicles, which was achieved by sonication of

al. / Journal of Molecular Structure

523 (2000) 281-287

the lipid—peptide mixture. WR SPectra of y, fy
lipids contained quite sharp 11ne_S “OIesponding lﬁ[h:
aliphatic chains of lipid fatty acids (Fig. 1), 1,4,

strated that the size of the _vesicles was s"m;ii?unf
small to allow the recognition of a bound fom [
the peptide. : '

Sequences of the peptides used in the study
their location in the sequence of the intact Ly
are summarized in Table 1. Upon addition of
peptide P5, which comprises the trimerisatiop ¢,
but not the phosphorylation site, the signals of phes
phatidylglycerol nonspecifically broadened due g,
increase in the size of the vesicles and fipy
disappeared in the noise (Fig. 1, panel A). An apg,
gous experiment when peptide P5 was added 1,
suspension of digalactosyldiacylglycerol (Fig, |
panel B) did not lead to a complete disappearanc
the lipid signals at any achievable peptide concenr;
tion. The signals of the lipid broadened neglig
even at high concentrations of the peptide. It is
worth mentioning that the NMR signals of the pepi:
P5 were much less intensive in the presence of
than in the presence of DGDG (Fig. 1). This pheno
enon can be explained by the existence of a cera
fraction of the peptide that is tightly bound to the i
vesicles and share their long rotational correli
time. This results in shortening 75 relaxation fin:
of the NMR resonances and therefore they becon
invisible in the spectrum. In an analogous experimt
in which the binding of the positively charged pi
phorylation-site fragment P1 to phosphatidylglycet
was examined (Fig. 1, panel C) the addition of &
peptide did not lead to any changes in the NMR s
trum, leaving the size of the vesicles unchanged. Up
addition of the peptide P6 (Fig. 1, panel D) the si®
of phosphatidylglycerol broadened in a similar i
in the case of peptide P5.

We have compared two-dimensional TOCY
spectra of the peptide P6 in the presence and absi®
of lipids (Fig. 2) and identified Gly 18, Asp 20, A%

Table |

: e I
N-terminal peptide fragments of LHCII Phospholipid 8| |

(trimcrisatiom site is marked

Pl RKSATTKKI,L\«'ASSUSP

cor cpfiE] B
P5 WYGPDRVKYLET |

S AT T L
P6 RKSATTKKLLVASSGSPwWYGPDRVKYLC
e Bt LR,
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BFE. 1. Chianges of etra in the aliphatic region of a stable s
| (.- Changes of the proton NMR spectra in the aliphatic regio panel C PG and P1 and panel D PG and P6.

LHCIL Page] A represents a mixture of PG and PS5, panel B DGDG and P5,
is the first of two glycine residues followed by
prolines. Both glycines have their NH protons shifted
upfield significantly (Gly 18 by 0.83 ppm and Gly 26
by 0.90 ppm, respectively) when compared with their

“d Gly 26 to be the amino acid residues which
perienced the largest changes of chemicat shift of
"eir proton resonances. However, each of these
thanges js of a different character. Residue Gly 18
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Fig. 2. Two-dimensional TOCSY spectrum (total correlation spec-
troscopy) of the peptide P6 (fragment containing the trimerisation
and phosphorylation sites). Spin systems of the free peptide are in
black and their largest changes upon addition of phosphatidylgly-
cerol are in light gray.

random-coil values [12] and also their NH signals are
doubled, one of the signals being more intensive. This
phenomenon might reflect cis—trans isomerism on the
Gly—Pro peptide bond. Upon binding of the peptide to
lipid vesicles the cis—trans ratio reverses, which
might be probably attributed to a certain stabilization
of the alternative conformation on the proline imide
bond. In the case of Asp 20 changes of all proton
chemical shifts were observed. It seems that this
residue undergoes a substantial change of its chemical
environment, such that it might be expected upon
formation/loss of a hydrogen bond or upon ionization
of the side chain carboxyl group. In case of Arg2] on
the other hand, only changes of the backbone NH
proton chemical shift were detected.

More experimental data were obtained from
temperature dependency of chemical shifts of amide
protons of P6 in the absence and presence of phospha-
tidylglycerol. In the free peptide, the largest devia-
tions from the averaged values of temperature
coefficients (7-9x 10> ppm/K) were found out for

[ uf;'ﬂ’nfr»cm’u

r Structure 523 (2000) 281-287

: - i residues in the C-terminal region frop, g, ,
?i?rlcl)t?;}iwlg?»o. They ranged {r?m 5.5x%107 mS;
extreme value of —O.SIX 1077 ppm/K for Gyg, .
the presence of phosphandylglycerol the most ol
values of the coefficients were de_tr}:cted for W16, Ky
Y24 and F28 (10 to 11.8 X 1(13 ppme) while )
opposite extreme qf ~3.7.107" ppm/K was foy,
a0ain for G26. Residues D20 a?;-l R21 experiency;
a: averaged value of 8.0X 107" ppm/K while
corresponding values i11 3the absence of PG
40x 10~ and 3.0x 107 ppm/K, respectively. f
worth mentioning that the coefficients within g,
whole region S3-K8 have the averaged value ¢
8.2X 10'3ppm/1< in the presence of PG while
corresponding values were more dispersed in i
absence. Despite the fact that impurities detecteg p,
MALDI-TOF mass spectrometry and chroma.
graphic methods formed up to 1% of the sample, j;
the NMR spectrum remained some cross-peaks
which were difficult to assign. One of the plausib):
explanations is the presence of multiple conform:.
tions of the peptide also in regions distant fro
those rich in Gly and Pro residues.

3.2. Circular dichroism

Spectroscopy of circular dichroism of the fr
peptide P6 in solution showed one strong negati
maximum at 231 nm (Fig. 3, panel a). According
our knowledge such a spectrum has not been report
for any known structure of a protein yet but was foun
in the N-acetyl-L-proline N’  Methylamid

4D spectrum of
dyiglycerol and

%D spectrur

(AcProNHMe) dissolved in 1,4-dioxane or chlor £, Whije the

form but not in any similar compound containir
true a amino acid in chemical sense—ie. Wil
amino instead of imino group on its a carbon [’}
Since P6 is proline-rich, it is probable that structurts
responsible for CD signal in AcProNHMe are presét
also in P6. Detailed analysis of the CD spectrum of (¢
peptide indicates that it consists of two maxima whid
is an additional support for the existence of 10
conformations as indicated previously by NMR sp
troscopy. Spectra of both peptides P1 and P5 shove!
maxima at 205 nm indicating a prevalence of
extended structure (data not shown). The spectra 0
P1 and P5 did not change upon addition of PG, DGD
or MG (data not shown).

Upon addition of the peptide P6 to the soluion®
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aniéh the CD spectrum changed dramatically (Fig. 3,
hlovklb). While the free lipid exhibited exponentially
ains®ing signal in far UV, which may probably be
. ‘*’iﬂb““’-d to light scattering, upon addition of the
n [l mainly the maxima at 211 and 221 nm were
oneebted (Fig. 4). On increasing the peptide con-
presd tion, the intensity of these maxima decreased and
yofiearly vanished at concentration ratios peptide:lipid
i 41 when we observed an increase of maxima at
of m'ij and 235.9 nm, similar to those of the free
R . The relative ratio of the intensity of these

how\"4Xima. was changing during the titration.
of #°fore, we propose, that at low peptide:lipid
ot th; peptide is tightly bound to the surface of
D‘GD['WES.]CIES and adopts an extended conformation
.'m Meractions of its positively charged residues
jies!} “Cively charged surface of the lipid. With
“Ing peptide concentration the surface becomes

220

L

240 280

wavelength (nm)

ot 1.(2) CD spectrum of the free peptide S mM P6 peptide in self-buffering water solution at pH = 7. (b) Series of CD spectra of mixtures of
i diidylglycerol and P6 in self-buffering water solution. Numbers identifying the lines indicate molar ratios P6:PG.

saturated and the peptide refolds into its “original”
conformation. However, the presence of the lipids
induces small deviations from the signal observed
for the free peptide in solution. Total absence of the
extended conformation in the spectrum peptide in
excess to the lipids needs some explanation since
the molar ratio of P6:lipid is only 4:1. If there was a
complex present in which peptide is in an extended
form together with the folded form of the free peptide
in solution, one would expect™3:1 ratio of these two
signals. One possibility is that the excess of the
peptide increases the ko, and ko rates of the peptide-
to-lipid binding and consequently the lifetime of the
bound form to such extent that it becomes non-
observable. It is, however, known that CD is
capable to detect conformational changes with
higher sensitivity than any other method. We,
therefore, prefer the possibility that for CD

285
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Fig. 4. Plot of major components of the C
conformation of the peptide is clearly visible.

maxima at 230.5 and 235.9 nm is responsible for
an oligomer of P6 whose structure is not affected
by binding to lipids which involves amino acids
outside the region participating in oligomerization.
Oligomerization in shorter LHCII fragment was
observed by Nilsson et al. [11].

4. Discussion

The involvement of Gly 18, Asp 20 and Arg 21
in the binding of the LHCII N-terminal domain to
the lipid vesicles is one of the first experimental
evidences of the identity of the lipid binding site
and the trimerisation site which was originally
proposed by Hobe et al. [7]. The experiments
described here indicate that the region encom-
passing the trimerisation site strongly prefers
binding to phosphatidylglycerol over digalactosyl-
diacylglycerol, the two major lipid components of
plant cell membranes [5].

Our experimental results also indicate the existence
of a certain prevalent structure of the peptide frag-
ments P5 and P6 containing the trimerisation site
These peptides also contain two preserved dipeptidé
sequences, i.e. Gly—Pro, in which the chemical shifts
of NH-protons of both glycines are far from their
random coil values (Fig. 2). It is difficult to interpret
Fhe differences between the temperature coefﬁc;;]:m
in the presence and absence of PG since the;

D spectrum versus molar ratio of PG/P6. The absence of spectral forms indicating an exieng

might have their origins not only in changes
the chemical environment caused by possil
conformational changes of the peptide but 4
changes caused by binding the peptide to i
lipid vesicles.

The results of CD spectroscopy indicate
complex behavior of the mixture of PG and A
while all other tested systems, including mixus
of P6 with DGDG and MGDG proved no inte
tion between the lipids and the peptide that mig
promote a certain change in the peptide struct
At low P6/PG ratio, when the negatively charg
surface of the vesicles is not compensated by p¥
tively charged peptide, the CD signal has the cfé
acter corresponding to an extended or a turn-ll
structure of the peptide with maxima at 210 &
%21.5 nm. As the P6/PG ratio increases, the nef
tive surface charge becomes saturated and
main signal is a combination of two mail
found in the free peptide which indicates
the peptide eventually folds into its orgh
conformation which is not affected by !
presence of lipids. We propose that binding ¢
PG ‘and oligomerization of LHCII which
mediate adhesion of membrane lamellae ar¢
Separate processes of adjacent regions of ¢
terminal domain of LHCII. In any case, 0uf resl
favor a possibility that binding of PG to ¢’
[erm.mal domain of LHCII is part of the regulat®
of higher levels of membrane organization.
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The PsbH protein of photosystem 2
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Abstract

The PsbH protein belongs to a group of small protein subunits of the photosystem 2 (PS2) complex and genes encoding
psbH homologues have been so far found in all studied oxygenic phototrophs. This single helix membrane protein is
important for the proper function of the PS2 acceptor side and for stable assembly of PS2. Its hypothetical function as an

analogue of the H subunit of the bacterial reaction centre as well as a putative role of its phosphorylation is evaluated.

Additional keywords: chloroplast; cyanobacterium: DI protein; phosphorylation: photosynthesis.

Identification of the protein

Photosystem 2 (PS2) of higher plants, algae, and cyano-
bacteria is a membrane pigment-protein complex cata-
lysing oxidation of water and reduction of plastoquinone.
Its core consists of nearly 10 protein subunits of variable
size. Two pairs of homologous polypeptides D1-D2 and
CP47-CP43 represent the larger ones. The first pair binds
redox-active functional groups of the reaction centre (like
P680, pheophytin, and quinones QA and Qg) performing
charge separation while the second pair binds chlorophyll
(Chl) molecules needed for energy transfer to the reaction
center. There are also a number of low molecular mass
proteins mostly with unknown function even though it is
assumed that they are important for the optimisation of
electron and energy transfer and for assembly of the com-
plex (for review see Hankamer et al. 1997).

Bennett (1977. 1979) has originally found in thyla-
koids of higher plants the PsbH protein, the product of the
psbH gene. as 10-kDa phosphoprotein. Its phosphory-
lation occurs on the threonine residue similarly to LHC2
proteins (Bennett 1977) and this phosphate group could
be removed by trypsin (Bennett 1980). The protein has
been initially considered as part of the ATP synthase due

Received 25 November 2002. accepted 17 February 2003.
F'ax: +420-384-721246. ¢-mail: komenda@alga.cz

to its co-migration with the DCCD-reactive CFo subunit
Il (Alfonso et al. 1980), as a small subunit of the cyto-
chrome b¢f complex (Siiss 1981), or as the a-subunit of
cytochrome b-559 (Metz er al. 1983, Widger er al. 1984).
First information on its amino acid composition and par-
tial N-terminal sequence (first 9 amino acid residues) has
been obtained with the protein isolated and purified from
spinach PS2 particles by Farchaus and Dilley (1986).
These authors provided evidence for the unique character
of the protein clearly distinct from the cytochrome 5-559
and ATP synthase subunits. Later, Hird et al. (1991)
determined the whole sequence of the protein by se-
quencing a region of wheat chloroplast DNA. Genes
similar to that found in wheat have been also found in
liverwort, tobacco, and rice (Ohyama et al. 1986,
Shinozaki et al. 1986, Hiratsuka er al. 1989). Protein with
a similar amino acid sequence has been also partially
sequenced in Chlamydomonas (Dedner er al. 1988) and
in the thermophilic cyanobacterium Synechococcus vul-
canus (Koike et al. 1989). Gene encoding the PsbH pro-
tein from the cyanobacterium Synechocystis PCC 6803
has been cloned and sequenced by Abdel-Mawgood and

Ibbreviations: Chl — chlorophyll; DMBQ — 2.5-dimethyl-p-benzoquinone; 1C7 — psbH-deletion mulant of the cyanobacterium Svne-

thocystis PCC 6803: PS1 and PS2 — photosystem 1 an
PCC 6803,
Acknowledgment: We thank P

d photosystem 2; WT — wild-type strain of the cyanobacterium Synechocystis

rof. J. Barber for providing the psbH deletion mutant of Synechocystis PCC 6803. This work was spon-

ored by project MSM 12310001 of the Ministery of Education, Youth, and Sports of the Czech Republic and by Institutional Re-

starch Concept no. AV0Z.5020903.
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£ psbH homologs in various organisms (according mpz?'lsi:an:rda@m, May 200, /
*r isms /-8 do not contain LHC2-type of rh; e > gamsms_g_g_; Contay
= :;;;g?:ely phogphorylahle threonine residues are 1n bold. Sequence determined fTDmm:
€

Table 1. Aligned N-terminal sequences
S P.an. SWISS PROT accession num
LHC2-type of the external PS2 antenna. T

direct N-terminal protein sequencing. /
y s

Organism S.P.an. Aligned N-terminal sequence r_:r oy
FNSNAGKVVPG W
I Prochlorothrix P31095 J:LQEWLNSQYGKVAPG o~ .rclﬂﬂ may
2 Cyanidium 019925 PORTALGNILRPLNSEYGKVAPG -~ —r:ﬂ‘é.“
ICymphn. | B AL RTRLGELLRPLNSEYGKVAPG i 2 °
-f Guillardia 078514 ALRTRLGEI LRPLNAEYGKVAPG e s ,{
= Simens iz ALRTRLGEILRPLNSEYGKVAPG [ o it
Erepee  ARRTWLGDILRPLNSEYGKV e
7 Synechococcus P190352 gl M
8 Synechocystis P14835 . AQRTRLGD]LRPLNSEYGKWPG 7ot @
9 Chlamvdomonas ~ P22666 ATGT—SKAKPSKVNSDFQEPGLVTPLGTLLRPLNSEAGKVLPG P o of e
10 Chiorella Pse323  ATGTTSKVKVS-—————GVSTPLGTLLKPLNSEYGKVAPG S tem
1 Euglena P31555  —T—TISKNKTSNSK————GKTTTLGTI LKPLNSKYGKVLPG e
12 Marchantia 12160  ATQIDDTPKTK-—————GKKSGIGDI LKPLNSEYGKVAPG S
13 Mesostigma Q9MUV4 AD—TSQ— GKRTVVGNFLKPLNSEYGKVAPG el WO |
14 Arabidopsis P56780 ATQTVEDSSRSG-———————PRSTTVGKLLF PLNSEYGKVAPG o (1l 5 Symmesi
15 Hordeum P12363  ATQTVEDSSKPR PKRTGAGSLLKPL NSEYGKVAPG iz . 1990)
16 Nicotiana - P06415 ATQTVENSSRSG PRRTAVGDLLKPLNSEYGKVAPG lmn_aﬂcrj T
17 Oenothera PI9820  ATQTAEESSRAR PKKTGLGGLLKPLNSEYGKVAPG R
18 Onv=a P09449  ATQTVEDSSRPG PRQTRVGNLLKPLNSEYGKVAPG e
19 Pinus P41627  ATQTIDDTSKTT PKETLVGTTLKPLNSEYGKVAPG iy rinome 202
20 Populus Q36632  ATQSVEGSSRSG PRRTIVGDLLKPLNSEYGKVAPG ; ,
21 Spinacea PO5146  ATQTVESSSRSR PKPTTVGALLKPLNSKYGKVAPR ——
22 Triticum P04965  ATQTVEDSSKPR PKRTGAGSLLKPLNSEYGKVAPG foranan Status
23 Zea P24993  ATQTVEDSSRPK PKRTGAGSLLKPLNSEYGKVAPG 5 1 208 JMOXIF
m e of PS2.
11 e protem roi

Dilley (1990) and Mayes and Barber (1991). From that
time genes encoding PsbH homologues have been identi-
fied and completely sequenced in more than 25 organisms

Localisation and expression of the gene in chloroplasts and cyanobacteria

In plants the psbH gene exhibits a conservative location
in the psbB-psbH-petB-petD operon. The order and ori-
entation of these genes are highly conserved in plant
chloroplast genomes (e.g. Westhoff er al. 1983. Ohyama
.:r_u!. !986. Shinozaki er al. 1986). A range of transcripts
of various sizes containing the entire operon or its com-
ponents can be detected in chloroplasts (Westhoff and
Herrm.ann 1988. Westoff et al. 1991). This means that all
gepes in the operon are co-transcribed and afterwards the
primary transcript is _processed. In Synechocystis PCC
6803. the psbH gene is a component of a different gene
cluster containing psbN, psbH, petC, and petA °§nes
(Mayes and Barber 1991). However, in contrast t; the
situation in chloroplasts, the psbH is transcribed as mon

ctst.ronlc mRNA while perC-perA genes as a se ararq-
d1c15{r_onic unit (Mayes et al. 1993). In both tvges e}'
organisms. the psbH gene is localised in a vicinity 0f
genes coding for components of the cytochrome bg'[} <
plex. Functional importance of this associat e

ble, although it is challenged by the fact lhaIon ol g

tin Chlamy-

showing that the PsbH protein is 2 common componentof o e 5
PS2 in all oxygenic photosynthetic organisms (Table I). g v

domonas reinhardtii the genes encoding components of -
the cytochrome b¢f complex are localised elsewhere in e sz . b
chloroplast genome, and that the psbH gene exists in ‘-vqa;,: u:e !
cluster with psbB and psbT genes that code for CP47 2 gy, =y
a small PS2 subunit PsbT, respectively. On the basis of '%ma?:- =
analysis of nuclear mutants with impaired accumulatioh . ];ann
of psbB, psbT, and psbH transcripts it has been assuméd g~ =
that these three genes are co-transcribed (Monod ed: by :';'.'1 %
1992, Johnson and Schmidt 1993). However, no inferé ey, =
pendence of psbB/psbT and psbH mRNA accumulation QP ?
suggests that psbB/psbT and psbH have separate prom® ‘fm_».; -
ters and each can be transcribed independently (Summ™ s . "N,
etal. 1997). Pl
Despite the ongoing transcription of psbB and ped F? T
genes, only psbH gene product could be identified &y T ey
membranes of etiolated plant seedlings while CP47. ¢ | @, izt
_p}l:duct of psbB, is not accumulated (Hird ef a 1990 el
erefore, l!'le transcription of the psbH gene and & ‘-:.-‘“-.ng -
mulation of jts translation product is light independent "?: ;"-_""Etc
|
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Functional and structural role of the protein in PS2

pased on a certain similarity with the sequence of
2 LHC2 protein, Allen and Holmes (1986) proposed that
e PsbH protein may bind Chl and play a role in the
fistribution of energy between both photosystems, as
3 part of the LHC2 complex. However, the absence of
histidine residues in this single transmembrane helix-
containing protein (Fig. 1) raised doubts about its ability
1o bind-Chl. The hypothesis was also questioned after the
giscovery of PsbH in cyanobacteria lacking LHC2. A
further negation of the hypothesis was brought about by
the finding that the protein is present in etioplasts while
inown Chl-binding proteins, including CP47, are stabile
incorporated into the membrane only after irradiation
when Chl is synthesised and stabilises the apoproteins
(Eichacker et al. 1990). Based on the correlation between
the phosphorylation of the PS2 proteins (Hodges et al.
1985), particularly of the PsbH protein (Packham 1987),
and the electron transfer rate from the primary to the
secondary quinone acceptors Qa and Qpg, it has been pro-
posed that the re-oxidation rate of Qa is dependent on the
phosphorylation status of the PsbH protein. This could
indicate a close proximity of the PsbH protein to the re-
action centre of PS2. First more extensive characterisa-
tion of the protein role in PS2 has been allowed by the
construction of the psbH-less mutant of Synechocystis
PCC 6803 (Mayes et al. 1993). The PS2 complex of the
mutant differed from the WT complex in several aspects.
Compared to the WT, the mutant strain was able to grow
autotrophically but more slowly and only under low irra-
diance. In the absence of the PsbH protein, PS2 remained
functional, but electron transfer between QA and Qg was
significantly slower, as revealed by fluorescence measure-
ments (Mayes et al. 1993; Fig. 2). Measurements of ther-
moluminescence and flash-induced oxygen evolution
revealed modification of the Qg binding site but the influ-
ence of the PshH absence on the donor side of PS2 and
on the oxygen evolving complex could not be excluded.
Recently, a more extensive characterisation of the psbH
deletion mutant revealed further features of the PsbH-
deficient PS2 (Komenda et al. 2002). We have found that
after removal of CO, from the medium, electron transport
between Q, and Qg is further slowed down. However,
this change can be easily reversed by the addition of bi-
carbonate. In contrast, in the wild type strain (WT) the
rate of ), re-oxidation remains the same after CO, remo-
val. Also the very fast inactivation of DMBQ-supported
oxygen evolving activity under high irradiance, typical for
the mutant (Komenda and Barber 1995), can be either
iccelerated by CO, removal or slowed down on .the add}-
tion of bicarbonate immediately prior to irradiation. This
esult corroborates the results of Sundby et al (1989)

Who showed a negative correlation between the phospho- .

Wlation of the PsbH protein and the concentration of

THE PsbH PROTEIN OF PHOTOSYSTEM 2

bicarbonate in plant thylakoids. These data indicate that
the PsbH protein is needed for the stable binding of bi-
carbonate on the PS2 acceptor side.

MEMBRANE

LUMEN

60

Fig. 1. Putative structure of the PsbH protein from the cyano-
bacterium Synechocystis PCC 6803.

After exposure of the mutant cells to high irradiance
(1000 pmol m? s') formation of the DI1-cytochrome
b-559 adduct and formation of the D1 fragments has been
identified (Komenda et al. 2002). At the same time, the
oxygen-dependent shift of the D1 protein mobility in the
electrophoretic gel and positive identification of the D1
band by an Oxyblot kit showed that increased oxidation of
the D1 protein occurs in the mutant. As these features
were unique for the mutant, and were not observed in the
WT strain, it is assumed that in the absence of the PsbH
protein, the impaired function of PS2 leads to increased
probability of the formation of reactive oxygen species.
These oxygen species oxidise the D1 protein which can
be subsequently cross-linked with the a-subunit of cyto-
chrome b-559 or fragmented.

A very important feature of the protein is its suscepti-
bility to phosphorylation. This post-translational modifi-
cation has been demonstrated in higher plants (Bennett
1977) and in the green alga Chlamydomonas (Dedner et
al. 1988). The protein seems to be phosphorylated on two
residues, one was identified as threonine 2 (Michel and
Bennett 1987, Michel et al. 1988) while the other remains
unknown (Vener et al. 2001). In line with this, a double
band of phosphorylated PsbH in the PS2 of green algae
Chlamydomonas and Chlorella has been identified with
anti-phosphothreonine antibody (Hamel er al. 2000,
Komenda et al. 2002, and Fig. 3). There is also a report
on PsbH phosphorylation in Synechocystis (Race and
Gounaris 1993) despite the absence of threonine in the

-
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in this organism. A

-terminus segment of the protein ) :
N-terminus segm p ek ok

recent Western blot analysis © s
phosphoryla-tion in thylakoids and PS2 corfipl';[’f_?s ;’;
Synechocystis did not reveal any phosphqprotems 'dg;u;e
and also la-belling with P did not provide a3y &V *© -
for the phosphorylation of the PsbH protein (Komenpabl-{
al. 2002). The aligned N-terminal sequences of SC s
(Table 1) show that all organisms not-containing LH .a-
type of the PS2 antenna (prochlorophytes, cyanobz_lcter_lu;
rhodo-phytes, and diatoms) contain the PsbH protein Wi
shor-ter N-terminal part without the phosphorylable
threonine. Therefore, we believe that the phc_nsphorylatlon
of PsbH is important for the function of PS2 in thg LHC.Z-
containing stacked regions of the membrane. In line w:nth
this Giardi et al. (1994) showed that de-phosphorylation
of PsbH by alkaline phosphatase causes an extremely fast
inactivation of the PS2 in isolated spinach thylakoids,
while in cyano-bacterial membranes the enzyme does not
affect PS2 electron transfer activity.

0.650

0625
0.600
0.575 |
0550

0525 |

FLUORESCENCE [relative]

0.500

TIME [ms]

Fig. 2. Re-oxidation of the PS2 primary electron acceptor Q4 is
slowed down in the absence of the PsbH protein. Re-oxidation
of the PS2 primary electron acceptor Q4 in cells of the WT
strain (solid line) and the psbH-deletion mutant I1C7 (dotted
line) was measured by the double modulated fluorimeter P.S./.
as decay of the variable component of fluorescence elicited by
strong flash after 5-min dark adaptation.

Phosphorylation of the PsbH increases with irradiance
in chloroplasts (Ebbert and Godde 1994) and also in plant
leaves (Rintamakki e al. 1997). In isolated plant thyla-
koids the phosphorylated PsbH is steadily accumulated
during 60-_min irradiation and no saturation has been
observed (Stys et al. 1995). It is in contrast with phospho-
rylation of LHC2 that has its maximum at ambient irradi-
ance but becomes inhibited at higher irradiancé or after
30 min irradiation,

Besides its role in the function of the PS? |c0re com-
plex, the PsbH protein is important also for the biogenesis
and the structure of PS2. Deletion of the protein in Chia-
mydomonas reinhardtii leads to the disappearance of PS2
from the thylakoid membrane, documenting its role in the
stable assembly of PS2 (Summer et al. 1997
al. 1998). Analysis of the PS2 assembly int::
radioactive pulse labelling showed that the
main protein components of the PS2 core D]

O’Connor ef
rmediates by
synthesis of
, D2, CP43,

' d but their assembly into |
Cp47 is not affecte 0 largey
;’5 complexes is inhibited (Summer et le. 1997). In the
psbH-deletion mutant of Synechocystis the tumoy,

A S. 6803

acyt b-559 —

PsbH — | M
B cyt b-559—

P -

Chlor Scen Chlam S6803

Fig. 3. (4) Identification of the PsbH protein in Synechocysis
PS2 core complexes of WT and psbH deletion mutant IC7 and
(B) its phosphorylation in PS2 core complexes of green alga
Chlorella (Chlor), Scenedesmus (Scen), and Chlamydomonas
(Chlam), and of the cyanobacterium Synechocystis (S6803)
PS2 core complexes were obtained by Deriphat-PAGE of di-
decylmaltoside solubilised thylakoids. Analysis was performed
on 12-20 % polyacrylamide gel containing 7 M urea, gel was
either stained by Coomassie Blue (4) or electroblotted, and
phosphoproteins on the nitrocellulose membrane were detected
by anti phosphothreonine antibodies (Zymed, USA; B).

of the D1 protein is slowed down and recovery from
photoinhibition is also slower (Komenda and Barber
1995). This can be related to the effect described above,
as the restoration of the PS2 activity occurs after the DI
replacement during which at least partial reassembly of

rearrangement of PS2 subunits is required. As shown it .
the deletion mutant of Chlamydomonas, this process B by ’
exactly what is inhibited. A role of the PsbH protein i1
the stabilisation of PS2 has also been supported by 0 i
recent experimental data. We have isolated the PS2 cort
complex from the deletion mutant of Synechocystis M g

subjected it to Deriphat non-denaturing electr ophoresié
In contrast to the isolated PS2 core from WT, a i
amount of the reaction centre complex DI-D2A/
Chm",]e b-559 appeared on the gel indicating that PSbt[
protein may stabilise the binding of CP47 to the DI'D’
heterodimer (Komenda et al. 2002). Such a role cnul
also explain the instability of the PS2 core in Chlamya®
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nonds,since weak binding of CP47 to the heterodimer
could allow 2 fast proteolysis of PS2 subunits before the
complex becomes fully assembled.

Recently, Zouni et al. (2001) published a model of
ps2 of the thermophilic cyanobacterium Synechococcus
Jongatus, based on X-ray structural analysis at 35 nm
esolution. In this model, the helix on the side of CP47

o
n ]
£ o 2 2 o8
c o -
568 §E ek
SE . 98 B Ig
o i NS R ED
\/ \ T b
of— -
[
ACP4T
ACP43 —
D2~
D1~

Wild type
Fig. 4. The PS2 dimer is absent in the thylakoids of the Syne-
thocystis psbH deletion mutant IC7. Thylakoids from the wild
type (left panel) and IC7 mutant (right panel) were solubilised
by dodecylmaltoside and complexes were analysed by Blue
Native PAGE. Subunit composition of the complexes was
determined by SDS-PAGE on 12-20 % acrylamide gel con-
wmining 7 M urea, and the 2-D gel was stained by Coomassie
Blue. LS — large subunit of ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (RuBPCO); a, B — subunits of ATP synthase;
PS2 di and mono — dimer and monomer of the PS2 core com-
plex.
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Abstract

In this work, we featured an expression system that enables the production of sufficient quantities (~mg) of low molecular weight
membrane protein of photosystem II, PsbH protein, for solid-state NMR as well as other biophysical studies. PsbH gene from
cyanobacterium Synechocystis sp. PCC 6803 was cloned into a plasmid expression vector, which allowed expression of the PsbH
protein as a glutathione-S transferase (GST) fusion protein in Escherichia coli BL21(DE3) cells. A relatively large GST anchor
overcomes foreseeable problems with the low solubility of membrane proteins and the toxicity caused by protein incorporation into
the membrane of the host organism. As a result, the majority of fusion protein was obtained in a soluble state and could be purified
from crude bacterial lysate by affinity chromatography on immobilized glutathione under non-denaturing conditions. The PsbH
protein was cleaved from the carrier protein with Factor Xa protease and purified on DEAE-cellulose column with yields of up to
11 pg protein/ml of bacterial culture. The procedure as we optimized is applicable for isolation of small membrane proteins for

structural studies.
© 2003 Elsevier Inc. All rights reserved.

Photosystem II (PSII)! is a membrane protein com-
plex found in thylakoid membranes of higher plants,
dlgae, and cyanobacteria, which catalyzes light-induced
electron transfer and water-splitting reactions, leading
- to the formation of molecular oxygen. Structure of PSII
was established by X-ray diffraction at 3.8 A resolution
1] It is a dimer composed of more than 25 subunits per
monomer, organized as a reaction center complex sur-

e
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Abbreviations used- GST, glutathione S-transferase, NMR,
Niclear magnetic resonance; DEAE, diethylaminoethyl, PSIL, Photo-
system II; PSI, Photosystem I; CPA47 protein, psbB gene product; D1
Protein, pshA gene product; PCR, polymerase chain rwction_; H’TG
Sopropyl thiogalactoside: EDTA, ethylenediaminetetraacetic acid;
PMSF, phenylmethylsulfonyl fluoride; OG, octyl glucoside; LDAO,
I.-luryidimelhylamjne oxide: SDS, sodium dodecyl sulfate; MAL.DI-
TOF MS, matrix-assisted laser desorption/ionization time of flight
11453 spectrometry; cme, critical micelle concentration.
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rounded by the so-called inner antenna proteins CP43
and CP47 and the extrinsic water-splitting complex. A
number of small polypeptides of unknown function with
molecular weight below 10kDa are associated with PSII
and these include the psbH, psbl, psbl, psbK, psbL,
psbM, psbN, and psbR gene products. There are also
proteins of size 9.12, 6.1, 5, and 4.1kDa, which could
not be located in the structure, and their function re-
mains unknown.

The psbH gene product is localized close to the reac-
tion center of PSII in higher plants, algae, and cyano-
bacteria. The psbH gene product was originally detected
as a 10kDa phosphoprotein in pea chloroplasts [2] and
subsequently sequenced in a number of prokaryotic and
eukaryotic organisms. The chloroplast psbH gene en-
codes protein of 72 amino acid residues in higher plants
[3-5] and 87 amino acid residues in the green unicellular
alga Chlamydomonas reinhardtii [6,7]. Interestingly, the
sequencing of psbH gene from cyanobacteria has revealed
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The expression plasr_md PGEX-3X was at first treated
4ith BamHI and purified and arised overhangs were
Junt-ended using S1 nuclease. Further, the vector with
% plunt-ends was treated with EcoR1 and purified. The
Pretreated pCB product_ was cloned into this prear-
anged expression plasmid pGEX-3X. The structure of
e plasmid was confirmed by DNA sequencing (Fig. 1)
The obtained plasmid (designated pKAH25) allowe(i
axpression of the PsbH protein as a fusion protein with

GST.

Strain and growth conditions

Escherichia coli strain BL21(DE3) was used for the
GST-PsbH fusion protein expression. Cells containing
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the pKAH25 were grown overnight in LB (standard
growth medium) supplemented with 100 pg/ml ampicil-
lin and used as a 0.1% inoculum for 1 liter of the culture.
Cells were grown at 37°C with shaking at 210 rpm. The
expression of the GST-PsbH fusion protein was induced
at 11_1e late exponential phase of growth (ODssp=1) by
adding isopropyl thiogalactoside (IPTG) to a final
concentration of ImM in the culture. Cells were
rl:ollected by centrifugation (5000g, 15min) 4h after
mduction.

Purification of GST-PsbH fusion protein

Cells were suspended in 10 volumes of extraction
buffer A (20mM Tris, 100mM NaCl, IimM EDTA,
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resentation of the expression plasmid pKAH25.
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and 0.5% Igepal CA 630, pH 8.0, and 0.1 mM PMSF.

1% lysozyme) per gram of cell paste and stirred on ice
for 10min. The slurry was frozen and rr_lelled three
times and then sonicated during dinlenswe_tfos\lzg
(Dynatech Sonic disintegrator) to decrease 115 ©FE~
heating. The extract was clarified by centrifugation
(25,000g, 30 min, 4°C). The supernatant was collec}efi
and purified using affinity chromatography. Ten _mﬂh-
liters of glutathione-agarose affinity column (Sigma)
was equilibrated with five column volumes of buffer B
(20mM Tris, 100mM NaCl, 1 mM EDTA, 0.5% Igepal
CA 630, and 0.5% milk powder, pH 8.0). The super-
natant was applied onto the column at 0.3 ml/min. The
column was washed with 10 column volumes of buffer
C (20mM Tris, 100mM NaCl, 1mM EDTA, and
0.25% Igepal CA 630, pH 8.0) and the bounded GST-
PsbH fusion protein was eluted with buffer D (5 mM
glutathione, S0mM Tris, and 0.25% Igepal CA 630,
pH 8.0).

Cleavage of GST-PsbH fusion protein

The PsbH protein was cleaved from the GST-PsbH
fusion protein with protease Factor Xa (Amersham). An
equal volume of Factor Xa (10 U of Factor Xa serves
for cleaving of 1 mg of the fusion protein) was added to
a solution of 1-2mg/ml GST-PsbH fusion protein and
the mixture was incubated at room temperature for 16 h.

Purification of PsbH protein

Separation of the cleavage products was performed
by ion exchange chromatography using DEAE-
Sepharose column (Amersham). Four milliliters of
DEAE-Sepharose column was equilibrated with five
column volumes of buffer (20mM Tris, 0.125% Igepal
CA 630, pH 7.0). Approximately Iml of |mg/ml
cleavage protein mixture was subsequently loaded onto
the column at a rate of 0.3 mlVmin. The carrier GST
protein and the PsbH protein were separated due to
differences in their charge. The calculated p/ values are
6.43 for the PsbH protein and 6.12 for the GST + Xa
anchor protein. The PsbH protein as a membrane
protein is enfolded by the detergent, which decreases its
binding to ion exchanger. Therefore at pH 7.0 the
PsbH protein does not bind to the resin while the an-
chor protein does.

Identification of PsbH protein

Eluted PsbH protein was concentrated using Centri-
con filter units (Amicon, cut-off 3kDa) and its identit
was verified using matrix-assisted laser dcs:.n-ptim.*igm'y
zation time of flight mass spectrometry {MALDI-TOF’
MS) of PsbH protein fragments after trypsin treatm
and by amino acid analysis. e
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Detergent exchange and cleavage of GST-PsbH fis,,
protein in OG and LDAO

Membrane proteins require lipids or lipid-like eny;.
ronment to prevent aggregation and fo_ldmg: This was
achieved by use of detergents during isolation proc.
dure. Detergents enfold membrane t;lomams and prevent
protein precipitation. _Tl;e expression system, when g
short membrane protein is coupled to a relatively Jarge
soluble tag, was used to enhanc?c SOlllblllty' and to pre-
vent pl-o(ej_n preci‘pitation. In th.lS (‘3358. a Hlﬂd delergem
was sufficient to keep the protein in solution.

However, for the first isolation steps (cell disruptiop,
clarification, and fusion protein purification) we had 1o
use large volumes of buffers and therefore an inexpen-
sive detergent was chosen. An Igepal CA 630 has been
shown to be the most appropriate choice.

For further experiments, i.e., reconstitution, struc-
tural studies by X-ray or NMR, there are often re-
quirements for specific detergent. Therefore, we looked
for a method which would enable us to exchange Igepal
CA 630 to another detergent (thereinafter detergent
exchange). As suitable detergent for NMR and other
spectroscopic methods, we chose octyl glucoside (OG.
mild nonionic detergent, Serva). We also tested lauryl-
dimethylamine oxide (LDAO, Sigma) as representative
of zwitterionic detergents and in some experiment so-
dium dodecyl sulfate (SDS, Sigma) as representative of
1onic detergents.

Two principle ways of how to get the PsbH protein
solubilized in a detergent of our choice were used.

In the first case, we used common methods to remove
detergent using its hydrophobic interaction with non-
polar matrix (BIO-BEADS, Bio-Rad) or stepwise dilu-
tion below critical micelle concentration (cmc) (dialysis,
pltraﬁ]tralion). One milliliter of the PsbH protein (! mg)
in phosphate buffer (S0mM phosphate, 1% Igepal CA
630) was mixed with 80mg of BIO-BEADS. OG or
LDAO in concentration twice as high as the critical
micelle concentrations (2x cmc) was added to this mit-
ture. The suspension was left gently stirred at the room
temperature for 10 h. The BIO-BEADS were centrifuged
at ‘lﬁﬂﬂg and supernatant was analyzed by electropho-
resis for protein content and by UV spectroscopy at 276
and 232 nm for Igepal content.

Dialysis was performed with the same protein sample
on 3kDa cut-off membrane (Spectrum, USA) agains!
phosphate buffer without Igepal at 4 °C. Our layout was
to dmme the Igepal concentration near above the
Iheoreuca_j critical micelle concentration (0.1 mM) ﬂﬂd
then add into both volumes (out and inside the dialyst
membrane) OG or LDAO and to let it dialyze further
The Igepal concentrations inside and outside the mem
brane were measured after 10, 24, and 48 h using U
spectroscopy. In an alternative procedure, the am¢
Protem sample was diluted below the theoretical ertticd
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micelle concentration of Igepal CA 630 with buffer
(50mM phosphate, 2x cme OG or LDAO) and con-
centrated using Centricon filter units (Amicon) with
membrane cut-off 3kDa at 7000g at 4°C until the de.
crease of volume to approximately 300 pl. The concen-
tration of Igepal CA 630 was determined using UV
gpectroscopy in the filtrate, passed through the mem-
prane and as well in concentrate, captured on the
membrane.

In the second case, detergent exchange was performed
on the fusion protein bounded to the glutathione-aga-
rose affinity column. Igepal CA 630 was replaced by
three types of detergents; OG (mild nonionic detergent),
LDAO (zwitterionic detergent), and SDS (ionic deter-
gent). For preliminary experiments, we used four small
columns (0.5 ml of gel). Two milligrams of fusion pro-
tein in buffer C (20mM Tris, 100mM NaCl, 1 mM
EDTA, and 0.25% Igepal CA 630, pH 8.0) were applied
on each column at a flow rate of 0.5 ml/min. Columns
were then washed with 2ml of the same buffer con-
taining an appropriate detergent. For each column, a
different detergent was used: Igepal in a concentration of
0.125% as a control and OG, LDAO, and SDS in con-
centrations twice as high as the critical micelle concen-
tration. The bounded GST-PsbH fusion protein was
then eluted with 3ml of the same buffer plus 5mM
glutathione. The eluted samples were collected, con-
centrated, and analyzed by electrophoresis for protein
content and UV spectroscopy at 276 and 232nm for
Igepal content.

The PsbH protein was cleaved from the GST-PsbH
fusion protein in buffer systems where Igepal CA 630
was exchanged for appropriate detergent as described
above.

Separation of fusion protein and truncated fusion protein

Besides the GST-PsbH fusion protein, a truncated
GST fusion protein is synthesized. We attempted (o use
differences of the charge and hydrophobicity to separate
both proteins.

Separation on the basis of different charges was done
by ion exchange chromatography using Mono Q col-
umn (Amersham). Although the calculated p/ of pro-
teins differs only slightly (6.12 for the anchor protein
GST + Xa, 6.13 for the fusion protein), we supposed the
additional decrease of charge due to detergent binding
in the case of the fusion protein. Ten milliliters of Mono
Q column was equilibrated with 5 column volumes of
buffer (10mM Tris, 0.125% Igepal CA 630). In four
parallel experiments, the buffer pH was adjusted to 6.5,
7.0, 8.0, or 9.1, respectively. Approximately 500 Pl_ of
I mg/ml protein was subsequently loaded onto lhe col-
umn at a rate of 1 ml/min. The bounded protein was
eluted with increasing concentration of NaCl (0-1 M) in

the same buffer.

Separation on the basis of hydrophobicity was done
using Phenyl-Sepharose column (Amersham). Small
column (0.5 ml) was equilibrated with five column vol-
umes of buffer (50mM phosphate, 0.125% Igepal CA
630, and IM (NH,),SO4). Approximately 500 ul of
| mg/ml protein was subsequently loaded onto the col-
umn at a rate of | ml/min. The bounded protein was
eluted with decreasing concentration of (NH4)SO4 (1-
0M) in the same buffer.

Results and discussion

PsbH membrane protein is found in PSII complex
with no apparent function ascribed as of now. The aim
of this work was to isolate the GST-PsbH fusion protein
and the PsbH membrane protein alone for 3D structure
studies by NMR or crystallography. We adopted the
GST expression system and modified it for production
of membrane protein, PsbH protein, in sufficient quan-
tities (~mg).

Protein expression

The PsbH protein was expressed in E. coli BL
21(DE3) as a GST C-terminal fusion protein. Initial
attempts to overexpress the PsbH protein in £ coli
without a carrier protein resulted in lethal accumulation
of the PsbH protein in bacterial membranes (M. Tichy,
unpublished data). In contrast, fusion of the PsbH
protein to a carrier protein such as GST has been shown
to improve stability and enhance solubility of re-
combinant protein in bacterial cells. Solubility of the
GST-PsbH fusion protein was confirmed by the first

Fig. 2. Purification of cyanobacterial PsbH protein expressed in E coli,
15% SDS-PAGE gel. Lane I, molecular weight markers; lane 2, cells
before IPTG induction; lane 3, cells overproducing GST-PsbH fusion
protein; lane 4, sedimen; lane 5, supernatant; lane 6, unbound fraction
after passage over affinity column; lane 7, fraction eluted from affinity
column; lane 8, eluted fraction cleaved by Factor Xa; and lane 9, PsbH
protein purified using anex column (Fig. 3B, peak 3). Part of the fusion
protein is integrated to membrane and appears in the sediment (lane 4).

SRR
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overexpression experiment, when the majority ‘of l'uswﬁ
protein was released into the cytoplasm phfthe £
(Fig. 2, lane S5 supernatant). Although no inclusion bo-
dies were present in the transformed cells, a certain
fraction of the fusion protein sedimented upon centri-
fugation at 25000g, which might be a consequence ofia
partial integration of the protein in bacterial membranes
(Fig. 2, lane 4).

Fusion protein purification and its constitutive prot eolytic
cleavage

Crude bacterial protein extract of cells, after induc-
tion of overexpression by IPTG, was purified on an af-
finity column (chromatogram in Fig. 3A) (Fig. 2, lanes 6
and 7). Lane 7 in Fig. 2 (result of affinity purification)
shows that two major proteins with an apparent mo-
lecular weight of about 30 kDa were copurified. One of
them was characterized as a 35kDa protein corre-
sponding to the GST-PsbH fusion protein. The second
was a 29kDa protein corresponding to the GST-PsbH

tein Expression and Purification
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: by the PsbH part (truncated fygj
pm:‘;)m;l;at;litahone-binding protein of Similna:
g:;)leculér weight was found_ in _thf_: non-transformeq
strain (data not shown), which is in agreement wit
other reports on this expression system (for reviey
Sceolii}l;f our goals was 10 isolate the PsbH membrape
protein for crystallization. Thg number of crystallizeq
soluble proteins increases _raplqu because of less me.
thodic problems with purification and crystallizatiop
Our expression system with large so_luble anchor protein
allowed us to overcome problems with overexpression of
membrane proteins (as mentioned above) and it gives ys
a system where the less soluble PsbH protein can ¢o.
crystallize with the soluble GST anchor. Recently, syc.
cessful crystallization of GST-fused with peptides was
presented [29]. For the crystal growth, however, the
uniformity and homogeneity of the sample are of prime
importance. We either had to separate the fusion protein
and truncated protein or to eliminate the presence of the
truncated protein in the expression system.
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Fig. 5. Detergent replacement for NMR studies. The glutathione
ggarose column with bounded fusion protein was pre-washed by an
giernative detergent. The same detergent was used in the elution
puffer. The eluted fraction was analyzed by UV spectroscopy (presence
of Igepal) and by electrophoresis (protein content). The gel shows the
same content of protein in all detergents. Lane I, molecular weight
markers; lane 2, Igepal CA 630; lane 3, OG; lane 4, SDS, and lane 5,
LDAO. Table inserted shows the rapid decrease of absorbance at
wavelengths typical for Igepal CA 630 of the samples with exchanged
detergents. The final detergent in the sample is mentioned in the left
cohmn. The decrease of the values shows the exchange of the Igepal
(A 630 for the final detergent.

Consequently, we tested detergent exchange on the
fusion protein bound to the affinity column.

We tested mild nonionic detergent OG, zwitterionic
detergent LDAO, and ionic detergent SDS. The table in
Fig. 5 shows the disappearance of absorbance at 276
and 232nm typical for Igepal in all three cases upon
dution of the column by alternative detergents. The gel
(Fig. 5) shows approximately the same content of pro-
tein in all eluents with different exchanged detergents,
suggesting that the fusion protein was completely solu-
bilized in each of them.

In the next step, cleavage of the fusion protein by
factor Xa was tested in the presence of the alternative
detergents. OG and LDAO did not denature Factor Xa,
while SDS was excluded as a denaturing agent. Fig. 6

Fig. 6. Cleavage of GST-PsbH fusion protein by Factor Xa. The ef-
ficiency of cleavage by Factor Xa was evaluated in the presence of
different detergents. Lane 1, molecular weight markers; lane 2, Igepal
CA 630; lane 3, LDAQ; and lane 4, OG.

shows that both detergents allow clear cleavage com-
parable to that achieved in Igepal.

The concentration of the fusion protein GST-PsbH
was estimated by the method of Peterson [31] with the
yield of 16mg GST-PsbH fusion protein from 1 liter of
cell culture (3.86 mg fusion protein per gram of wet bio-
mass) (Table 1). Factor Xa cleaved the GST-PsbH fusion
protein after 16h, resulting in fragments of the size of
6 kDa (PsbH protein) and 29 kDa (anchor protein) (Fig. 2,
lane 8), which were subsequently separated on a DEAE-
cellulose column (chromatogram in Fig. 3B) (Fig. 2, lane
9). As a result, the GST carrier was bound to the column
while the PsbH protein passed through the column.

The final yield of the PsbH protein from the 16 mg of
purified GST-PsbH was 2.1 mg, giving a value of 67.5%
with respect to the theoretical yield. The results of

Table 1
Purification of PsbH protein from 1 liter £ coli culture
T PsbH protein fraction Fold
P o » . .
LS ot of total protein purification
Optical density 2.63g :
Wet biomass 4.15g =5
a 0.00396 1
Whole protein concentration in whole 0.83g
wel biomass / . t h 0.196 49.5
GST-PsbH protein after affinity 16 mg* (>95% yield of the affinity chromatography - :
chromatography step)® 252.5

PsbH protein after DEAE

il chmmumgmphy S

“The protein concentration was estimated according to Pete
Determined by densitometry of gel.

2.1 mg* (67.5% yield of the Xa protease cleavage 1
and DEAE chromatography)
rson [31].
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D L (i) We considered the with prolonged t bable explanation, we pro | ¢n
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the overexpressed GST-PsbH fusion protein was un- system. To produ_oe _homogeneous sample of fusigy 71
equivocally excluded, since no protein of appropriate  protein for crystallization, we attempted to remove th | The origina

the co-

molecular weight was found in cells without inserted 29kDa protein. Using Moqo-Q we were not able ty oW molecular
plasmid (data not shown). (iv) The plasmid pKAH25 separate the GST-PsbH fusion protein from the trup. | momt for §
was used for transformation of another E. coli strain, cated fusion protein. Some degree of separation was sallograph
MN 522. The purification, however, resulted in presence achieved when hydrophobic chromatography (pheny- I’:rm of fusion
of two bands after elution. (v) Finally, we compared Sepharose) was used. However, the resolution of the |2 proper m
(Fig. 4) the ratio of the fusion protein and its truncated GST-PsbH fusion and the truncated fusion proten o facilitated
version prior to the induction (constitutive production) peaks was very weak, resulting in substantial dilutionof & other mer
and after the induction of overexpression by IPTG. The the protein and a loss of the considerable part of jr problen

truncated protein prevailed in non-induced cells and the product (data not shown). Better resolution of the sep  “ergent exchy
aration method will be the matter of further studies. Th | mtin<ontair
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of crystallization experiments. roduced. Tl

To reach the goal of isolation of the PsbH protei |1k in the
itsell, the separation of the fusion protein from th |%ton was sho
truncated form is not required.

Detergent exchange and sample optimization oowledgmey

_ Igepal CA 630 is a nonionic detergent suitable ot ¥ would Jj
1solation at nondenaturing conditions; it preserves t g Departyy
protein in a form close to the native state. For NMR‘ Y, for ing
crystallization, and many spectroscopic methods, thS |z steps \)]
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urification are summarized in Table 1. The identity of
the resulting protein product was confirmed by trypsin
fragmentation followed by MALDI-TOF MS analysis.
Two detected fragments of trypsine cleavage were
characterized as 5-20 and 7-20 fragments of the PsbH
protein. These correspond to the two possible trypsin
cleavage sites in position four and six on N-terminus of
the PsbH protein.

The amino acid analysis revealed the ratio of amino
acid concentration (nmol) in the purified PsbH protein
Ala/Arg/Thr (0.865/0.866/0.824), which confirms the
theoretical ratio 3/3/3 derived from the amino acid se-
quence. Since these amino acids are spread along the
whole protein amino acid chain, the identity of the
protein was unequivocally proven.

Conclusions

The original goal of the project, the preparation of a
low molecular weight membrane protein in sufficient
amount for structural studies by NMR and protein
crystallography, was achieved. Overexpression in the
form of fusion protein with large soluble tag proved to
be a proper method to obtain high yield of the protein
and facilitated relatively easy isolation. Compared to
the other membrane-protein expression systems, the
major problem, which had to be overcome, was the
detergent exchange due to the similarity of the size of
protein-containing and protein-free detergent micelle.
An alternative strategy for the detergent exchange was
introduced. The cleavage of the GST-PsbH fusion
protein in the exchanged detergent followed by concen-
tration was shown as the optimal isolation procedure.

Acknowledgments

We would like to specially honor to Prof. John F.
Allen, Department of Plant Biochemistry, Lund Uni-
versity, for inspiration of this project and funding its
initial steps. We particularly wish to thank Dr. J.
Zbrozek at the Institute of Molecular Genetics in Prague
for his assistance with the amino acid analysis, Mgr. P.
Novak at the Institute of Microbiology in Prague for
performing MALDI-TOF MS fragmentation analy_s:s.
and Dr. F. Vacha for critical reading of the manuscript.
This work was funded by the Project Grants FRVS 1290
and MSM12310001 of the Ministry of Education,
Youth and Sports of the Czech Republic.

References

(] A. Zouni, H.T, Witt, J. Kern, P. Fromme, N. Krauss, W. Saenger,
P. Orth, Crystal structure of photosystem [I from Synechococcts

elongatus at 3.8 angstrom resolution, Nature 409 (6821) (2001)
739-743.

[2] J. Bennet, Phosphorylation of chloroplast membrane polypep-
tides, Nature 269 (1977) 344-346.

[3] J. Farchaus, R.A. Dilley, Purification and partial sequence of the
M, 10000 phosphoprotein from spinach thylakoids, Arch. Bio-
chem. Biophys. 244 (1986) 94-101.

[4] K. Shinozaki, M. Ohme, M. Tanaka, T. Wakasugi, N. Hayashida,
T. Matsubayashi, N. Zaita, J. Chungwongse, J. Obokata, K.
Yamagushishinozaki, C. Ohto, K. Toruzawa, Meng-By, M.
Sugita, H. Deno, T. Kamogashira, K. Yamada, J. Kusuda, F.
Takaiwa, A. Kato, N. Tohdon, H. Shimada, M. Sugiura, The
complete nucleotide sequence of the tobacco chloroplast genome
its gene organization and expression, EMBO J. 5 (1986) 2043
2049.

[5] K. Ohyama, H. Fukuzawa, T. Kohchi, H. Shirai, T. Sano,
S. Sano, K. Umesono, Y. Shiki, M. Takeuchi, Z. Chang,
S. Aota, H. Inokuchi, H. Ozeki, Chloroplast gene organiza-
tion deduced from complete sequence of liverwort
Marchantia-polymorpha chloroplast DNA, Nature 322 (1986)
572-574.

[6] N. Dedner, H.E. Meyer, C. Ashton, G.F. Wildner, N-terminal
sequence analysis of the 8kDa protein in Chlamydomonas
reinhardii. Localization of the phosphothreonine, FEBS Lett.
236 (1988) 77-82.

[7] C. Johnson, G.W. Schmidt, The psbB gene cluster of the
Chlamydomonas reinhardtii chloroplast-sequence and transcrip-
tional analyses of psbN and psbH, Plant Mol. Biol. 22 (1993) 645-
658.

[8] H. Koike, K. Mamada, M. Ikeuchi, Y. Inoue, Low-molecular-
mass proteins in cyanobacterial photosystem I —identification of
psbH and psbK gene products by N-terminal sequencing, FEBS
Lett. 244 (1989) 391-396.

[9] S.R. Mayes, J. Barber, Primary structure of the psbN-pshH-pe1C-
petA gene cluster of the cyanobacterium Synechocystis PCC-6803,
Plant Mol. Biol 17 (1991) 289-293.

[10] A.L. Abdel-Mangood, R.A. Dilley, Cloning and nucleotide-
sequence of the psbH gene from cyanobacterium Synechocystis
6803, Plant Mol. Biol. 14 (1990) 445-446.

[11] M. Tkeuchi, F.G. Plumley, Y. Inoue, G.W. Schmidt, Phophory-
lation of photosystem 11 components, CP 43 apoprotein, D1, D2,
and 10 to 11 kilodalton protein in chloroplast thylakoids of higher
plants, Plant Physiol. 85 (1987) 638-642.

[12] M. Ikeuchi, Y. Inoue, A new 4.8kDa polypeptide intrinsic to the
PS I reaction center, as revealed by modified SDS-PAGE with
improved resolution of low molecular weight proteins, Plant Cell
Physiol. 29 (1988) 12331239,

[13] C. Biichel, E. Mormis, E. Orlova, J. Barber, Localisation of the
PsbH subunit in photosystem II: a new approach using labelling
of His-tags with a Ni’'/-NTA gold cluster and single particle
analysis, J. Mol. Biol. 312 (2001) 371-379.

[14] C. De Vitry, B.A. Diner, J.L. Popot, Photosystem II particles
from Chlamydomonas reinhardtii—purification, molecular weight,
small subunit composition, and protein-phosphorylation, J. Biol
Chem. 266 (1991) 16614-16621.

[15] J.F. Allen, Protein-phosphorylation in regulation of photosynthe-
sis, Biochim. Biophys. Acta 1098 (1992) 275-335.

[16] H.P. Michel, J. Bennett, Identification of the phosphorylation site
of an 8.3kDa protein from photosystem IT of spinach, FEBS Lett.
212 (1987) 1123-1130.

[17] D. Stys, M. Stancek, L. Cheng, J.F."Allen, Complex formation in
plant thylakoid membranes. Competition studies on membrane—
protein interactions using synthetic peptide fragments, Photo-
synth. Res. 44 (1995) 277-285.

(18] H.L. Race, K. Gounaris, Identification of the psbH gene product
as a 6kDa phosphoprotein in the cyanobacterium Synechocystis
6803, FEBS Lett. 323 (1993) 35-39.




7 Halbhuber et al. | Protein Expressio

19] SR. Mayes, J.M. Dubbs, I. Vass, E. Hideg, L. Nagy. J. Barber.

B ather chasacitcizifion of the pibHl locus of Symechocyriy
sp. PCC 6803—inactivation of psbH impairs Q(A) 10 Q(B)
electron-transport in photosystem 2, Biochemistry 32 (1993)
1454-1465.

20] J. Komenda, J. Barber, Compariso
mutants of Synechocystis PCC 6803 indicates t
DI protein is regulated by the Qg site and dependent on p
synthesis, Biochemistry 29 (1995) 9625-9631. _

21] C. Sundby, U.K. Larsson, T. Henrysson, Effects of bicarbonate
on thylakoid protein phosphorylation, Biochim. Biophys. Acta
975 (1989) 277-282.

22] J. Komenda, L. Lupinkovd, J. Kopecky, Absence of the psbH
gene product destabilizes photosystem 1l complex and bicarbon-
ate binding on its acceptor side in Synechocystis PCC 6803, Eur. J.
Biochem. 269 (2002) 610-619.

23] EJ. Summer, V.HR. Schmid, B.U. Bruns, G.W. Schmidt,
Requirement for the H phosphoprotein in photosystem I of
Chlamydomonas reinhardtii, Plant Physiol. 113 (1997) 1359-1368.

24] H.E. O’Connor, S.V. Ruffle, A.J. Cain, Z. Deak, L Vass, LH.A.
Nugent, S. Purton, The 9-kDa phosphoprotein of photosystem 1II.
Generation and characterisation of Chlamydomonas mutants

n of pshO and pshH deletion
hat degradation of
rotein-

n and Purification 32 ( 2003) 18-27 b

H and a site-directed mutant lacking the phospp,

ochim. Biophys. Acta 1364 (1998) 63-72. i

9 p. Thil, P. Boger, The 9kDa phosphoprotein iny,

= ?:.piou?:ij’ahjbition. Z. Naturforch. 43C (1988) 413417, el

(26] M.T. Giardi, 1. Komenda, J. Masojidek, Involvement of protg;,
phosphory]ation in the sensitivity of photosystem II to strong
{llumination, Physiol- Plantarum 92 (1994) 181-187.

27 Y. Takahashi, H. Matsumoto, M. Goldschmidt-Clermont, | 1y
Rochaix, Directed disruption of the Chlamydomonas chloropiz
psbK  gene destabilizes the photosystem IT reaction cenge
complex, Plant Mol. Biol. 24 (1‘994) 779-788.

[28] M. Uhlen, T. Moks, Gene fusion for purpose of expression: 45
introduction, Methods Enzymol. 185 (1990) 129-143,

[29] Y.H. Han, Y.H. Chung, T.Y. Kim, S.J. Hong, I.D. Choi, y]
Chung, Crystallization of Clonorchis sinensis 26kDa glutathione
S-transferase and its fusion proteins with peptides of differens
lengths, Acta Cryst. D 57 (2001) 579-581.

[30] S. Gottesman, Proteases and their targets in Escherichia ol
Annu, Rev. Genet. 30 (1996) 465-506. 2

[31] G.L. Peterson, A simplification of the protein assay method of
Lowry et al. which is more generally applicable, Anal. Biochen
83 (1977) 346-356.

Jacking PSTI-F
ylation site, B

Ul

i (MMUNIC

qondary ® e

soding & Rh‘

g, W. SCH

aories Of High P
L [niversity 0 f Sou
oy of Sciences ©. f
mes Kepler Univer

[pstract

1:IsbH protein of cy:
ferase (GST) in E. ¢
e, the 'H-""N-HSG
«ded on a Bruker DR
o esolution. Non-labe
nism (CD) spectra. E:
anthased comparativ
i PsH shows 34-38 '

b
Tl

Aitonal key words: CD s

kP5oH protein is one
“05stem 2 (PS2), a
i at catalyzes the lig
Upliting reactions,
W thylakoids of
iDa Phosphoprotein

enc‘nding PsbH hor
o ill oxygenic phof
rda eal. 2003) ang
I-I.::dwls 4single trangyy
'_--.:fftn algac the Psh)
::'-‘_ffrlatmn at two thy
' (Miche] and Be
" faobacteria] Pqt:}:




PHOTOSYNTHETICA 43 (3): 421-424, 2005

BRIEF COMMUNICATION

Secondary structure estimation of recombinant psbH,
encoding a photosynthetic membrane

protein of cyanobacteri
Synechocystis sp. PCC 6803 yanobacterium

D.STYS', W. SCHOEFBERGER', Z. HALBH

* EEE

UBER’, J. RISTVEJOVA®, N. MULLER""
and R. ETTRICH" ,N. MULLER"",

Laboratories of High Performance Computing and Biomembranes, Institute of Physical Biology
of the University of South Bohemia, and Institute of Systems Biology and Ecology ;
Academy of Sciences of the Czech Republic, Zamek 136, 373 33 Nové Hrady Cze'ch Republic’
Johannes Kepler Universitdt, Altenbergerstrasse 69, Linz, Austria’" :

Abstract

The PsbH protein of cyanobacterium Synechocystis sp. PCC 6803 was expressed as a fusion protein with glutathione-S
transferase (GSTJ in E. coli grown on a mineral medium enriched in "°N isotope. After enzymatic cleavage of the fusion
protein, the tH—I'N—HSQC spectrum of PsbH protein in presence of the detergent -D-octyl-glucopyranoside (OG) was
recorded on a Bruker DRX 500 MHz NMR spectrometer equipped with a 5 mm TXI cryoprobe to enhance the sensitivity
and resolution. Non-labelled protein was used for secondary structure estimation by de-convolution from circular di-
chroism (CD) spectra. Experimental results were compared with our results from a structural model of PsbH using a re-
straint-based comparative modelling approach combined with molecular dynamics and energetic modelling. We found
that PsbH shows 34-38 % a-helical structure (Thr36-Ser60), a maximum of around 15 % of p-sheet, and 12-19 % of

f-turn.

Additional key words: CD spectroscopy; molecular dynamics calculations; NMR spectroscopy; photosystem 2; protein folding.

The PsbH protein is one of the small protein subunits of
photosystem 2 (PS2), a membrane pigment-protein com-
plex that catalyzes the light-induced electron transfer and
water-splitting reactions. The PsbH protein was originally
found in thylakoids of higher plants and detected as a
10kDa phosphoprotein (Bennett 1977, Allen 1992).
Genes encoding PsbH homologues have so far been iden-
tified in all oxygenic phototrophs studied (for review sce
Komenda ef al. 2003) and its deduced amino acid sequen-
ce predicts a single transmembrane helix. In higher plants
and green algae the PsbH protein undergoes reversible
phosphorylation at two threonine residues close to the N-
terminus (Michel and Bennett 1987, Vener et al. 2001).
The cyanobacterial PsbH protein is truncated at the

ﬁ eceived 22 February 2005, accepted 23 May 2005.

N-terminus and misses these phosphorylation sites
(Koike et al 1989). The function of PsbH in PS2 has
been associated with control of the electron flow from Q,
to Qg (Mayes et al. 1993), protection from photoinhibi-
tion (Komenda and Barber 1995), bicarbonate binding on
its acceptor site (Komenda et al. 2002), or chaperon-like
function in the assembly of the PS2 core and of small
stress-induced  chlorophyll  (Chl) binding proteins
(Komenda 2005). In Chlamydomonas reinhardtii, dis-
ruption of the PsbH subunit led to a rapid degradation of
D2 protein and mutants lacking PsbH were unable to
assemble any functional PS2 (Summer et al. 1997).
Three-dimensional structures of the PS2 core complex
have been solved by electron microscopy (for review see
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Bumba and Vacha 2003) and X-ray Cf)is‘“”_"gmphf
(Zouni ef al. 2001, Kamiya and Shen 2(}{}3. Ferreira _?1;3-
2004). Apart from the major PS2 5ubumt.5 (CP47, C PbE,
D1, and D2 protein) and components of cyt bsso (P.Sh
and PsbF proteins), identification and localization of\l €
other small protein subunits has been contradictory t:On-
cerning the crystal structures (see Shi ar!d Schrodcr
2004). Recently, the location of PsbH subunit within the
PS2 complex from electron microscopy and 51ng|€ par-
ticle analysis was identified (Bumba, unpublished), in
good agreement with the crystal structure of the PS2
complex of cyanobacterium Thermosynechococcus elon-
gatus (Ferreira et al. 2004). The location of the PsbH sub-
unit close to the CP47 protein is also supported by the
fact that the PsbH protein stabilizes the binding of CP47
to the D1-D2 heterodimer (Komenda et al. 2002) and
thus supports the assembly of the PS2 core (Summer
et al. 1997). PsbH is predicted to have a single transmem-
brane helix, a small C-terminal domain in the lumen, and
a larger N-terminal domain in the stroma (Komenda et al.
2002). PsbH is one of the proteins expressed in etiolated
and irradiated leaves in higher plants on the same level,
which indicates that its function may be considered sepa-
rately from the rest of the multiprotein complex.

The PsbH protein of cyanobacterium Synechocystis
sp. PCC 6803 psbH gene (locuss12598) was over-ex-
pressed as a fusion protein with glutathione-S transferase
(GST) in E. coli and the PsbH-GST fusion protein was
enzymatically cleaved and purified according to the pro-
cedure given by Halbhuber ef al. (2003).

We isolated non-labelled PsbH protein for circular di-
chroism (CD) spectrometry. CD spectra of the sample
were recorded on a Jasco-instrument, controlled by PC-
based /SA OMA software at 20 °C in 1-mm quartz cuvet-
tes, after 15 min of temperature equilibration. Five scans
were accumulated for each spectrum with a response time
of 2 s, a bandwidth of 2 nm, and a scan speed of 10 nm
min" from 190 to 250 nm. Background spectra without
protein were subtracted. The protein concentration was
20 uM.

.To sn_idy the structure of PsbH protein we performed
uniform isotope labelling of the PsbH protein according
the procedures using minimal media (M9) (Rhee et al.
199]7;, Halbhuber er al. 2003). We isolated and purified
the "N labelled protein to a concentration of 1.1 kg m? in
presence of non-ionic B-D-octyl-glucopyranoside. 'H-'"N
HSQC spectra were recorded on a Bruker DRX 500 MHz
S e e

) sitivity and _resoTutlon. The dialysed pro-
tein sample was mixed with D,O (H,0/D,0 1 :20) t
perform the NMR experiments. The s 2 o
pulse sequence for these ex e

: ‘ - periments was the hsqc-etf3-
gpsi2 pulse program.

SRt o
i ot stﬁ:c.ture. bt jswab gmerate‘d by analogy to

I : Uit > nm resolution of the PS2
complex ot cyanobacterium Thermosynechococcus elon-
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Ferreira et al. 2004) (PDB code 1S5L), Bun,
et al. (unpublished) recently showed the position of th
PsbH in this structure t0 be correct, howevcr, 22 amiy,
acids at the N-terminal end of the protein are Missing
the crystal structure. Therefore the suggested structure f,,
these amino acids is not based on homology wig e

crystal but g

dimensional ‘
atoms was built and examined by the MODELL g

package (Sali and Blundell 1993). As the crystal strycyy,
has a very low resolution and large parts of the Profejy
were not resolved, we decided to refine the tho]gm.‘

gatus (

model by running a 12 ns molecular dynamics sip,, .
Jation in aqueous solution using the YAMBER? force fi;
(Krieger et al. 2004) to induce better folding of g

enerated from a loop database. The s
model constituted by all 00-hydrog,

"
g

af with
o
e
.',410353”[3!
ones f
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protein. The protein structure was placed into a box of  ergy of
7.3x8.2x9.6 nm size, which was | nm larger than (s, e arive
protein along all three axes. The box was filled wij g sructu
TIP3P water, sodium ions were iteratively placed at wa pt
coordinates with the lowest electrostatic potential yyj ;-I;Q\:fmceﬁf

the cell was neutral. Molecular dynamics simulatigy .,
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were un with YASARA (www.yasara.org), using a
qultiple time step of 1 s for intra-molecular and 2 fs for
intermolecular forces. A 1.2 nm cut-off was taken for
Lennard Jones forces and the direct space portion of the
clectrostatic forces, which were calculated using the
particle Mesh Ewald method (Essman ef al. 1995) with a
fid spacing 0.1 nm, 4" order B-splines, and a tolerance
of 10™ for the direct space sum. The simulation of the ho-
mology model was then run at 298 K and constant pies-
qure (NPT ensemble) to account for volume changes due
o fluctuations of homology models in solution. Residues
37-59 in the trans-membrane helix were restrained during
the simulation to mimic the stabilization of this part by
the membrane. Root mean square deviation for C, and the
iotal energy of the systems indicated that the protein
structure arrive at an equilibrium state after 750 ps. The
resulting structure was minimized to convergence of the
energy gradient to less than 0.02 kJ mol”' nm™ using the
TRIPOS force field included in the MAXIMIN2 module of
SYBYL (TRIPOS Associates). The minimization included
electrostatic interactions based on Gasteiger Hiickel
partial charge distributions using a dielectric constant
with a distance-dependent function e=4r and a non-
bonded interaction cut-off of 1.2 nm. The final model
(Fig. 1) had 98.3 % of residues in the two most favoured
regions of the Ramachandran plot and an acceptable
overall geometry, both determined with the ProCheck
program (Laskowski et al. 1993). No residues were found
in disallowed regions. The overall g-factor of the
structure obtained showed a value of —0.16. The g-factor
should be above —0.5 and values below —1.0 may need

investigation. Amino acids from Thr36-Ser60 adopted an
a-helical fold, which corresponds to 34.2 % of the total
secondary structure, and 12.3 % of the amino acids were
found in a P-turn conformation. No stable [-sheet
sructure was found in the model. This has been
confronted with the estimation of secondary structure
from the experimental far-UV CD by deconvolution
using the method of VARSELEC (variable selection

B —

SECONDARY STRUCTURE ESTIMATION OF RECOMBINANT PSBH

method) included in the Dicroprot V2.5 program
(Deléage and Geourjon 1993) with 33 reference spectra.
The calculation yielded a 38 % helical structure, 15-19 %
sheet and 19 % B-turn. In our opinion, the deconvolution
is reliable mostly for a-helix and to a lower extent for p-
sheet and other structures. The distinction between anti-
parallel and parallel B-sheets looks very difficult and is
not very reliable, so that we summarized the overall -
sheet content.

Additionally, we used the K2D program based on
neural network theory (Andrade et al. 1993). Calculations
from CD spectra using the K2d software gave 37 % heli-
cal structure, 14 % sheet, and 49 % random coil. We can
summarize the results of the quantitative analysis of the
far-UV CD spectra in the following way: Both methods
showed an a-helical content between 37 and 38 % and
thus completely agreed with the model. Most critical and
unreliable is the estimation of the B-structure from CD-
spectra, which is an intrinsic limitation of the method.

Certainly, we can state that the CD spectra of the pro-
tein/detergent mixture indicate that the protein adopts a
mixture of secondary structures, including helix, sheet,
and random coil. As CD shows the average of all struc-
tures present in the sample, it is not possible to suggest
from a CD spectrum if a protein is proper folded or if it 1s
a mixture of different folds or aggregates. Therefore the
1H-15N-HSQC spectrum of PsbH protein in OG was re-
corded and, as shown in Fig. 2B, it has 70 resolved amino
acid signals within the range of 7.0-9.0 mg kg'. Thus,
we can clearly state that we have a properly folded
protein and in future it will be promising to perform
NMR structural assignments of doubly labelled N
protein/detergent system.

Pure unlabelled and "N labelled PsbH protein was
prepared to study the secondary structure content of pro-
perly folded membrane protein PsbH. CD-spectra and
two-dimensional 'H-""N-HSQC NMR experiments
revealed that psbH protein in the detergent OG has a
proper fold that fully corresponds to theoretical
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i cular dynamics. The trans-
s e : odel gives 342 %

which corres-
CD. This fact
| structure in
t content, the

calculations
membrane helix from the structural m
of the total secondary structure content,
ponds to the helical structure measured by
excludes the existence of additional helica
the stroma or lumen. Regarding the p-shee
structural model does not show sheet stmcturc,l however,
the B-turn from Glu7-Glyl0 suggests a poss:t?lg sheet
structure at the N-terminus of the protein. Addltlonally.
the fold adopted from Ser25-Gly35 shows Y- values in
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Abstract

Interaction of the PsbH protein of photosystem II was analysed by combination of CD and
NMR spectroscopy and computer modeling. CD and NMR spectroscopy indicated that
interactions to of PsbH to all bilayer-forming lipids, including those extracted directly from
cyanobacterial thylakoid membranes, interact with PsbH non-specifically. The molecular
dynamic calculation of PsbH-bilayer forming lipid intera_ctions indicates that both salt-bridge
formation and hydrogen bond formation in the lipid-water interface are feasible and stabilize

fraction of at least 10 lipid molecules in the neighbourhood of the protein. This may lead to

formation of lipid domains which were hypothesized to be involved in assembly of membrane

protein complexes. =t & DYy -/-f'




Introduction

The fact that interactions between certain proteins and lipids in thylakoid membranes is
accompanied by formation of large-scale chiral domains detectable in the chlorophyll region
of the spectrum has been reported long time ago (for a review see Pali et al., 2003). Recently
we have reported that this function may be localised to the N-terminal domain of the protein
LHCII of plants (Veverka et al. 2000). Alongside with LHCIIL, the PsbH protein is the second
protein the function of which is regulated by phosphorylation in higher plants (Allen 1992). It
has also been reported that the course of regulation of the PsbH protein and the LHCII by
phosphorylation are different thus probably having different functions (Stys et al., 1995,
Rintamakki et. al. 1997).

The molecular biology, biochemical and low-resolution structural analyses exemplified that
the PsbH protein seems have specific and key role in function of thylakoid membranes of all
organisms of green photosynthesis (Komenda et al., 2003). It is an integral, well localized,
part of the Photosystem II core complex (Bumba et al. 2005) and it seems to have key role in
the Photosystem II complex assembly and in other processes associated with in the
maintenance of the thylakoid membrane functionality (Komenda et al., 2005). It is also quite
obvious that the PsbH protein in the thylakoid membrane does not occur only in the
Photosystem II complex but that it exists either in the free form or in complexes with other
proteins (Komenda et al. 2005).

In attempts to understand the function of the thylakoid membrane, the understanding of the
function of the PsbH protein has prominent position. The fact that it is a 7 kDa protein with a
single transmembrane helix does not give much hope for obtaining high-resolution structures
of free form of the protein at atomic resolution by any method. The protein as such is
necessarily highly affected by the lipid environment and any structure information without
consideration of lipids has little relevance. The existence of singular protein in detergent

micelles using NMR spectroscopy was reported (Stys et al., 2005), however, the data which




we could obtain in this system did not bring any information specific to structure of the

protein. The attempts to examine the protein-lipid complex unambiguously led to formation

of aggregates nonobservable by NMR spectroscopy.

The structure of bound from of the PsbH protein was reported in the structure of photosystem
[I core described by Loll et al. (2005). In this structure model, psbH is tightly bound to the
CP47 antenna and serves merely as a subunit of this complex. This is reflected also in the
structure of the psbH N-terminal domain which forms a helix pointing inside the complex.

This article reports the observation of formation large scale chiral structures in the PsbH-
bilayer forming lipid system which are observable by circular dichroism and analogous to
those which were observed in presence of LHCII N-terminal domain. In the absence of the
exchange between the bound form and the free form of the protein, which allowed assignment
of interacting residues, the only way how to obtain any information on the molecular basis of
the interaction was ab-initio modeling which is being reported in this article. The pattern of
lipid-protein interactions as well as the structure of the protein in presence of lipids is building

up very quickly, is stable and unambiguous.

Materials and methods

The PsbH protein of cyanobacterium Synechocystis sp. PCC 6803 psbH gene
(locuss12598) was over-expressed as a fusion protein with a glutathione-S transferase (GST)
in E. coli and the PsbH-GST fusion protein was enzymatically cleaved and purified according
to the procedure given by Halbhuber et al. (2003).

We isolated non-labelled PsbH protein for circular dichroism (CD) spectrometry. CD
spectra of the sample were recorded on a Jasco-J715 spectropolarimeter, controlled by PC-
based IS4 OMA software at 20 °C in 1-mm quartz cuvettes, after 15 min of temperature

equilibration. Five scans were accumulated for each spectrum with a response time of 2s,a

et o -
bandwidth of 2 nm, and a scan speed of 10 nm min from 190 to 250 nm. Background spectra




without protein were subtracted. The protein was diluted to final concentration of 20 uM

using a phosphate buffer (K,HPO, 20mM, K] 100mM, pH 6.8) with presence of a non-ionic

detergent B-D-octylglucopyranoside (0G) (2%v/w). The cuvette position was next to the

photomultiplier to decline light scattering.

To study the structure of the PsbH protein we performed uniform isotope labelling of the
PsbH protein according the procedures using minimal media (M9) (Halbhuber et al. 2003,
Rhee et al. 1997). We isolated and purified the '°N labelled protein to a concentration of 1.1
kg m” in phosphate buffer (K,HPO, 20mM, KCI 100mM., pH 6.8) with presence of OG. 'H-
N HSQC spectra were recorded on a Bruker DRX 500 MHz NMR spectrometer equipped
with a 5 mm TX7 cryoprobe to enhance sensitivity and resolution. The protein sample was
mixed with D,O (H,0/D,O 1 : 20) to perform the NMR experiments. We recorded spectra of
the PsbH protein in OG and then divided sample into four parts and added the liposomes of
different lipid classes (sulphoquinovosysldiacylglycerol — SQDG, monogalactosyldiacyl
glycerol — MGDG, digalactosysldiacylglycerol — DGDG, phosphatidylglycerol — PG and
extract from the thylakoid membrane) to achieve lipid concentration 1% w/w. The standard
Bruker pulse sequence for these experiments was the hsqc-etf3-gpsi2 pulse program.

For titration experiments we used liposomes prepared by reversed phase evaporation
method according to Rigaud et al. (1983). We used isolated lipids donated by Lipid Products
(Nutfield, UK) and also the hexan-isopropanol extracts of the thylakoid membrane prepared
according to Hara and Radin (1978).

A model of the the PsbH protein of cyanobacterium Synechocystis sp. PCC 6803 was
generated by analogy to the crystal structure at 0.35 nm resolution of the Photosystem II
complex of cyanobacterium Thermosynechococcus elongatus (Ferreira et al. 2004) (PDB code
IS5L). Bumba et al. (2005) recently showed the position of the PsbH protein in this structure

o be correct. however, 22 amino acids at the N-terminal end of the protein are missing in

et al (2005). The later model, howevere,

most of the crystal structure except that of Loll




indicates strong dependency of the structure of the N-terminus on the protein-protein

interactions which is not be expected upon insertion of the protein into the bilayer. Therefore

the suggested structure for these amino acids js not based on homology with the crystal but

generated from a loop database. The three-dimensional model constituted by all non-hydrogen

atoms was built and examined by the MODELLER7 package (Sali and Blundell 1993 ). As the
crystal structure has a very low resolution and large parts of the protein were not resolved, we
decided to refine the homology model by running a 1.2 ns molecular dynamics simulation in
aqueous solution using the YAMBER? force field (Krieger et al. 2004) to induce better folding
of the protein. The protein structure was placed into a box of 7.3x8.2x9.6 nm size, which was
1 nm larger than the protein along all three axes. The box was filled with TIP3P water,
sodium ions were iteratively placed at the coordinates with the lowest electrostatic potential
until the cell was neutral. Molecular dynamics simulations were run with YASARA
(www.yasara.org), using a multiple time step of 1fs for intra-molecular and 2 fs for
intermolecular forces. A 1.2 nm cut-off was taken for Lennard Jones forces and the direct
space portion of the electrostatic forces, which were calculated using the Particle Mesh Ewald
method (Essman et al. 1995) with a grid spacing 0.1 nm, 4™ order B-splines, and a tolerance
of 10 for the direct space sum. The simulation of the homology model was then run at 298 K
and constant pressure (NPT ensemble) to account for volume changes due to fluctuations of
homology models in solution. The resulting structure was minimized to convergence of the
energy gradient to less than 0.05 kcal-mol™-L" using the TRIPOS force field included in the
MAXIMIN? module of SYBYL (TRIPOS Associates Inc.). The minimization included
electrostatic interactions based on Gasteiger Hiickel partial charge distributions using a

dielectric constant with a distance-dependent function ¢ =4r and a non-bonded interaction

cut-off of 1.2 nm.
A preequilibrated POPC bilayer of 128 lipids (kindly provided by Peter Tieleman (Tieleman

biological membrane. Lipids were removed to

et al., 1999)) was used as a model of the




generate a hole in the center of the bilayer. In a short simulation using the procedure of
Faraldo-Gomez et al. (2002), remaining lipids were removed from the hole to generate a
cylindrical-shaped cavity. The protein was inserted into the cavity. The entire system was then
resolvated. The system was equilibrated for 250 ps with positional restraints applied on the
protein atoms to allow the solvent to relax. The production runs, without any restraints, were
20 ns long. The simulation was run with GROMACS (Berendsen et al. 1995, Lindahl et al.
2001) using the ffG43a2 forcefield with a 2-fs time step. SETTLE (for water) and LINCS
(Hess et al. 1997, Miyamoto and Kollman 1992) were used to constrain covalent bond
lengths. Long range electrostatic interactions were computed with the Particle-Mesh Ewald
method (Darden et al. 1993). The temperature was kept at 300 K by separately coupling the
protein, lipids, and solvent to an external temperature bath (1=0.1 ps) (Berendsen et al. 1984).

The pressure was kept constant at 1 bar by weak coupling (t=1.0 ps) to a pressure bath

(Berendsen et al. 1984) in the z-dimension with constant area. The protein proved to be stable

during both simulations. Molecular graphics were made using VMD (Humphrey et al. 1996).

Results

Structural measurements:

Circular dichroism spectroscopy was performed by titration of the PsbH protein in OG
micelles by specific lipids of the thylakoid membrane. In the presence of non-bilayer forming
lipid MGDG the structure remained in the same conformation as free in the detergent. All the
three bilayer forming lipids, PG, DGDG as well as SQDG unanimously induced formation of

long-wavelength component with apparent maximum at 235 nm (figure 1) similarly, also the

reconstitution with the original lipid-phase extract led to formation of the long-wavelength

domain (figure 2). The lipid mixture itself has tendency to formation of separate phases which

was exemplified by induction of CD bands in the chlorophyll part of the spectrum upon

was not observed in presence of the PsbH protein

extraction of lipids by detergent. This signal




t. shown). indicati - ,
(data no n). No indications of formation of specific pigment — PsbH protein interactions

were observed.

[n our previous paper we have demonstrated that the peptide with specific lipid binding site
exhibits spectrum with strong component at 235 nm (Veverka et al., 2000). In the case of 30
amino acids of LHCII (Veverka et al., 2000), the anomalous signal was observed already in
the free peptide, during the interactions with lipids it initially disappeared and built up again
when peptide became in excess. Contribution of the PsbH protein in octylglucoside solution,
although it was not so prominent due to contribution of secondary structures from other parts
of the molecule. In excess of any bilayers-forming lipid, the long-wavelength signal became
prominent in the PsbH protein spectrum.

The major difference between the LHCII and the PsbH experiments was thus the specificity
of interaction — in LHCII N-terminal domain interacts specifically with PG- which was
exemplified also in other studies (i.e. Nussberger et al. 1993) which showed that PG and
DGDG interactions are specific and localized to different parts of the molecule. The result on
the PsbH protein thus shows that interaction of the protein to lipid has strong non-specific

component dependent only on the tendency of lipids towards formation of the bilayer.

NMR measurements:

The attempts to achieve more detailed information on involvement of individual groups in
PG, DGDG and SQDG - protein binding resulted in depletion of the PsbH protein signal upon

titration by lipids. Our results (figure 3) indicate disappearance of the protein signal upon

addition of lipids when the decrease of the protein signal was depleted which indicates

formation of large ensembles relaxing too quickly for the signal to be observed, and,

apparently, a fraction of protein molecules remained in the solution unaffected by the

presence of lipids. This is again in contrast o behaviour observed in LHCII N-terminal

fragment where specific chemical shifts changes were observed upon specific binding to PG.




We believe that the correct interpretation of this observation is that there is a fraction of large
liposomes to which is bound fraction of the PsbH protein and fraction of the free, lipid
unbound, PsbH protein which remains in detergent micelles. This again supports the

hypothesis that the interaction between the PsbH protein and lipids is a non-specific one and

occurs only if there is a some bilayer formed.

Molecular modeling of the PsbH protein in the lipid bilayer

In case that the interaction is unspecific, the only method which enables any details of the
nature of interactions at high resolution level is the molecular dynamics calculation. This
method became recently available for membrane-protein systems thanks to development of
computer technology. There have been developed three major types of membranes which
correspond to the major lipid classes of animal membranes. Most of the calculations of lipid-
protein interactions is now performed using these model membranes. The only alternative
reported so far was the paper by Venturoli et al. (2005) who utilized unified atom approach.
This approach does not treat each atom explicitly and would not bring the type of information
which is necessary to interpret our experimental findings.

The molecular modeling has to be divided into several steps. The first step is the search for
non-specific interactions. This may be done, similarly as in the case of experiment by
examining of the interaction with lipid which does not occur in the protein natural
environment. This was also the easiest first step since such lipid bilayers are already available
for introduction of protein molecules. This first step is matter of this report. In further, future

steps, we shall model first the bilayers containing both other headgroups (PG, DGDG, SQDG)

as well as different fatty acid chains.

The final model (Fig. 1) had 98.3 % of residues in the two most favoured regions of the

both determined with the ProCheck

Ramachandran plot and an acceptable overall geometry,




program (Laskowski et al. 1993). No residues were found in disallowed regions. The overall

g-factor of the structure obtained showed a value of —(.16. The g-factor should be above —0.5

and values below —1.0 may need investigation. Amino acids from Thr36-Ser60 adopted an a-

helical fold, which corresponds to 34.2 % of the total secondary structure, and 12.3 % of the

amino acids were found in a B-turn conformation. One stable B-sheet structure was found in
the model. This has been confronted with the estimation of secondary structure from the
experimental far-UV CD by deconvolution using the method of VARSELEC (variable
selection method) included in the Dicroprot V2.5 program (Deléage and Geourjon 1993) with
33 reference spectra. The calculation yielded a 38 % helical structure, 15-19 % sheet and
19 % B-turn. In our opinion, the deconvolution is reliable mostly for a-helix and to a lower
extent for B-sheet and other structures. The distinction between anti-parallel and parallel B-
sheet looks very difficult and are not very reliable, so that we summarized the overall B-sheet

content.

Upon the 20 ns molecular dynamics run there were observed two main movements of the
protein: the extra membrane domains sunk into the lipid-protein interface in two steps and the
transmembrane helix tilted. During this folding process the forming of a beta bridge between
in the N-terminal domain seems to be a key event, speeding up the formation of additional
beta bridges with the phosholipid headgroups. First question which we asked was whether
there is a detectable change in the conformation of proline residues that would build a basis of
an anomalous CD signal. No such structure was found, throughout the molecular dynamic run

the ratio of cis-trans conformation of the proline residue remained in the range found in any

protein structure.

Second question was the nature of interactions in the lipid-water interface as well as in

hydrophobic regions. The intention to examine the non-specific interactions brings about the

g lipid classes and

: Sk L e faroottone ible i bilayer-formin
necessity to distinguish between interactions accessible in all bilay




those  which should be considered specific to the lipid used for calculation. th

Phosphatidylcholin (POPC). The

€
later interactions should be abandoned. We found that there
are two specific salt bridges and 24 hydrogen bonds representing interactions to eight lipid

molecules at the N-terminal end of the protein — stromal side of the membrane and three lipid

molecules at the C-terminal end - lumenal side residing in the neighbourhood of a protein for

the last 10 ns of simulation (tab. 1). The salt bridges were, naturally, observed between the
lipid phosphate group and the sidechain of asparagine and arginine residues in the protein N-
terminus. Alongside with these salt bridges, hydrogen bonds were created by R12 and K20
(tab. 2) indicating that these interactions are difficult to distinguish from each other.
Furthermore hydrogen bonds to phosphate groups are formed by sidechains of Q3, S16 and
§59 and by mainchain NH of L14. Majority of the hydrogen bonds is formed between
sidechain (Y18, W27, W28, Q56) and mainchain (G24, W28, S68) atoms of aminoacid
residues is and the glycerol or palmitic acid oxygen atoms. I this way, small domain of twelve
lipid residues is maintained close to the protein. All these interactions were observed to the

same lipid molecule throughout the calculation.

Conclusions:

Our results represent attempt towards understanding of molecular details of the role of the
protein PsbH in the formation of lipid domains in the thylakoid membranes. The only
experimental data available to us were that of CD and NMR spectroscopy, ._neither of them,
however, giving specific answer. On top of that, all the experiments indicated that the
interaction of the PsbH protein with the lipid bilayer is only‘ partly specific. It was thus
necessary to approach the computational method of molecular dynamics to examine the

question whether (a) the structure of the PsbH protein is stable in the lipid bilayer in absence

of other proteins of the Photosystem Il complex and (b) whether there are lipid molecules

m to be persistent on a long

which are forming interactions with the PsbH protein which see




time scale, in another words whether there is a population of lipids which, when bound to the

protein, keeps this binding at least on a timescale of the computer experiment. The answer
was positive in both cases. We thus may conclude that there is a fair basis for the hypothesis
that the PsbH protein organizes a lipid domain in the thylakoid membrane which may be one
of the bases for specific incorporation of other proteins in the particular position in the
complex.

In the course of this study, the structural model of psbH bound to CP47 antenna complex was
published. The comparison of the two structures, free and bound, indicates the potential of
psbH N-terminus structural switch in formation of Photosystem II structure and its regulation.
It is not only the energetics of protein-protein binding but also the entropy change in the lipid
bilayer that accompanies the change which should be considered in this process. Assessment
of extent to which individual factors contribute to this process, however, is based on new

metodological developments which are in progress in our laboratory.
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Figure legends:
Figure 1.
Formation of long-wavelength component with apparent maximum at 235 nm upon titration
of the PsbH protein by thylakoid membrane lipids. All the three bilayer forming lipids, PG,
DGDG as well as SQDG unanimously induced formation of long-wavelength component

with apparent maximum at 235 nm which indicates that all bilayer-forming lipids are

involved in similar, most probably non-specific, interaction with lipid molecules.

Figure 2.

Reconstitution of the PsbH protein with complete thylakoid membrane extract. The formation
of long-wavelength signal in CD spectrum was observed as in the case of all individual lipid

classes.

Figure 3

'H->"N HSQC spectra of the uniformly labeled PsbH protein. (a) Spectrum of the protein in
presence of detergent micelles and (b) spectrum after addition of lipids in the molecular ratio
protein to lipids 1:15. Even after careful analysis of the spectrum there were not found indices
of specific protein-lipid interactions such as specific changes in chemical shifts. The only
observation was decrease in intensity of all signals. We conclude that the most probable
explanation is that the PsbH protein exists in the experiment (b) in two forms — bound to the

liposome and free in detergent micelles while the former is not observable by NMR.

Figure 4.

Structure of the PsbH protein in the lipid bilayer at the beginning of the simulation (a) and at

its end (b). Both N- and C- termini submerge in the interface region and the helix is tilted in

course of the simulation illustrates the fact that

order to match the hydrophobic regions. The




the simulation environment is capable to incorporate the membrane protein in conformity

with accepted hypotheses on protein-lipid interactions. Details on individual interacting atoms

and types of interactions are summarized in part in tables 1 and 2

Figure 5. Calculation of RMSD (a) and of the number of hydrogen bonds formed between
protein and lipid (b) in the course of simulation of the structure of PsbH submerged in the
lipid bilayer. Significant increase in the number of hydrogen bonds was observed between 17
and 20ns of the simulation which indicates that stability of the lipid-protein interaction
increases steadily. Since these hydrogen bonds were observed to the same lipid molecule
throughout the calculation, the hypothesis that PsbH may constrain the mobility of certain

lipid molecules appears feasible.

Figure 6.
Molecule of the lipid POPC illustrating the notation of atoms used throughout the discussion

in the article.

Tab. 1 List of short-distance salt bridges formed between the PsbH protein and lipid

molecules.

average distance (last 10 final distance
residue lipid ns)(nm) (nm)
ARG6 POPC169 0,157467658 0,16435

ASP9 = ‘POPCI0 0,173498542 0,180036




Tab. 2 List of stable hydrogen bonds formed between the PsbH protein and the lipid

molecules within 15 and 20 ns of the simulation,

Hydrogen Bond Analysis

-lzesidue GLN 3 :

Atom NE2 GLN 3 donates a bond to 07 POP 118 , H -0 distance is 1.57 A.

1 bonds, 0 accepted, 1 donated.

Residue ARG 6 :

Atom NE ARG 6 donates a bond to O7 POP 81 , H -O distance is 1.49 A.
Atom NH1 ARG 6 donates a bond to O11 POP 169 , H -O distance is 1.45 A-
Atom NH2 ARG 6 donates a bond to O11 POP 81 , H -O distance is 1.73 A.
Atom NH2 ARG 6 donates a bond to O16 POP 144 , H -O distance is 1.94 A.

4 bonds, 0 accepted, 4 donated.

Residue ASP 9 :
Atom N ASP 9 donates a bond to O10 POP 81 , H -O distance is 2.05 A.
Atom O ASP 9 accepts a bond from N4 POP 118, O -H distance is 2.42 A.

2 bonds, 1 accepted, 1 donated.

Residue TYR 18 :

Atom OH TYR 18 donates a bond to 016 POP 90 , H -O distance is 1.81 A.

1 bonds, 0 accepted, 1 donated.




Residue LYS 20 :

Atom NZ LYS 20 donates a bond to 014 POP 90, H -O distance is 1.61 A

Atom NZ LYS 20 donates a bond to 014 POP 118 , H -O distance is 2.29 A

2 bonds, 0 accepted, 2 donated.

Residue GLY 24 :

Atom N GLY 24 donates a bond to O7 POP 111 , H -O distance is 2.13 A.

1 bonds, 0 accepted, 1 donated.

Residue TRP 25 :
Atom N TRP 25 donates a bond to O35 POP 110 , H -O distance is 1.84 A.
Atom NE1 TRP 25 donates a bond to O35 POP 111 , H -O distance is 2.21 A.

2 bonds, 0 accepted, 2 donated.

Residue GLY 26 :
Atom N GLY 26 donates a bond to O35 POP 110, H -O distance is 1.97 A.

1 bonds, 0 accepted, 1 donated.

Residue THR 27 :

Atom OG1 THR 27 accepts a bond from O16 POP 114 , O -H distance is 2.20 A.

Atom OG1 THR 27 donates a bond to 016 POP 114 , H -O distance is 1.61 A.

2 bonds, 1 accepted, 1 donated.




Residue THR 28 :

Atom OG1 THR 28 accepts a bond from 033 POP 114, O -H distance is 2.23 A.
Atom OGI THR 28 donates a bond to 033 POP 114 , H-O distance is 2.18 A

2 bonds, 1 accepted, 1 donated.

Residue TYR 49 :

Atom OH TYR 49 donates a bond to O35 POP 70 , H -O distance is 1.68 A.

1 bonds, 0 accepted, 1 donated.

Residue ASN 50 :
Atom ND2 ASN 50 donates a bond to O14 POP 71 , H -O distance is 1.99 A.
Atom ND2 ASN 50 donates a bond to O33 POP 71 , H -O distance is 2.37 A.

2 bonds, 0 accepted, 2 donated.

Residue SER 51 :
Atom OG SER 51 accepts a bond from O7 POP 72, O -H distance is 1.79 A.

Atom OG SER 51 donates a bond to O7 POP 72 , H -O distance is 1.62 A.

2 bonds, 1 accepted, 1 donated.

Residue GLU 56 :

Atom N GLU 56 donates a bond to 033 POP 168 , H -O distance is 1.80 A.

Atom O GLU 56 accepts a bond from 035 POP 124, O -H distance is 1.96 A.

2 bonds, 1 accepted, 1 donated.




Residue SER 59 :

Atom OG SER 59 donates a bond to 07 POP 76 , H -O distance is 1.47 A.

1 bonds, 0 accepted, 1 donated.

Residue ALA 63 :

Atom N ALA 63 donates a bond to O11 POP 74 , H -O distance is 1.71 A.

1 bonds, 0 accepted, 1 donated.
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Figure 4b




Figure Sa
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Figure 5b
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