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Bevezetés

1. BEVEZETES

1.1. Az aktin szerkezeti felépitése

Az éet alapvetd jellemzoi kozott szerepld iranyitott mozgés alapjainak megértése méar
az Okortdl kezdve foglalkoztatta az embert. A probléma jelentdségét és bonyolultsagét jol
szemléteti, hogy a vilagon méig a legtdbbet vizsgalt fehérjék az izomfehérjék, és réluk évrdl
évre dridsi szamban jelennek meg publikacok. A vizsgdatukba fektetett hatalmas energidk
ellenére azonban az izommOkddés molekul&ris alapjainak megértése a mai napig hianyos, és
szamos fontos kérdés va&r még megvalaszolasra.

Az aktin felfedezése Straub F. Brand nevéhez f(zodik, aki 1942-ben el sdként izoldta és
nevezte € ezt az izomfehérjét (Straub, 1942). A késdbbi vizsgdlddasok soran derlilt ki, hogy
ez afehérje nem csak az izomban taldhaté meg (Hatano és Oosawa, 1966), hanem példaul a
sgjtekben taldhato citoszkeletonnak is alapvetd akotoeleme (Brown és mtsai., 1976).
Elektronmikroszképos felvételekbdl mar koran nyilvanvalova valt, hogy a monomerekbdl
felépllo aktin filamentumot flizérszerlen elhelyezkedd gyongyok sorozatanak tekinthetjik
(Hanson és Lowy, 1963). A fehérje elsodleges szerkezetének tisztézasa 1973-ban tortént meg
(Elzinga és mtsai.,, 1973). Az aktin szdlakat felépitd monomerek nagyfelbontasy,
rontgendiffrakcids kisérletekkel torténd feltérképezése azonban nehézségekbe Utkozott. Az
alapvetd problémét az jelentette, hogy a rontgendiffrakcios kisérletekhez nem sikerlilt a
szilkseges kristalyositott monomereket el6dllitani. A probléma megoldasara olyan fehérjéket
kerestek, melyek az aktin monomerekkel komplexet képeznek és a fehérjét monomer
formaban tartjak a kristdlyositas soran. Kitartd munkguk eredményeképpen Kabsch és
munkatérsai 1990-ben bemutattdk az aktin monomer DN-&z 1-el akotott komplexének

haromdimenzi6s atomi

szubdomén 4 szubdomén 2 | szerkezetét (Kabsch és mtsai.,

1990). Még ugyanebben az
évben Holmes és munkatérsai
orientalt aktin filamentumok-
bol &alé géeken végzett
rontgendiffrakcios  kisérleteik
eredményét  Osszevetve a

o monomerekre kapott

megal kottak az aktin

1. abra: Az aktin monomer sematikus abréazolasa filamentum atomi modelljét
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(Holmes és mtsai., 1990). A 375 aminosavbdl feléplld, 43 kDa relativ molekulatdmegQ
fehérje két formaban, monomer vagy més néven globularis (G-aktin), illetve a monomerekbdl
nem kovalens kotéssel 1étrgfovo polimer vagy mas néven filamentalis (F-aktin) formaban
fordulhat el6. A természetben valdszinlleg az “aktiv’ (mikédd) formanak tekinthetd polimer
forma kialakuldsa az ionerdsség novelésével konnyen elérhetd. A monomer szerkezete két
domeénre oszthatd, melyek kdzil a kisebb domént a szubdomén 1 és 2, mig a nagyobb domént
a szubdomén 3 és 4 alkotja (1. dbra). A két domén kozétti hasadékban helyezkedik el egy
nagy affinitdsi kationkotd hely. Mig az aktin anagy affinitdsi kationkétd helyen in vivo
valészinlleg magnézium iont tartalmaz (Estes és mtsai., 1992), a szokésos preparaasi
eljéréssal nyert fehérjéhez kalcium ion kotédik. A nagy affinitast kationkétd hely a kovetkezd
eréssegi sorrendben koti a kilonbozd kationokat: Ca>Mn>Cd>Mg>Zn>Ni>Sr. A fehérjén
tovébbi kationkotd helyek is taldhatdk, melyekre jellemzd, hogy kisebb, és kbzel azonos
affinitdssal kotik a kationokat mint a domenek kozotti hasadékban elhelyezkedd nagy
affinitésii kotdhely. A szubdomének kozotti hasadékban a fehérjéhez, illetve az ott
elhelyezkedd kétértékl kationhoz kotve taldhatd egy ATP molekula is. A négy szubdomeént
hidrogén és ionos kotések kotik ossze az ATP-vel és a kétértéka kationnal, stabilizalva ezzel a
molekula szerkezetét. Straub F. Brund és munkacsoportja méar 1949-ben felfedezte, hogy a G-
aktin ATP-t tartalmaz, mely az aktin polimerizacioja soran ADP-vé és anorganikus foszfatta
(P) aakul. Az aktin ATP hidrolizissel kisért polimerizéciojanak szerepe lehet bizonyos
aktinon alapul 6 sejtmozgasok kivitelezésében (Loisel és mtsai., 1999). Az aktin filamentumok
felépllését kovetden az aktin szdlak két végén dinamikus egyensily aakul ki a
filamentumokba beépll 6 és onnan levald monomerek kozott. Mivel a filamentumok két végén
a monomerek beépllésének és kivaldsanak sebessége €térd, az egyik végén a molekula
folyamatos novekedéese (“szakallas vég’), mig a masik végeén folyamatos leépiilése figyelhetd
meg (“hegyes vég’). Ezt a dinamikus folyamatot nevezzik “taposomalom effektusnak”
(“treadmilling”) (Wegner, 1982). A “szakdllas’ és “hegyes vég” elnevezések abbdl adddnak,
hogy amikor az aktin filamentumokhoz miozint adunk, a filamentumokon a miozin molekul &k
egy irdnyba mutatva rendezddnek e, és ily modon nyilhegyhez hasonlé alakot vesznek fel. Az
aktin filamentum szerkezetét kozelebbrél szemigyre véve megfigyelhetd, hogy a filamentum
geometriailag kétféle mddon is jellemezhetd. Leirhatd mint egy balmenetes, egyszau hélix
(“genetikus hélix”), melyen belil 13 monomer alkot egy periodust, azaz egy 36 nm-es
menetemelkedésll csavarmenetet. Leirhatd tovabba két, egyméasra tekeredd szabol alé
jobbmenetes hélixként is, ahol a teljes menetemelkedés felénél, azaz 36 nm-es tavol sagban
taldunk azonos poziciéban monomereket. A helikdlis formaba rendez6d6 filamentumok

amerdje 9-10 nm.
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1.2. Az aktin dinamikus tulajdonsagainak jelentdsege

Az aktin szerepét, konforméciés alapotait és a hozzguk rendelhetdé dinamikai
tulgjdonsagait sokan és sokféleképpen vizsgdltdk. A technika fejlédésének kdszbnhetben ma
mar betekintést nyerhetink az izommozgés alapjainak molekularis részleteibe is. A
harantcsikolt izomban az izomkontrakcio legkisebb 6nalléan mikodé egysége a szarkomer. A
szarkomert felépitd fehérjék kozott a vékony filamentumok felépitésében résztvevd aktin
szerepét az izomosszehlzddas folyamatdban legtobben passzivnak tekintették. Ezen
elképzelés szerint a vékony filametumok képezik az alapjat a vastag filamentumokat alkotd
miozin molekulak rajtuk torténd, ciklikus kapcsolédasok révén |étrejovo elmozdulasanak. Az
aktiv résztvevd a “motor” fehérjének tekintett miozin, mely az ATP molekul&k hidrolizisével
nyert kémiai energiat mozgas energiava aalakitva mozdul e az aktin filamentumok
biztositotta vazon. Ezzel szemben Straub. F. Brind mér az atala eloszor hasznalt “aktin”
elnevezéssd is afehérjének az izomkontrakcioban betdltétt alapvetod és aktiv szerepére utalt.

Az aktin filamentum eltéré konformacios dlapotai és flexibilitdsa kozotti kapcsolat az
izom Osszehlzodasaban fontos szerepet jatszhat (Prochniewicz és Yanagida, 1990; Rayment
s mtsai.,, 1993; Kim és mtsai., 1998a). Az aktin dinamika tulgjdonsdgait vizsgdva, a
kilonbozd keresztkdtd molekuldk valamint az  aktin - kornyezetének fiziko-kémiai
tulgjdonsagaiban bedllt valtozasok hatasait részletesen vizsgaltak. Prochniewicz és Yanagida
megfigyelték, hogy egyes keresztkttd molekuldk alkamazésakor az aktin filamentum
mozgasa a nehéz meromiozinnal fedett Uvegfellleten jelentdsen lelassul (Prochniewicz és
Yanagida, 1990). Véleményluk szerint a keresztkttd molekuldnak kozvetlenil az aktin
filamentumra kifejtett hatasa érvényestiil ezekben az esetekben. Hegyi Gyorgy és munkatarsai
az aktin filamentumot felépitd monomerek Osszekotésére alkamas keresztkétd molekuldk
alkalmazasa esetén a filamentumokat merevebbnek taldték (Kim és mtsai., 1998a; Kim és
mtsai., 1998b; Hegyi és mtsai., 1998). A megvaltozott flexibilitassal parhuzamosan az in vitro
motilitdsi prébaval vizsgdlt polimerek mobilitdsa csokkent. Véleményik — szerint
megfigyeléseik az aktin dinamikgjanak az izom kontrakcidjaban bet6ltott alapvetd szerepét
tamasztjidk aa Az aktin filamentum dinamikai tulgdonsdgait és aktiv részvételét az
izommakodésben mas kutatok is alapvetd fontossaginak gondoljék (Janmey és mtsai., 1990;
Schutt és Lindberg, 1993).

A fehérje dinamikai tulajdonsagai, a kornyezeti paraméterek vatozasainak hatéséra is
maodosulhatnak. Egyes kutatok szerint jelentds flexibilitasbeli kilonbségek mutathatok ki az
aktin monomerek és filamentumok eltérd kationtartalmu forma kozoétt (Isambert és mtsai.,
1995; Orlova és Egelman, 1993; Scharf és Newman, 1995; Steinmetz és mtsai., 1997; Y asuda
és mtsai., 1996; Orlova és Egelman, 1995). Az aktin monomerekhez kétddo kation mindsege
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alapvetd hatédssal van a fehérje szerkezeti és funkciondis tulgdonsdgaira (Estes és mtsai.,
1992; Carlier, 1990). Mihashi és munkatarsai méréseik soran arra a kovetkeztetésre jutottak,
hogy az aktin filamentum torzids flexibilitdsa jelentdsebb, mint az aktin filamentumok
halithatdsagét jellemzd flexibilitas (Mihashi és mtsai., 1983). Yasuda és munkatérsai
vizsgalataik soran arra az eredményre jutottak, hogy az aktin filamentum torzi6s merevsége
nagyobb, ha a nagy affinitast kétdéhely magnézium helyett kalcium ionnal van telitve (Y asuda
és mtsai., 1996). A filamentumok hgjlithatdsaga méréseik soran a kation mindségétdl szinte
teljesen flggetlennek adddott. Orlova és Egelman az aktin filamentumok hajlithatdsagat
jellemzd flexibilitdst nagyobbnak taldltak abban az esetben, amikor az aktint magnézium
tartalmd monomerekbdl polimerizaltdk (Orlova és Egelman, 1993). A megvaltozott
flexibilitas hatterében véleménylk szerint a kettes szamul szubdomén (1. abra) elfordulasa al.
Késobbi vizsgdataik sorén egy ataluk “bridge of density”-nek nevezett képletet taldtak az
aktin két szala kozott kalcium ion jelenlétében prepardt filamentumok esetében. Magnézium
ion jelenlétében prepardt filamentumok esetén az eldbb emlitett képlet nem volt kimutathato.
Mivel a kalcium ion hatasara, az aktin szalak rontgendiffrakcios képében bekovetkezo
vatozéas rendkivil hasonl6 a miozin molekulak vékony filamentumokkal torténd
Osszekapcsol ddasakor |1étrejovd vatozashoz, ezért a kalcium-F-aktin a vékony filamentum
“aktivalt”, mig a magnézium-F-aktin a vékony filamentum “relaxalt” formga modellezheti
(Orlova és Egelman, 1995). Mas, €térd technikékat akalmazd kutatdcsoport az eltérd
kationok jelenlétében polimerizalt filamentumok esetében nem taldt kilénbséget (Scharf és
Newman, 1995). A vizsgalatok nagy szama ellenére nem aakult ki egyseges alléaspont a kotétt
kétérték( kationoknak az aktin filamentum flexibilitaséra kifejtett hatasérol. Az eddigi eltérd
eredmények a méés modszerek és prepardds  technikak  kilonboz6ségébdl s
szarmazhatnak.

Az aktin filamentumokat kortlvevd kornyezet fiziko-kémiai jellemzbinek egyike a pH,
mely mind fizilogigs, mind patologids korllmények kozott jelentdsen lecstkkenhet az
izomsgten belil. Mindkét esetben elmondhatd, hogy az érintett izomrész funkcidjanak
karosodésa, a kifejtett erd csokkenése a pH csokkenésének egyik aapvetd kdvetkezmeénye
(Edman és Mattiazzi, 1981). A vazizom sgjtjein belll a pH fiziol6giasan, példaul intenziv
munkavegzés hataséra csokkenhet le (Edman és Mattiazzi, 1981; Thompson és mtsai., 1992b;
Thompson és mtsai., 1992a; Metzger és Fitts, 1987b; Metzger és Fitts, 1987a; Stevens, 1980;
Renaud és mtsai., 1986). A csokkent intracelluldris pH az izomkiféradas jeleként értékel hetd.
A pH csokkenés hatterében a felgyorsult ATP hidrolizis, valamint a sgten beldli
energiatermel és aerob Utrél anaerob Utra torténd atdllasa dl (Wolfe és mtsai., 1988; Garlick és

mtsai., 1979; Bailey és mtsai., 1982). A cstkkent hatékonysagu energiatermelés nyilvanval o
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szerepe mellett az intracelluldrisan csokkent pH szerepe az izom megvaltozott mikddéseben
még nem tisztazott kérdés. Az intracellularis pH cstkkenés masik fontos, patologiasnak
tekintett példga a szivizom iszkémiat kisérd intracellularis pH csokkenése, mely a szivizom
kilonbozo akotorészeire lehet hatédssal (Mohabir és mtsai., 1991). Az akut miokardidis
iszkémia soran bekdvetkezd pH csokkenés jelentbsen lelassitja a szomszédos sejtek kozotti
ingertletterjedést (Hermans és mtsai., 1995), igy a kéros szivizomrészek elektromosan
elszigetel6dnek az ép szivizomsgjtektdl. A pH vatozas a szivizomsgjteken bellli kontraktilis
és szabalyozo fehérjék mikodését is jelentdsen befolyasolja. Orchard és Kentish (Orchard és
Kentish, 1990) munkgjuk sordn arra a kovetkeztetésre jutottak, hogy az izommuikddést
szabalyoz6 regulécios rendszer részét képezb troponin-C molekula mikodése a citoszélon
bellli pH csokkenésével parhuzamosan jelentdsen megvatozhat. Véemeényik szerint a
csokkent pH befolydssal van a kalcium ion sgjten belll betdltott szerepére azdltal, hogy a
nagyobb szamban jelenlévd hidrogén ionok versengeni fognak a kalcium ionokkal a fehérje
kacium-kotd helyeiért, melynek kovetkezményeként a troponin-C molekula mikodésének
hatékonysaga csokken. Vélemeényik szerint a megvatozott pH direkt hatéssal is lehet az aktin
és miozin kozotti kotésekre. A csokkent intracellularis pH érték kodvetkezménye lehet a
miokardium merevségének fokozddasa is, melynek alapjat az aktin és miozin molekulak
megvaltozott kapcsolata képezheti (Krayenbuehl és mtsai., 1989). Az akto-miozin komplex
tulgjdonsagainak a valtozé pH értékek hatésdra bekovetkezd valtozasat mutatta ki Kron és
munkatarsa (Kron és Spudich, 1986). Aktin filamentumok miozinnal fedett Uvegfellleten
torténd in vitro motilitdsat vizsgéltak a kornyezet egyes paramértereinek fliggvényében.
Megfigyelték, hogy az aktin filamentumok mozgasa ledllt, amint a puffer oldat pH-jat 6.5—+re
csokkentették. A pH értékének 8.5-re torténd emelésével a filamentumok motilitasa
fokozodott, mig a pH tovabbi emelésével a filamentumok mozgasa ismét csokkent. Mindezen
valtozadsok flggetlennek bizonyultak az alkalmazott puffer fajtgatdol. Ezen Kkisérletes
megfigyelések felvetik a kérdést, hogy noha a valtozé pH miozin molekul&kra kifejtett hatésat
kizarni nem tudjuk, vajon az oldat pH értékének valtozasa hatassal van e az izom mechanikai
funkciojara az aktin molekulak dinamikai tulgjdonségainak befolyésolédsan keresztil. A
kornyezet valtozo pH értékének az aktin molekuldkra kifegjtett kozvetlen hatasa szamos kutatd
ata vizsgdatra kertlt. A csokkend pH érték meggyorsitia a monomerek polimerizacijét
(Straub, 1942), megnbé a monomerek dimerizacios készsége (Zimmerle és Frieden, 1988a),
valamint lecsokken az aktin kritikus koncentracigja (kritikus koncentracio: az a fehérje
koncentréacio, mely felett jelenlévd aktin monomerek polimerré térténd atalakulasa spontan
bekovetkezik) (Wang és mtsai., 1989). A vatozd pH érték hatéssal lehet tovabba az aktin

monomerek konformécios alapotéara és kationkotd képessegére is. Zimmerle és Frieden
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vizsgdlatal azt mutatjék, hogy a kalcium ionnak a nagy affinitasi kationkotd helyhez torténd
kotddésének ergje tizszeresére nd, amint az oldat pH-ja lecstkkentették (Zimmerle és
Frieden, 1988b). Mindezen megfigyelések tovabb erfsitik azt a feltevést, mely szerint az aktin
molekulak valtozo pH hatasara bekodvetkezb szerkezeti és/vagy dinamika véltozésai fontos
szerepet jatszhatnak az izommOkddés soran.

Az eddigi vizsgalatok eredményel alapjan alapvetd fontossagunak tekinthetd az aktin
filamentumok “passziv” jelenléte mellett, a fehérje dinamikai (“aktiv”’) tulgjdonsagaiban
bedllt vatozasok szerepe az izommUOkddes molekuléris aapjainak pontos megeértésében mind

fiziol6gias, mind patol 6giés korilmények kozott.

10



Célkithzések

2. CELKITUZESEK

Kisérleteink sordn a kornyezeti paramétereknek az aktin filamentumok dinamikai
tulgjdonsagaira kifejtett hatasat vizsgaltuk.

Kisérleteink elsd felében arra az eddig nem tisztézott kérdésre kerestik a vélaszt,
hogy a kalcium ion jelenlétében polimerizalt aktin filamentumok flexibilitdsa milyen
mértékben kilonbozik a magnézium ion jelenlétében polimerizdt filamentumok dinamikus
tulgjdonsagaital.

Vaaszolni kivantunk tovabba arra a kérdésre is, hogy a fellelhetd dinamikus
kulonbségek vajon az aktin filamentumot felépitd monomereken bellli, illetve a monomerek
kozotti dinamikus kapcesolatot milyen mértékben érintik.

Kisérleteket végeztink annak eldontésére, hogyan befolyasolja a fiziologias és
patolégias korllmények kozott egyarant vatozd intracellularis pH az F-aktint felépitd
protomerek (az aktin filamentumba beépiilt monomerek megnevezése) kozétti dinamikus
kapcsolatot.

A vatozd6 pH eértékeknek az aktin filamentumokon bellli  inter-monomer
flexibilitasra kifgtett hatésdt mind a filamentumok kalcium ionna telitett (“aktivalt
filamentum” modell), mind magnéziummal telitett (“relaxdt filamentum” modell) dlapotéban

jellemezni kivantuk.
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3. ALKALMAZOTT MODSZEREK

3.1. Az aktin preparaldsa

Meéréseinkhez az aktint nydl harantcsikolt izombdl prepardtuk (Feuer és mtsai., 1948;
Spudich és Watt, 1971). A fehérjekoncentracid meghatarozasahoz a G-aktin esetében
abszorpcids koefficiensnek a 0.63 ml mg ™ cmi?® értéket haszndltuk 290 nm-es hullémhosszon
(Houk és Ue, 1974), a relativ molekulatdmeget pedig 42.300 Da-nak tekintettik (Elzinga és
mtsai., 1973).

3.2. Az aktin fluoroférral torténd jelolése

Az aktin monomeren a 374-es pozicidban |évd cisztein, IAEDANS-a (N-
(((iodoacetyl)amino(ethyl)-5-naphthylamine-1-szulfonat) torténd jeldlését a Masao Miki és
munkatarsai atal leirt modon végeztik € (Miki és mtsai., 1987).

Az aktin IAF-d (5-(iodoacetamido)fluoreszcein) torténd jeldlése sordn a monomer
formaban jelenlévd aktinhoz a 0.1 normados NaOH-ban feloldott fluorofort tizszeres molaris
feledegben, szobahdmérsékleten, a pH alandd értéken tartésaval adtuk hozza A jeldlés elsd
négy orga szobahomérsékleten tortént, majd a kovetkezd 8-12 dérdban a jelolés 4 °C-on
folytatddott. A jeldlés ledlitisa a minta polimerizdédsaval, valamint 1mM MEA
hozzéadasaval tortént. Ezutan a minta 80.000 g -vel, 2 6ran keresztll val6 ultracentrifugélésa,
a pellet puffer oldatban torténé duzzasztasa, homogenizalds, majd a minta dializdasa
kovetkezett.

Az aktin monomeren a 41-es pozicidban |évd glutamin FC-vel (fluoreszcein-kadaverin)
torténd jeldlése a Takashi dtal leirt modon tortént (Takashi, 1988).

3.3. Az aktin spinjeldlével torténd modositasa

Az F-aktin molekulé&k MSL-el (N-(1-oxyl-2,2,6,6-tetrametil-4-piperidinil)-maleimid)
torténd modositasdt a Mossakowska és munkatérsai altal leirt médon végeztik el
(Mossakowska és mtsai., 1988).

3.4. loncsere az aktinon; az aktin polimerizacidja

A kalcium tartalmu G-aktinbdl térténd, magnézium iont tartalmazé G-aktin prepardlasa
a Strzelecka-Golaszewska és munkatéarsai dltal leirt médon tortént (Strzelecka-Golaszewska
és mtsai., 1993). A G-aktin polimerizécidja 100 mM KCl és a megfeleld ketértékd kation 2

mM -os végkoncentrécidjanak bedllitasaval tortént.
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A szaturécié transzfer ESR mérésekhez a mintak polimerizalasa polimerizal puffer (a
megfeleld puffer 100 mM KCl-al, 0.2 mM EGTA-va és 2mM MgChk-a vagy 100 mM KCl-
a, és2 mM CaCh—a kegészitve) elleni dializissel tortént 4°C-on egy északan keresztUl.

3.5. Spektrofotometria
A vizsgdlt mintak abszorpcigja termosztalhaté mintatartéja Shimadzu UV-2100 tipust
spektrofotométerrel hataroztuk meg.

3.6. Steady-state fluor eszcencia mér ések

A steady-state fluoreszcencia méréseket termosztdhatdé mintatartoval elléatott Perkin-
Elmer LS50B tipust spektrofluoriméterrel végeztik. A steady-state fluoreszcencia anizotrépia
szdmolasa a polarizat fénnyel torténd gerjesztés utdn mért emittélt és egyben polarizalt fény
komponenseibdl a kovetkezd modon tortént:

r=(Fvv - GFwn) / (Fyy + 2GFyy) (@)

ahol az also indexek betli kozul az elsd a gerjesztési polarizator, mig a masodik az
emissziés oldali polarizator dlasat jelenti (V: flggoleges, H: vizszintes), G pedig a

miszeréllandd (G = FHvl FHH)-

3.7. Fluoreszcencia-élettartam és anizotr Opia lecsengés mér ések

|d6fliggd fluoreszcencia méréseinket termosztahatd mintatartoval ellatott 1SS K2 tipusi
(ISS Fluorescence Instrumentation, Champaign, IL, USA) multi-frekvencias
fézisfluoriméterrel végeztik.

Méréseink sordn a fluoreszcencia atlagélettartamot, diszkrét élettartam eloszlas
feltételezése esatén a kovetkez6 modon hataroztuk meg:

taag=(& ait;?)/ (& ait;) 2

ahol az a; ésat; az egyes élettartam komponensek amplituddjat és értékét jelentik. Az
atlagéettartamok homérséklettdl vald flggésének jellemzésére az Arrhenius andlizist
alkalmaztuk:

(tatag T =Ko+ A exp (- E* / RT) ©)

ahol ky egy hoémérséklettdl flggetlen sebességi allandd, A a frekvenciafaktor, E* az
aktivacios energia, T az abszolit hémérseklet, R pedig az egyetemes gézallandd. Az
anizotropia lecsengés mérések kiértékelése soran kettdés exponencidis fugvény szerinti
lecsengést feltételeztiink:

r) =riexp(-t/j1)+raexp(-t/j2) 4)

ahol aj ; arotécios korrelaciés ido ri amplitudoval.
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3.8. Fluoreszcencia rezonancia energiatranszfer (FRET) mér ések

Fluoreszcens donor-akceptor part akotd fluoroforok esetén az energiatranszfer
hatasfokat a kdvetkezd modon hatérozhatjuk meg:

E=1-(Foa/Fp) 5

ahol Fpa a donor intenzitdsa akceptor jelenlétében, Fp pedig akceptor nélkil. Az
energiatranszfer hatésfokanak ismeretében kiszamolhaté a donor és az akceptor molekul &k
kozotti tavolsag (R) a kovetkezod egyenlet alkalmazasaval:

E=R?/(R® + R (6)

ahol Ry az ugynevezett Forster-féle kritikus tévolsdg, ahol a donor és akceptor
molekuldk kozotti energiatranszfer hatésfoka 50%-0s. Kiszamitasa a kovetkez6 Osszefliggés
alapjan lehetseges:

Ro®=(879x 10 ) n*k?fpJ 7)

ahol n a kozeg torésmutatdja, k? a donor-akceptor molekula relativ pozicidjat jellemzo
orientécios faktor, fp a donor molekula fluoreszcencia kvantumhatasfoka, és J a donor
fluoreszcencia spektruma és az akceptor abszorpcios spektruménak étfedés integrdja
Mt emt n* egységben kifgezve.

Az afedési integra kiszamitasara a kovetkezd Gsszefliggés nyUjt segitséget:

J=0Fp(l Jea(l )l *dI /0Fo(l )dl (8)
ahol a Fp(I ) a donor molekula fluoreszcencia emisszids spektruma, ea(l ) az akceptor

molekula abszorpcidja a hullamhossz (I ) fliggvényében.

Méréseink sordn a fluoreszcencia spektrumokat mindig korrigdltuk az adott minta
abszorpcids spektruma segitségével, az “inner filter” effektus figyelembe vételével:

Feorr = Fobs antilog (ODex + ODen ) 9)

mely Osszefliggésben az Feorr €S Fops €rtékek a korrigdt és mért fluoreszcencia
intenzitdsok, az ODex €S ODem pedig a minta abszorpcids értékei a gerjesztési €s emisszios

hulldmhosszakon mérve.

3.9. EIméeti megfontolasok a normalizalt transzferhatasfok alkalmazasaval
kapcsolatban

A FRET hatékonysaganak definicidja a kvekezD:

E=ke/ (ke+kit+ko) (10)

ahol a k; az energiatranszfer sebességi alanddja, a k; a fluoreszcencia donor emissziora

jellemzd sebességi dllandd, mig a ko a donor molekula gerjesztett dlapotanak megsz(inésében
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résztvevd, egyéb folyamatok sebességi dlandoinak Gsszege. Az energiatranszfer sebességi
dlanddja (k;) a kdvetkezd modon szamol hato:

ke=dJIn* ke R® k2 (11)

A fenti egyenletben haszndlt d az akalmazott mértékegysegektdl figgd éalando.
Szémolasaink sorén a torésmutatéra (n) 1.4-et, az orientécios faktorra (k?) pedig 2/3-os
értéket hasznaltunk.

Fluoreszcens festékkel jelOlt fehérjék esetén meghatérozhat6 egy paraméter (f vagy f': a
fluoreszcencia rezonancia energiatranszfer hatésfokanak és a donor molekula akceptor
jelenlétében mért kvantumhatasfokénak vagy intenzitasdnak hanyadosa), mely arényos az
energiatranszfer sebességi allanddjanak étlagértékével (<k:>) (Somogyi és mtsai., 1984):

f = <E>/<f pa> vagy ' = <E>/Fpa (12)

A fenti kifejezésben f pa a donor kvantumhatésfoka az akceptor molekula jelenlétében.
Az f, illetve f' értéke egyardant flgg a vizsgdt rendszer szerkezeti és dinamikal
tulgjdonsagaitdl, és az alkamazott donor és akceptor molekuldk spektrdlis paramétereitdl
(Somogyi és mtsai., 1984):

f=<E>/<fpp>=dn*JI<RCk > (13)

A fenti megfontolésok alapjan informaciét nyerhetink a fehérjék dinamika és
konformaciés tulgjdonsagairdl az f paraméter homérséklettdl valo fliggését nyomon kovetve.
Vizsgdlataink sorédn az f paraméter relativ értékének véltozésat vizsgéltuk a hémeérseklet
fliggvényében. Az f relativ értékét az f aktudis értékének a legkisebb hémérsékleten
meghatarozott f értékkel torténd normdlasaval kaptuk meg. Az f paraméternek a hdmérseklet
flggvényében torténd valtozasa tgékoztathat benninket a vizsgalt molekulak dinamikai
tulajdonsagairdl. Alapvetden két molekuléris mechanizmus felelds az f paraméter értékének
homerséklettdl valo fliggéséért. Az elsd a fluoreszcens donor és akceptor molekula kozotti
alagos tavolsag (R) megvdtozésa (13. egyenlet), mely a fehérje szerkezetében bedllt
konformaciés valtozast tikroz. Ebben az esetben az f paraméter homérséklettdl valod
flggésének meredekségében kis hdmérséklet tartomanyon belll jelentbs valtozas (“torés’) all
be, ezdtal elvesztheti szigorlan monoton novekvod jellegét. A mésodik mechanizmus, mely
felelbsse tehetd az f paraméter homeérséklettdl vald fuggéséért, a fluoreszcens akceptor
molekula relativ, “oszcilldd” mozgésanak megvdtozdsa a homérséklet hatasdra. A
homeérséklet novelésével a donor és akceptor molekula relativ fluktuaci 6janak névekedése az f
paraméter szigorlan monoton novekedését eredményezi, az abrézolt hoémérsékletprofilban
bedllt “torés’ nélkil.

Mindezek aapjan megallapithatd, hogy az f paraméter hdmeérsekletprofilja flexibilisebb
fehérjerész esetén meredekebb a merevebb forméval Gsszehasonlitva, abban az esetben ha a
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fehérje szerkezetében bekdvetkezd jelentbs konforméacidvatozds kizarhatd. Az emlitett
eméeti megfontolasok aapjan az f paraméter homérseklettdl vald flggésenek
nyomonkovetésével |ehetdség nyilik a fehérje eltérd flexibilitasi ésivagy konformécios

alapotu forma kozotti kil énbség kimutatasara.

3.10. ESR spektroszképia

A konvenciondlis és szaturécié traszfer ESR (ST-EPR) spektrumokat ESP 300E
(Bruker, Germany) spektrométerrel meértik. A konvenciondis ESR méréseknél az abszorpcids
gpektrum rogzitése 20 mW mikrohulldmu teljesitménnyel, 100 kHz-es térmodul&ciéval és
0.1-0.2 mT amplitudéval tortént. A szaturécio transzfer ESR abszorpcids spektrum rogzitése
63 MW teljesitménnyel 50 kHz es modulacioval, 0.5 mT amplitudoval valamint 100 kHz —es
“out-of -phase” detektélassal tortént. A spektrumok analizaldséra a WIN-EPR 3.0 -t, valamint
onall6an kifejlesztett szoftvert hasznaltunk.
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4. EREDMENYEK ESKOVETKEZTETESEK

4.1. Kétérték kationok hatasa az aktin filamentumok dinamikai tulajdonsagaira

Attdl fuggben, hogy az aktin monomerek nagy affinitasi kationkotdé helye milyen
kétérték 0 kationnal telitett, a bellik polimerizalt filamentumok flexibilitasdban jelentds
kilonbségek mérhetdk. Vizsgalataink soran célunk volt annak tanulmanyozasa, hogy
nanoszekundumos (fluoreszcencids mérések) és milliszekundumos (EPR mérések) iddskalan
milyen konformacids, illetve flexibilitasbeli vatozasok figyelhetdbk meg az F-aktinban, ha a
fiziologias korilmények kozott jelenlévd magnézium ion helyett kalcium ionnal telitjik a
nagy affinitast kationkotd helyet. A kilonbozo idéskaldkon elvegzett vizsgdatok a fehérje
eltéré meéretl szegmenseinek tulajdonsagairdl adhatnak felvilagositast.

Az aktin monomer C-termindlis végén 1évd Cys-374 aminosavhoz kapcsolt IAEDANS
molekula fluoreszcencia-élettartamat és anizotropia lecsengését meértik a hémérseklet
flggvényében. A hdmérsékletfliggd fluoreszcencia-€élettartam mérések Arrhenius analizise (3.
egyenlet) soran mind az aktivaciés energia (E*), mind a frekvencia faktor (A) értéke kisebb
volt a magnézium ionna telitett F-aktin esetén. A fluoreszcencia anizotrOpia lecsengés
mérések soran mért rotécids korrelacids idok hosszi komponensének értékét 6 és 28°C kozott
nagyobbnak taldltuk a nagy affinitdsi kationk6td helyen magnézium ionnal telitett fehérje
esetén. Ez a kilonbség azonban 28°C folotti homérséklettartomanyon elhanyagolhatéva valt.
Ezen eredmények egyértelmden arra utalnak, hogy a Cys-374 aminosav kornyezetében [évo
fehérjerész szerkezeti, illetve flexibilitdsbeli tulgdonségai érzékenyek az aktin atal kotott
kation minéségére. A mérések aapjan a magnézium ion tartalmi F-aktin molekulak
merevebbnek mutatkoztak a kalcium iont tartalmazd forméva tsszehasonlitva

Az aktin monomer Cys-374 aminosavjahoz kapcsolt MSL molekula segitségével az
aktinon szaturdcié transzfer elektron paramégneses rezonancia méréseket végeztink. A
paramagneses szondaval jeldlt filamentumokon végzett mérések azt mutatjék, hogy a kalcium
ionnak magnézium ionra torténd cser§e a spinjeldld mozgékonysaganak csokkenését
eredményezte a milliszekundumos idéskalan.

Eredményeink alapjan arra a kovetkeztetésre jutottunk, hogy a kalcium ion jelenlétében
polimerizalt aktin filamentumok flexibilitasa nagyobb, mint a magnézium ionok jelenlétében
prepardlt filamentumoké. Az emlitett kilonbseg mind a nanoszekundumos, mind a

milliszekundumos idoskél éan kimutathatd volt.
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4.2. Az aktin filamentumok flexibilitasanak vizsgélata fluoreszcencia rezonancia
energiatranszfer segitsegével

Tovébbi méréseink sordn az f' paraméter felhaszndldsdval arra a kérdésre kerestik a
valaszt, hogy a kalcium ion hatasara bekdvetkez6 flexibilités ndvekedésért milyen meértékben
tehetd felelossé a filamentumon bellli intrasmonomer és/vagy inter-monomer flexibilités
megvaltozésa. Méréseink sordn az aktin monomerek 374-es szdml cisztein aminosavjahoz
fluoreszcens donor (IAEDANS) vagy fluoreszcens akceptor (IAF) molekuld kapcsoltunk,
majd az eltérd modon jeldlt monomereket a monomerek polimerizécioja el6tt dsszekevertik.
Ezen kisérleteinkben a monomerek polimerizaciojaval nyert filamentumokban az IAEDANS-
IAF fluoreszcens donor-akceptor par kozott szdmolt f' paraméter hémérséklettdl vald
flggésének vizsgdlatdval a monomerek kozotti flexibilitas tanulmanyozasara nyilt modunk.
Egy masik jeltlés folyamat sordn az IAEDANS-szel (fluoreszcens donor) méar megjel6lt
monomerek 41-es szamu glutamin aminosavjahoz FC (fluoreszcens akceptor) molekulét
kapcsoltunk. Az |AEDANS-FC donor-akceptor par esetében szamolt ' paraméter
homeérseklettdl valo fliggésenek vizsgdlataval az intra-monomer flexibilitast tanulmanyoztuk.
A relativ f° mind az intramonomer, mind az inter-monomer flexibilités vizsgdlata soran
nagyobb flexibilitdst mutatott a kalcium ionna telitett filamentumok esetén. Az inter-
monomer flexibilitds mind a kalcium ionnal, mind a magnézium ionna telitett aktin
filamentum esetén nagyobb volt az intraamonomer flexibilitasnd. A 41-es glutamin és a 374-
es cisztein aminosavak kozott mért tavolsig mind a kation mindségétél, mind a
polimeriz&ciotdl flggetlentl &landonak bizonyult, igazolva ezzel a ké& pont kozotti
fehérjeszerkezetben bedllt konforméci s vatozas hidnyat.

Méréseink segitségével megallapithatd volt, hogy a nagy affinitési kationk6td helyen
kalciummal telitett aktin filamentumok nagyobb flexibilitésanak kialakulasdban mind az intra-

monomer, mind az inter-monomer kapcsolatok flexibilitasanak ndvekedése szerepet jatszik.
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43. A kalcium vagy magnézium iont tartalmazo aktin filamentumok inter-
monomer flexibilitAsanak vizsgalata fiziol6gias és patol6gias pH értékeken

Annak tisztézasara, hogy az aktin filamentum dinamikga az intracelluldris pH
valtozasanak hatésara megvdtozik-e, homérsékletfiggd fluoreszcencia rezonancia
energiatranszfer méréseket végeztink aktin filamentumokon kilonb6z6 pH értékeken.
Kisérleteink sorén a kordbbiakban mér ismertetett modon az aktin egyik populécidjat a 374-es
szamu cisztein aminosavon jel6ltik meg IAEDANS-szel (fluoreszcens donor), mig egy masik
popul&ciét ugyanezen az aminosavon |AF-fel (fluoreszcens akceptor). Az inter-monomer
flexibilitas vizsgalata sorédn az f paraméter hdmérseklettdl vald flggésének meghatarozasit
mind kalcium-F-aktinon, mind magnézium-F-aktinon, pH 6.5, valamint pH 7.4 értékeknél
végeztik €.

Magnézium-F-aktin esetén a relativ f paraméter valtozésa szerint az alacsonyabb pH
értéken a fluoreszcens donor-akceptor par kozotti proteinmétrix flexibilitésa kisebb volt, azaz
a vizsialt fehérjerész merevebbé valt, a magasabb pH értéken jellemzett flexibilitashoz
képest. Ezen megfigyeléssel 6sszhangban, az alacsonyabb pH értéken a kalcium ionnal telitett
F-aktin esetében is merevebb fehérjestrukturdt tudtunk kimutatni, a fehérje magasabb pH
értéken jellemzett flexibilitdsval Gsszevetve.

Méréseink sorén az inter-monomer flexibilitas az alkalmazott mindkét pH érték esetén
nagyobbnak bizonyult a kalcium ionnal telitett aktin filamentumok esetén, ami aldamasztja
korabbi, pH 8.0 érték mellet mért eredmeényeinket (Id. 1. és 2. sz. kdzlemények).

Eredményeinkbdl  egyértelmlen  kimutathatd, hogy az intracellularis pH
megvaltozasanak alapvetd hatésa van az aktin filamentum dinamikai allapotéara, mely valtozés

feltehetden az aktin és a miozin molekul &k kozotti kapcsolatot is jelentbsen befolyasolhatja.

19



Az eredmények Osszefogla dsa

5.AZ EREDMENYEK OSSZEFOGLALASA

Vizsgdataink sorén részleteiben tartuk fel a kalcium ionnak az aktin filamentum
flexibilitésara kifejtett hatasat, melynek soran az izomkontrakcidban résztvevd egyik
kulcsszerepl6 fehérje aapvetd dinamikal tulgjdonsdgainak alaposabb megértésére nyilt
maodunk. Megdllapitottuk, hogy a nagy affinitasi kationkétd helyén kalcium iont tartalmazd
aktin filamentum flexibilisebb a magnézium iont tartalmaz6 F-aktinnal dsszehasonlitva mind
a nanoszekundumos, mind a milliszekundumos idéskalan. Ezen kovetkeztetésink igaznak
bizonyult pH8.0, pH 7.4 és pH 6.5 értékek mellett is.

Megdlapitottuk, hogy a kacium-F-aktin nagyobb flexibilitdsénak |étrejottében a
filamentumon beldli inter-monomer, valamint az intraamonomer flexibilitds novekedése
egyarént szerepet jatszik. Az inter-monomer flexibilitas ntkedése erbteljesebbnek bizonyult a
monomereken belli flexibiltas nbvekedésével szemben.

Vizsgdatokat végeztink a fiziologias és patologids korllmények kozott egyarant
valtozo intracellularis pH-nak, az aktin filamentumok flexibilitasara kifejtett hatésanak
tisztazasa érdekében. Méréseinkkel kimutathaté volt, hogy a csokkent intracelluléris pH
hataséra az aktin filamentumokon bellli inter-monomer kapcsolatok merevebbé vanak. A
filamentumok flexibilitasanak alcsony pH hatéséra bekovetkezd csokkenése kimutathatd volt
a modellezett “aktivalt” (kalcium-F-aktin) és “relaxdlt” (magnézium-F-aktin) allapotban
egyarant.

Eredmeényeink alapjan kijelenthetjik, hogy mivel a kalcium-F-aktin a miozinnal torténd
Osszekapcsol 6dasban résztvevd aktin filamentumot reprezentdlja (“aktivalt” filamentum),
valészinGleg a hizési ciklus azon fézisdban, ahol az aktin és a miozin kdzotti kozvetlen
kapcsolat |étrejon, az erokifejtésben az aktin filamentum flexibilisebb szereplokent vesz részt,
a “relaxdlt” alapotaval Osszevetve. Az eredményes erdkifejtés alapjat képezi, hogy az aktin
filamentum megfeleld dinamikus alapotban legyen. Ezen megallapitést erdsiti az a
megfigyelés is, hogy az intracdluldaris pH értékének csokkenés&t az izom
teljesitménycstkkenése kisérheti, mely teljesitménycsokkenésre az intracelularis pH
csokkenés hatéséra az aktin filamentumokban kialakulé csokkent flexibilitas is jellemz6. Az
aktin filamentum megvaltozott dinamikai &lapota az aktin és a miozin molekula kozotti
kapcsolatot jelentbsen befolyasolhatja, melyet az akto-miozin komplex megvaltozott

mUkddése egyértelmien tikrozhet.
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The Influence of Divalent Cations on the Dynamic Properties of Actin
Filaments: A Spectroscopic Study
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ABSTRACT The principal aim of this investigation was to study the change of the protein flexibility and/or conformational
properties of actin filaments upon the replacement of Ca®* by Mg?*. The temperature dependence of the fluorescence
lifetime and the anisotropy decay of N-(iodoacetyl)-N'-(5-sulfo-1-naphthyl)ethylenediamine (IAEDANS) attached covalently to
the Cys®”* residue of actin were measured. Saturation transfer electron paramagnetic resonance (ST-EPR) experiments were
also carried out using N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)-maleimide (MSL) attached to the same residue (Cys®"4).
The Arrhenius analysis of the temperature dependence of the fluorescence lifetimes shows that for Mg-F-actin, both the
activation energy (E*) and the frequency factor (A) are smaller than they are for Ca-F-actin. The longer rotational correlation
times resolved in the fluorescence experiments are larger in the Mg?*-loaded form of the actin filament between 6°C and
28°C, but this difference becomes negligible above 28°C. The results of saturation transfer electron paramagnetic resonance
measurements on maleimide spin-labeled actin filaments indicate that the replacement of Ca®* by Mg®* induced a decrease
of the mobility of the label on the sub-millisecond time scale. Based upon these results, we concluded that the filaments
polymerized from Ca-actin are more flexible than the filaments of Mg-actin.

INTRODUCTION

The conformational state and flexibility of the actin filament wasaki et al., 1976; Tawada et al., 1978; Ikkai et al., 1979;
play an important role in muscle contraction (ProchniewiczMiki et al., 1982a,b). The longer correlation timesere
and Yanagida, 1990; Rayment et al., 1993). The rotationalesolved in the range of several hundreds of nanoseconds
correlation times characteristic of different modes of inter-according to fluorescence anisotropy decay measurements.
nal motion within the actin filament are generally distrib-  The binding of C&" to the actin in the presence of 100
uted across a wide time scale from the nanosecond to th@M KCI increased the mobility of the fluorescence label
millisecond range. Depending on the experimental methodttached to the Cy%’ residue of the protein (Miki et al.,
applied, various types of these intramolecular motions carn982a,b). The authors concluded that the change to the
be identified. longer correlation time must be due to a conformational
The relaxation time of the actin filament bending motion transition. Recent results of nuclear magnetic resonance
is on the order of 10 ms (Fujime and Ishiwata, 1971). ThgNMR) experiments on actin filaments revealed cation-
results of saturation transfer electron paramagnetic resqiependent changes in the mobility of theterminal seg-
nance (ST-EPR) experiments revealed that a spin labghent (first 21 amino acids) of actin (Heintz et al., 1996).
rigidly attached to F-actin has a correlation time in the rangerhe torsional rigidity of actin filaments, however, is larger
of 10 % s (Thomas et al., 1979; Hegyi et al., 1988). Theyyhen C&" occupies the high affinity binding site than
correlation time expected for the uniaxial rotation of theyhen Md* occupies the site (Yasuda et al., 1996). Orlova
F-actin molecule as a whole is20—-40us (Kawamuraand  and Egelman found that the bending flexibility of filaments
Maruyama, 1970; Tawada et al., 1978), which range ispolymerized from Mg-actin is greater than that of filaments
therefore comparable with the range obtained from the datﬁolymerized from Ca-actin (1993). A “bridge of density”
of saturation transfer EPR experiments. Mihashi and coy,55 found between the two strands of filament when the
workers concluded from transient absorption anisotropy &Xpigh affinity cation-binding sites were occupied by*Ca
periments that the actin filaments are more flexible in twist-\yhareas this “bridge of density” was not detected in Mg-F-
ing motion than in bending motion (Mihashi et al., 1983). 5¢tin (Orlova and Egelman, 1995). However, other labora-
The correlation times resolved in these measurements W3aSyies found essentially no cation dependence of the flexi-
in the microsecond range, reflecting some kind of mternaloi”ty of filaments using either dynamic light scattering

motion of F-actin. The torsional mption is faster than the -« rements (Scharf and Newman, 1995), or other tech-
apove ques ?”d has been studied by fluorescence tecr'?i'ques (Isambert et al., 1995; Steinmetz et al., 1997) to
niques (Minashi and Wahl, 1975, Wahl et al., 1975; Ka'determine the persistence length of flaments. Direct mea-

surement of the flexibility of single actin filaments corrob-
Received for publication 14 April 1998 and in final form 3 September 1998.0rates this conclusion (Yasuda et al., 1996). The apparent
Address reprint requests to Dr. Bela Somogyi, H-762¢sP8zigeti str. 12, Inconsistency of these data was attributed in part to subtle
Pecs, Hungary. Tel./Fax: 36—72-314—017; E-mail: sombel@apacs.pote.hdifferences in the polymerization conditions (i.e., in terms
© 1998 by the Biophysical Society of nucleotide and cation compositions and/or concentra-
0006-3495/98/12/3015/08  $2.00 tions) (Steinmetz et al., 1997).
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Accordingly, there is no consistent picture of the effect ofwere removed as described above. The degree of labeling ranged from
bound metal ion (i.e., Cd, Mg®") on the flexibility of ~ 0.2-0.55 mol/mol of actin.
actin filaments. In this paper we direct attention to the effect
of replacement of Mg" with C&?* on the flexibility and/or
conformational properties of the actin filament, using fluo-
rescence and EPR spectroscopic methods. We measured #1g G-actin was prepared from Ca-G-actin following the method of Strz-
temperature dependence of the fluorescence lifetime and theéecka-Golaszewska and colleagues (1993). The protein solution was dia-
anisotropy decay oR-(iodoacetyl)N’-(5-sulfo-1-naphthyl) lyzed overnight against buffer A (in which the concentration of Gais
ethylenediamine (IAEDANS) and the saturation-transfer>® *M): EGTA and MgCl were added from stock solutions to reach final

. . concentrations of 0.2 mM and 0.1 mM, respectively, in the protein solution.

EPR data ggtamed by usmg MSL, both attaChEd Covale_ntl.\ﬂ'he sample was incubated for 10 min at room temperature. Mg-F-actin and
to the Cys’* at the C-terminus on subdomain-1 of actin. ca-F-actin were prepared from Mg-G-actin and Ca-G-actin, respectively,
These spectroscopic experiments provided evidence thay the addition of 100 mM KCland 2 mM of the appropriate cation (MgCl

filaments polymerized from Mg-actin are more rigid than °" CaCl,) to the sample. Incubation time w& h for Mg-F-actin and at

} . leag 4 h for Ca-F-actin at room temperature.

filaments of Ca-actin. For saturation-transfer EPR measurements the concentration of F-actin
was at least 10QM. In some cases the precipitation of the protein was
observed when a highly concentrated solution of salts (2—3 M solution of

Cation exchange on actin

MATERIALS AND METHODS KCl, CaCl,, or MgCl,) was added to the Mg-G-actin or Ca-G-actin to
. initialize polymerization. To avoid this condensation, we obtained the
Materials filaments with different cations by dialysing the samples in the appropriate

polymerization buffer (i.e., buffer A supplemented with 200 mM KClI, 0.2
mM EGTA, and 2 mM MgCJ for Mg-F-actin, or buffer A with 100 mM
KCI and 2 mM CaCJ for Ca-F-actin). Polymerization was carried out
overnight at 4°C.

KCI, MgCl,, CaCl, Tris, glycogen, IAEDANS, MSL, and EGTA were
obtained from Sigma Chemical Co. (St. Louis, MO). ATP anthercap-
toethanol were obtained from Merck (Darmstadt, Germany), and;NaN
from Fluka (Buchs, Switzerland).

Protein preparation Light-scattering experiments

) . ) . The polymerization capability of Ca-actin and Mg-actin was examined by

Acei*_tone'-:drled p(:W(Ijerlogllrgbbg slgg_l:etall( n|1utS(I:Ie Wasl obtatl_ned as describe easuring the change in the intensity of Rayleigh-scattered light on actin
ear |e(rj'( etue; N d?'r’] d V)\/ tta19I7ls N Z at mL:jS(.: € a;)c 'f? was tpr'epare uring the polymerization process. The experiments were performed on a
according to Spudich an att ( ) and stored in a buffer containing erkin-Elmer LS50B luminescence spectrometer (Norwalk, CT) equipped

iS- 0,
T)MﬁT”iH(;rlh(pH 8.0) E).lt_mM 'ch;P Ciil mM Céa%}l aqd %OZA) It\‘a%lh N with thermally controlled cell holder at 22°C. The intensity of the scattered
(bu .er ): ) € concentra |9n 0 ac In was de ermlne fgec ropho 0'Iight was measured perpendicular to the incident light. Both the excitation
metrically using the absorption coefficient of 0.63 mg micm™* at 290

. . d emissi elengths were 600 ith 3-nm slits.
nm (Houk and Ue, 1974), with a Shimadzu UV-2100 type spectrophotom-an misston wav gins wer nm wi Sis

eter. Relative molecular mass of 42,300 was used for G-actin (Elzinga et
al., 1973). o o )
Fluorescence lifetime and emission anisotropy

decay measurements

Fluorescence labeling of actin The fluorescence measurements were made with an ISS K2 multifrequency

Actin labeled fluorescently with IAEDANS at C§% was prepared ac- ph_ase fluorometer (ISS Fluoresce_nce Instrumentation, _Champ_aign, IL)
cording to the method of Miki and co-workers (1987). 2 mg/ml F-actin (in YSI"9 the frequency cross-correlation method. The excitation light was
buffer A withouta-mercaptoethanol, supplemented with 200 mM KCl and provided by a 300-W Xe arc lamp and was modulated with a double-crystal
2 mM MgCI2) was incubated with tenfold molar excess of IAEDANS at Pockels cell. Excitation wavelength was set to 350 nm and the emission
room temperature for 1 h. The label was first dissolved in dimethyl- Was monitored through a KV 370 high-pass filter. The modulation fre-
formamide; its final concentration in the labeling solution did not exceedduency was changed in 10 steps (linearly distributed on a logarithmic
0.6% (v/v). The solution was diluted 50x with buffer A before being scale) from 2 to 80 MHz in fluorescence lifetime measurements and from
added to the protein. Labeling was terminated with 1 svhercaptoetha- 2 ©© 150 MHz in anisotropy decay measurements. The phase delay and
nol. After ultracentrifugation of the sample at 100,0§0he pellet was demodulation of the sinusoidally modulated fluorescence signal were mea-
incubated in buffer A fo 1 h and gently homogenized with a Teflon sured with respect to the phase delay and demodula_tion of a standard
homogenizer. The homogenated sample was exhaustively dialyzed oveféference substance. Freshly prepared glycogen solution was used as a
night against buffer A at 4°C. The concentration of fluorescent dye in thereference (lifetime= 0 ns). The fluorescence lifetimes of the fluorophore

protein solution was determined by using the absorption coefficient ofVere determined by the use of nonlinear least-square analysis. In anisot-
6100 M* cm * at 336 nm for actin-bound IAEDANS (Hudson and ropy decay measurements the sample was excited with sinusoidally mod-

Weber, 1973). The extent of labeling was determined to be &.8505 ulated and polarized light. To resolve the anisotropy decay parameters, the
moI/mc;I of actin monomer. difference between the phase angle and modulation ratio of the parallel and

perpendicular components of the emission was used. The data were ana-
lyzed by the ISS187 decay analysis software assuming a constant, frequen-
. . . cy-independent error in both phase angte.200°) and modulation ratio
Spin labeling of actin (+ 0.004). The goodness of fit was determined from the value of the
reducedy? defined as in Lakowicz (1983):

Pc - Pm)/op]z + [(Mc - Mm)/oM]2
n—f—-1 (1)

G-actin was polymerized by adding KCI and Mg@®@ final concentrations
of 100 and 2 mM, respectively. Actin was labeled in F-form with MSL as [(
described earlier (Mossakowska et al., 1988). One mole of spin label per Xz =3
mole of actin monomer was reacted for 90 min over ice. Unreacted labels
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where the sum is carried over the measured values atodulation RESULTS
frequencies andlis the number of free parameters. The symbols P and M . o }
correspond to phase shift and relative demodulation values, respectivehl he completion of polymerization was tested by light-scat-

The indicesc andm indicate the calculated and measured values respectering measurements for both Ca-actin and Mg-actin (Fig.
tively. o” ando™ are the standard deviations of each phase and modulatiorl) These data indicate that the polymerization process was

measurements. . .
Average fluorescence lifetimes were calculated from the results of theComplete afte4 h and 2 h in thecase of Ca-actin and

analysis assuming discrete lifetime distribution as described by LakowicNg'aCt.im respectively. Fluoresgence lifetimes were mea-
(1983): sured in C&*- or Mg®*-loaded filaments as a function of
= SIS ) temperature in five steps ranging from 9 to 33°C. Fluores-
Taver = (2 )/ (2 i) () cence data were analyzed by assuming either discrete or
where 7., is the average fluorescence lifetime andand 7, are the ~ cONtinuous (Gaussian) lifetime distributions. The adequacy
individual amplitudes and lifetimes, respectively. Assuming that the tem-Of the assumptions was tested by monitoring the value of the
perature-dependence of the fluorescence of IAEDANS is represented bymaduced)(2 (Eq. 1). In the case of Gaussian distribution the
single Arrhenius factor, the average fluorescence lifetime was analyzed agg|es OfX2 were Iarger than that for the two components
a function of temperature according to the equation: discrete analysis in both Mg-F-actin and Ca-F-actin. The
(Taved L = ko + Aexp(—E*/RT) (3)  analysis assuming discrete co_mponents was carried out'for
one-, two-, or three-exponentials decay model. Better fits
wherek, is the temperature-independent rate constant (both radiative angyare obtained by accepting the two-exponential decay
nonradiative)A is the frequency factoE* is the activation energy, T is the model (With a tvpicaly? of 1.5-2 5) than by assuming a
absolute temperature, and R is the molar gas constant. inal ypl X - f . y h 9

The anisotropy is expected to decay as a sum of exponentials (Belfor§m_g e exponentia _decay (W'tt'z Y l;l.—lQ) '_n bot Mg-F-
et al., 1972). The experimentally obtained data were fitted to a doublédCtin and Ca-F-actin. Involving a third lifetime component
exponential function: in the analysis improveg?® negligibly. Therefore, in agree-

ment with previous observations (e.g., Ikkai et al., 1979;
r(t) = riexp(— + rexp(— 4 o : ' '
(O = riexp(—tey) + rexp(—tlg;) ) Miki et al., 1982a,b), the two-exponential fluorescence de-
where ¢, are the rotational correlation times with amplitudes The ~ cay with discrete distribution seems to be the best model for
limiting anisotropy recovered at zero time is given by: characterizing the fluorescent lifetime of IAEDANS at-
tached to either Ca-F-actin or Mg-F-actin (Table 1).

The average fluorescence lifetime values were calculated
The concentration of actin was 28V (1 mg/ml) during the fluorescence  for further analysis (Eq. 2, Table 1). This parameter is
measurements. Temperature-dependent experiments were carried out uslanger at temperatures below 28.5°C in Ca-F-actin than in
a thermostated sample holder, which was flushed with dry air to avoid\ig-F-actin but the difference disappears-aB3°C. As the
condensation. The temperature was maintained with a HAAKE F3 heatinqemperature increased the values of lifetimes decreased in

bath and circulator (HAAKE Mess-Technik GmbHu. Co., Karlsruhe, Ger- th f f E-actin: this ch int in th
many) and the temperature of the solution was continuously monitored irp0 orms or F-aclin, this change was more intense Iin the

the sample holder.

o="r,+r, (5)

EPR measurements

2+
Conventional and ST-EPR spectra were taken with an ESP 300E (Bruker, 6 Mg E
Karlsruhe, Germany) spectrometer. First harmonic, in-phase absorption
spectra were obtained using 20 mW microwave power and 100 kHz field
modulation with amplitude of 0.1-0.2 mT. Second harmonic, 90° out-of-
phase absorption spectra were recorded with 63 mW and 50 kHz field
modulation of 0.5 mT amplitude detecting the signals at 100 kHz out of
phase. The microwave power of 63 mW corresponds to an average micro-
wave field amplitude of 0.025 mT in the center region of the standard tissue
cell of Zeiss (Carl Zeiss, Jena, Germany), and the values were obtained
using the standard protocols (Fajer and Marsh, 1982; Squire and Thomas,
1986). The samples< 50 ul) were thoroughly mixed on the surface of the
flat cell to avoid the effect of orientation of associated filaments. The
spectra were recorded at 22.0°C. The conventional EPR spectra were
characterized with the splitting of the outermost extreme 2JAthe 1k
accuracy of the estimation of splitting was0.025 mT. In the saturation
transfer EPR time domain, the diagnostic peak heights L dwiece used
to calculate the rate of molecular motions. The spectra were scaled to the
same peak-to-peak amplitude or normalized to an identical double integral.
Evaluation of the ST-EPR spectra was performed by a computer program
written in our laboratory that calculates the extremum of the spectrum in &IGURE 1 The relative intensity of the scattered light as a function of
given interval. Varying the endpoints of the selected interval in the neigh-time during the polymerization process in Ca-actin and Mg-actin. Poly-
borhood of the extremum and running the program three to five times, it ismerization was initiated by the addition of 100 mM of KCI and 2 mM of
possible to get a reliable mean value fdrdnd L even in the case of noisy the appropriate cation (final concentrations). The arrow indicates the time
spectra. of addition of salts.

5t ca™

relative scattered intensity




3018

Biophysical Journal

Volume 75 December 1998

TABLE 1 Lifetime parameters for IAEDANS in Mg-F-actin and Ca-F-actin analyzed with the assumption of two-component

discrete distribution of fluorescence decays

Parameter Mg-F-actin Ca-F-actin
t (OC) Tl* (ns) T2 (ns) Qg Taverage(ns) T1 (ns) T2 (ns) Qg 1-average(ns)

9.5 19.63 (- 0.07) 3.11 ¢ 0.74) 0.984 { 0.002) 19.58¢ 0.06) 20.64¢ 0.54) 5.49¢ 3.30) 0.972¢ 0.013) 20.51¢ 0.46)

15.0 19.35¢ 0.05) 2.94 { 0.59) 0.985 ¢ 0.003) 19.31£ 0.04) 20.22¢0.48) 4.85¢ 2.48) 0.974¢ 0.014) 20.11¢ 0.40)
22.0 19.10 ¢ 0.04) 3.10¢= 0.41) 0.983¢ 0.002) 19.06# 0.03) 19.63¢ 0.23) 4.80 ¢ 1.57) 0.971¢ 0.010) 19.52¢ 0.18)
28.5 18.86 = 0.08) 3.37 (- 0.68) 0.980 = 0.004) 18.80¢f 0.07) 18.97¢ 0.15) 3.33¢ 1.51) 0.980¢ 0.006) 18.91¢ 0.14)
33.0 18.72¢ 0.07) 2.989¢ 0.693) 0.981¢ 0.004) 18.67# 0.05) 18.74¢ 0.23) 3.98¢ 1.57) 0.976¢ 0.007) 18.66f 0.21)

*r, andg; are the lifetimes and pre-exponential factors, respectively, where «, = 1. 7, iS the average fluorescence lifetime calculated according
to Eqg. 1. The standard deviations are presented in parentheses.

Céa*-loaded than in the Mg -loaded form. Arrhenius plots was also measured in the temperature range of 9-33°C. The
(Eq. 3) were used for further characterization of the tem-analysis relying on the assumption of two decay compo-
perature-dependence of lifetime values for Mg-F-actin anchents was made to interpret the rotational motion of actin
Ca-F-actin. Plots of In{,L, — k,) vs. (RT) * were con- filaments. During the analysis the value of the limiting
structed (e.g., Fig. 2) and the analysis of the fits were madanisotropy ;) was varied as a free parameter and was
by applying Eq. 3 to calculate the Arrhenius parametersfound to be cation-independent (0.33#50.033 for Mg-F-
Thek, was assumed to be cation-independent and was fixedctin and 0.315- 0.026 for Ca-F-actin). The values of the
during the fitting procedure. The value of this parameterlong rotational correlation times are larger in Mg-F-actin
was changed in 0.01-n$ steps between 0 and 0.04#sn  than in Ca-F-actin and tend to decrease as the temperature
separate fitting processes (Table 2). It should be noted heiiacreases (Fig. 3). In contrast to these data for Mg-F-actin
that the value ok, theoretically cannot be larger than  the values of this parameter for Ca-F-actin are nearly un-
0.05 (see Eg. 3) due to the relatively long fluorescenceehanged. The difference between the longer rotational cor-
lifetime of IAEDANS in actin (~ 20 ns). The other com- relation times measured in Ca-F-actin and Mg-F-actin
ponents of Eq. 3A and E*, were taken as variables. The seems to be negligible above 28°C. The values of shorter
results, relying on the assumption of differégtvalues, are rotational correlation times are constant within the limits of
shown in Table 2. Accordingly, both the activation energyexperimental errors at all temperatures (ranging between 1
E* and the frequency factok are larger in Ca-F-actin than and 3 ns) and are identical for Ca-F-actin and Mg-F-actin
in Mg-F-actin, regardless of the initial assumption of the(data not shown).
value ofk,. Comparison of conventional EPR spectra obtained on
To obtain further information about the dynamic proper-F-actin in Ca- and Mg-state showed no remarkable differ-

ties of actin filaments the fluorescence anisotropy decagnce between the hyperfine splitting constants {2Aig.

4). The value of this parameter was6.67 = 0.02 mT in

both states, which agrees with earlier observations (Thomas

- et al., 1979, Mossakowska et al., 1988). In contrast, the
17.004 . ST-EPR spectra (Fig. 5) showed a significant difference in
O the low-field spectral parameter/L after the exchange of
16.95 8 Ca&" by Mg?* (Table 3). The apparent rotational correla-
e tion times corresponding to the spectral parametér are
1690 . 65 and 75us in Ca-F-actin and Mg-F-actin, respectively
© A o (Horvah and Marsh, 1983).
-' 16.85] o
[ .
c 16.80- O TABLE 2 Arrhenius parameters for the temperature
- dependence of the measured lifetimes of IAEDANS in Mg-
and Ca-F-actin at different k, values
16.751 o Mg-F-actin Ca-F-actin
: Parameter
16.70 ko X 107° A X 1077 E* A X 1077 E
) 165 170 1_'75 180 (s (s (kcal/mol) s (kcal/mol)
(RT) " x 10 (mol/cal) 0.04 14.99 (1.52) 1.46 (0.06) 301.10 (44.76) 3.275(0.09)
0.03 8.85(0.05) 0.80(0.03) 39.56(3.29) 1.71 (0.05)
FIGURE 2 Arrhenius plots for the temperature dependence of the mea- 0.02 8.62(0.03) 0.85(0.02) 2270 (1.38) 1.16 (0.04)
sured lifetimes of IAEDANS in Mg-F-actirfiled symbol¥ and Ca-F-actin 001 8.75(0.20)  0.42(0.01) 1849 (0.89) 0.88 (0.03)
0.00 9.42(0.12) 0.34(0.01) 17.13(0.69) 0.71 (0.02)

(open symbo)s The temperature-independent rate constagtwlas taken
to be 0.03 ns* (see also Table 2).

Standard deviations are given in parentheses.
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FIGURE 3 Temperature dependence of the longer rotational correlatiofiGURE 5 ST-EPR spectra of MSL-Ca-F-actin and MSL-Mg-F-actin.
times of the anisotropy decay of IAEDANS in Mg-F-actiiiléd circleg 1N field scan was 20 mT.
and Ca-F-actindpen circle$.

conclude that this conformational difference is conserved to
a certain extent during polymerization.
DISCUSSION The Arrhenius plots were applied to interpret the temper-
ature dependence of the average fluorescent lifetimes in the
Ca-F-actin and Mg-F-actin (Eq. 3). Such an analysis can
rovide information about the microenvironment of the

The fluorescence lifetime of the IAEDANS is longer in the
Mg-F-actin than that in Ca-F-actin below 28°C (Table 1).

Similar cation dependence of the fluorescence intensit ; o
(Frieden et al., 1980) and lifetime (Nyitrai et al., 1997) of eporter molecule. According to our data both the activation
' ' energy E*) and the frequency factorAj are larger in the

IAEDANS was observed in the monomeric forms of actin . . .
as well. Frieden and colleagues concluded from the cationca>c of Ca-F-actin than in the case of Mg-F-actin (Table 3),

induced intensity change that there is a conformationa]nd'Cat'm;J that the protein matrix around the Effresidue

difference between the C-terminal segment of thé&'cand IS more _rig_id in the l\/_l@*-saturated f‘“f“ of the a_Ct.iT‘ fila-
Mg -saturated forms of the monomer (Frieden et al. 0L ATCe FERCTCUET T G rreienka
1980). In the light of the data presented here, one Caranlaszewska et al., 1993; Nyitrai et al., 1997). These data
imply, in agreement with the conclusion derived from the
results of fluorescence lifetime experiments, the conserva-
tion of the cation-dependent flexibility difference of the
protein matrix around the Cy¥' residue after polymeriza-
tion. Three-dimensional reconstructions from electron mi-
crographs have showed that a bridge of density exists be-
tween the two strands of the filament in Ca-actin that is
2A' absent in Mg-actin (Orlova and Egelman, 1995). According

Ca”- state = . ) A .
\j to the interpretation of these authors, this bridge of density

arises from a major shift of the C terminus. Accordingly, the
cation-induced difference in the flexibility of the microen-

TABLE 3 Conventional and saturation transfer EPR spectral
Mgz*_ state parameters of spin-labeled actin (MSL-actin) upon the
replacement of Mg?* by Ca%*

H Parameter Ca-F-actin Mg-F-actin
Conventional EPR 6.760 6.763
2A., (mT) (= 0.025) o = 10) (=0.022) 6 =19)
. . . ST-EPR 0.966 1.067
FIGURE 4 Conventional EPR spectra of Ca-F-actin and Mg—F—actln.L,,/L (+ 0.067) 0 = 8) (+ 0.055) f = 8)

The concentration of actin was 1M and field scan was 10 mT. Actin
was labeled with MSL at the Cy¥ site. Standard deviations are presented in parentheses.
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vironment of Cy8’4in actin filaments might reflect the (Thomas et al., 1979), in contrast to the fluorescent probes,
presence of the proposed high-density bridge between thie maleimide spin labels are rigidly attached to the®Ys
two strands of the Ca-F-actin. residue of the actin protomer; the probe mobility relative to
The difference in the local dynamic properties of thethe protein backbone can be neglected, thus the probe mol-
protein matrix around Cy$* may reflect a modification of ecules in F-actin report slow domain motions.
a larger segment or the entire flament as a result of the However, comparison of the spectral parametéL Ire-
cation exchange. In order to characterize global changesolved in the ST-EPR experiments showed that the local
induced by cations, the anisotropy decay of the IAEDANSprotein environment of the probe becomes more rigid after
was also investigated. The longer rotational correlatiorMg?®" is replaced by C& at the high-affinity cation bind-
times are in agreement with the values obtained by Miki andng site. The inspection of the rotational dynamics of F-actin

co-workers who found, = 260 ns for Ca-F-actin ang, = by ST-EPR experiments suggests that a complex motion is
682 ns for Mg-F-actin at 20°C labeled with IAEDANS at observed, which may be a superposition of twisting and
Cys*’*(1982b). torsional motions of the actin filament or a larger part of the

The components of the anisotropy decay can potentiallfilament (Thomas et al., 1979). Therefore, the motion of the
characterize different regions of the actin filament. Thelabels in actin filaments reflects more than one mode of
interpretation of the long componeng,j resolved in these motion, and their motion is not isotropic. Accordingly, the
experiments is critical. This parameter obviously cannot bepparent rotational correlation times demonstrate only the
specific for the rotation of the whole filament because thismagnitude of the rotational motion of the labels in filament
rotation has to be much slower than the one indicated by théorms of actin in the ST time range. The apparent rotational
longer correlation time. Furthermore, the bending motion ofcorrelation times are on the order of 10s, much smaller
the filament was found to occur with about 10-ms correla-than the bending motion of the entire filament and much
tion times (Fujime and Ishiwata, 1971); thus, the contribu-larger than that of the overall monomer rotation; they should
tion of this kind of motion should also be unnoticed in our represent a complex intrafilament motion involving differ-
experiments. The longer correlation times may be attributeént modes. However, based on these data one cannot dis-
to some restricted segmental motion in the filament (Ikkai etinguish between the possibilities that the structure is more
al., 1979; Miki et al., 1982a,b). The segment may be thélexible along its entire length and that it possesses re-
protomer, but smaller components of actin cannot be ruledtricted regions. The change of internal flexibility induced
out as contributors to this correlation time. The value of theby the exchange of G4 for Mg?* in monomer actin has
longer correlation time is assumed to be inversely proporbeen interpreted as a change in the angularly restricted
tional to the flexibility of the actin filaments (Tawada et al., motion of the label (Nyitrai et al., 1997). The increase of
1978; Ikkai et al., 1979; Miki et al., 1982a,b; Hegyi et al., rotational correlation time may imply that the effect of
1988). The decrease in this correlation time may be thexchange of cations in F-actin can propagate to distant parts
result of loosening of the physicochemical links betweenof the protomers inducing a change of rigidity in the internal
adjacent protomers in the actin filament. Accordingly, theregion of the protomers and/or between neighboring pro-
results of the fluorescence anisotropy decay experiment®mers. The interaction between the protomers might be
support the view that cation exchange induces conformamodulated by the conformational state of the actin subunits,
tional transition within the actin filament, resulting in a and the exchange of cations can stabilize the interactions
more rigid form of Mg-F-actin compared to Ca-F-actin.  between the two helical strands. This can lead to an increase

Inspection of the conventional EPR spectra obtained of the rotational correlation time. Comparing the EPR and
Ca-F-actin and Mg-F-actin revealed essentially no differ-the fluorescence data, the more likely interpretation is that
ence between the hyperfine splitting constantsy2A4ig.  intermonomer interaction is stronger in the Mesaturated
4). This observation suggests the absence of a detectatfiéament than in the C& -saturated form due to the increas-
change in rotational mobility on the nanosecond time scaléng restriction of the twisting and torsional motions of the
as a result of the exchange of Caby Mg?* (Table 3). The individual protomers.
spin labels are sensitive reporters of the polarity of the These conclusions do not seem to agree with results
microenvironment around the binding site as well. Theobtained by other experimental methods (Orlova and
slight change of the splitting constant upon replacement oEgelman, 1993; Isambert et al., 1995; Scharf and Newman,
Cca* with Mg®* shows that the exchange of cations does1995; Yasuda et al., 1996; Steinmetz et al., 1997). These
not remarkably affect the polarity of the medium. This studies found the flexibility of M§"-saturated actin fila-
conclusion is apparently not in agreement with the results ofments identical to (Isambert et al., 1995; Scharf and New-
fluorescence experiments. According to earlier publicationgnan, 1995; Yasuda et al., 1996; Steinmetz et al., 1997) or
(e.g., Stryer, 1968), the origin of this conflict might be the larger than (Orlova and Egelman, 1993) that of filaments
difference between the fluorescence and EPR methods. Fupolymerized from Ca-actin. Steinmetz and co-workers
thermore, different reporter molecules were used to study1997) have suggested that different methods of polymer-
the protein matrix in the two methods, and the differenceization applied by different laboratories might be responsi-
between the mobility of these labels might also contribute tddle for the conflicting conclusions. Our present data indicate
the difference in the observations. According to earlier datahat the M@ *-loaded filaments are more rigid than the
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filaments of Ca-actin. To explain the difference betweenbility difference found between the Ca-F-actin and Mg-F-
this conclusion and the results cited above, one needs tactin. The separation of the cation-induced modification of
consider that the earlier conclusions were based on invesatramonomer and intermonomer flexibility seems to be
tigations of slower motions (e.g., the bending of actin fila- possible using the method of fluorescence resonance energy
ments) appearing on a 1-ms or longer time scale. Theransfer (Somogyi et al., 1984). Such experiments are cur-
motion characterized in our fluorescence anisotropy andently in progress in our laboratory.

saturation transfer EPR experiments is much faster than the

bending motions of filaments. Accordingly, it is not surpris-
ing that the cation-induced changes resolved by the differen
methods do not correlate.
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The temperature profile of the fluorescence reso-
nance energy transfer efficiency normalized by the flu-
orescence quantum yield of the donor in the presence of
acceptor, f', was measured in a way allowing the inde-
pendent investigation of (i) the strength of interaction
between the adjacent protomers (intermonomer flexibil-
ity) and (ii) the flexibility of the protein matrix within
actin protomers (intramonomer flexibility). In both
cases the relative increase as a function of temperature
in f is larger in calcium-F-actin than in magnesium-F-
actin in the range of 5-40 °C, which indicates that both
the intramonomer and the intermonomer flexibility of
the actin filaments are larger in calcium-F-actin than
those in magnesium-F-actin. The intermonomer flexibil-
ity was proved to be larger than the intramonomer one
in both the calcium-F-actin and the magnesium-F-actin.
The distance between Gln*' and Cys®* residues was
found to be cation-independent and did not change dur-
ing polymerization at 21 °C. The steady-state fluorescence
anisotropy data of fluorophores attached to the Gln*! or
Cys®™* residues suggest that the microenvironments
around these regions are more rigid in the magnesium-
loaded actin filament than in the calcium-loaded form.

The tension generation in the striated muscle is performed
through a series of chemical reactions by cyclic interaction of
myosin with ATP and actin, and at least six intermediates are
proposed for actomyosin ATPase in solution (1-3). On a cellular
level in supramolecular complexes where stabilizing forces may
modulate the hydrolysis process, some contribution from actin
flexibility and dynamics to the contraction process cannot be
excluded. This statement is supported by earlier and recent
suggestions about the role of actin during the force develop-
ment in muscle (4).

Flexural rigidity experiments suggested that the actin fila-
ment was extensible (5). These findings were supported by
electron microscopic measurements on the sarcomere in rigor
fibers (6). The extensibility of the thin filaments was also
suggested by the changes of the spacings of the x-ray diffraction
pattern during contraction (4, 7). Actin filaments were shown
to be elastic and extensible by measuring the stiffness of the
actin-tropomyosin complex with in vitro nanomanipulation (8).
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with 18 U.S.C. Section 1734 solely to indicate this fact.
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Polarization studies using fluorescent phalloidine on skinned
rabbit psoas fibers have demonstrated that the generation of
force was associated with a conformational change in the actin
filament (9). The sliding of actin filaments is diminished by the
cross-linking of actin subunits (10). Egelman et al. (11) and
later the workgroup in DeRosier’s laboratory (12) emphasized
the existence of variations in the twist along the axes of iso-
lated filaments, which increases the fluctuations of approxi-
mately 10° in the azimuthal angle between adjacent mono-
mers. The fluctuations, bending and twisting motions, are
modulated by myosin and actin-binding proteins (13, 14). The
tighter binding of myosin to actin reduces the torsional motion
of a small section of F-actin, as reported by standard transfer-
EPR measurements (13, 15). The change of the orientation of
spin labels on F-actin during interaction with heavy meromy-
osin was also reported (10, 16). It is also known that the actin
monomers undergo conformational changes or slight rotation
during contraction (17). The large free energy change caused by
binding of the myosin head to actin is also able to generate
conformational change in actin (18).

Experimental evidences suggest that the exchange of the
bound cation can also modify the dynamic and conforma-
tional state of the actin filament. Cation-dependent changes
in the mobility of the N-terminal segment (first 21 amino
acids) of actin were observed performing nuclear magnetic
resonance (NMR) experiments (19). The torsional rigidity of
actin filaments is sensitive to the nature of the bound cation,
since this parameter is larger in calcium-F-actin than in
magnesium-F-actin (20). Orlova and Egelman (21) have
shown that the bending flexibility of filaments polymerized
from magnesium-actin is approximately four times larger
than in the case of calcium-F-actin. Contrary to these data,
other laboratories found no essential change in the filament
flexibility using dynamic light scattering measurements (22)
or various other techniques to determine the persistence
length of the filaments (23, 24). The direct measurement of
the flexibility of single actin filaments corroborates this lat-
ter conclusion (20). Using fluorescence methods Miki et al.
(25) observed that the binding of Ca?* to actin increased the
mobility of the fluorophore attached to Cys®”. The results of
our spectroscopic experiments indicated that filaments po-
lymerized in the presence of Ca?" were more flexible than the
filaments of magnesium-actin (26).

The recently published actin powerstroke model was based
on the length changes in actin filaments, which require confor-
mational transitions in each monomer (27). During the ATP
hydrolysis cycle the myosin heads can adopt more than one
conformation in interaction with actin, and the multiple modes
of binding can relate to different actin conformations. Recently,
the negative experimental results of the rotating cross-bridge

This paper is available on line at http://www.jbc.org
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model have led to suggestions of a more complex model of the
muscle contraction. This model involves large scale conforma-
tional changes of myosin head in the light chain-binding do-
main that rotates relative to the actin-binding portion of the
catalytic domain (28-30). The closure of the cleft on the actin-
binding domains, which follows the release of the P;, results in
a specific interaction between the two proteins, and this inter-
action might be modulated by the actual dynamic and confor-
mational states of both proteins.

Although there are strong indications that actin is an active
part of the contracting system, we are still far from under-
standing the details of the biological function of this abundant
protein. The lack of complete understanding of the function of
the actin in the contracting system can emphasize the impor-
tance of further investigations dealing with this matter.

The principal aim of this study was to characterize the effect
of divalent cations on the internal flexibility and the conforma-
tional states of actin filaments using the method of fluorescence
resonance energy transfer. According to the fluorescence reso-
nance energy transfer data presented in this paper, the calci-
um-F-actin is proved to be more flexible than the magnesium-
F-actin in either the intermonomer or the intramonomer
protein flexibility. The intermonomer flexibility is larger than
the intramonomer one, regardless of the nature of the bound
cation. In accordance with these flexibility data the steady-
state anisotropy experiments indicate that the microenviron-
ments of the GIn*! and Cys3"* residues are more rigid in the
Mg?*-saturated filaments than in calcium-F-actin.

MATERIALS AND METHODS

Reagents—KCl, MgCl,, CaCl,, Tris, N-(iodoacetyl)-N'-(5-sulfo-1-
naphthyl)ethylenediamine (IAEDANS),! quinine (hemisulfate salt),
dimethylformamide, guinea pig liver transglutaminase (TGase), and
EGTA were obtained from Sigma. Iodoacetamide 5-fluorescein (IAF)
and fluorescein cadaverine (FC) were purchased from Molecular Probes
(Eugene, OR); adenosine 5'-triphosphate (ATP) and a-mercaptoethanol
were obtained from Merck (Darmstadt, Germany); the Bradford protein
assay reagent was purchased from Bio-Rad (Miinchen, Germany), and
NaN, was from Fluka (Buchs, Switzerland).

Protein Preparation—Acetone-dried powder of rabbit skeletal muscle
was obtained as described by Feuer et al. (31). Rabbit skeletal muscle
actin was prepared according to the method of Spudich and Watt (32)
and stored in 2 mM Tris/HCI buffer (pH 8.0) containing 0.2 mMm ATP, 0.1
mM CaCl,, 0.1 mM a-mercaptoethanol, and 0.02% NaN, (buffer A).

Labeling of the Cys®"* residue (Fig. 14) with JAEDANS was per-
formed as described earlier (33), and F-actin (2 mg/ml) was incubated
with 10-fold molar excess of JAEDANS for 1 h at room temperature.
Labeling of the same residue in separate samples with IAF was carried
out in the following way: monomeric actin (2 mg/ml) was mixed with the
10-fold molar excess of IAF over the protein and incubated for 3—4 h at
room temperature. Then the actin was polymerized for 12-16 h at 4 °C.
After the labeling procedures, the samples were centrifuged at
100,000 X g for 2 h at 4 °C. The pellets were dissolved in buffer A and
dialyzed overnight against buffer A (in the case of IAF-labeled actin the
dialyzing buffer contained 1% (v/v) dimethylformamide as well). The
GIn*' residue (Fig. 14) was modified with FC by the use of the proce-
dure of Takashi (34), and G-actin was incubated with 10-fold molar
excess of the dye in the presence of 1 mg/ml TGase. The labeling was
carried out for 16 h at 4 °C. Unbound FC was removed similarly as
described in the case of IAEDANS and IAF labeling procedures.

The G-actin concentration was determined with a Shimadzu UV-
2100 spectrophotometer by using the absorption coefficient of 0.63 mg
ml ™ em ™! at 290 nm (35). In the case of IAEDANS-labeled G-actin the
measured absorbance at 290 nm was corrected for the contribution of
the fluorescence label (using A (290 nm) = 0.21 X A (336 nm) for the
bound IAEDANS). Relative molecular mass of 42,300 Da was used for
monomeric actin (36). Occasionally, the actin concentration was also
determined by using Bradford (Coomassie Blue) protein assay reagent

! The abbreviations used are: IAEDANS, N-(iodoacetyl)-N'-(5-sulfo-
1-naphthyl)-ethylenediamine; FC, fluorescein cadaverine; IAF, 5-io-
doacetamidofluorescein; G-actin, monomeric actin; F-actin, actin
filament.
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(37). The assay was calibrated as described by the manufacturer using
unlabeled monomeric actin. The concentrations determined according
to the two methods were identical within the limits of experimental
error. The concentration of the JAEDANS, IAF, and FC in the protein
solution was determined by using the absorption coefficient of 6100 Mm~—*
ecm ! at 336 nm (38), 77,000 M~ ! cm ™! at 496 nm (39), and 75,500 M !
cm™! at 493 nm (40), respectively. The extent of labeling for IAEDANS,
IAF, and FC was determined to be 0.83 = 0.02, 0.55 = 0.04, and 0.8 +
0.03, respectively.

Sample Preparation and Polymerization—Studying the intermono-
mer flexibility, part of the actin sample was labeled with the donor
molecule (IAEDANS), and the remaining part was modified separately
with the acceptor (IAF). After the labeling procedure, the two samples
were mixed to obtain the molar ratio of the donor labeled and not donor
labeled (acceptor labeled and unlabeled) monomers of minimum 1:10
(Fig. 1B). In order to measure the intramonomer flexibility, the actin
monomer was double-labeled (i.e. labeled with both the donor (IAE-
DANS) and the acceptor (FC)). Then the solution of labeled actin was
mixed with a solution of unlabeled actin monomers to adjust the label-
ed:unlabeled actin ratio to a minimum of 1:10 (Fig. 1C). After the
appropriate mixture of labeled and unlabeled actin monomers the po-
lymerization process was initiated.

Magnesium-G-actin was obtained according to the method of
Strzelecka-Golaszewska et al. (41). The solution of calcium-G-actin was
dialyzed exhaustively against buffer A in which the concentration of
CaCl, was decreased to 50 um. EGTA and MgCl, were added and
adjusted to final concentrations of 0.2 and 0.1 mwm, respectively. The
sample was stirred at room temperature for 10 min.

Polymerization of either calcium-G-actin or magnesium-G-actin was
initiated by the addition of 100 mm KCl and 2 mMm of the appropriate
cation (CaCl, or MgCl,) to the solutions of calcium-G-actin or magne-
sium-G-actin, respectively. The samples were incubated at room tem-
perature for 2 h, then dialyzed overnight against the appropriate po-
lymerization buffer (buffer A supplemented with 100 mm KCI and 2 mm
divalent cation, while in the case of magnesium-actin, the buffer also
contained 0.1 mm EGTA).

Fluorescence Experiments—The concentration of actin was between
30 and 40 uM, unless stated otherwise. The fluorescence emission spec-
tra of the donor were recorded at temperatures ranging between 5 and
40 °C with a Perkin-Elmer LS50B luminescence spectrometer in the
presence and the absence of the appropriate acceptor (FC in the exper-
iments dealing with intramonomer flexibility and IAF in the study of
intermonomer flexibility). The excitation wavelength for the IAEDANS
was 360 nm. The slits were set to 3 nm in both the excitation and
emission paths. The spectra were corrected for the inner filter effect as
described earlier (42). To calculate fluorescence resonance energy trans-
fer efficiency (see Equation 2), the under-curve areas of these emission
spectra were calculated between 380 and 460 nm. In this wavelength
range, the contribution of the acceptor (either the FC or the IAF) to the
measured fluorescence is negligible.

The steady-state fluorescence anisotropy of the donor and acceptor
molecules was calculated from the polarized emission components (Fy,
Fyy, Fyv, and Fiyyy, where the subscripts indicate the orientation of the
excitation and emission polarizers) as follows,

r = (Fyy — GFyp)/(Fyy + 2 GFyy) (Eq. 1)

where G = Fyy/Fyy. In the case of actin-bound TAEDANS, the excita-
tion wavelength was 360 nm, and the emission wavelength was 460 nm,
while for the fluorescein derivatives the excitation monochromator was
set to 493 nm, and the emission was measured at 520 nm. The slits were
set to 3 nm. In these experiments the concentration of the actin was
decreased to 5 uM after the polymerization by diluting the sample with
the appropriate buffer. In this way the depolarizing effect of light
scattering was reduced to a negligible level.

The corrected fluorescence emission spectra of TAEDANS-F-actin
was recorded in the absence of the acceptor at an excitation wavelength
of 360 nm to obtain the fluorescence quantum yield of the donor mole-
cule. The quantum yield of quinine sulfate (0.53 in 0.1 N H,SO,) was
used as a reference (43).

To test the reversibility of the temperature-induced changes in flu-
orescence, the samples were re-measured by cooling back the solution to
the initial low temperature (7 °C) or repeating the measurements after
overnight dialysis. The errors of the measured data presented in this
paper are mean *+ S.E. calculated from the results of three to five
independent experiments.

Donor-Acceptor Distance—The transfer efficiency of the fluorescence
resonance energy transfer occurring between a single donor and single
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acceptor can be calculated from the fluorescence intensities as follows,

E = {1 — (Fpa/cpa)/(Fp/cp))}/B

where F,, and Fp, are the fluorescence intensities of the donor molecule
in the presence and the absence of the acceptor, respectively; 8 symbol-
izes the acceptor/monomer molar ratio. ¢, and ¢, are the concentra-
tions of the donor molecule in the samples indicated by the subscripts.
By knowing the fluorescence energy transfer efficiency (E), it is possible
to determine the distance (R) between the donor and acceptor molecules
from the following equation:

(Eq. 2)

E =RS/(R,f + R (Eq. 3)
where R, is the Férster’s critical distance defined as the donor-acceptor
distance where the fluorescence resonance energy transfer efficiency is
50%. The use of Equation 3 requires the calculation of R, as follows,

RS = (8.79 X 10" "n **®pJ (Eq. 4)

where n is the refractive index of the medium, «* characterizes the
relative orientation of the donor and acceptor molecules, ¥, is the
fluorescence quantum yield of the IAEDANS in the absence of acceptor,
and J is the overlap integral given in M~ ! cm™! nm®*. The overlap

integral (J) is defined as follows,

J= fFD(A)eA(A)A4dA/jFD(A)dA (Eq. 5)

where F,()) is the corrected fluorescence emission spectra of the donor,
and e,(A) is the molar extinction coefficient of the acceptor.

Normalized Transfer Efficiency—The temperature profile of the nor-
malized energy transfer parameter f (defined as the ratio of the transfer
efficiency and the fluorescence quantum yield of the donor in the pres-
ence of acceptor) is proportional to the mean value of the energy trans-
fer rate constant, <k,>, which has been shown to be an appropriate
parameter for monitoring intramolecular fluctuations and/or conforma-
tional changes of a macromolecule (44),

f= (E(Dpy) = (kulky) = C<Ri76Ki2> (Eq. 6)

where ®,, is the fluorescence quantum yield of the donor in the pres-
ence of acceptor, and %, is the rate constant of the fluorescence emission.
According to earlier publications the value of %, is fairly constant under
a wide variety of experimental conditions (see e.g. Ref. 45), therefore
here its value is taken as constant. The subscript “i” indicates the value
of the given parameter for the i*" population, taking a momentary
picture, and C is a constant involving the refractive index (n) and the
overlap integral (J), which were assumed to be constant (44). The
sensitivity of this parameter to temperature is able to provide informa-
tion regarding the flexibility of the protein matrix between the two
fluorophores. It should be noted that f is sensitive to changes in the
donor-acceptor distance originating from any kind of intramolecular
motions. Thus, the temperature profile of this parameter provides in-
formation about the average flexibility of the protein matrix located
between the two labels.

The method was developed for systems where the energy transfer
occurred between a single donor and a single acceptor (44). However, in
the present experiments dealing with intermonomer energy transfer,
one should take into account that the donor can transfer energy to
acceptors located on more than one neighboring actin protomers, i.e. the
transfer is directed to a multiple acceptor system. Considering the
helical structure of the actin filament, it seems reasonable that the
acceptor population can be divided into two characteristically different
groups: 1) acceptors on the closest protomer in the single-started ge-
netic helix and 2) acceptors affecting the fluorescence of the donor from
the double-started long-pitch helix. It is also assumed that acceptors on
more distant protomers are not efficient in the reduction of the donor
fluorescence. Accordingly, the donor-acceptor system can be described
with two different equilibrium donor-acceptor distance distributions. It
could be easily shown by using simple mathematical transformations
that the measured normalized energy transfer parameter of the system
having a single donor interacting with two different groups of acceptor
molecules is the sum of the normalized energy transfer efficiencies char-
acterized by the individual donor-acceptor systems (see also Ref. 46),

f=hH+f

Considering that the value of the fluorescence quantum yield is
proportional to the fluorescence intensity measured at a given wave-

(Eq. 7)
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length, it is usually more convenient to determine the value of the f,
which is defined as follows (44),

[ =(E)/Fps = CE)/({Pp;) (Eq. 8)

where F,, is the fluorescence intensity of the donor in the presence of
acceptor, and C’ is a constant that is proportional to the C used in
Equation 6.

RESULTS AND DISCUSSION

The actin monomer has one high-affinity and three or more
lower-affinity (i.e. intermediate- and low-affinity) cation-bind-
ing sites (see Ref. 47 for review). It is very likely that in vivo the
high-affinity site is occupied by Mg?", and the Mg?" and K"
ions compete for the lower-affinity binding sites (47). The ion
composition of the buffer that was used in this study to prepare
magnesium-F-actin can be considered as a reasonable model
for the free ion concentrations of Mg?" and K" in the cytosol
(47). This preparation resulted in a magnesium-F-actin that
contains Mg?* at the high-affinity binding site and probably
either Mg®" or K' at the lower-affinity sites. According to
earlier publications the type of the cation at the lower-affinity
binding sites might have an important biological effect (48).
The calcium-actin filaments were polymerized in the presence
of millimolar concentration (2 mm) of CaCl,. Following this
procedure the Ca?" in calcium-F-actin, similar to the Mg?" in
magnesium-F-actin samples, occupies the high-affinity binding
site and probably competes with the K™ for the lower-affinity
binding sites.

In the present work we explored the differences between
flexibilities of filaments polymerized from calcium-actin and
magnesium-actin by investigating separately the intermono-
mer and the intramonomer flexibilities. To examine intermono-
mer flexibilities the donor IAEDANS and the acceptor IAF are
attached to different actin protomers within the filament. The
relatively low donor ratio in these samples (compared with that
of actin without the donor) assures that there is no acceptor in
the actin filament, which is in resonance transfer with two
donor molecules (see Fig. 1B). Accordingly, in these experi-
ments one is dealing with a single donor-multiple acceptor
system (see “Materials and Methods”). In a different experi-
mental setup, the double labeling of the actin monomer makes
it possible to study intramonomer flexibility within the actin
filament. In this case it was necessary to dilute the samples
with unlabeled actin to exclude the possibility of interaction
between donor and acceptor molecules located on neighboring
protomers. Considering the atomic model of the actin filament
(49), it is very likely that the 10-fold dilution of the double labeled
actin monomers with unlabeled monomers accurately separates
the labeled monomers within the double helix of actin filaments
(Fig. 1C). The experiments designed to monitor the reversibility
of the temperature-induced changes in the fluorescence param-
eters gave evidence that the changes were reversible.

The distance between the donor (IAEDANS at Cys®’#) and
acceptor (FC at GIn*') molecules is 4.46 = 0.07 nm and 4.49 =
0.06 nm in the Ca%*- and Mg?*-loaded forms of the monomer,
respectively, indicating that the exchange of the bound cation
does not influence the relative position of the GIn*! and Cys3™
residues in the actin monomer. The data are in good accordance
with the results of Moraczewska et al. (50), who found that the
replacement of Ca®* with MgZ"* produced no essential change in
the distance between GIn*! and Cys®". These results are also in
agreement with our recent observation that the distance between
Lys®! and Cys®"* of the actin monomer is cation-independent
(51). The distance between GIn*! (Ca) and Cys®™ (Svy) residues is
4.1 nm according to the x-ray diffraction experiments (52). The
value of this parameter resolved in our experiments is somewhat
longer. The relatively small difference between the x-ray and the
fluorescence data might be due to the size of the applied fluores-
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cent probes.

The donor-acceptor distances (between residues Cys®™* and
Gln*!) in the filament at room temperature are 4.45 + 0.08 nm
and 4.59 = 0.09 nm in calcium-F-actin and magnesium-F-actin,
respectively (Table 1.), which indicates that the polymerization
does not affect significantly the donor-acceptor distance. This is
in agreement with Miki’s conclusion (53) that the small domain
in the actin monomer is substantially rigid and compact and

subdomain 2

subdomain 1

Fic. 1. A, the schematic representation of the atomic model of mono-
meric actin reconstructed according to the results of Kabsch et al. (60).
The subdomains are labeled with numbers 1-4, and the positions of the
amino acids, which were labeled to carry out the intramonomer or
intermonomer fluorescence energy transfer experiments (i.e. GIn*' and
Cys®™), are marked with dark surfaces. B and C show the simplified
picture of the actin filament. The approximated position of the labeled
monomers is shown within the actin filament in the case of intermono-
mer (B) and intramonomer energy transfer experiments (C). The circles
are representing monomers within the polymer. Capital letters within
the circles stand for the monomer with covalently attached donor (D) or
acceptor (A) molecules in the intermonomer energy transfer measure-
ments (B), and the doubly labeled monomers are also marked (DA) in
the case of intramonomer measurements (C). The ratio of the labeled
and unlabeled monomer populations in the pictures is approximately
the same as it is after the preparation procedure described under
“Materials and Methods.”

12999

only slightly sensitive to the binding of DNase I or myosin
subfragment 1 or tropomyosin-troponin or polymerization.
Above we speculate on the basis of the filament model (49) that
the 10-fold dilution of doubly labeled actin samples with unla-
beled actin diminishes the intermonomer resonance energy
transfer. The lack of the effect of polymerization on the donor-
acceptor distance implies that this assumption was correct. The
distance between the two labeled residues of the small domain
was temperature-independent in magnesium-F-actin (Table I).
This statement is apparently not true for the calcium-F-actin
(Table 1), since the value of the donor-acceptor distance shows
a decreasing tendency with increasing temperature (for discus-
sion, see below).

The cation dependence of the flexibility of the actin protomer
within the filament can be characterized by measuring the
temperature profile of the normalized transfer efficiency
(Equations 6 and 8). In experiments dealing with intrapro-
tomer interactions the temperature dependence of the relative
f" is proved to be substantially larger in calcium-F-actin than in
magnesium-F-actin between 5 and 40 °C (Fig. 2A4). The total
change of 5% in the Mg?*-saturated form faces the 30% in-
crease in the Ca®"-saturated form. The data set suggests that
the protomer structure is more flexible in the Ca®*-loaded form
of the actin filament than that in the magnesium-loaded form.
The change in the relative f’ is very similar in calcium-F-actin
to what was observed in the case of actin monomer by using a
similar donor-acceptor pair (51). Accordingly, the flexibility of
the small domain does not seem to be sensitive to polymeriza-
tion in calcium-actin. Contrary to this, the relative change of f’
is smaller in magnesium-F-actin than that in magnesium-G-
actin (51), indicating that in the Mg2*-loaded form this protein
segment is more rigid in the filament than it is in the monomer.

According to the results of intermonomer transfer experi-
ments, the change of the relative /" is larger in the calcium-F-
actin than in the magnesium-F-actin (Fig. 2B), which suggests
that the strength of the intermonomer interaction is stronger
in the Mg?"-saturated filament. By comparing the data ob-
tained in the experiments addressing intramonomer and inter-
monomer fluorescence energy transfer, one can conclude that
the intramonomer flexibility is smaller than the intermonomer
flexibility for both the calcium-F-actin and magnesium-F-actin
(Fig. 2, A and B). Considering that in intermonomer energy
transfer the contributions of the two kinds of acceptor popula-
tions (see also “Materials and Methods”) to the measured flu-
orescence energy transfer efficiency are probably similar (49),
in these experiments it is not possible to separate the flexural

TABLE I
The temperature dependence of the fluorescence quantum yield of the IAEDANS (¥yp), the Forster’s critical distance of the IAEDANS-FC pair
(R,), the transfer efficiency measured in the intramonomer transfer experiments (E), and the calculated donor-acceptor distances (R) in calcium-
F-actin and magnesium-F-actin

The S.E. of the mean are given in parentheses, except for the quantum yield where the error appears in the third digit.

[N R, E R
Temperature Ca2t Mg2+ Ca2t Mg2+ Ca2t Mg2+ Ca2t Mg2+
°C nm % nm
7 0.55 0.53 5.06 5.01 66.8 63.1 4.50 4.58
(+0.05) (+0.06) (x1.6) (*£2.0) (+0.08) (+0.08)
11 0.54 0.53 5.04 5.00 66.3 62.7 4.50 4.58
(+0.04) (+0.06) (£2.0) (£1.8) (£0.09) (£0.09)
16 0.51 0.52 4.99 4.99 66.1 62.1 4.47 4.59
(x£0.06) (£0.09) (*£2.2) (£1.5) (+0.08) (+0.07)
21 0.49 0.51 4.96 4.97 65.7 61.6 4.45 4.59
(£0.08) (£0.09) (x2.1) (x£1.5) (£0.08) (+0.09)
26 0.47 0.50 4.92 4.96 65.6 60.8 4.42 4.61
(*+0.08) (*£0.07) (*1.9) (*1.4) (%+0.08) (%+0.10)
32 0.44 0.49 4.87 4.93 65.2 60.0 4.38 4.61
(£0.06) (£0.09) (x1.7) (x1.2) (£0.10) (+0.08)
39 0.41 0.47 4.82 4.91 64.5 58.7 4.36 4.63
(x0.9) (+0.09) (x1.4) (+0.5) (+0.09) (+0.09)
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Fic. 2. A, the cation dependence of the temperature profile of the
relative 7 in F-actin resolved in the experiments dealing with intra-
monomer flexibility. The donor was IAEDANS, and FC served as an
acceptor. The actin concentration was 30—40 uM, while the labeled
actin was present at 1-3 uM. B, the temperature profile of the relative
f in calcium-F-actin and magnesium-F-actin resolved in the experi-
ments dealing with intermonomer flexibility. The value of this param-
eter was calculated from the results of experiments with the IAEDANS-
IAF donor-acceptor pair. The actin concentration was 30—40 uMm.

properties of the genetic helix and the two-started long-pitch
helix. The increase in the amplitude of the relative fluctuation
of the donor and acceptor molecules should result in an in-
crease of the mean value of the energy transfer rate constant,
<k> and therefore the measurable donor-acceptor distance,
even if the equilibrium distance between the two labels remains
unchanged (44). In the light of our present data regarding the
cation-dependent flexural properties of the filament, it seems
possible that the slight temperature dependence of the donor-
acceptor distance measured in the calcium-F-actin is partly the
result of a temperature-induced increase in the amplitude of the
relative fluctuation of the donor and acceptor molecules.

The interpretation of the results described above requires
further spectral considerations. Both the temperature- and
cation-induced changes in the shape of the emission spectra of
the donor and the absorption spectra of the acceptor are neg-
ligible (data are not shown). Accordingly, the value of the
overlap integral (Equation 5.) depends on neither the temper-
ature nor the nature of the bound cation. Therefore it cannot
contribute to the observed changes of /' in the filaments. How-
ever, the value of the /7, and hence the relative /', might depend
on the orientation factor (x2). Although this is the only param-
eter in the fluorescence energy transfer experiments which
cannot be measured properly, the measurements of the steady-
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Fic. 3. The temperature dependence of the steady-state fluo-
rescence anisotropy of IAEDANS (4), FC (B), and IAF (C) in
calcium-F-actin (filled circles) and magnesium-F-actin (open
circles). The concentration of actin was 5 uM in these experiments (see
“Materials and Methods”).

state anisotropy of both the donor and the acceptor molecules
might provide information regarding the behavior of k%. The
anisotropy of IAEDANS and FC is cation-dependent in the
actin filament (Fig. 3, A and B). The measured anisotropy
values are larger in the Mg?*-saturated form than in the Ca2"-
saturated one for both JAEDANS and FC, which can be taken
as an indication of conformational differences between the cal-
cium-F-actin and magnesium-F-actin. Interestingly, similar
cation-induced change was not observed in the case of IAF (Fig.
3C). Taking into account that both IAEDANS and IAF are
connected to the same amino acid (Cys374), the different cation
sensitivity possibly originates from the application of different
fluorophores. According to the results of Orlova and Egelman
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(54), there is a high-density bridge between the two strands of
filament when the high-affinity cation-binding sites are occu-
pied by Ca2". This density bridge was not observed in magne-
sium-F-actin. They proposed that the presence of this bridge
could be the result of the shift in the position of the C terminus.
Therefore, the cation dependence of the fluorescence anisotropy
in the case of JAEDANS and FC might reflect the cation-
induced intramolecular rearrangement of the C-terminal seg-
ment within the actin filament. Although the exact nature of
this rearrangement is not known, it seems to be possible that
the formation of the density bridge in calcium-F-actin involves
the modification of some of the connections between the C-
terminal segment and the small domain of either the same or
the neighboring protomers. The subdomain 1 (involving the
Cys®" residue) is in close contact with the subdomain 2 (which
contains the Gln*! residue) of the subsequent protomer within
the long-pitch helix (49). Accordingly, the formation of the
high-density bridge in calcium-F-actin can result in a confor-
mation where the microenvironments of the Cys3’* and the
GIn*! residues are more flexible than these microenvironments
in the magnesium-F-actin.

The temperature sensitivity of the fluorescence anisotropy of
all fluorophores is similar (Fig. 3, A-C), which suggests that the
temperature-induced change in the value of the orientation
factor is also similar in these cases. Accordingly, the change in
the k? is probably not the source of the apparent cation-depend-
ent variation in the value of the relative f’ in either the inter-
monomer or the intramonomer energy transfer experiments.
All these data allow the conclusion that both the intramonomer
and intermonomer flexibilities are larger in calcium-F-actin
than in magnesium-F-actin. Furthermore, the results of the
steady-state anisotropy measurements support the conclusion
that the microenvironments of the GIn*! and Cys®™* residues are
more rigid in the magnesium-F-actin than in the calcium-F-actin.

The bending and torsional flexibility of calcium-F-actin was
found to be smaller (21) or similar (28—31) to that of magnesi-
um-F-actin. However, we have shown here and in our previous
work (26) that the flexibility characteristic for intramolecular
motions on a nanosecond time scale is larger in calcium-F-actin
than in the Mg?*-saturated form of the filament. We have
suggested (26) that the apparent conflict could be resolved con-
sidering that the methods applied in our experiments and those
used in the cited articles (21, 28—31) provide information about
intramolecular motions on a substantially different time scales.

The structure of the magnesium-F-actin can be taken as a
model of the thin filament in the relaxed state. The changes in
the actin-associated layer lines in x-ray diffraction pattern
during muscle activation (56, 57) and the differences of the
layer lines observed between magnesium-F-actin and calcium-
F-actin (54) are similar. Relying on these data Egelman and
Orlova (58) proposed that the structure of the calcium-F-actin
was corresponding to the thin filaments in the activated state.
It is very likely that due to the slow exchange of the tightly
bound divalent cation in actin the replacement of Mg?" by Ca2™"
does not occur under physiological conditions (47). Accordingly,
Egelman and Orlova (58) concluded that the activated state of
the thin filament was probably induced by the binding of my-
osin. One might assume that the similarity of the structure of
calcium-F-actin and the structure of the F-actin in the acti-
vated thin filaments can extend to intramolecular dynamic
events occurring on a nanosecond timescale. Thus, considering
that actin-myosin interaction can possibly utilize the strain
energy stored in actin filaments (59), the divalent cation-de-
pendent changes in the intramolecular flexibility described in
this study might be important in the efficient energy transduc-
tion of the muscle contraction.
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SUMMARY: : The fluorescence resonance energy transfer parameter f, is defined as the efficiency of the energy
transfer normalized by the quantum yield of the donor in the presence of acceptor. It is possible to characterize
the flexibility of the protein matrix between the appropriate fluorescent probes by monitoring the temperature
dependence of f. The inter-monomer flexibility of the Ca-actin and Mg-actin filaments was characterized by using
this method at pathological (pH 6.5) and physiological (pH 7.4) pH values. The protomers were labeled on Cys®*
with donor (IAEDANS) or acceptor (IAF) molecules. The temperature profile of f suggested that the inter-
monomer flexibility of actin filaments was larger at pH 7.4 than pH 6.5 in both the calcium and magnesium
saturated form of the actin filaments. More rigid inter-monomer connection was identified at both pH values
between the protomers of Mg-F-actin compared to the Ca-F-actin. Our spectroscopic results suggest that the
altered function of muscle following the change of pH within the muscle cells under physiological or pathol ogical

conditions can partly be a consequence of the modified dynamic properties of the actin filaments.

Keywords: muscle, cations, protein flexibility, protein dynamics, fluorescence resonance energy transfer.



INTRODUCTION

The dynamic properties of the actin filament have been widely investigated since it was discovered and
named by Straub in 1942 (Straub, 1942). He proposed that the actin filament was an active and essential part of the
muscle function. This statement was supported by alarge number of experiments proving that the dynamic and/or
conformational properties of actin filaments may play an important role in the force generation (Prochniewicz &
Y anagida, 1990; Rayment et al ., 1993). The better understanding of the relationship between the flexibility and the
function of actin filaments seemsto be important to describe the molecular details of the muscle contraction under
physiological and pathological conditions.

The pH can change within the muscle cells under physiological and pathological conditions as well (Edman
& Mattiazzi, 1981; Metzger & Fitts, 1987a; Metzger & Fitts, 1987b; Mohabir et al., 1991; Renaud et al., 1986;
Stevens, 1980; Thompson et al., 1992a; Thompson et al., 1992b; Thompson & Fitts, 1992). In skeletal muscle cells
the pH can decrease physiologically during intense exertion. This change of the pH can be a definitive mark of the
fatigue accompanied by a reduced mechanical performance (Edman & Mattiazzi, 1981; Metzger & Fitts, 1987a;
Metzger & Fitts, 1987b; Renaud et al., 1986; Stevens, 1980; Thompson et al., 1992a; Thompson et al., 1992b;
Thompson & Fitts, 1992). The reduced pH value is considered to be caused by the continuous and increased
ATP hydrolysis and the shift of the cellular energy production from the aerobic to the anaerobic way (Bailey et
al., 1982; Bailey et al., 1981; Garlick et al., 1979; Wolfe et al., 1988). Besides the decreased effectivity of the
energy production, the involvement of the lower pH in the development of the reduced function is not apparent
yet. In heart muscle cellsthe pH decreases as a pathol ogical sign of ischemic heart diseases(Mohabir et al., 1991).
The decrease of the intracellular pH affects both the intercellular and sub-cellular properties of the heart muscle
cellsaswell.

The change of the pH influences the regulatory proteins within the skeletal muscle cells (Bers & Ellis, 1982;
Orchard & Kentish, 1990). On the other hand, Orchard and Kentish suggested that the decreased intracellular pH
can have adirect effect on the cross bridges as well resulting in a decrease in the maximal force generation during
the intracellular acidosis (Orchard & Kentish, 1990). In agreement with this conclusion the reduced intracellular
pH was shown to increase the stiffness of the myocardium (Renaud et al., 1986), which could probably due to the

altered interactions between the actin and myosin molecules (Krayenbuehl et al., 1989). Kron and his colleagues



investigated the effect of pH on the performance of the acto-myosin complex (Kron & Spudich, 1986). While
investigating the movement of the actin filaments on a glass surface covered by myosin, they found that the
mobility of the actin filaments diminished when the pH of the buffer decreased to 6.5. The filaments recovered
from this immobile state and moved again as the pH increased up to 8.5. Beyond this pH value the vel ocity of the
filament movement decreased again. These findings were independent of the quality of the different buffer
solutions. Although the pH can have an effect on the myosin, these data can raise the question whether the pH
of the environment can have an influence on the performance of the acto-myosin complex through the actin
molecules. The different H" concentrations have a direct impact on the actin molecules. The lowered pH can
enhance the polymerization of actin molecules (Straub, 1942). Zimmerle and Frieden showed that the change of pH
influenced the conformation and metal affinity of G-actin (Zimmerle & Frieden, 1988b) and raised the possibility of
the dynamical differences of actin at different pH values. They found that the binding of calcium at the high-
affinity cation-binding site was ten fold tighter when the pH decreased from 8 to 6. The rate of dimerization, which
is one of the initial steps of actin polymerization, is higher at lower pH values while the critical concentration is
lower at decreased pH values (Wang et al., 1989; Zimmerle & Frieden, 1988a). All these results support the
hypothesis that the effect of different pH values on the dynamic and conformational properties of actin can play
an important role in abnormal muscle functions. The major goal of this study was to provide further information
on this subject.

On the other hand the cation dependence of the flexibility of actin filaments was studied as well. Although it
is thought that the F-actin is saturated in vivo with magnesium ions in the muscle cells (Estes et al., 1992) there
are alot of data accumulated about the dynamic and conformational properties of the Ca-F-actin as well (Carlier,
1991; Hildet al., 1998; Miki et al., 1982a; Miki et al., 1982b; Nyitrai et al., 1999; Orlova & Egelman, 1995). It was
found that the torsional and bending flexibility of the actin filaments polymerized in the presence of calcium ions
is smaller compared to Mg-actin filaments (Orlova & Egelman, 1993; Yasuda et al., 1996). Orlova and Egelman
proposed that Ca-actin filaments are similar to the actin in the activated form of the thin filaments, while the Mg-F-
actin can be taken as arelaxed form of it (Egelman & Orlova, 1995). Using spectroscopic methods we found that at
pH 8.0 the intraamonomer and inter-monomer flexibility within the Ca-F-actin was greater compared to the Mg-F-
actin (Hild et a., 1998; Nyitra et d., 1999). The apparent conflict between these results could be resolved

considering that the methods applied in our previous experiments (Hild et a., 1998; Nyitrai et a., 1999) and those



used in the cited articles(Orlova & Egelman, 1993; Yasudaet a., 1996) provides information about intramolecular
motions on a considerably different time scales. The present FRET experiments provided further evidences that
filaments of Ca-actin are more flexible than those of Mg-actin at either pH 7.4 or pH 6.5.

Our present spectroscopic results indicate that the flexibility of the actin filamentsis larger at pH 7.4 than at
pH 6.5 in both Ca- and Mg-F-actin as well. In previous works it was shown that the flexibility of actin filaments
decreased as a result of cross-linking GIn** and Cys™ residues on neighboring monomers with N-(4-azido-2-
nitrophenyl)putrescine (Hegyi et al., 1998; Kim et al., 1998a; Kim et al., 1998b). These filaments lost their ability to
move in the in vitro motility assay as well. Prochniewicz and Y anagida found the same effect of the cross-linking
molecules on the mobility of actin filaments on a surface covered by heavy meromyosin (Prochniewicz &
Y anagida, 1990). These observations and our present results may help to interpret the role of the altered dynamic

properties of the actin filamentsin different physiological and pathological conditions.



RESULTS AND DISCUSSION

To characterize the effect of pH on the inter-monomer flexibility of Ca- and Mg-F-actin, temperature
dependent FRET experiments were performed at pathological (pH 6.5) and physiological (pH 7.4) pH values. The
actin filaments were |abeled on the Cys™ by either donor (IAEDANS) or acceptor (IAF) molecules (Fig. 1.).

Since the extent of labeling with the acceptor was less than 1 in our experiments, we had to take into account
the presence of the donor molecules in the samples, which did not have a fluorescence energy transfer pair. Due
to the fact that the ratio of labeling with IAF was 0.52, the probability of the presence of a monomer not labeled
with an acceptor molecule was 0.48. Therefore, the possibility of not having a fluorescent acceptor of the four
closest monomers around a donor was 0.05 (0.48%. Accordingly, we considered that the effect of the actin
monomers labeled by donor, which did not have an acceptor pair was negligible in the interpretation of the
fluorescence measurements.

The FRET efficiency was calculated by using the fluorescence quantum yield of the donor measured in the
presence and the absence of acceptor molecules (Eq. 2.). The f was calculated from the FRET data at the applied
pH val ues on temperatures ranging from 6 to 34 °C (Eqg. 6.). Prior to these cal cul ations it was necessary to consider
some spectral parameters. Because of the spectral properties of the fluorescent donor and acceptor molecules, the
overlap integral of the emission spectra of the donor and the absorption spectra of the acceptor were not
constant during these measurements. The change of the overlap integral can influence the temperature profile of
thef(Eg. 6.). In order to eliminate this effect we normalized the f values by the overlap integral (J) determined at
different temperatures and pH values for both forms of the actin filaments. Throughout this article these corrected
values of f have been applied. During the analysis we monitored the relative changes of f, which is the actual
value of f normalized by its value at the lowest investigated temperature. Furthermore, the f depends on the
orientation factor (k) aswell (Eq. 6.) Unfortunately, thereis no experimental way to determine the exact value of K
? (dos Remedios & Moens, 1995). The fact that the results of FRET experiments are in very good agreement with
the distances calculated on the basis of X-ray diffraction data suggests that in these FRET experiments the effect
of the orientation factor can usually be taken as negligible (dos Remedios & Moens, 1995). This conclusion is

further supported by theoretical considerations indicating that the effect of the change induced by the



temperature in the donor-acceptor distances dominates that of the orientation factor in temperature dependent
FRET experiments (Somogyi et al., 1984).

Two major molecular mechanisms are responsible for the temperature dependence of f. The first is that the
change induced by the temperature in the equilibrium distance (R) between the donor and acceptor may have a
substantial effect on the temperature profile of f and can reflect conformational transition within the protein matrix.
In such a case the temperature profile of f might show transition to another curve of the plotted f data, in other
wordsa“break” initsslope. The second is that the changes of the temperature alter the relative fluctuation of the
fluorophores around an equilibrium donor-acceptor position as well. While the temperature is increasing, the
amplitude of this fluctuation is expected to increase monotonously the value of f without causing any definite
“break” on the slope of its temperature profile (Somogyi et a., 1984). By using the same donor-acceptor pair, the
slope of the temperature profile of the f is steeper in a more flexible form of the protein if the presence of mgjor
conformational changes can be excluded (Nyitrai et al., 1999; Somogyi et al., 1984).

The change of the relative f was smooth in all cases, which suggests that there was no conformational
transition induced by the temperature in the actin filaments during the measurements. At pH 7.4 the relative
change of the f of Mg-F-actin showed a continuous increase up to 112 % over the whole temperature range, while
at pH 6.5 it isremained in the range of the standard deviations at around 100 % (Fig. 2.). The relative change of f
parameters indicates a more flexible protein matrix between the fluorescent donor-acceptor pairs at higher pH
values. This conclusion is further supported by our previous results according to which at pH 8.0 the value of the
relative f characteristic for the inter-monomer flexibility increased up to 130 % over the same temperature range in
Mg-F-actin (Nyitrai et a., 1999).

In this study the effect of pH was characterized in the presence of calcium ions as well. In the case of Ca-F-
actin the relative f showed increasing tendency at pH 6.5 up to 139 %. At pH 7.4 therelative f reached its maximum
value of 167 % at 34 °C (Fig. 3.). Accordingly, the increased inter-monomer flexibility was also detected in the case
of Ca-F-actin at higher pH value.

Not only the difference induced by the pH in the dynamic properties of the protein matrix was identified
during these measurements but the difference between the flexibility of the actin filaments saturated with calcium
or magnesium ions as well. It was already shown that the inter-monomer flexibility of the F-actin was greater if the

filament was saturated with calcium ions compared to that of the Mg-F-actin at pH 8.0 (Nyitrai et a., 1999). In the



present experiments change induced by the temperaturein the relative f was larger when the actin bound calcium
than magnesium at either pH 6.5 or pH 7.4. These observations support our previous conclusion that the inter-
monomer flexibility of Ca-F-actin is greater than that of Mg-F-actin (Nyitrai et a., 1999).

Intherelative f parameters the difference induced by the pH was greater in Ca-F-actin than in Mg-F-actin. In

the case of Ca-F-actin the greater effect of the pH might also indicate asmaller dynamic variability of the Mg-actin

filaments.



CONCLUSIONS

Our data demonstrate that the lower intracellular pH can produce an altered and morerigid structure of actin
filaments. The dynamic and conformational properties of actin are important for the proper interaction of the actin
filament and myosin, and thus the alteration of this flexibility might result in inappropriate acto-myosin
connections. It seems reasonable to assume that the stereo-specific interaction between the actin and the actin-
binding site of the myosin head requires the proper conformational and motional freedom of the actin filaments.
When these properties of actin filaments deviate from the optimum the interaction is probably modified, and
therefore the force generation process is influenced as well. Considering that the pH can decrease within the
muscle cells under physiological or pathological conditions it seems to be likely that the inappropriate
performance of muscle contraction is attributed, at least partly, to the modified dynamic properties of the actin
filaments as well. Accordingly, the present results give a possible approach to understand the molecular basis of

the inadequate work of the muscle cells under physiological and pathological conditions.



MATERIALSAND METHODS

Chemicals

KCI, MgCl,, CaCl,, NaOH, KOH, Tris, IAEDANS, quinine (hemisulfate salt), DMF and EGTA were obtained
from SIGMA Chem. Co. (St. Louis, MO, USA). IAF was purchased from Molecular Probes (Eugene, OR, USA).
ATP and MEA were obtained from MERCK (Darmstadt, Germany) and NaN; was purchased from FLUKA

(Switzerland).

Protein preparation

Acetone—dried powder of rabbit skeletal muscle was obtained as described earlier (Feuer et al., 1948) and
actin was prepared according to the method of Spudich and Watt (Spudich & Watt, 1971). The actin was stored in
a2mM Tris / HCI buffer containing 0.2 mMM ATP, 0.1 mM CaCl, and 0.005 % NaNs, pH 8.0 (buffer A) during the
preparations and the labeling procedures. During the measurements the buffer contained 4 mM MOPS, 0.2 mM
ATP, 0.1 mM CaCl,, 0.5 mM MEA, 0.005 % NaN; and the pH was adjusted to 6.5 or 7.4. The actin concentration
was determined with a Shimadzu UV-2100 spectrophotometer by using the absorption coefficient of 0.63 mg ml’
L emi* at 290 nm for actin monomer (Houk & Ue, 1974) with a relative molecular mass of 42.300 Da (Elzinga et al.,
1973). In the case of the actin monomers, labeled by IAEDANS or |AF, the measured absorbency at 290 nm was
corrected for the contribution of fluorescent labels. We used the A**™ =0.35xA**™ for the bound IAEDANS

at both pH and A?*™ =027 x A®*™ at pH 6.5 or A*°™ =023 x A**™ at pH 7.4 for the bound IAF.

Fluorescent labeling of the samples

Labeling of the Cys™™ residue with IAEDANS was performed in buffer A as described earlier (Miki et al.,
1987). Actin filaments (46 nM) were incubated with tenfold molar excess of IAEDANS for 1h at room temperature.
The IAEDANS was dissolved in DMF and diluted with the appropriate buffer before being added to the protein
solution. Adding MEA to the final concentration of 1 mM stopped the labeling procedure. After the labeling
procedures the samples were centrifuged for 2 hours at 100.000 g at 4°C. The pellet was homogenized and
dissolved in the appropriate MOPS buffer, and then dialyzed against this buffer for at least 12 hours.

In separate samples Cys*™ was labeled in buffer A with IAF in the following way: monomeric actin (46 M)
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was mixed with atenfold molar excess of IAF. |AF was dissolved in 0.1N NaOH and added to the actin solution at
room temperature while the pH was kept constant. The incubation was carried out at room temperature in the first
4 hours and then the temperature of the sample was decreased to 4 °C for the next 8-12 hours. After incubation the
actin was polymerized for at |east one hour at room temperature and centrifuged at 100.000 xg for 2 hours at 4°C.
The pellet was treated in away similar described in the case of |abeling with IAEDANS.

The concentration of the IAEDANS in the protein solution was determined by using the absorption
coefficient of 6100 M *cm* at 336 nm at either pH 6.5 or 7.4 (Hudson & Weber, 1973). The appropriate values of
the absorption coefficients for |IAF were determined by means of the work of Takashi (Takashi, 1979).
Accordingly, the absorption coefficients of 60000 M e at 495 nm at pH 7.4 and 49800 M ‘cmi* at pH 6.5 at

485 nm were used. In the samples the extent of labeling with IAEDANS and IAF was 0.90 + 0.13 and 0.59 + 0.11.

Sample preparation and polymerization

The Ca-F-actin was polymerized from the monomeric Ca-actin by adjusting the calcium concentration in the
solution to 2 mM and the KCI to 100 mM. The samples were polymerized overnight at 4 °C.

During the preparation of Mg-F-actin filaments the first step was the preparation of Mg-actin monomers by
the method of Strzelecka-Golaszewska and her co-workers (Strzelecka-Golaszewskaet al ., 1993). EGTA and MgCl,
were added to the protein solution to set the final concentrations of 0.2 mM and 0.1 mM, respectively. During the
10 minute long cation exchange procedure the samples were stirred at room temperature. Polymerization of Mg-G-
actin was started by adding KCl and MgCl, to the samples to adjust the concentrations to 100 mM and 2mM,
respectively. The samples were incubated at room temperature for at least 1 hour and then measured within one
day after the preparation procedures.

While studying inter-monomer flexibility, we mixed the solutions of the actin monomers labeled by the donor
(IAEDANS) or the acceptor (IAF) to obtain the molar ratio of 1: 10 or less between the concentration of actin
monomers labeled by the donor and the total actin concentration. After the appropriate mixtures of the actin
monomers were obtained the polymerization process was started. The concentration of actin, IAEDANS and |AF

were 23 nM, 2.3 nM and 12 nM during the measurements of f.

Fluorescence experiments
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The steady-state fluorescence measurements were made with a Perkin Elmer LS50B Luminescence
Spectrometer equipped with a thermostated sample holder flushed with dry air against the water condensation.
The excitation wavelength for IAEDANS was 350 nm. The optical slits were set to 5nm in the excitation light
paths and 3.5, 5 or 6 nm on the emission side. In order to exclude the emission of the acceptor molecules during
the FRET measurements we detected the IAEDANS fluorescence emission over the range of 400-460 nm. During
the measurements of the overlap integral we recorded the fluorescent spectra of the donor molecule on the range
of 350-700 nm. The fluorescence spectra were corrected with the absorption spectra of the same sample by using
the following equation:

Feorr = Fobs @ntilog ( ODgy + ODen, ) (@
where F,, and F,; are the corrected and measured fluorescence intensities, and OD, and OD,,, are the optical

density of the sample on the excitation and the emission wavelengths.

Theoretical considerations
The efficiency of FRET (E) can be determined by using the following equation:

E=1-(fon/fo) @
wherefp, and fp are the quantum yield of the donor in the presence and in the absence of the acceptor. On the
other hand the FRET efficiency is defined as:

E=Kk¢/ (Ke+Ki+Ko) ©)
where k; is the rate constant of the energy transfer, k; is the rate constant of the donor emission and kg is the
summarized rate constant of the other non-radiative processes de-exciting the donor molecules. The energy
transfer rate constant (k) can be calculated asfollows:

(=dIn*k R°K? @)
where d is a constant depending on the units applied in the expression, J is the overlap integral between the
emission spectra of the donor and the absorption spectra of the acceptor, n is the refractive index of the medium
between the donor and acceptor, R is the distance between the two fluorophores, and k is the orientation factor.
During our calculationswe used 1.4 for nand 2/ 3 for k2

Theoverlap integral (J) can be calculated as:

J=0Fo( )ea() “dl /0Fo(1 )dl ®)
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where Fp(l ) is the fluorescence emission spectra of the donor molecules and e (1) is the absorption spectra of the
acceptor molecule as afunction of wavelengths (1).

The FRET parameter f , was defined as the ratio of the FRET efficiency to the quantum yield of the donor
measured in the presence of the acceptor (Somogyi et al., 1984). This parameter is proportional to the mean of the
rate constant that is characteristic of the FRET. The fis related to the spectral parameters of the applied donors
and acceptors and also to the conformational and dynamic properties of the investigated system through the
following expression (Somogyi et a., 1984):

f=E/foa=dn*J{R°k % (6)
It is possible to obtain information regarding to the different forms of protein with respect to the protein

conformation and flexibility (Somogyi et a., 1984) by monitoring the temperature dependence of f.
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ABBREVIATIONS

FRET: fluorescence resonance energy transfer;

IAEDANS: N-(((iodoacetyl)amino(ethyl)-5-naphthylamine-1-sulfonate;
IAF: 5-(iodoacetamido)fluorescein;

EGTA: ethyleneglycol-bis-(b-aminoethyl-ether)N,N,N’,N’ -tetraacetic acid;
MEA: b-mercaptoethanol;

DMF: dimethyl formamide;

NaNs: sodium azide;

TRIS: tris-(hidroxy-methyl)amino-methane;

MOPS: 3-(N-morpholino)propanel sulfonic acid;

ATP: adenosine-5’ -triphosphate;
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Figure 1.: Schematic representation of the actin. The actin subdomains and the
approximated position of Cys®™, which was labeled by the fluorophores in this study,
are indicated in the structure of actin monomer. The presentation of the actin filament
shows a possible arrangement of protomers during the measurements of the inter-
monomer flexibility of actin filaments at different pH values. The figure was
constructed using the atomic coordinates of the actin monomer (Kabsch et al., 1990)
from the Brookhaven Protein Data Bank (file 1ATN).
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Figure 2.: The temperature profile of relativef of Mg-F-actin
calculated from the FRET data calculated at pH 7.4 (filled circles)
or at pH 6.5(filled squares).
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Figure 3.: The temperature profile of relativef of Ca-F-actin
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