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1. Uvod

Moderni metody molekularni biologie a sekvena¢ni projekty ptinasi velké mnozstvi
informaci o genetickém zakladu biologickych procest. Z téchto vysledki je ovSem ziejmé, Ze
pouze samotnd znalost sekvence DNA ndm nezodpovi veskeré otazky tykajici se Zivotnich
d&jt v zivém organismu. V posledni dobé se ukazuje, Ze epigenetické modifikace a lokalni
DNA struktury se vyznamné podileji i na zékladnich biologickych procesech a na udrzovani

bunécné stability.

1.1. Lokalni struktury DNA

Lokalni struktury DNA byly popsany u vSech zivych organismii [1]. Topologie DNA
hraje dulezitou ulohu v mnoha biologickych procesech jako regulace replikace, transkripce,
rekombinace, kontroly genové exprese, organizace genomu atd. [2]. Negativni superhelicita
DNA mize stabilizovat a indukovat vznik riiznych konformacénich zmén DNA. Bylo ukézéno,
ze vazba celé fady proteinli na DNA je zavisla na nadSroubovicovém vinuti molekuly DNA.
Lokalni struktury DNA jsou také velmi Casto piimo specificky rozeznavany riznymi proteiny
[3]. V zavislosti na superhelicité, sekvenci DNA a interakci proteinti s DNA mohou vznikat
v molekulach DNA rtzné lokalni struktury, jako jsou naptiklad kiizové struktury, levotociva

DNA, triplexy a kvadruplexy [2, 4, 5].

1.1.1. K¥iZové struktury

Vznik kiizovych struktur je zavisly na sekvenci nukleotidii a pro vytvofeni kiizové
struktury je nutnd pfitomnost uplné ¢i ¢astecné inverzni repetice Sesti nebo vice nukleotidi [6,
7]. Inverzni repetice se vyskytuji nendhodné¢ v DNA vSech zivych organismil, zejména
v promotorovych oblastech, v mistech iniciace replikace aj. Kiizové struktury mohou
ovlivitovat stupeni superhelicity DNA, tvorbu nukleozémti a vznik dalSich lokélnich struktur
v DNA [8, 9]. KfiZové struktury maji n€¢kolik strukturnich elementti, které mohou byt cilem
pro interakci s proteiny. Bylo ukazéno, ze mnoho proteini se vaze ke kiizovym strukturdm a
rozpoznava prekiizeni DNA, Ctyfcestné spojeni DNA fetezcl ¢i jednofetézovou smycku a
ohyby DNA (obrazek 1). Strukturni zmény v chromatinové DNA se objevuji zaroven pii

procesech, které vyzaduji uvolnéni fetézcl z dvousroubovicové struktury, vcetné procest
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replikace a transkripce DNA [8]. Pti téchto procesech dochazi k relaxaci napéti molekul DNA
za vzniku alternativnich DNA struktur [10, 11]. Superhelicita DNA ma velky vliv na genovou
expresi. U E. coli bylo ukazano, Ze exprese genll miZe byt rychle a vyznamné ovlivnéna
superhelicitou [12]. Ktizové struktury jsou dulezité regulatory biologickych procest [2, 7].
Kromé nadsroubovicového vinuti je formovani kiizové struktury ovlivnéno také teplotou,
délkou repetic a sloZzenim bazi v repeticich, zejména v mistech pocatecniho pteruseni
vodikovych vazeb [13]. Sekvence vhodné pro tvorbu kiiZovych struktur se vyskytuji Casto
pobliz pocatki replikace, promotorti a dalSich regulacnich mist, coz naznacuje vyznam tvorby

ktizovych struktur na regulaci replikace a transkripce [8, 14].

Krizova struktura
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Obrazek 1: Schéma kriZové struktury ze sekvence z promotoru genu p2l. Inverzni

repetice v sekvenci je zvyraznéna barevné, upraveno dle [3].

Tvorba ktizovych struktur in vivo byla ukazéna jak u prokaryot, tak u eukaryot,
nckolika metodikami. Jako prvni byla kiizova struktura popsdna u plazmidi, kde negativni
superhelicita stabilizuje tvorbu kiizové struktury. Plazmidy s negativnim nadSroubovicovym
vinutim obvykle obsahuji kiiZovou strukturu in vitro i in vivo [15]. Delece sekvence tvofici
ktizové struktury v misté ori vede k redukci nebo nemoznosti replikace [16]. Podobn¢ delece
domény pro vazbu na kiizovou strukturu proteinu 14-3-3 vede ke snizeni vazby na pocatky
replikace a mé vliv na iniciaci replikace u kvasinek [17]. K izolaci mist obsahujicich kiizové

struktury byly uspéSn¢ pouzity monoklondlni protilatky proti kiizovym strukturam [18].
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Stabilizace kiizovych struktur pomoci monoklondlnich protilaitek 2D3 a 4B4 se specifitou
k témto strukturam vedla ke dvou az Sestindsobnému zvyseni replikace in vivo [19]. Bylo také
ukazano, ze protein 14-3-3c je asociovan s pocatky replikace a podobné jako analog tohoto
proteinu S.cerevisiae se vaze na kiizové struktury v DNA [20, 21]. Pomoci cilené mutacni
analyzy bylo demonstrovano, ze vytvoteni kiizové struktury je potfebné pro regulaci genové
exprese [22], a vznik kiizovych struktur v promotorové oblasti koreluje se zvySenim
transkripce u uritych genil [23]. Hypo-metylace inverznich repetic ukazuje, ze kiizové
struktury jsou hiife ptistupné k metylazam [24]. Tyto vysledky dokazuji dilezitost kiizovych

struktur a na jejich vyznamny podil pfi regulaci bunéénych procest.

1.1.2. Triplexy

Triplexy, jak uz ndzev naznacuje, jsou tvofeny ze tii fetézcl nukleovych kyselin a
obsahuji sekvencni bloky homopyrimidini nebo homopurinii. Bdze v triplexové DNA jsou
jednak sparovany Watson-Crickovym parovanim, ale navic i Hoogstenovym parovanim [25].
Dle typu bazi, které triplex zahrnuje, mizeme triplexy rozdélit na Y'R'Y (kde Y je pyrimidin
a R je purin) a Y'R'R [25]. Triplexy typu Y'R'Y jsou obvykle tvoteny triddami bazi T"A'T a
C-G'C. U triplexti tohoto typu je nutnd protonace cytozinu a vznikaji pouze pfi niz§im pH,
oznacuji se také jako H-DNA [26]. Dle poctu molekul, které tvoii triplex, mizeme triplexy
rozdélit na intermolekuldrni (vznikaji mezi riznymi molekulami DNA) a intramolekularni
triplexy (vytvaii se v ramci jediné molekuly DNA). U intramolekularnich triplext dochazi pti
jejich tvorbé ke vnofeni jednoho z fetézcl otoCen¢ho o 180 ° do velkého zlabku. Vysledna
struktura tak obsahuje jednak triplexovou DNA, ale i nesparovany ctvrty fetézec, a dale také
kratky jednotetézovy usek tfetiho fetézce mezi triplexem a duplexem [27]. Triplexové motivy
se vyskytuji Castéji u eukaryot nez u prokaryot a jsou lokalizovany napiiklad v intronech,
promotorech a 5° a 3 nepiekladanych oblastech celé fady dulezitych gena [28]. V lidskych
bunécnych liniich byla pfitomnost triplexti detekovana pomoci monoklondlnich protilatek [29,

30].
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Obrazek 2: Schéma triplexové struktury, upraveno dle [31].

Triplexova DNA muze blokovat n¢které zékladni biologické procesy, naptiklad H-
-DNA struktura in vitro efektivné blokuje 7ag DNA polymerdzu [32]. Nicméné bylo také
ukazéano, ze H-DNA zpisobuje in vivo zastaveni replikace a zvySeni tvorby jednofetézcovych
zlomu [33].

1.1.3. Kvadruplexy

V posledni dob€ je intenzivné zkoumana také kvadruplexovd DNA. Kvadruplexy
mohou vznikat jak z DNA, tak z RNA molekul, zejména v oblastech bohatych na guanin (G-
-kvadruplexy, obrazek 3) a cytozin (i-motivy), nicméné tvorby kvadruplexii se mohou ucastnit
1 ostatni nukleotidy. Nejcastéjsi a nejlépe prozkoumanou skupinou kvadruplexti jsou ovSem
G-kvadruplexy, které jsou typické napiiklad i pro lidské telomerni sekvence. Negativni néboj
v centru G-kvadruplexu je neutralizovan obvykle sodikovym ¢i draslikovym iontem (obrazek

3) [34] a stabilita a uspotadani kvadruplexu jsou zavislé na celé fad¢ faktort [35].
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Obrazek 3: Schéma Hoogstenova parovani v G-kvadruplexu. Tetrada guanin

(zvyraznéno barevné) je stabilizovana iontem kovu (M+), upraveno dle [36].

Dle poctu molekul, které kvadruplex tvofi, je mizeme rozdé€lit na intramolekulérni a
intermolekularni, a mohou byt tvofeny jak jednou molekulou NA, tak dvéma ¢i Ctyfmi
molekulami NA (obrazek 4) [37]. Dle orientace zucastnénych fetézcti se G-kvadruplexy dale
rozd€luji na paralelni a antiparalelni. Zatimco RNA kvadruplexy se tvofi preferencné
v paralelni konformaci, DNA kvadruplexy mohou mit jak paralelni tak antiparalelni
uspofadani, a v zavislosti na experimentalnich podminkdch mohou pifechazet zjedné
konformace do druhé. Velka variabilita G-kvadruplext je ovliviiovana: koncentraci soli,
umisténim a délkou smycky, ktera ke kvadruplexové struktute ptiléha, pritomnosti nukleotida

a také poctem tetrad, které kvadruplex tvofi.
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Obrazek 4: Schéma tvorby kvadruplexii z rizného poctu retézcit DNA, zelené jsou

znazorneny tetrady guaninii, Seda reprezentuje cukr-fosfatovou kostru, upraveno dle [36].

Asociace guaninu byla pozorovana uz na konci 19. stoleti, nicméné krystalograficka
studie ukazala uspofadani do G-kvartetu poprvé vroce 1962 [38]. Jednou z nejdiive
objevenych a charakterizovanych kvadruplexovych sekvenci byla lidska telomerova sekvence
[39]. Nicméné posléze byla popsana ptitomnost oblasti bohatych na guanin s moznosti tvorby
kvadruplexti v celé tad¢ sekvenci, v€etné v promotorech nékterych onkogenli, a moznost
tvorby G-kvadruplexi byla prokézéna in vitro. Sekvenaéni data v soucasnosti umoznuji
analyzu celych genomt na pfitomnost sekvenci s potencidlem tvorby kvadruplexti. Existuje
nékolik programii pro tuto predikci [40—42]. Pomoci téchto algoritmt bylo ukazano, ze
v lidském genomu je ptiblizné 376 000 sekvenci s potencidlem tvorby G-kvadruplexu [43].
Kromé telomerovych oblasti jsou tyto sekvence casto lokalizovany v promotorovych

oblastech onkogentl.
Struktura mnoha potencidlnich kvadruplext byla charakterizovana pomoci NMR, X-

-ray (obrazek 4) a CD spektroskopie. Tyto metodiky potvrdily moZnost oligonukleotidovych

fetézcu tvorit kvadruplexové struktury in vitro.
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Obrazek 5: Struktura G-kvadruplexu v miste NHE Il regionu lidského c-Myc
promotoru (PDVid: 1XAV), A — pohled zboku, B — pohled zespodu. Oranzova predstavuje
cukr-fosfatovou kostru, guaninové baze formujici tetrady jsou lokalizovany ve stredu,

upraveno dle [36].

Pro diikaz existence kvadruplext in vivo se v soucasnosti pouzivaji dva zakladni
pristupy. Diky specifické struktufe kvadruplexu byly charakterizovany ligandy, které jsou
schopny selektivni vazby ke kvadruplexové struktufe [44]. Napiiklad molekula TMPyP4
(tetra-(N-methyl-4-pyridyl)porphyrin) byla popséna jako molekula, kterd se vaze specificky
na telomerni kvadruplexy a reguluje telomerazovou aktivitu [45], dale také sniZzuje expresi c-
-Myc genu a demonstruje tak pritomnost kvadruplexu v promotorové oblasti c-Myc genu [46].
Dalsim piikladem je fluorescenéni marker BMVC [3,6-bis(1-methyl-4-vinylpyridinium)
carbazole diiodide], ktery se také vaze specificky ke kvadruplexové DNA se specifickym
emisnim maximem pii vazbé na kvadruplex (575 nm) oproti fluorescenci pii interakci
s dvoutetézcovou DNA (545 nm). Pomoci fluorescenéni mikroskopie byla lokalizovana
BMVC fluorescence v oblasti telomer [47]. Dalsi diikazy ptitomnosti kvadruplexové DNA
invivo vyuzivaji specifické protilatky [48-50], prvni protilitka se specifitou
ke kvadruplexové DNA hf2 ma dle testii nejméné 100x vétsi afinitu ke kvadruplexové DNA
oproti dvouretézcové DNA [48]. BG4 je dalsi z protilatek se specifitou ke kvadruplextim,
ktera byla charakterizovdna pomoci techniky ELISA. Rozpoznava jak DNA, tak RNA
kvadruplexy, pomoci fluorescenéni mikroskopie byla v buiikkach lokalizovdna zejména
v telomerickych oblastech a zvySené mnozstvi bylo detekovano také v jadie v pribéhu

replikace [51].
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1.1.4. Levoto¢iva DNA

Oproti kanonické B-DNA, Z-DNA je levotociva forma dvousroubovice, ve které jsou
baze témét kolmo vzhledem k cukrfosfatové kostfe, kde se stfidd syn a anti konformace
(zigzag pattern). Z toho divodu je tvorba Z-DNA omezena na sekvence, ve kterych se stfidaji
purinové a pyrimidinové sekvence, nejcastéjsi vhodné sekvence opakovani CG a AC bazi. Z-
-DNA je nestabilni za standardnich fyziologickych podminek a jeji tvorba in vitro vyzaduje
vysoké koncentrace iontl, poprvé byla struktura demonstrovana v roztoku 4M NaCl [52].
Tvorbu Z-DNA mohou zprostiedkovat vysoka iontova sila, negativni nadSroubovicové vinuti,
vazba proteinli, chemické modifikace a vazba lidandt [53]. Bylo ukazéno, Ze negativni
superhelicita umoznuje tvorbu Z-DNA u prokaryot [54, 55], dal$imi moznostmi stabilizace Z-
-DNA jsou také metylace DNA ¢i ptfitomnosti sperminu a spermidinu. V soucasné dobé¢ je
studovéana konverze z B-DNA do Z-DNA pomoci kombinace metodiky FRET a magnetické
pinzety. Bylo ukazano, Ze i v pfipad€ malého superhelikalniho napéti je mozna tvorba Z-DNA
v sekvencich CG in vivo [56]. Podobn¢ inkorporace chemicky modifikovanych bazi véetné
brominace ¢i metylace guaninu stabilizuje tvorbu Z-DNA a tato Z-DNA se tvoii 1 ve
fyziologickych podminkach 150 mM NacCl [57].

Uz vroce 1993 byla vyvinuta metodika k identifikaci Z-DNA vazebnych proteinti
[58]. Pomoci této metodiky byly izolovany proteiny s preferen¢ni vazbou k této struktufe,
patii mezi né napiiklad enzym ADARI, ktery je exprimovan v centralnim nervovém systému
[59]. Také byla demonstrovana preferencni vazba k Z-DNA u proteinu E3L, ktery se nachéazi
u poxvirli, véetné viru nestovic [60]. Mimo to bylo popséno, Ze amyloidni protein, ktery je
nadmérné exprimovany pii Alzheimerové chorobé, prevadi Z-DNA zpét do B-DNA [61].
Dals$im castym mistem vazby proteinii mohou byt mista tranzice B-DNA do Z-DNA. Analyza
uplného lidského genomu ukézala, Ze oblasti bohaté na CG repetici se vyskytuji velmi ¢asto,
ato priblizn¢ kazdych 3 000 part bazi, a koreluji také s promotorovymi regiony onkogenil
[62]. Proto byla studovana souvislost mezi transkripci a vyskytem Z- DNA a bylo zjisténo, ze
vyskyt Z-DNA reguluje expresi nékterych onkogend, jako jsou napiiklad lidsky ADAM - 12 a
c-Myc. Z-DNA konformace byla demonstrovana pfi transkripci genu c-Myc, naproti tomu,
kdyz byla DNA v této oblasti v B-form¢, byla transkripce genu c-Myc vypnuta. Tyto vysledky
také ukazuji, ze existence Z-DNA je zavisla na fyziologickych aktivitich buiiky a mtize

dochazet k rychlé¢ zméné konformace ve vhodnych DNA sekvencich [63].
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1.2. DNA vazebné proteiny

Interakce proteinti s DNA patii mezi naprosto zakladni projevy biologickych funkei, a
1 proto je zivot jako takovy Casto oznaCovan jako nukleoproteinovy. DNA tvoii genetickou
pamét’ zivych organismi, ale bez spravnych interakci s proteiny by nebyly mozné ani
zakladni biologické procesy. Proteiny vSak zaroven vytvari zékladni kostru pro usporadani
DNA v bunkéach, maji regulacni a enzymatické funkce, které umoznuji vlastni predani
informace, kterd je zapsana v sekvenci DNA.

Z hlediska specifity vazby proteinii na DNA miizeme tyto proteiny rozd¢lit na proteiny
s nespecifickou vazbou k DNA, proteiny které se vazi na DNA sekvencné specificky a
proteiny, které se vazi specificky na rizné struktury v DNA. Celd fada proteint se vaze na
DNA bez sekvenéni ¢i strukturni specifity, tyto proteiny naptiklad umoziiuji organizaci DNA
do chromatinu a patifi mezi n€ zejména histony. Velky vyznam v interakcich proteinti s DNA
maji 1 proteiny, které jsou schopny vazat se sekvencné ¢i strukturné specificky k presné
definovanym oblastem v DNA, a diky tomu reguluji mnoho esencidlnich biologickych
procest, véetné ontogeneze, oprav DNA, procest starnuti aj. Velmi dobfe je charakterizovana
cela fada sekvencné specifickych proteinti. Patii mezi né¢ zejména transkripéni faktory. Velmi
Casto obsahuji specifické proteinové motivy, jako zinkovy prst, leucinovy zip, dva helixy
spojené kratkou smyckou aj. [64]. Metody genetické manipulace umoziuji adaptaci DNA
vazebnych proteini na specifické sekvence [65]. Velky vyznam maji ovSem i interakce
proteinti s lokdlnimi DNA strukturami popsanymi vyse. Ukazuje se, Ze celd fada proteint se
vaze pravé na tyto neobvyklé DNA struktury s velkou preferenci. Byla uk4zdna preference
riznych proteini jak ke triplexové DNA, tak ke kvadruplexiim, Z-DNA a ki#izovym
strukturdm. Pravé interakce raznych proteina ke kiizovym strukturam DNA byla intenzivné

studovana, a budeme se ji proto v dal$im textu vénovat detailnéji.

1.2.1. Vazba proteint ke kfizovym strukturam

Inverzni repetice, ze kterych vznikaji kiizové struktury, jsou typickym rysem velkého
mnozstvi regulacnich mist v pfirozenych molekulach DNA. Neni tedy piekvapivé, ze byla
charakterizovéana cela fada proteind, které se k témto regulacnim sekvencim specificky vazi.
Rozpoznani kiizové struktury v DNA se zd4 byt rozhodujici nejen pro stabilitu genomu, ale
také pro dalsi biologické déje. Z hlediska hlavnich funkci proteinti, které se vazi na kiizové

struktury DNA, je miizeme rozdé€lit na: (a) enzymy rozpoznavajici a $t€pici kiizové struktury,
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(b) transkrip¢ni faktory a proteiny ucastnici se oprav DNA, (c¢) proteiny dilezité pii replikaci

a (d) proteiny asociované s chromatinem.

Tabulkal: Proteiny interagujici s kiiZovymi strukturami DNA

Protein Organismus Reference
Enzymy rozpoznavajici a §tépici kiiZové struktury
Rodina integraz
RuvC E.coli [66-68]
Ccel Kvasinky [69]
Ydc2 S.pombe [67]
A22 Coccinia virus [70]
Integrazy [71,72]
Rodina restrikénich endonukledz
Endonukleaza I Fag T7 [73-75]
RecU G+ bakterie [67,76]
Hjc, Hje Archea [67,77]
MutH [78, 79]
Jiné
Endonukleaza VII Fag T4 [79, 80]
RusA E.coli [81]
Mus81-Emel Eukaryota [82—85]
XPF, XPG proteiny [86-88]
Transkrip¢ni faktory a proteiny ucastnici se oprav DNA
PARP-1 H. sapiens aj. [89, 90]
BRCA1 H. sapiens aj. [91-94]
P53 H. sapiens aj. [95-101]
Bmhl S.cerevisiae [21]
14-3-3 H. sapiens [20, 102]
HMG proteiny [14, 103-
105]
ER estrogen receptor [106]
Proteiny asociované s chromatinem
DEK Savci [107, 108]
BRCA1 H. sapiens aj. [91-94]
HMG proteiny [14, 103—
105]
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Rad54 [109]

Rad51ap [110]
Topoizomeraza | [111,112]
Replikace

S16 E.coli [113]
GF14 rostliny [21]

MLL H. sapiens [114, 115]
WRN H. sapiens [116]
14-3-3 H. sapiens [20, 102]
TRF2 H. sapiens [117,118]
DEK H. sapiens [107, 108]
DNA-PK H. sapiens [119]
Rmi-1 H. sapiens [120]
VIf-1 H. sapiens [71]

Crp-1 S. cerevisiae [121]
Helikazy 59, 44 [122]
Hopl S. cerevisiae [123, 124]
AF10 [125]

1.2.1.1. Enzymy rozpoznavajici a $tépici kiiZové struktury

Pritomnost kiizovych struktur pfi replikaci mize vést ke zlomiim v DNA. Proteiny,
které rozpoznavaji a Stepi kiizové struktury, byly identifikovany u mnoha organismt od
bakterii, ptes archea, kvasinky az po savce [43]. VétSina téchto enzymii mize byt rozdélena
do dvou zékladnich skupin [44]. Enzymy v prvni skupin€ se vazi stejné na kiizové struktury
s riznymi sekvencemi, ale Stepi pouze specifické cilové sekvence. Tato superrodina zahrnuje
E. coli RuvC, kvasinkové¢ integrazy, Ccel, Ydc2, and RnaseH proteiny.

Druhé skupina zahrnuje endonukledazy T7 RecU, enzymy Hjc a Hje, proteinovou
rodinu MutH a ptibuzné restrikéni nukledzy. Tyto enzymy Stepi DNA v misté Ctyfcestného
spojeni nezdvisle na sekvenci DNA. Komplex proteinu RuvA s kiizovou strukturou byl
charakterizovan pomoci krystalografie (Obrazek 6) [79]. Tyto enzymy hraji dtlezitou tlohu
pii Stepeni cizorodé DNA a pii udrzovani genomové stability. Funkce a specifita téchto
proteind byla publikovana v n€kolika ptehlednych ¢lancich [79, 126—128].
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Obrazek 6: Krystalova struktura terameru RuvA v komplexu s ctyFcestnym spojenim

(PDBID 1C7Y) A — pohled shora, B — pohled zboku, upraveno dle [3].

1.2.1.2. Transkrip¢ni faktory a proteiny ucastnici se oprav DNA

Udrzovani genomové stability je zprostfedkovano nékolika nezavislymi mechanismy.
Promotorové oblasti gent jsou Casto charakterizovany pfitomnosti obracenych repetic, které
jsou schopné tvofit kiizové struktury in vivo. Rada DNA-vazebnych proteini, naptiklad
rodina HMGB-box [104], Rad54 [109], BRCA1 protein [91, 92], jakoz i PARP-1 (poly
(ADP-rib6za) polymeraza-1) [90] se vazi relativné slabé na duplexovou DNA, ale vazi se
prednostné na kiizové struktury. Kromé toho nékteré proteiny po vazbé na DNA mohou
inicializovat vznik kfizové struktury v misté vazby [90, 117]. Mezi proteiny, které se ucastni
oprav DNA a vazi se ke kiizovym strukturam, patfi enzymy RuvA, RuvB [129, 130], helikazy
DNA [122], protein XPG [88] a multifunkéni proteiny jako proteiny HMG-box [131]
BRCAL, 14-3-3 rodina proteint, v¢etné jejich homologii Bmhl a Bmh2 u S. cerevisiae a

proteinu GF14 u rostlin.

PARP-1
PARP-1 je protein, ktery se vyskytuje vyznamné v jadie bunck (cca jeden enzym na
50 nukleozémill) a obsahuje strukturu zinkovych prsti. Kromé polyadenylace NA interaguje

také s celou fadou proteini. Ma vysokou afinitu k poskozené DNA a stava se katalyticky
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aktivni po vazb¢ na zlomy v DNA [132]. Pti absenci poskozeni DNA vede ptitomnost PARP-
-1 k rozruSeni histonového komplexu s DNA a k vazbé regulacnich faktorti [133]. Bylo
zjisténo, ze PARP-1 se mlze vdzat na DNA vlasenky v heteroduplexu DNA. Atomova silova
mikroskopie ukazala, Ze protein PARP-1 se piednostné véze do promotorové oblasti
v superhelikalni DNA, v niZ se nachézeji symetrické sekvence vlasenky [134]. PARP-1
rozpoznava poskozenou DNA a vaze se také na vicecestnd spojeni DNA [89]. PARP-1 se
vaze 1 na duplexovou DNA, ale kompeti¢ni experimenty ukézaly, zZe nejlépe se vaze na
ktizové struktury, dale na smycky DNA a s nejmensi afinitou k duplexové DNA. Kromé¢ toho
bylo prokazéano, ze vazba proteinu PARP-1 na DNA miize ménit topologii DNA a podporovat
tak ve vhodnych sekvencich vznik kiizové struktury [90].

P53

P53 je jednim z nejintenzivngji studovanych nadorovych supresorovych gend. A neni
to nahoda, mutace v genu p33 je totiz nejcastéjsi mutaci u lidskych nadorovych onemocnéni.
Vice nez 50 % vSech lidskych nadorti obsahuje mutace p53 a inaktivace tohoto genu hraje
kritickou roli v indukci maligni transformace [135]. Zasadni pro spravnou funkci proteinu p53
je jeho vazba na cilové sekvence v promotorech celé fady genil. Tyto cilové sekvence p53 se
skladaji ze dvou kopii sekvence 5S‘RRRC (A / T) (T / A) GYYY ‘3. Konkrétni sekvence pro
vazbu proteinu p53 muze byt tedy znacné heterogenni, nicméné velmi Casto tyto sekvence
tvofi obracené repetice [136]. Experimenty in vitro ukazaly, Ze vazba proteinu p53 zdvisi na
teploté¢ a délce fragmentu s cilovou sekvenci [137, 138]. Dale bylo vSak také ukazano, ze
pravé pritomnost inverzni repetice v cilové sekvenci p53 je dalezitym determinantem vazby
proteinu p53 k DNA, a to 1 in vivo [99, 139]. Znama a popsand je téz sekvencné nespecificka
vazba proteinu p53 na celou fadu DNA struktur, které nejsou v klasickém uspotradani B-DNA,
jako jsou kiizové struktury [140], ohnutda DNA [141], strukturné flexibilni chromatin DNA
[142], hemicatenovand DNA [143] nebo telomerni t-smycky [144]. Cilové sekvence proteinu
p53, které vytvaii v superhelikalni DNA kfiZovou strukturu, jsou preferencnim cilem proteinu

p53 [100].

1.2.1.3. Proteiny asociované s chromatinem

Proteiny asociované s chromatinem pokryvaji Siroké spektrum proteint

lokalizovanych v bunéném jadie. Tyto proteiny jsou dulezité pifi modulaci chromatinu a jsou
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Casto zapojeny i do procest spojenych s opravami DNA a replikaci (DEK, BRCA1, HMG
proteiny, Rad51, RadSlap, topoizomerazy). Velmi dualezitou skupinou jsou praveé
topoizomerazy, které se vyskytuji u vSech zndmych organismi a hraji zisadni roli
v remodelaci topologie DNA. Tyto procesy jsou obzvlaste¢ dilezité pro udrzeni stability
genomu, protoze rusi napéti molekuly DNA vznikajici v prubéhu transkripce a replikace.
Bylo také ukazano, ze topoisomeraza I se vaze na Hollidayovy spoje [145], topoisomeraza I1
rozpoznava a $tépi kiizové struktury [146] a interaguje s proteinem HMGBI1 [131]. Protein
Rad54 hraje diilezitou roli pfi homologni rekombinaci u eukaryot [147]. Kvasinkovy a lidsky
protein Rad54 se specificky vazi na Hollidayovy spoje a podporuji migraci téchto
piekiizenych molekul DNA [148]. Podobn¢ proteiny RAD51AP1 a RADS1 maji afinitu
k rozvétvenym strukturdm DNA [81]. Rozpoznavani rozvétvenych struktur je dilezitym

krokem pfi homologni rekombinaci, které se tyto proteiny ti¢astni [109].

DEK

Protein DEK patfi mezi abundantni jaderné proteiny, které se vyskytuji v jadie i ve
vice nez milionu kopii [149]. Jeho interakce s transkripénimi aktivatory a represory
naznacuje, ze protein DEK ma ulohu pfi tvorbé transkripnich komplexit v promotorové a
regulacni oblasti [150]. Vazba DEK na DNA neni sekvencné specificka a protein se vaze
piednostné na superhelikdlni DNA a Ctyfcestnd spojeni [108]. In vitro bylo ukazano, ze
izolovany protein DEK relaxuje pozitivni nadSroubovicové vinuti [107, 150]. Protein DEK
ma dvé vazebné domény DNA. Prvni doména se nachdzi v centru proteinu a obsahuje
evolu¢né konzervovanou ¢ast SAF (scaffold attachment factor). Druhd DNA-vazebna doména
se nachazi na C-konci, ktery mize byt posttranslacné modifikovan fosforylaci. Fosforylace
proteinu DEK zptsobuje snizeni afinity proteinu k DNA a indukuje tvorbu multimera
proteinu [151, 152]. Samotnd monomerni oblast SAF (zbytky 137—187) neinteraguje s DNA
v roztoku, nicméné oblast aminokyselin 87-187 uz je dostatecna pro vazbu na DNA
s preferenci k Ctyfcestnym spojenim DNA pied linearni DNA. Tento fragment miize vytvaret
v pritomnosti DNA velké agregaty a je schopny vytvaret v uvolnéné kruhové DNA negativni

nadsroubovicové vinuti [153].

BRCAI
BRCA1 je multifunkéni nddorovy supresorovy protein, ktery ma roli v progresi

bunécného cyklu, transkripci, opravach DNA a regulaci piestaveb chromatinu. Mutace v genu
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BRCAI je spojena s vyznamnym zvySenim rizika rakoviny prsu. Funkce BRCAIl
pravdépodobné zahrnuje interakce s DNA a také s celou fadou proteini. BRCAT1 se Casto
vyskutuje kolokalizovany s proteinem RADS51 do diskrétnich subjadernych lozisek, které se
objevuji pfi genotoxickém poSkozeni DNA [154]. BRCA1 je také casto kolokalizovan
s fosforylovanym H2AX v mistech dvojitych zlomi DNA [155].

Centralni ¢ast lidského BRCA1 proteinu se silné vaze na negativné nadsroubovicovou
plazmidovou DNA s nativni superhelikalni hustotou [91] a vdze se s vysokou afinitou i na
ktizové struktury DNA [93]. BRCAL1 také plsobi jako leSeni pro asociované proteiny,
zejména Rad51, ktery je odpovédny za homologni rekombinaci v somatickych bunkach. Cely
protein BRCA1 siln€ vaze na nadSroubovicové plazmidové DNA a také na konce DNA [156].
Také fragment proteinu BRCA1 (230-534) se vaZe s vyssi afinitou ke kiizové struktuie DNA
ve srovnani s dvoufetézcovou a jednofet¢zcovou DNA [93]. Jako minimdlni oblast s DNA
vazebnou afinitou byla definovana oblast aminokyselinovych zbytki 340-554 [94]. Ani
20nasobny nadbytek linearni DNA nezpiisobil odvazani proteinu BRCA1 z mista kiizové
struktury [92]. Delece genu BRCA1 zabranuje piezivani bunék po vystaveni latek, které
zpusobuji kovalentni vazbu mezi fetézci DNA v oblastech kiizovych struktur, jako je
mitomycin C [157]. Tyto vysledky ukazuji na dilezitost rozpoznani kiizovych struktur

proteinem BRCAL.

HMGB rodina

Proteiny HMG (high mobility group) se vyskytuji ve velkém mnozstvi
v eukaryotickém chromatinu. Skupina téchto proteinii zahrnuje tii hlavni rodiny: (a) proteiny
HMGA (diive HMG 1/Y), které obsahuji vazebné¢ motivy A/T DNA, (b) proteiny HMGB
(dtive HMGI1/2), které obsahuji doménu HMG-box, a (c) proteiny HMGN (diive
HMG14/17), obsahujici doménu s afinitou k nukleozomu [158].

Bylo ukazano, ze HMGB se vazi k DNA nezévisle na jeji sekvenci a maji preferenci
pro rizné lokalni struktury DNA (Ctyicestné spojeni, DNA minikrouzky, cis-platinovanou
DNA, atd.) oproti linedrni DNA [159, 160]. U proteinu HMGB1 byla demonstrovana velka
afinita k DNA smyckam [143]. Proteiny HMG jsou zapojeny do transkripce [111, 161, 162] a
oprav DNA [131, 163, 164]. Bylo zjisténo, ze protein T160 HMG je lokalizovan v mistech
replikace [165]. VSechny HMG domény se vazi preferencné do Ctyfcestnych spojeni DNA, a
to vpfipadé, Ze je tato struktura oteviend. Podminky, které stabilizuji uspotfddanou

konformaci X, vyznamn¢ oslabuji vazbu HMG na DNA [166]. Tuto specifickou vazbu rusi
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mutace Lys2 a Lysl1 izolovaného boxu HMG, coz ukazuje, ze dané aminokyseliny jsou pro

vazbu na DNA zasadni [167].

1.2.1.4. Proteiny podilejici se na replikaci

Ptitomnost vzniku pfechodnych kiizovych struktur v DNA koreluje s misty pocatky
replikace a transkripce [8]. Bylo prokazano, ze kiizové struktury slouzi jako rozpoznavaci
signaly v misté pocatku replikace DNA in vivo [102, 168, 169]. Existuje velké mnoZstvi
proteint Ucastnicich se replikace, které se vazi na tyto struktury (viz tabulka 1). K nejlépe
charakterizovanym proteiniim v této oblasti patii proteiny 14-3-3, MLL (mixed-lineage,
leukemia) a WNR (Werner syndrome ATP-dependent helicase).

Gen MLL kéduje transkripéni faktor, ktery md homologni oblasti s HMG proteiny
[114]. Chromozomalni translokacel1q23 se objevuje pfi akutnich lymfoidnich a myeloidnich
leukemiich a mé& za nasledek naruSeni tohoto genu a Casto také vytvoieni chimérické fuze
tohoto genu s riznymi jinymi geny [115]. Jedna z domén tohoto proteinu se vaze preferencné
ke kfizovym strukturdm v DNA a do AT bohatych oblasti genomu [114].

Protein WRN patii do rodiny RecQ evolu¢nich konzervovanych 3 '— 5' helikaz DNA
[170]. Gen WRN kéduje protein o 162 kDa, ktery obsahuje 1 432 aminokyselin. Prokaryota a
niz$i eukaryota maji obvykle jeden ¢len helikaz RecQ, zatimco vys$Si eukaryota maji vice
¢lenli této rodiny, u clovéka bylo identifikovano pét homologl. U proteinu WRN bylo
prokazano, ze se vaze na replikacni vidlice a Hollidayovy spoje. [116].

Proteinova rodina 14-3-3 se skldda z vysoce konzervativni a Siroce distribuované
skupiny dimernich proteind, které se vyskytuji u eukaryot v nékolika izoformach [171].
Existuje nejméné sedm rtznych gend /4-3-3 obratlovcl, coz vede k tvorbé deviti izoforem
(o, B,v,0,¢,C,m,0,1), a negméné dalSich 20 bylo identifikovano u kvasinek, rostlin,
obojzivelniki a bezobratlych [102]. Pozoruhodnym rysem proteint 14-3-3 je jejich schopnost
vazat velké mnozstvi funkéné odliSnych signalnich proteind, véetné kindz, fosfatdz a
transmembranovych receptorii. S jejich pomoci proteiny 14-3-3 moduluji celou ftadu
dilezitych regulacnich procest, véetné mitogenni signalni transdukce, apoptozy a regulace
bunécného cyklu [172]. Proteiny 14-3-3 se nachdzeji hlavné v jadfe a jsou zapojeny do
eukaryotické DNA replikace prostfednictvim vazby na kiizové struktury v DNA [173].
Imunofluorescencni analyzy ukazaly ptitomnost nékolika izoforem proteinu 14-3-3 vazanych

na kiizové struktury v buitkdch HeLa [174]. Pfim4 interakce s kiizovou DNA byla potvrzena
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u 14-3-3 izoforem B, v, o, &, a { [34]. 14-3-3 analogy se specifitou pro vazbu ke kiizovym
strukturdm v DNA jsou také u kvasinek (Bmhl a Bmh2) a rostlin (GF14) [21]. Kromé& toho

jsou proteiny 14-3-3 zapojeny do interakce s mnoha jinymi transkripénimi faktory.

1.3. Interakce nadorového supresoru pS3 s DNA

Protein p53 je jednim z nejvyznamnéj$ich nadorovych supresorovych proteinti.
Byl objeven v roce 1979 a pivodné byl mylné¢ povazovan za onkogen. Kotransfekce genu
Tp53 v roce 1989 totiz vedly k neoplastické transformaci bunék [175]. Pozdéji se ale ukdzalo,
ze pouzité proteiny byly v mutované formé a Ze standardni varianta (wt) tohoto proteinu
naopak takovéto transformaci brani [176], a byla odhalena jeho funkce nadorového supresoru.
Systematické studie nadorovych tkani odhalily, ze protein p53 je nejCastéji mutovany protein
u lidskych nadorovych onemocnéni. Toto zjisténi vedlo k velmi intenzivnimu studiu tototo
proteinu a celd fada jeho biochemickych a funkénich vlastnosti byla detailné
charakterizovana. Diky své funkci je tento protein nazyvan ,,Strazce genomu® [177]. Svou
ulohu mé také pfi ontogenezi, ale za normalnich okolnosti je jeho koncentrace v bunce nizka.
V ptipad€ bunécného stresu ¢i poskozeni DNA dochdzi k jaho stabilizaci a jeho koncetraci do
jé&dra, v némz jako transkripéni faktor reguluje expresi genii. Dle intenzity a typu poskozeni
tak muze dochézet k zastaveni bunécného cyklu nebo k p53-dependentni apoptéoze [178].
Mutovany protein p53 zpravidla neplni svoji funkci a dochédzi tak ke kumulaci chyb
v genetické informaci, vedouci Casto az v maligni pfeménu bunky. Jako transkripéni faktor
protein p53 zprosttedovava svou funkci vazbou na DNA. Nejprve byla popsana sekvenéné
specifickd vazba na DNA, za niz je zodpovédnd zejména centralni ¢ast proteinu, ve které se
nachdazi i vétSina znamych mutaci proteinu p53 (obrazek 7) [179]. Nicméné pro jeho spravnou
funkci je nutné koordinace celého proteinu p53 a bylo ukézano, ze afinita celého proteinu p53
k DNA je tadove vyssi nez pouze jeji centralni domény [180]. Kromé transkripcni aktivace
bylo ukézano, ze protein p53 se ucastni i ptimo reparacnich procesl a rozeznava specificky
celou fadu lokalnich struktur DNA a poSkozeni DNA. Zejména C-koncova oblast proteinu
hraje v téchto procesech zédsadni roli [181, 182]. Bylo ukédzéno, ze protein p53 rozeznava
konce DNA, chybné parované fetézce, jednofetézcové mezery, ale také Hollidayovy spoje,
kiizové struktury, triplexovou a kvadruplexovou DNA [96]. Uastni se také homologni
rekombinace a p53 fyzicky interaguje napf. s proteinem Rad51, ktery je nezbytny pro

spravnost homologni rekombinace [183].
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N-terminalni region Centralni oblast C-terminalni region

|-42 0l-94 102-292 324-355 363-393
ML NES
Transaltivaéni PXXP oblast DNA-vazebna doména Tetramerizaéni Regulaéni
domeéna domeéna doména

Obrazek 7: Domény proteinu p53, upraveno dle [184].

1.4. Choroby spojené s proteiny, které se vazi na krizové struktury

DNA

Rozpoznani kiizovych struktur v DNA je dllezité pro stabilitu genomu a pro regulaci
zékladnich bunéénych procest. Disregulace ve S$tépeni Ctyfcestnych spojeni muize vést
k translokacim DNA, delecim, chromozomov¢ nestabilité a karcinogenezi. Predpokladame, ze
tvorba kiizovych struktur slouzi jako marker pro spravné nacasovani a zahdjeni nckterych
velmi zakladnich biologickych procesti. Mutace a epigenetické zmény, které méni moznosti
vzniku kfizové struktury, mohou mit na bunétné urovni drastické nasledky. Neni proto
piekvapivé, ze dysregulace vazebnych proteinii se specifitou vazby na kiizové struktury je
Casto spojena s patologickymi stavy.

Cela fada proteinti, které maji preferencni vazbu ke kiizovym strukturam jako proteiny
p53, BRCA1, WRN a proto-onkogeny DEK, MLL a HMG, jsou velmi Uzce spojeny se
vznikem ¢i progresi nadorového bujeni. Nékteré z téchto proteinti hraji tak vyznamnou roli, ze
jejich mutace a/nebo inaktivace zplsobi zavaznou genomovou nestabilitu. Napiiklad BRCAI
-/ - my$i embryondlni kmenové builkky vykazuji spontanni zlomy chromozoml a
precitlivélost na riznd Skodliva ¢inidla (naptiklad y zéafeni) a defekty spojené s nefunkénimi
opravami DNA. Mutace proteinu BRCA1 je také spojena s predispozici ve vzniku malignit
v prsni tkdni. Exprese dalSiho nadorového supresoru proteinu p53 musi byt pfisné regulovana.
Vznik kiizovych struktur v cilovych sekvencich pro protein p53 tak milze byt dilezitou
determinantou p53 transkripéni aktivity.

HMG rodina proteind obsahuje architektonické transkripéni faktory, jejichz nadmérna
exprese je vysoce korelovana s karcinogenezi, zvySenou malignitou a metastatickym
potencidlem nadora in vivo [95]. Proteiny 14-3-3 jsou spojeny s nékolika chorobami, vcetné

nadorovych onemocnéni, Alzheimerovy choroby, neurologickych chorob, jako je Miller-
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Diekeriiv syndrom a spinocerebelarni ataxie typu 1, a spongiformni encefalopatie.
Translokace genu DEK a vznik fazniho proteinu byla objevena u skupiny pacientt s akutni
myeloidni leukémii a u vysokého procenta pacientll s autoimunitnim onemocnénim. Kromé
toho hladina mRNA DEK je vyssi u transkripné€ aktivnich a proliferujicich bun¢k a zvysSena
hladina mRNA se Casto vyskytuje i u transformovanych nadorovych bun¢k (6,7). Wernertv
syndrom je autozomalné recesivni onemocnéni charakterizované vlastnostmi piedCasného
stdrnuti a vysokym vyskytem neobvyklych nddorGi a Casnym néstupem ptiznakil starnuti
[127].

Vazba proteinii na kiizové struktury je dulezitou soucasti komplexni regulace na

urovni nukleovych kyselin a hraje svou tlohu pti zakladnich buné¢nych procesech.
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2. Vysledky

2.1. Vazba proteinu pS3 k DNA

2.1.1. Regulace vazby proteinu p53 k DNA

Priloha 1: Pospisilova, S., Brazda, V., Kucharikova, K., Luciani, M.G., Hupp, T.R.,
Skladal, P., Palecek, E., and Vojtesek, B. (2004). Activation of the DNA-binding ability of
latent p53 protein by protein kinase C is abolished by protein kinase CK2. Biochem J 378,
939-947.

Priloha 2: Brazda, V., Muller, P., Brozkova, K., and Vojtesek, B. (2006). Restoring
wild-type conformation and DNA-binding activity of mutant p53 is insufficient for restoration

of transcriptional activity. Biochem Biophys Res Commun 351, 499-506.

Priloha 3: Brazda, V., Jagelska, E.B., Fojta, M., and Palecek, E. (2006). Searching for
target sequences by p53 protein is influenced by DNA length. Biochem Biophys Res
Commun 341, 470-477.

Protein p53 je multifunkéni protein, ktery zprostfedkovava svou funkci naddorového
supresoru predevSim jako transkripéni faktor. Patii mezi nejdilezitéjsi regulatory bunécné
proliferace, diferenciace a apoptozy. Protein p53 je také nejCastéji mutovanym genem
u lidskych malignit. Jako transkripéni faktor se vaze sekvencné specificky k cilovym
sekvencim DNA, typickd cilovd sekvence definovand vroce 1992 se skladd ze dvou
opakovani 5°‘PuPuPuC(A/T)(T/A)GPyPyPy-3¢ [185]. Tato sekvence se nachazi v celé tade
promotori a vazba proteinu p53 na tuto sekvenci umoznuje transaktivaci cilovych gent.
Mutace p53 zpravidla destabilizuji protein a vyznamné snizuji jeho afinitu k DNA.

Protein p53 je strukturné flexibilni a miize se nachazet v latentni konformaci, ktera se
nevaze na DNA, a v aktivni konformaci, kterd se vaze na DNA sekvencné specificky. Jednim
z mechanismi regulace proteinu p53 je fosforylace specifickych mist proteinu p53 [181].

S pouzitim gelové retardacni analyzy jsme ukazali, Ze fosforylace proteinu p53 na jeho C-
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-konci pomoci cdk2/cyklinuA na S315 a také fosforylace PKC na S378 efektivné stimuluje
vazbu p53 na DNA. Naproti tomu fosforylace S392 pomoci CK2 ma na vazebné vlastnosti
proteinu mnohem mensi efekt. Fosforylace pomoci CK2 kindzy dokonce inhibuje aktivaci
proteinu p53 pomoci PKC kinazy. Tyto vysledky ukazuji zasadni roli fosforylace proteinu
p53 na jeho vazebné vlastnosti.

Déle jsme zkoumali rizné mutanty proteinu p53 v lidskych nddorovych liniich — jejich
konformaci, DNA vazebnou aktivitu a transaktivacni aktivitu. Konformace jednotlivych
mutantd byla analyzovana pomoci protilatek rozeznavajicich mutantni konformaci a
konformaci wild-type. Zatimco napiiklad protein p53 s mutaci R175H a R280K v linii
SKBR3, respektive MDA-MB-231, vykazoval pouze aberantni konformaci, u mutant
proteinu p53 E285K a L194F z bunécnych linii BT474 a T47D se liSilo mnoZzstvi proteinu
rozeznavané konformacéné specifickou protilatkou v zdvislosti na teploté péstovani. U mutace
E285K se pfi pestovani za 32 °C dokonce vyskytoval tento mutantni protein v konformaci
rozeznavané vyhradné protilatkou rozpoznavajici nemutovanou p53. Podobné u experimentd
s vazbou téchto proteini na DNA zaleZelo velmi na teploté, pti které byly bunky kultivovany,
a také na teploté, pfi které se gelova retardacni analyza provadéla. Pii nizkych teplotach byla
u n¢kterych mutantd zachovana vazba k DNA, naproti tomu pii 37 °C se mutanty vazaly
k DNA jen minimaln¢. Detekce transaktivacni aktivity in vivo ukazala, ze 1 kdyZz nékteré
mutanty jsou schopny vazby na DNA in vitro a maji ¢astecné¢ konformaci rozeznavanou
protilatkou definovanou pro wt-p53, tak pouze mutant E285K v bunétné linii BT474 je
schopen transaktivace pii péstovani pii 32 °C. Pomoci kompeti¢nich experimentti jsme dale
ukézali, ze vazba proteinu p53 je vyrazné ovliviiena délkou testované molekuly DNA. I kdyz
bylo misto sekven¢n¢ specifické vazby k DNA lokalizovano do centralni ¢asti proteinu p53,
C-terminalni doména se vaze také na DNA a je taktéz zodpovédna za vyhledavani cilového

mista na dlouhych molekulach DNA.

2.1.2. Aktivace vazby protein p53 k DNA pomoci protilatek

Priloha 4: Pospisilova, S., Brazda, V., Amrichova, J., Kamermeierova, R., Palecek,
E., and Vojtesek, B. (2000). Precise characterisation of monoclonal antibodies to the C-
terminal region of p53 protein using the PEPSCAN ELISA technique and a new non-
radioactive gel shift assay. J] Immunol Methods 237, 51-64.
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Priloha 5: Jagelska, E., Brazda, V., Pospisilova, S., Vojtesek, B., and Palecek, E.
(2002). New ELISA technique for analysis of p53 protein/DNA binding properties. J
Immunol Methods 267, 227-235.

Priloha 6: Brazda, V., Palecek, J., Pospisilova, S., Vojtesek, B., and Palecek, E.
(2000). Specific modulation of p53 binding to consensus sequence within supercoiled DNA

by monoclonal antibodies. Biochem Biophys Res Commun 267, 934-939.

Vazba proteinu p53 k jeho cilovym sekvencim je regulovana celou fadou procesu,
krom¢ postranslacnich modifikaci také vazbou jinych proteinii. K nejlépe prostudovanym
interakcim patii zpétnovazebnd inaktivace vazbou proteinu mdm2 k N-termindlni c¢ésti
proteinu p53. Naproti tomu fosforylace C-terminalni domény proteinu (viz. Kapitola 2.1.1),
ale také interakce C-terminalni domény s jinymi proteiny vede Casto k aktivaci sekvencné
specifické vazby proteinu pS3 k DNA. Z tohotu divodu jsme podrobné charakterizovali sadu
monoklondlnich protilatek k C-terminalni ¢asti proteinu p53. Pomoci testu PEPSCAN ELISA
jsme definovali mista pfesné interakce protilatek s C-termindlni doménou. Tyto protilatky
jsme vyuzili dale pro imunohistochemické stanoveni lokalizace proteinu p53 v bunéénych
liniich. Poté jsme charakterizovali vliv vazby téchto protilatek na vazbu proteinu p53 k DNA
jednak pomoci radioaktivni gelové retardani analyzy, jednak pomoci neradioaktivniho
stanoveni komplexti proteinii s DNA s fragmenty na agardézovém gelu. Ukdzali jsme, Ze
testované protilatky k C-koncové Casti proteinu aktivuji protein p53 k sekvenéné specifické
vazbé, na rozdil od protilatky DO-1 rozeznavajici N-konec proteinu p53. A také jsme
demonstrovali, Ze nové testované protilatky rozeznavaji oproti diive pouzivané protilatce 421
1 protein p53, ktery je na konci fosforylovany.

Sadu monoklonalnich protilatek proti proteinu p53 jsme poté vyuzili k nové ELISA
technice stanoveni DNA vazebnych vlastnosti proteinu p53. Nejprve jsme navazali biotinem
znacené oligonukleotidy s p53 cilovou sekvenci na ELISA desku pokrytou streptavidinem.
Poté jsme pouzili k promyvani desky ELISA purifikovany protein p53 nebo jaderné extrakty
s p53 monoklonalnimi protilatkami. Po promyti a inkubaci se sekundarni protilatkou
konjugovanou s peroxidazou jsme detekovali intenzitu signdlu a ABTS na readeru ELISA.
Jako nejlepsi pro studium vazebnych vlastnosti DNA se ukazaly protilatky proti N-termindlni

¢asti proteinu p53. Metodika je vhodna také pro kompeti¢ni experimenty.
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Jak bylo jiz demonstrovano, monoklonalni protilatka 421 aktivuje protein p53 k vazbé
na cilové sekvence [182]. Ukazali jsme, ze i nové charakterizované protilatky proti C-konci
proteinu jsou schopné aktivovat tuto vazbu na fragmenty DNA s cilovou sekvenci. Déle jsme
ukazali, Ze protilatka Bp53-10 je schopna aktivovat vazbu proteinu p53 k cilové sekvenci i
v superhelikalni DNA. Naproti tomu protilatka DO-1 k N-koncové oblasti neaktivuje vazbu
proteinu p53 na DNA. Naopak pokud byla piidana pifed C-terminalni protilatkou, doslo
dokonce k zablokovani moznosti aktivace proteinu p53. Tyto vysledky ukazuji, ze regulace
vazby proteinu p53 na DNA centralni ¢asti proteinu je velmi komplexni proces regulovany

nejen aktivac¢ni C-koncovou doménou.

2.1.3. Vazba proteinu p53 k superhelikalni DNA

Priloha 7: Palecek, E., Brazdova, M., Brazda, V., Palecek, J., Billova, S.,
Subramaniam, V., and Jovin, T.M. (2001). Binding of p53 and its core domain to supercoiled

DNA. Eur J Biochem 268, 573-581.

Priloha 8: Fojta, M., Brazdova, M., Cernocka, H., Pecinka, P., Brazda, V., Palecek, J.,
Jagelska, E., Vojtesek, B., Pospisilova, S., Subramaniam, V., et al. (2000). Effects of
oxidation agents and metal ions on binding of p53 to supercoiled DNA. J Biomol Struct Dyn,

177-183.

Priloha 9: Palecek, E., Brazda, V., Jagelska, E., Pecinka, P., Karlovska, L., and
Brazdova, M. (2004). Enhancement of p53 sequence-specific binding by DNA supercoiling.
Oncogene 23, 2119-2127.

Priloha 10: Pivonkova, H., Sebest, P., Pecinka, P., Ticha, O., Nemcova, K., Brazdova,
M., Jagelska, E.B., Brazda, V., and Fojta, M. (2010). Selective binding of tumor suppressor
p53 protein to topologically constrained DNA: Modulation by intercalative drugs. Biochem
Biophys Res Commun 393, 894-899.

Krom¢ sekvencné specifické vazby proteinu pS3 na DNA bylo ukazano, ze se tento
protein vaze i na jednofetézcovou DNA a lokalni struktury v DNA jako naptiklad na
nesparované useky, ohyby DNA [141], chromatinovou DNA [142], hemikatenovanou DNA
[143], Hollidayovy spoje [96], tii- a Ctyfcestnd spojeni [96] nebo telomerické smycky [186].
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Nékolik skupin také ukédzalo, Ze protein p53 se vaze na negativné a pozitivné
nadSroubovicovou DNA [139, 187]. Piedpokladalo se, Ze za preferencni vazbu na
superhelikdlni DNA je zodpovédna C-termindlni doména proteinu. Nicméné nase vysledky
s centralni ¢asti proteinu p53 ukdazaly, Ze i tento protein je schopen vazat se preferencné na
nadSroubovicovou DNA. Preference oproti celému proteinu neni tak vyrazna, cely protein ma
cca 60x vetsi afinitu k superhelikdlni DNA oproti linearni DNA, zatimco centralni ¢ast
proteinu ma afinitu oproti linedrni DNA pouze c¢tyfndsobnou. Vazba byva nazyvana jako
strukturn€ selektivni vazba proteinu p53. Tato strukturné selektivni vazba je vyrazné
ovliviiovana ptitomnosti nékterych iontti a oxidaci proteinu p53. I kdyz v DNA vazebné
doméné proteinu p53 je vazany iont zinku mezi Cys176, Cys 238, Cys 242 a His 179 a jeho
pfitomnost je nutnd pro efektivni vazbu proteinu na DNA, zvySend koncentrace zinku v DNA
vazebném pufru vede k vyraznému sniZeni vazebné afinity proteinu p53 k superhelikalni
DNA. Ionty niklu a kobaltu naproti tomu snizuji afinitu proteinu p53 k DNA az pfi vysSich
koncentracich. Také oxidace proteinu p53, pii které dochazi k uvolnéni iontu zinku z DNA
vazebné domény, vede ke zméné konformace proteinu p53 a vyraznému snizeni afinity
proteinu p53 k DNA scilovou sekvenci. Vazba na superhelikdlni DNA je iontovymi
podminkami a oxidaci ovlivnéna méné&, nez vazba sekvencné specificka.

Pomoci nové kompeti¢ni analyzy komplexti p53 s DNA v agar6zovém gelu jsme
sledovali vliv superhelicity na vazbu proteinu p53 k cilovym mistim v superhelikani DNA.
Do plazmidu pBluescript jsme naklonovali cilovad vazebnd mista proteinu p53 z promotori
nékterych gend vyznamné proteinem p53 regulovanych. Ukéazalo se, ze v kompeticnim
uspotradani protein p53 preferuje vazbu na cilova mista, kterd jsou v superhelikadlni DNA, a to
vyrazné€ji v ptipadech, v nichz jsou tato cilova mista tvofena inverznimi repeticemi a afinita
oproti stejné sekvenci v linedrnim stavu byla zvySena az 3x (napf.cilovd sekvence
z promotoru p21). Pokud p53 cilové sekvence nemaji inverzni repetici, je preference pro
superhelikalni DNA jen mala (napf. cilova sekvence z promotoru RGC). Dale jsme testovali
vliv interkalacnich ¢inidel DNA na vazbu proteinu p53 k superhelikdlni DNA. V ptipadé
pfidavani chloroquinu ke vzorku superhelikdlni DNA s negativhim nadSroubovicovym
vinutim dochdzi se zvysujici se koncentraci chloroquinu k postupné relaxaci DNA, s dalSim
zvySovanim koncentrace interkaldtoru se poté relaxovand DNA postupné opét zavinuje a
vznikéd pozitivni nadSroubovicové vinuti. Pomoci imunoprecipitace p53 komplexit DNA na
magnetickych kulickdch jsme sledovali preferenci ke kruhové molekule DNA s riznym

nadSroubovicovym vinutim. Ukazalo se, Ze pii relaxaci DNA dochazi k vyraznému snizeni
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afinity pro kruhovou molekulu oproti linedrnimu fragmentu DNA, ale pii pfevedeni
relaxované molekuly zvySenou koncentraci interkaldtoru do pozitivniho nadSroubovicového
vinuti dojde opét ke zvySeni preference pro protein p53. Jak negativni, tak pozitivni

nadSroubovicové vinuti tedy miZe zlepSovat vazebnou afinitu proteinu p53 k DNA.

2.1.4. Vazba proteinu p53 k inverznim repeticim tvoricim kriZové

struktury

Priloha 11: Jagelska, E.B., Brazda, V., Pecinka, P., Palecek, E., and Fojta, M. (2008).
DNA topology influences p53 sequence-specific DNA binding through structural transitions
within the target sites. Biochem J 412, 57-63.

Priloha 12: Jagelska, E.B., Pivonkova, H., Fojta, M., and Brazda, V. (2010). The
potential of the cruciform structure formation as an important factor influencing p53
sequence-specific binding to natural DNA targets. Biochem Biophys Res Commun 391, 1409-
1414.

Priloha 13: Coufal, J., Jagelska, E.B., Liao, J.C., and Brazda, V. (2013). Preferential
binding of p53 tumor suppressor to p21 promoter sites that contain inverted repeats capable of

forming cruciform structure. Biochem Bioph Res Co 441, 83-88.

Pii dal$im vyzkumu interakci proteinu p53 s DNA jsme se zaméfili na pfitomnost
ktizovych struktur. Pro testovani afinity proteinu p53 ke kfizovym strukturam jsme ptipravili
Ctyfi plazmidové konstrukty, které se liSily pouze v ptitomnosti cilového mista pro protein
p53 a v pritomnosti inverzni repetice s moznosti tvorby kiizové struktury (obrazek 7). Méli
jsme tedy k dispozici plazmid, ktery obsahoval cilovou sekvenci pro protein p53 s inverzni
repetici (pPGM?2), plazmid, ktery obsahoval cilovou sekvenci bez inverzni repetice (pEV),
plazmid, ktery obsahoval ideédlni inverzni repetici bez cilového mista pro protein p53

(pCFNO) a kontrolni plazmid bez téchto inzerci (pBluescript).
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Obrazek 7: Schéma konstruktii pouzitych ve studii. Modrou barvou je oznacena cilova
sekvence pro protein p53, Sipky naznacuji inverzni repetice, které vytvari v superhelikalni

DNA kiizovou strukturu.

V nekompeticnim uspofadani se protein p53 véaze ke vSem témto plazmidim
v superhelikalnim stavu a pouze k fragmentim obsahujicim p53 cilovou sekvenci v linearnim
stavu. V pripad¢ kompeticniho experimentu ma ovsem protein p53 nejvyssi afinitu k pPGM2,
nasleduje pEV, pCFNO a nejslabsi je vazba ke kontrolnimu plazmidu bez inzerti. Pomoci
topoizomerazy jsme, krom¢ plazmidu s nativnim nadSroubovicovym vinutim, pfipravili
plazmidy s pfesn¢ definovanym nadSroubovicovym vinutim. Poté jsme provedli dikaz
pritomnosti lokalni struktury DNA v téchto topoizomerech pomoci nukledzy S1 a takeé
pomoci dvourozmérné elektrororézy. Ukazalo se, ze od superhelikdlniho vinuti —6=0,05
vznikd v plazmidech lokalni struktura DNA v misté inverzni repetice, ktera odpovida
pfitomnosti kiizové struktury vtomto misté plazmidu. Pfi kompeti¢nim experimentu
s topoizomery jsme pak mohli pozorovat vyrazny skok v afinité¢ proteinu p53 k témto
plazmidim pravé se zvySujici se superhelicitou od —6=0,05. Tato tranzice nebyla
pozorovatelnd u plazmidl bez inverzni repetice. Z tohoto postulujeme, ze k afinité proteinu
p53 prispiva vyznamné praveé vznik kiizové struktury v p53 cilové sekvenci. Stejny efekt jsme
poté pozorovali u dalSich konstrukti, ve kterych jsme naklonovali do plazmidi p53 cilové
sekvence z promotort p53 dependentnich genil. Se zvySujici se superhelicitou se protein p53
vazal 1épe na cilova mista, zejména v pfipadé moznosti tvorby kiizové struktury v sekvenci.

Detailnéji jsme také zkoumali cilova mista proteinu p53 z promotoru genu p21. Pomoci
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chromatinové imunoprecipitace jsme testovali, jak je protein pS3 navazan na tento promotor
po chemoterapeutickém poskozeni nadorovych bunék. Protein p53 se tvofil vyznamné
zejména po poSkozeni nadorové linie MCF-7 5-fluorouracylem, doxorubicinem a
roscovitinem, coz jsme detekovali pomoci Western Blotu a pomoci imunohistochemie, ktera
nam ukazala po poskozeni bunék zfetelnou lokalizaci proteinu p53 v jadie bunék. V téchto
bunkach dochazelo poté také k vyrazné expresi proteinu p2l, zejména po pouziti 5-
-fluorouracilu a roscovitinu. Pomoci imunochromatinové precipitace jsme z téchto bunék
vyizolovali p53-DNA komplexy. Nejvice byl protein navazan praveé na fragment z promotoru
genu p21, ktery obsahuje nejen cilovou sekvenci, ale také inverzni repetice s potencidlem

tvorby ktizové struktury.

2.2. Preferenc¢ni vazba proteinu 14-3-3 k nadSroubovicové DNA

Priloha 14: Brazda, V., Cechova, J., Coufal, J., Rumpel, S., and Jagelska, E.B. (2012).
Superhelical DNA as a preferential binding target of 14-3-3gamma protein. J Biomol Struct
Dyn 30, 371-378.

Proteiny rodiny 14-3-3 patii mezi vysoce konzervovanou skupinu proteinti, kterd ma
u eukaryotnich organismii nékolik izoforem. Proteiny 14-3-3 hraji klicovou roli pfi replikaci a
regulaci bunééného cyklu. Bylo ukazano, Ze protein 14-3-3y se vaze silné na kiizové struktury
a je zasadni pro zahdjeni replikace. Testovali jsme vazebné vlastnosti proteinu 14-3-3y
k linearni a superhelikdlni DNA. Pomoci gelové retardacni analyzy jsme ukazali, Ze tento
protein se vaze preferencné k dlouhym molekulam DNA. Kompeti¢ni experimenty poté
ukazaly silnou preferenci pro superhelikalni DNA. Pomoci konfokalni mikroskopie jsme
ukdzali vbunécné linii HCT-116 kolokalizaci proteinti 14-3-3 s kiizovymi strukturami.
Preference proteinu 14-3-3 k superhelikalni DNA ukazuje na vyznamnou roli proteinu 14-3-3

pii vazbé na lokalni struktury v DNA.
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2.3. Vazebné vlastnosti nadorového supresoru proteinu BRCA1

Priloha 15: Brazda, V., Jagelska, E.B., Liao, J.C., and Arrowsmith, C.H. (2009). The
Central Region of BRCAT1 Binds Preferentially to Supercoiled DNA. J Biomol Struct Dyn 27,
97-104.

Protein BRCA1 je multifunkéni nadorovy supresor, ktery pomoci své interakce
s dalSimi proteiny a DNA mé zédsadni tlohu zejména pii opravach DNA, transkripci a
zménach struktury chromatinu. Provedli jsme detailni analyzu vazebnych vlastnosti proteinu
BRCAL k linearni a superhelikdlni DNA. Centralni oblast proteinu BRCA1 se vaze silné
k negativné¢ nadSoubovicové plazmidové DNA s nativni nadSroubovicovou hustotou. Uz od
nizkych koncentraci proteinu dochdzi k vazbé na superhelikdlni DNA a ke wvzniku
retardovanych komplext, zatimco na linearni DNA se protein BRCA1 za téchto podminek
nevaze. Komplexy proteinu BRCA1 se superhelikalni DNA je$té vice zpomali pfitomnost
monoklondlni protilatky proti proteinu BRCAI1. V centralni oblasti jsou minimalné dvé

nezavislé DNA vazebné domény, které¢ se vazi k superhelikalni DNA.

v rw

2.4. Preferencni vazba proteinu IF116 ke kfiZovym strukturam DNA

Priloha 16: Liao, J.C., Lam, R., Brazda, V., Duan, S., Ravichandran, M., Ma, J., Xiao,
T., Tempel, W., Zuo, X., Wang, Y.X., et al. (2011). Interferon-inducible protein 16: insight
into the interaction with tumor suppressor p53. Structure 19, 418-429.

Priloha 17: Brazda, V., Coufal, J., Liao, J.C., and Arrowsmith, C.H. (2012).
Preferential binding of IFI116 protein to cruciform structure and superhelical DNA. Biochem

Bioph Res Co 422, 716-720.

Jednim z proteint, které mohou regulovat funkci proteinu p53, je protein IF116
(interferon inducibilni protein 16). Tento protein patii do rodiny jadernych proteinit HIN-200,
které maji pravdépodobné dllezitou ulohu v transkripni regulaci. V rdmci studia tohoto
proteinu jsme publikovali krystalovou strukturu jeho dvou domén, Hin-A a Hin-B. Pomoci

interak¢ni analyzy proteinli jsme zjistili, ze doména HIN-A proteinu IFI16 interaguje s C-
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-termindlni doménou proteinu p53. Pomoci gelové retardacni analyzy jsme poté ukazali, ze
interakce proteinu IF116 zlepSuje vazebné vlastnosti proteinu p53. Mutace domény HIN-A
rusi aktivaci proteinu p53. IFI16 protein také zvySuje transkripcni aktivaci zprostiedkovanou
proteinem p53, jak jsme demonstrovali kotransfekci konstrukti pro tvorbu p53 a proteint
[F116 s luciferazovym reportérovym systémem s cilovym mistem p53. Protein IF116 je také
schopny vazat se pfimo na DNA s vyraznou preferenci pro kiizové struktury a superhelikalni
DNA. Interakce s proteinem p53 tedy mize vést také k efektivnéj§imu vyhleddvani strukturné

afinitnich mist v DNA.
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3. Zavér

Ptedklddand habilitaéni prace shrnuje poznatky ziskané v oblasti vazby proteini na
superhelikalni DNA a kfizové struktury. Vysledky byly publikované v 17 c¢lancich
v impaktovanych a rezenzovanych zahrani¢nich casopisech. Kromé toho kandidat publikoval
1 celou fadu dal$ich originélnich vysledku.

V habilita¢ni praci jsou nejprve shrnuty poznatky o lokalnich strukturach, které se
v DNA tvofi zejména se zaméfenim na kiiZzové struktury a jejich vyznam a piitomnost
v genomu. Dale jsou podrobné popsany proteiny, které se vazi na ktizové struktury s jejich
potencialnim vyznamem u lidskych onemocnéni. Vysledky vyrazné pfispély k poznani
zpusobu regulace vazby proteinu p53 a nckterych dalSich proteinti k DNA. Protein p53 se
vaze na celou fadu cilovych sekvenci v genomu a reguluje tak ochranné mechanismy ptisobici
po poskozeni buiiky. Strukturni motivy pak hraji dtlezitou ulohu v efektivni i¢innosti vazby
na DNA. Vazba ke kiizovym strukturdm byla u proteinu p53 charakterizovana nékolika
metodikami a ukézalo se dokonce, Ze cilova mista pro protein p53 velmi Casto obsahuji
inverzni repetice a jsou schopna tvorby kiiZzovych struktur, coz vyrazné ptispiva k intenzivni
vazbé proteinu p53 k DNA. Pomoci chromatinové imunoprecipitace byla také ukazana
preferencni vazba tohoto proteinu k sekvencim s inverzni repetici v regulacnich oblastech
promotoru p21. Tato preference miize hrat jednu z kliCovych uloh pi#i determinaci buiiky
k zastaveni bunécného cyklu a apoptoze. Pii vétSim genotoxickém zasahu dochézi totiz
nejprve k selektivnimu poSkozeni aktivnich mist, které jsou spojeny s extruzi kiizové
struktury. Tyto vysledky podporuje 1 specifickd vazba proteini 14-3-3 a IFI16
k superhelikalni DNA a kfizovym strukturdm. Bylo také ukazano, ze protein IFI16 se miize
podilet 1 pfimo na aktivaci proteinu p53.

Detailni charakterizace DNA vazebnych vlastnosti proteinti, které¢ s DNA interaguji, je

dilezitym ptedpokladem porozuméni zakladnim biologickym procestim.
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4. Abstract

Presented habilitation thesis summarizes results about the binding of proteins to
supercoiled DNA and cruciform structures. The results were published in 16 articles in
prestigious international journals. In addition, candidate published a number of other original
results.

The habilitation thesis summarizes knowledge about local DNA structures with a
particular focus to cruciforms and their importance and presence in the genome. There are
sumarized informations about proteins which bind to cruciforms and their potential
importance in human disease. The results contributed significantly to the understanding of the
p53 binding to DNA and its regulation. P53 binds to a number of target sequences in the
genome and thus regulates the protective mechanisms upon cell damage. Structural motifs
play important role in the effective efficiency of binding to DNA. Binding to cruciform
structures by the p53 protein is characterized by several methodological approaches.
Moreover it was showed that the target sites for the p53 protein frequently contain inverted
repeats and are capable to form cruciforms, which significantly contributes to the intensity of
p53 binding to DNA. By using chromatin immunoprecipitation was also demonstrated
preferential binding of this protein to sequences with inverse repeats in regulatory regions of
the p21 promoter. This preference may play one of the key roles in the cell determination to
cell cycle arrest and apoptosis. These results are also supported by specific binding proteins
14-3-3 and IFI16 to supercoiled DNA and cruciforms. It was also shown that the protein
IFI16 also contribute directly to the activation of p53.

Detailed characterization of the DNA binding properties of proteins that interact with

DNA is fundamental in understanding of basic biological processes.

36



10
11

12

13

14

15

16

17

5. Citovana literatura

Smith, G. R. (2008) Meeting DNA palindromes head-to-head. Genes Dev. 22, 2612-2620

van Holde, K. and Zlatanova, J. (1994) Unusual DNA structures, chromatin and
transcription. Bioessays. 16, 59-68

Brazda, V., Laister, R. C., Jagelska, E. B. and Arrowsmith, C. (2011) Cruciform
structures are a common DNA feature important for regulating biological processes.
BMC Mol Biol. 12, 33

Krasilnikov, A. S., Podtelezhnikov, A., Vologodskii, A. and Mirkin, S. M. (1999) Large-
scale effects of transcriptional DNA supercoiling in vivo. J Mol Biol. 292, 1149-1160

Palecek, E. (1991) Local supercoil-stabilized DNA structures. Crit Rev Biochem Mol
Biol. 26, 151-226

Limanskaia, O. and Limanskii, A. P. (2009) Distribution of potentially hairpin-loop
structures in the genome of bovine retroviruses. Vopr Virusol. 54, 27-32

Mikheikin, A. L., Lushnikov, A. Y. and Lyubchenko, Y. L. (2006) Effect of DNA
supercoiling on the geometry of holliday junctions. Biochemistry. 45, 12998-13006

Pearson, C. E., Zorbas, H., Price, G. B. and Zannis-Hadjopoulos, M. (1996) Inverted
repeats, stem-loops, and cruciforms: significance for initiation of DNA replication. J Cell
Biochem. 63, 1-22

Werbowy, K., Cieslinski, H. and Kur, J. (2009) Characterization of a cryptic plasmid
pSFKW33 from Shewanella sp. 33B. Plasmid. 62, 44-49

Bates, A. D. and Maxwell, A. (2005) DNA Topology. Oxford University Press, Oxford

Mani, P., Yadav, V. K., Das, S. K. and Chowdhury, S. (2009) Genome-wide analyses of
recombination prone regions predict role of DNA structural motif in recombination. PLoS
One. 4, ¢4399

Peter, B. J., Arsuaga, J., Breier, A. M., Khodursky, A. B., Brown, P. O. and Cozzarelli, N.
R. (2004) Genomic transcriptional response to loss of chromosomal supercoiling in
Escherichia coli. Genome Biol. 5, R87

Murchie, A. 1. and Lilley, D. M. (1987) The mechanism of cruciform formation in
supercoiled DNA: initial opening of central basepairs in salt-dependent extrusion. Nucleic
acids research. 15, 9641-9654

Pearson, C. E., Ruiz, M. T., Price, G. B. and Zannis-Hadjopoulos, M. (1994) Cruciform
DNA binding protein in HeLa cell extracts. Biochemistry. 33, 14185-14196

Panayotatos, N. and Fontaine, A. (1987) A native cruciform DNA structure probed in
bacteria by recombinant T7 endonuclease. J Biol Chem. 262, 11364-11368

Yamaguchi, K. and Yamaguchi, M. (1984) The replication origin of pSC101: the
nucleotide sequence and replication functions of the ori region. Gene. 29, 211-219

Yahyaoui, W., Callejo, M., Price, G. B. and Zannis-Hadjopoulos, M. (2007) Deletion of
the cruciform binding domain in CBP/14-3-3 displays reduced origin binding and
initiation of DNA replication in budding yeast. BMC Mol Biol. 8, 27

37



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Bell, D., Sabloff, M., Zannis-Hadjopoulos, M. and Price, G. (1991) Anti-cruciform DNA
affinity purification of active mammalian origins of replication. Biochim Biophys Acta.
1089, 299-308

Zannis-Hadjopoulos, M., Frappier, L., Khoury, M. and Price, G. B. (1988) Effect of anti-
cruciform DNA monoclonal antibodies on DNA replication. Embo J. 7, 1837-1844

Alvarez, D., Novac, O., Callejo, M., Ruiz, M. T., Price, G. B. and Zannis-Hadjopoulos,
M. (2002) 14-3-3sigma is a cruciform DNA binding protein and associates in vivo with
origins of DNA replication. J Cell Biochem. 87, 194-207

Callejo, M., Alvarez, D., Price, G. B. and Zannis-Hadjopoulos, M. (2002) The 14-3-3
protein homologues from Saccharomyces cerevisiae, Bmh1lp and Bmh2p, have cruciform
DNA-binding activity and associate in vivo with ARS307. J Biol Chem. 277, 38416-
38423

Hanke, J. H., Hambor, J. E. and Kavathas, P. (1995) Repetitive Alu elements form a
cruciform structure that regulates the function of the human CDS alpha T cell-specific
enhancer. ] Mol Biol. 246, 63-73

Dayn, A., Malkhosyan, S. and Mirkin, S. M. (1992) Transcriptionally driven cruciform
formation in vivo. Nucleic Acids Res. 20, 5991-5997

Allers, T. and Leach, D. R. (1995) DNA palindromes adopt a methylation-resistant
conformation that is consistent with DNA cruciform or hairpin formation in vivo. J Mol
Biol. 252, 70-85

Frank-Kamenetskii, M. D. and Mirkin, S. M. (1995) Triplex DNA structures. Annu Rev
Biochem. 64, 65-95

Lyamichev, V. L., Mirkin, S. M. and Frank-Kamenetskii, M. D. (1986) Structures of
homopurine-homopyrimidine tract in superhelical DNA. J Biomol Struct Dyn. 3, 667-669

Potaman, V. N., Ussery, D. W. and Sinden, R. R. (1996) Formation of a combined H-
DNA/open TATA box structure in the promoter sequence of the human Na,K-ATPase
alpha2 gene. The Journal of biological chemistry. 271, 13441-13447

Schroth, G. P. and Ho, P. S. (1995) Occurrence of potential cruciform and H-DNA
forming sequences in genomic DNA. Nucleic acids research. 23, 1977-1983

Agazie, Y. M., Lee, J. S. and Burkholder, G. D. (1994) Characterization of a new
monoclonal antibody to triplex DNA and immunofluorescent staining of mammalian
chromosomes. The Journal of biological chemistry. 269, 7019-7023

Lee, J. S., Burkholder, G. D., Latimer, L. J., Haug, B. L. and Braun, R. P. (1987) A
monoclonal antibody to triplex DNA binds to eucaryotic chromosomes. Nucleic acids
research. 15, 1047-1061

Yang, N., Singh, S. and Mahato, R. I. (2011) Targeted TFO delivery to hepatic stellate
cells. Journal of controlled release : official journal of the Controlled Release Society.
155, 326-330

Mikhailov, V. S. and Bogenhagen, D. F. (1996) Termination within oligo(dT) tracts in
template DNA by DNA polymerase gamma occurs with formation of a DNA triplex
structure and is relieved by mitochondrial single-stranded DNA-binding protein. The
Journal of biological chemistry. 271, 30774-30780

38



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Patel, H. P., Lu, L., Blaszak, R. T. and Bissler, J. J. (2004) PKD1 intron 21: triplex DNA
formation and effect on replication. Nucleic acids research. 32, 1460-1468

Renciuk, D., Kejnovska, 1., Skolakova, P., Bednarova, K., Motlova, J. and Vorlickova, M.
(2009) Arrangements of human telomere DNA quadruplex in physiologically relevant K+
solutions. Nucleic Acids Res. 37, 6625-6634

Kejnovska, 1., Vorlickova, M., Brazdova, M. and Sagi, J. (2014) Stability of human
telomere quadruplexes at high DNA concentrations. Biopolymers. 101, 428-438

Brazda, V., Haronikova, L., Liao, J. C. and Fojta, M. (2014) DNA and RNA Quadruplex-
Binding Proteins. Int J Mol Sci. 15, 17493-17517

Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K. and Neidle, S. (2006) Quadruplex
DNA: sequence, topology and structure. Nucleic acids research. 34, 5402-5415

Gellert, M., Lipsett, M. N. and Davies, D. R. (1962) Helix formation by guanylic acid. P
Natl Acad Sci USA. 48, 2013-2018

Wang, Y. and Patel, D. J. (1993) Solution structure of the human telomeric repeat
d[AG3(T2AG3)3] G-tetraplex. Structure. 1, 263-282

Huppert, J. L. and Balasubramanian, S. (2007) G-quadruplexes in promoters throughout
the human genome. Nucleic acids research. 35, 406-413

Kikin, O., D'Antonio, L. and Bagga, P. S. (2006) QGRS Mapper: a web-based server for
predicting G-quadruplexes in nucleotide sequences. Nucleic acids research. 34, W676-
682

Scaria, V., Hariharan, M., Arora, A. and Maiti, S. (2006) Quadfinder: server for
identification and analysis of quadruplex-forming motifs in nucleotide sequences. Nucleic
acids research. 34, W683-685

Huppert, J. L. and Balasubramanian, S. (2005) Prevalence of quadruplexes in the human
genome. Nucleic acids research. 33, 2908-2916

Lane, A. N., Chaires, J. B., Gray, R. D. and Trent, J. O. (2008) Stability and kinetics of
G-quadruplex structures. Nucleic acids research. 36, 5482-5515

Izbicka, E., Wheelhouse, R. T., Raymond, E., Davidson, K. K., Lawrence, R. A., Sun, D.,
Windle, B. E., Hurley, L. H. and Von Hoff, D. D. (1999) Effects of cationic porphyrins as
G-quadruplex interactive agents in human tumor cells. Cancer research. 59, 639-644

Siddiqui-Jain, A., Grand, C. L., Bearss, D. J. and Hurley, L. H. (2002) Direct evidence for
a G-quadruplex in a promoter region and its targeting with a small molecule to repress c-
MYC transcription. P Natl Acad Sci USA. 99, 11593-11598

Chang, C. C., Kuo, I. C,, Ling, I. F., Chen, C. T., Chen, H. C., Lou, P. J., Lin, J. J. and
Chang, T. C. (2004) Detection of quadruplex DNA structures in human telomeres by a
fluorescent carbazole derivative. Analytical chemistry. 76, 4490-4494

Fernando, H., Rodriguez, R. and Balasubramanian, S. (2008) Selective recognition of a
DNA G-quadruplex by an engineered antibody. Biochemistry. 47, 9365-9371

Fernando, H., Sewitz, S., Darot, J., Tavare, S., Huppert, J. L. and Balasubramanian, S.
(2009) Genome-wide analysis of a G-quadruplex-specific single-chain antibody that
regulates gene expression. Nucleic acids research. 37, 6716-6722

39



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Schaffitzel, C., Postberg, J., Paeschke, K. and Lipps, H. J. (2010) Probing telomeric G-
quadruplex DNA structures in cells with in vitro generated single-chain antibody
fragments. Methods in molecular biology. 608, 159-181

Biffi, G., Tannahill, D., McCafferty, J. and Balasubramanian, S. (2013) Quantitative
visualization of DNA G-quadruplex structures in human cells. Nature chemistry. 5, 182-
186

Pohl, F. M. and Jovin, T. M. (1972) Salt-induced co-operative conformational change of a
synthetic DNA: equilibrium and kinetic studies with poly (dG-dC). Journal of molecular
biology. 67, 375-396

Rich, A. and Zhang, S. (2003) Timeline: Z-DNA: the long road to biological function.
Nat Rev Genet. 4, 566-572

Haniford, D. B. and Pulleyblank, D. E. (1983) The in-vivo occurrence of Z DNA. J
Biomol Struct Dyn. 1, 593-609

Haniford, D. B. and Pulleyblank, D. E. (1983) Facile transition of poly[d(TG) x d(CA)]
into a left-handed helix in physiological conditions. Nature. 302, 632-634

Lee, M., Kim, S. H. and Hong, S. C. (2010) Minute negative superhelicity is sufficient to
induce the B-Z transition in the presence of low tension. P Natl Acad Sci USA. 107,
4985-4990

Sugiyama, H., Kawai, K., Matsunaga, A., Fujimoto, K., Saito, I., Robinson, H. and Wang,
A. H. (1996) Synthesis, structure and thermodynamic properties of 8-methylguanine-
containing oligonucleotides: Z-DNA under physiological salt conditions. Nucleic acids
research. 24, 1272-1278

Herbert, A. G. and Rich, A. (1993) A method to identify and characterize Z-DNA binding
proteins using a linear oligodeoxynucleotide. Nucleic acids research. 21, 2669-2672

Schwartz, T., Rould, M. A., Lowenhaupt, K., Herbert, A. and Rich, A. (1999) Crystal
structure of the Zalpha domain of the human editing enzyme ADARI bound to left-
handed Z-DNA. Science. 284, 1841-1845

Kwon, J. A. and Rich, A. (2005) Biological function of the vaccinia virus Z-DNA-
binding protein E3L: gene transactivation and antiapoptotic activity in HeLa cells. P Natl
Acad Sci USA. 102, 12759-12764

Geng, J., Zhao, C., Ren, J. and Qu, X. (2010) Alzheimer's disease amyloid beta
converting left-handed Z-DNA back to right-handed B-form. Chemical communications.
46, 7187-7189

Khuu, P., Sandor, M., DeYoung, J. and Ho, P. S. (2007) Phylogenomic analysis of the
emergence of GC-rich transcription elements. P Natl Acad Sci USA. 104, 16528-16533

Ray, B. K., Dhar, S., Shakya, A. and Ray, A. (2011) Z-DNA-forming silencer in the first
exon regulates human ADAM-12 gene expression. P Natl Acad Sci USA. 108, 103-108

Rohs, R., Jin, X., West, S. M., Joshi, R., Honig, B. and Mann, R. S. (2010) Origins of
specificity in protein-DNA recognition. Annu Rev Biochem. 79, 233-269

Nakatsukasa, T., Shiraishi, Y., Negi, S., Imanishi, M., Futaki, S. and Sugiura, Y. (2005)
Site-specific DNA cleavage by artificial zinc finger-type nuclease with cerium-binding
peptide. Biochem Bioph Res Co. 330, 247-252

40



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Iwasaki, H., Takahagi, M., Shiba, T., Nakata, A. and Shinagawa, H. (1991) Escherichia
coli RuvC protein is an endonuclease that resolves the Holliday structure. Embo J. 10,
4381-4389

Biertumpfel, C., Yang, W. and Suck, D. (2007) Crystal structure of T4 endonuclease VII
resolving a Holliday junction. Nature. 449, 616-620

Pan, P. S., Curtis, F. A., Carroll, C. L., Medina, 1., Liotta, L. A., Sharples, G. J. and
McAlpine, S. R. (2006) Novel antibiotics: C-2 symmetrical macrocycles inhibiting
Holliday junction DNA binding by E. coli RuvC. Bioorg Med Chem. 14, 4731-4739

Fogg, J. M., Schofield, M. J., Declais, A. C. and Lilley, D. M. (2000) Yeast resolving
enzyme CCEl makes sequential cleavages in DNA junctions within the lifetime of the
complex. Biochemistry. 39, 4082-4089

Garcia, A. D., Otero, J., Lebowitz, J., Schuck, P. and Moss, B. (2006) Quaternary
structure and cleavage specificity of a poxvirus holliday junction resolvase. J Biol Chem.
281, 11618-11626

Mikhailov, V. S. and Rohrmann, G. F. (2002) Binding of the baculovirus very late
expression factor 1 (VLF-1) to different DNA structures. BMC Mol Biol. 3, 14

Biswas, T., Aihara, H., Radman-Livaja, M., Filman, D., Landy, A. and Ellenberger, T.
(2005) A structural basis for allosteric control of DNA recombination by lambda
integrase. Nature. 435, 1059-1066

Declais, A. C., Liu, J., Freeman, A. D. and Lilley, D. M. (2006) Structural recognition
between a four-way DNA junction and a resolving enzyme. J Mol Biol. 359, 1261-1276

Guan, C. and Kumar, S. (2005) A single catalytic domain of the junction-resolving
enzyme T7 endonuclease I is a non-specific nicking endonuclease. Nucleic Acids Res. 33,
6225-6234

Hadden, J. M., Declais, A. C., Carr, S. B., Lilley, D. M. and Phillips, S. E. (2007) The
structural basis of Holliday junction resolution by T7 endonuclease 1. Nature. 449, 621-
624

Spiro, C. and McMurray, C. T. (1997) Switching of DNA secondary structure in
proenkephalin transcriptional regulation. J Biol Chem. 272, 33145-33152

Middleton, C. L., Parker, J. L., Richard, D. J., White, M. F. and Bond, C. S. (2004)
Substrate recognition and catalysis by the Holliday junction resolving enzyme Hje.
Nucleic Acids Res. 32, 5442-5451

Lyu, Y. L., Lin, C. T. and Liu, L. F. (1999) Inversion/dimerization of plasmids mediated
by inverted repeats. J] Mol Biol. 285, 1485-1501

Declais, A. C. and Lilley, D. M. (2008) New insight into the recognition of branched
DNA structure by junction-resolving enzymes. Curr Opin Struct Biol. 18, 86-95

Giraud-Panis, M. J. and Lilley, D. M. (1997) Near-simultaneous DNA cleavage by the
subunits of the junction-resolving enzyme T4 endonuclease VII. Embo J. 16, 2528-2534

Macmaster, R., Sedelnikova, S., Baker, P. J., Bolt, E. L., Lloyd, R. G. and Rafferty, J. B.
(2006) RusA Holliday junction resolvase: DNA complex structure--insights into
selectivity and specificity. Nucleic Acids Res. 34, 5577-5584

Chang, J. H., Kim, J. J., Choi, J. M., Lee, J. H. and Cho, Y. (2008) Crystal structure of the
Mus81-Emel complex. Genes Dev. 22, 1093-1106

41



&3

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Cote, A. G. and Lewis, S. M. (2008) Mus81-dependent double-strand DNA breaks at in
vivo-generated cruciform structures in S. cerevisiae. Mol Cell. 31, 800-812

Ehmsen, K. T. and Heyer, W. D. (2008) Saccharomyces cerevisiac Mus81-Mms4 is a
catalytic, DNA structure-selective endonuclease. Nucleic Acids Res. 36, 2182-2195

Taylor, E. R. and McGowan, C. H. (2008) Cleavage mechanism of human Mus81-Emel
acting on Holliday-junction structures. Proc Natl Acad Sci U S A. 105, 3757-3762

Lee, J. H.,, Park, C. J., Arunkumar, A. 1., Chazin, W. J. and Choi, B. S. (2003) NMR study
on the interaction between RPA and DNA decamer containing cis-syn cyclobutane
pyrimidine dimer in the presence of XPA: implication for damage verification and strand-
specific dual incision in nucleotide excision repair. Nucleic Acids Res. 31, 4747-4754

Sekelsky, J. J., Hollis, K. J., Eimerl, A. 1., Burtis, K. C. and Hawley, R. S. (2000)
Nucleotide excision repair endonuclease genes in Drosophila melanogaster. Mutat Res.
459, 219-228

Wakasugi, M., Reardon, J. T. and Sancar, A. (1997) The non-catalytic function of XPG
protein during dual incision in human nucleotide excision repair. J Biol Chem. 272,
16030-16034

Lonskaya, I., Potaman, V. N., Shlyakhtenko, L. S., Oussatcheva, E. A., Lyubchenko, Y.
L. and Soldatenkov, V. A. (2005) Regulation of poly(ADP-ribose) polymerase-1 by DNA
structure-specific binding. J Biol Chem. 280, 17076-17083

Chasovskikh, S., Dimtchev, A., Smulson, M. and Dritschilo, A. (2005) DNA transitions
induced by binding of PARP-1 to cruciform structures in supercoiled plasmids.
Cytometry A. 68, 21-27

Brazda, V., Jagelska, E. B., Liao, J. C. and Arrowsmith, C. H. (2009) The Central Region
of BRCAT1 Binds Preferentially to Supercoiled DNA. J Biomol Struct Dyn. 27, 97-104

Naseem, R. and Webb, M. (2008) Analysis of the DNA binding activity of BRCAI and
its modulation by the tumour suppressor p53. PLoS ONE. 3, €2336

Sturdy, A., Naseem, R. and Webb, M. (2004) Purification and characterisation of a
soluble N-terminal fragment of the breast cancer susceptibility protein BRCA1. J Mol
Biol. 340, 469-475

Naseem, R., Sturdy, A., Finch, D., Jowitt, T. and Webb, M. (2006) Mapping and
conformational characterization of the DNA-binding region of the breast cancer
susceptibility protein BRCAT1. Biochem J. 395, 529-535

Lee, S., Cavallo, L. and Griffith, J. (1997) Human p53 binds Holliday junctions strongly
and facilitates their cleavage. J Biol Chem. 272, 7532-7539

Subramanian, D. and Griffith, J. D. (2005) Modulation of p53 binding to Holliday
junctions and 3-cytosine bulges by phosphorylation events. Biochemistry. 44, 2536-2544

Ma, B. and Levine, A. J. (2007) Probing potential binding modes of the p53 tetramer to
DNA based on the symmetries encoded in p53 response elements. Nucleic Acids Res. 35,
7733-7747

Jett, S. D., Cherny, D. 1., Subramaniam, V. and Jovin, T. M. (2000) Scanning force
microscopy of the complexes of p53 core domain with supercoiled DNA. J Mol Biol. 299,
585-592

42



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

Brazda, V., Palecek, J., Pospisilova, S., Vojtesek, B. and Palecek, E. (2000) Specific
modulation of p53 binding to consensus sequence within supercoiled DNA by
monoclonal antibodies. Biochem Biophys Res Commun. 267, 934-939

Jagelska, E. B., Brazda, V., Pecinka, P., Palecek, E. and Fojta, M. (2008) DNA topology
influences p53 sequence-specific DNA binding through structural transitions within the
target sites. Biochem J. 412, 57-63

Jagelska, E. B., Pivonkova, H., Fojta, M. and Brazda, V. (2010) The potential of the
cruciform structure formation as an important factor influencing p53 sequence-specific
binding to natural DNA targets. Biochem Biophys Res Commun. 391, 1409-1414

Zannis-Hadjopoulos, M., Yahyaoui, W. and Callejo, M. (2008) 14-3-3 cruciform-binding
proteins as regulators of eukaryotic DNA replication. Trends Biochem Sci. 33, 44-50

van Houte, L. P., Chuprina, V. P., van der Wetering, M., Boelens, R., Kaptein, R. and
Clevers, H. (1995) Solution structure of the sequence-specific HMG box of the
lymphocyte transcriptional activator Sox-4. J Biol Chem. 270, 30516-30524

Stefanovsky, V. Y. and Moss, T. (2009) The cruciform DNA mobility shift assay: a tool
to study proteins that recognize bent DNA. Methods Mol Biol. 543, 537-546

Nakamura, Y., Yoshioka, K., Shirakawa, H. and Yoshida, M. (2001) HMG box A in
HMG?2 protein functions as a mediator of DNA structural alteration together with box B. J
Biochem. 129, 643-651

Klungland, H., Andersen, O., Kisen, G., Alestrom, P. and Tora, L. (1993) Estrogen
receptor binds to the salmon GnRH gene in a region with long palindromic sequences.
Mol Cell Endocrinol. 95, 147-154

Alexiadis, V., Waldmann, T., Andersen, J., Mann, M., Knippers, R. and Gruss, C. (2000)
The protein encoded by the proto-oncogene DEK changes the topology of chromatin and

reduces the efficiency of DNA replication in a chromatin-specific manner. Genes Dev.
14, 1308-1312

Waldmann, T., Baack, M., Richter, N. and Gruss, C. (2003) Structure-specific binding of
the proto-oncogene protein DEK to DNA. Nucleic Acids Res. 31, 7003-7010

Mazina, O. M., Rossi, M. J., Thomaa, N. H. and Mazin, A. V. (2007) Interactions of
human rad54 protein with branched DNA molecules. J Biol Chem. 282, 21068-21080

Modesti, M., Budzowska, M., Baldeyron, C., Demmers, J. A., Ghirlando, R. and Kanaar,
R. (2007) RADS1API is a structure-specific DNA binding protein that stimulates joint
molecule formation during RADS51-mediated homologous recombination. Mol Cell. 28,
468-481

Stros, M., Polanska, E., Struncova, S. and Pospisilova, S. (2009) HMGB1 and HMGB2
proteins up-regulate cellular expression of human topoisomerase Ilalpha. Nucleic Acids
Res. 37, 2070-2086

Rene, B., Fermandjian, S. and Mauffret, O. (2007) Does topoisomerase II specifically
recognize and cleave hairpins, cruciforms and crossovers of DNA? Biochimie. 89, 508-
515

Bonnefoy, E. (1997) The ribosomal S16 protein of Escherichia coli displaying a DNA-
nicking activity binds to cruciform DNA. Eur J Biochem. 247, 852-859

43



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Broeker, P. L., Harden, A., Rowley, J. D. and Zeleznik-Le, N. (1996) The mixed lineage
leukemia (MLL) protein involved in 11g23 translocations contains a domain that binds
cruciform DNA and scaffold attachment region (SAR) DNA. Curr Top Microbiol
Immunol. 211, 259-268

Zeleznik-Le, N. J., Harden, A. M. and Rowley, J. D. (1994) 1123 translocations split the
"AT-hook" cruciform DNA-binding region and the transcriptional repression domain

from the activation domain of the mixed-lineage leukemia (MLL) gene. Proc Natl Acad
SciUS A. 91, 10610-10614

Compton, S. A., Tolun, G., Kamath-Loeb, A. S., Loeb, L. A. and Griffith, J. D. (2008)
The Werner syndrome protein binds replication fork and holliday junction DNAs as an
oligomer. J Biol Chem. 283, 24478-24483

Poulet, A., Buisson, R., Faivre-Moskalenko, C., Koelblen, M., Amiard, S., Montel, F.,
Cuesta-Lopez, S., Bornet, O., Guerlesquin, F., Godet, T., Moukhtar, J., Argoul, F.,
Declais, A. C., Lilley, D. M., Ip, S. C., West, S. C., Gilson, E. and Giraud-Panis, M. J.
(2009) TRF2 promotes, remodels and protects telomeric Holliday junctions. Embo J. 28,
641-651

Fouche, N., Cesare, A. J., Willcox, S., Ozgur, S., Compton, S. A. and Griffith, J. D.
(2006) The basic domain of TRF2 directs binding to DNA junctions irrespective of the
presence of TTAGGG repeats. J Biol Chem. 281, 37486-37495

Dip, R. and Naegeli, H. (2005) More than just strand breaks: the recognition of structural
DNA discontinuities by DNA-dependent protein kinase catalytic subunit. Faseb J. 19,
704-715

Mullen, J. R., Nallaseth, F. S., Lan, Y. Q., Slagle, C. E. and Brill, S. J. (2005) Yeast
Rmil/Nce4 controls genome stability as a subunit of the Sgs1-Top3 complex. Mol Cell
Biol. 25, 4476-4487

Rass, U. and Kemper, B. (2002) Crplp, a new cruciform DNA-binding protein in the
yeast Saccharomyces cerevisiae. J Mol Biol. 323, 685-700

van Brabant, A. J., Stan, R. and Ellis, N. A. (2000) DNA helicases, genomic instability,
and human genetic disease. Annu Rev Genomics Hum Genet. 1, 409-459

Tripathi, P., Pal, D. and Muniyappa, K. (2007) Saccharomyces cerevisiac Hopl protein
zinc finger motif binds to the Holliday junction and distorts the DNA structure:
implications for holliday junction migration. Biochemistry. 46, 12530-12542

Tripathi, P., Anuradha, S., Ghosal, G. and Muniyappa, K. (2006) Selective binding of
meiosis-specific yeast Hopl protein to the holliday junctions distorts the DNA structure
and its implications for junction migration and resolution. J Mol Biol. 364, 599-611

Linder, B., Newman, R., Jones, L. K., Debernardi, S., Young, B. D., Freemont, P.,
Verrijzer, C. P. and Saha, V. (2000) Biochemical analyses of the AF10 protein: the
extended LAP/PHD-finger mediates oligomerisation. J] Mol Biol. 299, 369-378

Khuu, P. A., Voth, A. R., Hays, F. A. and Ho, P. S. (2006) The stacked-X DNA Holliday
junction and protein recognition. J Mol Recognit. 19, 234-242

Lilley, D. M. (2000) Structures of helical junctions in nucleic acids. Q Rev Biophys. 33,
109-159

Lilley, D. M. and White, M. F. (2001) The junction-resolving enzymes. Nat Rev Mol Cell
Biol. 2, 433-443

44



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

Shiba, T., Iwasaki, H., Nakata, A. and Shinagawa, H. (1991) SOS-inducible DNA repair
proteins, RuvA and RuvB, of Escherichia coli: functional interactions between RuvA and
RuvB for ATP hydrolysis and renaturation of the cruciform structure in supercoiled DNA.
Proc Natl Acad Sci U S A. 88, 8445-8449

Iwasaki, H., Takahagi, M., Nakata, A. and Shinagawa, H. (1992) Escherichia coli RuvA
and RuvB proteins specifically interact with Holliday junctions and promote branch
migration. Genes Dev. 6, 2214-2220

Stros, M., Bacikova, A., Polanska, E., Stokrova, J. and Strauss, F. (2007) HMGB1
interacts with human topoisomerase Ilalpha and stimulates its catalytic activity. Nucleic
Acids Res. 35, 5001-5013

Benjamin, R. C. and Gill, D. M. (1980) Poly(ADP-ribose) synthesis in vitro programmed
by damaged DNA. A comparison of DNA molecules containing different types of strand
breaks. J Biol Chem. 255, 10502-10508

Rouleau, M., Aubin, R. A. and Poirier, G. G. (2004) Poly(ADP-ribosyl)ated chromatin
domains: access granted. J Cell Sci. 117, 815-825

Soldatenkov, V. A., Chasovskikh, S., Potaman, V. N., Trofimova, 1., Smulson, M. E. and
Dritschilo, A. (2002) Transcriptional repression by binding of poly(ADP-ribose)
polymerase to promoter sequences. J Biol Chem. 277, 665-670

Dey, A., Verma, C. S. and Lane, D. P. (2008) Updates on p53: modulation of p53
degradation as a therapeutic approach. Br J Cancer. 98, 4-8

Kim, E., Rohaly, G., Heinrichs, S., Gimnopoulos, D., Meissner, H. and Deppert, W.
(1999) Influence of promoter DNA topology on sequence-specific DNA binding and
transactivation by tumor suppressor p53. Oncogene. 18, 7310-7318

Brazda, V., Jagelska, E. B., Fojta, M. and Palecek, E. (2006) Searching for target
sequences by p53 protein is influenced by DNA length. Biochem Biophys Res Commun.
341, 470-477

Brazda, V., Muller, P., Brozkova, K. and Vojtesek, B. (2006) Restoring wild-type
conformation and DNA-binding activity of mutant p53 is insufficient for restoration of
transcriptional activity. Biochem Biophys Res Commun. 351, 499-506

Palecek, E., VIk, D., Stankova, V., Brazda, V., Vojtesek, B., Hupp, T. R., Schaper, A. and
Jovin, T. M. (1997) Tumor suppressor protein p53 binds preferentially to supercoiled
DNA. Oncogene. 15, 2201-2209

Degtyareva, N., Subramanian, D. and Griffith, J. D. (2001) Analysis of the binding of p53
to DNAs containing mismatched and bulged bases. J. Biol. Chem. 276, 8§778-8784

Nagaich, A. K., Appella, E. and Harrington, R. E. (1997) DNA bending is essential for
the site-specific recognition of DNA response elements by the DNA binding domain of
the tumor suppressor protein p53. J. Biol. Chem. 272, 14842-14849

Kim, E. and Deppert, W. (2003) The complex interactions of p53 with target DNA: we
learn as we go. Biochem. Cell. Biol. 81, 141-150

Stros, M., Muselikova-Polanska, E., Pospisilova, S. and Strauss, F. (2004) High-affinity
binding of tumor-suppressor protein p53 and HMGBI1 to hemicatenated DNA loops.
Biochemistry. 43, 7215-7225

45



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Griffith, J. D., Comeau, L., Rosenfield, S., Stansel, R. M., Bianchi, A., Moss, H. and de
Lange, T. (1999) Mammalian telomeres end in a large duplex loop. Cell. 97, 503-514

Hede, M. S., Petersen, R. L., Frohlich, R. F., Kruger, D., Andersen, F. F., Andersen, A. H.
and Knudsen, B. R. (2007) Resolution of Holliday junction substrates by human
topoisomerase 1. ] Mol Biol. 365, 1076-1092

Lee, G. E., Kim, J. H. and Chung, I. K. (1998) Topoisomerase [I-mediated DNA cleavage
on the cruciform structure formed within the S'upstream region of the human beta-globin
gene. Mol Cells. 8, 424-430

Heyer, W. D., Li, X., Rolfsmeier, M. and Zhang, X. P. (2006) Rad54: the Swiss Army
knife of homologous recombination? Nucleic Acids Res. 34, 4115-4125

Bugreev, D. V., Mazina, O. M. and Mazin, A. V. (2006) Rad54 protein promotes branch
migration of Holliday junctions. Nature. 442, 590-593

Kappes, F., Burger, K., Baack, M., Fackelmayer, F. O. and Gruss, C. (2001) Subcellular
localization of the human proto-oncogene protein DEK. J Biol Chem. 276, 26317-26323

Waldmann, T., Scholten, I., Kappes, F., Hu, H. G. and Knippers, R. (2004) The DEK
protein--an abundant and ubiquitous constituent of mammalian chromatin. Gene. 343, 1-9

Kappes, F., Damoc, C., Knippers, R., Przybylski, M., Pinna, L. A. and Gruss, C. (2004)
Phosphorylation by protein kinase CK2 changes the DNA binding properties of the
human chromatin protein DEK. Mol Cell Biol. 24, 6011-6020

Kappes, F., Scholten, I., Richter, N., Gruss, C. and Waldmann, T. (2004) Functional
domains of the ubiquitous chromatin protein DEK. Mol Cell Biol. 24, 6000-6010

Bohm, F., Kappes, F., Scholten, I., Richter, N., Matsuo, H., Knippers, R. and Waldmann,
T. (2005) The SAF-box domain of chromatin protein DEK. Nucleic Acids Res. 33, 1101-
1110

Scully, R., Chen, J., Ochs, R. L., Keegan, K., Hoekstra, M., Feunteun, J. and Livingston,
D. M. (1997) Dynamic changes of BRCA1 subnuclear location and phosphorylation state
are initiated by DNA damage. Cell. 90, 425-435

Paull, T. T., Rogakou, E. P., Yamazaki, V., Kirchgessner, C. U., Gellert, M. and Bonner,
W. M. (2000) A critical role for histone H2AX in recruitment of repair factors to nuclear
foci after DNA damage. Curr Biol. 10, 886-895

Paull, T. T., Cortez, D., Bowers, B., Elledge, S. J. and Gellert, M. (2001) Direct DNA
binding by Brcal. Proc Natl Acad Sci U S A. 98, 6086-6091

De la Torre, C., Pincheira, J. and Lopez-Saez, J. F. (2003) Human syndromes with
genomic instability and multiprotein machines that repair DNA double-strand breaks.
Histol Histopathol. 18, 225-243

Banks, G. C., Li, Y. and Reeves, R. (2000) Differential in vivo modifications of the
HMGI(Y) nonhistone chromatin proteins modulate nucleosome and DNA interactions.
Biochemistry. 39, 8333-8346

Grasser, K. D., Teo, S. H., Lee, K. B., Broadhurst, R. W., Rees, C., Hardman, C. H. and
Thomas, J. O. (1998) DNA-binding properties of the tandem HMG boxes of high-
mobility-group protein 1 (HMG1). Eur J Biochem. 253, 787-795

Agresti, A. and Bianchi, M. E. (2003) HMGB proteins and gene expression. Curr Opin
Genet Dev. 13, 170-178

46



161

162

163

164

165

166

167

168

169

170

171
172

173

174

175

176

177

Stefanovsky, V. Y., Langlois, F., Bazett-Jones, D., Pelletier, G. and Moss, T. (2006) ERK
modulates DNA bending and enhancesome structure by phosphorylating HMG1-boxes 1
and 2 of the RNA polymerase I transcription factor UBF. Biochemistry. 45, 3626-3634

Harrer, M., Luhrs, H., Bustin, M., Scheer, U. and Hock, R. (2004) Dynamic interaction of
HMGA 1a proteins with chromatin. J Cell Sci. 117, 3459-3471

Boulikas, T. (1992) Evolutionary consequences of nonrandom damage and repair of
chromatin domains. J Mol Evol. 35, 156-180

Kamashev, D., Balandina, A. and Rouviere-Yaniv, J. (1999) The binding motif
recognized by HU on both nicked and cruciform DNA. Embo J. 18, 5434-5444

Hertel, L., De Andrea, M., Bellomo, G., Santoro, P., Landolfo, S. and Gariglio, M. (1999)
The HMG protein T160 colocalizes with DNA replication foci and is down-regulated
during cell differentiation. Exp Cell Res. 250, 313-328

JR, P., Norman, D. G., Bramham, J., Bianchi, M. E. and Lilley, D. M. (1998) HMG box
proteins bind to four-way DNA junctions in their open conformation. Embo J. 17, 817-
826

Assenberg, R., Webb, M., Connolly, E., Stott, K., Watson, M., Hobbs, J. and Thomas, J.
O. (2008) A critical role in structure-specific DNA binding for the acetylatable lysine
residues in HMGBI1. Biochem J. 411, 553-561

Kim, E., Lane, C. E., Curtis, B. A., Kozera, C., Bowman, S. and Archibald, J. M. (2008)
Complete sequence and analysis of the mitochondrial genome of Hemiselmis andersenii
CCMP644 (Cryptophyceae). BMC Genomics. 9, 215

Omberg, L., Meyerson, J. R., Kobayashi, K., Drury, L. S., Diffley, J. F. and Alter, O.
(2009) Global effects of DNA replication and DNA replication origin activity on
eukaryotic gene expression. Mol Syst Biol. 5, 312

Ozgenc, A. and Loeb, L. A. (2005) Current advances in unraveling the function of the
Werner syndrome protein. Mutat Res. 577, 237-251

Aitken, A. (2006) 14-3-3 proteins: a historic overview. Semin Cancer Biol. 16, 162-172

Fu, H., Subramanian, R. R. and Masters, S. C. (2000) 14-3-3 proteins: structure, function,
and regulation. Annu Rev Pharmacol Toxicol. 40, 617-647

Zannis-Hadjopoulos, M., Sibani, S. and Price, G. B. (2004) Eucaryotic replication origin
binding proteins. Front Biosci. 9, 2133-2143

Todd, A., Cossons, N., Aitken, A., Price, G. B. and Zannis-Hadjopoulos, M. (1998)
Human cruciform binding protein belongs to the 14-3-3 family. Biochemistry. 37, 14317-
14325

Eliyahu, D., Michalovitz, D., Eliyahu, S., Pinhasi-Kimhi, O. and Oren, M. (1989) Wild-
type p53 can inhibit oncogene-mediated focus formation. Proceedings of the National
Academy of Sciences of the United States of America. 86, 8763-8767

Soussi, T., Caron de Fromentel, C., Mechali, M., May, P. and Kress, M. (1987) Cloning
and characterization of a cDNA from Xenopus laevis coding for a protein homologous to
human and murine p53. Oncogene. 1, 71-78

Lane, D. P. (1992) Cancer. p53, guardian of the genome. Nature. 358, 15-16

47



178

179

180

181

182

183

184

185

186

187

Lowe, S. W., Ruley, H. E., Jacks, T. and Housman, D. E. (1993) p53-dependent apoptosis
modulates the cytotoxicity of anticancer agents. Cell. 74, 957-967

Hernandez-Boussard, T., Rodriguez-Tome, P., Montesano, R. and Hainaut, P. (1999)
IARC p53 mutation database: a relational database to compile and analyze p53 mutations
in human tumors and cell lines. International Agency for Research on Cancer. Human
mutation. 14, 1-8

Palecek, E., Brazdova, M., Brazda, V., Palecek, J., Billova, S., Subramaniam, V. and
Jovin, T. M. (2001) Binding of p53 and its core domain to supercoiled DNA. Eur J
Biochem. 268, 573-581

Hupp, T. R. and Lane, D. P. (1994) Regulation of the cryptic sequence-specific DNA-
binding function of p53 by protein kinases. Cold Spring Harbor symposia on quantitative
biology. 59, 195-206

Hupp, T. R., Meek, D. W., Midgley, C. A. and Lane, D. P. (1992) Regulation of the
specific DNA binding function of p53. Cell. 71, 875-886

Arias-Lopez, C., Lazaro-Trueba, 1., Kerr, P., Lord, C. J., Dexter, T., Iravani, M.,
Ashworth, A. and Silva, A. (2006) p53 modulates homologous recombination by
transcriptional regulation of the RADS51 gene. EMBO reports. 7, 219-224

Bai, L. and Zhu, W. (2006) p53: Structure, Function and Therapeutic Applications. J.
Cancer Mol. 2, 141-153

el-Deiry, W. S., Kern, S. E., Pietenpol, J. A., Kinzler, K. W. and Vogelstein, B. (1992)
Definition of a consensus binding site for p53. Nat. Genet. 1, 45-49

Stansel, R. M., Subramanian, D. and Griffith, J. D. (2002) p53 binds telomeric single
strand overhangs and t-loop junctions in vitro. The Journal of biological chemistry. 277,
11625-11628

Mazur, S. J., Sakaguchi, K., Appella, E., Wang, X. W., Harris, C. C. and Bohr, V. A.
(1999) Preferential binding of tumor suppressor pS53 to positively or negatively
supercoiled DNA involves the C-terminal domain. J] Mol Biol. 292, 241-249

48



6. Seznam zKkratek

BLM, Bloom syndrome protein

BMVC, 3,6-bis(1-methyl-4-vinylpyridin

BRCAL, breast cancer type 1 susceptibility protein
CNBP, cellular nucleic-acid-binding protein

Dna2, DNA replication helicase/nuclease 2

FANCIJ, Fanconi anemia complementation group J
FMR?2, fragile X mental retardation 2

G4R1, G4 Resolvase 1

hnRNP, heterogeneous nuclear ribonucleoprotein;
IGF-2, Insulin-like growth factor 2

MAZ, myc-associated zinc-finger

MLL, mixed lineage leukemia

PARP-1, Poly [ADP-ribose] polymerase 1

POTI, protection of telomeres 1

RHAU, the RNA helicase associated with AU-rich element
RPA, replication protein A

SAF, scaffold attachment factor

scDNA - supercoiled DNA (nadsroubovicova DNA)
Sgs1, small growth suppressor 1

SRSF, serin/arginine-rich splicing factor

TEBP, Telomere End Binding Protein

TLS/FUS, translocated in liposarcoma/fused in sarcoma
TMPyP4, tetra-(N-methyl-4-pyridyl)porphyrin
Topo I, Topoisomerase [

TRF2, telomere repeat binding factor 2

UP1, unwinding protein 1

WRN, Werner syndrome ATP-dependent helicase.

49



7. Seznam publikaci a prilohy

Seznam publikaci pfiloZenych k habilita¢ni praci (ptfilohy 1-16)

Priloha 1: Pospisilova, S., Brazda, V., Kucharikova, K., Luciani, M.G., Hupp, T.R.,
Skladal, P., Palecek, E., and Vojtesek, B. (2004). Activation of the DNA-binding ability of
latent p53 protein by protein kinase C is abolished by protein kinase CK2. Biochem J 378,
939-947.

Priloha 2: Brazda, V., Muller, P., Brozkova, K., and Vojtesek, B. (2006). Restoring
wild-type conformation and DNA-binding activity of mutant p53 is insufficient for restoration
of transcriptional activity. Biochem Biophys Res Commun 351, 499-506.

Priloha 3: Brazda, V., Jagelska, E.B., Fojta, M., and Palecek, E. (2006). Searching for
target sequences by p53 protein is influenced by DNA length. Biochem Biophys Res
Commun 341, 470-477.

Priloha 4: Pospisilova, S., Brazda, V., Amrichova, J., Kamermeierova, R., Palecek,
E., and Vojtesek, B. (2000). Precise characterisation of monoclonal antibodies to the C-
terminal region of p53 protein using the PEPSCAN ELISA technique and a new non-
radioactive gel shift assay. J Immunol Methods 237, 51-64.

Priloha 5: Jagelska, E., Brazda, V., Pospisilova, S., Vojtesek, B., and Palecek, E.
(2002). New ELISA technique for analysis of p53 protein/DNA binding properties. J
Immunol Methods 267, 227-235.

Priloha 6: Brazda, V., Palecek, J., Pospisilova, S., Vojtesek, B., and Palecek, E.
(2000). Specific modulation of p53 binding to consensus sequence within supercoiled DNA
by monoclonal antibodies. Biochem Biophys Res Commun 267, 934-939.

Priloha 7: Palecek, E., Brazdova, M., Brazda, V., Palecek, J., Billova, S.,
Subramaniam, V., and Jovin, T.M. (2001). Binding of p53 and its core domain to supercoiled
DNA. Eur J Biochem 268, 573-581.

Priloha 8: Fojta, M., Brazdova, M., Cernocka, H., Pecinka, P., Brazda, V., Palecek, J.,
Jagelska, E., Vojtesek, B., Pospisilova, S., Subramaniam, V., et al. (2000). Effects of
oxidation agents and metal ions on binding of p53 to supercoiled DNA. J Biomol Struct Dyn,
177-183.

Priloha 9: Palecek, E., Brazda, V., Jagelska, E., Pecinka, P., Karlovska, L., and
Brazdova, M. (2004). Enhancement of p53 sequence-specific binding by DNA supercoiling.
Oncogene 23, 2119-2127.

50



Priloha 10: Pivonkova, H., Sebest, P., Pecinka, P., Ticha, O., Nemcova, K., Brazdova,
M., Jagelska, E.B., Brazda, V., and Fojta, M. (2010). Selective binding of tumor suppressor
p53 protein to topologically constrained DNA: Modulation by intercalative drugs. Biochem
Biophys Res Commun 393, 894-899.

Priloha 11: Jagelska, E.B., Brazda, V., Pecinka, P., Palecek, E., and Fojta, M. (2008).
DNA topology influences p53 sequence-specific DNA binding through structural transitions
within the target sites. Biochem J 412, 57-63.

Priloha 12: Jagelska, E.B., Pivonkova, H., Fojta, M., and Brazda, V. (2010). The
potential of the cruciform structure formation as an important factor influencing p53
sequence-specific binding to natural DNA targets. Biochem Biophys Res Commun 391, 1409-

Priloha 13: Coufal, J., Jagelska, E.B., Liao, J.C., and Brazda, V. (2013). Preferential
binding of p53 tumor suppressor to p21 promoter sites that contain inverted repeats capable of
forming cruciform structure. Biochem Bioph Res Co 441, 83-88.

Priloha 14: Brazda, V., Cechova, J., Coufal, J., Rumpel, S., and Jagelska, E.B. (2012).
Superhelical DNA as a preferential binding target of 14-3-3gamma protein. J Biomol Struct
Dyn 30, 371-378.

Priloha 15: Brazda, V., Jagelska, E.B., Liao, J.C., and Arrowsmith, C.H. (2009). The
Central Region of BRCA1 Binds Preferentially to Supercoiled DNA. J Biomol Struct Dyn 27,
97-104.

Priloha 16: Liao, J.C., Lam, R., Brazda, V., Duan, S., Ravichandran, M., Ma, J., Xiao,
T., Tempel, W., Zuo, X., Wang, Y.X., et al. (2011). Interferon-inducible protein 16: insight
into the interaction with tumor suppressor p53. Structure 19, 418-429.

Priloha 17: Brazda, V., Coufal, J., Liao, J.C., and Arrowsmith, C.H. (2012).
Preferential binding of IFI116 protein to cruciform structure and superhelical DNA. Biochem

Bioph Res Co 422, 716-720.

51



52



Piiloha 1: Pospisilova, S., Brazda, V., Kucharikova, K., Luciani, M.G., Hupp, T.R.,
Skladal, P., Palecek, E., and Vojtesek, B. (2004). Activation of the DNA-binding ability of
latent p53 protein by protein kinase C is abolished by protein kinase CK2. Biochem J 378,
939-947.



Biochem. J. (2004) 378, 939-947 (Printed in Great Britain)

939

Activation of the DNA-binding ability of latent p53 protein by protein
kinase C is abolished by protein kinase CK2
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p53 is one of the most important regulators of cell proliferation
and differentiation and of programmed cell death, triggering
growth arrest and/or apoptosis in response to different cellular
stress signals. The sequence-specific DNA-binding function of
pS53 protein can be activated by several different stimuli that
modulate the C-terminal domain of this protein. The predominant
mechanism of activation of p53 sequence-specific DNA binding
is phosphorylation at specific sites. For example, phosphorylation
of p53 by PKC (protein kinase C) occurs in undamaged cells,
resulting in masking of the epitope recognized by monoclonal
antibody PAb421, and presumably promotes steady-state levels
of p53 activity in cycling cells. In contrast, phosphorylation by
cdk2 (cyclin-dependent kinase 2)/cyclin A and by the protein
kinase CK2 are both enhanced in DNA-damaged cells. We
determined whether one mechanism to account for this mutually
exclusive phosphorylation may be that each phosphorylation
event prevents modification by the other kinase. We used non-
radioactive electrophoretic mobility shift assays to show that
C-terminal phosphorylation of p53 protein by cdk2/cyclin A on

Ser’® or by PKC on Ser*”® can efficiently stimulate p53 binding
to DNA in vitro, as well as binding of the monoclonal antibody
Bp53-10, which recognizes residues 371-380 in the C-terminus of
p53. Phosphorylation of p53 by CK2 on Ser*? induces its DNA-
binding activity to a much lower extent than phosphorylation
by cdk2/cyclin A or PKC. In addition, phosphorylation by CK2
strongly inhibits PKC-induced activation of p53 DNA binding,
while the activation of p53 by cdk2/cyclin A is not affected by
CK2. The presence of CK2-mediated phosphorylation promotes
PKC binding to its docking site within the p53 oligomerization
domain, but decreases phosphorylation by PKC, suggesting that
competition between CK2 and PKC does not rely on the inhibition
of PKC—p53 complex formation. These results indicate the
crucial role of pS3 C-terminal phosphorylation in the regulation
of its DNA-binding activity, but also suggest that antagonistic
relationships exist between different stress signalling pathways.

Key words: activation, cdk2/cyclin A, DNA binding, electrophor-
etic mobility shift assay (EMSA), p53, phosphorylation.

INTRODUCTION

The p53 tumour suppressor protein (reviewed in [1,2]) is a potent
transcription factor, playing a key role in cell cycle regulation
and differentiation. p53 protein is activated in response to a
variety of cellular stress signals, including DNA damage, hypoxia,
metabolic changes, heat shock, pH changes and oncogene activ-
ation, and triggers cell cycle arrest and/or apoptosis to prevent
cells from undergoing tumorigenic alterations [3]. The p53 pro-
tein has been structurally and functionally divided into four do-
mains, two of which are involved in its DNA-binding function.
The central region, known as the core domain (residues 102-290
in human p53), is responsible for DNA binding in a sequence-
specific manner, whereas the C-terminal negative regulatory do-
main (residues 364—393) is necessary for sequence-independent
binding and regulates the binding capability of the core domain
[4].

Wild-type p53 protein is structurally flexible, and can reversibly
adopt a latent conformation, which does not bind DNA, or an
active conformation, which binds DNA in a sequence-specific
manner. The activation of latent pS3 to enable it to bind DNA

can be induced by events that target the C-terminal regulatory
domain, e.g. by deletion of the last 30 amino acids, or by inter-
action with specific peptides [5,6], short single-stranded DNAs
[7] or monoclonal antibodies [8,9], that can influence both se-
quence-specific and non-specific DNA-binding functions [10].
The regulatory mechanism of core domain sequence-specific
DNA binding via the C-terminal domain involves the ability of
the C-terminus to destabilize folding of the core DNA-binding
domain [11]. Phosphorylation of the C-terminus neutralizes this
destabilizing effect and prevents core domain unfolding, thus
activating DNA binding [12]. After DNA binding is activated,
p53 can be acetylated in a DNA-dependent manner by the trans-
criptional co-activator p300 [13]. This acetylation clamps p300 to
the pS3—-DNA complex and presumably enhances recruitment of
chromatin remodelling factors. Further, a post-DNA-binding role
for acetylation was shown recently by the demonstration that the
proline-repeat domain binds directly to p300 and that this binding
overcomes the conformational constraint to acetylation in the p53
tetramer [14]. Thus a phosphorylation and acetylation cascade
can play a role in activating DNA binding and in clamping p300
to the p53—DNA complex.

Abbreviations used: ATM, ataxia telangiectasia mutated; cdk, cyclin-dependent kinase; Chk, checkpoint kinase; DNA-PK, DNA-dependent protein
kinase; DTT, dithiothreitol; EMSA, electrophoretic mobility shift assay; GOPS, glycidoxypropyltrimethoxysilane; MDM2, murine double min clone 2 oncopro-

tein; PKC, protein kinase C.

" To whom correspondence should be addressed (e-mail vojtesek@mou.cz).
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Thus, critical events for p53 protein stabilization and activation
in response to cellular stress are post-translational modifications,
including phosphorylation, acetylation, glycosylation [15] or con-
jugation with the small ubiquitin-like protein SUMO-1 (small
ubiquitin-related modifier-1) [16]. p53 is phosphorylated by
different cellular kinases on several serine and threonine residues
within the N- and C-terminal regions [17].

The protein kinase CK1 phosphorylates Ser® and Ser® of p53
in vitro, and DNA-PK (DNA-dependent protein kinase) and ATR
(ataxia telangiectasia-related) kinase phosphorylate Ser'> and
Ser”’. Phosphorylation at Ser', which is important for transactiv-
ation properties and protein stability, is also mediated by ATM
(ataxia telangiectasia mutated) kinase in response to UV- and
ionizing radiation-mediated damage. The checkpoint kinases
Chkl and Chk2 can phosphorylate Thr'® and Ser® by an
allosteric activation step involving Chk2 docking to the DNA-
binding domain of p53 [18]. This phosphorylation stabilizes p300
docking to the phosphorylated p53 transactivation domain and
promotes the DNA-dependent acetylation of p53 [14,19]. Ser™ is
phosphorylated by JNK (c-Jun kinase N-terminal kinase) and by
cdk7/cyclin H/p36 kinase [20,21]. The N-terminal modifications
contribute to p53 regulation by affecting the interaction of p53
with the negative regulatory protein MDM?2 (murine double min
clone 2 oncoprotein) and with transcriptional co-activators [22].

Several sites of potential modification are clustered within the
C-terminus of human p53 and are important for its regulatory
function. Lys*®, Lys*”* and Lys** are modified by acetylation
with PCAF (p300/CBP-associated factor) and p300/CBP [CREB
(cAMP response element-binding protein)-binding protein] [23],
and although these modifications have been shown to enhance
the DNA-binding activity of p53 in vitro, acetylation is confor-
mationally constrained and is a post-DNA-binding event in vivo
[13,19]. Ser’ of p53 is targeted by cdkl and cdk2 (cyclin-
dependent kinases 1 and 2). Ser’”® is phosphorylated by PKC
(protein kinase C) [24], and its in vitro dephosphorylation by phos-
phatases 1 and 2A leads to the restoration of reactivity with mono-
clonal antibody PAb421 and regeneration of p53 latency [25]. In
contrast with Ser’”, which was shown to be phosphorylated
in irradiated cells, Ser’ is dephosphorylated in the presence of
ATM as aresponse to genotoxic stress, resulting in the association
of p53 with the 14-3-3 adaptor protein [26]. PKC subunits o
and ¢ were also shown to phosphorylate Ser’' in vitro [27].
The experimental evidence that modification of p53 by PKC can
be responsible for the induction of the G,/S growth arrest of
transformed cells harbouring a functional p53 allele relies on the
observation that the PKC activator PMA can induce this G,/S
growth arrest [27a,27b]. Although these data provide evidence
that PKC is involved in the activation of p53 in cells, it does not
distinguish between the 12 existing isoforms of PKC, nor other
enzymes that may potentially modify serine residues at these sites.
The supporting evidence for arole of calcium- and diacylglycerol-
dependent PKC isoforms in p53 modification in cells comes from
reports describing activation of PKC using stress stimuli, such
as UV-C radiation and gamma radiation, that can also activate
the p53 pathway [28,29]. Ser*” is phosphorylated by the protein
kinase CK2 after both UV and ionizing radiation treatment in vitro
and in vivo [30,31]. Phosphorylation on Ser** has been shown to
enable the transcriptional activation of the p53 protein in vitro [5]
and also seems to be important for pS3-mediated transactivation
in vivo [32]. CK2 is composed of two catalytic subunits, & and
o’, and two B regulatory subunits, and regulates p53 activity not
only by phosphorylation on Ser*? but also by binding of the
subunits to the p53 oligomerization domain (residues 325-344).
The B subunits were also shown to influence the DNA-binding
activity of p53 [33] and, vice versa, wild-type p53 can inhibit CK2
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Figure 1 Key phosphorylation sites of human p53 protein and their
localization within the protein’s functional domains, and binding sites of
protein kinases targeting the C-terminus of p53

kinase activity [34]. The region where the CK2 § subunit binds
to p53 also functions as a docking site for several other kinases,
including cdks and PKC [35,36] (Figure 1).

The importance of different C-terminal modifications for the
activation of the sequence-specific DNA binding of the latent form
of p53 has still not been successfully explained, namely binding
to response elements localized within the long DNA molecules.
Here we have studied the mechanisms of p53 protein activation
by various C-terminal domain phosphorylations, the role of the C-
terminal-directed kinases CK2, PKC and cdks in this process and
their relationship with respect to pS3 protein binding. The fact that
c¢dk2/CK2 and PKC exhibit mutually exclusive phosphorylations
of p53, depending on the level of DNA damage, provides evidence
that such a mechanism may operate in vivo and form a biochemical
basis for the effects observed.

EXPERIMENTAL
Expression of p53 protein in bacteria and in insect cells

Human p53 protein was expressed in Escherichia coli DH5«
cells carrying the pT7-7 (p53) plasmid, by isopropyl B-D-thio-
galactoside induction (0.5 mM for 4 h), or in Sf9 insect cells
infected with recombinant baculovirus. Bacterial cells were har-
vested and lysed according to the standard protocol. Sf9 cells
were grown in suspension at 27 °C in Ex-cell 400 medium (JRH
Bioscience) with 5% (v/v) fetal bovine serum and 2 mM gluta-
mine. At 3 days after baculovirus infection, Sf9 cells were washed
twice in cold PBS, scraped, pelleted by centrifugation at 300 g for
5 min and lysed in the lysis buffer for 30 min on ice.

Purification of p53 protein

Cell lysates (from bacteria or insect cells) were centrifuged at
15000 g for 30 min and the supernatant was diluted 5-fold in low-
salt purification buffer [15 % (v/v) glycerol, 15 mM Hepes/KOH,
pH 8.0, 0.04 % Triton X-100, 5 mM DTT (dithiothreitol), 2 mM
benzamidine and 1 mM g-glycerophosphate], filtered and loaded
onto a 5 ml heparin—Sepharose column (Amersham Biosciences).
The p53 protein was eluted by a 0—1 M KCI gradient, and the
peak fractions that eluted at approx. 0.5-0.6 M KCl were pooled,
dialysed against low-salt purification buffer for 12 h at 4 °C and
loaded on to an anion exchange HQ column of the BioCad Sprint
perfusion chromatography system (PerSeptive Biosystems, Inc.).

Expression and purification of cdk2 and cyclin A

Human cdk?2 and cyclin A were expressed in Sf9 insect cells using
recombinant baculoviruses (kindly provided by Dr K. Ball, Cancer
Research UK Laboratories, Department of Surgery and Molecular
Oncology, University of Dundee Medical School, Dundee, U.K.)
grown in suspension at 27 °C in Ex-cell 400 medium (JRH
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Bioscience) containing 5 % (v/v) fetal bovine serum and 2 mM
glutamine. Each recombinant protein was purified according to
the methods described in [36].

In vitro phosphorylation of p53 protein

Purified bacterial p53 protein was phosphorylated in vitro by
CK2 (New England Biolabs), PKC (Promega), calcium- and di-
acylglycerol-dependent PKC consisting of «, 8 and y isoforms,
DNA-PK (New England Biolabs) or cdk2 complexed with cyclin
A, expressed in the baculoviral system. Purified glutathione
S-transferase—Chk1 fusion protein was a gift from Dr J.
Hutchins (University of Dundee) [37]. The kinase reaction
mixture contained 20 mM Tris/HCl, pH 7.5, 50 mM KCl, 10 mM
MgCl,, 1 mM DTT, 1 mM CaCl,, 100 pg/ml phosphatidylserine,
20 pg/ml dioleoyl-sn-glycerol, | mM CHAPS and 0.2 mM ATP,
and the reaction was performed at 30 °C for 30 min. Samples
were analysed by Western blotting and by EMSA (electrophoretic
mobility shift assay) for DNA-binding activity.

In vitro radiolabelling of p53 protein

The purified bacterial p53 protein was phosphorylated in vitro as
described above by the addition of [y-**P]ATP (37 kBq; 1 uCi;
Amersham Biosciences). The kinase reaction was performed at
30 °C for 30 min and analysed by SDS/PAGE on 10% (w/v)
polyacrylamide gels. The gels were stained, dried and analysed
by phosphorus screen autoradiography on a STORM optical scan-
ner (Molecular Dynamics). The level of phosphorylation was eva-
luated quantitatively using densitometric tracing (ImageQuant;
Molecular Dynamics).

Western-blot analysis and antibodies

The protein was analysed using SDS/10 %-PAGE according to the
standard protocol. Monoclonal antibodies were purified from
ascites using Protein A columns. The final antibody concentration,
as determined by Bradford protein assay, was 1 pg/ml in all cases.
The antibodies used in this study were as follows. (a) DO-1 mono-
clonal antibody, directed towards the epitope S’ DLWKL?* within
the p53 N-terminal region [38]. (b) CM1 polyclonal antibody,
which recognizes many epitopes on the human p53 protein [39].
(c) PAb421 monoclonal antibody, which recognizes the epitope
SKKGQSTSRH™ within the p53 C-terminal region [40] and
displays a strong preference for the non-phosphorylated epitope
[9]. (d) FPS315 phospho-specific monoclonal antibody, which re-
cognizes p53 phosphorylated on Ser’™ [41]. (¢) S-P-3 phospho-
specific monoclonal antibody, which recognizes the C-terminus
of p53 protein phosphorylated on Ser*? [42]. (f) Ica9 monoclonal
antibody, which recognizes the epitope E*®**GPDSD** within the
p53 C-terminal region [43] and displays a strong preference for
the non-phosphorylated epitope [5].

Sequence-specific DNA probes

For radioactive EMSAs, we used 20 bp oligonucleotides con-
taining a single p53 recognition sequence (AGACATGCCTAGA-
CATGCCT), and a p53 non-recognition sequence (GCATCATA-
GCGCATCATAGC) as a negative control. Complementary oligo-
nucleotides were hybridized and end-labelled with [y-*>P]ATP
using T4 kinase. In non-radioactive EMSAs, we used the plasmid
pPGM1 (2987 bp; derived from pBluescript II SK) containing one
copy of the 20-mer consensus sequence (AGACATGCCTAGA-
CATGCCT) cloned into the HindlIII restriction site [44]. As a
negative control, we used the plasmid pBluescript I SK (2961 bp).
Both plasmids were digested with the restriction endonuclease
Pyull (MBI Fermentas), producing two restriction fragments:

2513 bp without the consensus sequence and 474 bp containing
the consensus sequence (from pPGM1), or 448 bp without the
consensus sequence (from pBluescript II SK).

EMSA using PAGE

p53 protein (100ng) was diluted in activation buffer (5 mM
Tris/HCI, pH 7.8, 0.5 mM EDTA, 50 mM KCl, 0.01 % Triton X-
100). Then 5 ng of radiolabelled oligonucleotide with (or without)
the p53 consensus sequence was added to the reaction mixture and
incubated on ice for 30 min. Samples were then analysed by native
PAGE on 4 % gels in 0.5 x TBE buffer (8§89 mM Tris/borate, 2 mM
EDTA) at 200 V for 120 min at 4 °C.

EMSA using agarose gel electrophoresis

p53 protein (100 ng) was diluted in activation buffer (as above)
and incubated for 30 min at 30 °C with 2 ug of specific mono-
clonal antibody. A 1 ug sample of DNA restriction fragment,
with or without the p53 consensus sequence, was added to the
reaction mixture and incubated on ice for 30 min. Loading buffer
was added to the reaction mixture and samples were immediately
loaded on to a 1.2 % native agarose gel. Electrophoresis was per-
formed in TBE buffer at 10 V/cm for 200 min at 4 °C. After
electrophoresis, gels were stained with ethidium bromide (1 pg/
ml) for 30 min, rinsed in distilled water, photographed and evalu-
ated quantitatively using densitometric tracing.

Measurement of protein—protein interactions using the
piezoelectric biosensor

Piezoelectric biosensor methodology was used to study the inter-
action of p53 with kinases in real time. The biosensor reflects the
changes in the resonant frequency of the crystal bearing the cova-
lently immobilized p53 protein, which are directly proportional
to the amount of biomolecules bound to the crystal surface.
Piezoelectric crystals (10 MHz, AT cut, gold electrodes) were
obtained from International Manufacturing Company (Oklahoma
City, OK, U.S.A.). For immobilization of p53 protein, the cry-
stals were washed carefully with acetone and activated further
with GOPS (glycidoxypropyltrimethoxysilane) according to the
standard protocol. The crystals were incubated for 1h in 10%
(w/v) GOPS solution (in 95% ethanol) at 20 °C and dried
for 6 h at 50 °C. The GOPS-modified crystal was inserted into
the flow-through cell (internal volume 40 ul), connected to the
oscillator circuit and the output frequency was determined using
a UZ 2400 counter (UTES/Grundig, Brno, Czech Republic). The
resonant frequency of the crystal was recorded and displayed
using a custom LabTools program in MS Windows. The cell
was connected to a Minipuls MP3 peristaltic pump (Gilson,
Villeurbanne, France), silicone tubes (internal diameter 0.16 mm)
were used for all connections, the flow rate was kept constant at
25 pl/min and all experiments were carried out at 20 °C. Purified
p53 protein was added to the flowing solution at a concentration
of 5 ug/ml and allowed to bind for 15 min in the presence of
50 mM phosphate buffer containing 1 mM DTT, pH 9.5. Crystals
with covalently immobilized protein p53 thus obtained were used
for further experiments. The carrier buffer was 20 mM Tris/HCl,
pH7.5, 50mM KCI, 10 mM CaCl,, 10 mM MgCl, and 1 mM
DTT. To study interactions of pS3-modified crystals with protein
kinases, solutions of either CK2 or PKC dissolved in the carrier
solution were allowed to interact with the crystals; when indicated,
0.2 mM ATP was present in the solution. The binding curve was
recorded for 8-10 min, and then the dissociation of the formed
pS53-kinase affinity complex was determined in the presence of
carrier buffer only.

© 2004 Biochemical Society
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Figure 2 DNA-binding activity of post-translationally modified and non-
modified p53 protein

Increasing amounts of post-translationally modified p53 expressed in Sf9 insect cells or
bacterially expressed non-modified p53 were incubated with either (A) the pPGM1 plasmid
carrying the p53 consensus sequence (p53-CON; 474 bp fragment) or (B) the pBluescript
plasmid lacking the p53 consensus sequence (448 bp fragment). The reaction was performed
in the presence of a linear plasmid DNA fragment as a non-specific competitor. The DNA-p53
complexes were separated by electrophoresis on a 1.2 % (w/v) agarose gel as described in the
Experimental section. Lane 1, DNA fragment only (250 ng); lanes 2-5, bacterial p53 protein
(0.25,0.5,1.0and 1.5 1 respectively), lanes 6-9, baculoviral p53 protein (0.25, 0.5, 1.0 and
1.5 ug respectively). (G) p53 expressed in Sf9 insect cells was subjected to 10 % denaturing
PAGE. Specific phosphorylation was detected by immune Western blotting using CM1 antibody
and the indicated phospho-specific monaclonal antibodies.

RESULTS

Binding of non-modified and post-translationally modified p53 to
DNA fragments containing the consensus response element

The p53 tumour suppressor protein is known to be regulated via
C-terminal phosphorylation by cdk2, PKC and CK2. In order
to investigate the differential phosphorylation of p53 by these
kinases and their effects on the DNA-binding activity of p53, we
used the EMSA technique to show the extent of p53 protein-DNA
interactions, together with piezoelectric sensor measurements to
detect p53 protein—kinase interactions.

The DNA-binding activity of post-translationally modified
(expressed in Sf9 insect cells) and non-modified (expressed
in E. coli) p53 protein using agarose gel EMSA is shown in
Figure 2. The post-translationally modified protein (the ‘active’
fraction phosphorylated on Ser*, Ser’” and Ser** and recognized
by phospho-specific monoclonal antibodies FPS315 and S-P-3,
but partially non-recognized by PAb421, as detected by immuno-
blotting in Figure 2C) displayed significant sequence-specific
DNA-binding activity, resulting in the formation of a retarded
band of the pS3—DNA complex in the presence of non-specific
linear DNA as a competitor. In contrast, the non-post-trans-
lationally modified p53 protein did not show any sequence-
specific DNA binding (Figure 2A). The same DNA restriction
fragment, but without a p5S3 consensus response element, was used
as a negative control (Figure 2B) to demonstrate the specificity
of the reaction. Analogous data have been obtained previously in
EMSAS of oligonucleotide p53 response elements and by DNase
I footprinting, highlighting the importance of post-translational
protein modifications for the sequence-specific DNA-binding
properties of p53.

Activation of the sequence-specific DNA binding ability of p53
protein by C-terminal monoclonal antibodies and C-terminal
phosphorylation

The sequence-specific DNA-binding activity of latent p53 protein
can be stimulated by C-terminal-specific monoclonal antibodies
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Figure 3 Activation of sequence-specific DNA binding of latent p53 protein
by monoclonal antibody binding and phosphorylation

Samples of 100 ng of bacterially expressed p53 (non-modified, phosphorylated in vitro or bound
with C-terminal anti-p53 monoclonal antibody Bp53-10) were incubated with a 474 bp fragment
of the pPGM1 plasmid carrying the p53 consensus sequence. EMSA for DNA-p53 complex
detection was performed in a 1.2 % agarose gel. Lane 1, DNA pPGM1/Pvull (fragment of 474 bp
carrying the p53 consensus sequence); lane 2, DNA 4 p53 protein (bacterial) + activating
monaclonal antibody (MADb) Bp53-10; lane 3, DNA + p53 (bacterial); lane 4, DNA + p53 phos-
phorylated by PKC; lane 5, DNA + p53 phosphorylated by CK2 (CKIl); lane 6, DNA + p53
phosphorylated by cdk2/cyclin A.

such as PAb421 (recognizing an epitope comprising residues 371—
380), Bp53-6 (epitope 381-390) and Bp53-10 (epitope 371-380).
The previously reported activation of latent p53 protein to a form
that binds DNA by monoclonal antibody Bp53-10 is shown in
Figure 3 (lane 2), where the retarded band of the p53-DNA-—
antibody complex is shown. Here we show that phosphorylation
of the C-terminal part of p53 protein could also activate its
DNA-binding function and induce p53 sequence-specific binding
not only to oligonucleotides but also to consensus sequences
localized within longer DNA molecules. The retarded band of
the p53—-DNA complex occurred after phosphorylation by PKC
on Ser’” or by cdk2/cyclin A on Ser’™ (Figure 3, lanes 4 and
6); phosphorylation by CK2 on Ser**? resulted in only very low
activation of p53 that was hardly detectable by EMSA (Figure 3,
lane 5). The phosphorylation of the N-terminal domain of p53 by
DNA-PK or Chk1 did not influence the DNA-binding activity of
p53 (results not shown). Kinase reactions performed without the
addition of ATP, which provided the best negative control, did not
result in any activation of DNA binding, suggesting that protein
phosphorylation was responsible for this effect.

The efficiency of in vitro phosphorylation was demonstrated
by radiolabelling of p53 using [y -**P]ATP. This method showed
that phosphorylation of the p53 protein reached an equilibrium
with all kinases used (i.e. cdk2/cyclin A, CK2 and PKC) within
30 min of kinase reaction. The equilibrium was not due to kinase
inactivation, but to the saturation of the p53 phosphorylation
sites, as indicated by the following: (a) addition of kinase to the
reaction for a second incubation (e.g. for another 30 min) did not
increase the level of p53 phosphorylation, and (b) addition of
non-modified p53 protein to the reaction mixture for a further
30 min proportionally increased the P response, confirming the
stability of the kinases. These data allowed us to conclude that all
three phosphorylation sites (Ser’”®, Ser*”® and Ser**?) were modi-
fied stoichiometrically. To verify this assumption further, we
performed Western blot analysis with two monoclonal antibodies,
S-P-3 and FPS315, which recognize phosphorylated (but not
unphosphorylated) Ser*? or Ser’™ respectively. With both anti-
bodies we observed strong bands after a 15 min incubation with
the respective kinase — CK2 or cdk/A (Figures 4A and 4B) —on our
Western blots. The intensity of these bands was not changed after a
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Figure 4 Detection of p53 C-terminal phosphorylation using phospho-
specific monoclonal antibodies

Bacterially expressed p53, phosphorylated in vitro by CK2, PKC or cdk2/cyclin A, was subjected
to 10 % denaturing PAGE. Specific phosphorylation was detected by immune Western blotting
using phospho-specific monoclonal antibodies. Lanes 1-4, CK2 (CKIl)-phosphorylated p53
detected with S-P-3 (specific for p53 phosphorylated on Ser®%2); lanes 5-8, cdk2/cyclin A-
phosphorylated p53 detected with FPS315 (specific for p53 phosphorylated on Ser®'); lanes 9—
12, PKC-phosphorylated p53 detected using PAb421 (preferentially recognizes p53 protein
not phosphorylated on Ser®”®); lanes 13-16, CK2-phosphorylated p53 detected with Icad
(preferentially recognizing p53 protein not phosphorylated on Ser®®?). Kinase reactions were
performed for 5, 15 and 30 min as indicated.

30 min incubation, similar to the results of **P radiolabelling. It is
well known that phosphorylation may occur on a residue that is a
part of an epitope for a particular monoclonal antibody and that
this may result in a decrease in immunoreactivity, to the extent
that the antibody fails to bind to the phosphorylated target protein.
For these reasons, phosphorylation of p53 at Ser** was analysed
additionally using Ica9 antibody, which prefers binding to the non-
phosphorylated epitope E**¥GPDS** of p53. Our results show
(Figure 4D) that, after a 15 min incubation of p53 with CK2,
almost all p53 was phosphorylated, and after a 30 min interval
there was no non-phosphorylated epitope available for antibody
Ica9. The intensity of the band with the control CM1 polyclonal
antibody, which recognizes many epitopes of both phosphorylated
and non-phosphorylated p53 protein, was not influenced by kinase
treatment (Figure 4). p53 phosphorylation by PKC was monitored
by the PAb421 antibody, which also preferentially recognizes
p53 only when not phosphorylated on Ser*™. After a 15 min incu-
bation of p53 with PKC, the PAb421 band almost disappeared
(Figure 4C), suggesting that almost all Ser’”® was phospho-
rylated. The above data thus confirmed our assumption that practi-
cally all serine residues were phosphorylated under the given
conditions (Figure 4) by each of the three kinases used in our
experiments.

Figure 5(A) shows the phenomenon of p53 activation by C-
terminal phosphorylation in more detail. Sequence-specific DNA-
binding activity of p53 was mainly stimulated by cdk2/cyclin A
and by PKC, whereas phosphorylation by CK2 did not have such a
marked effect, as shown by the weak intensity of the retarded band.
In addition, CK2 phosphorylation-induced pS3—DNA complexes
were significantly more retarded than cdk2/cyclin A- and PKC-
phosphorylated p53—-DNA complexes, suggesting that they have a
higher molecular mass (Figure 5A, lanes 2—4; Figure 5B, lane 5).
Incubation with monoclonal antibody DO-1 provided a super-
shift of the p53—DNA complexes and demonstrated the presence
of p53 protein in the complex (Figure 5A, lanes 4, 8 and 12).
A parallel experiment showed the binding of phosphorylated
p53 to an oligonucleotide consensus response element (20-mer;
AGACATGCCTAGACATGCCT) using PAGE (Figure 5B). Phos-
phorylation by all three kinases for 30 min resulted in the forma-
tion of a retarded band; in addition, the electrophoretic mobility
of the CK2-phosphorylated p5S3—-DNA complex was lower than
that of those due to phosphorylation by PKC and cdk2/cyclin A.
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Figure 5 Activation of p53 by phosphorylation by CK2, PKC and cdk2/
cyclin A

(R) Samples of 100 ng of bacterially expressed p53 protein were phosphorylated in vitro by CK2,
PKC or cdk2/cyclin A, which target the C-terminal domain. Kinase reactions were performed
for 5.0r 30 minat 30 °C in the presence or absence of the anti-p53 monoclonal antibody DO-1.
The DNA—-p53 complexes were separated on a 1.2 % agarose gel as indicated by the arrows.
Lanes 1, 5 and 9, non-modified p53 + consensus DNA; lanes 2 and 3, p53 phosphorylated by
CK2 (CKII) (5 and 30 min respectively) + consensus DNA; lane 4, CK2-phosphorylated p53
(30 min) + consensus DNA + DO-1; lanes 6 and 7, PKC-phosphorylated p53 (5 and 30 min
respectively) + consensus DNA; lane 8, PKC-phosphorylated p53 (30 min) + consensus
DNA +DO-1; lanes 10 and 11, cdk2/cyclinA-phosphorylated p53 (5 and 30 min respect-
ively) + consensus DNA; lane 12, cdk2/cyclin A-phosphorylated p53 (30 min) 4 consensus
DNA + DO-1. (B) Samples of 100 ng of non-modified or in vitro phosphorylated p53 protein
were incubated with radioactively labelled 20-mer DNA consensus sequence and the p53—DNA
complexes were separated on 4 % non-denaturing PAGE and detected by autoradiography. The
baculovirus-expressed p53 protein was used as a positive control (lane 1).

These results, which correlate well with the results obtained by
agarose gel shift in Figure 5(A), suggest similar DNA-binding
behaviour of the protein towards both oligonucleotides and long
DNA molecules. The small quantitative difference between the
proportion of CK2-induced DNA-binding activity of p53 to
the oligonucleotide and to a 474 bp fragment indicates possible
negative influences of non-specific DNA sequences on the se-
quence-specific DNA-binding activity of CK2-phosphorylated
p53 protein.

Multiple phosphorylation of the C-terminus of p53 does not
increase its DNA-binding activity significantly

The effects of multiple phosphorylation of p53 at C-terminal
modification sites on its DNA-binding activity are presented in
Figure 6. p53 was incubated with cdk2/cyclin A, PKC and CK2
either separately or in different combinations (CK2+ PKC,
CK2 + cdk2, PKC + cdk2 and CK2 + PKC + cdk?2), as indicated
in Figure 6. We noted that: (a) phosphorylation by cdk2/cyclin A
activated p53 protein more efficiently than did that by PKC or
CK2, (b) double phosphorylation by cdk2/cyclin A and PKC
did not result in a significant increase in p53 activity compared
with that after phosphorylation with either kinase alone, (c) phos-
phorylation by CK2 was only a very weak activator of p53 DNA-
binding activity, and (d) preincubation with CK2 inhibited the
activatory effect of PKC, but not that of cdk2/cyclin A.

Phosphorylation by CK2 prevents PKC-induced p53 protein
activation

To characterize further the phenomenon of competition between
CK2 and PKC, which can play an important role in the co-
operation of cell signalling processes, p53 was incubated in the
presence of CK2, PKC or a combination of both kinases (Fig-
ure 7). The retarded bands in lanes 2 and 3 show p53 activation

© 2004 Biochemical Society
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Figure 6 Kinase co-operation and competition during p53 phosphorylation

Samples of 100 ng of bacterially expressed p53 protein were phosphorylated in vitro with CK2,
PKC, cdk2/cyclin A or different combinations of these kinases added to the reaction at the same
time. DNA—p53 complexes were separated by EMSA on a 1.2 % agarose gel. Lane 1, 474 bp
pPGM1/Pvull DNA fragment carrying the p53 consensus sequence + non-phosphorylated p53
protein; lane 2, DNA + CK2 (CKII)-phosphorylated p53; lane 3, DNA 4 PKC-phosphorylated
p53; lane 4, DNA + cdk2/cyclin A-phosphorylated p53; lane 5, DNA + p53 phosphorylated with
CK2and PKC; lane 6, DNA + p53 phosphorylated by CK2 and cdk2/cyclin A; lane 7, DNA + p53
phosphorylated by PKC and cdk2/cyclin A; lane 8, DNA +p53 phosphorylated by CK2,
PKC and cdk2/cyclin A. Lower panel: quantification of super-shifted DNA—p53 complexes
by densitometric tracing (representative measurement of three independent experiments). The
total intensity of all bands within each lane was taken as 100 %.
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Figure 7 Competition between CK2 and PKC: the presence of CK2 prevents
phosphorylation of p53 protein by PKC

Samples of 100 ng of bacterially expressed p53 protein were phosphorylated in the presence of
CK2 (CKil) or PKC for 30 min either alone or in combination. When CK2 and PKC were used, they
were added to the reaction either at the same time or subsequently (15 min after the beginning of
the first kinase reaction). DNA—p53 complexes were separated by EMSA ona 1.2 % agarose gel.
Lane 1,474 bp pPGM1/Pvull DNA fragment carrying the p53 consensus sequence + non-phos-
phorylated p53 protein; lane 2, DNA + CK2-phosphorylated p53; lane 3, DNA 4+ PKC-
phosphorylated p53; 1ane 4, DNA + p53 phosphorylated by CK2 + PKC (added simultaneously);
lane 5, DNA + p53 protein preincubated with PKC (15 min) and then phosphorylated by CK2
(30 min); lane 6, DNA + p53 protein preincubated with CK2 (15 min) and then phosphorylated
by PKC (30 min). Formation of the DNA-p53 complexes was indicated by super-shifted bands,
and the intensity of the bands was quantified using densitometric tracing. Representative
measurements of three independent experiments are shown. The total intensity of all bands
within each lane was taken as 100 %.

induced by CK2- and PKC-mediated phosphorylation respect-
ively. The sample in lane 4 was phosphorylated by both CK2 and
PKC added to the reaction mixture at the same time. The intensity
of the retarded band corresponding to the PKC-phosphorylated
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pS3-DNA complex was significantly decreased (approx. 4-fold),
suggesting an inhibitory effect of phosphorylation by CK2 on
PKC-induced p53 activation. This was not observed if the p53
protein was preincubated with PKC for 15 min in the presence
of 0.2mM ATP prior to phosphorylation by CK2 (lane 5). In
contrast, preincubation of p53 protein with CK2 and 0.2 mM
ATP for 15 min prior to phosphorylation by PKC resulted in the
complete abolition of p5S3 DNA-binding activity (lane 6). This
effect was not observed in the absence of ATP. These results
indicate a direct inhibitory effect of p53 phosphorylation by CK2
at Ser*” on the phosphorylation of human p53 by PKC. The kinase
reactions performed in the absence of ATP did not stimulate p53
activity, demonstrating that phosphorylation rather than kinase
binding or other conformational changes is responsible for p53
activation.

The inhibitory effect of the phosphorylation of p53 by CK2 on
phosphorylation by PKC was also detected using radioactive ATP
labelling, and similar results were obtained. Phosphorylation of
p53 by CK2 and PKC when the kinase reactions were started at the
same time led to a mild increase in total protein phosphorylation,
as measured by the P signal. However, preincubation of p53 with
CK2 in the presence of [y-*>P]ATP led to the complete abolition
of p53 phosphorylation by PKC (the *P signal did not change
further due to subsequent phosphorylation by PKC).

The kinetics of the binding of CK2 and PKC to p53 docking
sites and the role of this interaction in their competition were
studied further using the piezoelectric biosensor system. This sys-
tem, a convenient tool for the characterization of bioaffinity inter-
actions [45], reflects changes in the resonant frequency of a crystal
which are directly proportional to the amount of biomolecules
bound to the sensing surface, and enables the affinity interaction to
be followed in real time. Here a decrease in the resonant frequency
of a p53-modified crystal corresponds to the interaction of p53
with another molecule, i.e. CK2 or PKC dissolved in kinase buffer.
The interactions of p53-modified crystals with these kinases were
studied in the presence (Figure 8, left panel, curves b and d)
or absence (curves a and c¢) of ATP. PKC easily bound to p53
(curves a and b), and addition of the carrier buffer resulted in the
complete dissociation of PKC (the resonant frequency returned to
its former level). Subsequent addition of CK2 induced partially
irreversible binding of the kinase, which did not dissociate from
the p53 protein. The CK2 B subunits that bind to the p53 oligo-
merization domain in the region between amino acids 325 and
344 (Figure 1) seem to be responsible for this effect. This finding
also explains the results shown in Figures 3 and 5, where the
CK2-phosphorylated p53 complexes with DNA displayed a lower
electrophoretic mobility than the p53—-DNA complexes induced
by other kinases. Surprisingly, binding of CK2 S subunits to
the docking site on p53 shared with several C-terminal kinases,
including PKC, did not prevent PKC from binding to p53 in either
the presence or the absence of ATP (Figure 8, left panel, curves
¢, d). In addition, phosphorylation of p53 by CK2 promoted the
ability of PKC to bind to p53 (curve d), but not to phosphorylate
the p53 protein, inducing its DNA-binding activity. The mass
change due to phosphorylation of the immobilized p53 was too
small to be visible by the piezoelectric biosensor. However, the
effect of p53 phosphorylation by CK2 was clearly demonstrated
by the subsequent 3-fold higher binding of PKC (curve d). From
these results we can conclude that phosphorylation by cdk2/cyclin
A and PKC, rather than by CK2, activates the latent ability
of p53 to bind specific DNA sequences. Co-operation between
different signalling pathways is mutually antagonistic, acting via
a hierarchal mechanism, and probably has a profound influence
on one of the crucial functions of the p53 protein, i.e. its DNA-
binding activity.
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Interactions of p53 with kinases measured using a piezoelectric biosensor

(A) The p53-modified piezoelectric crystal was used in flow-through mode. Binding curves obtained during affinity interactions are shown as plots of relative frequency against time. The associations
of p53 with either PKC or CK2 (CKII) are presented. Injection of kinases was carried out in either the absence (curves a, ¢) or the presence (curves b, d) of ATP (0.2 mM). Dissociation of affinity
complexes formed at the sensing surface was also studied in the presence of carrier buffer only (buf). The individual traces have been vertically shifted for the sake of clarity. (B) Scheme of interactions
of two kinases (CK2 and PKC) with p53 protein as measured by the piezoelectric sensor. Steps (1) and (2), p53 protein is covalently bound to the activated gold surface; (3), abundant PKC or CK2
kinases are added to the flow-through system, binding specifically to Ser®™® or Ser®® respectively; this binding is reflected by a decrease in the resonant frequency; (4a), PKC molecules dissociate
from p53 after the enzyme in solution is replaced by a blank buffer, as indicated by the return of the resonant frequency almost to its original value; (4b), with CK2 almost no changes in resonant
frequency are observed, suggesting that this kinase remains bound to p53 under the same conditions.

DISCUSSION

Post-translational modifications have been shown to play a cru-
cial role in the activity of the p53 protein. Higher levels of p53
phosphorylation and acetylation, together with specific p53 phos-
phorylation patterns, have been found in human tumour tissues
[46]. p53 protein has two regions that are subject to multiple
phosphorylations as well as other post-translational modifications
(Figure 1). The N-terminal modifications influence the transacti-
vation capabilities of p53 and regulate its interaction with the
MDM2 oncoprotein. Modifications within the C-terminal region
of p53 were suggested to play an important role in the regulation of
its DNA-binding activity towards specific responsive elements,
and the presence of an unmodified C-terminus was shown to
prevent its specific transactivation function [47].

Several studies concerning the activation of p53 binding to
consensus DNA sequences by C-terminal phosphorylation have
been reported [5,25], mostly taking into account modifications by
a single kinase. In contrast, here we directly compare for the first
time the combined effects of phosphorylation by various kinases
targeting the p53 C-terminal domain, such as CK2, PKC and cdk2
(either alone or in combination) on the activation of p53 DNA-
binding to a specific consensus sequence. The binding sequences
were presented not only in the form of oligonucleotides, but also
localized in longer DNA molecules to reflect possible effects
of neighbouring DNA sequences, including their conformation.
Binding activity towards the consensus sequence was not observed
in the case of p53 protein lacking post-translational modifications
(Figure 2), which confirms the previously observed necessity for
activation of the p53 transcription factor function [5]. Modified
p53 protein expressed in a eukaryotic expression system provided
retarded bands of protein—-DNA complexes in EMSA gels. The
non-radioactive EMSA technique that we used seems to be
more convenient for these studies compared with the radioactive
approach, as it enables more sensitive quantification of different
protein-DNA complexes (Figures 5 and 6).

We have previously reported the ability of the C-terminus-spe-
cific monoclonal antibody Bp53-10 to activate the sequence-

specific binding function of p53 [9,48]. Phosphorylation of the
C-terminal region of p53 had the same effect as monoclonal
antibody binding in an agarose EMSA gel, with the difference
in the molecular size of the complexes being due to the presence
or absence of the antibody molecule. Our results show that
modification of Ser’', residing just outside the oligomerization
domain, has the strongest stimulatory effect on p53 activation. We
have also detected phosphorylation of the same amino acid in vivo
after UV irradiation of MCF7 and A375 cells, co-inciding with
elevated pS3-dependent transcription [41]. These findings suggest
an important role for this pathway and for Ser*'* phosphorylation
in the stimulation of p53 function.

In contrast, we show that phosphorylation of Ser*> by CK2
stimulates the DNA-binding ability of p53 only very weakly. The
first studies of this phenomenon [8] showed the in vitro activation
of p53 DNA binding by purified CK2 from rabbit muscle, and also
described the allosteric inhibition of the DNA-binding activity of
p53 by the Ica9 antibody, which recognizes the CK2 target site
[43]. There is also evidence that Ser**? phosphorylation increases
the association constant for reversible tetramer formation nearly
10-fold, while phosphorylation of Ser’® and Ser’”® had only a
small effect on tetramer formation [49]. In contrast, results from
Fiscella et al. [50] based on studies with the Ser*? mutant showed
that neither phosphorylation of nor RNA attachment to Ser**
is required for the ability of p53 to suppress cell growth or
to activate transcription in vivo, and that Ser*> phosphorylation
has no discernible effect on p53 function. With respect to these
discrepancies concerning the role of Ser*? phosphorylation in p53
protein activity, we attempted here to elucidate the role of CK2 in
p53 function.

We also considered the possibility that not only Ser’”*> phospho-
rylation but also interaction of kinases with p53 protein could
influence its activity. The CK2 regulatory 8 subunits have been
shown to bind stably to the kinase docking region situated between
amino acids 325 and 344 [51], which may explain the lower
electrophoretic mobility of p53—DNA complexes phosphorylated
by CK2 compared with complexes phosphorylated by other
kinases (Figures 3 and 5). It has been shown not only that the
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stable interaction of CK?2 f subunits with p53 has implications for
p53 behaviour, but also that p53 influences the enzymic activity of
CK2. The p53 C-terminus stimulates CK2 activity, but conversely
full-length wild-type p53 inhibits the activity of CK2 [34]. The
importance of CK2 for p53 protein activation therefore seems to
be controversial. Thus we also concentrated on the effect of phos-
phorylation by CK2 on the modifications and activation of p53
protein by other C-terminal kinases. Results shown in Figures 6
and 7 suggest that the CK2-mediated phosphorylation of p53 has
no effect on phosphorylation by cdk2, but strongly inhibits phos-
phorylation by PKC and subsequent stimulation of p53 DNA-
binding activity. CK2 added to the kinase reaction mixture
together with PKC, in the presence of ATP, significantly decreased
the phosphorylation of p53 by PKC, and CK2 added 15 min be-
fore PKC completely abolished phosphorylation by PKC. These
results were obtained both using the EMSA experiments shown in
Figures 6 and 7 and by radioactive ATP phosphorylation measure-
ments, where no changes in the phosphorylation level due to PKC
were detected in case of p53 preincubation with CK2 in the pre-
sence of ATP. These findings can explain the results obtained by
Schuster et al. [33], where co-expression of CK2 with p53 protein
in mammalian cells inhibited the sequence-specific DNA binding
of p53. We suggest that this inhibitory effect of CK2 is caused
by the abolition of phosphorylation by PKC, which is a strong
activator of the DNA-binding function of p53 (Figures 3 and 5).

In order to test whether CK2 prevents PKC from binding to
its docking site on p53 or whether it allows PKC binding but
prevents PKC-mediated phosphorylation, we developed a new
binding assay based on piezoelectric biosensors, which are able
to detect very sensitively the presence of kinase—p53 complexes.
Using this approach we found that binding and phosphorylation
of p53 by PKC did not affect the binding or phosphorylation of
p53 by CK2 (PKC molecules dissociated completely from p53).
In contrast, CK2 bound irreversibly to p53 in the presence or
absence of ATP, but surprisingly this interaction did not influence
PKC binding to p53, in spite of the docking site being common
to both kinases. In addition, the presence of CK2 phosphorylation
promoted the binding of PKC to p53 (Figure 8). Nevertheless,
phosphorylation by PKC was dramatically blocked in the presence
of phosphorylation by CK2, suggesting that even increased
PKC binding to p53 protein cannot mediate the phosphorylation
reaction.

We can conclude that cdk2/cyclin A and PKC both have
a stimulatory role in the activation of sequence-specific DNA
binding by latent p53, both in the oligonucleotide form and when
localized within DNA molecules. The phosphorylation of p53
by CK2, which is apparently constitutively active, evokes an
antagonistic effect with respect to p53 activation. In fact, Ser*”
phosphorylation partially activates the DNA-binding function of
p53, butitblocks the kinase activity of PKC, a strong p53 activator.
Generally, we can say that our results support an allosteric rather
than a competitive model of p53 protein latency. The allosteric
model assumes that the interaction of the non-modified C-terminal
domain of p53 blocks the core domain with respect to sequence-
specific binding and promotes the latent state of the molecule,
while modification of the C-terminus activates the binding of
p53 to target DNA sequences [8,52]. Further studies should
concentrate on elucidating the possible interactions of individual
cell signalling pathways with regard to p53 activation and on
details of the specific molecular interaction patterns.
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Binding of p53 and its core domain to supercoiled DNA
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We have compared the binding of human full-length p53
protein (p53; expressed in bacteria and insects) and its
isolated core domain (pS3CD, amino acids 94-312;
expressed in bacteria) to negatively supercoiled (sc) DNA
using gel electrophoresis and immunoblotting. Significant
differences were observed; pS3CD produced a relatively
small and continuous retardation of scDNA, in contrast to
the ladder of distinct bands formed by p53 in agarose gels.
The ladder produced by full-length protein expressed in
bacteria (p53b) was similar to that observed earlier with
protein expressed in insect cells (p53i). Competition
between scDNAs and their linearized (lin) forms showed
a preference for scDNAs by both p53 and p53CD, but the
ratios characterizing the distribution of the protein between
sc and lin pBluescript DNAs were substantially higher for
pS3 (sc/lin > 60 in p53b) than for p5S3CD (sc/lin = 4).

Strong binding of p53 to scDNA lacking the p53 consensus
sequence may represent a new p53-binding mode, which
we tentatively denote supercoil-selective (SCS) binding.
This binding requires both the C-terminal domain and the
core domain. Targets of this binding may include: (a) DNA
segments defined both by the nucleotide sequence and local
topology, and/or (b) strand crossings and/or bending. The
binding preference of p53CD for scDNA may be due to the
known nonspecific binding to internal single-stranded
regions in scDNA (absent in relaxed DNA molecules)
and/or to SCS binding albeit with reduced affinity due to
the absence of contributions from other p53 domains.

Keywords: tumor suppressor protein p53; comparison of
full-length p53 and its isolated core domain; binding of p53
to supercoiled DNA; immunoblotting of p53.

The p53 gene, frequently called the guardian of the
genome, protects vulnerable cells from malignant transfor-
mation by regulating the responses of cell growth and death
to genotoxic agents (reviewed in [1-5]). The functions of
this gene are closely related to the specific binding of its
product, the tumor suppressor protein p53, to the DNA
consensus sequence (pS3CON), consisting of two copies of
the sequence 5’-PuPuPuC(A/T)(T/A)GPyPyPy-3’ sepa-
rated by 0—13 bp [6]. The p53 protein is a metalloprotein
containing one zinc atom in the core domain [7,8]. The
conformation of p53 is important for the biological activity
of the protein and for its binding to pS3CON. It has been
suggested that the dual ability of p53 to function as a tumor
suppressor and to promote cell proliferation may be due to
switching between wild type and mutant conformations,
respectively [9-11].

Using agarose gel electrophoresis and scanning force
microscopy (SFM) we have recently shown that the
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linearized DNA; pS3CD, core domain (amino acids 94-312) of
wild-type human tumor suppressor protein p53; pS3CON, p53
consensus DNA binding sequence; scDNA, supercoiled DNA; ssDNA,
single-strand DNA.
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full-length wild-type human p53 protein binds strongly to
negatively supercoiled DNA (scDNA) at native superhelix
density [12]. The binding takes place both in the presence
and absence of the consensus sequence (pS3CON),
producing several retarded bands on the gel. SFM images
reveal partially or fully relaxed DNA molecules with bound
p53 protein molecules. Removal of the p53 protein restores
the original mobility of scDNA, suggesting that binding of
the p53 protein does not change the DNA linking number.
Thermally denatured plasmid DNA competed efficiently
for binding of p53 to scDNA. Based on these results, we
concluded that interactions of p53 with scDNA involve both
the core and the C-terminal domain [12-15].

The binding of p53 to the DNA consensus sequence has
been studied in detail. The cocrystal structure of residues
94-312 bound to 21 bp duplex DNA offers interesting
insights into the functions of p53 [7.8]. The role of the
p53CD in DNA sequence specific binding as well as its
negative regulation by the C-terminus has been established
[1]. The nonspecific binding to ds and ssDNAs has also
been well documented. Bakalkin et al. [16,17] suggested
that the domain responsible for nonspecific DNA binding
may depend on the DNA substrate: the p53 C-terminus
binds the single strand ends of DNA molecules whereas the
core domain is involved in binding to internal ssDNA
segments. Interactions of p53 with nucleic acid ends,
Holliday junctions or irradiated DNAs involve the
C-terminal nonspecific binding domain [1,4].

Compared to the well-known sequence specific and
nonspecific DNA binding modes little is known about the
nature of p53 binding to scDNA. Recently Mazur et al. [18]
showed that the C-terminal domain is involved in the
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scDNA binding. They observed no effect of a specific point
mutation in the DNA binding domain (serine instead of
arginine at position 249) on p53 binding to scDNA,
suggesting a lack of participation of the core domain in
this binding and thus another mode of nonspecific
interaction by the C-terminal domain. Our studies, however,
have suggested that the core domain may also be involved
[12-14].

In this paper we compare the binding of p53CD and of
the full-length p53 to scDNA. We show that pS3CD binds
preferentially to scDNA albeit with a lower relative affinity
than the full-length protein, supporting our original
suggestion [12] that binding of p53 to scDNA involves
both the core and the C-terminal domains.

MATERIALS AND METHODS

Plasmids

Supercoiled plasmids pBluescript II SK-(Stratagene) and
pPGM1 [pBluescript II SK-containing 20-mer (AGA-
CATGCCTAGACATGCCT)] p53 consensus binding were
used [12].

Protein isolation

The p53 core domain (fragment 94-312, p53CD) was
expressed in bacteria, isolated and characterized as
described [19]. Wild-type human full-length p53 protein
was prepared and characterized as previously described
[12]. Expression was in insect cells (Sf9) infected with a
recombinant baculovirus and purification using a Heparin-
Sepharose Hi-Trap column (Pharmacia). The same techni-
que was used for purification of the full-length protein
expressed in bacteria. The proteins migrated as single
bands, visualized both by Coomassie staining and western
blot analysis with monoclonal antibody DO-12 (binding to
amino acids 256-270).

DNA and protein were mixed (the protein/DNA ratio is
expressed in terms of p53, or pS3CD, tetramers and DNA
molecules) in 20 pL of the DNA binding buffer (5 mm
Tris/HCl, pH 7.6, 0.5 mm EDTA, 50 mm KCl, and 0.01%
Triton X-100). The samples were incubated for 30 min at
0 °C and loaded onto a 1% agarose gel containing a
0.33 x Tris/borate/EDTA buffer. Agarose gel electrophor-
esis was performed for 4 h at 100 V at low temperature
(< 10 °C). The gels were stained with ethidium bromide
and photographed. DNA or p53 bands on photographs of
gels or blots were scanned and rendered digitally. The band
intensities were quantified by Image QuaNT software.

Blotting and immunodetection of p53

Gels were blotted onto a nitrocellulose transfer membrane
Protran R (Schleicher and Schuell, Germany) in
10 x NaCl/Cit at 5 in Hg on a vacuum blotting system
(BioRad USA) [20]. The membrane was blocked with 5%
nonfat milk in NaCl/P; and the p53 proteins were detected
with 1 mg-mL~' primary antibody DO-11 (binding to
amino acids 176—186) and/or DO-12 supernatant diluted
1:50-150 and secondary antibody anti-mouse IgG
(peroxidase conjugate) diluted 1 : 3000. The complex was
visualized with the ECL detection system (Amersham). All
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Fig. 1. Binding of p53CD and full-length p53 protein to super-
coiled DNA. (A) 0.4 pg of scDNA pBluescript was incubated with
core domain p53 (lanes 1-3) and full-length p53i (lanes 5-7) proteins
at a molar ratios of p53 tetramer : DNA from 1 :1 to 5: 1. The
incubation was carried out in 50 mM KCl, 5 mm Tris (pH 7.6), 0.5 mMm
EDTA and 0.01% Triton X-100 on ice for 30 min and stopped by
adding the loading buffer. The samples were loaded on 1% agarose gel
in 0.33 x Tris/borate/EDTA. DNA was stained with ethidium bromide.
(B) Immunoblotting of the left half of the gel (lanes 1-4) with the
monoclonal antibody DO-12. (C) Superimposition of the ethidium-
stained bands (black rectangles) on agarose gel (A) and immuno-
detected pS3CD protein (gray spots) on the blot (B).

primary monoclonal antibodies used in this paper were
kindly donated by B. Vojtesek.

Competition assays

Competition experiments with a mix of scDNA and Smal
linearized DNA (in equimolar concentrations) were per-
formed with the total amount of DNA kept in the range of
0.8—1.6 g per well (higher amounts of DNA and p53 were
used in samples with low p53/DNA ratios to keep the p53
level detectable by monoclonal antibodies). Mixtures of
linear and supercoiled forms of pPGM1 and/or of pBlue-
script, respectively, in a ratio 1 : 1 were incubated with p53
or p53CD (molar ratios p53 tetramer/DNA were from 1.5 to
4 : 1 and from 1 to 4 : 1, respectively) for 30 min at 0 °C.
Monoclonal antibodies DO-1 (binding to amino acids 20-25)
or DO-11 and DO-12 were used for immunoblotting.

For p53CD competition experiments with scDNA and
heat-denatured DNA (ssDNA), 0.4 wg pPGM1 scDNA
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Fig. 2. Binding of full-length p53 proteins
expressed in insect cells (p53i) and in
bacteria (p53b) to supercoiled pBluescript
and pPGM1 (containing the pS3CON)
DNAEs at different protein/DNA ratios. (A)
0.2 pg of the DNA was incubated with p53i
(for pPGM1 lanes 2—4 and for pBluescript
lanes 9-11) and p53b (for pPGM1lanes 5-7
and for pBluescript lanes 12—14) at the molar
ratios p53 tetramer : DNA 1.5, 2 and 3. Free
scDNA band 0 and retarded bands 1, 2 and 3
are marked. (B) Bar graph of distribution

of scDNA in retarded bands 1, 2 and 3 (lanes
2—14) expressed as percentage of band 1

‘Oband 3

2 3 4 5 6 7 9
lanes

1011121314

(lane 11). Further details as in Fig. 1.

and/or pBluescript scDNA were mixed with increasing
amounts of heat-denatured linear pBluescript DNA (linear-
ized with Smal), resulting in molar ratios 0.2, 0.5, 1,2 and 5
of sc/ssDNA. The mix was incubated with p53CD (molar
ratio p53 tetramer/DNA = 10 : 1) for 30 min at 0 °C.
Immunoblotting of the gels was performed with a mix of
monoclonal antibodies DO-11 and DO-12.

RESULTS

Core domain and full-length p53 bind to supercoiled DNA
in different ways

The electrophoretic mobility of the DNA-p53 complexes
depended on the p53 tetramer/DNA ratios (1-5) for the
pS3CD and for eukaryotic p53 protein (Fig. 1). In
agreement with our previous results, p53 led to a strong
retardation of the supercoiled pBluescript DNA (lacking the
consensus sequence, pS3CON), manifested in the form of
well-resolved DNA bands, the number of which increased
with increasing p53/DNA ratio (Fig. 1A, lanes 4-7).
Compared to the full-length protein, pS3CD under the
same conditions produced a substantially smaller DNA
retardation without formation of any additional resolved
band (Fig. 1A, lanes 1-3). An immunoblot with the
antibody DO-12 (binding to amino acids 256—270) showed
increasing intensities of staining at increasing p53/DNA
ratios (Fig. 1B, lanes 1-3) and a good correspondence of

the ethidium-stained DNA bands with the immuno-detected
protein bands (Fig. 1C).

Previous studies of p53 binding to scDNA were
performed only with full-length eukaryotic p53 (expressed
in insect cells) [12-15,18] active for DNA sequence-
specific binding but not with p53 expressed in bacteria
whose sequence-specific binding activity is latent [21]. We
purified bacterially expressed p53 (p53b) and studied its
binding to scDNA, and compared the binding properties of
bacterially expressed pS3CD with both the eukaryotic and
bacterial full-length p53.

Full length eukaryotic and bacterial p53 proteins

We compared p53 expressed in insect cells (p53i, using a
baculovirus expression system, which supports the majority
of postranslational modifications essential for proper
functioning of the eukaryotic protein), and p53b (lacking
postsynthetic modification) in their abilities to bind to
scDNA without (pBluescript) and with the consensus
sequence (pPGM1 DNA). Figure 2 shows gel retardation
of pPGM1 and pBluescript scDNAs resulting from their
interactions with p53i and p53b, at three different p5S3/DNA
ratios. For p53/DNA ratios 1.5 and 2.0 the interaction of
p53i with pPGM1 DNA yielded the most intense band 1
(Fig. 2A,B, lanes 2,3). For p53/DNA 2.0 a weak retarded
band 2 was observed only with pBluescript DNA. At p53/
DNA 3.0 a more intense band 2 was formed both with
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Fig. 3. Binding of p53 protein to the consensus sequence in pPGM1
DNA fragment. pPGM1 (lanes 1-6,9) was cleaved by Poull,
producing 474 bp (with the p53CON) and 2513 bp (lacking the
consensus sequence) fragments. pBluescript (lanes 7, 8 and 10) was
digested by the same enzyme, producing 448 bp and 2513 bp
fragments (both lacking the consensus sequence). (A) 0.4 pug of the
DNA was incubated with pS3CD (lanes 4—6) and/or fl p53 (lanes 1-3)
at a molar ratios of p53 tetramer : DNA from 1.5: 1to 7 : 1. R and
Rc, bands retarded due to the sequence-specific binding of p53i and
p53CD, respectively. The pBluescript fragments were incubated at the
highest p53/DNA ratios using p53i (lane 7) or p53CD (lane 8),
respectively. DNA was stained with ethidium bromide. (B) Immuno-
blotting of the agarose gel; mix of the monoclonal antibodies DO-12
and DO-11 was used.

pBluescript and pPGM1 DNAs (Fig. 2A,B, lanes
4,7,11,14). Under the same conditions a weak band 3
appeared with pBluescript but not with pPPGM1 DNA. At
least three conclusions may follow from these results: (a)
both p53i and p53b generate a ladder of retarded bands on
an agarose gel due to their interaction with scDNA
containing or lacking p53CON; a higher number of
bands was observed at higher pS3/DNA with both p53i
and p53b [22] (b) p53i binds to the consensus sequence in
the supercoiled pPGM1 DNA which at low p53/DNA
represents a preferential binding site of p53i in this DNA;
(c) the presence of the consensus sequence in scDNA
does not significantly influence the retarded bands induced
by p53b.

The gel retardations of scDNA by p53i and p53b
differed significantly from that caused by p53CD
(Figs 1 and 2), suggesting that the core domain in the
full-length protein cannot by itself be responsible for the
ladder of bands generated by p53 on the agarose gel
(Fig. 1A, lanes 4-7). The band shift caused by p53CD at
pS3CD/DNA of 1-5 was very small, indicating the lack
of any significant relaxation of scDNA upon binding of
p53CD.
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Fig. 4. Comparison of binding of p5S3CD to supercoiled and linear
(linearized by Smal) forms of pPGM1 and pBluescript plasmid. (A)
0.8 pg (lanes 2, 5, 6, 7,10 and 11) or 1.6 g (lanes 3, 4, 8 and 9) of a
mixture of linear (lin) and supercoiled (sc) forms of pPGMI1 (lanes
2-6) and/or pBluescript (lanes 7—11) plasmid, respectively, in a weight
ratio 1 : 1 (linear : supercoiled forms) were incubated with p5S3CD at
molar ratios of p53 tetramer : DNA from | : 1 to 4 : 1 (marked below
the figure). (B) Immunoblotting of the gel with the monoclonal
antibody DO-12 and DO-11. Free p53 (lane 12) is marked. For results
from densitometric tracing of the immunoblot see Table 1. (C) Bar
graph of sc/lin ratios of band intensities obtained by densitometric
tracing at protein/DNA = 1.5 for both p53i (Fig. 5) and p53CD.

Comparison of sequence-specific binding of p53CD and
p53 to a DNA fragment by EMSA in agarose gel

In a previous study we used agarose gels to study the
binding of p53 to both scDNA and DNA restriction
fragments [12]. Here we used the same technique to
compare the binding of p5S3CD and p53 to Poull fragments
of pPGM1 (Fig. 3). p53CD led to a retarded band Rc
indicative of binding to p5S3CON in the shorter 474 bp
fragment. At pS3CD/DNA = 1 a weak 474 bp band was
still present, but at higher ratios this band disappeared
(Fig. 3A, lanes 4-6). Band Rc was absent in the pBlue-
script DNA fragments (Fig. 3 A, lane 8), in agreement with
the results obtained earlier with p53 [12]. Immunoblotting
of the gel revealed a band Rc’ in pPGM1 (corresponding to
band Rc on the gel) (Fig. 3B, lanes 4—6), which was absent
with pBluescript DNA (Fig. 3B, lane 8). At p53/DNA = 1
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Table 1. Competition of supercoiled and Smal linearized DNAs of pPGM1 and pBluescript for p53 core domain (p53CD) or full length p53
(fl p53) insect and bacterial at different p53/DNA ratios. All data were calculated as an average made from three independent binding reactions
and expressed as sc/lin ratio (for more details see Figs 4 and 5). Intensities of immunoblot staining by DO-11 and DO-12 mixture of scDNA and
1linDNA bands were determined by densitometric tracing for pS3CD. Intensities of immunoblot staining by DO-1 of scDNA and 1inDNA bands were

determined by densitometric tracing for insect and bacterial fl p53.

pS3CD Insect fl p53 Bacterial fl p53

pPGM1

pS3/DNA 1/1 2/1 3/1 4/1 1.5/1 2/1 3.5/1 4/1 1.5/1 2/1 3.5/1 4/1
sc/lin (P) 1.3 1.3 2.0 1.7 3.8 2.1 1.6 1.6 1.4 4.4 29 1.9
pBluescript

p53/DNA 1/1 2/1 3/1 4/1 1.5/1 2/1 3.5/1 4/1 1.5/1 2/1 3.5/1 4/1
sc/lin (B) 33 2.4 3.7 4.0 18.9 16.2 17.3 11.0 8.7 66.1 30.6 23.6
B/P 2.5 1.9 1.5 2.4 5.0 7.7 10.8 6.9 6.2 15.0 10.6 12

staining of the longer 2513 bp band was no longer observed
(Fig. 3B, lane 6), but at higher p53/DNA ratios a significant
staining of this band was detected with both pBluescript
and pPGM1 DNAs (Fig. 3B, lanes 3-5,7,8).

Full-length p53i produced band R [12,23], which was
much more retarded than Rc (Fig. 3A, lanes 1-3). The
mobility of Rc corresponded to an apparent = 700 bp DNA
in contrast to the 1100 bp of band R. Differences in the
mobility of the p5S3—DNA complexes were observed by
Wang et al. [24] using PAGE. They showed that p53, as
well as the 1-360 and 1-320 p53 fragments, led to DNA
complexes migrating closely on 4% polyacrylamide gels,
whereas the complex with a 80-290 fragment was much
less retarded. Changes in the positions of the bands may
reflect differences in the size, shape, charge and/or the
oligomerization state of the p53 components in the
complexes.

Competition between sc and linearized DNAs for p53CD
or p53

p53 core domain. To compare the binding affinity of p53 to
long linear and supercoiled DNAs equimolar concentrations
of scDNA and Smal linearized DNA were mixed, and
pS3CD at protein/DNA ratios of 1-4 was added (see
Materials and methods). The ethidium-stained gel (Fig. 4A)
did not show any significant differences in the retardation
or intensities of the bands of sc and linDNAs. However,
densitometric tracing of the pS3 immunoblot (using DO-11
and DO-12 antibodies) displayed higher band intensities in
scDNA (compared to the linearized forms) of both pBlue-
script and pPGM1 (Fig. 4B, Table 1), suggesting weak but
significant preferential binding of p53CD to scDNA. The
ratios of the band intensities sc/lin of pBluescript DNA
were higher than in pPGM1, probably due to the presence
of p5S3CON in lin pPGMI1. These results suggest that
compared to linDNA, p53CD shows a preference for
scDNA both in the presence and absence of pS3CON.

Full-length p53. The same experiment was also performed
with p53i at protein/DNA ratios between 1.5 and 4.0.
Binding of p53 to scDNAs of both pPGM1 and pBluescript
resulted in a ladder of discrete bands (Fig. 5A). With
increasing ratios of pS3/DNA, a lowering of intensity (and
final disappearance) of band 0 (scDNA only) was
accompanied by formation of increasing number of

retarded bands. The immunoblot of linear DNA differed
from the ethidium-stained bands, in that staining of the
linear pBluescript DNA was very weak (Fig. 5B, lanes
8—11), while lin pPGM1 DNA (Fig. 5B, lanes 3-6) was
strongly stained. From the densitometric tracing of the
immunoblot (Table 1), it is evident that the supercoiled
forms of both DNAs competed strongly for p53 (Fig. 5B) in
agreement with our previous results [12]. In pPGM1 the
band intensity sc/lin was 3.8 at p5S3/DNA = 1.5; the former
ratio decreased with increasing p53/DNA, suggesting a
greater influence of nonspecific pS3 binding at higher p53/
DNA ratios (Table 1). With pBluescript at p53/DNA = 1.5
the ratio sc/lin was =19, i.e. almost fivefold higher than in
pPGM1, implying a strong preference of p53 for scDNA as
compared to the nonspecific binding to linDNA (lacking
pS3CON). As with pPGMI, in the case of pBluescript the
sc/lin ratio decreased with increasing pS3/DNA, showing a
very high preference for scDNA even at p53/DNA = 4
(Table 1). Competition experiment with the full-length
pS3b using pBluescript DNA yielded qualitatively the same
results but the ratios of sc/lin were substantially higher
(Table 1), suggesting that binding of p53 to scDNA might
be affected by the postranslational modification of the
protein and/or that, compared to this protein, the non-
specific binding to dsDNA in p53b is decreased. Our
preliminary results show substantially higher sc/lin ratios in
some p53i fractions from the same preparation (differing in
the extent of phosphorylation) than those presented in
Table 1 (e.g. at pS3/DNA 2.5, sc/lin was 109 for fraction 33
and 10 for fraction 27 which was more phosphorylated at a
specific ser site than fraction 27; S. Pospisilova, M.
Brazdova and B. Vojtesek, unpublished results). Detailed
studies involving characterization of different fractions of
p53i by monoclonal antibodies specific for different phos-
phorylation sites are in progress. Taken together, our results
demonstrate (a) that negative supercoiling stimulates
binding of both p53 and pS3CD to DNA but (b) that the
relative affinities for scDNA are substantially higher for
full-length p53i and p53b than for p5S3CD (Figs 4 and 5;
Table 1).

Competition between scDNA and single-stranded DNA
for p53CD

p53 binds single-stranded DNA ends with the C-terminal
domain and internal DNA segments via the core domain
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Fig. 5. Comparison of binding of p53i to supercoiled and linear
(linearized by Smal) forms of plasmids pPGM1 and pBluescript.
(A) 0.8 g (lanes 2, 5, 6,7, 10 and 11) or 1.6 pg (lanes 3, 4, 8 and 9)
of a mixture of linear (lin) and supercoiled (sc) forms of pPGM1 (lanes
2—6) and pBluescript (lanes 7—11) plasmid, respectively, in weight
ratio 1 : 1 (linear : supercoiled forms) were incubated with p53i at
molar ratios p53 tetramer : DNA from 1.5 : 1 to 4 : 1 (marked below
the figure). Binding of p53 to pPGM1 1linDNA produced retarded band
Rlin. (B) Immunoblotting of the gel with the monoclonal antibody
DO-1. Free p53 (lane 12) is marked. For results from densitometric
tracing of the immunoblot, see Table 1. (C) Schematic superimposition
(lanes 2, 6 and 11) of the ethidium-stained bands (black bands) on
agarose gel (A) and immuno-detected p53 protein (gray strips) on the
blot (B).

[17]. We used various amounts of thermally denatured Smal
linearized pBluescript (ssDNA) to compete for the binding
of p53CD to scDNA (see Materials and methods). From the
densitometric tracing of the DO-11, DO-12 immunoblot at
ssDNA /scDNA = 0.5, less than 40% of p5S3CD was bound
to scDNA pBluescript and less than 60% to scDNA pPGM1
(Fig. 6, lanes 4 and 11; Table 2). Less then 10% of p53CD
was bound to scDNA pBluescript at ssDNA/scDNA = 2
(Fig. 6, lane 13; Table 2) and at ssSDNA/scDNA = 5, there
was no binding of pS3CD to either scDNA (Fig. 6, lanes 7
and 14; Table 2). In contrast to these results, no com-
petition was observed in an analogous experiment using
a single-stranded DNA 20-mer as a competitor at
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Fig. 6. Competition of scDNA and heat-denaturated Smal linear-
ized pBluescript DNA for p53CD binding. (A) 0.4 pg pPGMI1
scDNA (lanes 1-7) or pBluescript scDNA (lanes 8—14) were incubated
with pS3CD (lanes 2-7 and 9-14) at a molar ratio of p53
tetramer : DNA = 10 : 1. Increasing amounts of heat-denaturated
DNA (ss pBluescript; lanes 3-7, 10—14 and 16) was added to
scDNA-p53 mixture (competitor was added in ss/scDNA molar ratios
0.2,0.5, 1, 2 and 5 as indicated below the figure). (B) Immunoblotting
of the gel with the monoclonal antibodies DO-11 and DO-12. Free p53
(lane 15) is marked. For results from densitometric tracing of the
immunoblot see Table 2.

Table 2. Competition of supercoiled (sc) and thermally denatured
(ss) Sma 1 linearized pBluescript DNAs for p5S3CD (for details see
Fig. 6).

pPGM1
ss/sc DNA 0 0.2 0.5 1.0 2.0 5.0
sc%" 100 90.1 58.5 39.5 21.4 0
ss%" 0 9.9 41.5 60.5 78.6 100
pBluescript
ss/sc DNA 0 0.2 0.5 1.0 2.0 5.0
sc%” 100 79.6 38.3 17.3 6.4 0
ss%"° 0 20.4 61.7 82.7 93.6 100

# Percentage of p5S3CD bound to scDNA as determined by densito-
metric tracing of DO-11 and DO-12 mixture immunoblot staining.
® Percentage of p53CD bound to ssDNA as determined by densito-
metric tracing of DO-11 and DO-12 mixture immunoblot staining

ssDNA/scDNA = 5 (data not shown). We conclude that
the internal segments, but not the ends of ssDNA, are strong
competitors for p5S3CD.

DISCUSSION

In the extensive literature on p53 interactions with DNA
(reviewed in [25-27]), the effect of DNA supercoiling has
received little attention. We showed recently [12] that the
full-length human wild-type p53i binds preferentially to
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negatively supercoiled scDNA of native superhelix density
regardless of whether of the p5S3CON consensus sequence
is present or absent. Scanning force microscopy (SFM)
[12,28] (A. Schaper, D. Vik, B. Vojtesek, E. Palecek &
T. M. Jovia, unpublished results) as well as electron
microscopy [19] suggested that at higher p53/DNA ratios
binding of both p53CD and p53i takes place at many sites
of supercoiled plasmid DNA.

Role of core domain in binding of full length p53 to
scDNA

In this paper we used pS3CD to investigate the role of the
core domain in the recognition of scDNA. There was a
large difference in the binding of pS3CD and full-length
p53 to scDNA (Figs 1, 4 and 5, Table 1), suggesting that
the strong preference of the p53 for scDNA requires the
core domain as well as another region of the protein, most
probably the C-terminal region [12,18]. Other recent data
support an involvement of the core domain in this binding.
We have found that micromolar concentrations of Zn”>"
ions inhibit binding of p53i [13] as well as of its core
domain (M. Brazdova , unpublished results) to scDNA and
to pS3CON in linear DNA fragments. Because the majority
of putative zinc binding sites is located in the core domain,
it is probable that the latter is involved not only in binding
to p5S3CON but also to scDNA lacking pS3CON. Moreover,
we have found that oxidation of cysteines in p53i (which
are contained only in the core domain) decreases the
affinity for pS3CON as well as for scDNA [14].

Recently Mazur et al. [18] reported a ladder of bands
produced by complexes of p53i with scDNA pBluescript,
confirming our earlier results [12—14]. They also showed
that the C-terminal polypeptide 319-393 (peptide C) bound
preferentially to scDNA pBluescript, although in contrast to
p53i, the retarded DNA band was broad, as in the case of
pS3CD (Fig. 1) at higher pS3CD/DNA ratios [29]. While
the involvement of both the core and C-terminal domains
appears well established [13,14,18], it is now evident that
none of these domains can individually produce the same
effect as the entire p53 molecule (Figs 1, 4 and 5),
suggesting a complementary and/or synergistic interaction
between them. It is conceivable, for example, that an
important role of the core domain of the full-length protein
is to achieve an optimal p53 conformation for binding to
scDNA.

DNA relaxation and bending

Small global winding distortion and bending of DNA upon
binding of the core domain (amino acids 96-308) were
detected experimentally and predicted by molecular
modeling by Nagaich er al. [30,31]. Recently, DNA
overwinding was shown to result from p53 binding to
p53CON [25]. Electron microscopic studies confirmed
bending of DNA fragments upon binding of p53CD and
p53i [19].

AFM images revealed an apparent partial or complete
relaxation of scDNA on binding of p53 [12]. An effect
which might comprise a local DNA overwinding at the
single p5S3CON site in the pPGM1 DNA with compensatory
toroidal superstructures elsewhere, in accordance with
the linking number invariance [12] (A. Schaper, D. Vik,
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B. Vojtesek, E. Palecek & T. M. Jovia, unpublished results).
However, the DNA relaxation observed in AFM images
was substantially greater than in solution, as detected by
electrophoresis, even assuming that the ladder of retarded
bands on the gel was entirely due to such an effect. This
could be the case, however, as our recent data suggested
that the band ladder of p53i-DNA complexes was strongly
influenced by the number of molecules and/or oligomeriz-
ation state of p53i bound to the scDNA [14] (M. Brazdova,
M. Fojta & J. Palecek, unpublished results).

Nature of p53 binding to scDNA

Negative supercoiling of DNA can influence p53 DNA
binding in at least two ways: (a) by influencing the
recognition of p53CON, and (b) in DNA lacking the
consensus sequence, by configurational rearrangement of
some nucleotide sequences creating new p53 binding sites.
The results of Kim er al. [32] suggest that changes in the
spatial arrangement of the p53CON sequence could
modulate (enhance or reduce) p53i binding to the consensus
sequence.

We have shown that both p53CD and p53i bind
preferentially to scDNAs as compared to their linearized
forms (Figs 4 and 5; Table 1). With p53, this preference is
much stronger than with p53CD and we tentatively suggest
that the strong binding of p53 to sites other than p5S3CON in
scDNAs may reflect, at least in part, the occurrence of local
supercoil-stabilized structures [33]. Such structures would
reflect the influence of both nucleotide sequence and spatial
disposition (influenced by supercoiling). Thus, it may not
be surprising that the affinity of p53 for such sites is
comparable to that for sequence-specific binding to
pS3CON in linear DNAs (Fig. 5; Table 1). For example,
cruciforms contain four-way junctions (resembling Holli-
day junctions) to which p53 is known to bind preferentially
[26]. Quite recently, binding of p5S3CD as well as of p53i to
a cruciform formed by a (AT)s4 sequence in scDNA was
observed by AFM [28]. The ability of p53 to recognize
spatial arrangements of DNA incorporating unpaired bases
such as hairpins was also demonstrated [32].

It has also been shown [18] that p53 binds preferentially
to not only negatively, but also to positively supercoiled
DNA, suggesting that p53 recognizes crossovers of DNA
double helices, regardless of whether they arise from a
linking number deficiency or excess. On the other hand, the
possibility that other local structural distortions in posi-
tively scDNA are involved is not excluded. Negatively
scDNA has been studied in a great detail [33] and a number
of local DNA structures identified using chemical probes.
Our knowledge about local structures in positively scDNA
is more restricted, although information exists about
increased local accessibility of bases to single-strand
selective chemical probes. It was shown that an alternating
adenine-thymine segment was strongly reactive to the
osmium tetroxide-pyridine complex in positively super-
coiled DNA [34], suggesting a local overwinding in this
segment. In summary, both possibilities, i.e. p53 binding to
strand crossings and to a locally deformed DNA helix in
scDNAs should be considered and tested further.

Another feasible target for p53 binding which may occur
both in negatively and positively scDNAs is bent DNA. The
ability of both p53 and p53CD to bend DNA as a result of
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sequence-specific binding was demonstrated in linear
DNAs by electron microscopy [19] and other techniques
[30,31,35]. Recently, Jett et al. [28] demonstrated the
presence of bends on binding of p5S3CD to sc pPGM1 DNA.
So far no data have been published about changes in the
long DNA helix axes upon p53 binding to scDNA. This
problem is currently under investigation.

We have shown that the binding of the p53 to scDNA is
so strong that the protein almost fails to bind to linear
pBluescript DNA in the presence of the sc form of the same
DNA (Fig. 5, lanes 8—11). We conclude that at least one
more mode of interaction might exist in addition to the
well-known sequence-specific binding (to pS3CON) and
nonspecific binding to dsDNA. This new type of binding,
which we tentatively call supercoil-selective (SCS) binding,
is clearly observed with p53i and p53b but not with p5S3CD
(Fig. 4, lanes 8—11). In contrast to the full-length proteins,
p53CD binds significantly to lin pBluescript DNA in the
presence of its sc form (Fig. 4, lanes 8—11), suggesting that
the preference of p5S3CD for scDNA is much weaker than
with p53i and p53b (Table 1). So far, strong SCS binding
has only been observed with the full-length human p53
[12—-15], and may play a significant biological role [12],
involving, for example, stabilization of p53 (e.g. due to
DNA damage) and its release in cells regulated by changes
in DNA supercoiling.

The central domain of p53 has only one DNA binding
site that interacts specifically with sequence motifs in
dsDNA and nonspecifically with internal ssDNA regions
[17]. This domain may also contain an additional
nonspecific DNA binding site. Considering previous
observations [17] and results contained in this paper
(Fig. 6, Table 2), indicating binding of p53CD to internal
segments of ssDNA but not to its ends, we conclude that the
preference of p5S3CD for scDNA (Table 1) might be due to
nonspecific binding to permanent and/or transient internal
ssDNA regions known to exist in scDNA [33,36].
Alternatively, p5S3CD may also bind to the same sites to
which full-length p53 is bound in scDNA but the affinity of
pS3CD is weakened due to the absence of contributions
from other p53 regions.
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Enhancement of p53 sequence-specific binding by DNA supercoiling
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Using a new competition assay, we investigated the effect
of DNA negative supercoiling on the DNA sequence-
specific binding (SSDB) of human wild-type (wt) p53
protein. We found that supercoiled (sc) pBluescript DNAs
with different inserted p53 target sequences were stronger
competitors than a mixture of scDNA pBluescript with the
given 20-mer target oligodeoxynucleotide. ScCDNAs were
always better competitors than their linearized or relaxed
forms. Two DNAs with extruded cruciforms within the
target sequence were the best competitors; removal of the
cruciforms resulted in a decrease of competitor strength.
In contrast to the full-length wt p53, the deletion mutant
p53CA30 and the pS3 core domain (93-312 aa) showed no
enhancement of pS3 SSDB to scDNA, suggesting that, in
addition to the p53 core domain, the C-terminal was
involved in this binding. We conclude that cruciforms and
DNA bends contribute to the enhancement of pS3 SSDB
to scDNA and that the DNA supercoiling is an important
determinant in the p53 sequence-specific binding. Super-
coiling may thus play a significant role in the complex
p53-regulatory network.
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Introduction

The p53 tumor-suppressor protein plays a critical role in
the cellular response to DNA damage by regulating the
expression of genes involved in controlling DNA repair,
cell proliferation and apoptosis (Levine, 1997; Hupp,
1999; Jayaraman and Prives, 1999). Its mutation was
found in more than 50% of human malignancies
mapped predominantly to the protein core domain.
This domain is responsible for sequence-specific DNA
binding (SSDB) to the p53 consensus sequence (CON,
two copies of the sequence 5-RRRC(A/T)(T/A)GYYY-
3") separated by 0-13bp (el-Deiry et al., 1992). It is
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currently believed that p53 binds optimally to this
sequence as a tetramer, with each half of the p53-
binding site interacting with two monomers of p53
(Arrowsmith and Morin, 1996). In addition, p53
possesses the exonuclease activity, suggesting involve-
ment of the protein in the DNA repair (Janus et al.,
1999a, b).

DNA topology is of fundamental importance for
a wide range of biological processes including DNA
transcription, replication, recombination, control of
gene expression, genome organization, etc (Palecek,
1991; Bates and Maxwell, 1993; Pearson et al., 1996).
DNA protein binding is often supercoiling dependent.
The excess energy contained in supercoiled DNA
(scDNA) can be relieved by protein binding. Any
binding process that requires or utilizes the distortions
in scDNA is favored by supercoiling. A number of
DNA-protein complexes involve the wrapping of DNA
around the protein, and their binding is promoted by
negative supercoiling due to stabilization of writhing
(Bates and Maxwell, 1993).

p53 can modulate the activity of topoisomerases
either by direct molecular interactions or by transcrip-
tional regulation, suggesting a possible relation between
the p53 function and the DNA topology. Wild-type p53
protein preferentially binds to scDNA even in absence
of the target sequence in the DNA molecule (Palecek
et al., 1997, 1999; Brazda et al., 2000; Pospisilova et al.,
2000; Brazdova et al., 2002). Strong binding of wt p53 to
scDNA not containing the CON (e.g. pBluescript) was
termed supercoil-selective (SCS) DNA binding. This
binding was stronger in bacterially expressed p53 than in
insect cell-expressed pS53, suggesting the involvement of
post-translational modification in this binding. The
SCS/p53 binding was inhibited by some metal ions
(Palecek et al., 1999) and by oxidation of the protein
(Fojta et al., 1999). It was concluded that p53 binding to
scDNA may involve both the core and the C-terminal
domains (Palecek et al., 1997, 2001). By means of the gel
electrophoresis and immunoblotting used in our pre-
vious experiments, it was difficult to differentiate
between sequence-specific binding and SCS binding.

To overcome this difficulty, we propose a new
competition assay of the effect of DNA supercoiling
on p53 binding to different p53 target sequences
(Figure 1). We show by this assay, which enables
elimination of the effect of SCS p53 binding, that
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supercoiling enhances binding of p53 to synthetic
sequences in pPPGMI1 and pPGM2 DNAs, as well as
to p21 and RGC promoters, inserted in pBluescript
(Table 1). This enhancement is more intense in pPGM1,
pPGM2 and p2] than in the RGC insert. No such
enhancement was observed with the p53 core domain
(93-312aa) and p5S3CA30 (1-363aa), suggesting the
involvement of the C-terminal domain in p53 SSDB
to scDNA.

p53 - + + + +
competitors NO NO * E N I]
2513 bp — — — — —

— —_ — —
R A
474 bp — —_ — — —_
(M (i) (iii) (iv) W)

Figure 1 Diagrammatic scheme of the competition experiment,
testing the ability of scDNAs to compete for sequence-specific
binding of the p53 protein to (i) 474bp Pyvull fragment from
pPGM1 DNA. (ii) In the absence of competitors, this binding
results in a well-resolved retarded band R on the agarose gel
(Palecek et al., 1997). (iii) If p53 target (#8) containing DNA is used
as a competitor, the intensity of band R strongly decreases. (iv)
Substantially smaller decrease of this band is caused by a mixture
of sc pBluescript DNA with a 20-mer oligodeoxynucleotide target
(W) sequence; (v) a mixture of sc pBluescript DNA with a 20-mer
random sequence induces even a smaller effect on the band R
intensity. Linearized and relaxed DNAs were also used in addition
to the above competitors (see the text)

Results

Target sequences in scDNA are stronger competitors than
the same sequences in linear DNAs (lin DNAs)

In this paper, we addressed the question whether the
DNA supercoiling can enhance the p53 SSDB. To
answer this question, we performed competition experi-
ments, as described in Figure 1, using recombinant
scDNAs with different p53 target sequences (Table 1).
As controls, we used sc pBluescript DNA (without the
target sequence) and mixtures of the latter DNA with
20-mer oligodeoxynucleotide (oligo), whose sequence
corresponded to the target insert in the given scDNA
(e.g. in pPGM1, Table 1). On addition of any of the
competitors (in 1.5 excess to the indicator Pvull DNA
fragments), we followed changes of indicator band R
(produced by the pS3—-DNA complex) (Figure 2a, lanes
3—11). The intensity of this band decreased by about
80% on addition of sc pPGMI1, but only by 15% on
addition of pBluescript scDNAs; equimolar concentra-
tion of a nonspecific 20-mer oligo (not containing the
p53 target) in sc pBluescript sample had essentially no
effect (not shown). All scDNAs that contained target
inserts were the strongest competitors (Figure 2b).
Mixtures of pBluescript scDNA with the p53 target
20-mer oligos were the second strongest competitors.
These results suggested that binding of p53 to the given
p53 targets was stimulated by the DNA supercoiling.
The strongest ability of scDNA to compete for p53
binding to p53 target in a lin DNA fragment was
observed in pPGMI. Similar results were obtained if the
radioactively labeled 20-mer oligos were used as
indicators instead of the 474 bp fragment (not shown).

It has been recently reported that the affinity of p53
for targets in short oligos is lower than for those in
longer DNA fragments (Espinosa and Emerson, 2001).
We compared sc and Scal linearized pPGM1 DNA as
competitors, and found that linDNA was a much
weaker competitor than scDNA (Figure 3c), differing
only slightly from the mixture of lin pBluescript with the
20-mer oPGMI1. Similar experiments were performed
using sc and lin pP21 and pRGC DNAs (not shown).
With pP21, the results were very similar to those
obtained with pPGM1, but sc pRGC DNA was only a
slightly better competitor than linDNA. Relaxed
pPGMI1 showed almost the same effect on band R as
linDNA. We can thus conclude that it is not the

Table 1 p53 target sequences used in competition experiments
Sequence’
p33 target In oligo Recombinant DN As Reference
p21 oP21 GAACATGTCCCAACATGTTG pPELp21 (pP21) Nagaich et al. (1997)
RGC oRGC TGCCTTGCCTGGACTTGCCT pPELRGC (pRGC) Nagaich et al. (1997)
Syntheticl oPGM1 AGACATGCCTAGACATGCCT pPGM1 Palecek et al. (1997)
Synthetic2 oPGM2 AGACATGCCTAGGCATGTCT pPGM2 —

2These sequences were either inserted in the HindIII site of pBluescript SK- to produce the given recombinant DNA, or used as 20-mer double-
stranded ODNs in a mixture with supercoiled pBluescript DNA. For details, see Materials and methods.
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Figure 2 Competition of scDNAs (see Table 1) containing
different p53 target inserts (lanes 3,5,7,9) and mixtures of pBlue-
script (SK-) with 20-mer oligos for p53 SSDB (lanes 4, 6, 8, 10) to
p53 target in a lin 474 bp fragment. (a) A measure of 0.4 ug of
indicator pPGM 1/Pvull (lanes 1-11), with 0.6 ug of competitor sc
pPGM1 (lane 3), sc pPGM2 (lane 5), sc pP21 (lane 7), sc pRGC
(lane 9), sc SK- (lane 11), sc SK-+0oPGMI1 (lane 4), sc SK-
+oPGM2 (lane 6), sc SK-+oP21 (lane 8) and sc SK-+oRGC
(lane 10) were incubated with 0.35 ug of wt p53 (lanes 2-11) in
50mM KCl, 5mM Tris-HCI (pH 7.6) and 0.01% Triton X-100 on
ice for 30 min. Samples were electrophoresed on 1% agarose gel at
100V and 4°C for 3-4 h. The molar ratio of p53 tetramer/DNA 3/1
and the change in intensity of band R (pPGMI/Pvull) were
evaluated by densitometric tracing. (b) Bar graph of decreasing
indicator R band intensities (lanes 3-11) expressed as the
percentage of band R without competitor DNAs (lane 2). Black
bars correspond to scDNAs with p53 targets (pPGM1, pP21 and
pRGC) or without p53 target (pBluescript) as competitors, white
bars to the mixture of sc pBluescript with 20-mer oligo-t

circularity of the DNA but its superhelicity, which is
responsible for the enhancement of p53 sequence-
specific binding to DNA.

p53 dissociates from linear and nicked DN As, but not
from scDNA

We were interested whether p53 already bound to the
CON in a DNA fragment is dissociated from its binding
site in the presence of the same sequence in scDNA. We

p53 binding to target sequence in supercoiled DNA
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performed the same competition experiment as in
Figure 2, but first allowed the p53 protein to bind to
its target in a 474bp DNA fragment. After 30 min
incubation, competitors were added in 1.5-fold excess.
As competitors, we used sc pPPGMI1 DNA, or scDNA
pBluescript with an oligo-t (oligo with p53 target
sequence), or scDNA pBluescript alone. As soon as
Smin after beginning incubation with sc pPGM1 DNA,
the intensity of band R decreased by 52%. Incubation
with a mixture of pBluescript DNA with oligo-t resulted
in a decrease of band R by 23%, while pBluescript DNA
alone induced no measurable change in the intensity of
band R (Figure 3b). After 60 min incubation, further
decrease in the band R intensity was observed. We
compared the strengths of p53 binding to the 474 bp
fragment and to sc pPGM1 DNA by titrating (i) the
p53-474bp DNA complex with increasing amounts of
sc pPGM1 DNA (Figure 3a, lanes 8-10) and (ii) the
p53-sc pPPGM1 DNA complex with increasing amounts
of Pvull fragments of pPGM1 (Figure 3a, lanes 3-5).
Incubation with one- and twofold excesses of the sc
pPGM1 DNA for 10min strongly decreased this band
intensity, and at a fourfold excess band R disappeared
(Figure 3a, lanes 7-10). These results suggest that sc
pPGM1 DNA is a strong competitor that induces quick
dissociation of p53 from its target sequence in a lin
DNA fragment. If p53 was bound first to sc pPGM1
DNA and titrated in the same way with the Pvull
fragments, no band R appeared even in the presence of
the fourfold excess of the competitor (Figure 3a, lanes
3-5). Similarly, when p53 was first incubated with sc
pP21 DNA followed by addition of a threefold excess of
Pyull fragments, no band R appeared, suggesting the
absence of dissociation of p53 from scDNA (Figure 3c,
lane 2). The same result was obtained at fivefold excess
of Pvull fragments (not shown). These results (Figure 3)
suggest that the affinity of p53 for its target in scDNA
was greater than for the target in lin DNA fragments,
in agreement with the results shown in Figure 2.

We were interested whether relaxation of DNA by
DNasel will affect the stability of the p53-pP21
complex. We treated the scDNA-p53 complex with
different concentrations of DNuasel for 5min, followed
by addition of a threefold excess of Pvull fragments.
Dissociation of p53 from the pP21 DNA increased with
the DNasel concentration (Figure 3c, lanes 3-95),
suggesting that DNA binding of p53 to scDNA was
weakened due to introduction of strand breaks and
relaxation of the DNA. It is thus possible that the earlier
results of the scDNA footprinting by DNasel (Kim
et al., 1999; Espinosa and Emerson, 2001) were affected
by p53 dissociation from the DNA. On the other hand,
inhibition of p53 SSDB to the mdmd2 promoter in
scDNA was not affected by DNasel cleavage (Kim et al.,
1999), because no p53 was bound to this target.

Cruciform within the p53 target sequence in scDNA

Together with the HindIII site, the target sites in
pPGMI1 and pP,; formed imperfect inverted repeats
with a potential ability to extrude cruciform with
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single-base mismatches in each of its 13bp stems
(Figure 4a, Table 1). In addition to pPGM]1, we used
another DNA (pPGM2) differing in two bases and
forming a perfect inverted repeat (Figure 4a). Using
nuclease S1, we did not observe any indication of a
cruciform presence in pP»; (not shown), but we detected
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the presence of cruciforms in sc pPGM1 and pPGM2
(Figure 4b). A comparison of the band intensities
resulting from S1 cleavage suggested that the cruciform
content in pPGM1 was about 40% of that present in
pPGM2. On the other hand, pPGM2 was only a slightly
better competitor than pPGMI1 (Figure 4c,d). To
understand better the effect of cruciforms on p53
binding, we compared cruciform-containing and cruci-
form-free pPGM2. We found that removal of the
cruciform resulted in about a twofold decrease in the
ability of this DNA to compete for p53 binding
(Figure 4d).

C-terminal domain is important for enhanced p53 SSDB
to scDNA

We were interested whether the binding of the isolated
core domain 94-312aa (p53CD) and of the deletion
mutant pS3CA30 to the CON in scDNA will be equally
enhanced as that of fl p53. We performed the competi-
tion experiments in the same way as with the fl p53
(Figure 2). We observed practically no difference in the
binding affinity of the deletion mutant pS3CA30 to lin
and scDNAs (Figure 5). Similarly, p53CD displayed
essentially no difference in lin and scDNAs competitor
efficiencies (not shown). These results suggest that it is
the C-terminal domain, which plays a critical role in the
enhancement of SSDB to scDNA.

Discussion

Unconstrained supercoiling in eucaryotic cells

The effect of DNA supercoiling in regulating the p53
biological activity and the SSDB has become a topic of
interest only recently (Kim et al., 1997; Mazur et al.,

<

Figure 3 (a) scDNA-induced dissociation of p53 from its target in lin
DNA. Lin DNA does not induce dissociation of p53 from sc pPGM1
(lanes 2-5). A measure of 0.4 ug of sc pPGM1 DNA (lanes 1-5) was
incubated with 0.35ug wt p53 for 15min, followed by 15min
incubation with increasing amounts of pPGM1/Pvull fragments used
as competitors (0.4 ug — lane 3, 0.8 ug — lane 4, 1.2 ug — lane 95).
ScDNA-induced dissociation of p53 from the p53-DNA sequence-
specific complex (lanes 6-10). A measure of 0.4 ug of pPGM1/Pvull
fragments was incubated with 0.35 ug of wt p53 for 15 min, followed by
15min incubation with increasing amounts of sc pPPGM1 used as a
competitor (0.4 ug — lane 7, 0.8 ug — lane 8, 1.2 ug — lane 9). (b) Bar
graph showing changes in band R intensities due to incubation of the
p53-1inDNA sequence-specific complex with competitor scDNAs. A
measure of 0.4 ug of indicator pPPGM 1/Pvull DNA was incubated with
0.55ug wt p53 for 30min, followed by addition of 0.6ug of
competitors, and 5 or 60 min incubation. Sc pPPGM1 DNA, a mixture
of sc pBluescript SK — with oPGM1 and sc pBluescript SK — alone
were used as competitors. The molar ratio of p53 tetramer/DNA was
5/1. (¢) Dissociation of p53 from sc and nicked pP21. A measure of
0.2 pmol of sc pP21 (lanes 1-5) was incubated with wt p53 (lanes 2-4)
for 10 min, followed by addition of 0U (lane 2), 0.2U (lane 3), 1U
(lane 4), 6 U (lane 5) of DNasel in incubation buffer (6 mM MgCl,,
40mM Tris-HCI, pH 7.6). After 5min incubation on ice, the reaction
was stopped by addition of 0.5M EDTA to 50 mM final concentration,
followed by addition of 0.6 pmol of indicator pPGM 1/Pvull fragments
(lanes 2-5) and incubation for 10min. Other conditions are as
in Figure 2




p53 binding to target sequence in supercoiled DNA
E Paledek et al

pPEM2 T A
c G
a —» (C 2)in pP1
i:i c o™ -
A-T = =
o 0
By ™ (A Oin pP1
= A p e o
A-T _ .
[1-a] sc lin  sc lin
T-A
c-g Hindtii
B-T
A-T
ggcetgeaggaattegatate  atcgataccgtegaccetegagg
cocgacgtocttaagectatag tagoctatggeoageobgoagotoo 2513 —-
T-A
T-A
c-G
G=C Hindiii
. -
A-T
T-A
c-G 474 —
—» {C A) in pP1
G-C
T-A
A-T
c-G
m —» (A C) in pP1
G c
AT d
g s Acruciform-free sc Bsc Olin
o O
b 5 =g 120%
2987 100%
2961
80%
60%
(1820)
40%
(1167) 20%
0% .

1 2 3 4 5 6

pPGM2 pPGM1

Figure 4 (a) Scheme of the cruciform in pPGM1 and pPGM2 DNAs. (b) S1 nuclease cleavage of sc pPGM1 and pPGM2 DNAs.
pPGM2 (lanel), pBluescript linearized by Hindlll restriction endonuclease (lane 2), pBluescript digested by Hindlll and Scal
restriction endonucleases (used as a marker, lane 3), sc pBluescript (lane 4), pBluescript (containing no CON, serves as negative
control, lane 5), pPPGM1 (lane 6). Samples 1, 5 and 6 were digested by S1 nuclease followed by Scal. 4, bands resulting from the
nuclease S1 cleavage at the cruciform site in pPGM2 and pPGM1 (about 1820 and 1167 bp). (¢) Competition of sc and linearized
pPGM1 and pPGM2 DNAs for p53 SSDB to a lin 474 bp fragment. A measure of 0.4 ug of indicator pPGM1/Pvull (lanes 1-6), with
0.6 ug of competitor sc pPGM2 (lane 3), linearized pPGM2 (lane 4), sc pPGM 1 (lane 5) and linearized pPGM 1 (lane 6), was incubated
with 0.35 ug wt p53 (lanes 2-6). pPGM1 and pPGM2 DNAs were linearized with Scal. (d) The bar graph shows competitor-induced
decrease of indicator R band intensities (lanes 3-6) expressed as the percentage of band R without competitor DNAs. For details, see
Figure 2. Cruciform-free scDNA was a lesser competitor than cruciform-containing sc pPGM2 DNA. The presence or absence of
cruciform structure in sScDNAs was determined by nuclease S1 cleavage on ice (to prevent secondary cruciform extrusion at higher

temperatures)

1999; Palecek et al., 1997, 1999; Brazda et al., 2000;
Brazdova et al., 2002; Jagelska et al., 2002) (for a review,
see Hupp, 1999). In contrast to the prokaryotic genome,
the eucaryotic genome was long believed to not be under
superhelical stress due to accommodation of DNA
writhing around histone octamers in nucleosomes
(van Holde and Zlatanova, 1994; Pearson et al., 1996).
The actively transcribing portion of the eucaryotic
genome was, however, shown to contain unconstrained
supercoiling, part of which can be attributed to the
process of transcription per se (van Holde and

Zlatanova, 1994; Pearson et al., 1996). Using prokar-
yotic cells, it has been recently shown (Krasilnikov et al.,
1999) that the effects of transcriptionally driven super-
coiling are remarkably large scale in vivo (in the kbp
range). Similarly to the transcriptional effects, inter-
mediate supercoils are formed during DNA replication,
both behind and in front of the replication fork, and
superhelical stress is distributed throughout the entire
replicating DNA molecule (Peter et al. (1998) and
references therein). A number of additional processes
may operate, creating transient and localized
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Figure 5 Effect of C-terminal deletion on p53 binding to scDNA.
A measure of 0.4 ug of indicator pPGM1/Pvull (lanes 2—4), with
0.6 ug of competitor sc (lane 3) or linearized pPGM1 (lane 4), was
incubated with 0.27 ug of CA30 mutant p53 protein (lanes 2-4). (b)
Bar graph showing changes in band R intensities C (lanes 3.4).
Other details are as in Figure 2

superhelical stresses in eucaryotic DNA (van Holde and
Zlatanova, 1994).

Effect of supercoiling on p53 DNA sequence-specific
binding

In spite of a large amount of literature on p53 (reviewed
in Levine, 1997; Jayaraman and Prives, 1999; Hupp
et al., 2000), little is known about the mechanism by
which this tumor suppressor interacts with its target
genes and regulates their expression. Recently, using the
natural p2] promoter, it was reported that p53
functioned synergistically with the histone acetyltrans-
ferase p300, to activate transcription through chromatin
from a distance at least 1.4kb (Espinosa and Emerson,
2001). p53 associated with reconstituted chromatin
in vitro at a higher affinity than with naked DNA.
Higher p53 affinity for the p2/-binding site was
explained by the presence of non-B structures in the
chromatin DNA. The effect of supercoiling in the
plasmid was, however, not considered. Here, we show
for the first time that p53 SSDB can be enhanced by
negative supercoiling. The extent of the enhancement
depends on the p53 target sequence (Figure 2). In
pPGMI1 and pPGM2, band R intensity decreased down
to ~20% (Figure 4c,d), suggesting that the relative
affinity of p53 to scDNA was about fivefold higher than
to lin DNA, provided that in sc pPGM1 and pPGM2
the p53 protein was bound only to the CON. Assuming
that p53 was distributed between the p53 target and the
rest of the scDNA molecule in the same way as in
the mixture of sc pBluescript DNA and oligo-t, only a
2.8-fold higher affinity for the CON in scDNA was
obtained, as compared to lin DNA. In contrast to pP»;,
pPGMI1 and pPGM2, in pRGC the effect of super-
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coiling was very low, making it difficult to evaluate p53
affinity changes.

DNA bending and cruciform structures involving the
consensus sequence can be responsible for enhanced
P33 binding to scDNA

DNA bending Recently, it has been shown that
HMGBI protein can serve as an activator of p53 SSDB
(Jayaraman et al., 1998; McKinney and Prives, 2002).
HMGI1-type proteins interact with DNA in a non-
specific manner and, similarly to p53, they bind
preferentially to scDNA (Jayaraman et al., 1998; Stros
and Muselikova, 2000). They are able to recognize and
bind a variety of local DNA structures such as DNA B-
Z junctions, four-way junctions, cruciforms and stem-
loops; on binding to DNA, they bend the DNA more
efficiently than p53 (McKinney and Prives, 2002). It was
proposed that HMG1 could help to provide the optimal
DNA structure for p53 binding due to the ability of
HMGTI to strongly bend the long DNA axis. It was
previously shown that the SSDB of fl p53 and of p53CD
induced axial bending in lin DNA (Cherny et al., 1999).
A similar bending was observed on binding of p53CD in
the wafl/cipl/p21 response element, while bending
in RGC was much smaller (Nagaich et al., 1997, 1999). We
have not found a cruciform structure in pP21 at native
superhelix density, but the extreme flexibility/bendabil-
ity of the wafl/cipl/p21 response element, observed
recently by means of AFM in 168 bp DNA microcircles
(Zhou et al., 2001), predisposes this sequence in pP,; to
bending under superhelical stress. No such properties
have been observed in the RGC sequence (Table 1) and
this sequence does not seem suitable for cruciform
formation. It thus appears probable that the enhanced
p53 SSDB in sc pP,; (Figure 2) was due to a supercoil-
induced bend in the p21 response element.

Cruciforms We have previously suggested that the
preferential binding of p53 to scDNA may be connected
with the presence of local supercoil-stabilized structures
in scDNA (Palecek et al., 1997). It was found that the
conformational state of the target sequence in oligos is
an important determinant for p53 SSDB (Kim et al.,
1997; Gohler et al., 2002). The enhanced p53 SSDB
observed in long DNA molecules (Espinosa and
Emerson, 2001) was assigned to a hypothetical struc-
tural changes in these molecules. Further, it was shown
that the characteristic features of the cruciform (the
single-stranded loop (Hupp, 1999), four-way junction
(Lee et al, 1997) and the double-stranded stem)
involving the target sequence, as well as the cruciform
itself (Jett et al., 2000), represent known p53-binding
sites. We detected cruciforms and observed enhanced
p53 SSDB in both pPGMI1 and pPGM2 scDNAs
(Figure 3b,c). Removal of the cruciform in sc pPGM?2
resulted in a significant decrease, but not in an
elimination of the enhancement of the p53 SSDB. We
may thus conclude that (i) the presence of a cruciform in
the scDNA target sequence enhances p53 SSDB
(Figure 4d), (ii) cruciforms are not the only source of



the enhancement of p53 SSDB to scDNA. Enhanced
p53 binding was observed also with pP21, where no
cruciform was detected. We found that less than half of
DNA molecules with extruded cruciforms in pPGMI
was sufficient to induce approximately the same level of
p53 SSDB enhancement (Figure 4d) as that produced by
pPGM?2 DNA containing more than a twofold higher
cruciform content (Figure 4b). These results thus
showed that cruciforms in pPGM1 and pPGM2 were
not equal in their ability to enhance p53 SSDB. The
pPGMI1 cruciform containing two base mismatches in
each of its stems (Figure 4a) was therefore a more
efficient enhancer than the perfect cruciform of pPGM?2.
This is in excellent agreement with the enhanced p53
binding to mismatch-containing stem-loop oligo struc-
tures observed recently by Gohler et al. (2002).

Enhanced p53 SSDB to scDNA requires both the p53 core
and C-terminal domains

We observed little or no enhancement in binding of
pS3CD or pS3CA30 to scDNA, as compared to lin
pPGM1 DNAs (Figure 5a), suggesting that the p53
C-terminus is critical for the enhanced SSDB to scDNA.
It appears probable that it is the core domain that
recognizes the sequence, while the C-terminus strength-
ens this binding by interacting with the local supercoil-
stabilized structure. We have previously showed the
involvement of the C-terminus in p53 binding to sScDNA
not containing the p53 target (Palecek et al., 1997;
Brazdova et al., 2002). Here, we show that the
C-terminus can also act as a positive regulator in p53
sequence-specific binding to scDNA. Positive regulation
of SSDB by the C-terminus was observed by Gohler
et al. (2002) in studies of p53 binding to stem loop oligo
structures, and by McKinney and Prives (2002), who
studied p53 binding to the 66 bp oligo (containing a p53
binding site) when it was locked in a microcircle. The
question of the mechanism of p53 latency and the role of
the C-terminus has been intensively discussed (Ayed
et al., 2001; Yakovleva et al. (2001) and references
therein). This discussion may soon lead to more complex
models involving not only the interactions and con-
formations of p53, but also the global and local DNA
structures, as well as the positive regulation of p53
binding. We can assume that DNA supercoiling creates
a sharp bend and/or stabilizes a cruciform structure,
thereby forming a DNA bend (Palecek, 1991; Yagil,
1991) involving a target sequence. It is reasonable to
expect that p53 binds to these structures through both
the core domain and the C-terminus. In these structures
created by the DNA supercoiling, the double-stranded
target sequence and segments with single-stranded
character (including sharply bent DNA) can be in close
proximity to each other, thus providing possibilities for
simultaneous binding the C-terminus and the core of
p53 (Figure 6). Such binding should be naturally
stronger than binding by the p53 core domain alone to
lin duplex DNAs. Earlier, we showed that in sc pPGM 1
DNA, the p53 protein binds preferentially to the CON
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Figure 6 Scheme of the p53 SSDB to lin and scDNAs. In lin
DNA, p53 binds to the CON only by the core domain producing a
moderate bending of DNA (Cherny et al., 1999). Supercoiling can
stabilize local DNA structures such as cruciforms and induce DNA
bends. If the supercoil-induced DNA conformational change is
sufficiently close or coincide with the target sequence, enhanced
p53 binding can take place involving both the core and the C-
terminal domains (see the text for details)

(Palecek et al., 2001); in AFM images, p53 was
frequently bound to the apex of the circular pPGMI1
DNA (Palecek et al., 1997), suggesting that p53-bound
sequence specifically to the prebent DNA and/or its
binding to scDNA resulted in a sharp bend in scDNA.

DNA supercoiling in the p53 regulatory network

Considering the local level of DNA supercoiling in
eucaryotic DNA as an extremely dynamic system
(van Holde and Zlatanova, 1994; Pearson et al., 1996)
and the relations between the p53 and DNA topoisome-
rases as well as the results of this and earlier papers on
p53 binding to scDNA (Palecek ez al., 1997, 1999, 2001;
Kim et al., 1999; Mazur et al., 1999; Brazda et al., 2000;
Brazdova et al., 2002; Jagelska et al., 2002), we propose
new aspects of the regulation of p53 SSDB. We predict
that, in the complex p53-regulatory network, p53 DNA
binding is determined not only by properties of p53
(potentially resulting from postsynthetic modification
and protein—protein interactions), but also by various
properties of DNA, including local DNA superhelix
density and the abilities of the given p53 target and its
flanking sequences to undergo conformational changes.
These changes may result from various events affecting
DNA supercoiling and occurring at distant DNA sites.
DNA supercoiling might influence also nonspecific p53
binding and stabilization of p53 (Palecek et al., 1997).
It was recently reported that blocking the DNA
synthesis with hydroxyurea or aphidicolin impaired p53
transcriptional activity in spite of extensive p53
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post-translational modification and stabilization (Gotti-
fredi et al., 2001). Under these conditions, several p53
transcriptional targets (including p21) exhibited little or
no induction. To explain this finding, some factors were
proposed, including the action of an as-yet-unidentified
p53 specific repressor (Gottifredi ez al., 2001), but the
involvement of DNA structure at or near the p53 target
has not been discussed. It has been appreciated that
supercoiling may up- and downregulate some promo-
ters, while other promoters may remain uninfluenced
(reviewed in Palecek, 1991; Yagil, 1991; Pearson et al.,
1996). Considering the recent finding that superhelical
stress is distributed throughout the entire replicating
DNA molecule (both in vitro and in vivo) during the
DNA replication (Peter et al., 1998), as well as the
supercoil-induced suppression (Kim et al., 1999) or
enhancement of p53 SSDB (Figure 2), we speculate that
it is the change in DNA supercoiling and concomitant
changes in local DNA structures that can affect DNA
transcriptional activity when DNA replication is
blocked.

Materials and methods

DNA and p53 protein

Duplex oligo p21, RGC and PGM2 with Hindlll adapters
(Table 1, Figure 3a) were cut with HindIII and inserted into the
Hindlll site of pBluescript II SK(—). The ligated DNA was
then used to transform electrocompetent cells of the Topl0
strain of Escherichia coli (Invitrogen). DNA from single
colonies selected for AMP resistance were digested with Pvull
and electrophoresed. Clones with a Pvull fragment longer than
448 bp were subjected to amplification with M13-20 primer
(5GTAAAACGACGGCCAGTZ?), and with the oligo strand
of the duplex oP21, oRGC and/or oPGM2. The constructs
with defined length (84 bp) and orientation were selected. The
constructs containing the p21 target sequence were denoted as
pP21 and that with the RGC as pRGC (Table 1). pPGM1 was
prepared as described (Palecek ez al., 1997). Wt human full-
length (fl) p53 protein expressed in insect cells was prepared
and characterized as described (Palecek er al, 1997). A
molecular weight of 53kDa of this post-translationally
modified protein was considered in all calculations. The p53
core domain (fragment 94-312, p53CD) and p53 C-terminal
deletion mutant (fragment 1-363, p5S3CA30) were expressed in
bacteria, isolated and characterized as described (Brazdova
et al., 2002).

New method for analysis of the effect of DNA supercoiling
on p53 binding to different p53 target sequences

We used band R (Figure 1) as an indicator for testing the
ability of scDNAs to compete for sequence-specific p53
binding. As competitors, we used (i) scDNA containing a
p53 target sequence, (ii) pBluescript scDNA in a mixture with
an equimolar concentration of the 20-mer oligo-t (Table 1),
(iii) pBluescript scDNA in a mixture with an equimolar
concentration of a 20-mer oligo, whose sequence was not a p53
target and (iv) pBluescript scDNA alone. Competitors (iii)—(iv)
were used to compensate for p53 binding to other sequences in
scDNA, except the p53 target. In addition, Scal linearized and
relaxed DNAs were used as competitors, relaxed DNAs were
prepared by topoisomerase I (Promega). In the presence of a
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competitor, the intensity of the band R decreased. The extent
of this decrease was taken as a relative measure of p53 binding
to the competitor, as compared to the p53 target-containing
474bp DNA fragment in the absence of the competitor.
Standard deviations of these determinations, obtained with
different competitors, were below 3.5% (calculated from 12
determinations of one competitor).

Competition experiments

In all, 0.6 pg of the competitor, 0.4 ug of the indicator pPGM 1/
Pyull fragments and p53 protein were mixed at 1/3 molar ratio
(the ratio was calculated from the concentrations of DNA and
p53 tetramers) in 20 ul of DNA-binding buffer (SmMm Tris-
HCI, pH 7.0, 1mM EDTA, 50mM KCI and 0.01% Triton
X-100). The samples were incubated for 30 min on ice and
loaded on a 1% agarose gel containing 0.33 x Trisborate-
EDTA buffer, pH 8.0. p53 dissociation from DNA fragments
or from scDNA was studied in a similar way, but the
competitor was added only after the p53-DNA complex
formation. Electrophoresis was performed for 4h at 100V
(usually 4 V/cm) at low temperature (~6°C). The gels were
stained with ethidium bromide, photographed, scanned and
rendered digitally. The band intensities were quantified by
Image QuaNT software. Electrophoresis on 4% PAGE was
done in a similar way, but instead of the DNA Pvull fragment,
2P-labeled oPGM1 was used.

S1 nuclease cleavage

For the cruciform detection, 2 ug of plasmid was digested by
S1 nuclease (2 U/ng DNA) for 20 min at 37°C in the nuclease
S1 buffer (30 mM sodium acetate pH 4.6, 280 mM NaCl, 1 mM
ZnSO,). After the cleavage, samples were precipitated by
ethanol, dissolved in the water and digested by the restriction
endonuclease Scal for 90 min.

Preparation of cruciform-free scDNA

Cruciform-free scDNA was prepared as described (Murchie
and Lilley, 1992). Briefly, plasmid DNA in the presence of a
high concentration of ethidium bromide is positively super-
coiled and free of cruciforms or any local open structures. To
regenerate negatively scDNA without cruciforms, we removed
ethidium bromide at a low temperature in the absence of helix-
destabilizing agents. We took DNA in CsCl solution, added an
equal volume of 1-butanol and vortexed. After phase
separation, the organic phase was removed. In order to
remove CsCl, DNA was centrifuged at 14000 g in Microcon
YM-50 columns. To check the cruciform removal, the plasmid
was treated with nuclease S1 on ice (to prevent cruciform
extrusion at higher temperatures).

Abbreviations

scDNA, supercoiled DNA; lin, linear DNA; oligo, oligodeox-
ynucleotide; oligo-t, oligodeoxynucleotide with p53 target
sequence; SK-, plasmid pBluescript SK-; SCS, supercoil-
selective; SSDB, sequence-specific DNA binding; fl, full length;
wt, wild type; CON, consensus sequence.
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SUMMARY

IFI16 is a member of the interferon-inducible HIN-200
family of nuclear proteins. It has been implicated in
transcriptional regulation by modulating protein-
protein interactions with p53 tumor suppressor
protein and other transcription factors. However,
the mechanisms of interaction remain unknown.
Here, we report the crystal structures of both HIN-A
and HIN-B domains of IFI16 determined at 2.0 and
2.35 A resolution, respectively. Each HIN domain
comprises a pair of tightly packed OB-fold subdo-
mains that appear to act as a single unit. We show
that both HIN domains of IFI16 are capable of
enhancing p53-DNA complex formation and tran-
scriptional activation via distinctive means. HIN-A
domain binds to the basic C terminus of p53,
whereas the HIN-B domain binds to the core DNA-
binding region of p53. Both interactions are compat-
ible with the DNA-bound state of p53 and together
contribute to the effect of full-length IFI16 on p53-
DNA complex formation and transcriptional activa-
tion.

INTRODUCTION

Interferons (IFNs) are cytokines involved in diverse biological
functions including regulation of antiviral, antibacterial, immune,
and inflammatory responses (Gutterman, 1994; Stark et al,,
1998). The effects of IFN stimulation are often manifested
through activation of IFN-inducible genes. Although many genes
are known to be activated by this pathway, their biological and
functional importance remains unclear.

The IFN-inducible HIN-200 gene family encodes a class of
homologous proteins that share a 200-amino acid signature
motif (HIN) (Dawson and Trapani, 1996). Four human (IFI16,
MNDA, AIM2, and IFIX) and five mouse (p202a, p202b, p2083,
p204, and p205) members of this family have been identified

(Figure 1A). Most of the HIN-200 proteins possess two major
protein domains. At the N terminus, there is a conserved
a-helical PYRIN domain, which belongs to the death domain-
containing protein superfamily involved in apoptosis, inflamma-
tion, and immune responses (Hiller et al., 2003; Stehlik and
Reed, 2004). At the C terminus, all HIN-200 proteins possess
either one or two copies of a conserved HIN domain, which
has been implicated in DNA binding, as well as in mediating
protein-protein interactions for transcriptional regulation (Koul
etal., 1998; Xin et al., 2003; Ludlow et al., 2005; Yan et al., 2008).

The mouse protein p202a, containing two HIN domains exclu-
sively, is the most studied member of the HIN-200 family. The
HIN repeats in p202a have been shown to interact with
numerous transcription factors including pRB, p53, NF«kB,
AP-1, MyoD, and E2F, indicating that the HIN domain may serve
as a scaffold to assemble large protein complexes to modulate
the transcription of target genes (Choubey, 2000; Xin et al.,
2003). The human HIN-200 homolog IFI16, whose primary
sequence predicts a PYRIN domain and two tandem HIN
domains, has also been implicated in binding to pRB, E2F1,
p53, and BRCA1 (Johnstone et al., 2000; Aglipay et al., 2003;
Xin et al., 2003). Recently, human AIM2 was shown to be essen-
tial for sensing cytoplasmic foreign DNA through its HIN domain
and interacting with an apoptosis-associated protein, ASC, via
its PYRIN domain, leading to activation of inflammatory
responses (Fernandes-Alnemri et al., 2009; Hornung et al.,
2009; Roberts et al., 2009).

The observation that these HIN-200 proteins interact with
several cellular regulators involved in cell cycle control, prolifer-
ation, differentiation, and apoptosis hints that the physiological
role of HIN-200 proteins may lie beyond the IFN system (Ludlow
et al., 2005; Ding et al., 2006). Indeed, IFI16 is widely expressed
in normal human endothelial and epithelial cells in addition to
hematopoietic cells (Gariglio et al., 2002; Wei et al., 2003;
Raffaella et al., 2004; Ludlow et al., 2005). Several studies have
demonstrated that loss or reduced expression of IFI16 is often
associated with various forms of human cancers, including those
of the pancreas, prostate, and breast (Trapani et al., 1992; Xin
et al., 2003; Fujiuchi et al., 2004); leading to the notion that
IFI16 may play an important role in tumor suppression. However,
the molecular mechanism by which IFI16 exerts its activity
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(A) Overall domain architecture of the HIN-200 proteins in human (IFI16, MNDA, AIM2, IFIX) and mouse (p202a/b, p203, p204, p205). The PYRIN and HIN domains
are indicated by the cyan and yellow shadings, respectively. Red shadings highlight S/T- rich region.
(B) Structure of HIN-A (left) or HIN-B (right) domain of IFI16 in cartoon representation. N and C termini are indicated.

See also Figure S1.

remains unknown. Understanding the IFI16-mediated protein-
protein interaction will provide insight into its mechanism of
action and function.

Inactivation of the p53 tumor suppressor gene occurs in more
than half of human cancers, and loss of p53 function is a fun-
damental step in the pathogenesis of most human cancers
(Vogelstein and Kinzler, 1992). The p53 protein functions as
a transcription factor and can transactivate cellular genes
through sequence-specific DNA binding to their promoters
(Prives and Manley, 2001). Although the physiological signifi-
cance of IFI16 in p53 biology is still under investigation, it has
been reported to regulate p53-mediated transcriptional activa-
tion (Johnstone et al., 2000; Fujiuchi et al., 2004; Xin et al.,
2004). In addition, IFI16 also plays a role in p53-mediated trans-
mission of apoptosis signaling in response to DNA damage, by

upregulating p53 and downregulating MDM2 (Fujiuchi et al.,
2004). Furthermore, tetracycline-regulated IFI16 also induced
apoptosis in the presence of ionizing radiation when coex-
pressed with p53 in human bladder carcinoma p53-deficient
EJ cells (Fujiuchi et al., 2004). Together, these studies suggest
that IFI16 is involved in the regulation of p53 stability, p53-
mediated transcriptional activation, and apoptosis.

In order to better understand the molecular details and mech-
anism of p53 regulation by IFI16, here, we present the crystal
structures of the HIN-A and HIN-B domains of IFI16 determined
at 2.0 and 2.35 A resolution, respectively. These structures
represent the first experimentally determined HIN domain struc-
tures reported in the HIN-200 protein family. Although they are
structurally similar, HIN-A recognizes the C terminus of p53,
whereas HIN-B binds to the DNA-binding region of p53,
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highlighting important functional differences between the two
HIN domains. Furthermore, the two HIN domains of IFI16 may
work cooperatively to stimulate the transcriptional activity of
p53. Together, our structures provide a molecular description
of the conserved HIN domain in this family, and offer insight
into the mechanism by which IFI16 recognizes, binds, and
potentially regulates p53.

RESULTS AND DISCUSSION

Overall Structures of IFI16 HIN-A and HIN-B Domains
The crystallized proteins of the first (HIN-A) and second (HIN-B)
IFI16 HIN domains span residues 192-393 and 515-710, respec-
tively. Data collection and refinement statistics are summarized
in Table 1. As shown in Figure 1B, each HIN domain adopts an
overall o/f fold that is further organized as two subdomains
oriented in tandem. The first subdomain (residues 199-281 in
HIN-A; residues 520-597 in HIN-B) is composed of eight
B strands and one a helix, forming a globular barrel with the
approximate dimensions 13 x 18 x 36 A® for HIN-A and 14 x
18 x 35 A® for HIN-B. Correspondingly, the second subdomain
(residues 314-389 in HIN-A,; residues 628-705 in HIN-B) consists
of six f strands and one a. helix, forming a second globular barrel
with the approximate dimensions 11 x 19 x 21 A3 for HIN-A and
10 x 20 x 22 A% for HIN-B. In both cases the two subdomains are
connected by an extended interdomain linker (residues 282-313
in HIN-A; residues 598-627 in HIN-B) with two o helices in
between for HIN-A, and three o helices for HIN-B.

Structural comparison of the individual IFI16 HIN-A or HIN-B
subdomain with known folds using the DALI algorithm (Holm
and Sander, 1993) revealed that each subdomain of HIN-A and
HIN-B has high homology to the oligonucleotide/oligosaccha-
ride binding (OB) fold found in many proteins (see Figure S1A
available online), including replication protein A (RPA) (Boch-
karev et al.,, 1997; Deng et al., 2007), single-stranded DNA-
binding protein (SSB) (Kerr et al., 2003), aspartyl-tRNA-synthe-
tase (AspRS) (Charron et al., 2003; Poterszman et al., 1994),
BRCA2 (Yang et al, 2002), and telomere-binding protein
o subunit («-TEBP) (Classen et al., 2001; Theobald and Schultz,
2003; Buczek and Horvath, 2006), with Z-scores ranging from
7.1 to 11.3. This finding is consistent with prediction based on
comparative sequence analysis that HIN domain contains two
OB folds (Albrecht et al., 2005). A canonical OB fold consists
of two three-stranded antiparallel g sheets packed orthogonally,
forming a closed B-barrel in a 1-2-3-5-4-1 topology, in which the
B1 strand is shared by both sheets (Theobald et al., 2003).
Comparison of the IFI16 HIN subdomains with these well-char-
acterized OB folds reveals significant variability in the length
and arrangement of the B strands in forming the barrel, as well
as the L12 and L45 loops, which are known to be important for
recognizing and binding to oligonucleotide or peptide substrates
(Theobald et al., 2003). For example the L12 and L45 loops of
each HIN subdomain consist of less than five residues, whereas
for other proteins these corresponding loops, especially L45,
can be greater than 15 residues (e.g., AspRS, RPA70, a-TEBP).
In addition, helical turn variations in the o helix connecting
strands B3 and 4 are also observed among the HIN subdomains
and other OB-fold proteins. This « helix is present in all four HIN
subdomains and is another conserved feature of the OB-fold
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Table 1. Summary of Data Collection and Refinement Statistics

HIN-A (Se-SAD)

HIN-B (Native)

Data Collection
Space group
Unit cell parameters

o

a, b, c (A)

P2,

43.3, 88.9,112.8

P212124

43.0, 92.9, 100.3

o, B, v (°) 90.0, 99.4, 90.0 90.0, 90.0, 90.0
Wavelength X (A) 0.97918 1.0
Rmerge (%) 7.2 (38.9) 6.6 (37.9)
I/ (1) 31.4 (2.7) 26.4 (4.8)
Completeness (%) 96.4 (85.7) 99.9 (100)
Redundancy 4.1 (3.6) 7.2 (7.3)
Refinement

o

Resolution (A) 41.3-2.0 (2.07-2.00) 42.1-2.35 (2.43-2.35)

Number of unique 55105 17421
reflections
Rwork/Riree (%) 20.8/26.0 22.9/29.2
Number of atoms
Protein 6160 2938
Water 159 17
Mean B factor (A9 47.7 55.6
Rms deviation from ideal geometry
Bond length (A) 0.011 0.016
Bond angle (°) 1.332 1.466
PDB accession code 20Q0 3B6Y

Values in parentheses are for the highest resolution shell.

template. This helix packs against the open edge of the barrel
and may be essential for structural integrity of the fold (Theobald
etal., 2003; Kerr et al., 2003). In the case of SSB and o-TEBP, the
OB fold of these two proteins uses a distorted helical turn to
mimic the « helix and, thus, accomplish the same effect (Kerr
et al., 2003). In total, over 50 structural homologs of IFI16 HIN
subdomains were identified, reflecting the widespread occur-
rence of the OB fold. Surprisingly, when a DALI search was per-
formed using the complete HIN-A or HIN-B domain (rather than
the individual subdomain), the closest match was the structure of
the DNA-bound form of RPA 70 kDa subunit (RPA70, PDB:
1JMC) (Bochkarev et al., 1997), which contains two consecutive
OB folds but is only weakly superimposable with root-mean-
square deviation (rmsd) of 5.8 A (over 173 C,, atoms) and 5.6 A
(over 170 C, atoms), respectively (Figure S1B). Such a large
deviation is primarily seen in the size and conformation of various
secondary structural elements and variable loops, as well as in
the interdomain linker, which could possibly influence the sub-
domain/subdomain orientation. In fact the interdomain linker
bridging the two OB folds of RPA70 is highly flexible and can
adopt different conformations in the absence of DNA. Moreover,
unlike the HIN domain of IFI16, the two OB folds of RPA70 do not
come close enough to interact with each other without DNA
(Bochkareva et al., 2001).

Despite a moderate sequence identity of ~40% between the
HIN-A and HIN-B domains, their crystal structures can be super-
imposed readily with rmsd of 1.3 A for all the main chain Ca
atoms (Figure S1C). However, differences between the HIN-A
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Figure 2. Subdomain/Subdomain Interactions of IFI16 HIN Domains

Close-up view of residues involved in subdomain/subdomain interaction for IFI16 HIN-A (left) and HIN-B (right).

and HIN-B domains are seen in various loop regions and the
orientation of nearby secondary structural elements. For
example the L12 loops in subdomain 1 and subdomain 2 have
maximal shifts of 8.1 and 3.1 A, respectively, when HIN-A and
HIN-B are superimposed. Other substantial differences between
HIN-A and HIN-B are observed in the conformations of the L45
and L3a loops in subdomain 2, with deviations of 2.0 and
2.9 A, respectively.

Subdomain/Subdomain Interactions of IFI16 HIN
Domains

For each HIN domain of IFI16, there appears to be extensive
interactions at the interface between its two OB-fold subdo-
mains. First, recombinant proteins comprising only one of the
subdomains were insoluble (data not shown), suggesting that
both subdomains may be required to provide proper structural
stability for the HIN domain. Second, several key intramolecular
interactions are evident between residues from each subdomain
(Figure 2). The observation that various aromatic interactions, in
addition to other noncovalent contacts, are present at the sub-
domain/subdomain interface of each HIN domain may explain
why disrupting these interactions was detrimental to the overall
fold of the structure. Furthermore, these aromatic residues are
mostly conserved across the HIN-200 protein family, further sug-
gesting that they are likely the key components of the HIN
domain.

To further evaluate if the interface formed by the OB-fold sub-
domains is interaction specific and not an artifact of crystal
packing, the Protein Interfaces, Surfaces and Assemblies
service PISA at European Bioinformatics Institute (http://www.
ebi.ac.uk/msd-srv/prot_int/pistart.html) was utilized. As pre-
sented in Table 2, various interaction and thermodynamic
parameters associated with interface analysis were acquired
for HIN-A and HIN-B, and in comparison with that of other
consecutive OB fold-containing proteins RPA70 (DNA bound;
PDB: 1JMC; or unbound, PDB: 1FGU), «-TEBP (PDB: 210Q),
and BRCA2 (PDB: 1MIU). The A'G P value is a measure of inter-
face specificity. It indicates the probability of getting a smaller
than obtained solvation free-energy gain A'G upon interface
formation, if interface atoms were selected randomly from
a protein surface. A P value of 0.5 implies that the formed
interface is not unique, whereas P value >0.5 indicates that the
interface is less hydrophobic than it could be and is likely to be

an artifact of crystal packing. Finally, P value <0.5 signifies that
the interface formed has surprising hydrophobicity, implying it
is interaction specific (Krissinel and Henrick, 2007). Comparing
these AG P values, we can easily observe that the interface
formed by the tandem OB-fold subdomains of HIN-A (P value
0.179) or HIN-B (P value 0.232) is the most interaction specific.
Interestingly, unlike HIN-A or HIN-B, the interface formed by
the OB-fold subdomains of RPA70 or o-TEBP appears likely to
be the result of crystal packing because the A'G P value for
each was above 0.5. Taken together, this suggests that the
HIN domains of IFI16 may constitute a unique arrangement of
closely interacting tandem OB folds that are stabilized by an
extensive array of hydrogen bonding and aromatic interactions.

p53 C Terminus Binds to IFI16 HIN-A Domain

The role of IFI16 in p53-mediated transcriptional activation and
apoptosis was first suggested based on its physical association
with p53. Johnstone et al. (2000) mapped the interaction of the C
terminus of p53 to a large region of IFI16 encompassing the first
HIN-A domain (residues 155-476), but not the region containing
the second HIN-B domain (residues 477-729). To evaluate
whether the HIN-A domain itself is sufficient for interacting with
p53, we performed a protein-protein interaction assay using re-
combinant His-tagged IFI16 HIN-A domain (residues 192-393)
with GST-p53 C terminus (residues 355-393), GST-p53 C
terminus with the tetramerization domain (residues 311-393),
or GST alone. A similar assay was also conducted using
His-tagged IFI16 HIN-B domain (residues 515-710). As shown
in Figure 3A, the HIN-A domain was able to bind both constructs
of p53 C terminus, indicating that residues outside of the struc-
tured HIN-A domain are not required for p53 interaction.
Secondary structural analyses on these regions (residues
155-191 and 394-476) indicate that they are primarily unstruc-
tured (data not shown) and, thus, are not likely to participate in
binding p53 C terminus, which also lacks secondary structural
features. Despite having a similar fold to HIN-A, the HIN-B
domain was not able to bind any of the p53 C terminus
constructs.

To determine the strength of the interaction, we next
measured quenching of the intrinsic tyrosine fluorescence of
HIN-A or HIN-B domain upon addition of the p53 C terminus
(residues 355-393), which does not possess any tyrosine
residue. HIN-A domain contains five tyrosine residues (Y218,
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Table 2. Summary of PISA Analysis of OB-Fold Subdomain/Subdomain Interaction

Subdomain 1 Subdomain 2 Interface AiG AiG Nhs Nsg Nps

Nt Nroo Nt Nroo area (A2) kcal/mol PVae
HIN-A: 20Q0 65 20 53 11 567.4 -8.8 0.179 4 4 0
HIN-B: 3B6Y 49 15 45 11 484.4 -5.2 0.232 3 0 0
RPA70A: 1JMC 34 12 25 11 278.9 0.1 0.650 5] 2 0
RPA70A: 1FGU 6 1 7 2 52.5 -0.2 0.576 0 0 0
TEBP: 210Q 85 19 75 17 689.0 —4.5 0.556 12 5) 0
BRCA2: 1MIU 48 14 37 10 394.1 —4.5 0.415 3 1 0

Nat, number of interfacing atoms in the corresponding subdomain; N,es, number of interfacing residues in the corresponding subdomain; Nyg, number
of hydrogen bonds across the interface; Nsg, number of salt bridges across the interface; Nps, number of disulfide bonds across the interface.

Y246, Y267, Y317, Y324), two of which (Y218, Y267) are surface
exposed. Similarly, HIN-B domain contains five tyrosine residues
(Y535, Y579, Y589, Y648, Y649) with three being surface
exposed (Y535, Y589, Y649). Two of the three surface-exposed
tyrosine residues of HIN-B (Y535, Y589) are situated near the
same region on the first OB-fold subdomain as that of HIN-A.
As demonstrated by the titration curve (Figure 3B), p53 C
terminus binds IFI16 HIN-A domain with an apparent affinity of
Kg ~20 pM. However, the same fragment of p53 C terminus
did not show saturated binding to the HIN-B domain (Kq >
200 uM). This result further supports our findings that HIN-A is
the binding site for the C terminus of p53, suggesting that distinct
features present in HIN-A may be essential for p53 recognition.

IF116 HIN-A Domain Enhances p53-DNA Complex
Formation

The C terminus of p53 (residues 355-393) has been implicated in
several important activities of p53, including autoregulation,
protein-protein interactions, and nonspecific DNA binding
(Hupp et al.,, 1992; Gu and Roeder, 1997; Anderson et al.,
1997; Brazda et al., 2000; Ayed et al., 2001; Liu et al., 2003;
Weinberg et al., 2004). It has been suggested that the binding
of IFI16 to p53 C terminus may be important for p53 binding to
DNA. This was initially shown by polyacrylamide electrophoretic
mobility shift assays (EMSAs) in which the nuclear lysates of
Mol-4 T cells, containing constitutively expressed IFI16 and
p53, could bind p53-consensus oligonucleotides, and that
binding was reduced in the presence of an IFI16 antibody
(Johnstone et al., 2000). However, it was not clear whether
IFI16 was associating with p53 directly.

Here, we performed EMSA using purified recombinant proteins
of IFI16 HIN-A domain (residues 192-393) and p53 (residues 82—
393) to assess whether the direct interaction between the two
proteins can influence p53’s sequence-specific DNA-binding
function. This p53 variant contains the central core sequence-
specific DNA-binding domain, the tetramerization domain, and
the C-terminal regulatory domain. As shown in Figure 4A, addi-
tion of IFI16 HIN-A protein was able to augment p53 (residues
82-393)’s binding to its consensus double-stranded DNA
sequence 5'-GGACATGCCCGGGCATGTCC-3', forming astable
protein-DNA complex in a dose-dependent manner (compare
lane 6: 0 uM IFI16 to lane 10: 80 uM IFI16). Increasing amounts
of IFI16 HIN-A protein by itself on the other hand, did not show
any binding to the same DNA molecules (lanes 1-5).

We also performed EMSA using agarose gel to determine
the effect of IFI16 HIN-A domain on p53 (residues 82-393)
binding to larger DNA molecules (474 base pairs [bp]) contain-
ing p53-consensus sequence (Figure 4B). In the absence of
HIN-A, binding of p53 to its DNA target was not evident at
low concentration (lane 2). However, in the presence of
increasing amounts of HIN-A, p53 was able to bind to the
probe, as indicated by the formation of retarded bands with
corresponding disappearance of free DNA (lanes 3-5). Notably,
a more slowly migrating band was also observed in lanes 4 and
5, indicative of higher molecular weight protein-DNA
complexes. Using agarose EMSA, we also showed that IFI16
HIN-B domain, which does not interact with p53 C terminus,
was not capable of activating p53 (residues 82-393)’'s DNA-
binding activity (Figure 4B, lanes 6-9). These results are
consistent with previously reported data in which proteins
that bind to the C terminus of p53 have been shown to
promote stable formation of sequence-specific p53-consensus
DNA complexes in EMSA experiments (Hupp et al., 1995; An-
derson et al., 1997; Brazda et al., 2000; Sarkari et al., 2010).
Thus, IFI16 shows biochemical features of other C-terminal
p53-binding proteins and can influence p53’s DNA-binding
properties.

p53-Binding Surface of IFI16 HIN-A Domain

Given the overall structural similarities of HIN-A and HIN-B
domains of IFI16, we investigated the structural features that
are unique to HIN-A domain and mediate interaction with p53
C terminus. Comparing the electrostatic potential surfaces
of the two HIN domains based on our crystal structures
(Figure 5A), we hypothesized that the interaction with the basic
C terminus of p53 may be mediated by an overt acidic/hydro-
phobic patch observed on the surface of HIN-A (formed by
residues Y218, T220, E222, Y267, E272, E381), but not HIN-B
domain of IFI16. This surface encompasses the two exposed
tyrosine residues that presumably gave rise to the changes in
fluorescence signal upon p53 binding (Figure 3B) and is in an
area of the OB fold commonly found to interact with binding
partners (Theobald et al., 2003). To further elucidate the molec-
ular basis of p53 binding to HIN-A, we performed mutagenesis
studies examining the roles of the aforementioned surface-
exposed residues in mediating p53 interaction and activation
(Figure 5B). Compared to activation of p53 (residues 82-393)
by wild-type HIN-A domain (lane 3), T220A, E381A, Y218A,
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Figure 3. Interaction of p53 C Terminus with IFI16 HIN-A or HIN-B Domain

(A) An equimolar mixture of His-tagged IFI16 HIN-A or HIN-B domain and a GST fusion protein containing the indicated p53 construct was mixed with glutathione-
sepharose (L). After washing, protein was eluted with glutathione and visualized by western (E) using antibody against His-tag.

(B) Increasing amounts of p53 (355-393) were incubated with IFI16 HIN-A (open triangle) or HIN-B (filled circle) domain, and binding was quantified by changes in
tyrosine fluorescence. Tyrosine side chains are shown in red on the surface representation of HIN-A and HIN-B crystal structures.

E272A, E222A single mutants (lanes 5-8) were less effective at
activation of p53, especially T220A and Y218A. On the other
hand, double mutants 222/272 (lane 9) and 218/267 (lane 10),
and triple mutant 222/272/381 (lane 11) all abrogated p53 acti-
vation completely, suggesting that these residues contribute to
the p53 C terminus-binding surface on HIN-A. Circular
dichroism measurements indicated that all the mutants were
folded and had levels of secondary structure similar to that of
wild-type IFI16 (data not shown). Together these six residues
form a cluster between strands B2 and B5 of subdomain 1
and loop L5'5 of subdomain 2, creating the likely p53 C
terminus-interacting surface.

IFI16 HIN-B Domain Enhances p53-DNA Binding by
Associating with p53 Core Domain

Although HIN-B domain of IFI16 does not interact with p53 C
terminus, we turned our effort next to investigate if HIN-B domain
could influence instead p53 (residues 82-360) binding to
consensus DNA. Employing the polyacrylamide EMSA shown
in Figure 6A, increasing amounts (0-80 pM) of HIN-B protein
was observed to greatly enhance p53-DNA binding as well as
forming higher molecular weight protein-DNA complexes.
Next, we asked if HIN-B could associate with p53 (residues
82-360) directly using a protein-protein interaction assay. As
shown in Figure 6B, p53 (residues 82-360) can interact weakly
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Figure 4. EMSA of p53 (82-393) with p53-
Consensus DNA Sequence in the Presence of
IF116 HIN-A Domain

(A) Polyacrylamide EMSA reactions without p53 (lanes
1-5) or with constant amount (20 uM) of p53 (lanes

+ o+ + +
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A B
probe + + + + + + + + + +
P53(82-393) - - - - -+ + + + +  p53(82.303) - + + + +
IFI16 HIN-A - - /‘ F16 - - __—fima)
— e o e Yy
*
474 bp
12345 67 80910 12345

with GST-tagged HIN-B, but not GST-tagged HIN-A or GST
alone. As presented above, IFI16 HIN-B domain does not
interact with the C terminus of p53 (residues 311-393)
(Figure 3A), nor does it bind significantly to the 474 bp DNA
containing p53-consensus sequence (Figure 4B). Therefore,
our data suggest that binding of IFI16 HIN-B domain to p53
may be mediated through the core domain (residues 82-310)
of p53, especially when it is already bound to DNA.

Cooperative Effect of Full-Length IFI16 on p53-DNA
Binding

Having studied the effects of individual HIN-A and HIN-B
domains of IFI16 on p53 sequence-specific DNA binding, it is
tempting to ask if the presence of both HIN domains together
enhances the activity cooperatively. To address such a question,
we purified the 82 kDa full-length IFI116 (residues 1-729) and per-
formed EMSA analysis with p53 (residues 82-393). As seen in
Figure 6C, increasing amounts of full-length IFI16 were incu-
bated with a constant amount of p53 and p53-consensus DNA
probe. Notably, addition of lowest concentration (0.07 uM) of
full-length IFI16 was able to better enhance p53-DNA binding
(compare lane 3 of Figure 6C with lane 3 of Figure 4B). This
suggests that the presence of both HIN-A and HIN-B domains
in the full-length IFI16 protein may cooperatively elevate the
effect of individual HIN domains on p53 binding to its consensus
sequence. Although full-length IFI16 also possesses a conserved
PYRIN domain at its N terminus, this domain was shown by
Johnstone et al. (2000) not to interact with p53.

IFI16 Enhances p53-Mediated Transcription Activity

We next examined whether this IFI16-mediated enhancement of
p53 sequence-specific DNA binding has an effect on p53 tran-
scriptional activation. We performed luciferase reporter assays
to examine the effect of IFI16 on p53-mediated p21 promoter
activation. p21 is a functionally important p53-target gene
involved in cell cycle control and transcriptional regulation.
H1299, a human nonsmall cell lung carcinoma cell line, is used
for this study because it is known not to express endogenous
p53. In addition we have observed that H1299 cells also did
not express endogenous IFI16 (Figure S2). The cells were
cotransfected with p53 and/or IFI16 (full-length, HIN-A or

6-10), in the presence of increasing protein concentration
(0, 10, 20, 40, 80 pM) of HIN-A.

(B) Agarose EMSA of constant amount (0.2 uM) of p53 in
the presence of increasing protein concentration (0, 0.07,
0.2, 0.33 uM) of HIN-A (lanes 2-5) or HIN-B (lanes 6-9).

HIN-B) together with a luciferase reporter gene
containing the 20 bp 5 response element of
p21. As shown in Figure 7, p53 alone, but not
IFI16 (full-length, HIN-A or HIN-B), increased
the relative luciferase signal by 8-fold. A greater
than 15-fold dose-dependent increase in luciferase activity was
observed when increasing amounts of full-length IFI16 were
cotransfected with p53. Interestingly, when coexpressed with
p53, the HIN-A or HIN-B domain of IFI16 was sufficient to
promote p53-mediated luciferase activity in a dose-dependent
manner, comparable to that of the full-length IFI16. This finding
indicates that IFI16, via either HIN-A or HIN-B domain, is capable
of upregulating p53-mediated transactivation function.

6 7 89

Full-Length IFI16 Model with p53

IFI16 is involved in transcriptional regulation by modulating
protein-DNA and protein-protein interactions with transcription
factors such as p53. Using small-angle X-ray scattering
(SAXS), an averaged bead model/molecular envelope of the
full-length IFI16 protein was derived (Figure 8), with a putative
arrangement of its three folded domains, PYRIN (based on
homology modeling of PYRIN domain of MNDA, PDB: 2DBG),
HIN-A (PDB: 20Q0), and HIN-B (PDB: 3B6Y) in the bead model.
The model adopts a zigzag, elongated overall shape, which is in
accordance with the noncompact conformation indicated by the
Kratky plot (Figure S3B) and the relatively large Rg value 56 + 2 A
(Figure S3A). The cross section throughout the bead model is
approximately 30-50 A. In addition the volume of the averaged
bead model is 1.95 x 10° A%, which is in a good agreement
with the Porod volume 1.8 + 0.2 x 10° 7—\3, estimated directly
from the scattering profile. The three domains of IFI16 are
oriented relatively independent of each other. In this arrange-
ment, kinks also occur at the junctions between PYRIN/HIN-A
and HIN-A/HIN-B at the nonstructured linkers. This model of
full-length IF116 is consistent with its potential function as a scaf-
fold for multiple protein-protein interactions including p53, in
which HIN-A and HIN-B domains of IFI16 interact with the C
terminus and core domain of p53, respectively. HIN-A may
relieve unproductive nonspecific DNA interactions of p53, or
otherwise guide the C terminus to facilitate sequence-specific
DNA binding by the core domain, whereas HIN-B is likely to
interact with DNA-bound core domain stabilizing the p53-DNA
complex.

Conclusion
IFI16 plays an important role in regulating cell proliferation and
transcription through different protein-protein interactions. We
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Figure 5. p53 C Terminus-Binding Surface of IFI16 HIN-A Domain

HIN-B

(A) Transparent electrostatic surface representation of IFI16 HIN-A (left) and HIN-B (right) crystal structures. White, red, and blue colors correspond to neutral,

negatively, and positively charged surfaces, respectively.

(B) Agarose EMSA of p53 (82-393) with wild-type or mutant IFI16 HIN-A (left). Molar ratio of p53 to HIN-A is 1:3. Surface representation of IFI16 HIN-A (right).

Residues involved in binding are colored in magenta.

have solved the crystal structures of the HIN-A and HIN-B
domains of IFI16, representing the first experimentally deter-
mined HIN domain structures of the HIN-200 family. Despite
having low-sequence identity to the OB folds commonly found
in various proteins, both HIN domains of IFI16 possess tandem
OB folds joined by an a-helical interdomain linker. It is worth
noting that the majority of the OB-fold structures reported to
date in the Protein Data Bank (PDB) are solitary. Thus, IFI16 joins
mouse BRCA2 (PDB: 1MIU), Oxytricha nova «-TEBP (PDB:
210Q), and human RPA70 (PDB: 1JMC) to be the only proteins
with structural information showing consecutive OB folds. Struc-
tural analysis of the human RPA70 has revealed a similar domain
organization such that it has four domains (RPA70N, DBD-A,
DBD-B, DBD-C) each with an OB fold. The N-terminal OB fold
of RPA70 has a role in mediating protein-protein interaction
with p53 (Bochkareva et al., 2005), whereas the remaining three
OB folds all participate in single-stranded DNA binding
(Bochkarev et al., 1997, 2000, 2001). Although the HIN domain
of IFI16 constitutes a unique arrangement of tandem OB folds

with specific interdomain interactions, it is possible that the
four OB folds are also involved in a modular and concerted
fashion for multiple substrate recognition analogous to those of
RPA70.

The work presented here extends previous studies demon-
strating the association of IFI16 HIN-A domain with the C
terminus of p53 and further defines the mechanism by which
IFI16 stimulates p53-mediated transcriptional activation.
Although HIN-A and HIN-B domains of IFI16 are structurally
similar and both modulate p53 sequence-specific DNA binding,
they interact with p53 differently. IFI116 recognizes the basic p53
C terminus through an acidic/hydrophobic surface present on
and unique to HIN-A domain, whereas HIN-B domain associates
instead with core domain of p53. It is likely that HIN-A domain
prevents p53 from nonspecific DNA interaction via its C
terminus, whereas HIN-B domain stabilizes p53-DNA binding.
Given its putative role as a scaffold molecule, full-length IFI16
is also likely involved in recruitment of additional factors to the
p53-binding sites via its PYRIN domain. Indeed, the BRCA1
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tumor suppressor protein is known to interact with IFI16 PYRIN
domain and promote p53-dependent apoptosis (Aglipay et al.,
2003). Interestingly, we and others have shown that p53 can
also associate directly with BRCA1 (Zhang et al., 1998; Mark
et al., 2005), thus suggesting intricate crosstalk among the three
proteins and also adding another level of complexity in the func-
tion and regulation of IFI16.

EXPERIMENTAL PROCEDURES

Expression and Purification

IFI16 gene fragments coding for HIN-A domain (residues 192-393) and HIN-
B domain (515-710) were amplified from human IFI16 cDNA (Mammalian
Gene Collection, Structural Genomic Consortium) by PCR and subcloned
into pET15b (Novagen) expression vector. Both IFI16 domains HIN-A and
HIN-B proteins were expressed in E. coli BL21-CondonPlus cells (Strata-
gene) with N-terminal Hisg-tag in selenomethionine (Se-Met)-containing
media. Protein purification was performed by Co®* affinity column (TALON).

probe
p53 (82-393) -

IFM6 FL - A

474 bp
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Figure 6. IFI16 HIN-B Domain Enhances
p53-DNA Binding by Associating with p53
Core Domain

(A) Polyacrylamide EMSA reactions without p53
(82-360) (lanes 1-5) or with constant amount
(2 uM) of p53 (lanes 6-10), in the presence of
increasing protein concentration (0, 10, 20, 40,
80 pM) of HIN-B.

(B) GST-pull-down of p53 and HIN-B domain. An
equimolar mixture of His-tagged p53 (82-360)
and GST-tagged IFI16 HIN-B, GST-tagged IFI16
HIN-A, or GST protein alone was mixed with gluta-
thione-sepharose (L). After washing (Washes 1-3),
protein was eluted (E1, E2) with reduced gluta-
thione and visualized by Coomassie blue staining.
(C) Agarose EMSA of constant amount (0.2 pM)
of p53(82-393) in the presence of increasing protein
concentration (0, 0.07, 0.2 uM) of full-length IFI16.

+ +
+ + +

12 3 4

Recombinant human p53 protein (residues 355-
393, 311-393, 82-360, 82-393) was subcloned
into pET15b (Novagen) or pGEX-2TK (Amer-
sham) vector and expressed in and purified
from E. coli BL21-pLysS cells (Stratagene) as
previously described (Ayed et al., 2001; Mark
et al., 2005).

Crystallization, Data Collection, and
Structure Determination of IFI16 HIN-A
Crystals of the Se-Met-labeled IFI16 HIN-A
(35 mg/ml) were obtained by the sitting drop vapor
diffusion method by mixing the protein with an
equal volume of reservoir solution containing
26% PEG 6000, 0.2 M MgCl,, and 0.1 M Tris-
HCI at pH 8.5. The crystals belong to the mono-
clinic space group P2; with unit cell parameters
ofa=433A b=889A c=1128 A and B =
99.4°. For data collection and structure determi-
nation details, please refer to Supplemental
Experimental Procedures.

Crystallization, Data Collection, and

Structure Determination of IFI16 HIN-B

Native crystals of IFI16 HIN-B (23 mg/ml) were

obtained by the sitting drop vapor diffusion
method by mixing the protein with an equal volume of reservoir solution
containing 26% PEG 4000, 0.2 M NH4SO,, and 0.1 M sodium cacodylate
buffer at pH 6.5. The crystals belong to the orthorhombic space group
P2;2,2; with unit cell parameters of a = 43.0 A, b =929 /D-\, and ¢ =
100.3 A with two molecules in the asymmetric unit. For data collection
and structure determination details, please refer to Supplemental Experi-
mental Procedures.

Protein-Protein Interaction Assays

Purified GST, GST-p53 (residues 355-393), or GST-p53 (residues 311-393)
fusion protein was first mixed with His-tagged IFI16 (residues 192-393) or
His-tagged IFI16 (residues 515-710) protein in assay buffer (20 mM HEPES
[pH 7.6], 150 mM NaCl) and then incubated with the glutathione beads (Amer-
sham) at 4°C for 2 hr. After extensive washing with assay buffer, bound
proteins were eluted with 30 mM reduced glutathione and detected after
SDS-PAGE by western analysis using antibody against His-tag (QIAGEN).
Similar assays were conducted for purified GST, GST-HIN-A (residues
192-393), or GST-HIN-B (residues 515-710) fusion protein with His-tagged
p53 protein (residues 82-360).
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Figure 7. IFI16 Enhances p53-Mediated Transcription of the p21
Promoter

H1299 cells were cotransfected with the luciferase reporter vector containing
the full-length p21 promoter, p21-Luc, and with pcDNA3-p53 and/or pcDNA3-
IFI116 (full-length [FL], HIN-A or HIN-B). The cells were lysed and assayed for
luciferase activity 48 hr after transfection. Standard error was calculated using
three independent experimental readings. See also Figure S2.

Intrinsic Tyrosine Fluorescence Assay

Direct binding of p53 C terminus (residues 355-393) to IFI16 HIN-A domain
(residues 192-393) or HIN-B domain (residues 515-710) was characterized
based on principles employed by Leclerc et al. (1993), Gupta et al. (2008),
and Yan et al. (2008). A p53-binding titration was performed manually by mix-
ing a solution of IFI16 protein (final concentration 1 pM) with increasing
amounts of p53 (0-250 pM) in a buffer containing 25 mM Tris-HCI (pH 8.0)
and 75 mM NaCl in a total volume of 150 pl at room temperature. After mixing,
the intrinsic tyrosine fluorescence intensity (I) was measured using a time-
based experimental module, which averages the fluorescence intensity from
30 readings with each reading for 1 s and sets the excitation wavelength at
278 nm, emission wavelength at 307 nm, and bandwidth at 4 nm. The
quenched fluorescence (l) was calculated by l,—I, in which |, was the fluores-
cence intensity of IFI16 protein without p53. Background signals from the
buffer and ligand were corrected. The dissociation constants (Ky) were deter-
mined by fitting the binding curve to Equation 1, using KaleidaGraph Version
3.0 (Abelbeck Software):

(e 10)(1 + [P]/Ka + [L] k) — /(1 + P s + [L] /o) —4IPIILI(1 )
[L1(2/kq) ’
)
where lq is the fluorescence intensity at a given total concentration of target
ligand, [L]. [P] is the total concentration of protein in the reaction. K4 is the
dissociation constant. |.. is the fluorescence intensity at saturation, and I, is
the fluorescence intensity in the absence of ligand.

Iq:IO+

Polyacrylamide EMSA

p53 (2-20 uM) was incubated with double-stranded DNA probe 5'-
GGACATGCCCGGGCATGTCC-3' (1-2 pmol) tagged with the monoreactive
fluorescent reagent Cy5-Dye (Sigma) in EMSA buffer (20 mM Tris-HCI [pH
6.8], 150 mM NaCl, 10% [v/v] glycerol, 5 mM DTT) in the presence of IFI16
HIN-A or HIN-B protein (at final concentrations of 0-80 puM). Complexes
were resolved by electrophoresis at 100 V at room temperature using a pre-
run 5% polyacrylamide gel containing Tris-Borate-EDTA buffer and then visu-
alized by red fluorescence emission measured at 635 nm using a STORM860
scanner (Molecular Dynamics).

Figure 8. Model of Full-Length IFI16

An averaged bead model/molecular envelope of the full-length IFI16
calculated from SAXS data, with dimension measurements and putative
arrangement of its three folded domains: PYRIN, HIN-A, and HIN-B. See
also Figure S3.

Agarose EMSA

DNA (600 ng of Pvull fragments of pPGM2) (Brazda et al., 2006; Jagelska et al.,
2008), p53, and IFI16 were mixed at various ratios in 20 ul of the DNA-binding
buffer (5 mM Tris-HCI [pH 7.0], 1 mM EDTA, 50 mM KClI, and 0.01% Triton
X-100). The samples were incubated for 10 min at 4°C and loaded onto
a 1% agarose gel (SERVA) containing 0.33x Tris-Borate-EDTA buffer.
Agarose electrophoresis was performed for 4 hr at 100 V at 4°C. The gels
were stained with ethidium bromide and photographed.

Cell Culture and Luciferase Assay

Human nonsmall cell lung carcinoma cell line H1299 was obtained from the
Benchimol laboratory and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). pcDNA3-p53 and
the luciferase reporter construct carrying the p21 promoter (p21-Luc) were
also obtained from the Benchimol laboratory. An amplified fragment of full-
length IFI16, HIN-A, or HIN-B from human IFI16 cDNA (Mammalian Gene
Collection, Structural Genomic Consortium) was subcloned into pcDNA3
(Invitrogen). H1299 cells at ~80% confluence in a 6-well plate were transfected
using Lipofectamine 2000 (Invitrogen). At 48 hr after transfection, luciferase
assay was performed using the Luciferase Assay Kit (Promega) and measured
using the SpectraMax M5 luminometer (Molecular Devices). Standard error
was calculated using three independent experimental readings.

SAXS Experiments, Data Analysis, and Bead Model Reconstruction
Both SAX and wide-angle X-ray scattering (WAXS) were performed at beam-
line 12-ID of the Advanced Photon Sources (APS) at the Argonne National
Laboratory. A detailed description about experimental procedure, processing
and analysis of scattering data, and bead model reconstruction can be found
in Supplemental Experimental Procedures.
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Atomic coordinates and structure factors for the reported crystal structures
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