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Abstrakt

Environmentélni polutant benzo[a]ypren (BaP) je prokazatelnym lidskym karcinogenem,
ktery se po aktivaci cytochromy P450 (CYP) kovalentné vaze na DNA. V ramci dizertacni
prace byl studovan vliv jednotlivych slozek systému monooxygenas se smiSenou funkci
(MFO), systému lokalizovanému v membrané endoplasmatického retikula, na metabolismus
benzo[a]pyrenu a na tvorbu adukti BaP s DNA. Zaméfili jsme se predevS§im na porovnani
vlivu cyt bs na tento metabolismus a potencidl cyt bs slouzit jako donor elektronti v rdmci
reakéniho cyklu cytochromu P450 1A1. Tento vliv byl studovan jednak z pohledu tvorby
metaboliti BaP, a jednak z pohledu tvorby jeho aduktii s DNA. Byl také studovan vliv dvou
expresnich systémt pro cytochrom P450 1Al (prokaryoticky a eukaryoticky), na jeho
ucinnost v metabolismu BaP.

Vliv cyt bs na i¢innost monooxygenasového systému byl studovan 1 s dalsi cizorodou latkou,
rostlinnym alkaloidem ellipticinem, jenz vykazuje protinddorové ucinky. Jeho protinddorovy
efekt, stejné jako vedlejSi ucinky, zavisi na jeho metabolické aktivaci cytochromy P450.
Vyznamny ztohoto hlediska je zejména CYP3A4. Ten byl proto pouzit i v naSich
experimentech.

Dale byla v praci studovdana vhodnost laboratorniho potkana slouzit jako model
metabolického osudu BaP v lidském organismu.

Pii studiu metabolismu obou testovanych latek byla k separaci metaboliti pouzita
vysokou¢inna chromatografie (HPLC). Adukty s DNA wvzniklé aktivaci BaP byly
kvantifikovany metodou ,,”*P-postlabeling®.

Ze ziskanych vysledka sledujicich potencial potkana slouzit jako model metabolického osudu
BaP v lidském organismu je ziejmé, ze lidské a potkani jaterni mikrosomy piemeénuji BaP na
témeét analogické metabolity, s vyjimkou tvorby BaP-9-olu, ktery v piipadé lidskych
mikrosomti nebyl tvofen. Metabolity generované potkanim CYP1Al se od metaboliti
tvofenych lidskym CYPIA1 lisi také tvorbou BaP-4,5-dihydrodiolu v potkanim systému.
Ostatni metabolity jsou pro enzymy obou organismii shodné. To naznacuje vhodnost
laboratorniho potkana jako modelového organismu pro studium metabolického osudu BaP u
Cloveka. Enzym epoxidhydrolasa je esencialni pro tvorbu dihydrodioli BaP a jednoho ze
dvou majoritnich adukti tvofenych aktivaci BaP cytochromem P450 1A1 s DNA. Jeji absence
v prokaryotnim expresnim systému pro CYP1A1l (Bactosomech) limitovala pouziti tohoto
systému pro studium metabolismu BaP oproti eukaryotnimu expresnimu systému pro tento
enzym (Supersomy' ™). Cyt bs stimuloval tvorbu metabolitii BaP katalyzovanou CYP1A1 i
adukti BaP s DNA po aktivaci t€émito enzymy. Vysledky ziskané v dizerta¢ni praci prokazuji,
ze redukci CYP1A1 v jeho reakénim cyklu, pfi kterém je oxidovan BaP, mlze poskytovat
elektrony nejen systtm NADPH a NADPH:CYP reduktasy, ale i systtm NADH, NADH:
cytochrom bs reduktasy a cytochromu bs. A to v obou redukénich krocich.

Schopnost cyt bs poskytovat oba elektrony cytochromu P450 (CYP3A4) byla pozorovana i pii
studiu vlivu cyt bs na metabolismus ellipticinu.



1 UvVOoD

1.1 Enzymy biotranformujici xenobiotika
Biotransformacni procesy probihajici v organismu jsou uskute¢iiovany fadou enzymu, které
lze rozdélit na enzymy 1. faze a II. faze biotransformace. Z enzymt I. faze biotransformace

xenobitoik jsou nejvyznamnéj$i monooxygenasy membran endoplasmatického retikula.

1.1.1 Monooxygenasovy systém membran endoplasmatického retikula
Monooxygenasovy systém, diive oznaCovany jako systém oxidas se smiSenou funkci,
katalyzuje reakce, pii nichz se jeden atom biatomické molekuly kysliku inkorporuje do
substratu a druhy atom je redukovan na vodu. Monooxygenasy lze klasifikovat do dvou
velkych skupin, a to na monooxygenasy obsahujici cytochrom P450 a na flavinové
monooxygenasy. Ob¢ skupiny maji znacny vyznam z toxikologického hlediska (1; 2).
Monooxygenasovy systém zavisly na cytochromu P450 je systém viceslozkovy. Kromé
cytochromu P450, jako termindlni oxidasy, jsou dalSimi nezbytnymi slozkami
NADPH:cytochrom P450 reduktasa a membranové lipidy (1; 2; 3; 4). DalSimi enzymy,
se kterymi se mizeme v ramci tohoto systému setkat, jsou cytochrom bs a jeho reduktasa,

NADH:cytochrom bs reduktasa (1; 2).

1.1.1.1 Cytochromy P450

Cytochromy P450 (EC 1.14.14.1) predstavuji Sirokou a evolucné starou skupinu enzymi,
které byly nalezeny v riznych organismech od bakterii, pfes rostliny az k ¢lovéku. Poprvé
byly nalezeny v padesatych letech 20. stoleti v mikrosomech, kdyz byla zjisténa piitomnost
pigmentu schopného vazat v redukovaném stavu oxid uhelnaty. Na zakladé charakteristického
absorp¢niho maxima tohoto komplexu pii 450 nm a jeho hemoproteinové povaze byl nazvan
cytochrom P450 (5; 6). Cytochrom P450 neni ovSem typickym cytochromem, ale jedna se o
hemoprotein, ve kterém je jeden z ligandli iontu Zeleza thiolatova sira (7; 8). Pro tento
charakteristicky rys je oznaGovan jako hemthiolatovy protein. Sestym ligandem je molekula
vody (9). VétSina cytochrom P450 je lokalizovana v membranach endoplasmatického
retikulu, mitochondrialni enzymy ptedstavuji jen asi 10 % (10).

Vzhledem k velkému poctu cytochromti P450 jsou tyto enzymy déleny do genetickych rodin a
podrodin na zékladé sekvencni homologie. Proteiny stejné rodiny vykazuji vice jak 40 %
identitu, 1 kdyz existuje nékolik vyjimek. Sav¢i sekvence v rdmei jedné podrodiny vykazuji

vice jak 55 % podobnost. Z 57 genii, které¢ nalezneme v lidském organismu clovéka, je



patnact zahrnuto v metabolismu xenobiotik, ¢trnact se primarné ucastni metabolismu steroli,

Sest oxiduje vitaminy a devét je zahrnuto v metabolismu mastnych kyselin a ekosanoidu (11).

1.1.1.2 NADPH:cytochrom P450 reduktasa

NADPH:cytochrom P450 reduktasa (CPR) (EC 1.6.2.4) je membranové vazany flavoprotein,
ktery se ucastni redukce cytochromti P450 (12; 13). Flavoproteinova povaha enzymu souvisi
s ptitomnosti FAD a FMN (14; 15). Molekulova hmotnost enzymu je = 78 kDa a obsahuje
znaéné mnozstvi kyselych aminokyselin (16; 17). Pravé kyselé aminokyseliny jsou
zodpovédné za interakci s cytochromy P450 1 s cytochromem c (cyt ¢) (18; 19). Kromé
redukce cytochromi P450 je CPR za urcitych okolnosti schopna redukovat cytochrom bs (cyt
bs) (20), prenést elektrony na elongasu béhem elongace mastnych kyselin (21) a na cyt ¢ (22)
Pienos elektronli na cyt bs, cyt ¢ a cytochrom P450 je pfimy a nezavisi na tvorbé

superoxidového aniontu v pribéhu reakéniho cyklu cytochromu P450 (22).

1.1.1.3 Cytochrom bs

Cytochrom bs je maly (= 17 kDa), cylindricky membranovy protein, ktery se sklada z Sesti
helixti a 5 B-fetézch. Ty tvoii dvé domény, z nichz vétsi obsahuje hem a je lokalizovdna na
cytosolarni stran¢ membrany. Mensi doména je hydrofobni a slouzi k ukotveni enzymu
v membrané. Primarn¢€ se cyt bs UcCastni biosyntézy lipidi. Je dualezity pti desaturacich a
elongacich mastnych kyselin, biosyntéze cholesterolu ¢i plasmalogenti. Cytochrom bs se vSak

také mlize ucastnit reakéniho cyklu cytochromt P450 (23).

1.1.1.4 NADH:cytochrom bs reduktasa

NADH:cytochrom bs reduktasa (EC 1.6.2.2) je enzym o molekulové hmotnosti = 35 kDa,
ktery zprosttedkovava ptenos elektronti z NADH na cytochrom bs. Jedné se o flavoprotein, o
némz je znamo, Ze existuje ve dvou formach, a to v membranové vazané a v solubilni formé.
Membranové vazana forma se vyskytuje predevSim v endoplasmatickém retikulu, kde se
ucastni metabolickych transformaci, takovych jako desaturace a elongace mastnych kyselin,
biosyntéza cholesterolu a reakéniho cyklu cytochromu P450. Solubilni forma se ucastni
redukce methemoglobinu na hemoglobin, pficemz vznika alternativnim ,,splicingem®, diky
¢emuz je puvod zbytkl 26-300 solubilniho enzymu stejny jako membranoveé vazané formy

enzymu. Obsahuje nékolik lysint, které jsou nezbytné pro interakci s cyt bs (24).



1.1.1.5 Reak¢ni cyklus monooxygenas obsahujicich cytochrom P450
Monooxygenasové reakce predstavuji reakce, v jejichz ramci dochézi k inkorporaci jednoho
atomu kysliku do substratu za soucasné redukce druhého kyslikového atomu na vodu.

Celkovou reakci tak mizeme vyjadiit nasledujici rovnici:

RH + 0O, + NADPH + H* - NADP* + ROH + H,0

Reakeni cyklus cytochromu P450 (Obrazek 1) je nékolikakrokovym procesem a probiha
usporadanym mechanismem. V klidovém stavu (A) je hemové Zelezo v nizkospinové ferri
formé. Prvnim krokem je vazba substratu do aktivniho centra. Po vazbé substratu dochazi
k vytlaceni molekuly vody, kterd predstavuje Sesty ligand a prechodu zeleza do
vysokospinové formy (B). Nasledn¢ dochazi k jednoelektronové redukci pomoci
NADPH:cytochrom P450 reduktasy, ¢cimZ dochdzi k ptechodu Zeleza z ferri formy na ferro
formu. Tento komplex (C) mtze nasledné reagovat s molekulou kysliku, ¢imz se hemové
zelezo stava opét hexakoordinované (D). DalSim krokem je druha redukce, kterd je pro mnoho
cytochromii P450 rychlost urcujicim krokem. Elektrony pro tuto redukci mohou byt
poskytnuty jak NADPH:cytochrom P450 reduktasou, tak cytochromem bs. Pokud elektron
neni dorucen dostate¢né rychle, rozpada se komplex za vzniku superoxidového anionradikalu,
jenz je nasledné pfeménén superoxiddismutasou na peroxid vodiku. Komplex cytochromu
P450 s biatomickou molekulou kysliku po druhé redukci (E) pfedstavuje aktivni formu
cytochromu P450. Nasleduji dvé protonace, které zplsobi Stépeni vazby mezi kysliky a
uvolnéni molekuly vody (F). Druhy atom kysliku je néasledné¢ pienesen na substrat, ¢imz

dochazi k uvolnéni substratu z enzymu a regeneraci molekuly cytochromu P450 (1; 2; 25)..
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Obrazek 1 Reakcni cyklus cytochromu P450. Zdroj: Meunier (25)



1.2 Benzo[a]pyren

Environmentalni polutant a prokazatelny lidsky karcinogen benzo[a]pyren (CioHao) (BaP)
(26) je typickym zastupcem polycyklickych aromatickych uhlovodikd. Jeho vyskyt
v zivotnim prostiedi souvisi zejména s antropogenni ¢innosti. Je vzdusnym a primyslovym
polutantem a vyskytuje se ve vyfukovych plynech. Vyskyt v piirod¢ lze pficist i tektonické
¢innosti a pozaram lesii. Jedna se také o jednu ze slozek cigaretového koufte.

Benzo[a]pyren je genotoxickym karcinogenem, ktery je schopen se po metabolické aktivaci
kovalentné¢ véazat na DNA (27). Benzo[a]pyren je enzymové pieménovan na celou fadu
metabolitli, zahrnujicich tvorbu chinontl, dihydrodiolii a fenolti (28; 29; 30; 31; 32). Metabolit
BaP-7,8-diol-9,10-epoxid je jednim z reaktivnich metabolitti BaP, ktery tvoii kovalentni adukt
s deoxyguanosinem v DNA. Hlavnim enzymem tucastnicim se metabolické piemény BaP je
cytochrom P450 1A1 (CYP1Al). Na pfeméné¢ BaP se kromé CYPIA1l podili i jiné
cytochromy P450. Z nich je vyznamny je predev§im CYP1BI1 (33).

1.3 Ellipticin
Ellipticin (5,11-dimetyl-6H-pyrido[4,3-b]carbazol), je rostlinny alkaloid, ktery byl poprvé
izolovan v roce 1959 z rostliny Ochrosia elliptica ¢eledi Tojestovité (Apocynaceace) (34).
Spolu s nékterymi svymi poldrngj§imi derivaty vykazuje protinadorové ucinky. Ty lze
pozorovat vu¢i nadorim mozku, prsu, tlustého stfeva, ¢i plic. 9-hydroxyellipticin byl diky
svym protinddorovym vlastnostem pouzit pii 1é¢be akutni myeloidni leukémie (35).

Ellipticin mtze v cilové tkdni plsobit n¢kolika mechanismy. Mezi hlavni mechanismy
patii (1) interkalace do DNA, (ii) inhibice topoisomerasy II, (iii) ovlivnéni proteinu p53 a (iv)
tvorba kovalentnich aduktti s DNA V piipadé 9-hydroxyellipticinu byl také pozorovan jeho
inhibi¢ni efekt vici telomerase (36).
Mezi enzymy schopné biotransformovat ellipticin patii cytochromy P450 a peroxidasy (37;
38; 39; 40; 41; 42; 43; 44). Cytochromy P450 jsou schopny ellipticin pfeménovat za vzniku
az péti metabolitdi (7-hydroxy-; 9-hydroxy-; 12-hydroxy-; 13-hydroxy-ellipticin a N*-oxid
ellipticinu) (37; 45; 46; 44; 43). Prvni dva ze zminovanych metaboliti slouzi k detoxifikaci,
dalsi ti1 predstavuji aktivnéjsi formy, které jsou schopny tvofit kovalentni adukty s DNA (39;
38; 47; 43; 44). Majoritni je tvorba dvou adukti odvozenych z 12- resp. 13-
hydroxyellipticinu. N*-oxid ellipticinu je pomoci Polonowskiho piesmyku pfemé&iovan na 12-
hydroxyellipticin, a tak rovnéz pfispiva k tvorbé kovalentnich adukti (45; 44; 43).
Deoxyguanosin je cilovym deoxynukleosidem, na ktery se derivaty ellipticinu kovalentn¢

vézou (37; 44; 43).



2 Cil prace

Primédrnim cilem pfedkladané dizertatni prace bylo poznani vlivu jednotlivych slozek

biotransformacniho enzymového systému, lokalizovaného v membrané endoplasmatického

retikula obsahujiciho cytochrom P450, na oxidaci dvou xenobiotik, environmentalniho

polutantu a karcinogenu benzo[a]pyrenu a rostlinného alkaloidu s protinddorovymi u¢inky,

ellipticinu. Cilem bylo téz zjistit, zda experimentalni model laboratorniho potkana muze byt

vhodnym modelem pro studium metabolismu benzo[a]pyrenu v lidském organismu.

V ramci dizertacni prace jsme se zaméftili na nasledujici oblasti:

>
>

Metabolismus benzo[a]pyrenu jaternimi mikrosomy potkana a ¢lovéka

Metabolismus benzo[a]pyrenu potkanimi a lidskymi rekombinantnimi cytochromy
P450 a vliv cytochromu bs na tento metabolismus

Metabolismus benzo[a]pyrenu lidskym cytochromem P450 1Al exprimovanym
v prokaryotnim a eukaryotnim expresnim systému

Vliv NADPH:cytochrom P450 reduktasy na oxidaci benzo[a]pyrenu cytochromem
P450 1A1

Studium vlivu cytochromu bs na redukci cytochromu P450 v pribéhu oxidace
benzo[a]pyrenu a ellipticinu

Studium tvorby kovalentnich aduktl benzo[a]pyrenu s DNA po jeho metabolické
aktivaci enzymovymi systémy metabolizujicimi tento karcinogen

Vliv cytochromu bs na tvorbu aduktii s benzo[a]pyrenu s DNA



3 Material a metody

Material a vSechny pouzité metody uzité pii vypracovani dizertatni prace jsou popsany
v publikacich, které¢ tvoii ptilohy €. 1-5 dizertacni prace (viz Seznam publikaci 1-5 uvedeny
v autoreferatu). Zde jsou detailné popsany pouze dvé zakladni metody, které byly pro
vypracovani dizertacni prace zasadni.

Vysokoucinna kapalinova chromaograife

Metabolity benzo[a]pyrenu byly separovany a kvantifikovany pomoci metody HPLC za
pouziti linearniho gradientu 0-100 % mobilni faze B (85 % acetonitril) béhem 35 minut
s naslednou 5 minutovou izokratickou eluci mobilni faze. Mobilni faze A 50 % acetonitril.
Separace probihala na kolon¢ Nucleosil 100-5 C18 HD, 5 um, 250 x 4 mm (Macherey Nagel)
s pratokem mobilni faze 0,6 ml/min. Metabolity byly detekovany pii vinové délce 254 nm a
kvantifikovany vztazenim jejich plochy k ploSe vnitiniho standardu (fenacetinu).

Metabolity ellipticinu byly separovany izokratickou eluci mobilni faze s kyselinou 1-
heptansulfonovou (64 % metanol, 5 mM heptansulfonat sodny, 32 mM kyselina octova)
s prutokem 0,7 ml/min a detekovany pfi 296 nm. Separace probihala na koloné¢ Ultrasphere,
ODS, C18, 250 x 4.6 mm, 5 pm (Beckman-Coulter).

Metoda ,,32P-postlabeling“

Analyzy adukti testovanych latek s DNA byly provedeny Skolitelkou, Prof. RNDr. Marii
Stiborovou, DrSc., na pracovisti Némeckého centra pro vyzkum rakoviny v Heidelbergu

metodou ,,”*P-postlabeling* postupem detailn& popsanym v piedchozich pracich (48).



4 Vysledky a diskuse

Oxidace benzo[a]pyrenu jaternimi mikrosomy

Jaterni mikrosomy kontrolnich (nepremedikovanych) potkanli a potkani premedikovanych
induktory jednotlivych cytochromli P450 metabolizuji benzo[a]pyren aZ na osm metaboliti
(BaP-9,10-dihydrodiol, BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dion, BaP-3,6-
dion, BaP-3-0l, BaP-9-ol a metabolit o neznamé struktuie). V ptipadé lidskych jaternich
mikrosomu nebyla pozorovana tvorba metabolitu o neznamé struktuie a také BaP-9-olu. Dalsi
metabolity byly analogické metabolitim tvofenym v potkanich mikrosomech. Totozné
metabolity byly pozorovany i v pfipadé jaternich mikrosomii mysi s ,,deletovanou® jaterni
NADPH:cytochrom P450 reduktasou, ¢i mySi modifikovanych genem lidského proteinu p53.
Premedikace obou testovanych skupin mysi benzo[a]pyrenem vedla k stimulaci tvorby vSech

metabolita BaP.

Analyza metabolitii BaP v moc¢i mySi modifikovanych genem lidského proteinu p53

Moc¢ mysSich modelid s riznou expresi genu lidského proteinu p53 obsahuje jednotlivé
nekonjugované metabolity benzo[a]pyrenu. Jejich mnozstvi bylo nejvyssi v ptipadé jednoho
z mySich modelt modifikovaného genem lidského proteinu p53 [Trp53(+/-)]. Tento vysledek
nekoresponduje s pozorovanim tvorby metaboliti BaP s jaternimi mikrosomy ze stejnych
zvitat, kde pti oxidaci BaP vykazoval systém zvitat Trp53(+/-) prakticky stejnou schopnost
tvorby metaboliti jako systém zvifat, které genem lidského proteinu p53 nebyly
modifikovany [Trp53(-/-)]. To nasvédCuje skuteCnosti, Ze metabolity BaP jsou bud’

vyluCovany ve forme polarnéjsich konjugatti nebo k jejich vylucovani nedochazi moci.

Oxidace benzo[a]yprenu rekombinantnimi cytochromy P450

Potkani rekombinantni cytochrom P450 1A1 (CYP1A1) exprimovany v hmyzich bunkéch
(Supersomy' ) tvoii s benzo[a]pyrenem osm metabolitfl, stejnych s témi, které byly tvoreny
jaternimi mikrosomy potkana. Pfidani cytochromu bs do reakéni smési stimuluje tvorbu
jednotlivych metaboliti. Lidsky rekombinantni CYP1A1l exprimovany v hmyzich buikach
(Supersomy™™) generuje metabolity analogické s metabolity tvofenymi potkanim CYP1Al
s vyjimkou BaP-4,5-dihydrodiolu, jenz vtomto systému nebyl detekovan (Obrazek 2).
Ptitomnost cyt bs vede opét ke stimulaci tvorby vSech metaboliti BaP. V pfipadé exprese
tohoto lidského enzymu v buiikach E. coli (Bactosomy) je pozorovana tvorba pouze péti
metabolitl. Z metaboliti BaP nejsou tvoreny BaP-9,10-dihydrodiol a BaP-7,8-dihydrodiol.

Jejich tvorba je vSak zprostfedkovana piidanim epoxidhydrolasy do reakéni smési. Mnozstvi



metabolith BaP tvofenych CYP1A1 exprimovaného v bunikdch E. coli zavisi rovnéz na

molarnim poméru NADPH:cytochrom P450 reduktasy vic¢i cytochromu P450.
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Obriazek 2 Mnozstvi metabolitii BaP tvorenych lidskym cytochromem P450 141 exprimovanym v Supersomech™ a viiv cyt
bs na tento metabolismus. Data v obrdazku jsou priumeéry a standardni odchylky ti'i paralelnich méreni. *P<0,05, **P<0,01,
***P<(),001, statisticky rozdilny nariist mnozstvi metabolitit BaP od dat ziskanych s CYPIAI bez cyt bs. Studentiiv t-test.

Metabolismus benzo[a]pyrenu systémy cytochromu P450 za pritomnosti NADH a vliv
cyt bs na tento metabolismus

Jaterni mikrosomy potkana metabolizuji benzo[a]pyren i za ptitomnosti NADH. Mnozstvi
metabolith BaP bylo v nékterych ptipadech dokonce shodné ¢i vySsi nez mnozstvim
metabolitl tvofenych za pfitomnosti koenzymu NADPH:CYP reduktasy, NADPH. V praci
jsme zjistili, ze NADH je Spatnym koenzymem této reduktasy (NADPH:CYP reduktasy), ale
efektivnim koenzymem NADH:cytochrom bs reduktasy. Podobné jako metabolismus BaP
potkanim CYP1Al, je metabolismus tohoto karcinogenu i lidskym cytochromem P450 1A1
exprimovanym Vv systému Supersomi zprostfedkovan nejen NADPH, ale 1 NADH. Ptidani
cytochromu bs vedlo ke stimulaci tvorby vSech metaboliti BaP. Lidsky CYP1Al
exprimovany v bunikach E. coli (Bactosomy) vsak je za ptfitomnosti NADH netc¢inny (netvoti
metabolity BaP za pfitomnosti NADH misto NADPH). Pro tvorbu metaboliti v tomto
systémi je nezbytna ptitomnost NADH:cytochrom bs reduktasy a cytochromu bs. Podobny
vysledek byl ziskan pifi studiu metabolismu BaP lidskym rekombinantnim CYP1A1
rekonstituovanym s jednotlivymi slozkami systému monooxygenas se smiSenou funkci

(Obrazek 3).
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Obrazek 3 Mnozstvi metabolitit BaP generovanych CYPI1AI rekonstituovanym s jednotlivymi slozkami monooxygenasového
cyklu. Data v obrazku jsou priiméry dvou paralelnich méreni.

Aktivace benzo[a]pyrenu za tvorby aduktii s DNA in vitro

Benzo[a]pyren (BaP) je po aktivaci cytochromy P450 schopen se vazat na DNA za tvorby
kovalentnich adukt. V systémech obsahujicich jaterni mikrosomy potkana (Obrazek 5),
Cloveka, mysi s ,,deleltovanou” NADPH:cytochrom P450 reduktasou, piipadné v systému
obsahujicimu jaterni mikrosomy mysi modifikovanych genem lidského proteinu p53 byly
detekovany dva adukty BaP s DNA (Obrazek 4 aObrazek 5). Jednim z adukti je adukt
tvofeny  z BaP-7,8-dihydrodiol-9,10-epoxidu (BPDE), 10-(deoxyguanosin-N>-yl)-7,8,9-
trihydroxy-7,8,9,10-tetrahydro-BaP (dG-N*-BPDE, adukt 2) (obrazek 4). Dal§im aduktem
tvofenym v DNA po aktivaci BaP témito mikrosomy byl detekovan adukt generovany
z metabolitu BaP, 9-hydroxy-4,5-epoxy-BaP, reakci s deoxyguanosinem v DNA Ziskané
vysledky odpovidaji vysledkiim ziskanym pfi studiu metabolismu BaP, kde vsSechny tyto

enzymové systémy byly schopné metabolizovat BaP.

Adduct 1

|
v

' & Adduct 2

Obrazek 4 Autoradiografie aduktii BaP s DNA vzniklych jeho aktivaci v potkanich jaternich mikrozomech. Adukty
aktivovaného BaP s DNA byly analyzovéiny metodou 3> P-postlabeling
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Obrazek 5 Tvorba aduktii BaP aktivovaného potkanimi jaternimi mikrosomy kontrolnich zvirat, nebo zvirat
premedikovanych Sudanem I, respektive BaP. Inkubace probihaly za pritomnosti bud’ NADPH nebo NADH. Data v obrazku
Jjsou prumeéry a standardni odchylky tri paralelnich méreni. ***P<0,001, signifikantni zmény v mnozstvi aduktit BaP s DNA
oproti tvorbé v kontrolnich mikrosomech. Studentiiv t-test.

Epoxidhydrolasa byla prokazana jako nezbytny enzym pro tvorbu aduktu 2 (dG-N°-
BPDE), coz odpovida jeji funkci pii hydrolyze reaktivnich epoxidli BaP, tedy i hydrolyze 7,8-
epoxidu BaP.

Ativace BaP za pouziti kofaktoru NADH:cyt bs reduktasy, NADH, misto kofaktoru
NADPH:CYP reduktasy, NADPH poskytovala analogické vysledky jako v ptipad€ studia
metabolické ptemény BaP. VSechny enzymové systémy schopné metabolizovat BaP za
ptitomnosti NADH misto NADPH, byly G¢inné i pfi aktivaci tohoto karcinogenu za tvorby
adukti BaP s DNA. Jejich tvorba byla rovnéz zavisla na piitomnosti dvou enzymi,
cytochromu bs a NADH:cytochrom bs reduktasy, jejich pfitomnost byla pro ucinnost
tohoto enzymového systému nezbytna (Obrazek 6).
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Obrazek 6 Tvorba aduktit BaP s DNA aktivovaného lidskym CYP1AI rekonstituovanym s NADPH:CYP reduktasou (CPR) a
NADH:cytochrom bs reduktasou (CBR) v liposomech. Inkubace probihaly za pritomnosti bud’ NADPH nebo NADH. Data
v obrazku jsou priméry a standardni odchylky tri paralelnich mereni. ***P<0,001, signifikantni zmény v mnozstvi aduktii
BaP s DNA tvorenych lidskym CYP1A1 oproti tvorbé timto enzymem s CPR za pritomnosti pouze NADPH. Studentiiv t-test.

Oxidace ellipticinu cytochromem P450 3A4
Lidsky CYP3A4 je jednim =z nejefektivnéjSich cytochromi P450 oxidujicich -ellipticin.
V praci jsme zjistili, Z2¢ NADH misto NADPH zprosttedkovava také oxidaci ellipticinu timto

cytochromem P450 exprimovanym v systému Supersomd, a to zejména za piritomnosti cyt bs.



5 Zaveér

Predkladana dizertani prace pfispiva k rozSifeni poznatkli o funkci jednotlivych slozek

monooxygenasového enzymového systému lokalizovaného v membran¢é endoplasmatického

retikula v jeho reak¢nim cyklu. Déle pak rozSifuje nase znalosti o metabolické pfeméné dvou

xenobiotik, karcinogenu benzo[a]pyrenu (BaP) a protinddorového 1éc¢iva ellipticinu.

wevr

nasledujici:
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Jaterni mikrosomy izolované z experimentalniho modelu laboratorniho potkana
metabolizuji benzo[a]pyren na osm metabolitd (BaP-9,10-dihydrodiol, BaP-4,5-
dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dion, BaP-3,6-dion, BaP-9-ol, BaP-3-ol a
na metabolit o dosud neznamé struktute. Tyto mikrosomy také aktivuji BaP za tvorby
adukti tohoto karcinogenu s DNA

Lidské jaterni mikrosomy generuji stejné metabolity benzo[a]pyrenu jako potkani
jaterni mikrosomy, s vyjimkou metabolitu BaP-9-olu, jenz nebyl v lidském
mikrosomalnim systému detekovan. DalSim rozdilem byla absence tvorby metabolitu
BaP o neznamé struktute lidskymi mikrosomy.

Existuje né€kolik cytochromti P450, které jsou schopné oxidovat benzo[a]pyren
alesponn na jeden zjeho metabolitl, a to jak v pfipadé¢ potkanich, tak i lidskych
cytochromiit P450. Nejefektivnéji se v metabolismu BaP v obou organismech jevi
CYPI1Al

Tvorba dihydrodioldt BaP a aduktu 10-(deoxyguanosin-N-yl)-7,8,9-trihydroxy-
7,8,9,10-tetrahydro-BaP v DNA je zavisla na pfitomnosti dalSiho enzymu
exprimované¢ho v membrané endoplasmatického retikula, epoxidhydrolasy

ZvySovani koncentrace  NADPH:CYP reduktasy vic¢i mnozstvi CYPIAl ma
stimula¢ni efekt na oxidaci BaP timto cytochromem P450. V piipadé¢ CYP1BI1 je
stimulacni efekt pozorovatelny u nékterych metabolith pouze pfi nizkych
koncentracich NADPH:CYP reduktasy (pomérech NADPH:CYP reduktasy
k cytochromu P450 maximalné 0,5:1).

Fakultativni slozka mikrosomélniho monooxygenasového systému, cytochrom bs, ma
u vétsiny testovanych cytochromii P450 stimulaéni efekt na jejich ucinnost oxidovat
BaP a tvofit adukty tohoto karcinogenu s DNA

Cytochrom bs muze za pritomnosti své reduktasy, NADH:cyt bs reduktasy, poskytovat

oba elektrony v reakénim cyklu cytochromu P450 (v obou redukcich tohoto enzymu)



¢ Premedikace mySich experimentdlnich modeld BaP vede ke stimulaci schopnosti
oxidovat benzo[a]pyren a tvofit jeho adukty s DNA. Tato stimulace byla pozorovana
jednak v mySich modelech s ,,deletovanou NADPH:CYP reduktasou v jatrech, a

jednak u mysi geneticky modifikovanych genem lidského proteinu p53.

Vysledky ziskané v dizertacni praci prokazuji, ze redukci CYP1A1 v jeho reakénim cyklu, pfi
kterém je oxidacné detoxikovéan i aktivovan BaP, mlize poskytovat elektrony nejen systém
NADPH a NADPH:CYP reduktasy, ale i syst¢tm NADH, NADH:cytochrom bs reduktasy a

cytochromu bs. A to v obou reduk¢nich krocich.

Predkladana dizerta¢ni prace piinasi originalni vysledky, z nichz ¢ast jiz byla publikovéana
formou 4 cCasopiseckych publikaci ve védeckych periodikach s impaktnim faktorem. Jedna
publikace je k publikaci zaslana. Tyto prace jsou v predkladané praci vedeny jako piilohy ¢.
1-5. Mnoh¢ z vysledkt vsak byly doposud prezentovany jen formou ptispévkil na védeckych
kongresech a sympoéziich. Tyto vysledky jsou v soufasné dobé piipravovany pro dalsi

Casopisecké publikace.
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Abstract

The environmental pollutant and human carcinogen, benzo[a]pyrene (BaP) is able to
covalently bind to DNA after its activation with cytochrome P450 (CYP). In this thesis, one
of the targets was to investigate the influence of individual components of mixed function
monooxygenase (MFO) system on the metabolism of BaP and the generation of adducts of
activated BaP with DNA. The study was particularly focused on increasing our knowledge on
the effect of cyt bs on the metabolism of BaP by cytochrome P450 1A1 (CYP1ALl) and its
potential to serve as an electron donor during the reaction cycle of cytochrome P450. The
effect of cyt bs on the generation of BaP metabolites and adducts of BaP with DNA was
investigated. In addition, the effect of two different expression systems for cytochrome P450
1A1 (prokaryotic and eukaryotic) was also studied.

The influence of cyt bs on the oxidation of another xenobiotic compound, a plant alkaloid
ellipticine, that exhibits antitumor activities, was also investigated. Its pharmacological
efficiency, as well as side effect depends on its metabolic activation by cytochrome P450.
CYP3A4 is very important for ellipticine activation and therefore this enzyme was used in our
experiments.

Furthermore, the suitability of using a rat as a model organism mimicking the metabolic fate
of BaP in human was studied.

High performance liquid chromatography (HPLC) was used for separation of metabolites of
both compounds. DNA adducts generated by BaP activated by CYPs were analysed using the
32p-postlabeling method.

The results found in a study investigating the potential of rats to serve as a model organism
mimicking a metabolic fate of BaP in humans indicate that human and rat microsomes
generate almost the same metabolites, with the only exception being the metabolite BaP-9-ol.
This metabolite was not formed by human microsomes. Metabolites generated by rat
CYPIALI also differ from metabolites generated by human CYP1AT1 by the formation of BaP-
4,5-dihydrodiol. This metabolite is not formed by human CYP1A1l. Other BaP metabolites
generated by rat and human CYP1A1 are identical. This finding indicates that a rat model is
suitable for mimicking metabolism of BaP in humans. Epoxide hydrolase was shown to be the
essential enzyme for the generation of dihydrodiols of BaP and one of the BaP-DNA adducts.
A major limitation of the prokaryotic expression system for CYP1Al (Bactosomes) for
studying the metabolic fate of BaP, was the absence of epoxide hydrolase. Therefore the
eukaryotic system expressing CYP1A1 (Supersomes ) was preferred. Cyt bs stimulates the
generation of BaP metabolites and BaP-DNA adduct formation by rat and human CYP1AI.
The results found in this thesis show that the system of human CYP1Al, NADH,
NADH:cytochrome bs reductase and cytochrome bs is able to metabolize BaP and generate
BaP-DNA adducts. They also demonstrate that NADH in this system can act as a sole
electron donor for both the first and second reduction of CYP1A1 during oxidative activation
of BaP in vitro.

The ability of cyt bs to donate both electrons to CYP enzymes was also observed in the
oxidation of ellipticine by human CYP3A4.



1 Introduction

1.1 Xenobiotic biotransforming enzymes

The reactions catalysed by enzymes metabolising (biotranforming) xenobiotics are classified
into two groups, the reaction of the phase I and phase II of biotranformation.
Monooxygenases of a membrane of endoplasmatic reticulum are the most important enzymes

participating in the phase I reactions.

1.1.1 Monooxygenase system of membrane of endoplasmatic reticulum

The system of monooxygenases, early assigned as a mixed function oxidase system, catalyses
the reactions, in which one atom of oxygen is incorporated into a substrate and the second
atom is reduced to water. Monooxygenases are classified into two groups, into the
monooxygenases containing cytochrome P450 and the monooxygenases containing flavin.
Both are very important in toxicology of xenobiotics (1; 2).

The system of monooxygenases having cytochrome P450 as a terminal oxidase (the
MFO system) contains at least two other components; the NADPH:cytochrome P450
reductase enzyme and the membrane lipids (1; 2; 3; 4). Another enzyme, NADH:cytochrome
bs reductase and its protein substrate, cytochrome bs, serve as facultative components of the

MFO system (1; 2).

1.1.1.1 Cytochrome P450
Cytochromes P450 (EC 1.14.14.1) represent a wide and old group of enzymes. They can be
found in bacteria, plants, animals and human. They were discovered in SOth, in microsomes. It
is a hem-containing protein that binds in its reduced form carbon monoxide and according to
absorption maximum of this complex, this enzyme was assigned as cytochrome P450 (5; 6).
Cytochrome P450 is unusual hem-containing protein, because the fifth ligand is a SH- group
of cysteine (7; 8). It is therefore called as hemthiolate protein. The sixth ligand is the molecule
of water (9). Most cytochromes P450 are localized in a membrane of endoplasmatic
reticulum. There are only 10 % of cytochromes P450 in mitochondrion (10).

Cytochromes P450 are divided into several families (> 40 % identity) and subfamilies (>
55 % identity) according to sequence homology. There are 57 genes expressing in human to
CYP protein that participate in metabolism of xenobiotics, sterols, vitamins, fatty acids or

eicosanoids (11).



1.1.1.2 NADPH:cytochrome P450 reductase

NADPH:cytochrome P450 reductase (EC 1.6.2.4) is a membrane bound flavoprotein which
participate in reduction of cytochrome P450 (12; 13). It contains FAD and FMN (14; 15).
Molecular mass is = 78 kDa. The enzyme contains many acidic amino acids (16; 17). These
acids are responsible for the interaction with cytochrome P450 and cytochrome ¢ (18; 19).
Cytochrome ¢ (20), cytochrome bs (21) and elongase (22) are also reduced by this reductase.

The transfer of electrons is direct and does not depend on superoxide anion production (22)

1.1.1.3 Cytochrome bs

Cytochrome bs is a small membrane bound protein containing six helices and 5 B-chains.
There are two domains in this protein. The first, containing hem, is localized on the cytosolic
side of membrane. The second domain is a membrane anchor. A primary task of cyt bs is
biosynthesis of lipids, especially desaturations and elongations of fatty acids. It is also a

facultative component of a cytochrome P450 reaction cycle (23).

1.1.1.4 NADH:cytochrome b; reductase

NADH:cytochrome bs reductase (EC 1.6.2.2) transfers electrons from NADH to cytochrome
bs. It is a flavoprotein that exists in two forms. One form is a membrane bound form and the
other is the soluble form. The membrane form is localised in endoplasmatic reticulum where
it participates in elongation and desaturation of fatty acids and a reaction cycle of cytochrome
P450. The soluble form, generated by alternative “splicing”, reduces methaemoglobin to

haemoglobin. It contains some lysines, which are necessary for interaction with cyt bs (24).

1.1.1.5 Reaction cycle of monooxygenase containing cytochrome P450
A monooxygenase reaction is the reaction in which one atom of oxygen is incorporated into a
substrate and the other is reduced to water. It can be described by the following equation:

RH + O, + NADPH + H* -» NADP* + ROH + H,0

A reaction cycle of cytochrome P450 is a multistep process (Fig 1). In the resting state (A)
hem iron is in a low spin ferri form. The binding of a substrate to the active centre is the first
step. Water is expelled and iron changes this form to high spin (B). One electron reduction by

NADPH:cytochrome P450 follows and the iron changes from the ferri form to the ferro form.

This complex (C) can react with an oxygen molecule and iron is again hexacoordinated (D).
Second reduction is the next step and also the rate limiting step. Electrons can be provided by

NADPH:cytochrome P450 reductase or by cytochrome bs. Superoxide anion radical is created



if the second electron is not delivered fast enough. This anion radical is transformed to
hydrogen peroxide by superoxide dismutase. The complex of cytochrome P450 with biatomic
molecule of oxygen after the second reduction (E) represents the active form of cytochrome
P450. Then two protonations and breaking of bond of the oxygen molecule follow and a
molecule of water is released (F). The second atom of oxygen is transferred to a substrate.

The oxidized substrate is released and cytochrome P450 is regenerated (1; 2; 25).
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Figure 1 Reaction cycle of cytochrome P450. Source: Meunier (25)

1.2 Benzo[a]yprene

The environmental pollutant and human carcinogen benzo[a]pyrene (C,0Hyo) (BaP) (26) is a
polycyclic aromatic hydrocarbon. It is an air and industrial pollutant and is also a component
of exhaust gas. It is also present in cigarette smoke.

Benzo[a]pyren is a genotoxic carcinogen that is able to covalently bind to DNA after its
metabolic activation (27). Benzo[a]pyrene is oxidised to many metabolites, containing
quinones, dihydrodiols and phenols (28; 29; 30; 31; 32). The BaP metabolite BaP-7,8-diol-
9,10-epoxide is a reactive metabolite responsible for generation of DNA adduct with
deoxyguanosine. The major enzyme responsible for BaP metabolism is cytochrome P450 1A1

(CYPIAL). Other cytochromes P450, mainly CYP1B1, can also oxidise BaP (33).

1.3 Ellipticine
Ellipticine (5,11-dimetyl-6H-pyrido[4,3-b]carbazol) is a plant alkaloid that was isolated in

1959 from Ochrosia elliptica (34). It exhibits antitumor activity against tumour of brain,



breast or lung. An ellipticine metabolite, 9-hydroxyllipticine was used to treat myeloid
leukaemia (35).

The mechanisms of ellipticine action included (i) ellipticine intercalation into the
double-helical structure of DNA, (ii) inhibition of topoisomerase II, (iii) the effect on p53
protein and (iv) formation of covalent adducts with DNA. The inhibition effect of 9-
hydroxyellipticine on telomerase was also found as another mechanism of the ellipticine
metabolite action (36).

Cytochromes P450 and peroxidases are able to oxidise ellipticine (37; 38; 39; 40; 41;
42; 43; 44). Cytochromes P450 generate up to five metabolites (7-hydroxy-; 9-hydroxy-; 12-
hydroxy-; 13-hydroxy-ellipticine a N*-oxid ellipticine) (37; 45; 46; 44; 43). First two
metabolites are the detoxification products, other three metabolites represent more active
forms that can form covalent adduct with DNA (39; 38; 47; 43; 44). The major ellipticine-
derived DNA adducts are generated by 12- and 13-hydroxyelliticine. N*-oxid ellipticine is re-
rearranged to 12-hydroxyellipticine, and can therefore also participate in generation of one
ellipticine-derived covalent adduct (45; 44; 43). Deoxyguanosine is a target deoxynucleoside

for covalent binding of these ellipticine metabolites (37; 44; 43).



2 Aims of this study

The primary aim of the thesis was to resolve the role of individual components of the

microsomal mixed-function monooxygenase system containing cytochrome P450, in

metabolism of xenobiotics. Of them, the environmental pollutant and a human carcinogen

benzo[a]pyrene, in addition to the plant alkaloid with antitumor effect, ellipticine, were used

as model xenobiotics. Another aim was to investigate whether rats might serve as a suitable

animal model mimicking metabolism of a studied carcinogen, benzo[a]pyrene, in humans.

The aims of the thesis are as follows:

>
>

Metabolism of benzo[a]yprene by rat and human liver microsomes

Metabolism of benzo[a]pyrene by rat and human recombinant cytochromes P450 and
the effect of cytochrome bs on this metabolism

Metabolism of benzo[a]pyrene by human cytochrome P450 1A1 expressed in
prokaryotic and eukaryotic systems

The effect of NADPH:cytochrome P450 on oxidation of benzo[a]pyrene by
cytochrome P450 1A1

Study of the effect of cytochrome bs on the reduction of cytochrome P450 during
oxidation of benzo[a]pyrene and ellipticine

Study of generation of covalent adducts of benzo[a]pyrene with DNA after its
metabolic activation by enzymatic systems metabolizing this carcinogen

The effect of cytochrome bs on generation of adducts of benzo[a]pyrene with DNA



3 Material and methods

Materials and all methods used are described in papers that are the parts of the PhD thesis
(supplements 1-5). Here, the only two methods most frequently used in the study are
described.

HPLC analyses of BaP and ellipticine metabolites

HPLC analysis of BaP metabolites generated by individual enzyme systems was performed
on a Nucleosil® C18 reversed phase column, (250 x 4 mm, 5 um; Macherey Nagel, Germany)
using a Dionex system consisting of a pump P580, a UV/VIS Detector UVD 170S/340S, an
ASI-100 Automated Sample Injector, a termobox COLUMN OVEN LCO 101 and an In-Line
Mobile Phase Degasser Degasys DG-1210 Dionex controlled with ChromeleonTM 6.11 build
490 software. HPLC conditions were: 50% acetonitrile in HPLC water (v/v), with a linear
gradient to 85% acetonitrile in 35 min, then an isocratic elution with 85% acetonitrile for 5
min, a linear gradient from 85% acetonitrile to 50% acetonitrile in 5 min, followed by an
isocratic elution of 50% acetonitrile for 5 min. Detection was by UV at 254 nm. BaP
metabolite peaks were collected and analysed by NMR and/or mass spectrometry. The
metabolite peak areas were calculated relative to the peak area of the internal standard
(phenacetine).

Ellipticine metabolites formed by human CYP3A4 in Supersomes'" were analysed by
HPLC. The column used was a 5-pm Ultrasphere ODS (4.6 x 250 mm; Beckman, Fullerton,
CA), the eluent was 64% methanol plus 36% of 5 mmol/l heptane sulfonic acid containing 32
mmol/l acetic acid in water with flow rate of 0.8 ml/minute, and detection was at 296 nm. The
metabolite peak areas were calculated relative to the peak area of the internal standard
(phenacetine).

Detection and quantification of DNA adducts

DNA from incubation mixtures was isolated by a standard phenol-chloroform extraction
method. DNA adduct analysis was performed by the nuclease P1 enrichment version of the
32P-postlabelling method, by Prof. RNDr. Marie Stiborové, DrSc, in German Cancer Research
Center in Heidelberg, as described previously (48). DNA adduct levels (RAL, relative adduct
labelling) were calculated from adduct counts per minute (cpm), the specific activity of [y-
32P]ATP and the amount of DNA (pmol) used. Results were expressed as DNA adducts/10®
normal nucleotides (nt). An external BPDE-modified DNA standard was used to identify
BaP-DNA adducts.



4 Results and discussion

Oxidation of benzo[a]pyrene by liver microsomes

Liver microsomes of control (untreated) rats and rats treated with inducers of individual
cytochromes P450 metabolised benzo[a]pyrene up to eight metabolites (BaP-9,10-
dihydrodiol, BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dione, BaP-3,6-dione, BaP-
3-ol, BaP-9-o0l and a metabolite with unknown structure). BaP-9-ol and a metabolite of
unknown structure were not formed by human hepatic microsomes. Other metabolites were
analogical to those generated by rat liver microsomes. The same BaP metabolites were also
formed by liver microsomes of mice, in which NADPH:cytochrome P450 reductase was
deleted in liver, and mice modified by a gene of human protein p53. Treatment of both mouse

models with benzo[a]pyrene increased efficiencies of their microsomes to metabolise BaP.

Analysis of metabolite of BaP in urine of mouse modified by gene of human protein p53

Several BaP metabolites were detected in urine of a mouse model modified by a gene of
human protein p53 (possessing different expression status of a p53 gene). Its quantity was the
highest in one mouse model [Trp53(+/-)]. This result does not correspond to generation of
these BaP metabolites in liver microsomes of these animals in in-vifro incubations.
Microsomes of Trp53(+/-) mice were almost analogously active to metabolize BaP as those of
animals that were not modified by a p53 gene [Trp53(-/-). This indicates that BaP metabolites

are either eliminated in more polar conjugates or are not eliminated by urine.

Oxidation of benzo[a]pyrene by recombinant cytochrome P450

Rat recombinant cytochrome P450 1A1 (CYPIA1) expressed in microsomes of insect cells
(Supersomes™) oxidises benzo[a]yprene to eight metabolites. The metabolites are the same
as those formed by liver microsomes of rats. Addition of cytochrome bs to incubation
stimulates generation of BaP metabolites. Human recombinant CYP1Al expressed in
microsomes of insect cells (Supersomy' ") generates metabolites analogical to those generated
by rat CYPIA1 except that BaP-4,5-dihydrodiol was not formed in this system (Figure 2).
Cytochrome bs stimulates generation of all BaP metabolites. Only five BaP metabolites were
generated by human CYPIAIl expressed in membranes of E. coli cells (Bactosomes).
Metabolites BaP-9,10-dihydrodiol and BaP-7,8-dihydrodiol were not formed in this system.
They were generated only after addition of epoxide hydrolase to the reaction mixture. The
amounts of BaP metabolites generated by CYP1A1 expressed in E. coli cells depend on a
molar ratio of NADPH:cytochrome P450 reductase to cytochrome P450.
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Figure 2 Amounts of BaP metabolites generated by human cytochrome P450 141 expressed in Supersomes™ and the ffect of
cyt bs on this metabolism. The values are averages and standard deviations of triplicate incubations. *P<0,05, **P<0,01,
***P<(0,001, significant differences in amounts of BaP metabolites formed, as compared to those formed by CYPIAI

without cyt bs. Student t-test.

Metabolism of benzo[a]pyrene by systems of cytochrome P450 in the presence of NADH
and the effect of cyt bs on this metabolism

Rat liver microsomes metabolise benzo[a]pyrene even if NADH is present in incubstions
instead of NADPH. The amounts of metabolites formed in the presence of NADH were
similar to their amounts generated in the presence of a coenzyme of NADPH:CYP reductase,
NADPH. NADH was found to be a worse coenzyme of NADPH:CYP reductase, but is the
coenzyme of NADH:cytochrome bs reductase. Similar to metabolism of BaP by rat CYP1AI,
this carcinogen is also metabolised by human cytochrome P450 1A1 regardless of the
presence NADPH or NADH. The addition of cytochrome bs to the incubations stimulates
generation of all BaP metabolites. Human CYP1A1 expressed in a membranes of E. coli does
not generate BaP metabolites if cytochrome bs and NADH:cytochrome bs reductase are not
present in the system. Similar results were found when human recombinant CYP1A1
reconstituted with individual components of the mixed function monooxygenase system was

used (Figure 3).
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Figure 3 Amounts of BaP metabolites generated by CYP1AI reconstituted with individual components of the monooxygenase

system. The values are averages of two parallel incubations.

Activation of benzo[a]pyrene to species forming BaP-DNA adducts in vitro

Benzo[a]yprene (BaP) is after its activation able to covalently bind to DNA. Two adducts
were formed in systems containing liver microsomes of rat, human, and all mouse models
used in a study investigating the metabolism of BaP (Fig 4 and Figure 5). One adduct, the 10-
(deoxyguanosin-N*-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-BaP  adduct  (dG-N*-BPDE,
adduct 2 in Fig 4) is generated from BaP-7,8-dihydrodiol-9,10-epoxidu (BPDE). Another
detected adduct is generated from a BaP metabolite 9-hydroxy-4,5-epoxy-BaP. These results
correspond to the results found during investigation of BaP metabolism, where all the systems

were able to oxidise BaP.

.ﬂllduduct 1
v

' £ Adduct2

Figure 4 Autoradiography of BaP-DNA adducs generated by rat liver microsomes. Adducts were analysed by the ’P-

postlabeling method.
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Figure 5 Levels of BaP-DNA adducts formed by rat liver microsomes of control animals, or animals treated with Sudan I
and BaP. Incubations contained either NADPH or NADH. The values are averages and standard deviatians of triplicate
incubations. ***P<0,001 significant difference in amounts of BaP-DNA adducts as compared to those generated by control

microsomes. Student t-test.

It was shown that epoxide hydrolase is essential for generation of adduct 2 (dG-N*-
BPDE). This correspond to its function to hydrolyse BaP epoxides
Activation of BaP by microsomal systems in the presence of NADH instead of NADPH
provides the results analogical to those found in a study investigating BaP metabolism.
Likewise, human CYPIA1l reconstituted with cytochrome bs and its reductase,
NADH:cytochrome bs, activated BaP in the presence of NADH to species forming DNA
adducts, even though this system was less efficient in formation of BaP-DNA adduct 1 than
CYPIAT1 reconstituted with NADPH:CYP reductase in the presence of NADPH (Figure 6).
Hence, all CYP1AT1 enzyme systems that were able to metabolise BaP in the presence NADH
instead of NADPH were also effective in activation of this carcinogen to generate BaP-DNA
adducts. This process depends on the presence of cytochrome bs and NADH:cytochrome bs

reductase (Fiure 6).
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Fiure 6 Generation of BaP-BaP adducts by human CYPIAIl reconstituted with NADPH:CYP reductase (CPR) or
NADH:cytochrome bs reductase (CBR) in liposomes. Incubations contained either NADPH or NADH. The values are
averages and standard deviations of triplicate incubation. ***P<0,001 significant difference in amounts of BaP-DNA
adducts formed by human CYPIAI in several system as compared to those generated by this CYP reconstituted with
NADPH:CYP reductase in the presence of only NADPH. Student t-test.

Ocxidation of ellipticine by cytochrome P450 3A4
Human CYP3A4 is one of the most efficient human CYP oxidizing ellipticine. Also this

cytochrome P450 expressed in Supersomes'" is capable of oxidizing ellipticine in the

presence of NADH instead of NADPH, particularly in the presence of cyt bs.



5 Conclusion

Results found in this thesis show that CYPI1A1 (oxidative detoxification and activation of
BaP) can provide electrons not only with NADPH and NADPH:CYP reductase but also with
NADH, NADH:cytochrome bs reductase and cytochrome bs in both reduction steps. The most
important results found in the thesis are as follows:

» Microsomes isolated from rat liver metabolise benzo[a]pyrene to eight metabolites
(BaP-9,10-dihydrodiol, BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dione,
BaP-3,6-dione, BaP-3-0l, BaP-9-0l and a metabolite with unknown structure) and
activate it to species forming BaP-DNA adducts

» The most effective rat and human cytochrome P450 catalyzing such metabolism of
BaP is CYP1A1

» Formation of dihydrodiols of BaP and the 10-(deoxyguanosin-N*-yl)-7,8,9-
trihydroxy-7,8,9,10-tetrahydro-BaP adduct depends on the presence of another
enzyme of a membrane of endoplasmic reticulum, epoxide hydrolase

» Cytochrome bs stimulates metabolism of BaP and formation of BaP-DNA adducts
catalyzed by most tested cytochromes P450

» An increase in concentrations of NADPH:CYP reductase added to human CYP1A1
increased BaP metabolism by this enzyme

» Cytochrome bs can provide both electrons to reduce cytochrome P450 in its reaction
cycle (in both reductions) if its reductase, NADH:cytochrome bs, is present

» Treatment of mouse and rat experimental models with BaP stimulates their ability to

metabolise benzo[a]pyrene and to activate it to form BaP-DNA adducts

The results found in this thesis demonstrate that reduction of CYPIAL in its reaction cycle,
namely in the reactions, where BaP is both detoxified and activated, can be mediated not only
by a transfer of electrons from NADPH catalyzed by NADPH:CYP reductase, but also from
NADH, by the system of cytochrome bs and its reductase, NADH:cytochrome bs. They
demonstrate that NADH in this system can act as a sole electron donor for both the first and

second reduction of CYP1AT1 during BaP oxidation in vitro.

The PhD thesis contains the original scientific results. A part of these results has already been
published in four full papers in scientific journals with impact factor. Another paper has been
submitted (see List of publications). Further publications containing other results that were

presented as posters at congresses and symposiums are now in preparation.
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