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Prace te dedykuje Janowi Pawtowi Drugiemu,
ktory miat odwage poswiecic¢ swoje Zycie odkrywaniu

prawd absolutnych.

Panom Profesorom, Ryszardowi Olinskiemu i Kazimierzowi
Kasprzakowi, skfadam serdeczne podziekowania za wszechstronng
pomoc, obdarzenie mnie wielkim zaufaniem i swobodg tworczq, ktora
pozwolita mi osiggngé ,,naukowg Samodzielnos¢” na diugo przed

powstaniem tej rozprawy.






Od autora

Publikacje naukowe rzadko stwarzaja sposobnos¢ do dzielenia sie
spostrzezeniami natury osobistej. Tym skwapliwiej korzystam z unikalnej
okazji, jaka daje szczegélna forma rozprawy habilitacyjnej, by W skrocie
opowiedzie¢ jak doszto do jej powstania.

Praca ta stanowi publikacyjny zapis cz¢$ci moich eksperymentalnych
zmagan zmierzajacych do rozwiklania tajemnic fascynujacego biatka MTHI,
jego fizjologicznej roli, znaczenia w procesie nowotworzenia oraz regulacji jego
aktywno$ci enzymatycznej. Jej powstanie bylo mozliwe dzigki skojarzeniu
mojej fascynacji tematem ze szczgsliwymi zbiegami okolicznosci, ktore
pozwolilty mi spotka¢ na zawodowej drodze ludzi madrych, serdecznych i
tolerancyjnych.

Moje =zainteresowania enzymologiczne s3 w caloSci zastuga
niedo$cignionego Mistrza, Pana Doktora Antoniego Leznickiego z Zaktadu
Biochemii Uniwersytetu Mikotaja Kopernika w Toruniu, ktéry nadajgc mi
magisterskie szlify w latach 1989-1992, udzielit mi niezapomnianej lekcji
naukowej charyzmy, rzetelnosci, kreatywnosci 1 uczciwosci. Gwoli Scistosci,
lekcja ta ciggle trwa i1 nie spodziewam si¢, abym chcial z niej dobrowolnie
zrezygnowac.

Jako samodzielny eksperymentator rozwinagtem skrzydta w Katedrze
Biochemii Klinicznej, Akademii Medycznej w Bydgoszczy, w ktorej miatem
szczescie zostaC zaangazowany W 1992 roku przez Pana Profesora Ryszarda
Olinskiego. Jest to miejsce szczegdlne, w ktérym obtudzie, nieszczerosci,
proznosci i marazmowi nie udato si¢ zakorzeni¢ dzigki wielkiemu wysitkowi
catego zespotu. Do dnia dzisiejszego stanowi ono dla mnie azyl, ktory pozwala
na przynajmniej cze$ciowe odizolowanie si¢ od chaosu i1 mizerii Swiata
zewnetrznego, oferujgc na ostode nieskrgpowang swobode tworcza i rodzinng
atmosferg. Atmosfery takiej nie udatoby si¢ nigdy wykreowaé bez wyjatkowej
osobowosci Pana Profesora Olinskiego. Wtasnie w tym miejscu, zeglujac 11 lat
temu po oceanie wolnorodnikowej literatury biomedycznej, natknaglem si¢ na
przetomowe publikacje japonskich badaczy poswiecone antymutagennej funkcji
bakteryjnego biatka MutT i jego ludzkiego homologu, nazwanego MTH1. Jako
cztowiek uprzednio zarazony enzymologiczng pasjg natychmiast zapatatem
wielkg ochotg, by poswieci¢ kolejne lata mojego zycia zawodowego temu
wlasnie enzymowi. Biatko to, jako straznik wiernosci kopiowania informacji
genetycznej, wydato mi si¢ niezmiernie istotne dla najwazniejszych procesow



biologicznych, ktoére stanowiag esencj¢ zycia. Nie mniej stymulujacy byt dla
mnie fakt, iz Swiatowa literatura dotyczaca rodziny genéw MutT i kodowanych
przezen enzyméw zamykala si¢ poddéwczas skromng liczbg 25 publikacii,
pomimo ze po raz pierwszy istnienie antymutagennego genu MutT postulowano
juz w roku 1954. Pierwsze kroki, koncentrujace si¢ glownie na opracowaniu
wlasnej metodologii badan nad enzymem, wykonatem w potowie lat
dziewigédziesiatych.

Po obronie pracy doktorskiej w lutym 1997 roku taskawy los pozwolil mi
spedzi¢ trzy lata pod skrzydtami Pana Profesora Kazimierza Kasprzaka,
kierownika Sekcji Metali w Laboratorium Karcynogenezy Poréwnawczej,
Narodowego Instytutu Raka we Frederick (Maryland, USA). Potaczyta nas
wspolna pasja, jakg jest odkrywanie tajemnic biatka MTHL1. Pasja ta stala si¢
podstawg bardzo owocnej wspotpracy, ktora trwa nieprzerwanie od roku 1997.
Wigkszos$¢ eksperymentow stanowigcych zrab tej rozprawy mogla zostac
przeprowadzona w prezentowanym ksztatcie dzigki doskonatym warunkom,
jakich bylo mi dane do$wiadczy¢ w okresie pracy w Narodowym Instytucie
Raka.

Po dziesigciu latach pracy eksperymentalnej oraz wczytywania si¢ w
osiggniecia innych badaczy, ilo$¢ pytan i nierozwigzanych zagadek dotyczacych
biatka MTH1 wzrosta w mojej glowie nieproporcjonalnie do ilosci poznanych
odpowiedzi. Spodziewalem si¢ tego i pocieszam si¢, ze stan taki jest jedynym
przewidywalnym rezultatem prowadzenia rzetelnej dziatalnosci naukowe;.
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W sklad jednotematycznego cyklu publikacji stanowiacego niniejsza
rozprawe habilitacyjna wlaczono nastepujace artykuly:

Kolejno$¢ i numeracja artykutow nie sa chronologiczne, poniewaz zostaty
podporzadkowane strukturze logicznej rozprawy.
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I. WSTEP

Rozprawa ta dotyka jednego z najistotniejszych, immanentnych
fenomendéw zycia na Ziemi, a mianowicie zdolnos$ci do wiernego przenoszenia
w czasie genetycznej informacji 0 budowie i funkcjonowaniu organizméw.
Wierno$¢ kopiowania informacji genetycznej jest podstawg zachowania
tozsamos$ci gatunkowej organizméw oraz prawidlowego funkcjonowania
osobnikéw kolejnych generacji. Z drugiej strony wiemy jednak, ze absolutna
doktadno$¢ w kopiowaniu tej informacji nie jest zjawiskiem ani mozliwym do
osiggniecia, ani pozadanym z punktu widzenia zycia jako takiego, ktdérego
nadrzednym ,,celem biologicznym” wydaje si¢ by¢ samo trwanie. Sprobujmy
sobie wyobrazi¢ praktyczne konsekwencje funkcjonowania dwu skrajnych,
przeciwstawnych modeli powielania informacji genetycznej, z ktorych jeden
zasadzalby si¢ na absolutnej wiernosci replikacji DNA, drugi za§ na znacznym
uposledzeniu tejze. Model pierwszy uniemozliwiatby zjawisko ewolucii,
procesOéw specjacji, mikroewolucji przystosowawczej oraz wewnatrzgatunkowe;j
zmiennosci osobniczej, poniewaz kazdy zywy organizm potomny (jedno- czy
wielokomorkowy) musiatby stanowi¢ idealnie wierng kopie osobnika
poprzedniej generacji. Sitg rzeczy na nic zdatyby si¢ rowniez powszechne w
przyrodzie procesy pilciowe, jako metoda na kreowanie wewngtrzgatunkowe;j
zmienno$ci osobniczej. Malo tego, intuicja podpowiada nam, iz w takich
warunkach powstanie ogromnej réznorodnosci form zycia na ziemi byloby z
gruntu niemozliwe.

Konsekwencje  funkcjonowania drugiego teoretycznego modelu
powielania informacji genetycznej bylyby rowniez bardzo drastyczne. Z
filogenetycznego punktu widzenia stabilne istnienie gatunkéw organizmoéw
zywych w przyrodzie byloby raczej wykluczone. W warunkach niskiej
stabilnosci informacji genetycznej niemozliwy bytby nawet prawidtowy rozwoj
ontogenetyczny organizméw  wielokomorkowych, ktory w  przypadku
kregowcoOw wymaga zajScia wielu bilionéw podziatéw komoédrkowych
poczawszy od chwili pierwszego podziatu zaptodnionej komorki jajowej az do
chwili naturalnej $mierci organizmu. Funkcjonowanie przyrody ozywionej na
naszej planecie przypomina wigc kroczenie po cienkiej linie, odzwierciedlajace;j
waskie granice tolerancji w zakresie wierno$ci przenoszenia informacji
genetycznej w nieustajacej sztafecie komorek macierzystych i potomnych.

Jesli porownamy ten proces do benedyktynskiej pracy przepisywania
ksiag w czasach $redniowiecznych, tatwo zrozumiemy jak wiele czynnikow
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moze wptywac na podobienstwo kopii I oryginatu. Na przyktad: czytelnosé¢
samego oryginatu, jako$¢ uzytego atramentu, pioéra 1 papieru, zdolnos¢
rozumienia tekstu przez przepisujacego, kondycja jego narzadu wzroku, jego
zdolno$ci psychomotoryczne, stopien koncentracji... I tak mozna by je mnozy¢
niemal w nieskonczonos$¢, poczynajac od powyzszych, najbardziej oczywistych
czynnikow, a konczac na tak iluzorycznych, jak chociazby ,,niezamierzony”
btad literowy. Nie inaczej rzeczy maja si¢ W przypadku kopiowania informacji
genetycznej, nieodzownie poprzedzajacej kazdy podzial komoérkowy. Tutaj
roOwniez zasadniczg role odgrywa stan matrycowego DNA, ktory jest nieustannie
uszkadzany przez ogromny wachlarz czynnikow chemicznych 1 fizycznych
przedostajacych si¢ do komorki ze srodowiska, jak 1 tych powstajagcych w
komorce. Oczywista role w utrzymywaniu wiernosci kopiowania DNA ma
efektywnos$¢ wszystkich systemoéw naprawy DNA, ktore utrzymujac matryce w
dobrej kondycji zapobiegaja powstawaniu wszelkiego typu mutacji punktowych
1 aberracji chromosomowych. Bardzo wazng rol¢ odgrywa réwniez dostgpnos¢
substratow dla syntezy DNA w komorce, trifosforanow deoksynukleozyddow,
wzajemne stosunki ich st¢zen oraz ich nienaruszona struktura chemiczna, o
czym bedzie mowa dalej. W sposdb najoczywistszy na wiernos¢ replikacji DNA
wplywaja polimerazy DNA, enzymy katalizujagce synteze komplementarnych
nici DNA na bazie nici matrycowych oraz zdolno$¢ polimeraz (oraz szeregu
innych wyspecjalizowanych biatek) do korekcji ewentualnych btednych par
nukleotydowych powstatych w procesie replikacji. Autor tej rozprawy nie ma
ambicji usystematyzowanego przedstawienia ogromu czynnikéw wplywajacych
na wierno$§¢  przenoszenia informacji  genetycznej. llos¢  danych
eksperymentalnych zgromadzonych przez ludzkos¢ w tym zakresie juz dawno
przekroczyta mozliwos$ci percepcyjne pojedynczego cztowieka.

Cho¢ ograniczona stabilnos¢ informacji genetycznej niesionej przez
genom jest zrédlem ewolucyjnych zdolnos$ci przystosowawczych przyrody
ozywionej, niesie jednak ze sobg wielkie zagrozenia dla zycia poszczegolnych
osobnikow. Niestabilno$¢ ta jest bowiem odpowiedzialna nie tylko za
genotypowe 1 fenotypowe zrdéznicowanie osobnikoOw tego samego gatunku, ale
rowniez za choroby o podlozu genetycznym, w tym nowotworowe.
Transformacja nowotworowa komorki jest nieodtagcznie zwigzana z akumulacja
mutacji w genach strategicznie waznych dla utrzymania komorki w rygorach
narzucanych jej przez organizm jako cato$¢. Poniewaz walka ze zmorg choréb
nowotworowych stata si¢ bodaj najwigkszym medycznym wyzwaniem naszych
czasOw, naturalny wydaje si¢ burzliwy rozw6j badan naukowych nad



molekularnymi mechanizmami utrzymywania integralnosci genomu w komorce.
Jedna z grup czynnikéw chemicznych wywotujacych niestabilno$¢ genetyczng
sg reaktywne formy tlenu, ktére poprzez oksydacyjne reakcje wolnorodnikowe
uszkadzajg DNA, prowadzac m.in. do modyfikacji chemicznej zasad azotowych
oraz pojedynczych i podwojnych peknie¢ helisy DNA. Szereg modyfikacji DNA
takiego typu powoduje powstawanie mutacji, do ktérych dochodzi w procesie
powielania informacji genetycznej (replikacji DNA), poprzedzajacym kazdy
podzial komorki. Uszkodzeniom oksydacyjnym podlegaja nie tylko kwasy
nukleinowe, ale rowniez substraty do ich syntezy, 2'-deoksynukleozydo-5'-
trifosforany, ktorych zasady azotowe mogg rowniez podlegaé oksydacyjnym
modyfikacjom. Niektore z tak zmodyfikowanych nukleotydéw wykazuja
wlasciwosci mutagenne z powodu ich zdolnosci do nietypowego parowania z
roznymi zasadami matrycowej nici DNA. Polimerazy DNA inkorporuja
uszkodzone oksydacyjnie nukleotydy do nowosyntetyzowanych nici DNA na
podobienstwo koni trojankich, ktore ujawniajg swoj zdradziecki potencjat
podczas kolejnych rund replikacyjnych. Oczywiscie organizmy zywe nie
pozostaja bezbronne wobec zagrozen zwigzanych z metabolizmem tlenowym,
dysponujac orezem w postaci skomplikowanego, wielopoziomowego systemu
obrony antyoksydacyjnej. Jednym z licznych obroncow komorki przed zgubnym
dzialaniem reaktywnych form tlenu jest bakteryjne biatko enzymatyczne MutT,
ktorego homologi funkcjonalne w komorkach eukariotycznych opatrzono
skrétowg nazwg MTH1. Cechg wspdlng tych bialek jest (poza pewng homologia
sekwencji aminokwasowej 1 struktury przestrzennej) zasadnicza rola jakg zdaja
si¢ petni¢ w komorce, polegajaca na degradacji uszkodzonych oksydacyjnie
trifosforanéw deoksynukleozydow purynowych. Dzigki jego aktywnosci
enzymatycznej, komorkowa pula wolnych nukleotydoéw jest oczyszczana z
mutagennych substratow dla syntezy DNA, co przyczynia si¢ do utrzymywania
niskiej czestosci mutacji punktowych. Biatko to jest wiec jednym z licznych
straznikOw wiernosci kopiowania informacji genetycznej. Wtasnie biologiczne]
roli biatkka MTHI1, regulacji jego enzymatycznej aktywnosSci oraz jego znaczeniu
w procesach nowotworowych poswiecona jest ta rozprawa.

Zanim jednak zapoznam Czytelnika ze szczegdélowymi celami
przeprowadzonych przeze mnie badan, pozostawiam GO sam na sam z lekturg
pracy przegladowej, ktéra wprowadzi w zagadnienie na sposob bardziej
naukowy 1 przedstawi fascynujacg histori¢ badan nad tym enzymem od roku
1954 do roku 1996, w ktorym stat si¢ on niepodzielnie moja zawodowa pasja.
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IlI-1. Rodzina genéw mutT
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V. Uwagi konicowe

Wykaz stosowanych skrétéw: 8-oxodG — 8-oksy-2'-deok-
syguanozyna; 8-oxodGMP — 8-oksy-2'-deoksyguanozyno-
-5-monofosforan; 8-0x0dGDP — 8-oksy-2’-deoksyguano-
zyno-5'-difosforan; 8-oxodGTP — 8-oksy-2-deoksyguano-
zyno-5’-trifosforan; dG — deoksyguanozyna; CTP — cyty-
dyno-5'-trifosforan; dCTP — deoksycytydyno-5'-trifosforan;
UTP — urydyno-5'-trifosforan; dUTP — deoksyurydyno-5'-
-trifosforan; ATP — adenozyno-5-trifosforan; ADP — ade-
nozyno-5'-difosforan; dATP — deoksyadenozyno-5-trifos-
foran; dTTP — tymidyno-5'-trifosforan; GTP — guanozy-
no-5-trifosforan; GDP — guanozyno-5-difosforan; RFT
— reaktywne formy tlenu

1. Wstep

Zagadnienia zwigzane z destruktywnym wplywem
reaktywnych form tlenu (RFT) na organizmy staty sie
w ostatnich latach obiektem szeroko zakrojonych
i intensywnych badan. Omowienie zagadnien zwiaza-
nych z powstawaniem i reaktywnoscia roznych RFT in
vivo, znajdzie czytelnik Postgpéw Biochemii w dwu
pracach Liczmanskiego [1,2]. Jednym z najnie-
bezpieczniejszych efektow dziatania RFT w komorce
sa uszkodzenia DNA. Znaczenie oksydacyjnych
uszkodzen zasad DNA przez reaktywne formy tlenu

! Dr, 2 prof. dr hab., Katedra i Zaklad Biochemii Klinicznej,
Akademia Medyczna im. L. Rydygiera, ul. Karlowicza 24,
85-092 Bydgoszcz.
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oraz procesy naprawy tych uszkodzen byly juz opisane
na tamach Postepow Biochemii [3, 4].

8-Oksyguanina jest jednym z najlatwiej powstaja-
cych i najgruntowniej przebadanych produktow mo-
dyfikacji zasad DNA przez reaktywne formy tlenu.
Najlepiej rozpoznanym czynnikiem powodujacym
przeksztalcenie guaniny w 8-oksyguanineg jest rodnik
hydroksylowy. Potencjalne mechanizmy takiej reakcji
przedstawiono na rycinie 1. Pierwszy z tych mechaniz-
moéw zaklada bezposrednie formowanie adduktu rod-
nika hydroksylowego z guanina w pozycji C8, drugi
za$, jako etap poczatkowy zaklada oderwanie elektro-
nu od czasteczki guaniny pod wplywem rodnika
hydroksylowego. Nalezy zaznaczyc, iz do poczatkowe-
go oderwania elektronu z czasteczki guaniny (Ryc. 1,
Schemat 2) moze dochodzi¢ nie tylko pod wplywem
rodnika hydroksylowego, ale takze na skutek jonizacji
spowodowanej oddzialywaniem kwantu promienio-
wania jonizujacego lub na skutek kontaktu z rownie
silnym jak rodnik hydroksylowy utleniaczem, np.
rodnikiem ferrylowym lub nadferrylowym [5, 6]. Poja-
wily si¢ takze dane przemawiajgce za tym, iz takie
oderwanie elektronu z czgsteczki Gua moze zachodzié
pod wplywem fotouczulaczy w reakcji fotouczulania
typu I [7-9].

Kolejnym czynnikiem zdolnym do wprowadzenia
oksydacyjnej modyfikacji guaniny w pozycji C8 jest
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Schemat 1
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Ryc. 1. Potencjalne mechanizmy
powstawania 8-oksygua-
niny pod wplywem rodni-
ka hydroksylowego.

“OH >

e o I

N
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Schemat 2
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Pierwszy z proponowa-
nych mechanizméw (sche-
mat 1) zaklada utworzenic
przejsciowego  adduktu
guaniny i rodnika hydro-
ksylowego, ktory na sku-
tek utlenienia przeksztalca
si¢ w 8-oksyguaning. Dru-
gi mechanizm (schemat 2)
zaklada oderwanic clek-
tronu od czasteczki guani-
ny przez rodnik hydroksy-
lowy z wytworzeniem czg-
steczki wody i kationorod-
nika guaniny, ktory w poz-
nicjszym ectapie reaguje
z czysteczka wody i ulega
przeksztatceniu do 8-oksy-
guaniny w procesie utle-
nienia.

tlen singletowy — 'O, [10-15]. Najprawdopodobniej
reakcja reszty guaniny z tlenem singletowym zachodzi
z wytworzeniem przejsciowego 4,8-endonadtlenku,
ktory szybko ulega rozpadowi. Dwa mozliwe szlaki
prowadzace do powstania 8-oksyguaniny w reakcji
z 'O, przedstawiono na rycinie 2. Niektorzy autorzy
sugeruja rowniez mozliwos¢ odrywania elektronu od
reszty guaniny przez tlen singletowy z wytworzeniem
kationowego rodnika guaniny i anionorodnika po-
nadtlenkowego (Gua+'0, —»Gua®+0,%") [16].
W takiej sytuacji oksydacja do 8-oksyguaniny za-
chodzitlaby wedlug schematu 2 przedstawionego na
rycinie 1.

II. 8-Oksy-2’-deoksyguanozyno-5’-trifosfo-
ran — mutagenny substrat w procesie
syntezy DNA

Oksydacyjna modyfikacja guaniny w pozycji C8
moze zachodzi¢ nie tylko w obrebie kwasow nuk-
leinowych, ale rownie dobrze moze dotyczy¢ reszt
guaniny wchodzacych w sklad wolnych nukleozydow
i nukleotydow komoérkowych. Wykazano, ze produkt
modyfikacji dGTP-8-0xodGTP jest substratem poli-
meraz DNA, inkorporujacych 8-oxodGMP do nowo-
syntetyzowanych nici DNA [17, 18]. Taka inkorpora-
cja zmodyfikowanego nuleotydu do DNA jest zrodlem

Xy =X — X

Schemat 1

Ryc. 2. Proponowane mechanizmy

modyfikacji guaniny przez

H M H tlen singletowy, prowadzy-

Y N cej do powstania 8-oksygu-
/g“ >-° e——— gu OH aniny.

H,N ) H,N h Pierwszym produktem rea-

keji  tlenu  singletowego
z guaning jest nictrwaly

0 = oy — or-
!

Schemat 2

4.8-endonadtlenek  guani-
ny. Schemat 1 zaklada poz-
niejsze przeksztalcenie en-
donadtlenku w 8-wodoro-
nadtlenek guaniny, ktory
ulega rozpadowi do 8-ok-
syguaniny. Schemat 2 za-

*+ M) klada przeksztalcenie 4,8-
o -endonadtlenku guaniny do

H H 4-hydroksy-8-oksyguaniny,
L LA
HN H |

i odlgczenia czasteczki wo-
dy ulega przeksztalceniu do
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Ryc. 3. Struktura par A) 8-0xodG:dA i B) 8-0x0dG:dC wystepuja-
cych w dwuniciowym B-DNA.
pOzniejszych mutacji, w efekcie mozliwosci parowania
8-oksyguaniny nie tylko z cytozyng, ale i z adening
(Ryc. 3). Niezwykle sugestywny eksperyment demonst-
rujacy t¢ grozna wiasciwos¢ 8-oxodGTP zostal prze-
prowadzony przez Chenga i wsp.[17]. Wykorzys-
tano dwuniciowy, kolisty DNA z polinukleotydowa
luka w jednej z nici. Luke t¢ wypelniono uzywajac
polimerazy DNA I z E. coli oraz dTTP, dCTP, dATP
i 8-0xodGTP zamiast dGTP. Tak przygotowanym

plazmidem transformowano komorki E. coli, w kto-
rych ulegat on replikacji w trakcie proliferacji komorek
bakteryjnych. Po pewnym czasie analizowano ilosé
powstalych mutacji w obrebie uzupetnionej luki wpro-
wadzonego plazmidu. Az 16% zanalizowanych przy-
padkow wykazywato obecno$¢ mutacji punktowych
w obregbie tego fragmentu plazmidu. Transwersje typu
AT = CG stanowity 97% tych mutacji, a 3% transwer-
sie GC = TA. Najbardziej prawdopodobnym wytiu-
maczeniem zaobserwowanych transwersji AT = CG
jest inkorporacja 8-oxodGMP na przeciw adeniny
zlokalizowanej w nici matrycowej. Proponowany me-
chanizm powstawania tej transwersji pod wplywem
8-0xodGTP przedstawiono na rycinie 4. Drugi rodzaj
transwersji obserwowanych w tym eksperymencie
(GC=TA), to taka sama mutacja, jaka powoduje
pojawienie si¢ 8-oksyguaniny w matrycy na skutek
bezposredniej modyfikacji oksydacyjnej DNA. Poten-
cjalny mechanizm prowadzacy do powstawania tego
typu mutacji pod wplywem 8-0xodGTP jako sub-
stratu polimerazy zostal przedstawiony na rycinie S.

Pavlov i wsp. [19] wykazali, ze 8-0xodGTP jest
substratem takze innych polimeraz DNA. Przeprowa-
dzajac eksperymenty wedtug koncepcji opisanej przez
Chenga i wsp. (lecz stosujac jako substraty do
syntezy rownomolowe stezenia dTTP, dCTP, dATP,
dGTP i 8-0xodGTP) dowiedli oni, ze nastgpujace
polimerazy DNA wprowadzaja 8-0xodGMP (z 8-o-
xodGTP) naprzeciwko adeniny wywolujgc transwersje
typu AT = CG: polimeraza DNA I (E coli), termo-
stabilna polimeraza DNA z Thermus thermophilus,
polimeraza DNA faga T4, polimeraza DNA y (mito-
chondrialna) z embrionow kurzych.

Pierwsza runda replikacyjna
A A
(POL) > I
ceeeeeeeee> 8-0x0dGTP G°
Druga runda replikacyjna
G°. G°
(POL) => I
ssssssunnssss +JCTP *Cren (2]
Trzecia runda replikacyjna
(POL) => I
’Il!l"l’l'l’.l)'l’”ll"’> +dGIT G

Ryc. 4. Prawdopodobny mechanizm powstawania transwersji AT =>CG pod wptywem 8-oxodGTP.

Z uwagi na zdolnos¢ blednego parowania, 8-0xodGTP moze zostaé inkorporowany przez polimerazg¢ do syntetyzowanej nici DNA (w
postaci monofosforanu) na przeciw adeniny znajdujgcej si¢ w nici matrycowej. Dochodzi do powstania dwuniciowego DNA
posiadajacego bigdna parg adenina : 8-oksyguanina. Jcsli blad ten nic zostanic skorygowany przcz cnzymy naprawy DNA, to w kolc_]nq
rundzie replikacyjnej na przeciw matrycowej 8-oksyguaniny polimeraza DNA wprowadzi¢ moze dCMP do syntetyzowanej nici, co
prowadzi do wytworzenia dwuniciowego DNA zawicrajacego bledng par¢ 8-oksyguanina : cytozyna. Cytozyna ta pojawia sig¢ wigc
w miejscu, gdzie oryginalnic w sekwencji znajdowala si¢ adenina. Trzecia runda replikacyjna prowadzi wigc do powstania czgsteczki
dwuniciowego DNA, zawicrajacej mutacje punktowa (AT = > CG).

(POL) — polimeraza DNA, G° — reszta 8-oksyguaniny, C — reszta cytozyny, G — reszta guaniny, A — reszta adeniny.
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Pierwsza runda replikacyjna

C C
(POL) - I
e+ 8-0X0dGTP G°
Druga runda replikacyjna
G° G°
(POL) - I
seeenereeess +JATP A
Trzecia runda replikacyjna
A L] A [ T11]
(POL) - I
"l"")lll""’ll""> +dm T

Ryc. 5. Prawdopodobny mechanizm powstawania transwersji GC= >TA pod wplywem 8-0x0dGTP.
8-0xodG TP moze zosta¢ wprowadzony przez polimeraze (POL) do syntetyzowanej nici DNA na przeciw cytozyny znajdujacej si¢ w nici
matrycowej. Prowadzi to do powstania dwuniciowego DNA zawierajacego parg cytozyna : 8-oksyguanina. Jezeli 8-oksyguanina nie
zostanie usunigta przez enzymy naprawy DNA, to po replikacji nici zawierajacej 8-oksyguanine doj&¢ moze do powstania dwuniciowego
DNA zawierajacego bledna pare 8-oksyguanina : adenina. Adenina pojawia si¢ wigc w miejscu, gdzic pierwotnie w sekwencji znajdowata
si¢ guanina. Kolejny proces replikacji prowadzi do powstania dwuniciowej czasteczki DNA obarczonej mutacja punktowa

(GC=>TA).

III. Enzymatyczny system obrony organiz-
moéw przed mutagennym wplywem ok-
sydacji dGTP w pozyciji C8: pirofosfohyd-
rolaza 8-oxodGTP

W 1954 roku Treffers i wsp. otrzymali lini¢ zmuto-
wanych komorek E.coli, charakteryzujaca si¢ wysoka
czesto$cia mutacji spontanicznych w porownaniu do
komorek dzikiej linii i postulowali istnienie genu
odpowiedzialnego za te ceche, ktory nazwali mutT
[20]. W ten sposob odkryto pierwszy tzw. gen mutato-
rowy u E. coli. Dwanascic lat pdznicj Yanofksy
i wsp. wykazali, iz wysoka niestabilnos¢ genetyczna
linii mutT zwigzana jest z podwyzszeniem czgstos$ci
wystepowania tylko jednego rodzaju mutacji punk-
towych, mianowicie transwersji typu AT = CG [21].
W celu zidentyfikowania biologicznych funkcji produ-
ktu genu mutT dzikiej linii, gen ten sklonowano, jego
produkt biatlkowy nazwany biatkiem MutT (129 reszt
aminokwasowych, 14.9 kDa) oczyszczono do stanu
homogennosci i zidentyfikowano jako fosfohydrolaze
osmiu podstawowych trifosfonukleozydow wystepuja-
cych w komorkach (dCTP, GTP, dTTP, UTP, dCTP,
CTP, dATP, ATP), o wyraznej preferencji wobec
dGTP [22]. Porownanie sekwencji zmutowanego
i dzikiego genu mutT wykazalo, iz mutacja tego genu
polega na insercji tzw. elementu IS1 [23]. Biatko MutT
(produkt genu dzikiego) katalizuje reakcj¢ hydrolizy
trifosfonukleozydow do monofosfonukleozydoéw i pi-
rofosoranu [24]. Niedlugo potem pirofosfataza ta
zostala wykrystalizowana [25], co dalo poczatek wni-
kliwym badaniom struktury enzymu. Rok 1991 do-
starczyt wielu danych na temat wlasciwosci katalitycz-
nych odkrytej pirofosfazaty [24]. Wyznaczono op-
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timum pH (pH 9.0) dla katalizowanej reakcji i wykaza-
no jej catkowity zalezno$¢ od jonow magnezu (w
obecno$ei innych dwuwartosciowych jonow metali,
jak Mn2*, Zn2*, Ca2*, aktywno$¢ nie przekraczala
15% aktywnosci uzyskiwanej z jonami Mg2*). Grun-
towna analiza specyficznosci substratowej z uzyciem
wszystkich osmiu kanonicznych trifosfonukleozydow
oraz ich pochodnych wykazala, ze najlepszymi sub-
stratami biatka MutT sa kolejno dGTP(K, = 1.5
mM) > > GTP > dUTP > dCTP (2.2 mM). Badania
te wskazaly, ze szczegOlnie istotng cecha dobrego
substratu biatka MutT jest obcenosé grupy 6-keto
i 2-amino w pierscieniu purynowym oraz deoksyrybo-
za wyst¢pujaca w nukleotydzie. Wykazano ponadto, ze
wszystkie 8-bromopochodne trifosfonukleozydow pu-
rynowych (8-Br-dGTP, 8-Br-GTP, 8-Br-dATP, 8-Br-
-ATP) sa zdecydowanie lepszymi substratami biatka
MutT niz odpowiednie zwiazki wyjsciowe. Na tym
etapie badan sformutowano rowniez pierwsze hipotezy
dotyczace antymutagennego dziatania biatka MutT.
Istnialy juz pewne przestanki na temat mechanizmu
transwersji AT = CG powstajacych z duza czgstoscia
w mutantach mutT E. coli. Przepuszczano, ze trans-
wersje te sa efektem blednego parowania (ang. mis-
match) adeniny w nici matrycowej, z dGTP inkor-
porowanym do nici syntetyzowej (A: T - A~G - C: G).
Wczesniejsze doniesienia sugerowaly, ze guanina spa-
rowana z adenina w obrebie dwuniciowego fragmentu
polinukleotydowego przyjmuje konformacj¢ syn
wzgledem deoksyrybozy. Postulowano wigc, ze rola
biatka MutT jest hydroliza tych czasteczek dGTP,
ktore przybraty konformacijg syn, by uniemozliwic ich
wprowadzanie do DNA na przeciw adeniny. Hipoteze
te wspieral mocno wspomniany wczesniej fakt, iz
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bromowanie purynowych trifosfonukleozydow w po-
zycji C8 czyni je lepszymi substratami biatka MutT,
a jak bylo wiadomo, bromowanie takie wymusza
konformacj¢ syn w obrgbie modyfikowanego nukleo-
tydu. Rok 1992 nieoczekiwanie dostarczyl rewelacyj-
nych odkry¢ w tym zakresie. Maki i Sekiguchu
(1992) donosza o swoich badaniach nad antymu-
tagennym dzialaniem bialka MutT [18]. Badali
oni inkorporacj¢ znakowanego dGTP do matrycy
poli(dA)/oligo(dT) pod wptywem polimerazy III E. coli
i potwierdzili wczesniejsze spostrzezenia, ze niewielkie
ilosci znakowanego dGMP s3 wprowadzane do nici
syntetyzowanej na matrycy poli(dA). Enzym MutT
dodany do medium, w ktérym zachodzita replikacja
hamowat catkowicie t¢ inkorporacje. Wykonano ana-
lize chromatograficzna nukleotydéw wchodzacych
w sklad zsyntetyzowane;j nici i okazalo si¢, ze radioak-
tywnos¢ niesiona przez nia nie nalezy wcale do dGMP,
a do zwiazku zidentyfikowanego jako 8-oxodGMP.
Otworzylo to nowy etap w badaniach nad biatkami
MutT i przyciagneto uwage wielu badaczy zajmuja-
cych si¢ stresem oksydacyjnym, a szczegOlnie ok-
sydacyjnymi uszkodzeniami DNA. Jak dowiedli Maki
i Sekiguchu, MutT posiada bardzo wysokie powino-
wactwo do 8-0xodGTP (K, = 0.4 uM!). Pozwala to
sadzi¢, ze jego rola polega na hydrolizowaniu tego
nukleotydu w celu uchronienia komorki przed muta-
gennymi skutkami jego wprowadzenia do DNA. Dla
pordwnania, oznaczone przez nich wartosci K, wobec
innych nukleotydow wynosity: dla dGTP — 1.2 mM,
dTTP — 1.8 mM, dCTP — 1.7 mM, GTP 1.2 mM.
8-OxodGTP jako substrat posiada wszystkie prefero-
wane przez MutT cechy: grupe 6-keto i 2-amino
pierscienia purynowego, deoksyryboze i konformacje
syn wokol wiazania N-glikozydowego, wymuszong
przez atom tlenu w pozycji C8. Badania ostatnich 3 lat
prowadzone technikami krystalograficznymi, a przede
wszystkim metodami wielowymiarowego jadrowego
rezonansu magnetycznego doprowadzily do szczego-
fowego rozpoznania struktury drugo- (Ryc. 6)i trzecio-
rzgdowej MutT [26-28] oraz budowy centrum aktyw-
nego enzymu i jego oddzialywan z substratem [29, 31].
Trifosforany nukleozydow odzialuja z centrum aktyw-
nym enzymu w obecnosci dwu jonéw magnezu. Jeden
z tych jonoéw zwigzany jest z atomami tlenu reszt
fosforanowych B i y nukleotydu. Drugi jon Mg?*
oddziatuje z grupami karboksylowymi reszt glutami-
nianu 56, 57, 98, amidowa grupa karbonylowa glicyny
38 oraz z czasteczka wody, ktora najprawdopodobniej
dokonuje nukleofilowego ataku na atom fosforu B,
powodujac rozerwanie wigzania fosfédiestrowego po-
migdzy reszta fosforanowa o i P nukleozydotrifos-
foranu. Odpowiednia orientacj¢ przestrzenna atakuja-
cej czasteczki wody zapewnia najprawdopodobniej jej
oddzialywanie z grupa karboksylowa glutaminianu 53.
Zasada azotowa oraz reszta rybozy lub deoksyrybozy
wchodzace w sklad substratu lokuja si¢ w hydro-
fobowej szczelinie, przy czym zasada azotowa wiaze si¢
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Ryc. 6. Zarys struktury drugorzedowej biatka MutT z E. coli

W obrebie biatka MutT wystgpuja dwa rejony a-helikalne
(Heliks I i IT) oraz pig¢ pasm zorganizowanych w strukture
B oznaczonych strzatkami A-E. Pasma A i B oraz C i D pola-
czone sg ciasnymi skrgtami, co umozliwia ich antyrownoleg-
fe ulozenie. Pozostale wymienione struktury polaczone sa
dtuzszymi petlami (I-1V) o diugosci od 13 do 24 amino-
kwasow. Numerami oznaczono orientacyjne potozenie ko-
lejnych aminokwasow fancucha polipeptydowego (wzoro-
wano na rysunku zamieszczonym w pracy Abeyguna-
wardana i wsp., 1993 [26]).

z leucyna 4, izoleucyna 6 i 80. Grupa ketonowa
w pozycji C6 zasady azotowej odzialuje z grupa-NH,
faricucha bocznego asparaginy 119, co thumaczy duze
powinowactwo enzymu do nukleotydow zawieraja-
cych guaning lub jej pochodne. Reszta (deoksy)rybozy
wchodzaca w sklad nukleotydu oddziatuje z leucyna 4,
izoleucyna 6 oraz z lancuchem bocznym lizyny 39.

W §lad za badaniami nad pirofosfataza 8-oxodGTP
(MutT) z E. coli rozpoczely si¢ badania nad homo-
logiczaymi enzymami z innych organizméw. W 1992
roku Mo i wsp. wyizolowali z komorek ludzkich
enzym o masie czasteczkowej 18 kDa specyficznie
hydrolizujacy 8-0xodGTP do 8-oxodGMP (K, = 8,5
uM), a stabiej dGTP (K, = 870 uM) i dATP [32].
Podobnie jak MutT, pirofosfataza ta jest zalezna od
jonéw magnezu. Rok pdzniej ustalono czgsciowo jej
sekwencj¢ aminokwasowa, co pozwolito na sklonowa-
nie i ekspresj¢ genu kodujacego to biatko w komorkach
E. coli [33]. Gen ludzkiej pirofosfatazy 8-0xodGTP,
zajmujacy locus 7p22 [34], koduje biatko skladajace si¢
ze 156 aminokwasOw (masa czasteczkowa 17.9 kDa),
a jego sekwencja nukleotydowa wykazuje duze podo-
bienstwo do bakteryjnego genu mutT w centralnej
czg$ci otwartej ramki odczytu. W jezyku aminokwasow
oznacza to 15 identycznych aminokwaséw w odcinku
A37-A61 MutT i A36-A60 pirofosfatazy ludzkiej. En-
zym ludzki uznano za homolog biatka MutT i nazwano
go hMTH1 (Human MutT Homolog).

W ostatnim czasie sklonowano homologi genu
mutT z innych Zrodel; tzw. biatko MutX ze Streptococ-
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cus pneumoniae wykazuje analogiczne aktywnosci en-
zymatyczne jak MutT, jest jednak homotrimerem
o0 masie 54 kDa (masa czasteczkowa monomeru — 18
kDa). Gen kodujacy to biatko wykazuje duze podo-
bienstwo do genu mutT w odcinku kodujacym amino-
kwasy A37-A60 [35, 36]. Podobna homologie struk-
tury genu i funkgcji biologicznych kodowanego biatka
wykazano w przypadkach genu i biatka MutT z Pro-
teus vulgaris (112 aminokwasow, 12.8 kDa) [37]
i MutT z Haemophilus influenzae (136 aminokwasow,
15.6 kDa) [38]. Sklonowano réowniez homologi genu
mutT myszy i szczura i1 scharakteryzowano ich produ-
kty biatkowe jako pirofosfatazy 8-oxodGTP. Mysia
pirofosfataza 8-oxodGTP, to biatko o masie czastecz-
kowej 17.9 kDa (156 aminokwasow) wykazujaca 83%
homologii sekwencji aminokwasowej z ludzka pirofos-
fataza, a podobienstwo sekwencji nukleotydowej my-
siego i ludzkiego genu siega 81% [39]. Szczurza
pirofosfataza 8-0xodGTP (masa czasteczkowa 18 kDa)
posiada 131 identycznych aminokwaséw z enzymem
ludzkim z ogdlnej liczby 156 aminokwasow [40].
Pojawily si¢ takze pierwsze dane na temat poziomu
ekspresji genu kodujacego pirofosfataze 8-oxodGTP
w roznych narzadach wewnetrznych ssakow. Uzys-
kanie przeciwcial poliklonalnych do konserwatyw-
nego ewolucyjnie fragmentu pirofosfatazy 8-oxodGTP
umozliwito ilosciowa analiz¢ poziomu ekspresji tego
enzymu w tkankach mysich [39]. Relatywnie najwyz-
szy poziom bialka pirofosfatazy wykazano w watrobie
1 grasicy, nizszy poziom wystepuje w innych narza-
dach: jelicie grubym > jadrach > nerkach > sledzio-
nie > zoladku > plucach > sercu > i mozgu.
Zdecydowanie najwyzszy poziom biatka pirofosfatazy
8-0xodGTP stwierdzono jednak w mysich embrional-
nych komorkach pnia, przewyzszal on szesciokrotnie
poziom obserwowany w watrobie. Potwierdzilo to
wczesniejsza tezg, ze poziom ekspresji genu kodujace-
go te pirofosfatazg jest najwyzszy w komorkach o cha-
rakterze embionalnym (m.in. nowotworowych, z kto-
rych po raz pierwszy wyizolowano ssaczy homolog
MutT). Skonstruowanie znakowanej sondy opartej na
antysensownym RNA pozwolito na kolorymetryczna
oceng iloSci mRNA ludzkiej pirofosfatazy w histo-

logicznych skrawkach ludzkiej skory 1 sutka [41]. -

Stwierdzono duze Zroznicowanie poziomu
mRNA, \ri; W ZaleZznosci od rodzaju komorek, spo-
$rod ktorych najwieksza jego ilos¢ wykazywaty komo-
rki charakteryzujace si¢ duzym tempem podzialow
mitotycznych. Z kolei w tkankach szczurzych badano
ilo§¢ transkryptu genu pirofosfatazy 8-oxodGTP
(mRNA) i wykazano jego najwigksza produkcje
w tkance serca, $ledziony, nerki i jader [40].
Przeprowadzono rowniez pierwsze badania doty-
czace subkomorkowe;j lokalizacji ludzkiej pirofosfata-
zy 8-0xodGTP [42]. Ustalono, Zze enzym zlokalizowa-
ny jest w cytoplazmie i mitochondriach. Z calkowitej
aktywnosci komorkowej pirofosfatazy 8-oxodGTP
4% zlokalizowano w mitochodriach. Aktywnosci spe-
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cyficzne enzymu w przeliczeniu na mg biatka sa jednak
identyczne w obu tych kompartmentach komorko-
wych. Jednocze$nie nie stwierdzono jakichkolwiek
roznic dotyczacych cech fizyko-chemicznych enzymu
mitochondrialnego i cytosolowego; kwestia transportu
enzymu do mitochondrium pozostaje nadal niewyjas-
niona.

Grozne skutki mutacji w obrgbie genow z rodziny
mutT zaczely przyciaga¢ uwage badaczy procesow
nowotworzenia. Warunkiem transformacji nowotwo-
rowej komorki jest powstanie mutacji w wielu genach.
Mutacja genu — homologu mutT, prowadzaca do
braku w komorce aktywnosci pirofosfatazy 8-o-
xodGTP, moglaby w sposob bardzo istotny przy-
spiesza¢ tempo powstawania mutacji w innych genach,
z uwagi na drastyczny wzrost czgstosci transwersji
typu AT = CG.

Wu i wsp. [43] badali sekwencje nukleotydowa
genu hMTH1 (homologu MutT) w genomie ludzkich
komorek nowotworowych raka jelita grubego i poro-
wnywali je z sekwencjami nukleotydowymi genu zdro-
wych komorek tej samej tkanki. Przebadano 32 przy-
padki, lecz nie stwierdzono roznic pomigdzy sekwenc-
jami nukleotydowymi genu w komérkach nowotworo-
wych 1 odpowiadajacych im komorkach zdrowych.
Przy okazji wykazano istnienie polimorfizmu genu
hMTH1 w populacji ludzkiej. W dziewigciu przypad-
kach stwierdzono tranzycje G = A w obre¢bie kodonu
83, ktdéra prowadzi do zmiany waliny na metioning
w pirofosfatazie 8-0xodGTP (tranzycj¢ taka odnoto-
wali autorzy takze w genach hMTH1 ludzi zdrowych).
Rzadziej obserwowano tranzycj¢ C=T w obr¢bie
kodonu 119, ktora jednak nie prowadzi do zmiany
aminokwasu w bialkowym produkcie genu. Oka-
motoiwsp.[44] porownywali poziom mRNA, i
w ludzkiej tkance raka nerki i otaczajacej ja tkance nie
Zmienionej nowotworowo. Stwierdzono zdecydowa-
nie wyzszy poziom transkrypcji genu hMTH1 w ko-
morkach nowotworowych. W kontekscie znaczenia
— homologéw genu MutT w procesach mutagenezy
i karcinogenezy rozpocz¢to poszukiwania potencjal-
nych inhibitoréw pirofosfatazy 8-oxodGTP posrod
znanych czynnikéw rakotworczych. Wykazano na
przyklad, i1z jony niklu (II) — dobrze udokumen-
towany karcinogen — sa nieckompetycyjnym inhibito-
rem (K;=0.9 mM) bakteryjnej pirofosfatazy 8-o-
xodGTP z E. coli, co wykazano w doswiadczeniach
przeprowadzonych in vitro, z uzyciem oczyszczonego
preparatu enzymu [45].

III-1. Rodzina genéw MutT

Oprocz przedstawionych powyzej genow koduja-
cych pirofosfohydrolazy o duzej specyficznosci wobec
8-0xodGTP, do tzw. rodziny gendéw i bialek
mutT/MutT zakwalifikowano réwniez odkryte ostat-
nio geny kodujace enzymy o nieco innej specyficznosci
substratowej. Zaliczono do tej rodziny pirofosfataze
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dinukleotydowa z E. coli [46], zalezna od dwuwartos-
ciowych jonow metali i wykazujaca wysoka specyficz-
nos¢ substratowa wobec NADH (257 aminokwasow,
29.8 kDa, natywnie — homodimer). Katalizuje ona
hydroliz¢ NADH do AMP i zredukowanego mono-
nukleotydu nikotynamidoadeninowego. Do rodziny
MutT zakwalifikowano réwniez pirofosfohydrolaze
diadenozyno-5’,5"-P*,P*-tetrafosforanu (16.8 kDa,
147 aminokwasOw), hydrolizujaca ten zwiazek do
AMP i ATP [47]. Zidentyfikowano takze produkt
genu orfl9 E. coli, w ktérym doszukano si¢ charak-
terystycznej dla rodziny MutT sekwencji aminokwa-
sow [48]. Biatko to charakteryzuje aktywnosc specyfi-
czna hydrolazy GDP-mannozy (guanozyno-5'difosfo-
-a-D-mannozy) i GDP-glukozy (guanozyno-5’-difos-
fo-a-D-glukozy). Produktami reakcji przezen katalizo-
wanej jest GDP oraz wolny cukier. Aktywnosc jej jest
catkowicie zalezna od obecnosci dwuwartosciowych
jonow metali.

Wszystkie opisane dotychczas geny szeroko pojmo-

wanej rodziny mutT koduja biatka zawierajace cha-
rakterystyczny motyw w sekwencji aminokwasow
[46, 497:
GXU(X),ET(X),RE*UXEE*, gdzie E oznacza kwas
glutaminowy, G — glicyne, R — argining, T — treoni-
ng, U oznacza leucyn¢ lub izoleucyne, lub waling,
a X — dowolny aminokwas.

Uwaza si¢, ze konserwatywne aminokwasy tego uni-
kalnego motywu odpowiadaja za wiazanie nukleoty-

dowego substratu w centrum aktywnym i hydrolize .

pochodnych nukleotydowych. Funkcja skrajnych
reszt kwasu glutaminowego konserwatywnej sekwen-
¢ji (pozycja 561 57 w biatku MutT z E. coli), oznaczo-
nych gwiazdka, jest wigzanie jonu magnezu w centrum
aktywnym [31, 50]. Aktywnos$¢ enzymatyczna zmuto-
wanego enzymu, zawierajacego w pozycji 57 glutamine
zamiast kwasu glutaminowego jest 100 tys. razy nizsza,
niz aktywno$¢ nie zmutowanej wersji biatka. Reszta
kwasu glutaminowego oznaczona plusem oddzialuje
z czasteczka wody rozrywajacej wiazanie fosfodie-
strowe substratu.

IV. Metaboliczne losy fosforanéw 8-oksydeok-
syguanozyny

Scharakteryzowana powyzej pirofosfataza 8-o-
xodGTP nie jest jedynym enzymem zdolnym do
hydrolizowania wigzan fosfodiestrowych tego zmody-
fikowanego nukleotydu. We wszystkich dotychczas
badanych organizmach, aktywnosci pirofosfatazy 8-o-
xodGTP towarzyszy aktywnos¢ fosfatazy 8-o-
xodGTP, ktéra hydrolizuje ten substrat do 8-o-
xodGDP i ortofosforanu [18, 32, 39, 40 oraz nie
opublikowane obserwacje wlasne]. Poniewaz jednak
enzym ten hydrolizuje z wigksza wydajnoscia dGTP
niz 8-oxodGTP [32], dotychczas nie przyciagnat on
uwagi badaczy i pozostaje w cieniu bardzo popularnej
pirofosfatazy. Wydaje sig, ze znaczenie metaboliczne
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tej aktywnosci jest jednak niestusznie bagatelizowane.
Poddanie bowiem 8-0xodGTP dzialaniu homogenatu
szczurzej tkanki watrobowej w pH 8.0 prowadzi do
gwattownej hydrolizy tego zwiagzku wiasnie do 8-o-
xodGDP, a ilos¢ powstalego w tym czasic 8-0-
xodGMP jest bardzo nieznaczna (nie opublikowane
obserwacje wlasne). Hayakawa i wsp.[51] wyka-
zali, z¢ 8-0xodGDP jest substratem ludzkiej kinazy
difosfonukleozydowej, enzymu o szerokiej specyficz-
nosci substratowej, ktory oprocz klasycznych difos-
foranow nukleozydow fosforyluje wydajnie 8-o-
x0dGDP z udzialem ATP (8-0xodGDP+ATP — 8-
-0xodGTP + ADP). Ci sami autorzy podczyscili i wste-
pnie scharakteryzowali ludzka fosfataze degradujaca
8-0xodGMP do wolnego nukleozydu — 8-oxodG
[51]. Enzym ten wadaje si¢ by¢ wysoce specyficzny dla
8-0xodGMP, poniewaz wydajnos¢ hydrolizy 8-o-
x0odGMP jest daleko wigksza, niz w przypadku dGMP
> dTMP > dAMP > > dCMP i GMP. Donosza oni
takze, iz ludzka kinaza guanylanowa, ktdra katalizuje
zalezna od ATP fosforylacie dGMP do dGDP oraz
GMP do GDP, nie wykazuje zadnej aktywnosci wobec
8-0xodGMP. W tym sensie pirofosfataza 8-oxodGTP
jawi sie jako jedyny enzym kierujacy 8-oxodGTP
nieodwracalnie na droge katabolizmu. Zawitosci lo-
sow metabolicznych 8-oksypochodnych nukleotydow
deoksyguanozynowych naszkicowano na rycinie 7.

8-Oksy-2’-deoksyguanozyna (8-oxodG), ktora jest
wydalana z moczem przez organizmy ssakow [52], jest
powszechnie uznawana za marker oksydacyjnych
uszkodzen DNA i traktowana jako specyficzny pro-
dukt naprawy DNA, cho¢ jak dotychczas nie opisano
enzymu, ktory bytby zdolny do specyficznego wycina-
nia tego uszkodzenia w postaci wolnego nukleozydu
lub fragmentu oligonukleotydowego. Z uwagi na ist-
nienie w ukladach biologicznych wysoce specyficznych
enzymoéw  defosforylujacych pochodne fosforanowe
8-0x0dG, nalezy bra¢ pod uwage mozliwosé, iz pewna
czesc puli 8-0xodG wydalanego z moczem pochodzi
z degradacji nukleotydow powstajacych na skutek
oksydacyjnej modyfikacji fosforan6w deoksyguanozy-
ny. Do chwili obecnej jednak nie przedstawiono bezpo-
$rednich dowoddéw na obecnosé ktorejkolwiek z po-
chodnych fosforanowych 8-oxodG w puli wolnych
nukleotydow komorkowych, cho¢ ich powstawanie
jest wielce prawdopodobne.

Mocz ssakéw zawiera takze wolna 8-oksyguanine
[53], ktora jest produktem naprawy DNA powstaja-
cym na skutek dzialania kilku scharakteryzowanych
enzymoOw usuwajacych t¢ zasad¢ z DNA. Bessho
i wsp. zidentyfikowali w tkankach ludzkich enzymy
o takiej aktywnosci [54]. Jeden z nich wykazuje
jedynie aktywnos¢ N-glikozylazy i uwalnia 8-oxoGua
pozostawiajac miejsce apurynowe, drugi oprocz ak-
tywnosci N-glikozylazowej przejawia takze aktywnosé¢
endonukleolityczng. Rowniez ludzka N-metylopuryna
— DNA glikozylaza wykazuje zdolnos¢ usuwania
8-oksyguaniny z DNA [55]. Enzymy reperujace ok-
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niej, zarowno 8-oksyguanina jak i 8-0xodG nie pod-
legaja dalszej degradacji w organizmach ssakow. Swia-
dcza o tym nastepujace obserwacie:

1. Znakowana trytem 8-oxodG wstrzyknigta do
krwiobiegu szczura wydalana jest z moczem nic pod-
legajac degradacji [52].

2. 8-Ox0dG jest czasteczka bardzo trwala (w warun-
kach podwyzszonej temperatury i niskiego pH wielo-
krotnie trwalsza od deoksyguanozyny) i nie podlega
nieenzymatycznej dekompozycji w warunkach zblizo-
nych do fizjologicznych [56].

3. W doswiadczeniach in vitro przeprowadzonych
z uzyciem oczyszczonych preparatow enzymow wyka-
zano, ze:

a) 8-0xodG nie jest substratem ludzkiej fosforylazy
nukleozydow purynowych, katalizujacej fosforolize
wiazania N-glikozydowego m.in. deoksyguanozyny
(Ryc. 8) [57, 58].

b) 8-oksyguanina nie jest substratem guanazy z watro-
by kroliczej, katalizujacej fizjologicznie dezaminacje
hydrolityczna guaniny do ksantyny. Innymi stowy,
guanaza nie przeksztalca 8-oksyguaniny do kwasu
moczowego (Ryc. 8) [57, 58].

V. Uwagi koncowe

DNA izolowany z komorek ludzkich zawiera nie-
wielka ilos¢ oksydacyjnie zmodyfikowanych zasad
azotowych, wsréd nich 8-oksyguaning [59-62]. Mozna
stad wyciagna¢ wniosek, Zze enzymy wycinajace te
zmodyfikowane zasady nie s3 w stanie usunac wszyst-
kich uszkodzen tego typu. Niektore z pochodnych
zmodyfikowanych oksydacynie moga tworzy¢ bigdnie
sparowane pofgczenia, co stanowi zrodio mutacji
i w konsekwencji moze spowodowaé transformacje
nowotworowa komorki [63]. Produkty oksydacyjnej
modyfikacji zasad obecne w DNA zazwyczaj trak-
towane sa jako wynik ataku reaktywnych form tlenu
na czasteczk¢ DNA. W biezacej literaturze podkresla
sie znaczenie mozliwosci mutagenezy powodowanej
przez 8-0xodGTP. Nalezy jednak podkresli¢, iz nie
dostarczono jeszcze dowodow na obecnos¢ 8-o-
xodGTP in vivo, a tym bardziej nie oszacowano, jaka
czgs¢ ogolnej ilosci 8-oksyguaniny obserwowanej
w DNA komoérkowym pochodzi¢ moze z 8-0xodGTP.
Czy degradacja 8-oxodGTP to jedyna aktywnosé
homologéw MutT majaca wplyw na tempo mutagene-
zy spontanicznej? Zapewne rozwikianie tych prob-
lem6w stanie si¢ w najblizszej przyszlosci waznym
zadaniem dla badaczy tej materii.

Artykul otrzymano 13 lutego 1997 r.
Zaakceptowano do druku 12 czerwca 1997 r.
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II. CELE BADAN

Warunkiem sine qua non prowadzenia badan dotyczacych funkciji,
regulacji i biologii enzymu jest posiadanie wiarygodnej metody oznaczania jego
aktywnos$ci enzymatycznej. W czasie, gdy autor tej rozprawy rozpoczynat swoje
zmagania z biatkiem MTHI, w literaturze naukowej mozna bylo odnalez¢
jedynie metody oznaczania aktywnosci oczyszczonych preparatow tego enzymu.
Taki stan rzeczy wymogt na autorze opracowanie wiasnej (i jak do tej pory
jedynej), ilosciowej metody oznaczania aktywnosci 8-0x0-dGTPazowej biatka
MTH1 w komoérkach i tkankach, ktora daje mozliwo$¢ $ledzenia zmian
komorkowego poziomu aktywnosci enzymu pod wptywem roéznych bodzcow
dziatajacych na organizm Iub komorki hodowane in vitro. Ogdlna idea
ilosciowego oznaczania specyficznej aktywnosci 8-0x0-dGTPazy w materiale
biologicznym zostala wykreowana przez autora jeszcze w koncowym okresie
przygotowywania pracy doktorskiej. Jednak jej usprawnianie, optymalizacja,
badanie wptywu roéznych czynnikow na jej skutecznos$¢, modyfikacje w
zaleznosci od rodzaju uzywanego materiatu badawczego oraz walidacja kazdego
etapu procedury, trwaly przez kolejne lata. Stad tez wydzielono grupe celow
metodycznych, ktorych realizacja warunkowata osiagniecie zasadniczych celow
poznawczych.

Skuteczne oczyszczanie puli wolnych nukleotydow z mutagennych
substratow dla syntezy DNA (np. 8-0x0-dGTP) obniza ryzyko powstawania
mutacji punktowych w DNA komoérki, a tym samym przeciwdziata jej
transformacji nowotworowej. Dlatego tez gléwne cele poznawcze dotyczyly
poszukiwania 1 opisu dziatania efektorow i stanow fizjologicznych komorki,
ktore wptywaja na poziom antymutagennej aktywnosci biatka MTH1.

Pod kazdym z wymienionych ponizej celow podano w nawiasie numery
porzadkowe publikacji, w ktorych opisano ich realizacje.

Cele metodyczne

1. Opracowanie i optymalizacja procedur syntezy i oczyszczania 5'-mono-, di-
oraz trifosforanu 8-oksy-2'-deoksyguanozyny (odpowiednio: 8-0xo0-dGMP,
8-0x0-dGDP i 8-0x0-dGTP), jako zwiazkow niezbednych dla wykonywania
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oznaczen aktywnosci pirofosfohydrolazy 8-oksy-2'-deoksyguanozyno-5'-
trifosforanu (8-oxo-dGTPazy) (publikacja nr 2).

2. Opracowanie metody selektywnego monitorowania aktywno$ci 8-0XO-
dGTPazowej biatka MTHI1 w lizatach komodrek 1 tkanek zawierajacych
interferujace aktywnosci enzymatyczne (publikacja nr 2).

3. Optymalizacja sktadu 1 stgzen skladnikow mieszanin reakcyjnych
uzywanych w standardowych oznaczeniach aktywnosci 8-0x0-dGTPazowej
oraz badaniach kinetycznych (publikacja nr 2 i 6).

4. Opracowanie procedur ekstrakcji 8-oxo-dGTPazy z komoérek hodowanych in
Vvitro oraz tkanek ssakoéw z uwzglednieniem wptywu typowych sktadnikow
medium homogenizacyjnego na odzysk aktywnosci, takich jak detergenty,
biatka stabilizujace, inhibitory proteaz, zwigzki redukujace (publikacje nr 2,
3, 8).

5. Opracowanie metody ilosciowego oznaczania produktu reakcji
katalizowane] przez 8-oxo-dGTPaz¢ w obecnosci réznych inhibitoréw
enzymu, opartej na wysokosprawnej chromatografii cieczowej z detekcja
absorpcji promieniowania ultrafioletowego (publikacje nr 2 i 6).

6. Walidacja opracowanej procedury oznaczania w materiale biologicznym
aktywnosci 8-0x0-dGTPazowej biatka MTH1 (publikacje nr 2 1 6).

Cele poznawcze

1. Charakterystyka parametrow kinetycznych reakcji hydrolizy 8-oxo-dGTP
katalizowanej przez biatka MTH1 ssakoéw (publikacje nr 2 i 6).

2. Charakterystyka specyficzno$ci substratowej ludzkiego biatkka MTHI1
opracowang metodg, oparta na pomiarach inhibitorowych wlasciwosci
difosforanowych analogéw substratow (publikacja nr 6).

3. Eksperymentalna weryfikacja hipotezy o wptywie aktywnosci 8-0Xo0-
dGTPazowej biatka MTHI1 na zawartos¢ 8-oksy-2'-deoksyguanozyny w
DNA komoérek (publikacja 3).

4. Poszukiwanie oraz opis dziatania inhibitorow aktywnosci 8-0xo-
dGTPazowej biatka MTH1 u ssakoéw, jako zwigzkow o potencjale
mutagennym:

a) charakterystyka wptywu karcynogennych jonéw metali (Cd?* i Ni?*) na
aktywnos$¢ 8-0x0-dGTPazowsa oraz poziom 8-0ksy-2'-deoksyguanozyny
w DNA na podstawie eksperymentdéw in vivo (publikacje 2, 4 15),



b) kinetyczna charakterystyka inhibicji aktywnos$ci ludzkiej 8-oxo-dGTPazy
przez nukleozydo-5'-difosforany oraz stworzenie teoretycznego modelu
ich wplywu na efektywnos$¢ degradacji 8-0x0-dGTP przez biatko MTHI
in vivo (publikacje 2 1 5).

5. Poszukiwanie wyjasnienia dla zrdéznicowanego poziomu ekspresji genu
MTH1 w réznych typach komoérek fizjologicznych oraz nadekspersji tego
genu w komorkach nowotworowych. Okreslenie wplywu roznych,
fizjologicznych stanéw komoérek w populacji na poziom aktywnos$ci 8-0X0-
dGTPazy:

a) oznaczenie poziomu aktywnosci 8-0x0-dGTPazy w réznych fazach
cyklu komérkowego (publikacja nr 7),

b) proba okreslenia relacji pomiedzy aktywnoscig 8-oxo-dGTPazy i
kontaktem migdzykomdrkowym (publikacja nr 7),

C) poszukiwanie potencjalnej zalezno$ci pomigdzy aktywnoscig 8-0X0-
dGTPazy i tempem proliferacji komoérek (publikacje nr 7 i 8).
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III. MATERIALY, METODY, WYNIKI,
DYSKUSJA | LITERATURA

Zgodnie z obrang formulg rozprawy habilitacyjnej wyniki badan oraz ich
dyskusje przedstawiono w postaci opublikowanych prac. Publikacja nr 1, z
uwagi na jej przegladowy charakter oraz rok ukazania si¢ drukiem, zostata
zamieszczona we wstepie jako wprowadzenie do tematyki badawczej oraz zapis
stanu wiedzy na temat biatka MTH1 z roku 1997. Publikacje nr 2, 3,4, 6,718
sg oryginalnymi pracami eksperymentalnymi. Praca nr 5 zawiera podsumowanie
cksperymentéw dotyczacych inhibicji enzymatycznej aktywno$ci ssaczych
biatek MTHI1 przez jony metali oraz dyskusje¢ uzyskanych wynikéw w szerszym
kontekscie karcynogennego potencjalu jonow metali. Artykut nr 9, zamykajacy
cykl publikacji przedstawionych w rozprawie, jest aktualnym przegladem
wiedzy na temat metabolizmu oraz roli 8-oksyguaniny w procesie
nowotworzenia. Uwzglednia on biezace odkrycia naukowe z zakresu regulacji
ekspresji genu MTH1, biologicznych funkcji biatka MTHI1 i jego znaczenia w
procesie karcynogenezy.
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ABSTRACT

8-Oxo0-2’-deoxyguanosine 5'-triphosphate (8-oxo-dGTP)
is a product of oxidative modification of dGTP, that
can be misincorporated into DNA, causing AT—-CG
mutations. Cells are protected against 8-oxo-dGTP by
8-0x0-dGTP 5-pyrophosphohydrolases (8-oxo-dGTP-
ases) that convert it to 8-0xo-dGMP. Thus, inhibition of
8-oxo0-dGTPases may lead to cancer. To elucidate the
involvement of 8-oxo-dGTPases in carcinogenesis, an
assay of the 8-oxo-dGTPase activity is required. This
paper presents such an assay developed for Chinese
hamster ovary (CHO) cells that can be applied to any
biological material. It includes: (i) a convenient method
for preparing 8-oxo-2’-deoxyguanosine 5-phosphates;
(i) an HPLC/UV quantification of 8-oxo-dGTP hydrolysis
products and (iii) separation of 8-oxo-dGTPase activity
from interfering 8-0x0-dGTP phosphatase(s). The
8-o0x0-dGTPase activity of CHO cells depends on
magnesium, has a pH optimum of 8.5, K,, for 8-oxo-
dGTP of 9.3 uM, and is inhibited by 8-oxo-dGDP, the
product of interfering 8-oxo-dGTP phosphatases. The
latter must be removed from the assayed samples by
ultrafiltration through 30 kDa cut-off membranes. The
method was used to test the inhibition by cadmium
ions of the activity of 8-oxo-dGTPase in CHO cells. The
cells cultured with 0.3-3 uM cadmium(ll) acetate for up
to 24 h had their 8-oxo-dGTPase activity suppressed in
a Cd(ll) concentration-dependent manner, down to
70% of the control value.

INTRODUCTION

The mutT~ mutants of Escherichia coli, the first discovered
mutator strain of these bacteria (1), were characterized by at least
a 1000-fold increase in frequency of a specific unidirectional
A—Cpoint mutation (2). The expression product of the wild-type
mutT gene, an enzyme, hydrolyzes the canonical ribonucleoside
and 2’-deoxyribonucleoside S’-triphosphates to the corresponding
nucleoside monophosphates and inorganic pyrophosphate, with

great preference for dGTP (3). The enzyme hydrolyzes most
specifically the products of dGTP and GTP oxidative modification,
8-0x0-2"-deoxyguanosine 5'-triphosphate (8-0xo-dGTP) (4) and
8-0x0-GTP (5,6). Thus, the high spontaneous mutation rate
observed in E.coli mutT- mutants results from the lack of
8-0x0-dGTP pyrophosphatase (8-0xo-dGTPase) activity.

8-0x0-dGTP can be generated by endogenous oxidants arising
in normal cell metabolism. Its mutagenicity results from mispairing
properties of 8-oxoguanine (reviewed in 7,8). If not decomposed
by MutT protein, 8-0xo-dGTP can be incorporated into DNA
opposite cytosine or adenine (4,9,10). The 8-0x0-G:A mispair, if
not repaired (11), may result in AT—-CG transversion (12).
Escherichia coli MutT protein also prevented DNA transcription
errors by efficiently hydrolyzing 8-oxo-GTP that could be
otherwise misincorporated into nascent RNA (6).

Activity of the mammalian homologues of MutT protein (13),
demonstrating very similar kinetic properties (14), imply an
antimutagenic function: their expression in £.coli mut7™ mutants
reduces greatly (15) or reverts to normal level (16,17) the high
rate of A—C mutations. Thus, one may expect that a knock-out
mutation of the gene coding for 8-oxo-dGTPase should form a
mutator eukaryotic cell. This, in turn, would lead to a high rate of
point mutation and to high frequency of cell transformation. Also,
a chronic exposure of cells (animals) to inhibitors of 8-oxo-dGTPase
might elevate the point mutation rate. Such inhibitors might be
carcinogenic in animals.

To investigate the potential involvement of 8-oxo-dGTPases in
the mechanisms of mutagenic and carcinogenic processes, we
must measure the level of the enzyme activity in cells exposed to
different carcinogenic agents. Since, to our best knowledge, a
reliable enzymatic assay of 8-oxo-dGTPase activity in cultured
cells and animal tissues has not yet been proposed, we decided to
develop such an assay. The assay was worked out on cultured
Chinese hamster ovary (CHO) cells, but can be easily adapted to
any biological material. The assay was then used to verify in vivo
our former in vitro findings that certain carcinogenic metals,
including Cd(Il), inhibited the enzymatic activity of isolated
bacterial (MutT) and human (MTH1) 8-oxo-dGTPases (18). We
also describe synthesis and one-step purification of 8-0x0-2"-deoxy-
guanosine 5’-phosphates required in the procedure.

*To whom correspondence should be addressed at: Building 538, Room 205E, NCI-FCRDC, Frederick, MD 21702-1201, USA. Tel: +1 301 846 5444;

Fax: +1 301 846 5946; Email: karolb@mail.nciferf.gov
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MATERIALS AND METHODS
Chemicals

DEAE-cellulose DE52 was purchased from Whatman (England).
Bovine catalase was from Boehringer Mannheim (Germany).
Ascorbic acid, bovine serum albumin (BSA), dithiothreitol (DTT),
sodium dihydrogen phosphate, disodium hydrogen phosphate,
2’-deoxyguanosine (dG) and its 5’- mono-, di- and triphosphates:
dGMP (free acid), dGDP (disodium salt), and dGTP (trisodium salt),
as well as disodium ethylenediaminetetraacetate (NapEDTA),
hydrochloric acid, 30% (w/w) hydrogen peroxide, methanol
(HPLC grade), phenylmethylsulfonyl fluoride (PMSF), leupeptin,
pepstatin A, sodium chloride, triethylammonium bicarbonate
(TEAB) and Tris-(hydroxymethyl Jaminomethane (Tris) were from
Sigma Chemical Co. (USA). Ham’s F-12 nutrient mixture, fetal
bovine albumin, glutamine, penicillin, streptomycin and Trypsin/
Versene mixture were purchased from Biofluids Inc. (USA).
Deionized, double-distilled water was used in all experiments.

Preparation of 8-0x0-2"-deoxyguanosine 5-mono-, 5’-di- and
5’-triphosphates (8-0x0-dGMP, 8-0x0-dGDP and 8-0x0-dGTP,
respectively)

All the 8-0x0-dG 5’-phosphates were prepared using the same
procedure based on oxidation of the corresponding dG 5’-phos-
phates with HyO; and ascorbic acid. Ascorbic acid (100 mg) and
50 mg of dGTP, dGDP or dGMP were dissolved in 40 ml of
20 mM phosphate buffer, pH 7.0, in a glass flask. Reaction was
initiated by adding 0.5 ml 30% H»O;; the mixture was left in the
dark at room temperature for 3 h. The reaction was terminated by
adding 120 pg of catalase, followed by incubation at 37°C for
20 min with vigorous stirring. The reaction mixture was then filtered
through a 0.2 um Nylon membrane vacuum filtration unit (Nalgene,
USA) and loaded on a DEAE-cellulose column (2.6 x 19.5 ¢cm)
equilibrated with 20 mM TEAB buffer, pH 8.5. The subsequent
elution programs of the column at the flow rate of 2 ml/min and
pH 8.5 were different depending on the 8-0x0-dG 5’-phosphate
being isolated. Thus, for 8-0x0-dGTP, elution with 230 ml of 20 mM
TEAB was followed by 2000 ml linear gradient of 20-160 mM
TEAB and 1140 ml of 160 mM TEAB. For 8-0x0-dGDP, 190 ml
of 20 mM TEAB was followed by 2000 ml linear gradient of
20-140mM TEAB and 470 ml of 140 mM TEAB. 8-Oxo0-dGMP
was eluted with 80 ml of 20 mM TEAB, followed by 2000 ml
linear gradient of 20-110 mM TEAB and 480 ml of 110 mM
TEAB. The effluent was collected in 19 ml fractions whose UV
absorbance spectrum was measured in the range of 200-320 nm.
The fractions containing individual 8-0x0-dG 5’-phosphates eluted
after the corresponding unreacted dG 5’-phosphate peak, exhibiting
the characteristic UV spectrum of 8-0xo-dG, were pooled and
evaporated to dryness at 45°C under vacuum. TEAB was removed
from the preparations by co-evaporation (five times) with water/
methanol (1:1). Each final 8-0x0-dG 5’-phosphate sample was
dissolved in 2 ml HyO and its concentration was determined
spectrophotometrically using the molar absorbance coefficient for
8-0x0-dG and its phosphate derivatives, €293 = 10 300 (19). The
nucleotide solutions were stored at —20°C.

Cell culture and harvesting

The CHO cells, variant K1-BH4, were maintained at 37°C in
750 ml culture flasks, under air containing 5% CO», in 25 ml
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Ham’s F-12 nutrient mixture supplemented with 5% fetal bovine
serum, 2 mM L-glutamine, penicillin (50 U/ml) and streptomycin
(50 pg/ml). Typically, the cells were grown to near confluence
and harvested as follows: medium was removed from the flask
and cells were washed three times with 15 ml of ice-cold 20 mM
Tris-buffered saline, pH 7.4, and scraped to 10 ml of the same
saline. The cells were recovered by 10 min centrifugation at 1500 g
(4°C). Alternatively, the cells were harvested by trypsinization;
after removal of the medium, the cells were treated for 1 min with
10 ml of Trypsin/Versene mixture, followed by 10 ml of Ham’s
medium. Detached cells were collected and washed three times
with 15 ml of 20 mM Tris-buffered saline, each time with
centrifugation at 1500 g, for 10 min, at 4°C.

Cell extracts for determination of 8-0x0-dGTPase activity

Typically, the cells from one culture flask were suspended in
0.25-0.5 ml of 20 mM Tris—HCI hypotonic buffer, pH 7.4, and
lysed by three cycles of freezing and thawing in liquid nitrogen
and water bath. Alternatively, 20 mM Tris-HCl, pH 74,
containing 0.5 mM PMSE, 0.5 pg/ml leupeptin and pepstatin A,
was used as a lysis buffer. The resulting cell lysates were
ultracentrifuged for 3 h at 150 000 g (4°C). The supernatants,
termed below as ‘extracts’, were stored at —70°C. To isolate the
fraction of low molecular weight proteins, 200 pl of the extract
was filtered through a 30 kDa cut-off, low protein-binding
ultrafiltration membrane (Ultrafree-MC Filtration Unit, Millipore),
with centrifugation at 3000 g until complete passage of the
sample. The resulting through-fraction (‘ultrafiltrate’) was used
for the 8-0x0-dGTPase activity determination either immediately
or after several days storage at -70°C.

Determination of 8-oxo-dGTPase activity

The enzymatic assays were run in (.5 ml capped polypropylene
tubes in an incubation mixture of total volume of 60 pl containing
5-120 uM 8-0x0-dGTP, 5 mM MgCly, 100 mM Tris-HCI buffer
(pH 6-10), other additives as specified in the Results, and 5-20 pl
of the cell extract or its ultrafiltrate. In the developmental stage of
the assay, 200 pg/ml of BSA and/or S mM DTT were also present
in certain test solutions. The reaction was initiated by adding the
extract or ultrafiltrate, carried out at 37°C for 30-120 min, and
terminated by adding 20 pl of 50 mM NaEDTA. The reaction
mixture was finally analyzed by HPLC. To determine the reaction
time course, the volume of reaction mixture was scaled up to
600 pl, and 20 pl aliquots were analyzed by HPLC at 30 min
intervals. The analyses were performed using Waters HPLC
system consisting of two pumps (model 510), Waters Intelligent
Sample Processor (model 710B), UV-VIS Photodiode Array
Detector (model 996), Supelcosil LC-18-T column (250 x 4.6 mm,
S um grain; Supelco, Switzerland), controlled by a Millennium
Chromatography Manager. The reaction mixtures (20 pl) were
chromatographed isocratically with 100 mM NaH,PO4-NaOH
buffer (pH 5.5)/methanol (95:5), at a flow rate of 1 ml/min. Solutions
of known concentrations of 8-0xo-dGDP and 8-0x0-dGMP, ranging
from 5 to 30 uM, were used for calibration. For quantitative analysis
of the formed reaction products, chromatograms acquired at 293 nm
were integrated.
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Figure 1. Formation of 8-oxo-dGTP and guanine from 2 mM dGTP reacting
with 14.2 mM ascorbic acid and 133 mM H»O3 in 20 mM phosphate buffer,
pH 7.0, at room temperature. Samples (20 ) of the reaction mixture were
analyzed by HPLC at 60 min intervals as described in Materials and Methods.
The main nucleobase derivatives present in the mixture were quantified versus
synthetic standards. The dGTP sample used for the reaction contained ~10% of
dGDP.

Treatment of CHO cells with cadmium acetate

The CHO cells growing in 36 flasks were treated simultaneously
at ~50% confluence with 1 ml of the culture medium (control
group) or the same medium containing cadmium acetate to set the
final cadmium concentration at 0.3, 1 or 3 uM level. Each group of
cells consisted of nine separate cultures. After cadmium was added,
the cells were allowed to grow for an additional 2, 6 or 24 h, at which
points three cultures of each cadmium concentration were
harvested with the cell scraper, lysed in 20 mM Tris-HCL, pH 7 4,
and ultracentrifuged. The resulting extracts were ultrafiltered and
assayed for 8-oxo-dGTPase activity.

Protein determination

Protein concentration in the cell extracts was determined in
triplicate by the method with bicinchoninic acid (20). Crystalline
BSA was used as a protein standard.

RESULTS
Synthesis of 8-0x0-dGTP, 8-0x0-dGDP and 8-0xo-dGMP

To establish the optimum reaction conditions for dGTP oxidation
to 8-0x0-dGTP with the ascorbic acid/HyO; system (14), the time
course of the reaction and the effects of pH, as well as of dGTP
and HpO; concentrations on the product yield, were followed by
HPLC. The 8-0x0-dGTP yield improved with increasing initial
dGTP concentration, but only up to 2 mM dGTP. At4 mM dGTP,
the yield of 8-0x0-dGTP began to decline. HyO> concentration in
the reaction mixture of 100150 mM was the best compromise
between the 8-0x0-dGTP yield and reaction selectivity.

The oxidation of dGTP yielded two main UV-absorbing
products, 8-0x0-dGTP and guanine (Fig. 1). Since the latter
predominated in non-buffered reaction mixtures, preparatory
reactions should be carried out in buffered neutral media. Under

optimal reaction conditions (2 mM dGTP, 14.2 mM ascorbic acid,
133 mM HyO, in 20 mM phosphate buffer, pH 7.0), the
concentration of 8-0x0-dGTP reached its maximum after 3 h of
incubation at room temperature (Fig. 1). The same reaction
conditions were also used for oxidation of dGDP and dGMP.
Dephosphorylation of nucleotides was not observed.

The individual 8-oxo-dG 5’-phosphates, formed in reaction
mixtures during oxidation of dGTP, dGDP and dGMP, were purified
by DEAE-cellulose column chromatography, using TEAB gradients
for elution. Every 8-oxo-derivative being purified, eluted as the last
UV-absorbing peak of the chromatographed mixture (Fig. 2A, Band
C). This procedure allowed for obtaining high purity preparations of
the nucleotides in a single chromatographic step (Figs 2 and 3).
The purity of such prepared 8-0x0-dGTP, §-0x0-dGDP and 8-oxo-
dGMP was ascertained by HPLC and spectral analysis (Fig. 3). All
three 8-0x0-2’-deoxyguanosine 5"-phosphate preparations had the
same UV spectrum characteristic of 8-0xo-dG with the maxima
at 245 and 293 nm (Fig. 3B). To further verify the identity of the
synthesized 8-0xo-dGTP, it was subjected to hydrolysis by E.coli
alkaline phosphatase, and the resulting reaction mixture was
chromatographed by HPLC. This treatment led to sequential
dephosphorylation of this nucleotide to 8-0xo-dGDP, 8-oxo-dGMP
and finally to 8-oxo-dG, coeluting with genuine nucleotide and
nucleoside standards. The yields were as follows: 8-0x0-dGTP,
6.1%; 8-0x0-dGDP, 10.4%; 8-0x0-dGMP, 4.1%.

Quantitative determination of 8-0xo-dGTP dephosphorylation
products

Among the various HPLC techniques, we found reversed-phase
chromatography on a Supelcosil LC-18-T column to be the best
for fast resolution of 8-0x0-dGTP (retention time, tg = 5.2 min)
and all the products of its dephosphorylation, 8-0xo-dGDP (tg =
6.3 min), 8-0x0-dGMP (tg = 8.9 min) and 8-ox0-dG (tr =
22.4 min), using isocratic elution with 100 mM NaH;PO4-NaOH
buffer (pH 5.5)/methanol (95:5). The elution order of the
compounds on the Supelcosil LC-18-T column depends on the
number of phosphate residues in the molecules, 8-0xo-dGTP
being the first and 8-oxo-dG the last eluting peak (Fig. 4).The
detection limit at 293 nm for §-oxo-dGMP was 5 pmol per
injection, corresponding to 0.25 uM 8-0x0-dGMP when 20 pl of
the reaction mixture was analyzed. [t means that hydrolysis of
0.6% of the 40 pM 8-0x0-dGTP to 8-0x0-dGMP could be
detected. The acquisition of the chromatograms at 293 nm
ensured not only high sensitivity but also selectivity of 8-ox0-dG
derivatives detection. No UV-absorbing compounds originating
from the CHO cells were detected at this wavelength when typical
enzymatic reaction mixtures were chromatographed.

Enzymatic hydrolysis of 8-0xo-dGTP by CHO cell extracts

Preliminary experiments revealed that at pH above 7.0, in the
presence of 5 mM MgClp, 8-0xo-dGTP was hydrolyzed by the
extract of CHO cells mainly to 8-0xo-dGDP (Fig. 4A). The
8-0x0-dGMP sought was a minor second hydrolysis product. To
obtain the time course data for 8-0xo-dGTP hydrolysis, 40 uM
8-0x0-dGTP was reacted in the presence of S mM MgClp, 100 mM
Tris—HCl, at pH 8.5, with the extract of CHO cells; total protein
concentration in the reaction mixture was 132 pg/ml. As shown
in Figure 5A, the predominant product was indeed 8-oxo-dGDP
which after 330 min incubation at 37°C constituted 65% of both
8-0x0-dGDP and 8-0x0-dGMP. To determine if that 8-oxo-dGMP
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dGTP, dGDP or dGMP with the H>O»/ascorbate system. The reaction mixtures

(40 ml) were loaded without preconcentration on the column equilibrated with

20 mM TEAB (pH 8.5), and eluted with gradient of TEAB (pH 8.5), as .. . .
described in Materials and Methods. 8-Oxo-derivatives of the substrate Ongmated from dephosphorylanon of 8-0x0-dGDP or derCtly

nucleotides were eluted always as the last peak. Fractions of each 8-oxo-dG from 8-0x0-dGTP, 40 LLM 8-0x0-dGDP was incubated at 37°C in
5"-phosphate marked with vertical lines were pooled. the presence of 5 mM MgCl, with the same amount of CHO extract
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Figure 5. Time course of the hydrolytic dephosphorylation of 8-ox0-dGTP by
the CHO cell extract (A) and its ultrafiltrate (B). Mixtures of 40 pnM
8-0x0-dGTP, 5 mM MgCly, 100 mM Tris-HCI, pH 8.5 containing extract (100 p,
79 pg protein) or its ultrafiltrate (100 pl) were incubated in a total volume of
600 ul. Aliquots of 20 ul were chromatographed every 30 min, as described in
Materials and Methods.

as above, at pH 5-8.5. No decomposition of 8-0xo-dGDP was
detected for several hours, meaning that the observed §-oxo-dGMP
was a product of pyrophosphohydrolase (8-0xo-dGTPase), and not
just unspecific phosphatase activity of the CHO extract. Approx-
imately 90% of the phosphatase activity catalyzing 8-oxo-dGDP
formation was inhibited by the addition of EDTA [molar ratio
EDTA/Mg(1I) = 3.3].

Selective determination of the 8-0xo-dGTPase activity and
kinetic properties of the enzyme from CHO cells

Upon incubation with the cell extract, 8-0xo-dGTP is rapidly
consumed by the interfering phosphatase(s), making it impossible to
measure reliably the 8-oxo-dGTPase activity (Figs 4A and 5A).
However, 8-0x0-dGTPase activity may be separated from that of
the phosphatase(s) by ultrafiltration through low protein-binding
regenerated cellulose membranes with 30 kDa molecular cut-off
pores, using Ultrafree MC Filtration Units, Millipore, USA
(ultrafilters of some other companies gave poor results). As
depicted in Figure 4B, an ultrafiltrate obtained from the CHO cell
extract hydrolyzed 8-0xo-dGTP almost exclusively to 8-0xo-dGMP.
Thus, the 8-0x0-dGTPase activity was associated with a small
protein of molecular mass <30 kDa. This activity could be
completely inhibited by adding EDTA, signifying its dependence
on magnesium. Therefore, EDTA could be used for termination
of the enzymatic reaction (Fig. 4C). After the addition of EDTA,
neither generation of 8-0x0-dGMP nor loss of 8-0x0-dGTP could
be detected in the reaction mixture for up to three days at room
temperature. The pH optimum for 8-oxo-dGTPase activity was
found to be 8.5.

To investigate the kinetics of the hydrolysis by CHO cell
ultrafiltrate at optimum pH, 8-0xo-dGTP was incubated with
ultrafiltrate prepared from the same extract used previously in the
time course experiment, under the same conditions (compare
Fig. SA). As shown in Figure 5B, this time 8-0xo-dGTP was

substrate only
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+5 UM dGTP
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Figure 6. The substrate concentration dependence of the 8-oxo-dGTPase
activity of CHO cells as determined in the absence or presence of 5 UM potential
enzyme inhibitors: 8-0x0-dGDP, dGTP and dGDP. Ultrafiltrate of CHO cell
extract (protein concentration in extract, 3.8 mg/ml) was incubated for 30 min
at 37°C with 5 mM MgCl,, 100 mM Tris-HCI, pH 8.5 and 8-oxo-dGTP
concentrations ranging from 5 to 120 uM. This set of reactions was repeated in
the presence of 5 UM 8-ox0-dGDP, dGTP or dGDP. The reactions were
terminated with 20 ul of 50 mM Na,EDTA, and 20 pl aliquots of the mixtures
were chromatographed to determine amount of 8-oxo-dGMP formed.
(B) Lineweaver-Burk double reciprocal plot of the data.

hydrolyzed predominantly to 8-oxo-dGMP, with only minor (5%
in 330 min) formation of 8-oxo-dGDP. The formation of
8-0x0-dGMP was linear until ~40% of 8-0xo-dGTP was
consumed. The reaction followed Michaelis-Menten kinetics
(Figure 6), and the K, value for 8-0xo-dG TP hydrolysis at pH 8.5
was 9.3 uM.

Standard reaction conditions for 8-oxo-dGTPase activity
determination

The optimum reaction mixture for 8-oxo-dGTPase activity assay
in CHO cells included: 40 uM 8-0x0-dGTP, 5 mM MgCly, 100 mM
Tris-HCI, pH 8.5, and cell extract ultrafiltrate in total volume of
60 pl. The reaction was initiated by the addition of the ultrafiltrate
(usually 10 pl of ultrafiltrate obtained from cell extract containing
0.5-3 mg protein/ml), carried out at 37°C for 30-60 min, and
terminated by addition of 20 pl of 50 mM NayEDTA. Blank
samples were prepared by adding Na;EDTA before ultrafiltrate,
followed by incubation at 37°C. Under these ‘standard reaction
conditions’, 8-oxo-dGTPase was almost completely saturated
with the substrate (Fig. 6A), and the substrate hydrolysis did not
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exceed 25%. The activity unit (U) was defined as the amount of
enzyme converting 1 pmol of 8-0xo-dGTP to 8-oxo-dGMP per
min under standard reaction conditions. The enzyme activity was
linearly proportional to the amount of ultrafiltrate added to the
reaction mixture. To compare different cell extracts, their
activities determined in ultrafiltrates were expressed in relation to
protein concentrations in the corresponding extracts (protein
concentrations in the ultrafiltrates were too low for reliable
determination). It means that activity of 10 pl of an ultrafiltrate
was divided by the amount of protein (in mg) present in 10 pl of
the extract from which the ultrafiltrate was prepared. The
8-0x0-dGTPase activity in stored ultrafiltrates was relatively
stable in time. Not more than 20% loss of the enzyme activity was
observed when the ultrafiltrate was left at room temperature for
64 h without addition of any protease inhibitors or protein
stabilizers (data not shown).

The effects of dGTP, dGDP and 8-0x0-dGDP on the
activity of 8-oxo-dGTPase

The influence of 5 uM dGTP, dGDP or 8-0x0-dGDP on the K,
and Vinax parameters of 8-0x0-dGTP hydrolysis by the CHO cell
ultrafiltrate was investigated. As found, both dGTP and dGDP
were weak competitive inhibitors of 8-oxo-dGTPase activity,
increasing the K, value from 9.3 to 15.5 and 16.4 uM, and
causing negligible changes of Viyax from 22.9 to 23.9 and
23.0 pmol/min, respectively (Fig. 6). In contrast, 8-0xo-dGDP quite
considerably affected both Ky, and V. of the 8-oxo-dGTPase
activity. In the presence of 5 uM 8-0x0-dGDP, Ky, increased to
61.7 uM and Vpax decreased to 15.9 pmol/min (Fig. 6). The
influence of different 8-0xo-dGDP concentrations on the activity
is shown in Figure 7: 2.5 uM 8-0x0-dGDP caused a 50% and
40 uM 8-0x0-dGDP caused a 93% drop in the 8-oxo-dGTPase
activity towards 40 uM §-oxo-dGTP. Under the same conditions,
40 uM dGTP, an alternative substrate for 8-oxo-dGTPase (3),
produced only a 4% inhibition. Hydrolysis of dGTP in this
reaction mixture was undetectable.

Influence of cell harvesting methods, protease inhibitors and
protein stabilizers on the recovery of 8-0x0-dGTPase activity

CHO cell cultures, grown in 10 flasks (started at 109 cells/flask),
were terminated after 4 days and processed separately. The cells
of five flasks were harvested manually with cell scrapers, and the
remaining cells were harvested by trypsinization. The cells were
further lysed in 20 mM Tris-HCI, pH 7.4, ultracentrifuged,
ultrafiltered and analyzed for 8-oxo-dGTPase using standard
reaction conditions. The mean enzyme activity in cells harvested
by scraping was 1677 = 185 SE (n = 5) and in cells harvested by
trypsinization the activity was 865 =+ 68 SE (n = 5) U/mg protein.
Thus, the trypsinization procedure yielded only 50% of the
8-0x0-dGTPase activity that could be recovered from the same
number of CHO cells by the scraping method (P = (0.015).

To compare the influence of protease inhibitors on the recovery
of 8-0x0-dGTPase activity, 16 cultures of CHO cells were
harvested by scraping. Eight of the collected cell samples were
lysed by freezing and thawing in 20 mM Tris-HCI, pH 7.4, and
the remaining samples were lysed in 20 mM Tris-HCI, pH 7.4,
containing 0.5 mM PMSF and 0.5 pg/ml pepstatin A and
leupeptin. The ultrafiltrates were analyzed for 8-oxo-dGTPase
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Figure 7. Inhibitory effect of 8-oxo-dGDP and dGTP on the activity of
8-0x0-dGTPase from CHO cells. The enzyme activity in the ultrafiltrate was
determined under standard reaction conditions except that the reaction mixtures
contained increasing concentrations of 8-0xo-dGDP or dGTP ranging from 0 to
40 uM. Neither 8-0x0-dGDP nor dGTP decomposed under these conditions.

activity under standard reaction conditions. The mean activity in the
cells lysed without protease inhibitors was 1206 = 45 SE (n = 8)
U/mg protein, while that in the cells lysed with PMSF, leupeptin
and pepstatin A was significantly lower, 790 + 49 SE (n = 8)
U/mg protein (P = 0.0002). Hence, in our standard assays the
inhibitors were not used.

Addition of 200 pg/ml of BSA and/or 5 mM DTT to reaction
mixture had no significant effect on the 8-oxo-dGTPase activity.

Validation of the 8-0x0-dGTPase activity assay

The following conditions were found to be essential for the optimal
analytical procedure of 8-oxo-dGTPase activity determination in
cultured cells: (i) manual harvesting of the cells with cell scrapers;
(ii) lysis of the cells in three cycles of freezing and thawing in the
presence of hypotonic buffer, 20 mM Tris-HCI, pH 74;
(iii) ultracentrifugation of the lysed cells (3 hat 150 000 g; 4°C)
and determination of protein concentration in the resulting
extract; (iv) ultrafiltration of the extract through 30 kDa
molecular weight cut-off, low protein binding cellulose filters and
(v) determination of the 8-oxo-dGTPase activity under standard
conditions and quantitation of 8-0xo-dGMP formed by HPLC
with UV detection.

The reproducibility of 8-oxo-dGTPase activity assay was
investigated at different stages of the analytical procedure.
Several independent experiments, based on seven repetitions (11 = 7),
were completed in order to estimate the contribution of a
particular analytical step to the final standard error value of the
assay. The results showed that the relatively least reproducible
step of the entire procedure, determining the precision of the
assay, was the ultrafiltration step (3.8% SE of the mean value), the
HPLC analysis being the most precise step (0.18% SE). Overall,
the standard error (n = 3) of the assay used to evaluate cadmium
effects in CHO cells (below) varied from 1.6 to 15% of the mean
values.
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An example of the assay application: effect of cadmium on
the activity of 8-oxo-dGTPase in CHO cells

Cadmium chloride has been shown previously to strongly inhibit
isolated bacterial and human 8-oxo-dGTPases (18). To test this
effect in vivo, the present assay was used to investigate the
influence of cadmium ions on 8-ox0-dGTPase activity in cultured
CHO cells. The cells were grown in the presence of 0.0, 0.3, 1.0
or 3.0 uM CdCl; in the culture medium for 2, 6 and 24 h, and then
washed, harvested, and assayed for 8-oxo-dGTPase activity as
described previously. As shown in Figure 8, an observed sequential
decrease of 8-oxo-dGTPase activity correlated well with the
increasing concentration of Cd(II). After the 2, 6 and 24 hincubation
with 3 uM Cd(II), the enzyme activity decreased to 66, 89 and 78%
of the control value (cadmium-free cultures), respectively. Analysis
of variance (ANOVA) revealed that the observed cadmium
concentration-dependent decrease of 8-0x0-dGTP pyrophosphatase
activity was statistically highly significant for the 6 and 24 h
treatments (P = 0.013 and 0.0006, respectively), and only weakly
so for the 2 h exposure (P = 0.076).

DISCUSSION

8-Ox0-dGTPase is an enzyme hydrolyzing 8-oxo-dGTP, the
strongly mutagenic (12) substrate for DNA synthesis. Thus, any
factor causing a decrease of the §-oxo-dGTPase activity could be
potentially mutagenic and carcinogenic. To investigate the role of
8-ox0-dGTPase in carcinogenesis, a reliable assay of this
enzyme’s activity in vivo is essential. The analytical procedure for
selective 8-0x0-dGTPase determination in CHO cells, developed
in the present study, constitutes such an assay.

Pure preparations of the enzyme substrate and product are
indispensable for any successful enzymatic activity determination.
Two general approaches were reported for the 8-oxo-dGTP and
8-0x0-dGMP synthesis: a multistep chemical synthesis starting

from 2’-deoxyguanosine (21) or a direct oxidation of dGTP and
dGMP at the C8 position by oxygen radical-generating systems,
such as ascorbic acid/EDTA/Fe?" (12), ascorbic acid/Oy/Fe?*
(22), ascorbic acid/EDTA/Fe2t/Q, (23) or ascorbic acid/HyO
(14). After trying the other approaches, we decided to adopt and
optimize the method of dGTP and dGMP oxidation described by
Mo et al. (14). In all methods based on oxidation of dG nucleotides,
the main problem is the separation of their 8-oxo-derivatives from
unreacted substrates and many other unidentified products.
Previously described methods of 8-0xo-dGTP purification applied
several steps of chromatographic separation, usually consisting of
a combination of low-pressure anion exchange chromatography
on DEAE-Sephadex followed by subsequent two steps of
reversed-phase HPLC separation (12,22,23) or anion-exchange
HPLC on Spherisorb SAX column with subsequent low pressure
separation on DEAE-MemSep anion-exchange chromatographic
cartridge (14). In contrast, our procedure allows purification of
several milligrams of 8-0x0-dG TP, 8-0x0-dGDP or 8-0x0-dGMP
in a single chromatographic run on DEAE-cellulose column (Fig. 2).

Another critical requirement of an enzymatic assay is precise
quantification of the reaction product. The oldest (4,14) and most
frequently used method of 8-0x0-dGTPase activity determination
applies the radiolabeled [0i-32P]8-0x0-dGTP. The enzymatic
reaction product 32P-8-ox0-dGMP is separated from the substrate
by thin layer chromatography and quantified autoradiographically
(24). The inconveniences of this method include the synthesis of
the short-lived radiolabeled and unlabeled 8-oxo-dGTP and low
precision of autoradiographic quantitation. In a more recent
HPLC method, 8-oxo-dGMP was separated on a Beckman
Ultrasphere C1g column and measured electrochemically (21).
However, the instability of the electrochemical detector made this
method inconvenient for use with our reaction mixtures, containing
many electrochemically-active constituents. In the present
method we used the Supelcosil LC-18-T column, which ensures
excellent separation of all the products of 8-0xo-dGTP hydrolysis.
For detection and quantification of 8-oxo-dG phosphates, we
used a photodiode array UV-VIS detector that offered very low
background noise level of ~1 x 10-5 absorbance units, allowing
very sensitive detection of 8-0x0-dG and its phosphates (minimum
5 pmol/injection).

The 8-ox0-dGTPase activity assays described to date can be
successfully used only with purified enzymes and should not be
applied to mammalian cell or tissue extracts. Upon incubation
with such extracts, 8-0x0-dGTP is hydrolyzed to 8-oxo-dGDP.
The presence of 8-0x0-dGTP phosphatase activity, hydrolyzing
8-0x0-dGTP to 8-0x0-dGDP in the presence of magnesium ions
in alkaline solutions, was previously demonstrated in human
(14,25) and mouse cells (17). This activity drastically lowers the
substrate concentration for §-oxo-dGTPase in reaction mixture.
Moreover, we showed that 8-0xo-dGDP is a strong inhibitor of the
8-0x0-dGTPase activity. This observation also has another practical
implication: the 8-0x0-dGTP preparation for 8-oxo-dGTPase assay
should be virtually free of 8-0x0-dGDP. Because the latter is also
produced by non-enzymatic decomposition of 8-0xo-dGTP in
solution, long term storage of §-0x0-dGTP preparation should be
avoided. As little as 5% 8-0x0-dGDP in 8-0x0-dGTP preparations
decreases the observed activity of 8-oxo-dGTPase by ~50%.

Considering the above, it is obvious that in order to be
accurately determined, the 8-0xo-dGTP pyrophosphatase activity
must be separated from 8-oxo-dGTP phosphatase activities. To
achieve this, we propose the use of 30 kDa cut-off ultrafiltration
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membranes for fast separation of both activities. Apparently, the
molecular mass of the interfering phosphatase(s) is >30 kDa, in
contrast with that of §-oxo-dGTPase(s) having molecular mass of
18 kDa, as found in humans (14), mice (17) and rats (16). The
following characteristic features confirm the identity of the CHO
cell 8-0x0-dGTPase with other mammalian MutT homologues:
(i) molecular mass below 30 kDa; (ii) total Mg(II)-dependence of
the enzyme activity (Fig. 4C); (iii) maximum activity at pH 8.5
and (iv) Ky = 9.3 uM for 8-0xo-dGTP hydrolysis at pH 8.5
(Figure 6). In comparison, the purified human enzyme has been
characterized as 18 kDa protein, demonstrating Mg(II)-dependent
activity towards 8-0xo-dGTP with pH optimum of 8.0 and
K = 12.5 uM (14). We also characterized the human enzyme
from cultured fibroblasts: the pH optimum was 8.5 and Ky, for
8-0x0-dGTP hydrolysis was 8.5 uM (unpublished results).

The present method of 8-oxo-dGTPase separation by ultra-
filtration enables kinetic studies of the enzyme and estimation of
the total enzyme activity in cells. It should be noted, however, that
this method is not perfect since some of the interfering
8-0x0-dGTP phosphatase may get through the membrane (Figs 4B
and 5B) and, possibly, the membrane may retain some of the
8-0x0-dGTPase present in cell extract. Both will result in
underestimation of 8-oxo-dGTPase activity. In effect, the ultra-
filtration step is a critical factor for reproducibility of the whole
analytical procedure. Individual ultrafiltration membranes present
some differences in their ultrafiltration capacity. Therefore, at
least three separate ultrafiltrates for each enzyme activity
determination should be prepared from an individual cell extract.
Also, the extracts in which 8-oxo-dGTPase activity is to be
compared should not differ substantially in total protein
concentration because the ultrafiltration efficiency can be affected by
total amount of macromolecules applied onto the ultrafiltration
membrane.

In the formerly proposed assays, BSA and DTT were used in
the reaction media as 8-oxo-dGTPase stabilizers (14,16,17). In
our investigations, neither of these additives increased the
observed activity of the CHO enzyme under standard reaction
conditions. Also, the activity of 8-oxo-dGTPase in ultrafiltrates
kept for days at room temperature without these stabilizers was
stable. Therefore, there was no reason to include BSA and/or
DTT inthe cell lysis buffer or the reaction medium. We compared
two methods of cell harvesting, scraping and trypsinization, for
the recovery of 8-oxo-dGTPase from CHO cells. The results
indicate that trypsinization should be avoided since it lowers by
50% the recovered enzyme activity in comparison with that
obtained from cells harvested by scraping. PMSE, leupeptin and
pepstatin A are protease inhibitors widely used as additives in cell
lysis and homogenization buffers to preserve the activity of
extracted enzymes. However, since a mixture of these three
protease inhibitors decreased the recovery of 8-oxo-dGTPase
activity by 35%, we did not use these compounds in our standard
procedure of cell processing.

To demonstrate the usefulness of our 8-oxo-dGTPase activity
assay, the assay was used to investigate the influence of in vivo
treatment with cadmium ions on the enzyme activity in CHO
cells. We observed a decrease in enzyme activity with increasing
concentration of Cd(IT) ions ranging from 0 to 3 uM after 2, 6 and
24 h of treatment. These results accord with previously published
data (18) demonstrating the inhibition of purified £.coli and
human 8-0xo-dGTPases by Cd(II) in vitro. The inhibitory effect
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of cadmium ions on the activity of 8-o0xo-dGTPase provides one
possible mechanism involved in the introduction of the 8-0xo0-dG
lesion into DNA, observed by others in cadmium treated cells
(26) and thereby could explain the mutagenic and carcinogenic
potential of this metal (27). This conclusion might be supported
by the presence of the characteristic AT—CG transversions
among the most frequent point mutations in CHO cells exposed
to cadmium (28).
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Abstract—Mammalian homologues of Escherichia coli MutT, a protein having 8-0x0-2'-deoxyguanosine 5'-triphos-
phate pyrophosphohydrolase (8-oxo-dGTPase) activity, are thought to play the same role in preventing the incorporation
of promutagenic 8-0x0-2'-deoxyguanosine (8-oxo-dG) into DNA. One could thus expect that higher activity of
8-0x0-dGTPase should correlate with a lower background level of 8-0x0-dG in nuclear DNA. During transplacental
carcinogenesis experiments, in control healthy Swiss mice on day 18 of gestation we found consistently lower levels of
8-0x0-dG in DNA in fetal livers and lungs (1.74 = 0.04 SE and 1.49 + 0.08 SE 8-0x0-dG/10° dG, respectively; pooled
organs of fetuses of 8 dams) as compared with maternal organs (3.05 = 0.20 SE and 3.08 =+ 0.17 SE 8-ox0-dG/10° dG,
respectively; n = 8). The 8-oxo-dGTPase activity determination in the same organs revealed that the lower levels of
8-0x0-dG in fetal DNA did, indeed, coincide with higher 8-oxo-dGTPase activity (48.8 = 2.6 SE and 52.5 = 2.5 SE
U/mg protein in livers and lungs, respectively); and vice versa, higher 8-0x0-dG levels in DNA of maternal organs were
associated with lower levels of 8-oxo-dGTPase activity (24.3 *= 1.3 SE and 4.7 = 0.6 SE U/mg protein, as above).
Without excluding other reasons for the relatively low 8-oxo-dG background in DNA of fetal tissues (e.g., higher level
of antioxidants and antioxidative enzymes; more efficient DNA repair), this inverse relationship may support or at least
does not contradict the concept of a guardian role of 8-oxo-dGTPase against 8-0xo-dGTP mutagenicity in mammalian
cells. © 1999 Elsevier Science Inc.

Keywords—8-oxo-dGTPase, MTH1, MutT, 8-Oxo0-2'-deoxyguanosine, Oxidative DNA damage, Mutagenesis, Free
radicals

INTRODUCTION tively the products of dGTP and GTP oxidative modifica-

tion, 8-oxo-2'-deoxyguanosine 5'-triphosphate (8-oxo-
dGTP) [5] and 8-oxoguanosine 5'-triphosphate (8-oxo-
GTP) [6,7], that are likely to be generated by endogenous
oxidants arising in normal cell metabolism and under oxi-
dative stress conditions. Thus, the high spontaneous muta-
tion rate observed in E. coli mutT ~ mutants results from the
lack of functional §-0xo-dGTP pyrophosphatase (8-oxo-
dGTPase) that prevents incorporation of 8-0xo-dGTP into
nascent DNA. Mutagenicity of §-0xo-dGTP results from
mispairing properties of §-oxoguanine [8,9]. 8-Oxo-dGTP
can be incorporated into DNA opposite cytosine or adenine

The mutT ~ mutants of Escherichia coli were the first
mutator phenotype organisms ever reported [1]. They were
characterized by at least a 1000-fold increase in frequency
of a specific A — C point mutation [2]. The expression
product of the wild-type mutT gene has been initially iden-
tified as a pyrophosphatase that hydrolyzes the canonical
ribonucleoside- and 2'-deoxyribonucleoside 5'-triphos-
phates to the corresponding nucleoside monophosphates
and inorganic pyrophosphate, with strong preference for
dGTP [3, 4]. The enzyme decomposes even more effec-

Address correspondence to Dr. Karol Bialkowski, NCI-FCRDC,
Bldg. 538, Rm. 205E, Frederick, MD 21702-1201, USA: Tel: (301)
846-5444; Fax: (301) 846-5946; E-Mail: karolb@mail.nciferf.gov.
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[5,10,11]. The 8-0x0-G : A mispair, if not repaired [12],
may result in AT — CG transversion [13]. Escherichia coli
MutT protein also prevents DNA transcription errors by
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hydrolyzing 8-0xo-GTP that could be otherwise misincor-
porated into nascent RNA [7].

The mammalian 8-oxo-dGTPases are homologous
with bacterial enzymes in terms of both kinetic proper-
ties [14,15] and amino acid sequences [16—18]. They
have been thought to play the same antimutagenic role in
eukaryotic cells as MutT plays in prokaryotes. If this is
really the case, then it should be possible to find an
inverse correlation between 8-ox0-2’-deoxyguanosine
content in DNA and 8-oxo-dGTPase activity in the cells.
Searching for such a correlation was the main goal of the
present experiment in which the levels of 8-oxo0-dG and
activity of 8-oxo-dGTPase were determined in livers and
lungs of healthy pregnant mice and their fetuses on day
18 of gestation. These mice comprised a part of the
control group in a bigger transplacental carcinogenesis
bioassay that will be published elsewhere). To achieve
this goal, we adapted the 8-oxo-dGTPase assay, that we
originally developed for cultured cells [15], to investi-
gating mammalian tissues. The adaptation, reported here
in full detail, confirms a more general practicality of this
assay.

MATERIALS AND METHODS

-

Chemicals

8-Ox0-2'-deoxyguanosine 5'-triphosphate and 5'-
monophosphate were synthesized as previously de-
scribed [15]. 8-Oxo0-2'-deoxyguanosine was synthesized
by Dr. Victor Nelson from SAIC Frederick (Frederick,
MD, USA). All other chemicals were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Animals

Six-week-old Swiss outbred (NIH/NCr) mice were
bred with two females to one male. The animals were
kept under pathogen-free conditions, on hardwood bed-
ding, with 12-h fluorescent light/12-h dark cycle, at 24 +
2°C and 50 £ 5% relative humidity. They were fed
NIH-31 diet and had free access to tap water. The pres-
ence of a vaginal plug denoted the first day of gestation.
The pregnant mice were randomly divided into two
groups, eight animals each, and euthanized with CO, on
the 18" day of gestation. Maternal and fetal livers and
lungs were immediately collected and frozen in liquid
nitrogen. 8-Oxo-dGTPase activity was determined in liv-
ers and lungs of one group and 8-0xo0-dG was determined
in the other group of mice and their fetuses. Because of
the small size of the fetuses, the lungs and livers of
fetuses from each dam were pooled for analyses,
respectively.

Determination of 8-oxo-dG level in nuclear DNA

The level of 8-0xo0-dG in nuclear DNA was deter-
mined using the enzymatic hydrolysis procedure accord-
ing to Adachi et al. [19]. Separate dilutions of genuine
8-0x0-dG and dG were used as standards. DNA hydro-
lysates were analyzed by a high-performance liquid
chromatography (HPLC) system consisting of a Hewlett
Packard (Palo Alto, CA, USA) 1050 pump, a Waters
Intelligent Sample Processor model 710B, a Waters
490E Programmable Multiwavelength Detector (Waters
Co., Milford, MA, USA), an ESA (Chelmsford, MA,
USA) Coulochem II 5200A electrochemical detector
(guard cell: 700 mV, standard analytical cell model
5010: working electrode E1 at 300 mV) and a Supelcosil
LC-18-S (250 X 4.6 mm, 5 wm grain) (Supelco, Swit-
zerland) column equipped with a 2-cm guard column.
Twenty microliter aliquots of the DNA hydrolysates
were chromatographed at 1 ml/min flow rate, using 100
mM sodium acetate-orthophosphoric acid, pH 5.2/meth-
anol (92:8) as an eluent. Chromatograms were acquired
and integrated by an ESA 500 Chromatography Data
System.

Determination of 8-oxo-dGTPase activity

8-Ox0-dGTPase activity was determined using a
modified method developed by us previously for cultured
cells [15]. The tissues (100—-250 mg) were homogenized
on ice with 1.5 ml of cold 20 mM Tris-HCI, pH 7.4, in
a motor-driven, 7-ml Potter-Elvehjem homogenizer. The
homogenates were centrifuged for 15 min at 2500 X g
(4°C). Supernatants were further ultracentrifuged for 1 h
at 100,000 X g (4°C) in a fixed-angle Ti 50 rotor (Beck-
man Instruments, Fullerton, CA, USA). The resulting
supernatants (0.5 ml), termed below as extracts, were
collected for further processing. Three 100-ul portions of
each extract were ultrafiltered through 30 kDa cut-off,
low protein-binding regenerated cellulose membranes
(Ultrafree-MC Filtration Units, Millipore, Bedford, MA,
USA). This step separated the 8-oxo-dGTP pyrophos-
phatase activity from 8-oxo-dGTP phosphatase and
8-0x0-dGMP phosphatase activities. The extracts and
ultrafiltrates were stored at —70°C for subsequent deter-
mination of the protein concentration and 8-oxo-dGT-
Pase activity. The determination 8-oxo-dGTPase activity
in the ultrafiltrates was carried out in 0.5-ml capped
polypropylene tubes, as follows. A 60-ul volume of the
reaction solution, containing 40 uM 8-0x0-dGTP, 5 mM
MgCl,, 100 mM Tris-HCI (pH 8.5), and ultrafiltrate, was
incubated at 37°C for 120 min. The reaction was initiated
by the addition of the ultrafiltrate (5 ul) and terminated
by adding 20 ul of 50 mM Na,EDTA. Blank samples
were prepared with Na,EDTA added before the ultrafil-
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trate, followed by incubation at 37°C. The reaction so-
lutions were analyzed by HPLC for the amount of §-oxo-
dGMP formed. Our Waters HPLC system consisted of
two pumps (model 510), autosampler (model 717 plus),
UV-VIS Photodiode Array Detector (model 996), Supel-
cosil LC-18-T column (250 X 4.6 mm, 5 pm grain). It
was controlled by a Millennium 2000 Chromatography
Manager. Twenty microliters aliquots of the reaction
mixtures were chromatographed isocratically with 100
mM NaH,PO,-NaOH buffer (pH 5.5)/methanol (95:5),
at a flow rate of 1 ml/min. Solutions of known concen-
trations of 8-0xo-dGMP, ranging from 5 to 30 uM, were
used for calibration. For quantification of the reaction
product, chromatograms acquired at 295 nm were inte-
grated. The activity unit (U) was defined as the amount
of enzyme converting 1 pmol of 8-0xo-dGTP to 8-oxo-
dGMP per min under the above reaction conditions. The
mean 8-oxo-dGTPase activity in the tissue extract was
calculated from determinations of three separate ultrafil-
trates of a given extract. To compare different organ
extracts, their activities determined in ultrafiltrates were
expressed in relation to protein concentration in the cor-
responding extracts. Protein concentration in the extracts
was determined by the biuret method [20], using crys-
talline bovine serum albumin as a standard.

Statistical analysis

The significance of differences between means was
tested with the use of the unpaired Student’s /-test.

RESULTS
8-Ox0-dG levels

The 8-0x0-dG level in liver DNA of § pregnant mice
ranged from 2.45 to 3.98 per 10° dG molecules (mean
value 3.05 = 0.20 SE). It was significantly higher (p =
.00002) than in DNA of the fetal livers, where the level
ranged from 1.46 to 1.92 per 10° dG (mean value 1.74 +
0.04 SE). The maternal lungs also contained significantly
higher (p = .000001) levels of 8-0x0-dG in DNA (range:
2.40 to 3.82 8-0x0-dG/10° dG; mean value 3.08 + 0.17
SE) in comparison to fetal lungs (range: 1.33 to 1.89
8-0x0-dG /10° dG; mean value 1.49 + 0.08 SE).

8-oxo-dGTPase activity

The mean activity of 8-oxo-dGTPase in maternal liv-
ers was 243 = 1.3 SE U/mg protein and ranged from
17.9 to 29.8 U/mg protein. Fetal livers had a twofold
higher mean 8-oxo0-dGTPase activity (p = 1077),48.8 +
2.6 SE U/mg protein, and the values for individual sam-
ples ranged from 35.4 to 70.4 U/mg protein. The mean

Livers Lungs

[ U/ mg protein |

[ 8-0x0-dG / 107 dG |
~
T

Level of 8-0x0-dG in DNA  8-ox0-dGTPase activity

Mothers Fetuses

Mothers Fetuses

Fig. 1. Activity of 8-oxo-dGTPase and 8-oxo-dG levels in nuclear
DNA of maternal and fetal mouse organs. Error bars depict SE of mean
values of eight determinations.

activity of 8-oxo-dGTPase in maternal lungs was 4.7 *
0.6 SE U/mg protein, ranging from 2.5 to 7.3 U/mg
protein, whereas that in the fetal lungs was by an order of
magnitude higher, with the mean of 52.5 £ 2.5 SE U/mg
protein and range from 43.2 to 67.8 U/mg protein. Thus,
for pregnant mice and their fetuses, and inverse relation-
ship was observed between the cellular activity of 8-oxo-
dGTPase and the level of nuclear 8-oxo-dG in both
organs studied. The results are summarized in Fig. 1.

Notes on the 8-oxo-dGTPase activity assay

Our method for selective determination of 8-oxo-
dGTP pyrophosphatase activity, developed originally for
analysis of cultured cells [15], was applied here to de-
termine 8-oxo-dGTPase activity in mouse tissue extracts.
The extracts of the mammalian cells contain high activ-
ities of interfering enzymes that decompose 8-0xo-dGTP
to 8-0x0-dGDP and 8-0x0-dGMP to 8-0ox0-dG. In addi-
tion, 8-0xo-dGDP is a very strong inhibitor of 8-oxo-
dGTPase activity [15]. For these reasons it is necessary
to separate the 8-oxo-dGTPase from interfering enzymes
by ultrafiltration. This allows for its selective and repro-
ducible determination. Fig. 2 presents a chromatographic
separation of the substrate and product of the reaction
with typical ultrafiltrate of mouse liver extract that con-
tains 8-oxo-dGTPase activity without interfering phos-
phatase activities. The presence of the latter would be
signified by the presence of 8-0xo-dGDP and 8-oxo-dG
peaks with retention times of 6.3 min and 22.4 min,
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Fig. 2. High-performance liquid chromatography analysis of a typical
8-0x0-dGTPase assay reaction mixture prepared and chromatographed
as specified in the text. (A) Shows 8-Oxo-dGMP as the sole product of
8-0x0-dGTP hydrolysis, thus demonstrating the effectiveness of sepa-
ration of 8-oxo-dGTPase from interfering phosphatase activities by
ultrafiltration (see text). (B) Blank sample prepared by adding
Na,EDTA to substrate solution before introduction of the ultrafiltrate.

respectively, as determined in control HPLC analyses
(not shown).

DISCUSSION

Investigations of transplacental carcinogenesis carried
out in our laboratory [21] resulted in an intriguing ob-
servation that the levels of 8-0xo-dG in DNA of fetal
organs were always lower than those in the correspond-
ing maternal organs. This consistent difference seems to
reflect the age of the animals. It confirms previous find-
ings of 8-0x0-dG accumulation in DNA of aging tissues
and cells [22,23]. We found this phenomenon to be a
good model for investigations of possible 8-oxo-dGT-
Pase involvement in controlling the content of 8-ox0-dG
in nuclear DNA of mammalian cells.

Although the antimutagenic function of bacterial
8-0x0-dGTPase (MutT) is well established [2,8], this
function has not been demonstrated for this class of
enzymes in eukaryotic cells. Transfection of the human
8-0x0-dGTPase gene into mutT ~—-E. coli resulted in par-
tial reversal [24], and transfection of mouse and rat genes
resulted in a complete reversal [17,18] of the high A —
C point mutation rate, typical for incorporational muta-
genicity of 8-oxo-dGTP observed in these mutants.
There is no experimental evidence that 8-oxo-dGTPase
activity may be responsible for limiting the amount of
8-0x0-dGTP being incorporated into nuclear DNA of

mammalian cells. There are basic differences in the
localization of this enzyme in pro- and eukaryotic cells.
Whereas bacterial 8-oxo-dGTPase is localized in the
same compartment that the genomic DNA is replicated,
the mammalian enzyme is not. The latter was found in
cytosol and mitochondria, but not in the nucleus [25]. It
is thus likely that mitochondrial 8-oxo-dGTPase sani-
tizes the free deoxynucleotide pool surrounding replicat-
ing mitochondrial DNA. It is not known, however, if and
how the pool of free deoxyribonucleotides is sanitized in
cell nucleus. This makes the hypothetical participation of
mammalian 8-oxo-dGTPase in decreasing the content of
8-oxoguanine in nuclear DNA uncertain.

A eukaryotic cell line or organism carrying the knock-
out mutation of the gene coding for 8-oxo-dGTPase
would be the best model to measure the influence of
8-0x0-dGTPase on the 8-0x0-dG content in nuclear
DNA and the A — C transversion rate. Unfortunately,
such a cell line or organism has not been developed yet.
A correlation between cellular §-oxo-dGTPase activity
and 8-0xo0-dGTP levels could also provide a reliable
answer to this problem. We are lacking a method for
determination of 8-oxo-dGTP levels in the deoxynucle-
otide cellular pools. In this situation, a search for corre-
lation between 8-oxo-dGTPase activity and the nuclear
8-0x0-dG contents seems to be a reasonable compromise
in testing a possible causative association between these
two factors. As found in our experiments, higher activity
of 8-ox0-dGTPase in the fetal organs, as compared with
maternal organs, did, indeed, coincide with lower levels
of 8-0x0-dG in the fetal organs than in maternal organs.
A similar inverse relationship between the level of ex-
pression of 8-0x0-dGTPase mRNA and 8-oxo-dG con-
tent in DNA was also reported recently by Kennedy et al.
[26]. Hence, without excluding other reasons for the
relatively low 8-ox0-dG background in DNA of fetal
tissues (e.g., higher level of antioxidants and antioxida-
tive enzymes; more efficient DNA repair), this inverse
correlation may support or at least does not contradict the
concept of a guardian role of 8-oxo-dGTPase against
8-0x0-dGTP in mammalian cells. Such a role seems to be
especially significant for the rapidly growing fetal organs
with high vulnerability to genotoxic damage. It may also
help to ameliorate the DNA-damaging effects of oxida-
tive stress observed at birth, likely to result from the
sudden increase of tissue oxygen tension [27].

Further research is needed to strengthen the emerging
correlation between endogenous 8-oxo-dG level in nu-
clear DNA and cytosolic 8-oxo-dGTPase activity, or
disprove it. We believe that our novel in vivo 8-oxo-
dGTPase activity assay will help in this research.
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8-Oxo0-2'-deoxyguanosine 5'-triphosphate pyrophospho-
hydrolase (8-0xo-dGTPase) is an enzyme which prevents
incorporation into DNA of promutagenic 8-0xo-2'-deoxygu-
anosine (8-0x0-dG) from a deoxynucleotide pool damaged
by endogenous oxidants. Its inhibition may thus be carcino-
genic. We previously found that Cd(II) inhibited 8-oxo-
dGTPase in both cell free systems and cultured cells. To
verify this finding in a relevant animal model, we investi-
gated the effects of Cd(II) on cellular 8-0x0-dGTPase
activity and nuclear DNA 8-0x0-dG levels in the rat testis,
a target organ for Cd(II) carcinogenesis. Ni(II), which does
not induce testicular tumors in rats and is a weaker in vitro
inhibitor of 8-ox0-dGTPase than Cd(II), was investigated
as a comparison. Male F344/NCr rats were given a single
s.c. dose of 20 pmol Cd(II) acetate, 90 pmol Ni(II) acetate
or 180 pumol sodium acetate (controls) per kg body wt and
killed 2, 8, 24 or 48 h later (three rats/time point). Cd(II)
caused a gradual decrease in testicular 8-oxo-dGTPase
activity with time. It became significant only after 8 h post-
injection (P < 0.05) and resulted in a final 50% loss of the
enzyme activity at 48 h (P < 0.01). Although the results for
Ni(II) at 8 h and later were apparently lower than the
controls, the decrease did not reach statistical significance.
Treatment of rats with Cd(II) led to an early and progressive
increase (from 130% at 2 h to 200% at 48 h versus the
controls) of the 8-0x0-dG level in testicular DNA (P < (.05
or better). Ni(II) acetate also tended to raise the testicular
8-0x0-dG level, but the increase was transient, with an
apparent maximum at 8 h, and did not approach statistical
significance (P < 0.2). Thus, Cd(II), unlike Ni(II), is able
to inhibit 8-oxo-dGTPase activity and to raise 8-oxo0-dG
levels in rat testicular DNA. However, the time course of
both effects indicates that 8-0xo-dGTPase inhibition is most
likely not the sole cause of the increase in 8-0x0-dG.

Introduction

Cadmium is toxic and carcinogenic to humans and animals
(1,2). One possible pathogenic pathway of its action includes

Abbreviations: CHO, Chinese hamster ovary: 8-oxo-dG, 8-oxo0-2'-deoxygu-
anosine (8-hydroxy-2'-deoxyguanosine); 8-oxo-dGMP, 8-ox0-2'-deoxyguano-
sine  5'-monophosphate;  8-ox0-dGDP,  8-ox0-2'-deoxyguanosine  5'-
diphosphate;  8-0x0-dGTP, 2'-deoxyguanosine 5'-triphosphate; 8-oxo-
dGTPase, 8-ox0-2'-deoxyguanosine 5'-triphosphate pyrophosphohydrolase.

© Oxford University Press

mediation of promutagenic DNA damage, as demonstrated by
various assays, including DNA strand break and 8-oxo-2'-
deoxyguanosine (8-0x0-dG) determination (3—7). Since Cd(II)
is not redox active under physiological conditions, this type
of damage can be inflicted by Cd(II) only indirectly, e.g.
through inflammatory cells and/or inhibition of cellular antiox-
idant and DNA repair systems (5,6,8-10).

Besides being generated directly in the DNA, an 8-0x0-dG
lesion may be incorporated into DNA from 2'-deoxyguanosine
5'-triphosphate (8-0x0-dGTP) produced in the deoxynucleotide
pool through oxidation of dGTP by endogenous metabolic
oxidants (11,12). Such a potentially mutagenic incorporation
is countered in cells by a specific 8-0xo-dGTP pyrophospho-
hydrolase (8-oxo-dGTPase) (11,12). Hence, inhibition of this
protective enzyme should enhance mutagenesis and cancer.
Our previous in vitro experiments revealed that 8§-oxo-dGTPase
was sensitive to inhibition by several carcinogenic metals,
including Cd(II) (13). Cd(II) was also inhibitory toward 8-oxo-
dGTPase activity in cultured Chinese hamster ovary (CHO)
cells (14). The goal of the present study was to test this Cd(II)
effect in vivo, in an appropriate animal model. To achieve
this goal, 8-ox0-dGTPase activity and 8-o0xo0-dG levels were
determined in rat testes, which is the main target organ for
Cd(IT)-induced carcinogenesis (1,2,15), at time intervals up to
48 h following a single s.c. injection of Cd(II) acetate. Similar
effects of nickel(Il), which was shown to slightly inhibit 8-oxo-
dGTPase activity in vitro (13) and exert limited toxic effects
(carcinogenicity was not sought) in the rat testis (16), were
investigated for comparison.

Materials and methods

Chemicals

Ni(IT) acetate tetrahydrate, Cd(II) acetate dihydrate and anhydrous sodium
acetate were purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ).
8-Ox0-dGTP and 8-0x0-2"-deoxyguanosine 5'-monophosphate (8-oxo-dGMP)
were synthesized as described in our previous paper (14). 8-Oxo-dG was
synthesized by Dr Victor Nelson of SAIC Frederick (Frederick, MD). All
other chemicals and reagents were purchased from Sigma Chemical Co. (St
Louis, MO).

Animals and treatment

Male F344/NCr rats, 6-7 weeks old, weighing 120-200 g, were randomly
divided into three groups of 12 animals. The animals were housed on hardwood
bedding in a room with a 12 h fluorescent light/12 h dark cycle, at 24 *+ 2°C
and 50 * 5% relative humidity. They were fed NIH-31 Open Formula 6%
Modified Diet (Zeigler Brothers, Gardners, PA) and had free access to drinking
water. The rats were given a single dose of one of the following salts: Cd(II)
acetate, 20 nmol’kg body wt; Ni(Il) acetate, 90 umol/kg body wt; sodium
acetate, 180 pumol/’kg body wt (control group). These doses of metal acetates,
except that of sodium acetate, are known to initiate carcinogenesis in rats
(cadmium in testes, nickel in kidneys) (reviewed in refs 1,2,10). The injections
were s.c. at the nape of the neck, in 2 ml of water/kg body wt. Three rats of
each group were killed with CO5 2, 8, 24 and 48 h post-injection. Their testes
were collected immediately and frozen in liquid nitrogen.

Determination of 8-oxo-dGTPase activity

8-Ox0-dGTPase activity was determined in one testis of each rat according
to the following protocol based on the general method developed previously

by us for cultured cells and mouse tissues (14,17). The whole testis was
homogenized for 10 s in 3.5 ml of ice-cold 20 mM Tris-HCI, pH 7.4, with a
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Fig. 1. HPLC separation of the substrate (1) and products (2-4) of 8-oxo-
dGTP hydrolysis catalyzed by (A) a total protein extract of normal rat testis
and (B) a =30 kDa ultrafiltrate of that extract. Mixtures (60 ) containing
40 uM 8-0x0-dGTP, 5 mM MgCly, 100 mM Tris-HCI (pH 8.5) and 5 ul of
testicular protein extract or its ultrafiltrate were incubated at 37°C for 60
min. The hydrolysis was stopped by addition of 20 pl 50 mM Na,EDTA.
Aliquots of 20 pl of the mixtures were chromatographed as described in
Materials and methods. 1, 8-0x0-dGTP; 2, 8-0x0-dGDP; 3, 8-oxo-dGMP; 4,
8-ox0-dG.

Brinkmann Polytron homogenizer PT 10/35 equipped with a 1 cm (diameter)
foam reducing generator with saw teeth. The homogenate was centrifuged for
15 min at 2800 g (4°C). The resulting supernatant was ultracentrifuged for
1 h at 100 000 g (4°C). Three 150 ul portions of each supernatant, termed
below ‘extract’, were ultrafiltered through 30 kDa cut-off, low protein-binding
regenerated cellulose membrane (Ultrafree-MC Filtration Units; Millipore,
Bedford, MA). This step separates the assayed 8-oxo-dGTP pyrophosphatase
activity from the interfering 8-oxo-dGTP phosphatase and 8-oxo-dGMP
phosphatase activities (Figure 1). The extracts and ultrafiltrates were stored
at —70°C for subsequent determinations of protein concentration and 8-oxo-
dGTPase activity. The former was done by the biuret method (18), while the
latter was accomplished as follows. A 60 ul volume of the reaction solution
containing 40 UM 8-0x0-dGTP, 5 mM MgCl,, 100 mM Tris-HCI (pH 8.5)
and ultrafiltrate was incubated at 37°C for 30 min. The reaction was initiated
by addition of the ultrafiltrate (5 pl) and terminated by addition of 20 ul 50
mM Na,EDTA. Blank samples were prepared with Na,EDTA introduced
before the ultrafiltrate, followed by incubation at 37°C.

The reaction solutions were analyzed by HPLC for the amount of 8-oxo-
dGMP formed. Our Waters HPLC system consisted of two pumps (model
510), an autosampler (model 717 plus), a UV-VIS photodiode array detector
(model 996), a Supelcosil LC-18-T column (250X4.6 mm, 5 pm grain;
Supelco, Bellefonte, PA) and was controlled by a Millennium®? Chromato-
graphy Manager. Aliquots (20 ul) of the reaction mixtures were chromato-
graphed isocratically with 100 mM Nal,PO,~NaOH buffer, pH 5.5, methanol
(95:5), at a flow rate of 1 ml/min. Solutions of known concentrations of 8-
oxo-dGMP, ranging from 1.25 to 15 pM, were used for calibration. For
quantification of the reaction product, chromatograms acquired at 295 nm
were integrated.

The enzymatic activity unit (U) was defined as the amount of enzyme
converting 1 pmol 8-0x0-dGTP to 8-0x0o-dGMP per min under the above
reaction conditions. The mean 8-oxo-dGTPase activity in the tissue extract
was calculated from determinations in three separate ultrafiltrates of the same
extract and finally expressed in relation to total protein concentration in
the extract.

Determination of 8-oxo-dG level in nuclear DNA

The level of 8-0x0-dG in nuclear DNA was determined in the second testis
of each rat, using the enzymatic hydrolysis procedure according to Adachi
et al. (19). Separate dilutions of genuine 8-oxo-dG and deoxyguanosine were
used as standards. DNA hydrolysates were analyzed by a HPLC system
consisting of a Hewlett Packard 1050 pump, a Waters Intelligent Sample
Processor model 710B, a Waters 490E Programmable Multiwavelength
Detector, an ESA Coulochem II 5200A electrochemical detector (guard cell,
700 mV, standard analytical cell model 5010; working electrode E1 at 300
mV) and a Supelcosil LC-18-S (250X4.6 mm, 5 um grain) column equipped
with a 2 cm guard column. Aliquots (20 ) of the DNA hydrolysates were
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Fig. 2. The treatment of rats with metal salts does not change the specificity
of 8-0x0-dGTP decomposition by ultrafiltrates of testicular protein extracts.
Exemplary HPLC chromatograms demonstrating the presence of pure
8-0x0-dGTP pyrophosphatase activity in the ultrafiltrates of rats 24 h afier a
single s.c injection of 180 pumol/kg body wt Na(I) acetate (control),

90 pmol/kg body wt Ni(II) acetate or 20 pmol/kg body wt Cd(II) acetate.
Numbers indicate the same compounds as in Figure 1.

chromatographed at 1 ml/min flow rate, with 100 mM sodium acetate—
orthophosphoric acid, pH 5.2, methanol (92:8) as eluent. Chromatograms were
acquired and integrated by an ESA 500 Chromatography Data System.
Statistical analysis

The significance of differences between means was tested using Student’s 7-test.

Results
8-Oxo-dGTPase activity
As illustrated in Figure 1, 8-oxo-dGTPase activity in the rat
testis could be measured using our assay developed originally
for cultured cells (14). Unlike in the whole testis extract
(Figure 1A), no degradation of 8-0x0-dGTP to products other
than 8-0x0-dGMP was observed in the ultrafiltrate (Figure
1B). Thus, like the mouse liver and lungs (17), the rat testis
does not contain proteins with phosphatase activity which
could pass the 30 kDa cut-off ultrafilters. It is also important
to notice that the metal treatments did not change the specificity
of the enzymatic activity in the ultrafiltrates, as signified by
the presence of 8-0x0-dGMP and absence of other possible
products, e.g. 8-0x0-2’-deoxyguanosine 5'-diphosphate (8-oxo-
dGDP) and/or 8-0x0-dG, of 8-0x0-dGTP hydrolysis (Figure 2).
Treatment of rats with Cd(II) acetate resulted in a significant
gradual decrease in testicular 8-oxo-dGTPase activity with
time after injection (Figure 3). This decrease first became
apparent as early as 8 h post-injection (P < 0.05) and finally
resulted in a 50% loss of enzyme activity at 48 h (P < 0.01).
Although the results for Ni(II) at 8 h and later after the
injection were lower than the controls, the differences did not
reach statistical significance. Likewise, the slight variations in
8-0x0-dGTPase activity observed with time in the control
testes were not significant (Figure 3).
8-ox0-dG levels in nuclear DNA
As shown in Figure 4, treatment of rats with Cd(II) acetate
led to a marked increase in the 8-oxo-dG level in testicular
DNA that remained statistically significant over the entire
period of the experiment, with 2 < 0.05 or better. It reached
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Fig. 4. The levels of 8-0x0-dG in DNA of the rat testes 2, 8, 24 and 48 h
after a single s.c. injection of 180 pmol/kg body wt Na(I) acetate (control),
90 pumol/kg body wt Ni(II) acetate or 20 pmol/kg body wt Cd(II) acetate.
Error bars denote SE. *P < 0.05 or better versus the corresponding control
value.

nearly 200% of the control value at 48 h. Ni(Il) acetate also
tended to increase the testicular 8-oxo-dG level, but that
increase was transient with an apparent maximum at 8 h and
its difference from the control did not approach statistical
significance (P < (0.2 versus the corresponding control for 8 h).

Discussion

8-0Ox0-dGTPase is an enzyme hydrolyzing 8-0xo-dGTP, one
of the mutagenic products of active oxygen attack on the
nucleotide pool (11,12), to 8-0xo-dGMP and pyrophosphate.
Unlike 8-0x0-dGDP, which may be derived from 8-oxo-

Cd(II) enhances endogenous DNA damage

dGTP by phosphatase hydrolysis, 8-0xo-dGMP cannot be
rephosphorylated back to the triphosphate (12). Therefore, 8-
oxo0-dGTPase is regarded as an antimutagenic enzyme ‘sanitiz-
ing” the cellular nucleotide pool (20). Its inhibition is expected
to increase incorporational mutagenicity of 8-0xo-dGTP, signi-
fied by AT—CG transversions (11,12,21).

The major problem in determination of 8-oxo-dGTPase
activity in tissue extracts has been interference from other
cellular phosphatases which degrade the substrate triphosphate
through intermediate phosphates, 8-oxo-dGDP and 8-oxo-
dGMP, to 8-0x0-dG (Figure 1A). Thus, the substrate and
product of the 8-0xo-dGTPase-catalyzed reaction are
hydrolyzed by other enzymes. Furthermore, 8-oxo-dGDP is a
very strong inhibitor of 8-0xo0-dGTPase (14). Fortunately, the
18 kDa rat 8-oxo-dGTPase (22) can be easily separated from
the larger interfering enzymes by simple ultrafiltration through
30 kDa cut-off, low protein-binding, regenerated cellulose
membranes (Figure 1B). In our previous experiment, this
procedure proved successful for intact animal tissues (17). The
present study confirms the effectiveness of ultrafiltration and
also the entire novel assay in analysis of a tissue damaged by
toxic metals (Figure 2).

The 8-0x0-dGTP signature AT—CG transversion, mentioned
above, is frequent among point mutations identified in the
hypoxanthine (guanine) phosphoribosyl-transferase gene of
cadmium-exposed CHO cells (7). Cd(Il) was also found to
inhibit bacterial and human 8-oxo-dGTPases in vitro (13) and
the hamster enzyme in cultured CHO cells (14), as well as to
increase 8-0x0-dG levels in DNA of cultured cells (4) and in
testes, but not lung, of glutathione-depleted rats (3). In the
latter paper, oxidative DNA damage has been related to
the inhibition by Cd(II) of DNA repair when glutathione
biosynthesis is also inhibited. Since Cd(II), being non-redox
active under physiological conditions, cannot oxidize DNA
bases directly, these observations, as well as our present results,
are consistent with, or at least do not contradict, the general
notion that the observed oxidative DNA damage (by metabolic
oxidants) is assisted by this metal through inhibition of cellular
antioxidant and DNA protection/repair systems, of which 8-
ox0-dGTPase is a member (23). It is, however, very likely
that Cd(II) can also enhance oxidative DNA damage by
boosting endogenous oxidation, e.g. by triggering inflammation
(10,24,25). Our results, which differ from those reported by
Hirano ef al. (3) in the sense that we observed elevation of
testicular 8-ox0-dG by Cd(II) in rats even without prior
depletion of glutathione, may support that notion. The differ-
ence might be due to a different strain of rat and/or higher
Cd(IT) dose used in the present experiment. Species-, strain-
and dose-related variations in response to Cd(II), including
the severity of the inflammatory/necrotizing reactions in testes,
have been reported (26 and references therein).

The decrease in 8-oxo-dGTPase activity with time after
injection was concurrent in our experiment with increasing
level of 8-0x0-dG. It would be tempting, therefore, to speculate
about a causative relationship between these two effects.
However, the dynamics of these effects appear to be dissimilar
enough to cast doubt upon the existence of such a relationship:
2 hafter Cd(IT) injection, the 8-0x0-dGTPase activity remained
unchanged while the 8-0x0-dG level was already significantly
elevated above the control. Thus, at least at this time point,
the increase in oxidative DNA damage could not be a result
of inhibition of the enzyme. Nonetheless, a contribution of the
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latter to the elevation of 8-0x0-dG level at later times, especially
past 24 h, cannot be excluded.

Ni(Il) tended to suppress 8-oxo-dGTPase activity versus
that of the control at =8 h after treatment. The very limited
extent of this effect seems to be consistent with the much
lower inhibitory potential of Ni(II) toward 8-oxo-dGTPase
observed in vitro (13), as well as a generally weaker toxicity
of Ni(Il) in testes (16,27) as compared with that for Cd(II)
(1,2,16,26). The testicular 8-0x0-dG levels in Ni(II)-treated
rats, consistently higher than in the controls [with an apparent
maximum 8 h after Ni(II), with P < 0.2 versus the control
for this time point but 2 < 0.05 versus the mean of all control
values], might indicate some oxidative damage to the DNA.
However, under the present experimental conditions, this effect
was too weak to be significant. It should be verified on larger
groups of rats. A rationale for a closer look at possible
generation of oxidative DNA damage by Ni(II) in the testis
comes from the strong oxidation-mediating properties of the
Ni(IT) complex with protamine P2, a DNA-binding protein
abundantly present in the testes and sperm heads (28,29).

In conclusion, Cd(IT) acetate treatment results in marked
inhibition of cellular 8-oxo-dGTPase activity and increases in
the nuclear 8-0x0-dG level in the rat testis, the target organ
of Cd(Il)-induced carcinogenesis. The increase in oxidative
DNA damage precedes the decrease in 8-ox0-dGTPase activity,
indicating that the first appearance of 8-0x0-dG in DNA is not
due to its incorporation from the nucleotide pool. However,
the results do not exclude the possibility that a further decrease
in 8-0x0-dGTPase activity with time after Cd(II) treatment
may contribute to such incorporation. The very limited effects
of Ni(II) observed in the present study, although suggestive of
some damaging trends toward testicular 8-oxo-dGTPase and
DNA, did not reach statistical significance and await confirma-
tion on larger animal groups.
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Abstract

Nickel, cadmium, cobalt, and copper are carcinogenic to humans and/or animals, but the underlying mechanisms are poorly understood.
Our studies have been focused on one such mechanism involving mediation by the metals of promutagenic oxidative damage to DNA bases.
The damage may be inflicted directly in DNA or in the deoxynucleotide pool, from which the damaged bases are incorporated into DNA.
Such incorporation is prevented in cells by 8-ox0-2'-deoxyguanosine 5'-triphosphate pyrophosphatases (8-oxo-dGTPases). Thus, inhibition
of these enzymes should enhance carcinogenesis. We have studied eftects of Cd(1I), Cu(II), Co(Il), and Ni(II) on the activity of isolated
bacterial and human 8-oxo-dGTPases. Cd(Il) and Cu(Il) were strongly inhibitory, while Ni(II) and Co(II) were much less suppressive.
After developing an assay for 8-oxo-dGTPase activity, we confirmed the inhibition by Cd(II) in cultured cells and in the rat testis, the target
organ for cadmium carcinogenesis. 8-Oxo-dGTPase inhibition was accompanied by an increase in the 8-0x0-dG level in testicular DNA.

©2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

The emergence of 8-oxoguanine, the major product of
reactive oxygen species (ROS) attack, in genomic DNA has
become the focus of intensive studies because of its promu-
tagenic properties [1-4]. Elevated levels of this damaged
base have been observed in organs of rats exposed to Ni(II)
and Co(II) [5-8], or accumulating excessive amounts of
Cu(II) [9]. Certain biocomplexes of these metals are known
to activate oxygen species under physiological conditions and
enhance oxidative damage to DNA and other molecules [ 10
12]. In addition, oxidative damage, inflicted by endogenous
ROS, may be augmented through inhibition by metals of
antioxidant and DNA repair mechanisms [11-17]. These
‘inhibitory pathways’ might explain, at least in part, why
Cd(1I), which is a potent carcinogen [ 18] but not a redox
active metal under physiological conditions, mediates oxi-
dative damage [19], including emergence of 8§-oxoguanine
in genomic DNA [20,21].

It is presumed that 8-oxoguanine can arise in DNA due to
adirect attack of ROS on chromatin, or through incorporation

* Corresponding author. Tel.: +1-301-846-5738; fax: + 1-301-846-5946;
e-mail: kasprkaz@mail.nciferf.gov

from an oxidatively damaged nucleotide pool, namely, from
8-0x0-2'-deoxyguanosine-5'-triphosphate  (8-0x0-dGTP),

during DNA synthesis or repair [2-4,22,23]. A class of

enzymes, designated MutT in Escherichia coli [24] and
MTHI in humans [25], was found to prevent such incorpo-
ration and thus act as an antimutagenic guard [ 1,22,23,26].
Mutagenicity of 8-0xo-dGTP is a consequence of mispairing
properties of 8-oxoguanine (reviewed in Refs. [1,26])
which can be incorporated into DNA opposite cytosine or
adenine [4,22,27]. The 8-0x0-G:A mispair may result in
AT — CG transversion mutations [3,28,29].

The mutT— mutants of Escherichia coli have been the first
mutator phenotype organisms ever discovered [24] that were
characterized by a 1000-to 10 000-fold increase in frequency
of a specific A—C point mutation [30]. The expression
product of the mutT gene, an enzyme, has been identified as
a pyrophosphatase that preferentially hydrolyzes 8-oxo-
dGTP, the product of oxidative modification of dGTP, to 8-
0x0-dGMP [22,31]. 8-Ox0-dGTP is likely to be generated
by endogenous ROS arising in normal cell metabolism and,
to a greater extent, under oxidative stress. Thus, the high
spontaneous mutation rate in mutT~ Escherichia coli is
thought to result from the lack of functional §-0x0-dGTP

0162-0134/00/S$ - see front matter ©2000 Elsevier Science Inc. All rights reserved.
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pyrophosphatase (8-oxo-dGTPase) (reviewed in Ref. [1]).
Mammalian homologs of MutT, such as MTHI, share a
homology with the bacterial enzyme in terms of kinetic prop-
erties [23,32] and, to a lesser degree, amino acid sequences
[25,33,34]. They may play the same antimutagenic role in
eukaryotes as MutT plays in bacteria [35].

MutT and MTHI are activated by Mg(1I) that can make
them sensitive to inhibition by other metals. If so, we hypoth-
esized that inhibition of mammalian 8-0x0-dGTPases might,
at least in part, account for the increased 8-oxoguanine levels
found in DNA exposed in vivo to Ni(II), Co(IT), Cd(II), or
Cu(II) [5-9,20,21]. In order to test this hypothesis, we first
determined effects of the above metals on the enzymatic
activity of isolated bacterial MutT and human MTH]1 pro-
teins, and found that Cd(I1) and Cu(II) were more inhibitory
than Ni(IT) and Co(II) [36]. In the next step, the experi-
ments were focused on corroborating the effects of Cd(II) in
cultured cells [32] and those of Cd(II) and Ni(II) in the rat
testes, the target organ for Cd(II)-, but not Ni(II)-induced
carcinogenesis [37]. The present paper summarizes and dis-
cusses the results of the above investigations [32,36,37].

2. Materials and methods

The methodology of our in vitro investigations, based on
HPLC, has been described elsewhere [36]. The effects of
Ni(II), Co(Il), Cu(II), and Cd(1II), introduced as chlorides,
on the enzymatic activity of MTHI1 and MutT were tested in
the presence of 8 mM Mg(II), 100 mM ammonium acetate,
pH 7.4, and variable concentrations of the other metals. The
metal concentrations that suppressed enzymatic activity of
either enzyme to 50% of its original value (ICs,) were deter-
mined using the fractional inhibition method.

The K1-BH4 Chinese hamster ovary (CHO) cells were
cultured in Ham’s F-12 medium supplemented with 5% fetal
bovine serum. At approximately 50% confluence, they were
treated for 2, 6, and 24 h with the same medium containing
0,0.3, 1 or3 pM Cd(II) [32].

Male Fischer F344/NCr rats, 6-7 weeks old, were given
a single subcutaneous dose of 20 wmol Cd(II) acetate, 90
pmol Ni(II) acetate, or 180 pmol sodium acetate ( controls)
per kg body weight. The rats were killed 2, 8, 24, and 48 h
after injection. Their testes were collected and stored inliquid
nitrogen [37].

The assay of the enzymatic activity of 8-oxo-dGTPase and
the syntheses of reference compounds have been explained
elsewhere [32]. Briefly, cell or tissue homogenates were
ultracentrifuged and the resulting supernatants ( ‘extracts’)
were collected. They were next ultrafiltered through a 30 kDa
cut-off low protein-binding ultrafiltration membrane with
centrifugation at 3000 g. This step allows for separation of
the pyrophosphatase activity from interfering phosphatase
activities in the extracts (explained in Fig. 1). The substrate
and products were separated and quantified by HPLC. The
mean 8-oxo-dGTPase activity in the cell extract was
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expressed in relation to total protein concentration in the
extract. An activity unit was defined as the amount of enzyme
converting 1 pmol of 8-0x0-dGTP to 8-0x0-dGMP per min
under standard reaction conditions [32].

To test possible correlation between the activity of 8-oxo-
dGTPase in the testis with the occurrence of 8-0x0-dG in
nuclear DNA of the same organ in rats treated with Cd(II)
and Ni(IT), 8-0x0-dG was assayed by HPLC with electro-
chemical detection, according to Adachi et al. [38].

3. Results
3.1. Inhibition of isolated 8-oxo-dGTPases

All the investigated metals, Cd(II), Cu(IT), Ni(II), and
Co(II), inhibited the activity of MutT and MTH]1 in a con-
centration-dependent manner, though to different extents.
The ICs, concentrations for these metals are given in Table
1 [36]. They indicate that, for either enzyme, Cu(II) and
Cd(IT) were stronger inhibitors than Co(IT) and Ni(II), with
the corresponding ICs, values differing by at least one order
of magnitude. Also, the human MTH1 enzyme appeared to
be more sensitive to inhibition by the metals than the bacterial
enzyme. Possible reasons for the latter difference, based on
the non-competitive nature of the inhibition and some dissim-
ilarities in amino acid makeup of these two enzymes, are
given elsewhere [36].

3.2. Inhibition of 8-oxo-dGTPase in CHO cells

The strong inhibitory potential of Cd(II) versus 8-oxo-
dGTPases in a cell-free system was next verified in living
cells. Cd(II) inhibited 8-oxo0-dGTPase activity in cultured
CHO cells in a concentration-dependent manner (Fig. 2).
The effects were measured up to only 3 uM Cd(II) since
higher concentrations of Cd(II) were toxic to cells. The
enzyme activity decreased to 66, 89, and 78% of the respec-
tive control values, for the 2, 6, and 24 h incubations, respec-
tively (P=0.076, 0.013, and 0.0006, respectively, by
ANOVA). Surprisingly, for each given Cd(II) concentra-
tion, longer exposures did not significantly affect the level of
inhibition observed after 2 h of incubation [32].

3.3. Inhibition of 8-oxo-dGTPase activity and increase
of 8-0x0-dG level in the rat testis

The assay of 8-0x0-dGTPase activity, developed originally
by us for cultured cells [32], proved to be useful for analysis
of the rat testis as well [37]. As illustrated in Fig. 3, unlike
the whole extract of the testis (Fig. 3(A)), the ultrafiltrate
of this extract (Fig. 3(B)) was free from enzymes degrading
8-0x0-dGTP to products other than 8-0xo-dGMP. Thus, the
rat testis does not contain proteins with phosphatase activity
that could pass through the 30 kDa cut-off ultrafilters, the
crucial operation of our assay. The metal treatments did not
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Fig. 1. Metabolic fate of 8-0xo-dGTP. The numbers at arrows indicate the following cellular enzymatic activities: (1) diphosphonucleoside kinase; (2) 8-oxo-
2'-deoxyguanosine 5'-triphosphate phosphatase: (3) 8-oxo-2’'-deoxyguanosine 5'-triphosphate pyrophosphatase (8-oxo-dGTPase; e.g., MutT, MTH1 and
their homologs); (4) 8-oxo0-2'-deoxyguanosine 5'-monophosphate phosphatase; (3) 8-oxo0-2'-deoxyguanosine 5'-diphosphate phosphatase. Pi, orthophos-
phate. PPi, pyrophosphate. ATP, adenosine 5'-triphosphate. ADP, adenosine 5’-diphosphate.
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Fig. 2. Activity of 8-oxo-dGTPase in CHO cells cultured in the presence of

with time after the injection (Fig. 5). This decrease first 0-3 pM Cd(II) for 2, 6, or 24 h. The bars represent the standard error for
became apparent as early as 8 h post-injection (£ <(0.05) and three independent cultures treated in the same way [32].
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Fig. 3. HPLC separation of the substrate (1) and products (2-4) of 8-oxo-
dGTP hydrolysis catalyzed by ( A) atotal protein extract of normal rat testis,
and (B) a <30-kDa ultrafiltrate of that extract: (1) 8-0x0-dGTP; (2) 8-
0x0-dGDP; (3) 8-0x0-dGMP; (4) 8-0x0-dG [37].
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Fig. 4. Exemplary HPLC profiles demonstrating that the treatment of rats
with metal salts did not change the specificity of enzymatic hydrolysis of 8-
0x0-dGTP by ultrafiltrates of testicular protein extracts 24 h after treatment.
Numbers indicate the same compounds as in Fig. 3 [37].

ences did not reach statistical significance. Likewise, the
slight variations in 8-oxo-dGTPase activity observed with
time in the control testes were not significant (Fig. 5) [37].

As shown in Fig. 6, treatment of rats with Cd(Il) acetate
led to a marked increase of the 8-0x0-dG level in testicular
DNA that remained statistically significant over the entire
period of the experiment, with £ <0.05 or better. It reached
nearly 200% of the control value in 48 h. Ni(II) acetate also
tended to increase the testicular 8-0xo-dG level, but that
increase was transient with an apparent maximum at 8 h, and
its difference from the control did not approach statistical
significance (P < 0.2 versus the corresponding control for 8
h) [37].
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Fig. 5. 8-Oxo-dGTPase activity in testes of rats 2-48 h after a single sub-
cutaneous injection of a metal salt. The bars denote the standard error
(N=3). Asterisks denote P<0.05 or better vs. the corresponding control
value [37].
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Fig. 6. The levels of 8-ox0-dG in testicular DNA 2-48 h after a single
subcutancous injection of a metal salt. The bars denote the standard error
(N=3). Asterisks denote P<0.05 or better vs. the corresponding control
value [37].

4. Discussion

4.1. Selection of Cd(1l) to study the inhibition of cellular
8-oxo-dGTPase activity

The metals tested in our studies had been found in various
in vivo experiments to increase the levels of 8-oxoguanine in
DNA [5-9,20,21], but the mechanisms involved in this effect
remained unknown. One might assume that three of these
metals, Cu(II), Co(1II), and Ni(II), being redox active at
physiological pH, should be capable of generating the 8-
oxoguanine (or 8-0xo0-dG) lesion in DNA by a direct inter-
action with chromatin and endogenous oxidants. They should
enhance oxidation of dGTP to 8-0x0-dGTP as well. Because,
at the same time, the metals can also inhibit 8-0x0-dGTPase
activity, this may increase the 8§-oxoguanine level in DNA
even further. However, for these particular metals, distin-
guishing between the direct generation of 8-oxoguanine
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within genomic DNA and incorporation of this lesion there
from 8-0x0-dGTP, and thus assessing possible contribution
of the incorporational pathway to the final effect, is not an
easy task. Cd(IT), which is not redox active under physiolog-
ical conditions, but strongly inhibits 8-0x0-dGTPase activity,
seemed to be a better metal to use. We presumed that endog-
enous (metabolic) oxidants generate enough 8-0xo-dGTP to
assure 8-oxoguanine incorporation into DNA, especially
when 8-0x0-dGTPase is inhibited. Therefore, our investiga-
tions in cells and animals were focused on Cd(1I).

CHO cells were selected for our experiments because the
AT - CG transversions, typical for 8-0xo-dGTP mutagen-
icity, first seen in mut7T~ bacteria [30], have also been fre-
quent among point mutations identified in the Aprt gene of
Cd(II)-exposed CHO cells [39]. The rat testis, in turn, is a
sensitive target for Cd(II)-induced carcinogenesis [18].
Cadmium(1I) was also found to increase 8-0x0-dG levels in
DNA of cultured lymphoblastoid cells [20] and in testes of
glutathione-depleted rats [21]. In the latter study, oxidative
DNA damage has been related to the inhibition by Cd(II) of
DNA repair when glutathione biosynthesis is also inhibited.
Since Cd(II) cannot oxidize DNA bases directly, these obser-
vations, as well as our present results, are consistent with, or
at least do not contradict, the general notion that the observed
oxidative DNA damage (by metabolic oxidants) is assisted
by this metal through inhibition of cellular antioxidant and
DNA protection/repair systems, of which 8-oxo-dGTPase is
amember [1].

4.2. 8-Oxo-dGTPase activity versus 8-oxo-dG level in
the rat testis

Decrease of 8-0x0-dGTPase activity with time after injec-
tion of Cd(II) concurred in our experiments with an increas-
ing level of 8-0x0-dG. We might anticipate, therefore, that a
causative relationship exists between these two effects. How-
ever, 2 hafter the injection, 8-oxo-dGTPase activity remained
unchanged while the 8-0x0-dG level was already significantly
elevated above the control. Thus, at least at this time point,
the increase in oxidative DNA damage cannot be associated
with inhibition of the enzyme. It is very likely that Cd(II)
can promptly enhance oxidative damage directly in DNA,
e.g., by boosting endogenous oxidation. Nonetheless, a con-
tribution of 8-0x0-dGTPase inhibition to the elevation of 8-
0x0-dG level at later times, especially after 24 h, cannot be
excluded.

Nickel (IT) tended to suppress 8-oxo-dGTPase activity ver-
sus that of the control at >8 h after treatment. The very
limited magnitude of this effect seems to be consistent with
the much lower inhibitory potential of Ni(II) toward 8-oxo-
dGTPase, observed in vitro [36], as well as generally lower
susceptibility of the testis to Ni(II) [40] than to Cd(II)
toxicity [18,41]. The testicular 8-0x0-dG levels in Ni(II)-
treated rats, invariably higher than in the controls, with an
apparent maximum 8 h after Ni(II), might indicate some
oxidative damage to the DNA. However, under the experi-
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mental conditions applied, this effect was too weak (about
19% increase of the mean value over the mean of all control
values, P <0.05) to have biological significance.

4.3. Biological relevance of the observed effects

The in vitro ICs, values found in our studies for Ni(II)
and Co(II) [36] appear to be too high to have an importance
in vivo. The corresponding much lower values for Cd(II)
and Cu(II) may be more biologically relevant, as confirmed
for Cd(II) in CHO cells and rat testis. We must remember,
however, that both epidemiological and experimental studies
point at particulate, water-insoluble, metal compounds as the
most potent carcinogens [ 18,42,43]. Phagocytosis would be
the major way of their uptake by target cells [44]. Once
phagocytized, such particles are fragmented and slowly sol-
ubilized [45], producing gradients of released metal ions that
may reach local concentrations high enough to damage cyto-
solic proteins, including 8-oxo0-dGTPase. Further, inhibition
of the enzyme could be favored by accumulation of metals,
also those administered systemically as promptly soluble
salts, in specific cell organelles, e.g., in mitochondria [46],
having their own 8-0x0-dGTPase activity [47]. Therefore,
possible inhibitory effects of various carcinogenic metal
species, both soluble and ‘insoluble’, on cellular 8-oxo-
dGTPase, warrant further studies.

5. Conclusions

The carcinogenic transition metal ions Ni(II), Cu(II),
Co(II), and Cd(II) are able to inhibit both bacterial and
human 8-ox0-dGTPases. Cd(II) and Cu(II) are stronger
inhibitors than Ni(II) and Co(II), and the human MTHI
enzyme is relatively more sensitive to inhibition than the
bacterial MutT enzyme. Cd(1I) has been proven to markedly
inhibit 8-oxo-dGTPase activity in cultured cells and rat testes.
In the latter, increase of oxidative DNA damage preceded the
decrease in 8-0x0-dGTPase activity, indicating that the first
appearance of 8-0x0-dG in DNA was not due to its incorpo-
ration from the nucleotide pool. However, the results do not
exclude the possibility that further decrease in 8-oxo-
dGTPase activity in time after Cd(1I) treatment may contrib-
ute to such incorporation. The very limited effects of Ni(II)
observed, although suggestive of some damaging trends
toward testicular 8-oxo-dGTPase and DNA, await confir-
mation in larger animal groups and dose/response
experiments.

6. Abbreviations

CHO cells line K1-BH4 of Chinese hamster ovary
cells
HPLC high pressure liquid chromatography
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metal concentration that suppresses enzy-
matic activity to 50% of its original value
human 8-oxo-dGTPase

8-0x0-dGTPase from Escherichia coli
reactive oxygen species
8-0x0-2'-deoxyguanosine
8-0x0-2'-deoxyguanosine 5'-triphosphate
8-0x0-2'-deoxyguanosine 5'-diphosphate
8-0x0-2'-deoxyguanosine 5’-mono-
phosphate

8-0x0-2'-deoxyguanosine 5'-triphosphate
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Abstract—The hMTHI1 protein, a human homologue of E. coli MutT protein, is an enzyme converting 8-oxo-2'-
deoxyguanosine 5'-triphosphate (8-0x0-dGTP) to 8-0x0-2'-deoxyguanosine 5'-monophosphate (8-0xo-dGMP) and
inorganic pyrophosphate. It is thought to play an antimutagenic role by preventing the incorporation of promutagenic
8-0x0-dGTP into DNA. As found in our previous investigations, 8-0xo-2'-deoxyguanosine 5'-diphosphate (8-0xo-
dGDP) strongly inhibited 8-oxo-dGTPase activity of MTHI. Following this finding, in the present study we have tested
the canonical ribo- and deoxyribonucleoside 5'-diphosphates (NDPs and dNDPs) for possible inhibition of 8-0xo-dGTP
hydrolysis by hMTH1 extracted from CCRF-CEM cells (a human leukemia cell line). Among them, the strongest
inhibitors appeared to be dGDP (Ki = 74 uM), dADP (Ki = 147 pM), and GDP (Ki = 502 puM). Other dNDPs and
NDPs, such as dCDP, dTDP, ADP, CDP, and UDP were much weaker inhibitors, with Ki in the millimolar range. Based
on the present results and published data, we estimate that the strongest inhibitors, dGDP and dADP, at physiological
concentrations not exceeding 5 uM and GDP at mean concentration of 30 uM, taken together, can decrease the cellular
hMTHI enzymatic activity vs. 8-0xo-dGTP (expected to remain below 500 pM) by up to 15%. The other five NDPs and
dNDPs tested cannot markedly affect this activity. © 2003 Elsevier

Keywords—MTHI, 8-Ox0-dGTPase, 8-Oxo-dGTP pyrophosphohydrolase, Antimutagenic enzyme, Oxidative damage,
Activity inhibition, Free radicals

INTRODUCTION The hMTH]I gene is located on the chromosome 7p22
[3]. It consists of 5 exons and can produce up to seven
- . g ’ types (1, 2A, 2B, 3A, 3B, 4A, and 4B) of mRNAs as a
coli MP‘T’ IS, afenzyme de;omposmg 8-‘oxo—2 -deoxy- result of the existence of multiple sites of transcription
guanosine 5'-triphosphate (8-0xo-dGTP) to 8-0x0-2'- initiation and alternative RNA splicing processes [4].
deoxyguanosine 5'-monophosphate (8-oxo-dGMP) and Type 1 mRNA and thel8 kDa hMTH]1 variant are pre-

The human MTHI protein (hMTH1), homologue of E.

inorganic pyrophosphate [1]. 8-Ox0-dGTP, a promuta- dominant products of AMTH]I [5]. The enzymatic activity
genic product of oxidative damage to dGTP, may be of purified 18 kDa human 8-oxo-dGTPase is Mg®"-
formed in cells upon normal aerobic metabolism and dependent [1,6]. The enzyme shows its maximum activ-
oxidative stress. By removing this product from the ity under slightly alkaline conditions [1] and demon-
deoxyribonucleotide pool of substrates for DNA synthe- strates a broad specificity towards nucleoside 5'-
sis, A(MTHI is thought to play an antimutagenic role (for triphosphates. Although hMTHI decomposes most
review see [2]). effectively 2-hydroxy-2'-deoxyadenosine 5'-triphos-

phate (2-OH-dATP) [7,8], 2-hydroxyadenosine 5'-
triphosphate (2-OH-ATP) [9], 8-oxo-dGTP [1], and

Address correspondence to: Dr. Karol Bialkowski, The Ludwik 8-0xo-2’-deoxyadenosine 5’—triphosphate (8-OX0—dATP‘)
Rydygier Medical University, Department of Clinical Biochemistry, - s " ’
Karlowicza 24, 85-092, Bydgoszcz, Poland; Tel: +48 52 585 3748; [/}, it is also capable of hydrolyzing less effectively
Fax: +48 52 585 3771; E-Mail: karolb@amb.bydgoszcz.pl. 8-oxoguanosine 5’'-triphosphate (8-oxo-GTP) [10],
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8-chloro-2'-deoxyguanosine  5'-triphosphate  (8-Cl-
dGTP) [11], and canonical deoxyribonucleoside and ri-
bonucleoside 5’'-triphosphates such as dGTP [1].

Four isolated forms of h(MTHI protein (p18, p21, p22,
and p26) demonstrate equal activity towards 8-oxo-
dGTP [5]. Substrate specificity of hWMTH]1 for different
nucleoside 5'-triphosphates does not depend on evolu-
tionarily conservative phosphohydrolase module of the
protein, corresponding to amino acids Gly-36 to Gly-58
[8]. Tryptophan 117 of hMTHI is responsible for bind-
ing 8-oxoguanine and 2-OH-adenine-containing nucleo-
tides [8,12], whereas aspartic acid 119 is essential only
for 2-OH-adenine moiety recognition [8]. It explains the
different substrate specificities of bacterial MutT protein
and its human homologue hMTHI, since both amino
acids are not conserved in £. coli MutT protein.

A better insight into the role of mammalian MTH1
proteins has been acquired by the creation of MTH]I
nullizygous cell lines and mice [13]. These transgenic
mice, defective in MTHI gene and devoid of 8-oxo-
dGTPase activity, demonstrated higher incidence of
lung, liver, and stomach cancers accompanied by 2-fold
increase in spontaneous mutation frequency in Hprt
gene, as compared to wild-type mice [14]. Nevertheless,
this slightly higher mutation rate has not been confirmed
in a more recent study that showed the same level of
mutation frequency in rpsL reporter gene of E. coli,
introduced into both MTHI"* and MTHI '~ back-
grounds [15].

As we have found in our previous study, admixture of
8-0x0-2'-deoxyguanosine 5'-diphosphate (8-0xo-dGDP)
in the 8-0x0-dGTP substrate strongly inhibited Chinese
hamster 8-oxo-dGTPase activity [16]. The diphosphate is
structurally similar to the substrate triphosphate but is
not hydrolyzed by the enzyme. Therefore, considering
the fact that physiological concentrations of 2'-deoxyri-
bonucleoside 5'-diphosphates (INDPs) and ribonucleo-
side 5'-diphosphates (NDPs) in the cell exceed a poten-
tial concentration of the substrate (8-oxo-dGTP) by
many orders of magnitude, we have hypothesized that
the canonical dNDPs and NDPs may significantly inhibit
8-0x0-dGTPase activity in vivo. The present study was
designed to test this hypothesis.

MATERIALS AND METHODS

Chemicals

8-Ox0-2'-deoxyguanosine 5'-triphosphate and 8-oxo-
2'-deoxyguanosine 5’-monophosphate were synthesized
as described previously [16]. All other chemicals were
purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA).

Preparation of human 8-oxo-dGTPase

Human leukemia CCRF-CEM cells, demonstrating
very high 8-oxo-dGTPase activity (own unpublished
data) were used as a source of the enzyme. The cells
were cultured in RPMI-1640 medium supplemented with
5% fetal bovine serum and 2 mM L-glutamine, as de-
scribed elsewhere [17]. They were harvested by scraping
and washed three times with phosphate-buffered saline.
A pellet of ~2 X 10° cells was brought to 10 ml with a
hypotonic 20 mM Tris-HCI buffer, pH 7.4, and homog-
enized by ultrasonication for 10 s on ice. The homoge-
nate was centrifuged for 15 min at 2800 X g (4°C) and
tissue debris was discarded. The supernatant was then
ultracentrifuged for 1 h at 100,000 X g (4°C). The
resulting secondary supernatant located between the pel-
let and fatty upper layer was gently collected and ultra-
filtered at 4°C through 30 kDa cut-off, low protein-
binding regenerated cellulose membranes (Ultrafree-CL
Filter Units, Millipore, Bedford, MA, USA). This step
separates the MTHI protein from interfering phospha-
tases [16]. Concentrated solution of bovine serum albu-
min was added to the ultrafiltrate to a final concentration
of 50 pwg/ml and the sample was dialyzed at 4°C for 6 h
against 4 1 of 20 mM Tris-HCI, pH 7.4, to remove
UV-absorbing, low molecular weight molecules, includ-
ing dNDPs and NDPs. The dialyzed sample containing
hMTHI1 was finally concentrated on 5 kDa cut-off, low
protein-binding regenerated cellulose membranes (Ultra-
free-CL Filter Units, Millipore) by centrifugation at 4500
X g at 4°C.

Kinetic studies of h(MTHI 8-oxo-dGTPase activity in
the presence of inhibitors

The 8-0x0-dGTPase activity of hMTHI1 was tested in
the presence of the following prospective inhibitors:
dGDP, dADP, dCDP, dTDP, GDP, ADP, CDP, UDP,
and uric acid. The latter, abundantly present in cells, was
used to account for possible contribution of the purine
moiety to the inhibitory effect of nucleotides. The 8-oxo-
dGTPase activity was determined in 60 ul samples of the
reaction solution, containing 5-40 uM 8-0x0-dGTP, 5
mM MgCl,, 100 mM Tris-HCI (pH 7.4), 0-200 uM
inhibitor, and 5 ul of the enzyme preparation (as above),
incubated at 37°C for 20 min. The reaction was initiated
by the addition of the enzyme and terminated by adding
20 wl 50 mM Na,EDTA. Blank samples were prepared
with Na,EDTA introduced before the enzyme prepara-
tion, followed by incubation at 37°C. All reactions were
performed in triplicate.

The separation and quantification of 8-oxo-dGMP in
the reaction solutions was achieved using an HPLC
method developed by us previously [16]. Briefly, the
Waters HPLC system (Waters Corp., Milford, MA,
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USA) used consisted of two pumps (model 510), au-
tosampler (model 717 plus), UV-VIS photodiode array
detector (model 996), Luna C18(2) column (250 X 4.6
mm, 5 wm grain; Phenomenex, Torrance, CA, USA), and
was controlled by a Millennium?®? Chromatography Man-
ager (Waters Corp.). Unless otherwise indicated, 30 ul
aliquots of the reaction mixtures were chromatographed
isocratically with 100 mM phosphate buffer, pH 5.5/
methanol (95:5), at a flow rate of 1 ml/min. Solutions of
known concentrations of 8-oxo-dGMP, ranging from
1.25 to 15 uM, were used for calibration. For quantifi-
cation of the reaction product (8-oxo-dGMP), chromato-
grams acquired at 295 nm were integrated. The activity
of 8-ox0-dGTPase was expressed as a rate of 8-oxo-
dGMP formation (pmol 8-oxo-dGMP/min) in the reac-
tion solution. Inhibition constants (Ki) were determined
using the Michaelis-Menten model for competitive
inhibition.

RESULTS AND DISCUSSION

Technical pitfalls accompanying kinetic measurements
of 8-oxo-dGTPase activity

As demonstrated in our previous papers, total protein
extracts of mammalian cells derived from Chinese ham-
ster [16], mouse [18], rat [19], or human [1,20,21] con-
tain many phosphohydrolytic activities toward 8-oxo-
dGTP, 8-0x0-dGDP, and 8-oxo-dGMP, making a
selective determination of the 8-oxo-dGTPase activity a
challenging task. Fortunately, the major §-oxo-dGTPase
is @ much smaller protein (18 kDa) than the other en-
zymes. This feature of 8-oxo-dGTPase allows for a sim-
ple separation of this enzyme from the other unspecific
enzymes hydrolyzing §-oxo-dG phosphates by ultrafil-
tration through 30 kDa cut-off membranes, without ap-
plying the time-consuming chromatographic purification
[16,18,19,22].

Although the apparent pH optimum for human 8-oxo-
dGTPase is 8.5 (Fig. 1), we decided to measure all the
kinetic and inhibition parameters at pH 7.4 to better
mimic physiological conditions in the cytosol where the
human enzyme is predominant [23]. A precise determi-
nation of the Michaelis-Menten constant (Km) for 8-oxo-
dGTP hydrolysis to 8-0xo-dGMP is difficult. As shown
in Fig. 2, the activity vs. substrate concentration curve
follows the Michaelis-Menten equation only at lower
concentrations. At 8-oxo-dGTP concentrations exceed-
ing 40 uM, the measured enzymatic activity of hMTHI1
becomes lower than expected, and above 80 uM an
obvious inhibition is observed. This phenomenon is most
likely produced by low amounts of 8-0xo-dGDP contam-
inating our 8-0xo-dGTP preparation due to inevitable
spontaneous hydrolysis of the latter.

100 - .
90 |- .
80 |- i
70 |- s
60 |- .
50 -
40 |- -
30 |- =
20 |- -

Relative 8-oxo-dGTPase activity (%)

pH

Fig. 1. The effect of pH on 8-oxo-dGTPase activity of the human
MTHI1 protein. Samples (60 pl of 40 uM 8-0x0-dGTP plus 5 mM
MgCl, and 100 mM Tris-HCI, pH 5.5-10) were reacted for 20 min at
37°C with hMTH]1-containing cytosolic ultrafiltrate from CCRF-CEM
leukemia cells. The reaction was terminated with 20 pl of 50 mM
Na,EDTA and 30 pl aliquots of the reaction mixtures were analyzed by
HPLC to determine 8-oxo-dGMP formation, as described in Materials
and Methods. The enzymatic activity is expressed in percentages of the
highest observed activity at pH 8.5.

As we have found previously [16], 8-oxo-dGDP is a
strong inhibitor of 8-oxo-dGTPases. Its inhibition con-
stant (Ki) of 0.5 uM has been calculated for human
enzyme by Fujikawa and coworkers [7] according to a
competitive inhibition model. This low Ki means that an
increase of the substrate concentration greatly amplifies
the inhibitory effect posed by the concurrently increasing
8-0x0-dGDP contamination of the reaction mixture.
Therefore, the most reliable Km values can be obtained
only for 8-0x0-dGTP of very high purity. Km calculated
from data obtained for the 0—40 uM concentration range
of our substrate preparation was 12.1 uM (Fig. 2). This
is essentially the same value as reported by Mo and co-
workers for purified human 8-oxo-dGTPase [1]. A purity
of our 8-0xo-dGTP and selectivity of 8-oxo-dGTPase
reaction catalyzed by our hMTH]1 protein preparation are
shown in Fig. 3 (chromatograms A and B, respectively).

Inhibition of hMTHI by canonical nucleoside
3’'-diphosphates

Unlike nucleoside 5'-triphosphates, the nucleoside 5'-
diphosphates are not hydrolyzed by mammalian 8-oxo-
dGTPases. As competitive inhibitors, they bind to the
active site of the enzyme and thereby block the binding
of the triphosphates. Moreover, nucleoside 5'-diphos-
pates have been recently demonstrated to have higher
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Fig. 2. Determination of the Michaelis-Menten constant (Km) for
8-0x0-dGTP hydrolysis catalyzed by hMTH1 at pH 7.4. The experi-
mental activity-substrate concentration curve does not exactly follow
the Michaelis-Menten equation due to the presence of low amounts of
8-0x0-dGDP, contaminating 8-0xo-dGTP preparations. The higher the
substrate (and contaminant) concentration the stronger the inhibition
that can be seen (bulleted line). This mimics inhibition of hMTHI1 by
the substrate at concentrations above 80 uM 8-0x0-dGTP. Thus, Km
value should be calculated from the activity measurements performed
for the 0-40 pM range of 8-0x0-dGTP concentration. Within this
range (diagonally lined area of the graph), experimental points follow
exactly the theoretical curve, rectangular hyperbola (dashed line). Error
bars denote standard deviation values of three separate activity deter-
minations.

affinity for the active site of human MTHI than corre-
sponding nucleoside 5'-triphosphates [12]. The strength
of the inhibition brought about by a nucleoside 5'-diphos-
phate seems to depend mainly on the chemical structure
of the nucleoside moiety and its affinity for the active site
of hMTHI protein. We have tested inhibitory effects of
increasing concentrations (0—200 wM) of eight canonical
dNDPs and NDPs, including dGDP, dADP, dCDP,
dTDP, GDP, ADP, CDP, and UDP, on the hydrolysis of
5 uM 8-0x0-dGTP to 8-oxo-dGMP catalyzed by
hMTHI1. Our hMTHI preparation did not contain any
enzymatic activities decomposing nucleoside 5'-diphos-
phates. An exemplary HPLC chromatogram demonstrat-
ing the stability of dGDP incubated with hMTH]1 prep-
aration and 8-0xo-dGTP is presented in Fig. 3C.

As shown in Fig. 4, the strongest inhibitors were
dGDP, dADP, and GDP. The remaining nucleoside 5'-
diphosphates appeared to be much weaker inhibitors (Ki
values estimated by the approximation of the data shown
in Fig. 4 range from | to 2 mM). Therefore, only the
inhibitory properties of dGDP, dADP, and GDP were
investigated in further detail. The effects of 50 uM

dGDP, 75 uM dADP, and 200 uM GDP on hMTHI
activity towards 0—40 uM 8-oxo-dGTP are presented in
the form of Linewaever-Burk plots (Fig. 5). All three
compounds affected mainly the Michaelis-Menten con-
stant but not the maximum velocity of the enzymatic
reaction that suggests a competitive mechanism of the
inhibition. The individual competitive inhibition con-
stants (Ki), defined as the concentration of an inhibitor
bringing about a 50% increase in the measured Km value,
were determined by fitting the experimental data (using
the Curve Fit function of Sigma Plot program, SPSS Inc.,
Chicago, IL, USA) to the equation describing the rate of
enzymatic reaction in the presence of a competitive in-
hibitor. The calculated Ki values for dGDP, dADP, and
GDP were 74, 147, and 502 uM, respectively. The
inhibition of human 8-o0x0-dGTPase by dGDP and a very
similar Ki value of 58 uM have been recently reported
elsewhere [12].

To test possible contribution of the base moiety of the
diphosphonucleosides to the strength of the inhibition,
we investigated the influence of uric acid on the activity
of human 8-oxo-dGTPase. Uric acid is a physiological
compound produced by human cells as a final product of
degradation of purine-containing biomolecules (nucleic
acids, nucleotides) and seems to have the most preferable
chemical structure with regard to the purine rings of the
hMTHI substrates. As recently reported, the best sub-
strates for the human enzyme besides 8-0xo-dGTP are
2-OH-dATP, 2-OH-ATP, and 8-oxo-dATP [7,9]. This
suggests that the presence of oxygens at the C-2 and C-8
positions of the purine ring is favorable in terms of
substrate binding to the active site of hMTHI protein.
Although uric acid (2,6,8-trioxypurine) has both such
oxygen atoms, we have not observed any inhibition of
human 8-oxo-dGTPase activity by uric acid up to its 40
uM concentration (limited by solubility). It means that
the sugar phosphate moiety is critical for the high-affin-
ity interaction of a competitive inhibitor with the active
site of h(MTHI.

Application of 8-oxo-dGTPase inhibition to
investigations of substrate specificity of MTHI proteins

A key to a full understanding of the physiological
significance of hMTHI in vivo is complete information
regarding the substrate specificity of this enzyme. A list
of substrates for hMTHI1 protein still lengthens, thus
increasing the number of its prospective roles in the cell
[1,7,9-11]. Moreover, the homologous bacterial MutT
and mammalian MTHI proteins isolated from different
species differ substantially in their substrate specificity
that makes the question about physiological significance
of this group of enzymes even more difficult to answer.
The results of the present inhibition study may help to
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Fig. 3. HPLC analyses of enzymatic reaction solutions. (A) A chromatogram of blank sample showing a purity of synthesized
8-0x0-dGTP. A 60 pl solution containing 40 uM 8-0x0-dGTP, 5 mM MgCl,, 100 mM Tris-HCI, pH 7.4, and hMTH1 preparation was
incubated for 20 min at 37°C with 20 ul of 50 mM Na,EDTA to prevent enzymatic hydrolysis of 8-0xo-dGTP. Of the sample, a 30
wl aliquot was chromatographed as described in Materials and Methods. (B) A chromatogram demonstrating a selective hydrolysis of
8-0x0-dGTP to 8-0x0-dGMP by hMTHI1 preparation. A 60 ul solution containing 40 puM 8-0xo-dGTP, 5 mM MgCl,, 100 mM
Tris-HCI, pH 7.4, and hMTHI preparation was incubated at 37°C. After 20 min, the reaction was stopped with 20 ul of 50 mM
Na,EDTA and a 30 ul aliquot was analyzed by HPLC as above. (C) Nucleoside 5’-diphosphates were not hydrolyzed by hMTH1
preparation. An exemplary chromatogram shows 8-oxo-dGTPase reaction solution (as above) containing 50 uM dGDP. Arrows
indicate the retention times of potential dGDP degradation products, 2’-deoxyguanosine 5'-monophosphate (dGMP) and 2'-deox-

yguanosine (dG).

design future investigations on substrate specificity of
MTHI homologues. The strength of 8-oxo-dGTPase ac-
tivity inhibition caused by a particular nucleoside 5'-
diphosphate reflects the affinity of MTHI protein for the
corresponding nucleoside 5'-triphosphate. The inhibition
data presented in Fig. 4 suggest that among the canonical
(d)NTPs the best substrates for hMTHI1 are dGTP >
dATP >> GTP >> dCTP ~ CTP ~ ATP ~ dTTP ~
UTP. This conclusion remains in accord with previous
determinations of the substrate specificity of the human
MTHI that were performed with the purified protein [1].
Thus, 8-0x0-dGTPase inhibition studies may be used as
a relatively simple and rapid approach for determining
substrate specificity of different MTHI homologues,
without the need of purifying the enzyme to
homogeneity.

Is human 8-oxo-dGTPase activity inhibited in vivo?

Considering many possible different activities of
hMTHI, its main physiological function seems still un-

clear. To our best knowledge, a concentration of 8-oxo-
dGTP or even its presence in the cell has never been
established. Since neither 8-0x0-dGMP can be phosphor-
ylated to 8-0xo-dGDP by the human guanylate kinase
nor 8-0x0-GDP can be reduced to 8-oxo-dGDP by the
human nucleoside 5'-diphosphate reductase [10], the
only likely origin of cellular 8-0xo-dGTP seems to be (i)
a direct oxidation of dGTP or (ii) an enzymatic phos-
phorylation of 8-0x0-dGDP (from dGDP oxidation) by
nucleoside 5'-diphosphate kinase.

The reported concentrations of dGTP in human cells
differ substantially, but its average concentration mea-
sured in all investigated mammalian cells was around 5
pM (for review see [24]). If the rate of guanine oxidative
damage and repair is similar for DNA and free nucleo-
tide pool, we might predict an 8-0xo-dGTP concentration
in the cell to be at least 10°-fold lower than the concen-
tration of dGTP, namely, around 50 pM. On the other
hand, cellular concentrations of ANDPs and NDPs are in
the micromolar or even millimolar range [24]; thus, they
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Fig. 4. The inhibition of the 8-oxo-dGTPase activity of hMTHI1 by
canonical nucleoside 5'-diphosphates. Samples of 5 uM 8-0x0-dGTP
plus 5 mM MgCl, and 100 mM Tris-HCI, pH 7.4, were reacted for 20
min at 37°C with hMTHI-containing cytosolic ultrafiltrate from
CCRF-CEM leukemia cells in the presence of increasing concentra-
tions (0-200 M) of nucleoside 5'-diphosphates. The reaction was
stopped with EDTA and 8-oxo-dGTPase activity was determined chro-
matographically, as described in Materials and Methods, by analyzing
50 wl aliquots of reaction solutions. Relative activity was expressed in
percentages of the activity measured without inhibitors.

exceed the hypothetical concentration of 8-0xo-dGTP by
at least five to seven orders of magnitude. Moreover, one
must consider that potential inhibitory effects of different
nucleoside diphosphates on 8-oxo-dGTPase activity are
additive.

Assuming the cellular concentrations of 8-0xo-dGTP,
dGDP, dADP, and GDP and knowing inhibition con-
stants for the three inhibitors, we can calculate potential
in vivo inhibitory effects on 8-oxo-dGTPase activity by
comparing the velocities of 8-0xo-dGTP hydrolysis with
and without a particular inhibitor. A velocity of the
reaction without inhibitor (V) is described with the
Michaelis-Menten equation (Eqn. 1).

 Vma{S] v
V= ST+ Km (H

In the presence of a competitive inhibitor, this equation
becomes Eqn. 2.

B Vimax(S]
V2= [S]+ Km(1 + [1JKi)

2)

A percentage of the original 8-oxo-dGTPase activity

estimated in the presence of the inhibitor may be ex-
pressed as (V,/V,) X 100%, as in Eqn. 3.

B [S]+ Km .
VAV X100% = e vk ©

where V = velocity of the enzymatic reaction; Vmax =
maximum velocity of the reaction; Km = Michaelis-
Menten constant; [S] = substrate concentration; [I] =
competitive inhibitor concentration; and Ki = inhibition
constant.

Since the presumed cellular concentration of the sub-
strate (8-0xo-dGTP) is certainly lower than a Km value
(12.1 uM) by at least five orders of magnitude, potential
changes of 8-0x0-dGTP concentration below 500 pM do
not practically change the percentile inhibition caused by
diphosphonucleoside inhibitors. In this case, the only
factor that influences an extent of the inhibition is a ratio
of the cellular concentration of inhibitor to its inhibition
constant ([T]/Ki).

Hence, intracellular concentrations of (d)NDPs are
of primary importance to understanding the real ef-
fects of (d)NDPs on the 8-oxo-dGTPase sanitizing
activity of h(MTHI1. Unfortunately, reliable data on the
cellular concentrations of dGDP and dADP are not
available, apparently due to technical problems with
their analysis in tissue or cell homogenates. As re-
viewed by Traut ([24] and references therein), dGTP
and dATP concentrations determined in human cells
are in the 0.4-6.4 uM and 1.3-3.6 uM ranges, re-
spectively. By analogy to the intracellular concentra-
tions of the other (d)NTP/(d)NDP pools, we consider
dGDP and dADP concentrations not to exceed the 5
uM level. Using Eqn. 3 with the presumed cellular
concentrations of 8-0xo-dGTP (50 pM) and dGDP (5
M), we can calculate that, under defined conditions
(at the Kiygpp = 74 pnM), hMTHI protein retains
93.7% of its original 8-oxo-dGTPase activity. Five
micromolar dATP, which is a weaker inhibitor (Ki =
147 uM), would only decrease that sanitizing activity
down to 96.7% of the original value.

The reported concentrations of GDP in different nu-
cleated human cells range from 1.7 to 72 uM [24], with
a mean concentration of 30 wM. The latter concentration
of GDP would bring the 8-oxo-dGTPase activity down to
94.4%. Summarizing, all three inhibitors acting intracel-
lularly in a concerted manner may inhibit only around
15% of the hMTHI 8-oxo-dGTPase activity. Therefore,
we conclude that hMTHI can effectively perform its
nucleotide pool-sanitizing function against 8-oxo-dGTP.
Other possible functions of hMTHI, e.g., control of
homeostasis of the nucleotide pools and their regulation
by phosphonucleoside levels, remain to be explored.
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Fig. 5. Determination of inhibition constants (Ki) of dGDP, dADP, and GDP towards 8-oxo-dGTPase activity of hMTHI protein.
Samples of 5, 10, 20, or 40 uM 8-0x0-dGTP plus 5 mM MgCl, and 100 mM Tris-HCI, pH 7.4, were reacted with hMTH1-containing
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Abstract—Mammalian 8-0x0-2'-deoxyguanosine 5'-triphosphate pyrophosphohydrolases (8-oxo-dGTPases), such as
MTHI, are believed to play the same antimutagenic role as their bacterial homologues, like MutT. Both decompose
promutagenic 8-0x0-dGTP, a product of active oxygen’s attack on dGTP. It is not known how 8-oxo-dGTPase
expression and function are regulated. Therefore, we investigated the effect of cell population density, proliferation rate,
and cell cycle phase on 8-ox0-dGTPase specific activity in cultured Chinese hamster ovary K1-BH4 (CHO) cells. With
increasing cell population density (from 30 to 95% confluence), the activity of 8-0xo-dGTPase per milligram protein
decreased by 33% (p = .007 by ANOVA) while cells shifted by 9% into the G,/G, phase, with a 5% drop in cells in
S phase. Importantly, inhibition of the cells’ proliferation rate by calf serum deprivation caused a more dramatic 23%
shift toward the G,/G, phase and a 25% drop in S phase, but had no effect on 8-oxo-dGTPase activity. Likewise, no
differences in the enzyme activity were observed within cell populations of different cell cycle phases separated by
centrifugal elutriation. Thus, the present results exclude cell cycle-dependent regulation of 8-oxo-dGTPase activity in
CHO cells or its simple dependence on proliferation rate. The observed decrease of 8-oxo-dGTPase activity with
increasing cell population density might be related to augmentation of cell-to-cell contact. © 2000 Elsevier Science
Inc.

Keywords—8-oxo-dGTPase, Antimutagenic enzyme, Free radicals, MTHI1, MutT, Nucleotide oxidative damage

INTRODUCTION GTP, 8-ox0-2'-deoxyguanosine 5’-triphosphate (8-oxo-
dGTP) [5] and 8-oxoguanosine 5'-triphosphate (8-oxo-
GTP) [6,7]. These products may be generated by endog-
enous oxidants arising in normal cell metabolism and
under oxidative stress. The high spontaneous mutation
rate in mut? E. coli is thought to result from the lack
of a functional 8-0xo-dGTP pyrophosphatase (8-oxo-
dGTPase) that prevents incorporation of promutagenic
8-0x0-dGTP into nascent DNA [reviewed in ref. 8]. The
mutagenicity of 8-oxo-dGTP is a consequence of the
mispairing properties of 8-oxoguanine, which can be
incorporated into DNA opposite cytosine or adenine
[5,9-12]. The 8-0x0-G:A mispair may result in an A:T
— C:G transversion [13—15]. E. coli MutT protein also

The mutT™ mutant strain of Escherichia coli, character-
ized by a 1000- to 10,000-fold increase in frequency of a
specific A — C point mutation, was the first reported
mutator organism [1,2]. The product of the wild-type
mutT gene, an enzyme, has been initially identified as a
pyrophosphatase that hydrolyzes canonical ribonucleo-
side and 2'-deoxyribonucleoside 5'-triphosphates to the
corresponding nucleoside monophosphates, with a great
preference for dGTP [3,4]. It was subsequently found,
however, that this enzyme most effectively hydrolyzed
the products of oxidative modification of dGTP and
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Mammalian homologues of MutT protein share a
homology with the bacterial enzymes in terms of kinetic
properties and amino acid sequences [16—20]. Eukary-
otic 8-0x0-dGTPases have been believed, but not proven,
to play the same antimutagenic role as MutT plays in
bacteria. It is currently not known why some cell types
and tissues (for example fetal and cancerous tissues)
demonstrate higher expression of the 8-oxo-dGTPase
gene, or how this expression is controlled. Does it de-
pend on a particular tissue or cell type, cell proliferation
rate, cell cycle phase, or all of these and other factors? Is
this enzyme inducible, e.g., by oxidative stress? Acquir-
ing information about the regulation of eukaryotic 8-oxo-
dGTPase activity in relation to different physiological
phases of the cell’s life seems to be crucial. Therefore,
we have investigated the influence of the cell population
density, proliferation rate, and cell cycle phase on the
specific activity of 8-oxo-dGTPase in cultured CHO
cells.

MATERIALS AND METHODS

v

Chemicals

8-Oxo0-2'-deoxyguanosine 5'-triphosphate and 5'-
monophosphate were synthesized as described previ-
ously [17]. Ham’s F-12 nutrient mixture, fetal bovine
albumin, 200 mM glutamine solution, penicillin/strepto-
mycin mixture, and 0.25% trypsin solution containing no
calcium or magnesium were purchased from Biofluids,
Inc. (Rockville, MD, USA). All other chemicals and
reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, USA).

Cell culture and harvesting

CHO cells, variant K1-BH4, were maintained at 37°C
in 225 cm? culture flasks, under air containing 5% CO,,
in 35 ml of Ham’s F-12 nutrient mixture supplemented
with 5% fetal bovine serum (unless specified otherwise),
2 mM L-glutamine, penicillin (50 U/ml), and streptomy-
cin (50 wg/ml). The cells were harvested by trypsiniza-
tion. After removal of the medium, the cells were treated
for 3 min with 5 ml of 0.25% trypsin solution, followed
by 15 ml of Ham’s complete medium. Detached cells
were collected and washed three times with 30 ml of 20
mM Tris-buffered saline, each time with centrifugation
at 1000 X g for 10 min at 4°C. If not used immediately
for subsequent procedures, the cell pellets were stored at
=70°C.

Cell cultures of different population density

CHO cells were subcultured in 20 flasks (1 X 10°
cells/flask). Four cultures were harvested every 24 h,

between 48 and 144 h after seeding. The growth medium
in cultures intended for harvesting after 120 and 144 h
was changed after 96 h to avoid possible starvation
effects. The viability of cells was evaluated by the trypan
blue exclusion assay. The cells from four flasks were
pooled and counted with a hemocytometer. Approxi-
mately 1 X 10° cells were collected for flow cytometric
analysis. The remaining cells were pelleted by centrifu-
gation and used for determination of 8-oxo-dGTPase
activity.

Reduction of cell proliferation rate

CHO cells were subcultured in eight flasks with 1 X
10° cells/flask. When the cultures reached ~70% con-
fluence, the cells from four cultures were harvested,
counted, and 1 X 10° cells from one of the cultures were
taken for flow cytometry. 8-Oxo-dGTPase activity was
measured separately in all four cell samples. The remain-
ing four cultures were starved by removing the complete
medium from the flasks and replacing it for the next 48 h
with 35 ml of medium lacking fetal calf serum (FCS).
The cells were further harvested and processed in the
same way as nonstarved cells.

Centrifugal elutriation

Separation of cells at different phases of the cell cycle
was accomplished by the elutriation method described by
Grdina et al. [21] with some important modifications.
The elutriation system consisted of a J6 Beckman elu-
triation centrifuge with a JE-5.0 rotor equipped with a
single standard 5 ml elutriation chamber (Beckman
Coulter, Inc., Fullerton, CA, USA), and variable flow
L/S high precision Masterflex peristaltic pump (Barnant
Company, Barrington, IL, USA). The elutriation me-
dium, Tris-buffered saline (TBS), consisted of 20 mM
Tris-HCI, 150 mM NaCl, pH 7.4, maintained at 4°C. The
speed and temperature of the rotor were set constant at
1790 rpm and 4°C. Approximately 3 X 10% CHO cells
were harvested from cultures at ~80% confluence,
washed three times with TBS, and finally suspended in
50 ml of TBS (4°C). Cell suspensions were introduced to
the elutriation chamber at a flow rate of 9.4 ml/min. After
collecting three 50 ml fractions, the flow rate was ad-
justed to 12.6 ml/min and then gradually increased to
30.6 ml/min in 1.8 ml/min increments. A 50 ml fraction
was collected after each subsequent increase of the flow
rate and kept on ice. Finally, the flow rate was set to 70
ml/min to remove all cell aggregates from the system.
The cells in each fraction were counted and samples
containing 1 X 10° cells were taken for flow cytometry.
The remaining cells were pelleted by centrifugation and
frozen at —70°C for the 8-oxo-dGTPase assay.
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Flow cytometry

The cells (~1 X 10°) were suspended in 0.6 ml of
20 mM phosphate buffer containing 150 mM NaCl, pH
7.4 (PBS) and fixed by adding 1.4 ml cold absolute
ethanol, while shaking, followed by incubation for at
least 24 h at —20°C. Fixed cells were pelleted by
centrifugation at 500 X g for 10 min at 4°C, resus-
pended in 200 ul PBS plus 200 wl of a mixture
containing 0.1 mg/ml DNAse-free RNAse and 50
wpg/ml propidium iodide. Cells were finally incubated
in the dark at 25°C for 1 h prior to flow cytometric
analysis. The propidium iodide—stained cell samples
were assayed at 488 nm on an EPICS Profile flow
cytometer (Coulter, Hialeah, FL, USA) equipped with
an air-cooled 20 mW argon laser. A minimum of
10,000 cells was collected in each run. The cells were
selected by pulse-height (doublet elimination) analysis
and only the integrated signals were collected (to
reject doublets). All histograms were evaluated by
Multicycle software (advanced version, Phoenix Flow
Systems, San Diego, CA, USA) [22]. The G,/G, and
G,/M peaks were determined using Gaussian curves.
Chi-square statistics were used to determine goodness-
of-fit between the computer-generated curve and the
raw data. Resolution of G,/G, peaks was evaluated by
coefficient of variation, which is calculated by divid-
ing the half-peak width by the mean channel number.
The S phase fraction was calculated by the area under
the zero order polynomial curve between the mean
channel number of the G,/G, peak and that of the
G,/M peak. Guidelines from a consensus conference
for DNA flow cytometry were followed throughout the
study to control analytical variations [23].

Determination of 8-oxo-dGTPase activity

Typically, 1-5 X 107 cells were suspended in 0.4—
0.6 ml of 20 mM Tris-HCI hypotonic buffer, pH 7.4,
and homogenized on ice with a type B tight pestle (50
strokes) in a 2 ml Dounce homogenizer. The resulting
homogenates were ultracentrifuged for 1 h at
100,000 X g (4°C) and the resulting supernatants,
referred to below as “extracts,” were collected. Total
protein concentration was determined in each extract
by the biuret method, using crystalline bovine serum
albumin as a standard [24], and then made equal by
diluting the extracts with 20 mM Tris-HCI1, pH 7.4.
Three 100 ul aliquots of each extract were ultrafiltered
through a 30 kDa cut-off, low protein—binding ultra-
filtration membrane (Ultrafree-MC Filtration Unit,
Millipore, Bedford, MA, USA), by centrifugation at
3000 X g until complete passage of the sample (typ-
ically 20 min). The resulting ultrafiltrates were used

for the determination of 8-oxo-dGTPase activity either
immediately or after storage at —70°C for several
days. The mean 8-oxo-dGTPase activity in the cell
extract was calculated as described previously [17]
from  high-performance liquid chromatography
(HPLC) determinations in three separate ultrafiltrates
of the same extract. Enzyme activity was expressed in
relation to total protein concentration in the extract.
An activity unit was defined as the amount of enzyme
converting 1 pmol of 8-0x0-dGTP to 8-0x0-dGMP per
minute under the reaction conditions previously
defined [17].

RESULTS
Effect of cell population density

CHO cell cultures harvested between 48 and 144 h
after seeding exhibited an obvious increase in cell
number (Fig. 1A) accompanied by a shift in cell dis-
tribution among the cell cycle phases (Fig. 1B). For
example, at the beginning of the experiment, cell
cultures harvested after 48 h of growth were approx-
imately 30% confluent. In these cultures, 54% of cells
were in the G,/G, phase, 27% of cells were in S phase,
and 19% of cells were in the G,/M phase. At the end
of the study, the cultures harvested after 144 h were
approximately 95% confluent and had 63, 22, and 15%
of cells in the G/G,, S, and G,/M phases, respectively
(floating cells were not included). The cells harvested
at all time points were viable as tested by the trypan
blue exclusion assay.

With the time of growth and increasing cell popula-
tion density, the specific activity of 8-oxo-dGTPase in
CHO cell cultures tended to decrease (Fig. 1C). The
activity dropped from (mean * SE) 596 *= 24 U/mg
protein at 48 h to 400 = 33 U/mg protein at 144 h after
inoculation of the cells. As tested by ANOVA analysis,
the slope of the linear regression curve of the decrease
was significant with p = .007.

Effect of starvation

CHO cells deprived of fetal calf serum (FCS) for
48 h significantly slowed their proliferation in com-
parison with control cells. During that time, the num-
ber of cells in starving cultures increased by only 32%
(on average), while the number of cells cultured in the
complete medium increased by at least 55%. Total
protein recovered from the starving cultures increased
by only 5%, whereas the complete medium allowed
the cultures a 39% mean increase in the total protein
content. At 48 h, 40.6% of cells in control cultures
were in the S phase, compared with only 13% of cells
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Fig. 1. Decreasing activity of 8-oxo-dGTPase with increasing con-
fluence of CHO cells. CHO cells were harvested every 24 h between
48 and 144 h after inoculation of the cells. (A) Harvested cells were
counted to demonstrate the dynamics of proliferation. Cell cultures
were approximately 30 and 95% confluent at 48 and 144 h after
seeding, respectively. (B) Distributions of cell cycle phases were
determined by means of flow cytometric assay of cellular DNA
content. (C) The activity of 8-oxo-dGTPase decreased with the time
of growth (p = .007 by ANOVA). Error bars represent standard
errors.

in the starving cultures (Figs. 2A and 2B). The fraction
of cells in G,/G, increased from 56% in the control
cultures to 79% in the starving cultures. Starvation did
not affect cell viability. In contrast to these profound
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Fig. 2. Fetal calf serum starvation does not affect specific activity of
8-0x0-dGTPase in CHO cells. (A) Cells grown for 48 h in a medium
lacking FCS had a substantially lower proliferation rate when com-
pared with control cultures grown in the presence of 5% FCS. Viability
of cells was not affected. (B) Flow cytometric analysis revealed a
decrease in the proportion of cells in S phase and an increase in the
proportion in Go/G, phase in the starved cells vs. the control cells (A
vs. B). (C) However, the quiescence that developed in the starved cells
did not affect specific activity of 8-oxo-dGTPase.

differences in protein and cell cycle phase, the activity
of 8-0x0-dGTPase in the control and starved cells did
not differ significantly as tested by the Student’s r-test
for unpaired samples (Fig. 2C).
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of cell fractions selected for subsequent determination of 8-oxo-dGTPase activity. Fractions 1, 6, and 11 demonstrate a maximum
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elutriation fractions is presented in Fig. 4A.

Effect of the cell cycle

The results of flow cytometric analysis of DNA con-
tent in the cell populations constituting elutriation frac-
tions 1, 2, 4—8, and 11 are shown in Fig. 3. Fraction |
exhibited a maximum 87% enrichment of cells in the
Gy/G, phase; fraction 6 was maximally enriched in S
phase, with 62% of cells in this phase; fraction 11 con-
tained 77% of cells in G, and M phases (Fig. 4A).
However, despite great differences in cell cycle distribu-
tion among these fractions, specific activities of 8-oxo-
dGTPase, ranging from 481 * 34 to 627 * 39 U/mg of
protein, appeared not to be statistically different from
each other (Fig. 4), as judged by the Student’s r-test for
unpaired samples.

DISCUSSION

It is commonly believed that mammalian homologues
of the bacterial MutT protein have the same function as
the bacterial protein itself: to hydrolyze promutagenic
8-0x0-dGTP that may arise by oxidation of dGTP during
normal cellular metabolism or under oxidative stress.
Although 8-0x0-dGTP is indeed the most effective sub-
strate for mammalian MTH]1 protein (a homologue of £.
coli MutT protein) identified thus far, an antimutagenic
capacity of MTHI in mammalian cells has not yet been
proven. Some insight into the role(s) of this protein was

acquired by investigating the processes of expression
regulation of the MTH]I gene. The results indicated that
certain mammalian cell types contained much higher
levels of MTH1 mRNA or 8-ox0-dGTPase activity than
others did. For example, Jurkat cells, a human T-cell
leukemia cell line, expressed more MTHI mRNA than
normal human lymphocytes [16]. Okamoto et al. [25]
observed overexpression of human MTHI mRNA in
renal-cell carcinomas compared to the adjacent nontu-
morous renal tissue. Likewise, Wani et al. [26] reported
higher level of MTHI mRNA in human breast tumor
than in normal breast ductal cells. Hibi et al. [27] found
MTHI to be one of the most clearly overexpressed genes
in human nonsmall cell lung cancer cells (relative to
normal bronchial and tracheal epithelial cells). Kennedy
et al. [28] observed the same phenomenon in different
lung cancer cell lines in comparison with normal human
bronchial epithelial cells.

The elevated expression of the MTHI gene in human
tumors has been most frequently proposed to be due to
the increased exposure of cancer tissues to endogenous
reactive oxygen species. Some authors even suggest us-
ing the overexpression of human M7HI gene as a mo-
lecular marker of oxidative stress in lung cancer cells
[25,28]. However, this suggestion still awaits an exper-
imental confirmation. Although the promoter region of
the murine MTHI gene contains putative Activator Pro-
tein-1 (AP-1) recognition sequences, and AP-1 is a re-
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dox-regulated transcription activator, effects of AP-1 up-
regulation or oxidative stress on M7TH]I expression have
never been demonstrated. On the other hand, data con-
cerning normal tissues under physiological conditions
indicate possible dependence of the level of MTHI gene
expression on proliferative activity of the tissue (or cul-
tured cell line). Thus, Wani and D’ Ambrosio [29] inves-
tigated the expression of human MTHI in normal skin
and found a clear gradient of MTHI mRNA in the
epidermis, ranging from high levels in the replicating
basal epithelial cells to undetectable levels in the non-
mitotic suprabasal and granular epithelial cell layers. The
levels of MTH1 mRNA in mouse organs, observed by
Kakuma et al. [19], seemed to reflect differences in cell
proliferation rates among those organs (with the excep-
tion of liver, where the level was unexpectedly high).
Accordingly, the highest levels of this mRNA were
found in the thymus and testis, and the lowest in the
brain. The same is true for human testis and thymus [30].
The highest relative expression of M7HI was, however,
noticed in mouse embryonic stem cells, known to have a
very high proliferation rate [19,31]. Interestingly, Oda et
al. [30] found that human fetal liver and brain displayed
higher MTH]I expression than the corresponding tissues
of adult individuals; this pattern might also be associated
with differences in proliferation rate. This phenomenon

was confirmed by our previous study in which markedly
higher specific activity of 8-oxo-dGTPase was observed
in fetal lungs and livers, compared with the correspond-
ing maternal organs [32]. The effect of cell proliferation
stimulation on the expression of MTHI mRNA was
directly demonstrated by Oda et al. [30] who treated
quiescent human lymphocytes with mitogens and ob-
served a 6-fold increase in MTH1 mRNA level.

To further characterize the above phenomena, we
studied the specific activity of 8-oxo-dGTPase in CHO
cells. Many types of cultured cells become quiescent
upon reaching confluence, and the CHO cells in our
study were no exception. Under the present experimental
conditions, CHO cells slowed proliferation as the cul-
tures gradually became overcrowded, as signified by a
9% shift in cell distribution towards the G,/G, phase,
typical for quiescence. This shift was accompanied by a
33% decrease in 8-oxo-dGTPase activity. The potential
of CHO cells to react properly to contact inhibition of
cell proliferation is limited. This may be why the ob-
served effect on 8-oxo-dGTPase activity is not as dra-
matic as the opposite effect of mitogens on 8-oxo-dGT-
Pase mRNA level in lymphocytes [30]. Interestingly, the
slowed proliferation and cell distribution shift toward the
Gy/G, phase caused by serum starvation, which were
even more extensive than those caused by increasing
confluence, produced no significant change in 8-oxo-
dGTPase activity. This difference suggests that some
aspects of cell population density, i.e., cell-to-cell con-
tact and metabolic cooperation (signaling), may play
more important roles in downregulation of 8-oxo-dGT-
Pase activity than do cell cycle phases or mere prolifer-
ation rate. Thus, inhibition of cell proliferation does not
seem to be sufficient by itself to affect enzymatic activity
of MTHI.

Many enzymes of nucleotide metabolism are cell cy-
cle-regulated [reviewed in ref. 33]. Therefore, in the
present study, the levels of 8-oxo-dGTPase activity have
also been determined in cells of different phases of the
cell cycle. Surprisingly, analysis of cell samples enriched
in cells at the particular phases did not demonstrate any
significant differences in the specific activity of the en-
zyme. Hence, the present results exclude regulation of
8-0x0-dGTPase activity through cell cycle-dependent
signaling, at least in the CHO cells. They also indicate
that activity of 8-oxo-dGTPase in proliferating cells is as
important in the other phases as it is during DNA syn-
thesis. This is consistent with the postulated physiolog-
ical role of MTH1 protein in mammalian cells against the
promutagenic 8-0xo-dGTP. To hydrolyze 8-0xo-dGTP,
MTHI1 must be fully functional not only during the DNA
replication phase but also when DNA undergoes repair
synthesis. This result is also consistent with the guardian
role of this enzyme against 8-0xo-GTP to prevent tran-



Regulation of 8-0x0-dGTPase activity 343

scription errors in RNA synthesis over the entire cell
cycle, as suggested by Taddei et al. [7].

The data presented in this article should help in future
studies to distinguish between cell- and tissue-specific
and cell proliferation—and cell cycle—dependent differ-
ences in 8-oxo-dGTPase activity among various cells
and tissues, including normal and neoplastic tissues.
They should also help determine whether 8-oxo0-dGT-
Pase activity can be induced by reactive oxygen species
and if increased expression of the MTHI gene can really
serve as a marker of oxidative stress. Possible effects of
enhanced in vivo proliferation of normal mouse tissue, as
well as those of ionizing radiation in CHO cells, on
8-0x0-dGTPase activity, are currently under investiga-
tion in our laboratory.
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Abstract—Mammalian MTH]1 proteins, homologs of Escherichia coli MutT, are enzymes decomposing 8-0x0-7,8-
dihydro-2deoxyguanosine $triphosphate (8-0x0-dGTP) to 8-0x0-7,8-dihydro-2deoxyguanosine $monophosphate and
inorganic pyrophosphate. They play an antimutagenic role by preventing the incorporation of promutagenic 8-0xo-dGTP
into DNA. MTHI gene expression is higher in some physiological types of mammalian cells and in numerous cancer
cells, but the mechanism of that upregulation still remains unclear. It has been hypothesized that MTH! expression might
be associated with a proliferation rate of the cells. Therefore, we tested this hypothesis by comparing the functional levels
of MTHI gene expression measured as the 8-oxo-dGTPase activity of its protein products in normal mouse livers and
hepatectomized regenerating livers. Although the proliferation rate of the hepatocytes in the regenerating livers was
much higher than that in control livers, as confirmed by immunohistochemical assay of proliferating cell nuclear antigen,
the 8-ox0-dGTPase activity was not different. In a second approach, we used 57 lines of human cancer cells in which 8-
0x0-dGTPase activity was measured and confronted with cell population doubling time. No significant correlations
between 8-ox0-dGTPase activity and proliferation rate were observed within groups of six leukemia, eight melanoma,
nine lung, seven colon, six central nervous system, six ovarian, eight renal, and seven breast cancer cell lines. Thus, we
conclude that the MTHI expression manifested as the 8-oxo-dGTPase activity of its protein products in mammalian cells
is not associated with proliferation rate. Our results will help in further testing of the hypothesis that MTHI
overexpression may be a specific marker of carcinogenesis and/or oxidative stress. © 2004 Elsevier Inc. All rights
reserved.

Keywords —MTHI, 8-Oxo-¥deoxyguanosine Striphosphate, 8-Oxo-7,8-dihydro->deoxyguanosine Striphosphatase
pyrophosphohydrolase, Antimutagenic enzyme, MutT homolog, Oxidative DNA damage, DNA repair, Cancer
marker, Free radicals

INTRODUCTION triphosphate (8-0x0-dGTP), the product of oxidative
damage to 2‘deoxyguanosine Striphosphate (dGTP), a
substrate for DNA synthesis [reviewed in [2]. 8-Oxo-
dGTP is thought to be generated in the cells by reactive
oxygen species arising under physiological conditions and
predominantly under oxidative stress. It is an erroneous
substrate for many DNA polymerases [3-7]. Its muta-
genicity results from mispairing properties of 8-0xo-7,8-
dihydroguanine, which can pair with cytosine as effec-
tively as with adenine [8,9]. Mammalian MTH1 protein
decomposes 8-0x0-dGTP to the corresponding mono-

Mammalian MTH1 protein, a homolog of bacterial MutT
protein, plays an important antimutagenic role in cells by
preventing incorporation of oxidatively modified purine
nucleotides into DNA during replication [reviewed in 1].
The most widely characterized function of mammalian
MTHI protein, and probably the most relevant to its
antimutagenic properties, is its enzymatic activity toward
a promutagenic 8-oxo-7,8-dihydro-2-deoxyguanosine 5

Address correspondence to: Dr. Karol Bialkowski, The Ludwik

Rydygier Medical University, Department of Clinical Biochemistry,
Karlowicza 24, 85-092 Bydgoszcz, Poland; Fax: +48 52 585 3771;
E-mail: karolb@amb.bydgoszcz.pl.

1534

phosphate (8-0xo-dGMP) and inorganic pyrophosphate
[10-13]. Therefore, MTH1 was alternatively named 8-
0x0-dGTP pyrophosphohydrolase, or simply 8-oxo-
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dGTPase. However, as several more substrates for human
MTHLI protein, such as 8-oxo-dATP, 2-OH-dATP [14], 2-
OH-ATP [15], and 8-CI-dGTP [16], were discovered later,
this enzyme recently acquired the more general name
“oxidized purine nucleoside triphosphatase” [1].

As mutT™ strain of Escherichia coli devoid of its 8-
0x0-dGTPase activity exhibits a very strong mutator
phenotype characterized by a high frequency of AT —
CG transversions [17-20], the mammalian homologs of
the mutT gene (MTH1) attracted the attention of carcino-
genesis investigators. One of the models of cancer
development assumes formation of a mutator cell in an
early stage of cell transformation. A knockout mutation
of the MTHI gene was anticipated to result in a
mammalian mutator phenotype. However, such a muta-
tion has not been observed to date in human hereditary
nonpolyposis colorectal cancers [21], sporadic ovarian
cancers [22], rat mammary carcinomas [23], human
sporadic colorectal carcinomas [24], and multiple color-
ectal adenomas [25]. Surprisingly, instead of MTHI
disruption, a characteristic overexpression of this gene
has been noticed in different cancer cells and tissues as
compared with their healthy counterparts (see Discus-
sion) [23,26-31]. These observations have led to
formulation of the hypothesis that MTH] overexpression
is a marker of carcinogenesis. Because MTHI over-
expression has been most frequently assigned to a state
of persistent oxidative stress in cancer cells, it has also
been proposed that such overexpression might be a
marker of the oxidative stress itself [26,29,31]. However,
before MTHI can be qualified as a cancer marker it is
essential to learn whether its overexpression is triggered
by the cell transformation process per se or is just a result
of gaining some features by cancer cells that are not
unique to cancer. As suggested previously, the prolifer-
ation rate of the cells might be such a factor [32]. In our
previous paper we demonstrated that 8-oxo-dGTPase
activity of MTHI1 protein in Chinese hamster ovary
(CHO) cells is not cell cycle-dependent and its level is
not affected by inhibition of cell proliferation resulting
from fetal calf serum starvation. On the other hand, we
have observed a significant, progressive decrease in 8-
oxo-dGTPase activity in CHO cultures approaching
confluence. As the association between 8-oxo-dGTPase
activity and the proliferation rate of cells could neither be
confirmed nor excluded at that stage, we decided to
further investigate the problem using an in vivo approach
described in the present paper. Partial dissection of liver
(partial hepatectomy) in rodents is known to stimulate a
regeneration of the organ that involves proliferation of
normally quiescent hepatocytes [reviewed in 33]. There-
fore, we decided to use this model to test the possible
dependence of 8-oxo-dGTPase activity on cell prolifer-
ation rate both in vivo, in regenerating mouse liver, and

in vitro, in 57 human cancer cell lines. These cell lines
are routinely used for drug screening by the Devel-
opmental Therapeutics Program at the National Cancer
Institute, National Institutes of Health (Fredrick, MD,
USA) (http://www.dtp.nci.nih.gov), and among other
features, differ widely in their doubling times.

MATERIALS AND METHODS
Chemicals

8-0x0-7,8-dihydro-2‘deoxyguanosine S‘monophos-
phate and Striphosphate were synthesized as described
previously [13]. All other chemicals of the highest
available purity were bought from Sigma—Aldrich (St.
Louis, MO, USA).

Animals and treatment

Twelve 8-week-old C57BL6 male mice were kept
under pathogen-free conditions on corncob bedding, with
12-h fluorescent light/12-h dark cycle, at 24 + 2°C and
50 *+ 5% relative humidity. They were fed NIH-31 diet
and had free access to tap water. Six mice were subjected
to partial hepatectomy to stimulate regenerative prolifer-
ation of the hepatocytes, while the six remaining animals
were sham-operated (control group). Animals were
anesthetized with metafane. Thoracic and peritoneal
regions of their bodies was shaved. A 1.5-cm-long
vertical incision was made on the left side below the
diaphragm to open the peritoneal cavity. The left lobe of
the liver was withdrawn from the cavity and a sterile silk
loop was placed over the left lobe to the base and pulled
tight to cut the blood supply, and the lobe was excised
leaving a 3 mm stump above the silk. The liver was
placed back into the peritoneal cavity, the cavity was
covered with 5-O dexon, and the skin was closed with 9
mm autoclips. After the incision was closed, mice were
placed on a heating pad until recovery was complete. The
mice constituting the control group were operated in the
same way, with their livers, however, remaining
untouched (sham operation).

On Day 3 after surgery, all animals were euthanized
with carbon dioxide and their livers immediately
collected. Five hundred milligram sections of the livers
were fixed in 10% formalin and embedded in paraffin for
immunohistochemical localization of proliferating cell
nuclear antigen protein (PCNA), and the remaining tissue
was frozen in liquid nitrogen for 8-oxo-dGTPase activity
determination.

Immunohistochemical localization of PCNA in the liver

PCNA is a nonhistone nuclear protein whose expres-
sion is correlated with the mitotic activity of cells and is
therefore used as a marker of cell proliferation [34]. The
Mouse PCNA Staining Kit was purchased from Zymed
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Laboratories, Inc. (San Francisco, CA, USA). The
staining procedure followed Zymed protocol (http://
www.zymed.com).

Determination of 8-oxo-dGTPase activity in liver tissues

8-Ox0-dGTPase activity was determined using a
method developed by us previously [13, 35]. The livers
(~500 mg) were homogenized on ice with 2 ml of cold
20 mM Tris—HCl, pH 7.4, in a motor-driven, 10 ml
Potter-Elvehjem homogenizer. The homogenates were
centrifuged for 15 min at 2500g (4°C). Primary super-
natants were further ultracentrifuged for 1 h at 100,000g
(4°C) in a fixed-angle Ti 50 rotor (Beckman Instruments,
Fullerton, CA, USA). The resulting supernatants (1 ml),
termed below as “extracts,” were collected for further
processing. Total protein concentrations in the extracts
were determined in triplicate by the biuret method [36]
using crystalline bovine serum albumin as a standard.
The protein concentrations in all liver extracts were then
equalized to 24 mg/ml with the homogenization buffer.
Three 150-pl aliquots of each extract were ultrafiltered
through 30 kDa cutoff, low-protein-binding regenerated
cellulose membranes (Ultrafree-MC Filtration Units,
Millipore, Bedford, MA, USA). This step separated the
8-0x0-dGTP pyrophosphohydrolase activity from the
other interfering phosphohydrolases that decompose 8-
0x0-7,8-dihydro-2“deoxyguanosine Stri-, di-, and mono-
phosphate [37]. The determinations of §-oxo-dGTPase
activity in the ultrafiltrates were carried out in 0.5 ml
capped polypropylene tubes, as follows. A 60 pl volume
of the reaction solution, containing 40 uM 8-o0x0-dGTP,
5 mM MgCl,, 100 mM Tris—-HCI (pH 8.5), and
ultrafiltrate, was incubated at 37°C for 90 min. The
reaction was initiated by addition of the ultrafiltrate (5 pl)
and terminated with 20 pl of 50 mM Na,EDTA
(disodium ethylenediamine tetraacetate). Blank samples
were prepared with Na,EDTA added before the ultra-
filtrate, followed by incubation at 37°C. The reaction
solutions were analyzed by high-performance liquid
chromatography with UV absorbance detection (HPLC-
UV) for the amount of 8-0xo-dGMP formed. Our Waters
HPLC (Waters Co., Milford, MA, USA) consisted of two
pumps (Model 510), an autosampler (Model 717 plus), a
UV-VIS photodiode array detector (Model 996), and a
Luna C18(2) column (250 X 4.6 mm, 5 pm grain;
Phenomenex, Torrance, CA, USA). The system was
controlled by a Millennium®? Chromatography Manager
(Waters Co.). Twenty microliter aliquots of the reaction
mixtures was chromatographed isocratically with 100
mM NaH,P0O,~NaOH buffer (pH 5.5)/ methanol (93/7),
at a flow rate of 1 ml/min. Solutions of known
concentrations of 8-0xo-dGMP, ranging from 1 to 20
UM, were used for calibration. For quantification of the
reaction product, chromatograms acquired at 295 nm

were integrated. The enzymatic activity unit (U) was
defined as the amount of enzyme converting 1 pmol of 8-
0x0-dGTP to 8-0x0-dGMP per minute under the above
reaction conditions. The mean §8-oxo-dGTPase activity in
the tissue extract was calculated from determinations of
three separate ultrafiltrates of a given extract. To compare
different organ extracts, their activities determined in
ultrafiltrates were expressed as number of activity units
per milligram of total protein contained in the corre-
sponding extracts.

Determination of 8-oxo-dGTPase activity in cultured
cells

Fifty-seven human cancer cell lines were used in this
study that were routinely cultured by the Developmental
Therapeutics Program at the National Cancer Institute,
National Institutes of Health; among them were six
leukemia (CCRF-CEM, HL-60(TB), K-562, MOLT-4,
RPMI 8226, SR) and ecight melanoma (LOX IMVI,
MALME-3M, M14, SK-MEL-2, SK-MEL-5, SK-MEL-
28, UACC-62, UACC-257) cell lines, as well as nine
lung (AS49/ATCC, EKVX, HOP-62, HOP-92, NCI-H23,
NCI-H226, NCI-H322M, NCI-H460, NCI-H522), seven
colon (COLO-205, HCC-2998, HCT-15, HCT-116, HT-
29, KM-12, SW620), six central nervous system (SF-
268, SF-295, SF-539, SNB-19, SNB-75, U251), six
ovarian (IGROVI1, SK-OV-3, OVCAR-3, OVCAR-4,
OVCAR-5, OVCAR-8), ecight renal (786-0, A498,
ACHN, CAKI-1, RXF-393, SN12C, TK-10, UO-31),
and seven breast (MCF-7, NCI/ADR-RES, MDA-MB-
231/ATCC, HS 578T, MDA-MB-435, BT-549, T-47D)
cancer cell lines. The cells were cultured in RPMI-1640
medium supplemented with 5% fetal bovine serum and 2
mM I-glutamine as described elsewhere [38]. They were
harvested by scraping and washed three times with 20
mM Tris—HCI, 150 mM NaCl, pH 7.4. A pellet of 6 to 8
million cells was suspended in 1 ml hypotonic 20 mM
Tris—HCI buffer, pH 7.4, and homogenized on ice by
ultrasonication for 10 s. The homogenate was ultra-
centrifuged for 1 h at 100,000g (4°C). One milliliter of
the resulting supernatant (referred to as an “extract”)
located between the pellet and fatty upper layer, was
gently collected. Total protein concentration in the
extracts was determined by the biuret method [36] using
crystalline bovine serum albumin as standard. Individual
cell extracts were diluted with 20 mM Tris—HCI buffer,
pH 7.4, so that their total protein concentrations were
equalized to the level of 1 mg/ml. Four 100 pl portions of
cach extract were ultrafiltered at 4°C through 30 kDa
cutoff, low-protein-binding regenerated cellulose mem-
branes (Ultrafree-MC Filtration Units, Millipore, Bed-
ford, MA, USA). The 8-oxo-dGTPase activity in all
ultrafiltrates was determined essentially as described
above except that the enzymatic reaction was carried
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out for 50 min, and 30 pl aliquots of the reaction solution
were analyzed. 8-Oxo-dGTPase activity reported for
each cell line in the figures constitutes a mean value of
determinations performed in four separate ultrafiltrates
and expressed as activity units per milligram of protein in
the original extract. Statistica 6.0 software (StatSoft Inc.,
Tulsa, OK, USA) was used for all statistical calculations.

RESULTS
PCNA levels in regenerating and control mouse livers

Immunohistochemical staining for PCNA in both liver
groups 3 days after PH or sham surgery revealed a high,
greater than 25-fold increase in the number of PCNA-
positive nuclei in the regenerating livers as compared
with those in sham-operated animals. Representative
sections of the regenerating livers and the control livers
immunostained for PCNA are shown in Fig. 1.

Fig. 1. Immunohiostochemical localization of proliferating cell nuclear
antigen (PCNA) in mouse livers. PCNA-positive nuclei are the brown-
stained cell nuclei clearly visible on the blue, hematoxylin-counter-
stained, tissue background. Representative sections of mouse livers: (A)
3 days after partial hepatectomy, (B) 3 days after sham operation.
Magnification, 750X,
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Fig. 2. HPLC-UV analysis of a typical 8-0xo-dGTPase assay reaction
mixture prepared and chromatographed as specified under Materials and
Methods. {A) The 8-0x0-dGMP peak represents the sole product of 8-
0x0-dGTP hydrolysis catalyzed by the <30 kDa ultrafiltrate of mouse
liver extract. (B) The 8-0x0-dGMP peak is absent in a blank sample
prepared by adding Na,EDTA to the 8-0xo-dGTP substrate solution
before introduction of the ultrafiltrate. The large peak of uric acid (UA)
and other minor peaks are produced by compounds contained in the
ultrafiltrate of the tissue extract. Tris and EDTA, highly concentrated
reagents present in the reaction mixture, elute unretained as a dead-
volume peak.

8-Oxo-dGTPase activity in regenerating and control
mouse livers

Activity of 8-oxo-dGTPase in livers of six control
(sham-operated) mice ranged from 25.1 to 38.9 U/mg
protein, thus showing marked individual differences with
a mean value of 33.9 U/mg protein. 8-Oxo-dGTPase
activity in six regenerating mouse livers ranged from
23.7 to 38.1 U/mg protein, showing a mean value of 29.5
U/mg protein. Typical HPLC-UV analysis of enzymatic
reaction solution is presented in Fig. 2. The enzymatic
activity data are presented in Fig. 3. For clarity, only
mean values of three separate determinations are
presented in the graph. Multiple analysis of variance
(MANOVA) revealed that there was no significant
difference between 8-oxo-dGTPase activity in both
investigated groups.

8-Ox0-dGTPase activity in human cancer cell lines

Fifty-seven human cancer cell lines, representing
leukemia, melanoma, lung, colon, central nervous
system, ovarian, renal, and breast cancers, revealed
substantial differences in their activities of 8-oxo-
dGTPase that ranged from 395 to 5314 U/mg protein.
Activities of the particular cell lines are not identified by
name in this article as this study will be described and
discussed in full detail in a separate article devoted to
human 8-oxo-dGTPase activity as a potential marker of
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Fig. 3. 8-Oxo-dGTPase activity in livers of hepatectomized and sham-
operated mice measured 3 days after the treatment. Each point
represents mean activity level (N = 3) determined in individual livers.

carcinogenesis. Doubling times of the investigated cell
lines ranged from 17.4 to 79.5 h. If all 57 cell lines are
pooled, no correlation is observed between 8-oxo-
dGTPase activity and proliferation rate of the cells
(correlation coefficient » = —.021 at p = .926). The
correlational analysis for both variables, however, is best
done within groups of cancer cell types (Fig. 4) as
opposed to all groups combined. The reason for this is
obvious from the individual within-group correlations.
Of the eight such correlations, five are positive and three
are negative. They range from  values as high as .54 in
the case of renal cancer cell lines to » values as low as
—.66 for cancer cells originating from central nervous
system. Given the wide range of within-group correla-
tions and the high p value of the overall correlation, it is
rather not judicious to pool them. Correlational analysis
of individual cancer cell line groups reveals that none of
the computed correlation coefficients (r) is high enough
to imply a direct association between 8-oxo-dGTPase
activity and doubling time of the cell lines (Fig. 4), and
that none of those correlations is significant at the p <.05
level. We thus conclude that our data do not provide any
evidence of a direct or inverse relationship between
human 8-o0xo-dGTPase activity and proliferation rate of
the cells.

DISCUSSION

The results reported to date concerning physiological
tissues indicated a possible association between the level
of MTH1 gene expression and the proliferative activity of
tissue or particular cell type. Thus, Wani et al. [39]
investigated the expression of human MTHI in normal
skin and found a clear gradient of MTHI mRNA in the

epidermis, ranging from a high level in the replicating
basal epithelial cells to an undetectable level in the
nonmitotic suprabasal and granular epithelial cell layers.
The levels of MTHI mRNA in mouse organs, observed
by Kakuma et al. [11], seemed to reflect differences in
cell proliferation rates among those organs. Accordingly,
the highest levels of this mRNA were found in actively
proliferating organs like testis and thymus, and the
lowest in brain, which is composed mostly of quiescent
neurons. As demonstrated by Oda et al. [32], human
testis and thymus also exhibit the highest MTH! mRNA
levels among different human organs. The highest
relative expression of MTHI gene was, however, noted
in mouse embryonic stem cells, known to have a high
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Fig. 4. 8-Oxo-dGTPase activity as a function of proliferation rate in
different human cancer cell lines grouped according to cancer type.
Each point represents the average of four determinations for each cell
line sample. The lines were obtained by regression analysis. The
correlation coefficients () and corresponding p values were calculated
for each group of cell lines.
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proliferation rate [11,40]. It was found that human fetal
liver and brain displayed higher M7HI/ mRNA levels
than the corresponding tissues of adult individuals [32],
which might also reflect higher proliferation rate in
young organs. This phenomenon was confirmed by our
previous study in which markedly higher specific activity
of 8-ox0-dGTPase was observed in fetal lungs and livers,
compared with the corresponding maternal organs [35].
Most interestingly, Oda et al. [32] have shown a 6-fold
increase in MTHI! mRNA level in human lymphocytes
after concomitant treatment with phytohemagglutinin
and interleukin-2, which are well-known mitogens. That
observation was strongly suggestive of a direct associ-
ation between proliferation rate of the cells and M7TH!
gene expression. To further characterize the above
phenomena, we previously studied the specific activity
of 8-0x0-dGTPase in cultured CHO cells in the context
of proliferation rate and cell cycle phase [41]. Changes in
the proliferation rate of a cell population are associated
with the concurrent changes in cell distribution within the
cell cycle phases. As we have shown, 8-oxo-dGTPase
activity is not cell cycle-dependent. Also, inhibition of
proliferative activity of CHO cells by fetal calf serum
starvation did not affect their 8-oxo-dGTPase activity. On
the other hand, we observed a slight decrease (by 33%)
in the activity in CHO cultures approaching confluence
and becoming more quiescent. It suggested that some
aspects of cell population density, i.e., cell-to-cell contact
and metabolic cooperation (signaling), may play more
important roles in down- or upregulation of 8-oxo-
dGTPase activity than do cell cycle phases or mere
proliferation rate. As our results were rather inconclusive
at that stage, we decided to further investigate the
influence of proliferation rate on mammalian M7H]I
gene expression, measured as a cellular 8-oxo-dGTPase
activity of MTHI protein. Although such activity does
not necessarily mean the levels of mRNA and MTHI1
protein expression, as determined in other studies, it
provides data best reflecting the functional level of
MTHI expression, i.e., the parameter that is most
relevant to the biological role of this gene.

A model of regenerating liver seemed very attrac-
tive in terms of massive stimulation of the proliferation
under in vivo conditions. Partial dissection of the liver
is well known to trigger proliferative activity of almost
all hepatocytes of the regenerating organ. During the
regeneration process that follows 70% hepatectomy,
most hepatocytes divide once or twice and return to
quiescence [33]. A mouse liver regenerates to its
normal mass within 8 days after surgical excision [42].
DNA synthesis reaches the maximal level 42 h after
partial hepatectomy and the mitotic activity of the
hepatocytes shows an increase 8 h after the DNA
synthesis peak, i.e., 50 h after the hepatectomy [43]. In

the present experiment, we allowed dissected livers to
regenerate for 72 h to ensure upregulation of all
potential downstream genes related to proliferative
activity. The much larger numbers of PCNA-positive
nuclei in regenerating liver hepatocytes (Fig. 1)
indicates that at 72 h after hepatectomy, many cells
were still synthesizing DNA and dividing to repopulate
dissected organ. Meanwhile, 8-oxo-dGTPase activity of
MTHI protein in regenerating livers remained at the
same level as in the control organs of sham-operated
mice. This clearly shows that changes in the prolifer-
ative activity of the cells are not sufficient to affect
cellular activity of the MTHI protein. A similar
experiment was performed by Takahashi et al. [44],
who treated rats with carbon tetrachloride, a hepato-
toxic compound that also initiates liver regeneration.
These authors reported a slight increase in hepatic
MTHI mRNA level 2 and 3 days after CCl, treatment.
However, this increase was most likely caused by the
massive infiltration of necrotic liver tissue by blood
mononuclear cells that express MTHI more intensely
than hepatocytes.

Besides some types of normal cells, also some cancer
cells and/or tissues frequently show characteristic over-
expression of the MTHI gene. For example:

1. Okamoto et al. observed significantly higher levels
of MTHI mRNA in the majority of 40 primary renal
cell carcinomas than in adjacent nontumorous
kidney tissues [26].

2. Wani et al. found that 30-85% of breast ductal
carcinoma cells in 11 individual human breast
tumors exhibited relatively high M7H! mRNA
levels, in contrast with the undetectable level in
normal breast ductal cells [28].

3. Hibi et al. reported a lack of detectable MTHI
transcription in normal human lung tissue as
opposed to casily measurable MTHI mRNA levels
in 7 of 8 cultured non-small cell lung cancer cell
lines and 6 of 12 primary lung tumors [27].

4. Kennedy et al. noted 1.3 to 2.8-fold higher expres-
sion of human MTHI mRNA in seven of eight
investigated lung cancer cell lines compared with
normal bronchial epithelial cell line [29].

5. A significantly higher level of human MTHI protein
was found by Kennedy at al. in 13 of 20 primary
non-small cell lung carcinomas, as compared with
the corresponding histologically normal surrounding
tissues [31].

6. lida et al. observed much higher MTHI protein
levels in four of five human autopsied brain tumors,
as well as moderate to high MTHI1 levels in 29 of 45
investigated postoperative brain tumors as compared
with the surrounding normal brain tissues [45].
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7. Nine rat mammary primary carcinomas were found
by Okochi et al. to have higher MTHI mRNA levels
than those detected in three normal mammary glands
[23].

However, whether or not the overexpression of M71
gene measured at the mRNA or protein level always
translates into an enzymatically functional protein
remains an open question. Its answer requires more
extensive comparative investigations of MTHI expres-
sion in the same cells, as measured at the mRNA, MTHI1
protein, and 8-oxo-dGTPase activity levels, which we
plan to pursue.

MTH]1 upregulation is most often suggested to result
from persistent oxidative stress which likely develops in
cancer cells [26,28,29,31]. In other words, many inves-
tigators anticipate the existence of a cellular signaling
mechanism that induces MTH]1 expression in response to
reactive oxygen species (ROS) to counteract the
increased formation of oxidized purine nucleotides.
Although a slight induction of MTHI expression by
very high concentrations of hydrogen peroxide [46] and
ROS-generating crocidolite asbestos [47] has been
demonstrated, this kind of a feedback mechanism is still
rather hypothetical and requires further, more direct
experimental evidence. As long as we know nothing
about the mechanism of this cancer-associated upregula-
tion, different features of cancer cells should be
considered as contributing to MTHI overexpression. As
many cancer cells proliferate faster than the cells they
originate from, it was likely that MTH1 could be a mere
marker of proliferation rather than a marker of carcino-
genesis and/or oxidative stress. As we have shown in this
study, however, there is no correlation between MTH1 8-
oxo-dGTPase activity and proliferation rate of 57 differ-
ent human cancer cell lines. We believe that this
conclusion is of primary importance for all investigators
who try to relate MTHI gene expression to carcino-
genesis and eventually turn it into a tumor marker.

According to Cai et al. [48], MTHI1 may not be the
only mammalian protein with 8-oxo-dGTP pyrophos-
phohydrolase activity. Based on gene homology, these
authors identified mouse MTH2 gene and then cloned in
bacteria a 19.6 kDa MTH2 protein, having a K, of 32
uM toward 8-oxo-dGTP. However, the level of MTH2
expression in mammalian cells, if any, was not deter-
mined. In comparison, the K, value for human MTH1 8-
o0x0-dGTPase activity, 12 pM, was determined for pure
protein [10] and found to be identical to that of cellular
ultrafiltrates [49]. This could not be the case if MTH2
were also present in the ultrafiltrates. Therefore, the
possible contribution of MTH2, if any, to the 8-oxo-
dGTPase activity measured in the present experiment
does not seem to be significant.
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Abstract

A wide variety of oxidative DNA lesions are present in living cells. One of the best known lesions of this type is 8-oxoguanine
(8-oxoGua) which has been shown to have mutagenic properties. An influence of antioxidative vitamins and labile iron pool
on the background level of 8-oxoGua in cellular DNA is discussed and oxidative damage to free nucleotide pool as a
possible source of 8-0x0-2’-deoxyguanosine in DNA and urine is described. An involvement of 8-oxoGua in the origin and/or
progression of cancer is reviewed. It is concluded that a severe oxidative stress manifested as a high level of 8-oxoGua in
cellular DNA as well as in urine of cancer patients is a consequence of development of many types of cancer. Although at
present it is impossible to answer directly the question concerning involvement of oxidative DNA damage in cancer etiology
it is likely that oxidative DNA base modifications may serve as a source of mutations that initiate carcinogenesis (i.e. they

may be causal factors responsible for the process).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In living cells, there is a steady formation of DNA
lesions. A substantial number of these lesions are
formed by endogenous factors that damage DNA on
a continuous basis. These include reactive oxygen
species (ROS) such as superoxide anion (O2°7), hy-
drogen peroxide (H,O;) and hydroxyl radical (*OH)
derived from oxidative respiration. Free radical attack
upon DNA generates a whole series of DNA damage,
among them modified DNA bases. Hydroxyl radical

* Corresponding author. Tel.: +48-52-5853744;
fax: +48-52-5853771.
E-mail address: ryszardo@amb.bydgoszcz.pl (R. Olinski).

causes the formation of a large number of pyrimidine-
and purine-derived lesions in DNA (reviewed in [1]).
Some of these modified DNA bases have consider-
able potential to damage the integrity of the genome
(reviewed in [2,3]). 8-Oxo0-7,8-dihydroguanine
(8-o0x0Gua) is one of the most widely studied lesions.
The presence of 8-oxoGua residues in DNA leads to
GC — TA transversions unless repaired prior to DNA
replication [4]. Therefore, the presence of 8-oxoGua
in cells may lead to point mutations.

Moreover, many observations indicate a direct cor-
relation between 8-oxoGua formation and carcinogen-
esis in vivo [2,5] and that oxygen-derived radicals are
known to induce mutagenesis in hotspot codons of
the human p53 and Ha-ras genes [6,7]. Therefore, the

0027-5107/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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background oxidative damage to DNA may be critical
to the appreciation of the importance of the oxidative
stress in the development of cancer.

This article reviews recent data concerning in-
volvement of oxidative DNA damage, particularly
8-0x0Gua, in the initiation and/or progression of
cancer.

2. Analyses of 8-0xoGua in human samples

The background level of 8-oxoGua in cellular DNA
represent a dynamic equilibrium between rate of ox-
idative DNA damage and rate of repair of the damage
in that specific tissue/cells. That repair enzymes which
specifically recognize and remove 8-oxoGua evolved
is a clear indication of the biological meaning of the le-
sion, but exactly how much 8-oxoGua is present at the
background level is the subject of controversy. The Eu-
ropean Standards Committee on Oxidative DNA Dam-
age (ESCODD) was set up to resolve the problems as-
sociated with the measurement of background levels
of oxidative DNA damage (in particular 8-oxoGua) in
human cells. As a result of this endeavors the analyses
have become more precise and accurate [8,9].

Alternative approach to asses oxidative DNA
damage is the measurement of urinary excretion of
8-oxoGua and 8-0x0dG (8-o0xo0-7,8-dihydro-2'-deo-
xyguanosine). It is generally accepted that the prod-
ucts of repair of 8-oxoGua in cellular DNA are
excreted into the urine without further metabolism
[10,11]. Some data suggest that 8-oxodG may de-
rive from nucleotide excision repair (NER) [12-14].
However, oxidatively damaged DNA bases are mostly
repaired by the base excision repair (BER) pathway
although the NER pathway may also play a role
in the repair of some oxidized DNA bases [15,16].
Therefore, simultaneous determination of the level of
8-0x0dG as well as 8-oxoGua in urine, may better
reflect oxidative damage of cellular DNA.

The analysis of 8§-oxoGua in urine presents partic-
ular difficulties [17] and until recently there has been
no reliable assay for its detection. Recently, new tech-
niques based on mass spectrometric detection (MS)
of the analytes were developed which allowed for si-
multaneous determination of 8-oxodG and 8-oxoGua
in the same urine sample [18-20]. One of the meth-
ods involved HPLC prepurification followed by gas

100

chromatography with isotope dilution MS detection
[18,19]. Using this method we have found that uri-
nary excretion of 8-oxoGua and 8-0xo0dG does not de-
pend on diet in the case of humans and may reflect
involvement of different repair mechanisms (respec-
tively BER and NER) [19]. We cannot entirely ex-
clude a possibility that other than repair processes can
contribute to 8-oxoGua and 8-0xodG level in human
urine, €.g. 8-0xodG may derives from dead cells [21].
On the other hand, the excretion of 8-oxoGua may
also include a contribution from oxidized RNA. How-
ever, this possibility is less likely for the following
reasons:

(i) No enzymatic activity which can recognize and
liberate 8-oxoGua from RNA has been demon-
strated up to date.

It is also unlikely that 8-oxoGua can be liber-
ated from RNA via spontaneous hydrolysis of
N-glycosylic bond of the nucleoside (depurina-
tion) since it was demonstrated that the bond is
very stable (much more stable than in unmodified
nucleoside) [22].

(il

~

3. Endogenous factors that shape the background
level of 8-0xoGua in cellular DNA and their
relevance to carcinogenesis

3.1. Antioxidant vitamins, uric acid versus
8-oxoGua level in cellular DNA

Many epidemiological studies have reported an
inverse association between vegetable and fruit
consumption and occurrence of cancer and other
degenerative diseases [23-25]. One of the possible
mechanisms of this protective effect is by exerting the
antioxidative activities of such plant food constituents
as Vitamins A, C and E. These antioxidant vitamins
are effective free radical scavengers. Therefore, they
should protect biomolecules such as proteins, lipids
and nucleic acids from oxidative damage. Another ef-
fective scavenger of ROS is uric acid [26]. Uric acid
at physiological concentration is regarded as a main
antioxidant and not only does it efficiently scavenge
free radicals but it has also been shown to stabi-
lize ascorbic acid in human serum [27] and reduce
consumption of a-tocopherol and B-carotene [26].
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Table 1

Biomarkers of oxidative stress in the study groups, data from [114]

Mean + S.D.

P-value (cancer vs. control)

Colon cancer group (n = 45)

Control group (n = 55)

29.45 £ 27.41
18.87 + 14.50

Plasma ascorbic acid concentration (M)
Plasma a-tocopherol concentration (M)

Plasma retinol concentration (M) 0.80 £+ 0.75
Plasma uric acid concentration (mg/dl) 3:73.£1:32
8-0x0dGuo/10¢ dG in lymphocytes 13.76 £ 7.19

49.76 + 29.24 0.0006*
24.69 £ 14.55 0.0490%
1.23 £ 0.61 0.00217
428 £ 1.13 0.0280*
9.57 £ 3.95 0.0034*

4 Statistically significant differences (Student’s r-test, P < 0.03).

One of the possible mechanisms of protective effect
of antioxidant vitamins against cancer development
may be by decreasing the amount of potentially mu-
tagenic oxidatively modified DNA bases. Duthie et al.
[28] using single cell gel electrophoreses (comet as-
say) found that supplementation of healthy volunteers
with Vitamin C (100 mg per day) Vitamin E (280 mg
per day) and B-carotene (25 mg per day) significantly
reduced base damage in lymphocyte DNA. Collins
et al. [29] demonstrated significant negative correla-
tion between basal concentration of serum carotenoids
and oxidatively modified pyrimidines. Supplemen-
tation of patients with carotenoids did not influence
oxidative DNA damage. The authors did not find any
correlation between the damage and concentration
of Vitamins E and C. Another studies investigating
oxidative DNA damage after supplementation with
carotenoids, Vitamin C or E demonstrated no effect
(for detailed discussion of this subject, see [30]).
Therefore, at present it is difficult to reach firm conclu-
sion whether supplementation of antioxidant vitamins
protects against oxidative DNA damage. However, it
is also possible that a preventive effect of the vitamins
can be only seen when their basal level is very low pos-
sibly due to severe oxidative stress. Indeed, we demon-
strated that the supplementation of HIV infected
patients, who had very low levels of antioxidant vita-
mins and significantly increased amount of 8-oxoGua
(and other base modifications), resulted in the restora-
tion of the vitamin levels characteristic for the control
subjects. Vitamin supplementation resulted in the sig-
nificant decrease in the levels of the modified bases as
compared to the patients who received placebo [31].

In another study, we have found that the endogenous
levels of the analyzed antioxidant vitamins in plasma
of colon cancer patients were significantly lower than
that in the control group (Table 1) [32]. The simple ex-

planation of this finding might be differences in feed-
ing habits between both studied groups. However, it
is noteworthy that the members of the studied groups
were chosen randomly and, according to the interview,
the groups were consisted of in such a way that the
members of the both could match feeding habits and
living conditions. Therefore, it is rather unlikely that
the different concentration of vitamins in their blood
was a result of lifestyle. Presumably, severe oxidative
stress, characteristic for colon cancer, resulting in the
production of ROS is responsible for consumption
of the antioxidant vitamins. The decreased amount
of uric acid in blood plasma of colon cancer patients
also supports this assumption (Table 1). This proox-
idative environment resulted in increased amount of
8-0x0dG in lymphocytes DNA of cancer patients. The
level of this lesion in DNA of colon cancer patients
was significantly higher (P = 0.0034) than in DNA
of control group [31]. These findings suggest that
oxidative stress may be characteristic not only for the
diseased tissue but for some other tissues of the can-
cer patients (for further discussion of this issue, see
Section 5.2).

Our results suggest that people with advanced stages
of cancer may be helped by treatment with antiox-
idants. Supplementation with antioxidants may slow
dawn the progression of the disease.

However, we cannot entirely exclude that the vita-
mins are surrogate markers for other factors and as-
pects of healthy lifestyle.

4. Iron as a possible cause of 8-0xoGua
accumulation

As it was mentioned above there are several
studies, which have demonstrated that antioxidant
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vitamins could decrease the amount of 8-0xodG in
cellular DNA. On the other hand, almost nothing is
known about endogenous oxidants which may inten-
sify oxidative stress and raise the background level
of 8-0x0dG in cellular DNA. One such important el-
ement in the establishment of pro-oxidative status of
the cell is iron.

Iron has the capacity to accept and donate electrons
easily, changing between ferric (Fe?*) and ferrous
(Fet) iron. Due to this feature, it is useful compo-
nent of cytochroms and oxygen binding molecules
like hemoglobin and myoglobin. However, inside
the cell iron can exist in another form, as a “free”
or “labile” iron (LIP, iron not bound to proteins).
LIP-associated iron is in dynamic equilibrium with
other sequestered iron forms in the cell and is bound
to cytosolic low molecular weight ligands that have
not yet been identified. This iron form is catalyti-
cally active and participates in the reaction involved
in the production of harmful ROS (the Fenton re-
action) [33]. Therefore, proteins sequester iron to
reduce this threat. Iron ions circulate bound to plasma
transferrin whereas ferritin serves to accumulate it.
In our study, we analyzed the broad spectrum of
the components that affect iron metabolism as well

as their possible association with the endogenous
level of 8-0xodG [34,35]. No correlation has been
found between plasma concentration of ferritin or
transferrin saturation and the amount of 8-0xodG in
the DNA of lymphocytes [35]. On the other hand,
a positive correlation has been determined between
LIP and the oxidatively modified nucleoside (Fig. 1)
[35]. This in turn suggests that under physiologi-
cal conditions LIP is available for catalyzing the
Fenton type reaction in a close proximity to cel-
lular DNA. However, neither the exact chemical
nature of the complex between iron and DNA is
known, nor it is established how iron can get into the
nucleus.

There are experimental data which demonstrate the
existence of free iron pool in sera of patients with
hemochromatosis [36]. This disease predisposes to
cancer. Epidemiological data also indicate that eleva-
tion of the body iron level may increase the risk of
cancer [37,38]. Our results suggest a mechanism that
may directly link iron overload and carcinogenesis.
Specifically, iron overload may favor the persistence
of harmful LIP, which may catalyze generation of the
potentially carcinogenic 8-oxodG moiety in cellular
DNA.
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Fig. 1. Correlation between 8-0xodG levels and labile iron pool in lymphocytes, data from [35].
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5. Accumulation of 8-0xoGua in cancer patients

5.1. Cancer tissues

We and others have demonstrated that elevated
levels of typical free radical-induced DNA base mod-
ifications, including 8-oxoGua, exist in human can-
cerous tissues when compared with the cancer-free
surrounding tissue [39-42].

It is not known whether these elevated levels of
DNA lesions play a causative role in carcinogenesis
or are merely the result of the disease. However, a
treatment of laboratory animals with carcinogenic
agents causes a similar pattern of oxidative base mod-
ification in their target organs before tumor formation
occurs [43]. As previously mentioned, several lesions
which have been found in higher amounts in cancer-
ous tissues [39-42], possess mutagenic properties.
These data suggest an important role for oxidative
DNA base damage in carcinogenesis.

Our recent investigations of benign tumors showed
that oxidative DNA damage might be a causative fac-
tor in cancer development. A higher endogenous level
of 8-oxoGua in uterine myoma tissues was observed
when compared to their respective tumor-free tissues
[44]. Uterine myomas are common gynecological dis-

eases. They are monoclonal, benign tumors derived
from a single mutated myometrial cell. One of the fac-
tors that may predispose malignant transformation is
the greater size of the tumor [45]. The positive corre-
lation found in our work between the size of the tumor
and the amount of 8-oxoGua (Fig. 2) [44] suggests
that the higher level of 8-oxoGua and possibly other
base lesions in benign tumors may be a risk factor that
may determine the transformation of benign tumors
to malignant tumors. Conversely, the increased levels
of modified DNA bases may contribute to the genetic
instability and metastatic potential of tumor cells in
fully developed cancer.

It has been estimated that most human cancers con-
tain a large number of mutations. At least 11,000 indi-
vidual DNA mutations exist in a single carcinoma cell
of colorectal tumors [46,47]. It is possible that a part
of these mutations may arise during the development
of the disease and may contribute to the metastatic
potential of tumor cells. Our results suggest that one
potential source of this unusually large number of
mutations may be a damage to DNA by ROS. This
explanation has also been suggested by Malins et al.
who showed that the potential of metastasis of breast
cancer tissues increased together with the increases
in the level of oxidatively modified DNA bases [40].

35
[ ]
30
r=0.6702
p=0.0010
25

8-0x0dG/108dG in tumour tissue

0 100 200 300 400

500 600 700 800 900

Size of the tumour [cm?)

Fig. 2. Correlation coefficient between the background level of 8-0xodG in lymphocytes DNA and the tumor size, data from [44].
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5.2. Urinary excretion of 8-oxoGua and
8-0x0dG in cancer patients

Since the level of the modified nucleosides/bases
in urine may be an indicator of oxidative insult on
DNA and a general marker of oxidative stress, we
investigated whether the amount of 8-oxoGua and its
nucleoside form (8-0xodG) excreted into urine was
higher in cancer patients than in the control group. It
was found that the amount of the modified base, but not
the nucleoside, excreted into urine was approximately
50% higher in cancer patients than in the control group
[48].

The level of the modified bases in urine can de-
pend on oxidative DNA insult and can be reflective
of an involvement of different repair mechanism(s).
It is rather unlikely that DNA repair capacity might
differ in cancer patients in comparison with healthy
subjects. Therefore, the higher level of 8-oxoGua in
urine of cancer patients may be explained, at least par-
tially, by the reported oxidative stress in cancer tissue
[39,42,49,50]. However, the amount of the modified
base/nucleoside excreted into urine should represent
the average rate of DNA damage in the whole body
[12,14]. Therefore, it is doubtful that the elevated level
of the base product in cancerous cells alone could ac-
count for the observed 50% increase of 8-oxoGua in
urine. Our results suggest rather that oxidative stress,
represented by the increased amount of the compound
inurine, may be characteristic not only for the diseased
tissue but also for some other tissues (or the whole or-
ganism) of cancer patients (see also Section 3.1). The
precise mechanism(s) of the oxidative stress is still
unknown. However, some mechanisms may be sug-
gested:

(i) It has been recently documented that cancer
patients showed signs of extensive granulocyte
activation with a release of ROS followed by a
dramatic increase of 8-isoprostane, one of the
biomarkers of oxidative stress [51].

(ii) It has been shown that malignant cells can produce
hydrogen peroxide at levels as large as those char-
acteristic for stimulated polymorfonuclear leuko-
cytes [52]. Therefore, one of the reasons for the
observed oxidative stress in advanced stages of
cancer may be a release of the large number of
cancer cells into the blood stream [53] and their
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penetration into other tissues. Interestingly, it has
been demonstrated that exposure to the activated
leukocytes causes oxidative DNA base modifi-
cations (among them 8-oxoGua) in target cells
[54].

(iii) Still another reason for the observed phenomenon
could be that some tumors may stimulate the
defense systems of the body so that they react
against the tumor to produce cytokines [55].
Some of the cytokines can be responsible for
ROS production [56,57]. It has been shown that
elevated plasma level of TNF is responsible for
increased oxidative DNA damage of CD 34+ cells
[58].

It is also possible that prooxidant environment is
characteristic for advanced stages of cancer and that
oxidative stress is rather a result of the disease devel-
opment.

6. Oxidative damage to free nucleotide pool as a
possible source of 8-0x0dG in cellular DNA and
urine

It is widely accepted that guanine moieties present
in free nucleotides may be equally or even more sus-
ceptible to oxidative damage than those constituting
cellular DNA. Many in vitro experiments have shown
that 8-0x0-dGTP (a product of 2’-deoxyguanosine
5'-triphosphate (dGTP) modification), has mutagenic
properties [59]. This damaged nucleotide may be
misincorporated into nascent DNA opposite ade-
nine or cytosine moieties [4,60]. 8-OxoGua:A and
8-oxoGua:C mispairs [61], if not repaired by DNA
repair enzymes, may give rise to AT — CG, and
less frequently, GC — TA point mutations during
subsequent replication rounds [62-68].

0.1. A4 role of MTHI protein (8-oxodGTPase)

Living organisms posses an enzyme 8-oxodGTP
pyrophosphohydrolase (8-oxodGTPase) that very
effectively degrades 8-0xodGTP moieties [59]. Es-
cherichia coli strain carrying a knockout mutation in
the mutT gene coding for this enzyme demonstrates
very strong mutator phenotype [69] characterized by
at least 1000-fold increase in the frequency of AT —
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CG point mutations [70,71]. A wild type mutT gene
was cloned [72,73] and its final product identified
as 15kDa protein capable of enzymatic hydrolysis
of canonical deoxyribonucleoside- and ribonucleo-
side §'-triphosphates [73,74] to their corresponding
5’-monophosphates and inorganic pyrophosphate [75].
Maki and Sekiguchi discovered that MutT protein
most effectively hydrolyzes 8-0xodGTP thereby pre-
venting its incorporation into DNA during DNA repli-
cation process [60]. Thus, an antimutagenic function
of MutT protein has been attributed to decomposing
8-0x0dGTP which otherwise may cause AC — CG
transversions. It is still not clear, however, whether
the entire antimutagenic effect of MutT protein is
exclusively associated with 8-0xodGTP-hydrolyzing
activity. In order to account for such a high muta-
tion rate in mut7T— strain the concentration of free
8-0x0dGTP as well as 8-oxoguanine level in DNA
should rather increase massively. However, the level
of 8-0xodG in DNA is only slightly higher in mut7~
mutant cells as compared to wild type strain [76].
Also the cellular concentrations of 8-0xodGTP in
both strains are unknown. The description of physi-
ological function of MutT protein, presented above,
has been recently questioned [77].

Mammalian homologues of bacterial mut7 gene
were cloned, characterized, and designated MTHI
genes (mutT homologue 1) [78]. Transfection of the
human MTHI gene into mutT™ E. coli resulted in par-
tial reversal [79], and similar transfection of mouse
and rat genes resulted in a complete reversal [80,81]
of the high AT — CG point mutation rate, typi-
cal for incorporational mutagenicity of 8-oxodGTP
observed in these mutants. Therefore, it has been
postulated that mammalian MTHI1 proteins coded by
these genes play the same role in sanitizing free nu-
cleotide pools. Indeed, human [82], mouse [80,83],
rat [81,84], and hamster [85,86] MTHI1 proteins are
nucleoside 5'-triphophate pyrophosphohyrolases that
very effectively decompose 8-0xodGTP. That is why
these mammalian enzymes are most frequently called
8-0xodGTPases. A human MTHI gene (hWMTHI) is
located on the chromosome 7p22 [87]. It consists of
5 exons and can produce up to seven types (1, 2A,
2B, 3A, 3B, 4A and 4B) of mRNAs as a result of the
existence of multiple sites of transcription initiation
and alternative RNA splicing processes [88]. Type
1 mRNA and thel8 kDa hMTHI1 protein variant are

predominant products of AMTHI [89]. The enzymatic
activity of purified 18kDa human 8-oxodGTPase
is Mg?*-dependent [82,90]. The enzyme shows its
maximum activity under slightly alkaline conditions
[82] and demonstrates a broad specificity towards nu-
cleoside 5'-triphosphates. Although hMTH1 decom-
poses most effectively 2-hydroxy-2’-deoxyadenosine
5'-triphosphate (2-OH-dATP) [91], 2-hydroxyadeno-
sine 5'-triphosphate (2-OH-ATP) [92], 8-0x0dGTP
[82], and 8-0x0-2'-deoxyadenosine 5'-triphosphate (8-
0x0dATP) [91], it is also capable to hydrolyze less ef-
fectively 8-oxoguanosine 5'-triphosphate (8-0x0GTP)
[93], 8-chloro-2’-deoxyguanosine 5’-triphosphate
(8-C1-dGTP) [94] and canonical deoxyribonucleoside
and ribonucleoside 5'-triphosphates, such as dGTP
[82]. Four isolated forms of h(MTHI1 protein (p18, p21,
p22 and p26) demonstrate equal activities towards
8-0x0dGTP [89]. Human 18 kDa 8-oxodGTPase was
shown to be located mostly in cytosolic and mito-
chondrial soluble fractions [95], although rat tissues
revealed also an apparent nuclear localization of
MTHI1 protein [96].

0.2. MTHI and carcinogenesis

Models of the cancer development assume a forma-
tion of the mutator phenotype in the early stage of the
cell transformation. A knockout of MTHI gene was
anticipated to generate a mammalian mutator pheno-
type. However, such a knockout mutation in MTHI
gene has not been discovered in mammalian cancer
cells. Surprisingly, instead of MTHI mutation, a char-
acteristic overexpression of M7HI has been noticed
in different cancer cells and tissues as compared to
their healthy counterparts [97-101]. Since this over-
expression in the cancer cells was most frequently as-
signed to a state of persistent oxidative stress in cancer
cells, it has also been proposed that MTHI overexpres-
sion might be a marker of the oxidative stress [97,99].
Although an induction of MTHI expression by high
concentrations of hydrogen peroxide [102] and croci-
dolite asbestos [103] has been recently demonstrated,
different aspects of MTHI gene expression regulation
in normal and cancer cells still remain unclear.

It is not known how many of 8-oxoGua molecules
present in cellular DNA are incorporated from
8-0x0dGTP and how many of them are formed as
a result of direct DNA oxidation. Higher activity of
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8-0xodGTPase has been demonstrated to coincide
with lower background levels of 8-0xodG in DNA of
fetal compared with maternal mouse organs [83], al-
beit there might be no causative relationship between
both measured parameters. Since bacterial and mam-
malian 8-0xodGTPases are inhibited by cadmium(IT)
ions in vitro, it has been hypothesized that this inhi-
bition might increase the level of 8-0xodG in DNA
what, in turn, may lead to carcinogenesis [90]. In vivo
inhibitory effect of 0.3-3 M cadmium acetate has
been confirmed in cultured CHO cells by means of a
novel method of 8-oxodGTPase activity determina-
tion in cell-free extracts [85]. Also rats treated with
a single injection of 20 pwmol Cd(IT) acetate revealed
50% loss of 8-oxodGTPase activity in testes, target
organs for cadmium(II) carcinogenesis in rats. Inter-
estingly, this decrease of 8-oxodGTPase activity was
accompanied with a two-fold rise in 8-0x0dG level in
testicular DNA [84,104]. It implies again a potential
influence of 8-oxodGTPase on 8-oxodG content in
DNA.

A better insight into the role of MTHI1 protein has
been acquired by the creation of MTHI nullizygous
cell lines and mice [105]. These transgenic mice,
defective in MTHI gene and devoid of 8-0xodGTP
pyrophosphohydrolase activity, demonstrated higher
incidence of lung, liver, and stomach cancers accom-
panied by two-fold increase in spontaneous mutation
frequency in Hprt gene, as compared to wild type
mice [106]. Nevertheless, this slightly higher muta-
tion rate has not been confirmed in a more recent
study that showed the same level of mutation fre-
quency in rpsL reporter gene of E. coli, introduced
into both MTHIt/* and MTHI~/~ mice strains
[107]. Unfortunately, a comparison of 8-0xodG levels
in DNA of wild type versus MTH1-deficient mice
has not been reported to date. Hence, it is not sure
whether MTHI protein deficiency may indeed bring
about a detectable increase in the level of this DNA
lesion, although an expression of the human MTH/ in
mouse cells has been recently demonstrated to reduce
steady-state and HpO;-induced DNA 8-0x0dG levels
[108]. A lack of 8-oxodGTPase activity in the cell
must not necessarily result in the increase of 8-0xodG
level in DNA, since it depends also on a concerted
action of all 8-oxoGua-glycosylases and mismatch
repair enzymes that may counterbalance an elevated
8-0x0dGTP incorporation into DNA.
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0.3. Metabolism of 8-oxodGTP

Since neither 8-0xodGMP can be phosphorylated
to 8-0xodGDP by the human guanylate kinase nor
8-0x0GDP (8-oxoguanosine-5'-diphosphate) can be
reduced to 8-0xodGDP by the human nucleoside
5’-diphosphate reductase [93], the only likely origins
of cellular 8-0xodGTP seem to be (1) a direct oxi-
dation of dGTP or (2) enzymatic phosphorylation of
8-0x0dGDP (from dGDP oxidation) by nucleoside
5’-diphosphate kinase (Fig. 3). Mammalian MTHI
proteins hydrolyze 8-0xodGTP to 8-0xodGMP. This
catabolic step is irreversible because 8-oxodGMP
cannot be phosphorylated back to 8-0xodGDP [109].
In human tissues 8-oxodGMP is further degraded
to 8-oxodG by Mg?*t-dependent 5'-nucleotidase
that can also hydrolyze dGMP, TMP, and dAMP
though less efficiently [109]. Apparently, 8-0xodG is
the end-product of this catabolic pathway in mam-
malian tissues. A decomposition of 8-oxodG by
cell-free extracts of mammalian tissues is undetectable
[109,110]. Under physiological conditions unmod-
ified 2’-deoxyguanosine is decomposed by cellular
purine nucleoside phosphorylase (PNP-ase) that catal-
yses phosphorolysis of N-glycosidic bond to generate
free guanine and deoxyribose 1’-monophosphate. A
commercial preparation of the rabbit PNPase is to-
tally inactive towards 8-oxodG [110]. 8-Oxo0dG, as an
uncharged molecule, may readily leave the cell to be
excreted into urine. Therefore, it is very likely that at
least a part of 8-0x0dG pool observed in urine comes
from degradation of 8-0x0dG phosphates.

It is likely that MTHI1 is not the only one
mammalian enzyme responsible for 8-oxodGTP
catabolism. At the concentrations exceeding 20 pM,
8-0x0dGTP is mainly degraded to 8-0xodGDP by the
extracts of mammalian tissues [82,85]. 8-0xodGDP
completely inhibits MTHI protein activity [85,91].
This activity is only partially Mg?*-dependent sug-
gesting an involvement of more than one enzyme
in the reaction (Bialkowski, unpublished results).
Our unpublished results performed on rat tissue ex-
tracts indicate that at higher concentrations (20 pM
or more) 8-0xodGTP is sequentially decomposed
to 8-0xodGDP, 8-0xodGMP, and finally to 8-oxodG
without participation of MTHI1 protein, since this
enzyme is inhibited by an initial formation of 8-oxo-
dGDP. An existence of 8-0xodGDP phoshohydrolase
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activity (that has not been previously reported in
the literature) was confirmed by reacting genuine
8-0x0dGDP with the same tissue extracts. In this
case, 8-0xodGDP is also sequentially decomposed
to 8-0x0odGMP and 8-oxodG. MTHI1 protein may
not be involved in this pathway, since 8-0xodGDP is
not a substrate for this enzyme. However, at lower
8-0x0dGTP concentrations (C < 5 pM), 8-oxodGMP
appears to be the main initial product of degradation,
and this suggests the involvement of MTHI protein
(8-0x0dGTP pyrophosphohydrolase) in this process.
It means that 8-0xodGTP degradation pathway in-
volving MTHI1 protein is most likely predominant
at hypothetically very low concentration of cellular
8-0x0dGTP.

7. Conclusions

There is increasing evidence that most human can-
cers contain large number of mutations [46,47]. This
in turn suggests that they are generated continuously
during tumor progression. Endogenous cellular pro-
cesses (oxidative phosphorylation, peroxisomal fatty
acid metabolism, cytochrome P-450 reactions or “res-
piratory burst” of phagocytic cells) are efficient source
of harmful ROS that may be responsible for oxidative
DNA base modifications and may serve as a source of
mutations that initiate carcinogenesis. Since severe 0x-
idative stress is also characteristic for advanced stages
of cancer (see above), these modifications may also
serve as an efficient source of mutations which arise
during tumor progression and thus contribute to tumor
aggressiveness. In order to contribute to mutations,
oxidative DNA damage would need to occur at a suf-
ficiently high frequency to exceed the capacity of the
cell for DNA repair. There are more than 20 different
oxidative DNA base modifications [111]. Therefore,
the extent of oxidative DNA base damage appears
to be very high. As a consequence the background
level might contain not only the damages that initiate
carcinogenesis but might also contribute to ongoing
tumor progression. In this context it is also notewor-
thy that in our study a combine amount of §-oxoGua
and 8-0xodG excreted into urine of healthy subjects
was 2.5nmol/kg per day, corresponding to about
2000 oxidative modifications of guanine per cell per
day [112].
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Summing up; in the light of the presented data it
is likely that severe oxidative stress is a consequence
of development of many types of cancer. However, at
present it is impossible to answer directly the ques-
tion concerning involvement of oxidative stress in can-
cer origin since full development of the disease in
response to carcinogen exposure takes 20-40 years.
Therefore, it is very difficult to prove directly that
DNA lesion responsible for carcinogenic process is the
lesion present in tumors many generations later. Nev-
ertheless, it should be remembered that ROS are one
of the most attractive factors to explain the high inci-
dence of sporadic cancer because they have well es-
tablished mutagenic potential and also are products of
endogenous processes (see above) as well as their pro-
duction may be strongly influenced by environmental
factors.

It is also noteworthy that oxidative stress can in-
fluence carcinogenesis not only via inducing random
damage to DNA (or other biomolecules). The proox-
idative environment may confer a growth advantage
to tumor cells and more generally it may influence
carcinogenic transformation by stimulating specific
signaling cascades that regulate cell growth and apop-
tosis [113].
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V. PODSUMOWANIE

Bakteryjny gen mutT jest historycznie pierwszym odkrytym genem
mutatorowym, opisanym w literaturze naukowej juz w roku 1954. Jego
mutatorowy potencjal w komodrkach E. coli linii mutT~ jest ogromny i przejawia
si¢ podwyzszeniem tempa mutacji spontanicznych nawet o 10,000 razy. Brak
funkcjonalnego biatka MutT w tych komoérkach wywotuje niemal wytacznie
mutacje punktowe typu transwersji AT — CG. Badania nad przyczyng tego
wyjatkowego zjawiska, prowadzone na przetomie lat osiemdziesigtych 1
dziewigcdziesigtych ubieglego wieku, doprowadzilty do ustalenia sekwencji
genu mutT oraz do izolacji i scharakteryzowania jego bialkowego produktu. Ku
zaskoczeniu badaczy tej materii bialkko MutT nie pelnilo Zadnych funkcji w
procesach replikacji lub naprawy DNA, jak w przypadku typowych produktow
gendéw mutatorowych. Zostalo natomiast zidentyfikowane jako enzym z grupy
fosfohydrolaz o do$¢ szerokiej specyficznosci substratowej wobec roznych 5'-
trifosforanow  rybo- i 2'-deoksyrybonukleozydoéw, ktore degraduje do
nieorganicznego pirofosforanu oraz 5'-monofosforanu nukleozydu. Przetomem
w badaniach nad antymutagennym dziataniem biatka MutT stato si¢ odkrycie z
poczatku lat dziewigcédziesiagtych, kiedy wykazano, iz enzym ten degraduje z
duza  specyficznoscia ~ wysoce  mutagenny  nukleotyd,  8-oksy-2'-
deoksyguanozyno-5'-trifosforan (8-0xo-dGTP). Réwnoczesnie udowodniono, ze
8-0x0-dGTP, ktory moze powstawa¢ w  komorkach na  skutek
wolnorodnikowego uszkodzenia 2'-deoksyguanozno-5'-trifosforanu (dGTP), jest
efektywnym substratem dla licznych polimeraz DNA, ktére wbudowuja
monofosforanowg reszt¢ tego nukleotydu do nowosyntetyzowanych nici DNA.
Z uwagi na zdolno$¢ reszty 8-oksyguaniny do parowania zaréwno z cytozyna
jak i z adening, inkorporacja 8-0X0-dGTP do DNA wywotuje mutacje punktowe
w kolejnych rundach replikacyjnych 1 sg to gtdwnie transwersje typu AT — CG.
Rezultatem powigzania tych obserwacji byto powstanie hipotezy na temat
zasadniczej biologicznej funkcji biatka MutT, ktérego glowna role okreslono
jako oczyszczanie puli wolnych nukleotydow komorkowych z mutagennych
produktow oksydacji trifosforanow nukleozyddéw purynowych i tym samym
utrzymywanie niskiego tempa mutacji punktowych.
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Odkrycia te zaowocowaty eksplozja zainteresowania genem 1 biatkiem
MutT ze strony badaczy procesd6w nowotworzenia. Zidentyfikowano bowiem
podobne do MutT geny 1 biatka w organizmach ssakéw, w tym cztowieka.
Ssacze homologi biatka MutT, nazwane MTHI1 (skrot okreslenia ,,MutT
homolog 1”), okazaly si¢ réwniez enzymami efektywnie hydrolizujacymi 8-
0x0-dGTP, a takze inne mutagenne nukleotydy, jak 2-oxo-dATP lub 8-oxo-
dATP. Zachodzito podejrzenie, ze inicjalna, spontaniczna mutacja w genie
MTH1 moze spowodowa¢ powstanie ssaczych komorek o silnie mutatorowym
fenotypie. Zgodnie z jedna z teorii karcynogenezy pojawienic si¢ takiej
komorki, wykazujacej wysoka niestabilno$¢ genetyczna, jest inicjalnym etapem
powstawania pierwotnego ogniska nowotworowego. Komorka o fenotypie
mutatorowym daje poczatek linii komoérek potomnych, w ktorych po kolejnych
podziatach lawinowo wzrasta ilos¢ mutacji w r6znych genach, co warunkuje
zajScie pelnej transformacji nowotworowej. Do dnia dzisiejszego nie
potwierdzono  jednak istnienia  powstalych  spontanicznie = komorek
nowotworowych, ktore posiadatyby mutacje typu ,.knockout” w genie MTH1.

Badania dotyczace fizjologicznej roli biatka MTHI1 oraz jego wptywu na
procesy zachodzace w komodrce wymagaty uprzedniego opracowania metodyki
pomiarOw jego enzymatycznej aktywnosci w komorkach 1 tkankach.
Osiagniecie tego celu stato si¢ pierwszym wyzwaniem dla autora niniejsze]
rozprawy. Opracowano kompletng procedur¢ oznaczania specyficzne]
aktywnosci 8-0x0-dGTPazy w lizatach komoérek 1 réznych tkanek ssakow
(publikacje 2, 3, 4, 6, 8), na ktora sktadajg sig:

a) relatywnie tania i szybka metoda syntezy oraz izolacji fosforanowych
pochodnych 8-oksy-2'-deoksyguanozyny o wysokiej czystosci, zwigzkow
niezbednych do przeprowadzenia oznaczen aktywnosci 8-0x0-dGTPazy,

b) metoda separacji aktywnosci 8-0x0-dGTPazowej biatka MTH1 od obecnych
w ekstraktach komodrkowych aktywnosci niespecyficznych fosfataz,
degradujacych 8-0x0-dGTP, 8-0x0-dGDP i 8-0x0-dGMP, ktére interferuja z
oznaczeniami specyficznej aktywnosci 8-0xo-dGTPazy,

C) metoda ilosciowego oznaczania produktu enzymatycznej hydrolizy 8-0X0-
dGTP przez biatko MTHI, oparta na wysokosprawnej chromatografii
cieczowej z detekcjg absorpcji promieniowania ultrafioletowego.

Procedur¢ oznaczania aktywnosci 8-0x0-dGTPazy optymalizowano dla

poszczegolnych rodzajow komodrek i tkanek, testujac wplyw na odzysk

aktywnos$ci 8-0x0-dGTPazowej roznych metod homogenizacji, sktadu buforu
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homogenizacyjnego, detergentow, zwigzkow stabilizujgcych biatka, inhibitorow
proteaz, zwigzkow redukujacych. Cala procedura analityczna zostata poddana
procesowi walidacji na kazdym z etapow w celu okres$lenia jej wiarygodnosci i
ustalenia standardowego btedu jaki wprowadza¢ moga poszczegdlne etapy
procedury.

Za pomoca opracowanej metody scharakteryzowano pirofosfohydrolazowsa
aktywnos$¢ wobec 8-0x0-dGTP, ktdéra obecna jest w trzydziestokilodaltonowych
ultrafiltratach ekstraktow komorek chomiczych i ludzkich (publikacje 2 i 6).
Aktywnos¢ obu 8-0x0-dGTPaz jest catkowicie zalezna od obecno$ci jonow
magnezu 1 osigga maksimum przy pH = 8,5. Wyznaczono stala Michaelisa-
Menten dla hydrolizy 8-0xo-dGTP przez 8-0x0-dGTPaz¢ chomiczg i ludzka,
ktore wynosza odpowiednio 9,3 uM i 12,1 puM. Wartosci powyzszych
parametrow kinetycznych tej aktywnosci zgodne s3 z literaturowymi
warto$ciami oznaczonymi dla oczyszczonych preparatow biatka MTHI, co
pozwala zalozy¢, iz aktywnos$¢ 8-oxo-dGTPazowa mierzona w ultrafiltratach
ekstraktow komorek ssakoéw nalezy do tego wlasnie biatka.

Hipoteza dotyczaca fizjologicznej funkcji biatkka MTHI1 jako enzymu
zapobiegajacego wbudowywaniu mutagennej 8-oksyguaniny do DNA z puli
wolnych nukleotydow byla szeroko akceptowana od momentu jej
sformutowania. Jednak do roku 1999 nie opublikowano zadnych danych
eksperymentalnych, ktore przemawialyby za tym, iz obecnos$¢ tego enzymu w
komorkach ssakéw moze w dostrzegalny sposob wplywaé na zawarto$¢ 8-
oksyguaniny w DNA. Pierwsza probe eksperymentalnej weryfikacji tej hipotezy
zaprezentowano w publikacji nr 3. Zaobserwowano znacznie wyzszy poziom 8-
oksy-2'-deoksyguanozyny (8-oxo-dG) w DNA ptuc i watrob myszy ciezarnych
niz W analogicznych narzadach ich osiemnastodniowych ptodow. Obserwacja ta
zbiezna jest z koncepcja akumulacji 8-0x0-dG w DNA wraz z wiekiem.
Jednoczesnie w tych samych narzadach odnotowano znacznie wyzszg
aktywno$¢ 8-0X0-dGTPazy w przypadku narzadow ptodowych niz matczynych.
Chociaz koincydencja ta nie moze by¢ dowodem na bezposredni wptyw wyzszej
aktywnosci biatka MTHI1 na utrzymywanie niskiego poziomu 8-oxo-dG w
DNA, to jednak wskazata, ze rzeczywiscie jest to mozliwe.

W potowie lat 90’ zrodzita si¢ hipoteza, 1z czynniki obnizajace ekspresje
genu MTH1 lub hamujace in vivo aktywnos$¢ 8-0x0-dGTPazowa biatka MTHI1
moga wykazywac¢ dziatanie mutagenne 1 karcynogenne, zwigkszajac ilos¢ 8-
0x0-dG inkorporowanej do DNA z puli wolnych nukleotydéw, ktoére ulegaja
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nieuchronnej oksydacji w warunkach fizjologicznego funkcjonowania
organizméw aerobowych. W ten sposob potencjalne inhibitory ekspresji lub
aktywno$ci tego enzymu, ktére bezposrednio nie przejawiajg wiasciwosci
prooksydacyjnych, moglyby posrednio podwyzszac ilo$¢ oksydacyjnych uszko-
dzen DNA w komorkach. Opisane w literaturze hamowanie aktywno$ci enzy-
matycznej oczyszczonych preparatow bakteryjnej i ludzkiej 8-oxo-dGTPazy
przez niektore jony metali dato impuls do przebadania wptywu karcynogennych
jonow kadmu i niklu na aktywnos$¢ 8-oxo-dGTPazy in vivo. Jak wykazano w
publikacji nr 2, przyzyciowe traktowanie hodowanych komorek CHO chomika
chinskiego octanem kadmu(Il) w stezeniach 0,3-3 uM przez okres do 24 godzin
wywotuje obnizenie aktywnos$ci 8-0X0-dGTPazy do 70% wartosci kontrolne;j
wprost proporcjonalnie do zastosowanego st¢zenia soli kadmu. W celu
potwierdzenia zaobserwowanego efektu przeprowadzono analogiczny
eksperyment z uzyciem zwierzat doSwiadczalnych, opisany w publikacji nr 4.
Jony kadmu(Il) sg efektywnym inhibitorem 8-ox0-dGTPaz in vitro oraz silnym
karcynogenem dla szczurow, wywotujacym gtownie nowotwory jader po poda-
niu podskornym. Natomiast jony niklu(Il) nie wywotuja nowotwordw jader u
szczura i sg wielokrotnie stabszym inhibitorem 8-oxo-dGTPazowej aktywnosci
MTHI. Kierujac si¢ powyzszymi przestankami, trzem grupom samcoOw
szczurzych wstrzyknigto podskornie jednorazowa dawke odpowiednio: 20 umoli
octanu kadmu(Il), 90 pumoli octanu niklu(Il) 1 180 pumoli octanu sodu (grupa
kontrolna). Jadra zwierzat pobierano po czasie 2, 8, 24 i 48 godzin od iniekcji i
oznaczano w nich aktywnos$¢ 8-0xo-dGTPazowa biatka MTH1 oraz poziom 8-
0oxo0-dG w DNA. Jony kadmu powodowaly systematyczny spadek aktywnosci 8-
0x0-dGTPazy w badanym czasie, az do poziomu 50% wartosci kontrolnej po 48
godzinach. Jednocze$nie zawarto$¢ 8-0X0-dG w DNA szczuréw traktowanych
octanem kadmu wzrastala az do 48 godziny, kiedy osiagneta 200% wartoSci
kontrolnej. Jony niklu(Il) natomiast spowodowaly jedynie nieznaczny spadek
aktywnos$ci 8-0x0-dGTPazy i wzrost poziomu 8-0x0-dG w DNA, ktéry nie
osiagnal znamiennosci statystycznej. Wyniki tego eksperymentu wskazuja, ze
przynajmniej w cze$ci karcynogenny potencjat jonéw Cd** moze wynika¢ z ich
zdolno$ci do hamowania aktywnos$ci biatka MTHI1, co wywotuje podwyzszong
inkorporacje do DNA mutagennej 8-oksyguaniny z puli wolnych nukleotydow.
To z kolei prowadzi¢ moze do akumulacji mutacji punktowych w genomie
komorki 1 w konsekwencji do jej transformacji nowotworowej. Nalezy
zaznaczy¢, 1z jadra wykazujg w warunkach fizjologicznych szczegolnie wysoka
aktywno$§¢ 8-0X0-dGTPazy na tle innych narzadow szczura (dane
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nieopublikowane), co sugeruje duze znaczenie tego enzymu dla utrzymania
niskiego tempa mutacji w intensywnie proliferujgcych komorkach tego narzadu.

Badania kinetyki degradacji 8-0xo-dGTP przez ekstrakty komoérek ssakow
doprowadzity autora do odkrycia nowej klasy inhibitorow aktywnos$ci biatka
MTH1, 5'-difosforanéw nukleozydéw. Bardzo efektywnym inhibitorem
aktywnos$ci 8-0x0-dGTPazowej biatka MTH1 okazat si¢ difosforanowy analog
substratu, 8-oksy-2'-deoksyguanozyno-5'-difosforan (8-oxo-dGDP), ktérego
stata inhibicji wynosi okoto 0,5 uM (publikacja nr 2).

Obserwacja ta nasungta watpliwos¢, czy aktywnos$¢ 8-0Xxo-dGTPazowa biatka
MTHL1 nie jest hamowana in vivo przez rdzne difosforany nukleozyddéw obecne
fizjologicznie w komorce. Dlatego tez zbadano wiasciwosci kanonicznych 5'-
difosforanow 2'-deoksyrybonukleozydow i rybonukleozydow (publikacja nr 6),
ktérych fizjologiczne stezenia w komorce przekraczaja hipotetyczne stezenie 8-
0X0-dGTP o 5 do 7 rzedow wielkosci. Wykazano, iz najsilniejszymi
inhibitorami  kompetycyjnymi 8-oxo-dGTPazy ludzkiej posrod tej grupy
zwigzkow sa 2'-deoksyguanozyno-5'-difosforan (stata inhibicji Ki = 74 uM), 2'-
deoksyadenozyno-5'-difosforan (Ki = 147 uM) oraz guanozyno-5'-difosforan (Ki
= 502 uM). Pozostate 5'-difosforany nukleozydéw kanonicznych, czyli 2'-
deoksycytydyny, 2'-deoksytymidyny, adenozyny, cytydyny i urydyny, sa
znacznie slabszymi inhibitorami enzymu, ktorych wyznaczone stale inhibicji
lokuja si¢ w zakresie milimolowym. Uzyskane wyniki pozwolity stworzy¢
teoretyczny model opisujacy wplyw najsilniejszych inhibitoréw z tej grupy na
antymutagenng aktywno$¢ biatka MTH1 w komorkach ludzkich. Obliczenia
wykazaly, ze przy zalozeniu wewnatrzkomorkowego stezenia 8-0x0-dGTP
ponizej 500 pM, srednim stezeniu dGDP 1 dADP rzedu 5 uM oraz 30 uM GDP,
szybko$¢ degradacji 8-0X0-dGTP przez biatko MTH1 moze zosta¢ obnizona
przez wymienione inhibitory jedynie o 15%. Oznacza to, iz obecnos¢ w komor-
ce fizjologicznych stezen difosfonukleozydowych inhibitorow enzymu MTH1
nie hamuje znaczaco jego antymutagennej aktywnosci 8-0xX0-dGTPazowej, tym
samym nie stanowig one przeszkody w efektywnym oczyszczaniu przez to
biatko puli wolnych nukleotydow z promutagennych produktow uszkodzen
oksydacyjnych.

Dotychczasowe badania nie potwierdzily istnienia powstatych spontanicznie

komorek 1 tkanek nowotworowych zawierajacych znokautowany gen MTHI,
czyli nie zawierajacych funkcjonalnego biatka MTH1. Nieoczekiwanie jednak
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badania te doprowadzily do ciekawej obserwacji, ze wickszo$¢ tkanek
nowotworowych wykazuje podwyzszony poziom ekspresji genu MTHI1
(zarowno na poziomie MRNAwtH: jak 1 biatka MTH1) w porownaniu do tkanek
nic zmienionych nowotworowo, z ktérych sie¢ wywodzg. Na tej podstawie
wykreowano hipotezg, ze wysoki poziom ekspresji genu MTH1 mogiby by¢
markerem transformacji nowotworowej komorki. Niektorzy autorzy sugeruja, iz
bezposrednim powodem tej nadekspresji jest permanentny stan stresu
oksydacyjnego, jakiemu podlegajg ogniska nowotworowe in Vivo, sugerujac tym
samym, iz ekspresja genu MTH1 jest regulowana przez reaktywne formy tlenu
W procesie sprzezenia zwrotnego. Innymi slowy zaktada sie, ze wysoka
ekspresja genu MTH1 moglaby by¢ jednoczesnie molekularnym markerem
stresu oksydacyjnego. Jednoczesnie zroznicowany poziom ekspresji genu MTH1
w zdrowych tkankach 1 r6znych typach komorek ssakéw nasuwat
przypuszczenie, ze poziom tej ekspresji moze zaleze¢ od funkcjonalnych stanow
komorki, takich jak np. tempo proliferacji, faza cyklu komoérkowego, czy tez
jaka$ forma metabolicznej kooperacji komoérek w populacjach. Gdyby tak byto,
podwyzszona ekspresja MTH1 w komorkach nowotworowych moglaby by¢
zwigzana z wyzszym tempem proliferacji tych komoérek, a MTHI jako
potencjalny marker transformacji nowotworowej lub stresu oksydacyjnego
moglby okazac si¢ zwykltym markerem wysokiej aktywnosci proliferacyjnej lub
przewagi jednej z faz cyklu komoérkowego w populacji komoérek. Badania
poswigcone tym zagadnieniom opisano w publikacjach nr 7 i 8. Pierwsza seri¢
eksperymentdéw przeprowadzono w oparciu o kultury komorek pochodzacych z
jajnika chomika chinskiego (CHO K1-BH4), hodowanych in vitro. Podobnie jak
wiekszos$¢ niestransformowanych komorek fibroblastycznych, komorki CHO po
umieszeniu w medium hodowlanym proliferuja, pokrywajac jednowarstwowo
powierzchni¢ pojemnika hodowlanego, az do momentu osiggnigcia stanu petne;j
konfluencji. Scisty kontakt pomiedzy komoérkami i fizyczny brak miejsca na
kolejne ich generacje wywotuje zahamowanie podzialdéw komoérkowych i
stabilizacj¢ komorek fazie GO cyklu komorkowego. Zjawisko to wykorzystano
do zbadania wptywu dynamiki podzialéw komorkowych i kontaktu miedzyko-
moérkowego na aktywnos$¢ 8-0x0-dGTPazy w kulturach komoérek CHO o réz-
nym stopniu konfluencji (30 — 95%). Zanotowano niewielki (30%), ale systema-
tyczny spadek aktywnos$ci enzymu wraz ze zblizaniem si¢ populacji komoérek do
stanu pelnej konfluencji. Jednoczesne oznaczenia ilosciowe DNA, przepro-
wadzone metodg cytometrii przeptywowej, potwierdzily tendencje populacji ko-
morek do przechodzenia w fazy G0/G1 kosztem fazy S oraz G2 i M. Wyniki tak
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skonstruowanego doswiadczenia nie dawaly jednak jasnej odpowiedzi na
pytanie, czy tendencja do spadku aktywnos$ci 8-0X0-dGTPazy zwigzana jest
bezposrednio z obnizeniem tempa proliferacji. W celu potwierdzenia
ewentualnego wpltywu zatrzymania podziatow komédrkowych na aktywnos¢ 8-
ox0-dGTPazy, skorzystano z innego, charakterystycznego zjawiska
zachodzacego w populacjach komorek hodowanych, zwanego efektem
glodzenia. Polega ono na tym, ze przeniesienie dynamicznie proliferujgcej popu-
lacji komoérek do medium hodowlanego nie zawierajacego cielecej surowicy
ptodowej wywoluje gwattowne zahamowanie tempa podzialdéw komorkowych,
ktoremu towarzyszy masowe zatrzymywanie si¢ komorek w fazie GO.
Eksperyment taki przeprowadzono na komorkach CHO, porownujac dystrybucje
poszczegblnych faz cyklu komorkowego oraz aktywnos$¢ 8-0xo0-dGTPazy w
populacjach komorek gtodzonych przez 48 godzin oraz tych utrzymywanych w
kompletnym medium hodowlanym. Pomimo dramatycznego zahamowania
tempa proliferacji komorek gtodzonych, zwigzanego z wejsciem 80% komorek
w fazg GO/G1, nie zanotowano zmian aktywnosci 8-0x0-dGTPazy. Wynik taki
sugerowal, ze aktywnos¢ proliferacyjna komorek nie wplywa w istotny sposob
na funkcjonalng ekspresj¢ genu MTH1, mierzong na poziomie aktywnos$ci biatka
MTH1. Dane te przemawiaty takze za tym, ze komérkowa aktywno$¢ 8-0xo-
dGTPazy moze pozostawac na tym samym poziomie w kolejnych fazach cyklu
komorkowego, odmiennie niz w przypadku licznych enzymoéw metabolizmu
nukleotydow. W celu ostatecznego potwierdzenia braku zaleznosci aktywnosci
8-0x0-dGTPazy od faz cyklu komorkowego przeprowadzono kolejne doswiad-
czenie. Za pomocg metody przeciwpradowej elutriacji wirowniczej (ang.
centrifugal elutriation) z populacji komoérek CHO wyizolowano frakcje komorek
znajdujacych si¢ w roznych fazach cyklu komdrkowego. Efektywne
wzbogacenie wyizolowanych frakcji w komorki znajdujace si¢ w fazach GO/G1,
S oraz G2/M potwierdzono za pomocg cytometrii przeptywowej. W uzyskanych
frakcjach komorek aktywnos¢ 8-0xo-dGTPazy pozostawala na niemal
identycznym poziomie, co dowiodto braku regulacji aktywnosci tego enzymu w
zalezno$ci od fazy cyklu komoérkowego.

Wyniki do$§wiadczen opisanych powyzej nie dostarczyly jednoznacznej
odpowiedzi na pytanie, czy indukcja proliferacji komorek (zwtaszcza in vivo)
zwigzana jest z automatycznym podwyzszeniem ekspresji genu MTH1. Aby
rozwia¢ te watpliwosci przeprowadzono kolejne serie eksperymentow opisanych
w publikacji nr 8. W tym celu wykorzystano model regenerujacej watroby
gryzoni. Czesciowa resekcja watroby wywotuje procesy regeneracyjne, ktore
polegaja na masowej stymulacji podzialdow mitotycznych hepatocytow,
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znajdujacych sie¢ w fazie GO cyklu komorkowego. Grupy myszy poddano
czesciowej resekcji watroby lub jedynie operacji otwarcia i zamknigcia powlok
brzusznych (grupa kontrolna). Trzeciego dnia po operacji pobrano watroby
wszystkich zwierzat w celu oznaczenia w nich funkcjonalnego poziomu
ekspresji genu MTH1, mierzonego jako aktywno$¢ 8-0x0-dGTPazy. Pomimo
silnej stymulacji podzialéw komorkowych w watrobach regenerujacych,
potwierdzonej za pomocg immunohistochemicznego oznaczenia biatka PCNA
(proliferating cell nuclear antigen), $rednia aktywno$¢ 8-oxo-dGTPazy w
watrobach regenerujgcych pozostata na niezmienionym poziomie wzgledem
aktywnosci oznaczonej w watrobach nie poddanych czesciowej resekcji.
Kolejnych danych na temat zaleznosci pomigdzy tempem proliferacji

komorek 1 aktywnos$cig 8-0X0-dGTPazowa biatka MTHI1 dostarczyly badania
nad panelem nowotworowych komérek Iudzkich, hodowanych rutynowo w
ramach projektu ,, Developmental Therapeutics Program”, prowadzonego przez
Narodowy Instytut Raka, Narodowych Instytutoéw Zdrowia USA. Aktywno$¢ 8-
ox0-dGTPazy oznaczono w pig¢édziesigciu siedmiu réznych liniach komorek, z
ktorych 6 stanowity linie komorek biataczki, 8 czerniaka ztosliwego, 9 raka
phluca, 7 raka jelita grubego, 6 raka centralnego ukladu nerwowego, 6 raka
jajnika, 8 raka nerki i 7 raka piersi. Dzieki oznaczeniu czasu potrzebnego do
podwajania si¢ liczby komorek w populacjach poszczegolnych linii hodowanych
in vitro, mozliwe bylo zbadanie potencjalnej Kkorelacji pomigdzy
charakterystycznym tempem proliferacji poszczegoélnych linii i1 specyficzng
aktywnoscig 8-0x0-dGTPazy. Wyniki tej analizy wykazaty, iz nie istnieje zadna
znamienna statystycznie korelacja pomigdzy oboma parametrami zarowno w
catej grupie 57 linii, jak i w obrgbie poszczegdlnych grup linii o tym samym
pochodzeniu tkankowym.

Obie z powyzej opisanych serii eksperymentow wskazujga zatem, ze
aktywno$¢ 8-0xX0-dGTPazy nie jest zalezna od tempa proliferacji komorek
ssakow 1 nie ulega zmianom ani na skutek zahamowania, ani indukcji podziatow
komoérkowych.

Istota badan opisanych w publikacjach nr 7 i 8 byta proba weryfikacji hipotez
sugerujacych, ze podwyzszony, funkcjonalny poziom ekspresji genu MTHL1 ssa-
kow jest specyficznym markerem molekularnym transformacji nowotworowej
I/lub stresu oksydacyjnego. Cho¢ wyniki przedstawionych badan nie mogly
potwierdzi¢ wprost tych hipotez, to jednak wykazaly, ze ich prawdziwos¢ jest
prawdopodobna. W szerszym konteks$cie zagadnienia dotyczace roli i znaczenia
biatka MTH1 w procesie nowotworzenia przedstawiono w koncowym artykule
przegladowym (publikacja nr 9).
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V. STRESZCZENIE

Rozprawa ta stanowi podsumowanie opublikowanych wcze$niej prac
badawczych poswigconych antymutagennemu biatku MTHI ssakow, jego
biologicznej roli, regulacji aktywno$ci enzymatycznej oraz znaczeniu w
procesie nowotworzenia. Bialko MTHI1 jest enzymem 2z  grupy
pirofosfohydrolaz, degradujacym 5'-trifosforany nukleozydéw purynowych do
5'-monofosforanéw nukleozydéw oraz nieorganicznego pirofosforanu. Enzym
ten wykazuje szczegolnie wysokie powinowactwo do niektérych produktow
oksydacyjnych uszkodzen 2'-deoksyguanozyno-5'-trifosforanu (dGTP) oraz 2'-
deoksyadenozyno-5'-trifosforanu (dATP), ktore sg substratami w procesie
syntezy DNA. Jednym z najlepiej opisanych mutagennych nukleotydéw, ktore
moga powstawa¢ w komoérce pod wptywem reaktywnych form tlenu, jest 8-
oksy-2'-deoksyguanozyno-5'-trifosforan (8-oxo-dGTP). Jest on substratem dla
licznych polimeraz DNA, ktore inkorporujg go w postaci monofosfonukleozydu
do nowosyntetyzowanej nici DNA w trakcie procesu replikacji. Z uwagi na
zdolno§¢ parowania 8-0ksy-2'-deoksyguanozny z 2'-deoksyadenozyng i 2'-
deoksycytydyna, inkorporacja taka powodowa¢ moze powstawanie mutacji
punktowych po kolejnych rundach replikacyjnych (gtownie transwersji AT —
CG). Obecnie zaktada si¢, ze zasadnicza funkcja biologiczna biatka MTHI1
polega na zapobieganiu mutacjom punktowym poprzez oczyszczanie puli
wolnych nukleotydow z powstajagcego w komoérkach 8-0x0-dGTP, ktory jest
szczegblnie efektywnie degradowany przez MTH1.

W ramach przedstawionej rozprawy opracowano metodyke oznaczen
specyficznej aktywnosci 8-0x0-dGTPazowej biatka MTH1 w komorkach i
tkankach ssakow. Praktyczne zastosowanie tej metody umozliwito:

a) przeprowadzenie kinetycznej charakterystyki degradacji 8-oxo-dGTP przez
biatko MTH1 czlowieka 1 chomika,

b) poszukiwanie zalezno$ci pomiedzy poziomem aktywnosci 8-0XO-
dGTPazowej biatka MTHI a =zawartoScig promutagennej 8-oksy-2'-
deoksyguanozyny w DNA tkanek mysich,

C) zbadanie wplywu karcynogennych jonéw kadmu i niklu in vivo na
aktywno$¢ 8-0x0-dGTPazowag biatka MTHI1 1 zawarto$¢ 8-oksy-2'-
deoksyguanozny w DNA narzadéw szczura oraz zaproponowanie nowego
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mechanizmu karcynogenezy wywolywanej przez jony Cd?* w jadrach
gryzoni,

identyfikacje catej klasy inhibitorow aktywnos$ci enzymatycznej biatka
MTH1 (5'-difosforanow nukleozydow), kinetyczng charakterystyke ich
wlasciwosci oraz analize ich potencjalnego wpltywu na efektywnos$¢
hydrolizy 8-0x0-dGTP in vivo,

poszukiwanie wyjasnienia dla zréznicowanego poziomu ekspresji biatka
MTH1 w ro6znych typach komorek fizjologicznych oraz jego nadekspresji w
komoérkach nowotworowych; w ramach tych poszukiwan okreslono wplyw
roznych standéw fizjologicznych komorek w populacji na poziom aktywnos$ci
8-0x0-dGTPazy, w tym: faz cyklu komoérkowego, fizycznych oddziatywan
migdzykomorkowych oraz tempa proliferacji.



VI. ABSTRACT

Antimutagenic MTH1 protein — biological role,
regulation of its enzymatic activity and involvement
In carcinogenesis

This D.Sc. dissertation summarizes the results of the research devoted to
antimutagenic MTH1 protein, its biological role, regulation of enzymatic
activity, and involvement in carcinogenesis. The MTH1 protein is a
pyrophosphohydrolase that degrades purine nucleoside 5'-triphosphates to the
corresponding nucleoside 5'-monophosphate and inorganic pyrophosphate. The
enzyme hydrolyzes most specifically some products of oxidative damage to 2'-
deoxyguanosine 5'-triphosphate (dGTP) and 2'-deoxyadenosine 5'-triphosphate
which are substrates for DNA synthesis. One of the best characterized
mutagenic nucleotides is 8-0x0-2'-deoxyguanosine 5'-triphosphate (8-oxo-
dGTP) which likely forms in the cells under attack of reactive oxygen species. It
IS an erroneous substrate for many DNA polymerases that incorporate its
monophosphate residue to a nascent DNA strand during DNA replication. Such
an incorporation causes point mutations during subsequent replication rounds
due to mispairing properties of 8-oxo-2'-deoxyguanosine that may form stable
pairs with deoxycytidine as well as with deoxyadenosine. As MTHL1 protein
very effectively hydrolyzes 8-oxo-dGTP, its widely accepted function is
assigned to preventing point mutations by sanitization of this promutagenic
nucleotide out of cellular free nucleotide pool.

Within the framework of this dissertation an assay of specific 8-oxo-dGTPase
activity of MTH1 protein in biological material was developed and validated.
The elaborated method allowed subsequently for the following research to be
carried out:

a) a kinetic characteristics of 8-oxo-dGTP hydrolysis by murine and human
MTHL1 proteins,

b) investigations on the possible impact of 8-oxo-dGTPase activity on 8-0x0-2'-
deoxyguanosine (8-oxo-dG) content in DNA of mouse organs,
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c)

d)
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In vivo investigations on the effects of cadmium(ll) and nickel(Il) ions on
the 8-ox0-dGTPase activity and 8-0x0-dG level in DNA of rat organs that
resulted in a proposal of a new mechanism of cadmium testicular
carcinogenesis in rodents,

an identification and kinetic description of a whole class of mammalian 8-
0x0-dGTPase activity inhibitors (nucleoside 5'-diphosphates) and the
analysis of their potential influence on the effectiveness of 8-oxo-dGTP
decomposition in vivo,

a search for explanation to diverse MTH1 expression levels in different
physiological cell types and MTH1 overexpression in cancer cells; in order
to partially elucidate those phenomena different experimental approaches
were used to relate cellular 8-oxo-dGTPase activity of MTHL1 protein to cell
cycling, proliferation rate and cell-to-cell contact.



