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Polycyclic aromatic hydrocarbons (PAHS) are significant
environmental pollutants representing an important risk
factor in human cancers. DNA adducts formed by the
ultimate carcinogens of PAHs are potentially toxic, muta-
genic and carcinogenic. DNA repair represents an import-

ant defense system against these genotoxic insults. Using a

human cell-free system we have examined repair of DNA
lesions induced by several PAH dihydrodiol epoxides,
including anti-(*)-benzof]pyrene-trans-7,8-dihydrodiol-
9,10-epoxide anti-(*)-benz[alanthracenetrans-3,4-dihydro-
diol-1,2-epoxide, anti-(*+)-benzfalanthracenetrans-8,9-di-
hydrodiol-10,11-epoxide, anti-(*)-benzop]fluoranthene-
trans-9,10-dihydrodiol-11,12-epoxide and anti-(z)-chry-
senetrans-1,2-dihydrodiol-3,4-epoxide. Effective repair of
DNA damage induced by these five PAH metabolites was
detected. Two distinct mechanisms of excision repair were
observed. The major repair mechanism is nucleotide
excision repair (NER). The other mechanism is independent
of NER and correlated with the presence of apurinic/
apyrimidinic sites in the damaged DNA, thus presumably
reflecting base excision repair (BER). However, the contri-
bution of BER to different PAH lesions varied in vitro.
These results suggest the possibility that BER may also
play an important role in repair of certain PAH-induced
DNA lesions.

Introduction

incomplete combustion of organic materials and are commonl
found in tobacco smoke and automobile exhaust. These co
pounds are metabolically activated in cells to yield highly
reactive bay region dihydrodiol epoxide derivatives (1,2).
Dihydrodiol epoxides are electrophilic and can effectively
attack DNA, forming covalently linked bulky adducts on DNA

bases (2). These adducts cause structural changes in DN
thus leading to disruption of normal cellular functions, such
as transcription and replication (3). Furthermore, if not repaired
damaged nucleotides can result in mutations during replicatio
(4-7). Mutations that activate or inactivate critical genetic
targets, such as proto-oncogenes and tumor suppressor geiy

*Abbreviations: AP, apurinic/apyrimidinic; BADE-I, {)benzp]anthracene-
trans-3,4-dihydrodiol-1,2-epoxide; BADE-Il, X£)benzp]anthracendrans
8,9-dihydrodiol-10,11-epoxide; BER, base excision repair; BFDEbénzo-
[b]fluoranthenerans-9,10-dihydrodiol-11,12-epoxide; BPDE,*}jbenzof]-
pyrenetrans-7,8-dihydrodiol-9,10-epoxide; CDE, ()chrysenerans1,2-

respectively, provide a plausible mechanistic basis for carcino-
genic transformation by PAHSs.

Excision repair is a major cellular response to DNA damage
that corrects genomic lesions. Two excision repair pathways
are known in mammalian cells: nucleotide excision repair
(NER) and base excision repair (BER) (3). NER involves
damage recognition, dual endonucleolytic incisions flanking
the damage, excision of an oligonucleotide containing the
damage, DNA repair synthesis and DNA ligation (3). This
pathway is biochemically complex, requiring20 different
proteins (8). NER is unique in that it is able to repair a large
spectrum of very different damage (3). BER is initiated by a
DNA glycosylase, which catalyzes hydrolysis of thiejlycosyl
bond between the base and the sugar—phosphate backbone,
releasing the damaged base and leaving an apurinic/apyrimid-
inic (AP) site in the DNA. Incision at the AP site is mediated
by an AP endonuclease, followed by cleavage of tHe 5
deoxyribose phosphate moiety. DNA repair synthesis fills in
one or a few nucleotides and DNA ligation completes the
repair pathway (9,10). Several DNA glycosylases have been
identified and each has its specific substrates (3). In addition
to certain damaged and inappropriate bases, AP sites are also
efficiently repaired by BER.

Considerable information has been obtained on the funda-
mental mechanism of NER and BER using model repair
substrates. However, the repair of DNA lesions induced by
various PAHs (with the exception of benafgyrene) is not
well understood. IrEscherichia coli benzof]pyrene adducts
can be repaired by NER (11). In mammals these adducts are
also repaired by NER botln vitro and in vivo (12-15).
However, it is not known whether other PAH lesions are
similarly repaired by NER, although this is generally assumed
to be the case. Moreover, itis not clear whether NER constitutes
the sole repair mechanism for PAH lesions. A previous study
suggests that an additional repair mechanism independent of

WER also plays a role in the repair of bendlplyrene-treated

¥HO cells (16).
m-

We hypothesize that DNA repair is an important determinant
in the carcinogenic potential of a PAH. Thus, understanding
the repair of DNA damage by various PAHs may shed light
on PAH-induced carcinogenesis. In this report we examine
}De overall repair of DNA lesions induced by five ultimate
carcinogens of four PAH compounds using a human cell-free
repair assay. The ultimate carcinogens studied are bajpzo[
Ryrenetrans-?,8-dihydrodi0|-9,10-epoxide (BPDE), beaH
anthracendrans-3,4-dihydrodiol-1,2-epoxide (BADE-I), benz-
nthracendrans-8,9-dihydrodiol-10,11-epoxide  (BADE-
benzop]fluoranthenerans-9,10-dihydrodiol-11,12-epox-
ide (BFDE) and chrysentans1,2-dihydrodiol-3,4-epoxide
(CDE) (Figure 1). These are the metabolites of bealpyfrene,
benzp]anthracene, benzbjfluoranthene and chrysene respect-
ively, which are representative PAH compounds present in

dihydrodiol-3,4-epoxide; DTT, dithiothreitol: NER, nucleotide excision repair; tobacco smoke (17). Additionally, we determined thevitro

PAHSs, polycyclic aromatic hydrocarbons; XP, xeroderma pigmentosum.
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repair mechanism for these PAH-induced DNA lesions.
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Fig. 1. Structures of PAH dihydrodiol epoxides used) BenzoR]pyrenetrans7,8-dihydrodiol-9,10-epoxide (BPDE)B] benzp]anthracendrans-3,4-
dihydrodiol-1,2-epoxide (BADE-I);€) benzg]anthracendrans-8,9-dihydrodiol-10,11-epoxide (BADE-II);0) benzop]fluoranthenerans-9,10-dihydrodiol-
11,12-epoxide (BFDE);E) chrysenedrans-1,2-dihydrodiol-3,4-epoxide (CDE). Only one enantiomer for each dihydrodiol epoxide is shown, but racemic
mixtures -anti enantiomers) were used.

Materials and methods
The human cell lines used were HeLa, XPA, XPD and XPF. HelLa is aTabIe | Estimation of PAH-induced DNA lesions

fibroblast cell line of human cervical carcinoma origin. The XPA (GM4312),
XPD (GM8207) and XPF (GM8437) cell lines are SV40-transformed PAH 3.0uM 10.0pM
fibroblasts derived from xeroderma pigmentosum (XP) patients belonging to

complementation groups A, D and F respectively. Cells were grown as a PCR (%} Lesmng?/ PCR (%) Lesions/
monolayer in minimum essential medium (BRL) supplemented with 10% fetal pucl puC18
calf serum. PAH dihydrodiol epoxide compounds BPDE, BFDE, BADE-I,
BADE-Il and CDE with purities of 98, 98, 99, 95 and 96% respectively were >°DF ggf >8 g-gf é-g ggf 8-3 ig - 8-%
purchased from the National Cancer Institute Chemical Carcinogen Referen%ADE_I 67 + 5.1 51+ 1.0 21+ 28 20 + 1.8
Standard Repository. Each compound was dissolved in dimethylsulfoxide t - = e =< = L
10 mM and stored at —80°C. ADE-II 62 = 5.2 6.2*x 1.1 51+ 10 8.7+ 2.6
CDE 56+ 8.4 75+ 2.0 10+ 11 3014

Preparation of damaged DNA
Plasmid pUC18 DNA was propagatedHncoli DH5a, isolated by the alkaline  Plasmid pUC18 DNA was modified with the indicated compounds at 3.0 or
lysis method and purified by cesium chloride/ethidium bromide gradientl0 uM for 3 h and purified by centrifugation in a linear 5-20% sucrose
centrifugation (18). Damaged plasmid DNA was obtained by incubatinggb0 gradient. DNA lesions were estimated by quantitative PCR as described in
pUC18 DNA in a 50Qul reaction mixture containing TE buffer (10 mM Tris— Materials and methods.

HCI, pH 7.5, 1 mM EDTA), 20% ethanol and various concentrations of the®Ratio of amplification by PCRAJA,, whereAy is amplification of

PAH compounds (0.3, 1.0, 3.0 and 1QuM). After incubation at 37°C for = damaged DNA and\, is amplification of undamaged DNA. A 415 nt DNA

3 hin the dark the modified DNA was purified by 5-20% sucrose gradientfragment of pUC18 was amplified.

centrifugation as described by Waagal. (18). Fractions of 0.5 ml each were PAverage number of DNA lesions per pUC18 DNA molecule (2.7 kb) was
collected from the bottom of the gradient angi&liquots were loaded ona1% calculated from the quantitative PCR results.

agarose gel. Fractions containing supercoiled DNA were pooled, precipitated in

ethanol and dissolved in TE buffer.

- Preparation of human cell-free extracts
DNA damage quantitation L . .
DNA lesions were estimated by quantitative PCR, using a procedure modifie hole cell extracts fofin vitro DNA repair were prepared as previously
f th ted . |y q19 20). After i P gt' P WEbRI and escribed (21,22). Briefly, cultured cells were harvested and resuspended in
}:(.)rgm oset retpor € (§JreV|o|usy s, 41)5 b e:)ll\ln:afnza |ont fd an d a hypotonic buffer containing 10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 5 mM
uérgiamz:ggc;lcpllggm?g SS%ClgaSVZSS 2mplifieg by P ngvr\:i]t?\n tV\(I)O perlirrT:\aef?-s 5°rdithi0threitol (DTT). After incubation on ice for 20 min cells were disrupted

'’ ¥~ in a Dounce homogenizer. A solution containing 50 mM Tris—HCI, pH 8.0,
CTCTTACTGTCATGCCATCCGTAAGATG-3 and 8-GTGCGCGGAACC- 14 1\ MgCh, 2 mM DTT, 25% sucrose, 50% glycerol was added, followed

CCTATTTG-3. PCR reactions (5(u) contained 1 ng DNA, 1M each by addition of ammonium sulfate to 10% saturation. After centrifugation

primer, 1.5 mM MgC}, 20 mM Tris—HCI, pH 8.0, 50 mM KCI, 20QM each s L . )
35 - proteins in the supernatant were precipitated with ammonium sulfate (0.33 g/
dATP, dTTP and dGTP, 4AM dCTP, 1uCi [**PJdCTP (3000 Ci/mmol) and ml) and dissolved in dialysis buffer. The extracts were then dialyzed against

1 U Taq DNA polymerase. After heating at 94°C for 2 min 10 cycles of 55"\ HEPES_KOH, pH 7.9, 0.1 M KCI, 12 mM Mggl1 mM EDTA,
amplg‘lc.anon were pefrformedoun.derthefoIIovylng con(imons. 45 s denaturatio mM DTT, 17% glycerol. Precipitates formed after dialysis were removed
at94°c; 45 s a“”ea'".‘g at 65°C; 45 s extension at 72°C. Taq DNA polymerassy centrifugation and the resulting supernatant was used as soluble extract
was added before primer extension during the first cycle. At the end of th or repair studies
cycles an additional incubation was allowed for 10 min at 72°C. Radiolabele . .
PCR products were separated by electrophoresis on a 10% non-denaturifiyy Vitro DNA repair in human cell-free extracts
polyacrylamide gel. After drying the gel, amplified DNA bands were quantit- DNA repair assays were performed as previously described (21,22). Briefly,
ated with a Packard Instantimager. At high temperatures accelefated the repair mixture (5Qul) contained 200 ng each damaged pUC18 DNA and
elimination occurs at AP sites, leading to DNA strand breaks. Thus, theundamaged pGEM3Zf DNA (internal control), 45 mM HEPES-KOH, pH 7.8,
majority of AP sites present in some PAH-damaged DNA were expected t&@.4 mM MgCh, 0.9 mM DTT, 0.4 mM EDTA, 2 mM ATP, 2QuM each
be detectable by quantitative PCR under the conditions used. dATP, dGTP and dTTP, 4M dCTP, 1 uCi [a-32P]dCTP (3000 Ci/mmol),
Assuming a random distribution of lesions (a Poisson distribution), the4d0 mM phosphocreatine (disodium salt), 21§ creatine phosphokinase, 4%
average lesions per 415 nt DNA strand was calculated by the equatioglycerol, 100pg/ml bovine serum albumin, 150g cell-free extract. After
= —In(Ag/Ay), whereAy is c.p.m. for the damaged template afglc.p.m. incubation at 30°C for 2 h the reaction was stopped by adding EDTA to
for the undamaged template. Average lesions per puC18 DNA molecule wer20 mM and RNase A to 2Qg/ml. After incubation at 37°C for 10 min SDS
then derived from these calculations as shown in Table I. and proteinase K were added to 0.5% and R@OMI respectively, followed
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Fig. 2. DNA repair of BPDE lesions in human cell-free extracts.

(A) In vitro NER was performed as described in Materials and methods
using human cell-free extracts (1p@) prepared from repair-proficient

HelLa and NER-deficient XPA or XPD cells as indicated. Plasmid pUC18
DNA was damaged with BPDE at 0.3 (lanes 1, 5 and 9), 1 (lanes 2, 6 and
10), 3 (lanes 3, 7 and 11) or M (lanes 4, 8 and 12) and purified by

— -BPDE sucrose gradient centrifugation. -BPDE, undamaged pGEM3Zf DNA;

— +BPDE +BPDE, damaged pUC18 DNA. (Top) Ethidium bromide stained gel;
(bottom) autoradiographBj Quantitation of experiments in (A). DNA

bands were sliced out of the dried gel and quantitated by liquid scintillation
counting in 3 ml scintillation fluid. Incorporation of dCMP into the repair

— — =BPDE patch was then calculatedC) In vitro complementation for repair of BPDE
W W — +BPDE lesions. NER was performed in 13@® human XPA or XPD cell-free

extracts and complementation was performed by mixing d@@ach XPA

and XPD extracts for the repair assay. Plasmid pUC18 DNA was damaged
by 3.0uM BPDE.

- XPA
~ XPD
w XPA + XPD

by incubation at 37°C for 30 min. DNA was then extracted with phenol/ DNA was also included as an internal control for monitoring
chloroform and precipitated in ethanol. Repair products were digested meackground levels of non-specific DNA synthesis
D .

Hindlll and separated by electrophoresis on a 1% agarose gel containing 0.5% . . .
ethidium bromide. Repair synthesis was visualized by autoradiography of the BPDE is a metabolite of benzajbyrene’ representing an

dried gel. Repair activity was quantitated by liquid scintillation counting after Ultimate carcinogen of the parent compound. BPDE readily
slicing the DNA bands out of the dried gel. attacks DNA forming covalently linked adducts at thé N
Endonuclease Il digestion position of guanine (80-90% of the total adducts produced)
Endonuclease Il digestion was performed by mixing 400 ng supercoiled23). Minor adducts include Nof guanine, N of adenine and
plasmid DNA and 500 or 800 nB.coli endonuclease IIl in buffer containing N3 of cytosine (24). BPDE-damaged plasmid pUC18 DNA
45 mM HEPES-KOH, pH 7.8, 7.4 mM Mggl0.9 mM DTT, 0.4 mM EDTA,  was examined for repair in human cell-free extracts. After

40 mM phosphocreatine (disodium salt), 4% glycerolud bovine serum  ; R ; ;
albumin. After incubation at 37°C for 15 min the products were separated b incubation in human HeLa extracts, repair was readlly detected

electrophoresis on a 1% agarose gel containing 0.5% ethidium bromid«}jg2 BPDE'damaQed_ DNA, as evidenced by the S’[I’O!‘]g
Cleavage of plasmid DNA by endonuclease Ill converts the supercoiled **P]JACMP labeling in the damaged DNA band compared with

molecule to the nicked circular form, which migrates slower on the gel. ~ the undamaged control DNA band (Figure 2A, lanes 1-4).
Repair activity increased with increasing BPDE DNA lesions
Results (Figure 2A, lanes 1-4, and B).
Repair of DNA lesions nduced by berzlelpytne 1215751 S amages DA st romar hpeamon were
dihydrodiol-9,10-epoxide (BPDE)-damaged DNA performed in cell-free extracts prepared from XPA and XPD
A human cell-free system for DNA repair has been developegells. These cells lack the indispensable NER proteins XPA
by Wood et al. (21) that faithfully reflectsin vivo repair  and XPD respectively and thus are specifically deficient in
properties. We employed this vitro system to study the NER (3). In contrast with HeLa cell extracts, repair of BPDE-
repair of PAH-induced DNA lesions and examined the repaildamaged DNA was abolished in XPA and XPD extracts
mechanism involved. Plasmid pUC18 DNA was damaged byFigure 2A). Defective repair was observed at all BPDE doses
five PAH dihydrodiol epoxides (Figure 1 vitro, purified on  examined from 0.3 to 1AM (Figure 2A and B). Since mixing
a 5-20% sucrose gradient and used to examine repair BYPA and XPD extracts led tin vitro complementation for
human cell-free extracts. Excision repair was measured bgroficient repair (Figure 2C), these mutant extracts reflected
incorporation of radiolabeled nucleotides into damaged plasmittue defects in the NER pathway rather than failed extract
DNA during repair synthesis catalyzed by human extracts. Irpreparations. These results show that besipgfene DNA
the same repair reaction a larger undamaged pGEM3Zf plasmidducts are repaired by the NER pathway in human extracts.
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Repair of DNA lesions induced by benzol[b]fluoranthene-transRepair of DNA lesions induced by benz[a]anthracene-trans-
9,10-dihydrodiol-11,12-epoxide (BFDE) 3,4-dihydrodiol-1,2-epoxide (BADE-I) and benz[a]anthracene-
BFDE is a carcinogenic metabolite of beniffuoranthene. trans-8,9-dihydrodiol-10,11-epoxide (BADE-II)

Repair of BFDE-damaged plasmid DNA in HelLa cell-free BADE-I and BADE-II are two carcinogenic metabolites of
extracts was readily detected (Figure 3, lanes 1-4). Repalienzp]anthracene. BADE-I appears to be principally respons-
activity increased with increasing BFDE damage to a leveible for the tumorigenic properties of beafnthracene.
similar to that of BPDE repair (Figure 3, lanes 1-4). TheBADE-Il is much less mutagenic and carcinogenic (25-27).
contribution of NER to repair of BFDE DNA lesions was then Thus, it is of especial interest to examine repair of DNA
examined by performing identical repair assays in XPA mutanfesions induced by these two structurally similar compounds
extracts. At low doses of BFDE (up topM), damaged DNA  in human extracts.

was not repaired in XPA mutant extracts (Figure 3, lanes 5 |n Hela cell-free extracts, repair of BADE-I damaged DNA
and 6), indicating that repair in normal cell extracts is mediatedvas readily detected and the repair activity increased with
by the NER pathway. However, at higher doses of BFDE,ncreasing concentrations of BADE-I to a level similar to that
repair was detected in XPA mutant extracts (Figure 3, lanes éf BPDE repair (Figure 4A). Below 1M BADE-I, repair

and 8). When the plasmid DNA was damaged by @  was abolished in NER-deficient XPD mutant extract (Figure
BFDE, DNA repair synthesis in XPA mutant extract was 4A, lanes 5 and 6). At higher concentrations of BADE-I
similar to that in the HelLa extract (Figure 3, compare lanes 4amage, some repair was also detected in XPD mutant extracts
and 8). These results show that when DNA is extensivelyFigure 4A, lanes 7 and 8), indicating involvement of an
damaged by high concentrations of BFDE another excisiolNER-independent excision repair mechanism. However, repair
repair mechanism independent of NER also contributes t@ynthesis in XPD mutant extracts was significantly lower than

repair of BFDE lesionsn vitro. that in the HeLa extracts (Figure 4A, compare lanes 3 and 7
and lanes 4 and 8). Thus, BADE-I lesions are mainly repaired

Hela XPA by the NER pathway, although an additional excision repair

2 3 475 § 7 8 mechanism is evident when DNA is extensively damaged by

BADE-I.
— -BFDE When BADE-Il-damaged DNA was used as the substrate
— +BFDE for repair in HeLa extracts substantial repair synthesis was
observed at the lowest dose examined (AN BADE-II)
(Figure 4B, lane 1). Furthermore, repair synthesis did not
— -BFDE increase in a dose-dependent manner from 1 taMIBADE-
_‘.. « we @ — +BFDE Il (Figure 4B, lanes 2-4). Presumably this may result from
saturation of the repair system(s) by BADE-II lesions @M.
At 10 pM BADE-II, repair synthesis was similar to that of
BPDE repair at 1QuM (Figure 4B, lane 4). In XPA and XPD
Fig. 3. DNA repair of BFDE lesions in human cell-free extradts.vitro mutant extracts repair was not detected at |0\8 BADE-II
NER was performed in human cell-free extracts (16 prepared from (Figure 4B, lanes 5 and 9), but significant repair synthesis was

repair-proficient (HeLa) and NER-deficient (XPA) cells. Plasmid puUC18 observed at M, although at a lower level compared with

DNA was damaged with BFDE at 0.3 (lanes 1 and 5), 1 (lanes 2 and 6), : :
3 (lanes 3 and 7) or 1AM (lanes 4 and 8). —-BFDE, undamaged pGEM3Zf that in the HelLa extracts (Figure 4B, compare lanes 6 and 10

DNA; +BFDE, damaged pUC18 DNA. (Top) Ethidium bromide stained ~ With lane 2). These results are indicative of the involvement of

gel; (bottom) autoradiograph. NER in repair of BADE-II lesions. Supporting this conclusion,
A B C &
HelLa XPD Hela XPA XPD >+<
42 3 4''s 6 7 8! "2 3 45 6 7 8'f9 10 11 12 —
o o o
x X X
1 2 3

— -BADE-I — -BADE-II
— +BADE- — +BADE-II
— =BADE-II

— +BADE-II
— =BADE-I — =BADE-II

-m- “+ ¥ 88 — +BADE-| C.'. e WaW — +BADE-

B — -£ADE-|
- .onDE

Fig. 4. DNA repair of benz@]anthracene lesions in human cell-free extraliisvitro NER was performed in repair-proficient (HeLa) or NER-deficient (XPA
and XPD) cell extracts (150g). Plasmid pUC18 DNA was damaged with the befefithracene metabolites (BADE-I and BADE-II) at 0.3 (lanes 1, 5 and
9), 1 (lanes 2, 6 and 10), 3 (lanes 3, 7 and 11) oplD(lanes 4, 8 and 12).A) DNA repair of BADE-I lesions. B) DNA repair of BADE-II lesions.

(C) In vitro complementation for repair of BADE-II lesions. NER was performed in if§thuman XPD (lane 1) or XPF (lane 2) mutant cell extracts and
complementation (lane 3) was performed by mixing 1@0each XPD and XPF extracts for repair assay. Plasmid pUC18 DNA was damaged iyl 1.0
BADE-II. -BADE-I and —BADE-Il, undamaged pGEM3Zf DNA+BADE-I and +BADE-II, damaged pUC18 DNA. (Top) Ethidium bromide stained gel;
(bottom) autoradiograph.
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Fig. 5. DNA repair of CDE lesions in human cell-free extradts.vitro

NER was performed in repair-proficient (HeLa) or NER-deficient (XPA) cell
extracts (15Qug). Plasmid pUC18 DNA was damaged with CDE at

0.3 (lanes 1 and 5), 1 (lanes 2 and 6), 3 (lanes 3 and 7) @M. Qlanes 4

and 8). —-CDE, undamaged pGEM3Zf DNA;CDE, damaged pUC18 DNA.
(Top) Ethidium bromide stained gel; (bottom) autoradiograph.

Fig. 6. Detection of AP sites in PAH-damaged DNA used iowitro repair.

CDE- and BPDE-damaged plasmid pUC18 was purified by sucrose gradient
centrifugation and subsequently examined for AP sites in DNA. Damaged
DNA (400 ng) was incubated with 200 rigcoli AP endonuclease Il at

37°C for 15 min (lanes 6-10). Reaction products were separated by
electrophoresis on a 1% agarose gel and stained with ethidium bromide.
repair at the dose of UM in XPD mutant extract was Control experiments without endonuclease Il were performed identically
significantly stimulated by adding XPF mutant extract, achiev-g%”Deé_%;gl—spsﬁ:nzegtgzmscagé'g:]?s 14 Zr:% % ?Geégg?faﬁeiﬂg\gﬁg

Ing in vitro cqmplementatlon for NER (Figure 4C)_' Suc_h 10, 10’uM CDE. CC DNA closed circular DNA,; oc DNA, &)pened circular
complementation was expected for the NER mechanism, singgya.

mixing XPD (lacking XPD protein) and XPF (lacking XPF

protein) mutant extracts yielded a complete set of functional _ _ _

NER proteins, thus restoring NER activity. With increasing DNA _IeSI_ons recognized by BER are AP sites (3). Covalent
concentrations of BADE-II more repair was observed in XPAmodification of DNA bases often renders the damaged base
and XPD mutant extracts, eventually approaching the levelsnstable, promoting base loss and leaving AP sites in the DNA
in HelLa cell extract (Figure 4B, lanes 7, 8, 11 and 12).(3). Some PAI—_| ac_Jducts in D_NA may_be _unstable and may
Moreover, the level of DNA repair was dose-dependent inundergo depurination, producing AP sites in DNA. Thus, we
both mutant extracts from 0.3 to 8V BADE-II (Figure 4B,  suspected that at least some of the observed repair of PAH-
lanes 5-7 and 9-11). These results suggest that in addition @@maged DNA in XP mutant extracts (NER-independent
NER another excision repair mechanism plays a role in repaitepair) may reflect BER of AP sites following depurination of

of BADE-II lesions. adducted bases. To examine this possibility we directly
Repair of DNA lesions induced by chrysene-trans-1,2-dihydroméasured AP sites in damaged DNA with an AP site-specific
dio?—3|4-epoxide (ICDE)I ! y ehry ki enzyme E.coli endonuclease Ill (30). Cleavage of AP sites by

. . . . _endonuclease Ill converts damaged plasmid DNA from the
Chrysene is a relatively weak carcinogen (1,28). CDE is al%;upercoiled form to the nicked circular form, which can be

ultimate carcinogen of chrysene and can covalently modify eparated on an agarose gel in the presence of ethidium

DNA (29). Strong repalr synthesis was observed in Hela CelEromide. Prior to endonuclease Il treatment damaged DNA

eDﬁr;a\lc&s at 0.uM CDE. (F;?g'ge 5 lane 1). At this dos? Ofl was purified by sucrose gradient centrifugation to remove
A damage, repair in mutant extracts was clearlypa containing rapidly formed AP sites which readily led to
deficient (Figure 5, compare lane 1 with 5), indicating thatp\ A irand breaks. As shown in Figure 6, DNA damaged by
repair s mainly m‘?d!ated by NER. With increasing concentra-ne \yas cleaved .by endonuclease |lI (t‘:ompare lanes 8-10
tions of CDE repair in XPA extracts became very significant, ... 6), whereas BPDE-damaged DNA was not significantly
approaching the level of HeLa extract au8! CDE (Figure cleaved (compare lane 7 with 6). This result suggests that after

5, lane 7). At even higher concentrations of CDE () the - - : -
, . removing rapidly formed AP sites the remaining BPDE adducts
damaged DNA became unstable during storage at —20°C. Aﬁea{re relatively stable, whereas CDE adducts are less stable,

48 h at —20°C>50% of the damaged plasmid DNA was leading to slow accumulation of AP sites in DNA. Above a

fragmented (data not shown). The remaining full-length DNA3 MM PAH concentration used for DNA treatment endonuclease
containing CDE lesions served as a good substrate for repaj, cleavage of BADE-Il-damaged DNA was also observed,
in both Hela and XPA extracts (Figure 5, lanes 4 and 8)'although not as dramatic as for CDE-damaged DNA (data not

NER-independent repair in XPA mutant extracts showed dp

: own). At 10uM some BFDE- and BADE-I-damaged DNA
clear dose-dependent response from 0.3 pd3CDE (Figure o
5, lanes 5-7), i.e. with increasing DNA damage the NER.VaS additionally cleaved by endonuclease Il (data not shown).

; ; e : 4 These observations are consistent with the repair results in
independent repair mechanism increasingly contributes to ove

all repair of CDE lesions. These results suggest that in additiopr}leigi_rd;fgﬁgai scri" Oszgsgg .inHrzgg?r, oE‘hISFBIE Rgz%eé)_ ?Ingﬁ g t

to NER_ another excis_ion repair mechanism also plays a ro'%DE lesions is likely BER of induced AP sites.

n re_paér of CI:DIE Iesgzrgé 'Irlhlus,. CDE lesions appear t0 be™ ;i qsible that some PAH adducts are especially unstable,
repaired similarly to -lHiesions. leading to rapid depurination and AP site formation, which
Role of base excision repair for certain PAH-induced DNAwould not be detected by the experiments discussed above
lesions due to sucrose gradient purification. To test this possibility we
In mammalian cells, in addition to NER, another well-charac-examined AP sites by the endonuclease Ill cleavage assay
terized excision repair mechanism is BER. Among the variousmmediately after damaging DNA, thus avoiding sucrose
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Fig. 7. Detection of AP sites immediately after DNA damage. Plasmid

pUC18 DNA (2ug) was damaged with 3.0M BFDE, BADE-I or BADE- Fig. 8. Formation of AP sites in DNA after BPDE and CDE treatments are
Il as indicated in TE buffer containing 20% ethanol (2. After kinetically different. Plasmid pUC18 DNA was incubated with 3/
incubation at 37°C fo3 h in thedark 20pl TE buffer were added to the BPDE or CDE as indicated in TE buffer containing 20% ethanol (B0
mixture and 8ul aliquots were used for endonuclease Il assays. After 3 h at37°C DNA was diluted to 50 ngl with TE buffer and divided
Endonuclease Il assays were performed by incubating undamaged (lanes #ito 8 pl aliquots. Some aliquots were immediately used for endonuclease
7 and 11) or damaged (lanes 4, 8 and 12) DNA (400 ng) with 50&.0gli Il assays (lanes 1-6). The remaining aliquots were incubated at 37°C for
AP endonuclease Il under buffer conditions described in Materials and 24 h before endonuclease Il assays were performed (lanes 7-12).
methods. After 15 min at 37°C the products were separated by Endonuclease Il assays were performed by incubating DNA (400 ng) with
electrophoresis on a 1% agarose gel containing 0.5% ethidium bromide. 500 ngE.coli AP endonuclease Il under buffer conditions described in
Control experiments were identically performed in the absence of Materials and methods. After 15 min at 37°C the products were separated
endonuclease lll as indicated. CC, closed circular DNA; OC, opened by electrophoresis on a 1% agarose gel containing 0.5% ethidium bromide.
circular DNA. Control experiments were performed identically in the absence of
endonuclease Ill as indicated. CC, closed circular DNA; OC, opened
circular DNA.

gradient purification. As shown in Figures 7 (compare lanes 4

and 3, lanes 8 and 7 and lanes 12 and 11) and 8 (compage.innqens of PAHSs tested, BPDE, BFDE, BADE-I, BADE-
1?:;2 E:adart;d :”\?i’\'/tg (Ij?r?edr‘lc?di;\llee doe;%(ggd AP sites in DNAII and CDE, elicited repair in human cell-free extracts and a
C r?1 oy th ylt ith thp h. in Fi 6 it contribution by NER was detected in every case. Additionally,
omparing these results wi 0S€ shown In FIQUI€ b, It 1§60 contribution of a NER-independent excision repair mechan-
apparent that some BPDE adducts are especially labilge "\ 25" veadily detected in BADE-I- and CDE-modified
resulting in rapid AP sites in DNA, while the remaining BPDE PNA' When DNA was extensively damaged this alternative
8

adducts are very stable. In contrast, CDE adducts appear g, of repair was also detected in BADE-I- and BFDE-treated

undergo slow depurination and gradual AP site accumulatiog)\» “Hence depending on the particular PAH compound and
over time. To confirm this conclusion further, DNA adducts . dose, the contribution of the NER-independent repair

of BPDE and CDE were left undisturbed for 24 h at 37°C : P
without sucrose gradient purification. AP sites were ther” athway can differ significantly.

i : Apparently, the NER-independent repair mechanism
assayed by endonuclease Il cleavage. Consistent with OYe e in ‘our human cell-free system is the BER pathway.
conclusion, ~50% DNA was cleaved by endonuclease || '

whether assayed after treatment with BPDE or 24 h Iateﬁ_uzﬁgrtggéﬁéznigggg%oﬁb\V;E:] ddeDtﬁI(Xegaﬁngéfse;?eEQ\%@
(Figure 8, compare lane 12 with 6). In contrast, ~30% T . o .
DNA was cleaved immediately after CDE treatment, butbyBFDEand BADE-I in sucrose gradient purified preparations.

. N P sites are known to be repaired mainly by the BER pathway
endonuclease llI-cleavable DNA increased to ~70% after 24 330). While N guanine adducts are relatively stable, PAH
(Figure 8, compare lane 11 and 5).

modifications at other positions may be less stable, especially
adducts at the N position of guanine and Nposition of
adenine (31,32). These unstable adducts promote depurination,
The ability of PAHs to induce tumors are attributable to theirleaving AP sites in DNA. Indeed, PAH-promoted AP site
ability to damage DNA. Such damage results from electrophilidormation has been reported (32,33).
attack on DNA by metabolically activated forms of the Among the five PAH dihydrodiol epoxides in our study the
inert parent PAH compounds, mostly the dihydrodiol epoxideextent of AP site induction varied widely. This probably
derivatives (2). Reactions between DNA and dihydrodiolreflects differences in the adduct spectrum induced and the
epoxides of PAHs form covalently linked DNA adducts, stability of individual adducts due to structural differences
notably on guanine residues. If not effectively repaired, thesbetween the PAH compounds. Furthermore, the kinetics of AP
DNA adducts could result in mutations during DNA replication site formation also differed dramatically, as illustrated after
and may eventually lead to neoplastic transformation. ThusBPDE and CDE damage. After BPDE treatment some adducts
the steady-state level of PAH adducts in DNA may be aninduce rapid formation of AP sites. After sucrose gradient
important contributor to the carcinogenic effects of PAHs.purification DNA containing rapidly formed AP sites was
Conceptually, the persistence of PAH adducts in DNA is aremoved due to AP-induced DNA strand breakage. The
dynamic equilibrium between their formation and removal. remaining BPDE adducts are stable even after storage at
We have examined repair of DNA lesions induced by several-20°C for several months, as indicated by the absence of AP
PAHs using a human cell-free system. It is generally assumesites in the purified BPDE-DNA. In contrast, immediately
that bulky DNA adducts such as those induced by PAHs arafter CDE damage, AP sites are marginally detected in the
repaired by the NER pathway (3,11). Our results show directhdamaged DNA. However, AP sites slowly accumulate over
that NER is indeed an important mechanism in repair of PAH-24 h. After longer storage at —20°C (a few weeks) the majority
induced DNA lesions. DNA damage by all five ultimate of DNA adducts were depurinated, leading to fragmentation
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of the damaged DNA. These observations suggest that a small (1991) Preferential mutagenesis at GGC base pairs by the anti-3,4-
fraction of BPDE adducts cause rapid depurination, whereas i'hf’%g‘i%l'z'epox'de of 7-methylbergjfinthraceneMol. Carcinogen,
the majorit}’ of CDE adducts I_ead to gradual_ acpumUIation of 7.Y’ang,J.-L., .Maher,V.M. and McCormick,J.J. (1987) Kinds of mutation
AP sites. Sites of PAH adduct-induced d_epurlnatlon C_0U|d t_hen formed when a shuttle vector containing adducts=of-{B,8a-dihydroxy-
be repaired by the BER pathway. Consistent with this notion, 9a,10a-epoxy-7,8,9,10-tetrahydrobenziijyrene - replicates in human
Day et al. (34) and van Houteret al. (35) reported that a cells. Proc. Natl Acad. Sci. USA84, 3787-3791. , _
fraction of BPDE adducts were removed from cellular DNA S'gﬁ:g{%% (219?267%_'\'2”3‘223“‘18 excision repair in mammalian caliiol.
n VIVOShOI’_tly after treating XPA (.:e”S with BPDE, presumably 9.Kubota,Y., Nash,R.A., Klungland,A., Schar,P., Barnes,D.E. and Lindahl,T.
by a NER-independent mechanism. (1996) Reconstitution of DNA base excision-repair with purified human
DNA repair by the NER pathway is generally a slow process, proteins: interaction between DNA polymergsand the XRCC1 protein.
while repair by the BER pathway is normally fast and efficient. EME?I fb15vN66?2—?<670-d KennyM.K. (1997) Reconstitution of h

- H H H H .Nicholl,I.D., Nealon,K. an enny,vl.K. econstitution or human
Eﬁ'c'e.”t repair W.OUId reduce t.he ml“.ltagemc .and Carcmerm& base excision repair with purified proteirBiochemistry36, 7557—7566.
potential of a lesion, whereas inefficient repair would enhancg; van Houten,B. (1990) Nucleotide excision repair Escherichia coli
the mutagenic and carcinogenic potential of a lesion. Hence, Microbiol. Rev, 54, 18-51.
if the DNA adducts induced by a PAH are stable and thusl2.Gunz,D., Hess,M.T. and Naegeli,H. (1996) Recognition of DNA adducts
repaired mainly by NER, some adducts may not be efficiently E{o;zg;r‘ecnh‘g?so;g‘eBgfcghoe”mrggi'“25%‘ggegggg‘;°r a thermodynamic
removed.. This PAH is pred|9ted to be a strong carcinogen. IQS.KoostraA. (1982) Formation and removal ofafff diol epoxide—DNA
contrast, if the DNA adducts induced by a PAH are unstable, the " agducts in human fibroblast€arcinogenesis3, 953-955.
adducts would be more efficiently removed due to spontaneoust. McLeod,M.C., Daylong,A., Adair,G. and Humphrey,R.M. (1991)
depurination in addition to repair by NER. The resulting AP  Differences in the rate of DNA adduct removal and the efficiency of
sites left in DNA should be effectively repaired by BER. This g‘:;aggiegg?foz%’vo benzjpyrene diol epoxides in CHO cell$dutat.
PAH is prEdICted to be a weak carcinogen. Our Obs_ervatlon%.Venl;atachalam,s., Denissenko,M. and Wani,A.A. (1995) DNA repair in
that BER Cont”b_Utes to a greater extent to the repair of CDE  human cells: quantitative assessment of bulky anti-BPDE-DNA adducts
and BADE-II lesionsin vitro are consistent with reports that by non-competitive immunoassay8arcinogenesisl6, 2029-2036.
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. . - - repair of UV photoproducts in human cellgblutat. Res 363 57-66.
hlgh levels of DNA damage were used for vitro repair, 20.Yakes,F.M. and Van Houten,B. (1997) Mitochondrial DNA damage is

which could lead to lethalityn vivo. Thus,in vivo evidence more extensive and persists longer than nuclear DNA damage in human

for a physiological role of BER at carcinogenic doses of PAHS  cells following oxidative stressroc. Natl Acad. Sci. US04, 514-519.

remains to be established. 21.Wood,R.D., Robins,P. and Lindahl,T. (1988) Complementation of the
Xeroderma pigmentosuBNA repair defect in cell-free extract€ell, 53,
97-106.

ACknOWIedgemems 22.Wang,Z., Wu,X. and Friedberg,E.C. (1991) Nucleotide excision repair of

We thank Errol Friedberg and Richard Cunningham for providing us with ~ DNA by human cell extracts is suppressed in reconstituted nucleosomes.

human cell lines and purifie€.coli endonulcease |lI, respectively. These  J. Biol. Chem 266, 22472-22478.

studies were supported by a start-up fund from the University of Kentucky23-Cheng,S.C., Hilton,B.D., Roman,J.M. and Dipple,A. (1989) DNA adducts

and a Tobacco and Health Research Institute grant from the University of from carcinogenic and noncarcinogenic enantiomers of befmokne

Kentucky. This publication was made possible by a predoctoral fellowship to  dihydrodiol epoxideChem. Res. Toxicol2, 334-340.

E.B. (ES5796) from the National Institute of Environmental Health Sciences24. Osborne,M.R., Jacobs,S., Harvey,R.G. and Brookes,P. (1981) Minor

(NIEHS, NIH). Its contents are solely the responsibility of the authors and do ~ products from the reaction of{) and (-) benza]pyrene-anti-diolepoxide

not necessarily represent the official views of the NIEHS. with DNA. Carcinogenesis12, 553-558.

25.Wood,A.W., Chang,R.L., Levin,W., Lehr,R.E., Schaefer-Ridder,M.,
Karle,G.M., Jerina,D.M. and Conney,A.H. (1977) Mutagenecity and

References cytotoxicity of benzg]anthracene diol epoxides and tetrahydro epoxides:

1. Phillips,D.H. and Grover,P.L. (1994) Polycyclic hydrocarbon activation; ~ exceptional activity of the bay region 1,2-epoxidesoc. Natl Acad. Sci.
bay regions and beyonirug Metab. Rey 26, 443-467. USA 74, 2746-2750.

2.Peltonen,K. and Dipple,A. (1995) Polycyclic aromatic hydrocarbons:26.Wood, AW., Levin,W., Chang,R.L., LehrR.E., Schaefer-Redder,M.,
chemistry of DNA adduct formatiorl. Occup. Environ. Med37, 52-58. Karle,J.M., Jerina,D.M. and Conney,A.H. (1977) Tumorigenicity of five

3.Friedberg,E.C., Walker,G.C. and Siede,W. (199BNA Repair and dihydrodiols of benzj]anthracene on mouse skin: exceptional activity

MutagenesisAmerican Society for Microbiology Press, Washington, DC.  of benzplanthracene 3,4-dihydrodioProc. Natl Acad. Sci. USA74,
4.Glatt,H., Harvey,R.G., Phillips,D.H., Hewer,A. and Grover,P.L. (1989) 3176-3179.
Influence of the alkyl substituent on mutagenicity and covalent DNA 27.Slaga,T.J., Huberman,E., Selkirk,J.K., Harvey,R.G. and Bracken,W.M.

binding of bay region diolepoxides of 7-methyl- and 7-ethylbahz[ (1978) Carcinogenicity and mutagenicity of besjahthracene diols and
anthracene irSalmonellaand V79 Chinese hamster cellSancer Res diol-epoxides Cancer Res 38, 1699-1704.
49, 1778-1782. 28.Chang,R.L., Levin,W.,, Wood,AW., YagiH., TadaM., WasK.P,

5.Bigger,C.A.H., Flickinger,D.J., Strandberg,J., Pataki,J., Harvey,R.G. and Jerina,D.M. and Conney,A.H. (1983) Tumorigenicity of enantiomers of
Dipple,A. (1990) Mutational specificity of the anti-1,2-dihydrodiol 3,4- chrysene 1,2-dihydrodiol and of the diastereomeric bay-region chrysene
epoxide of 5-methylchrysen€arcinogenesisll, 2263—-2265. 1,2-diol-3,4-epoxides on mouse skin and in newborn mitancer Res
6.Bigger,C.A.H., Flickinger,D.J., St John,J., Harvey,R.G. and Dipple,A. 43, 192-196.

1245



E.Braithwaite, X.Wu andZ.Wang

29.Windsor,S.A., Tinker,M.H., Osborne,M.R. and Seidel,A. (1996) Studies of
the binding of diolepoxide metabolites of polycyclic aromatic hydrocarbons
to DNA using electrofluorescence polarization spectroscopy.
Carcinogenesisl?, 605-608.

30.Doetsch,P.W. and Cunningham,R.P. (1990) The enzymology of apurinic/
apyrimidinic endonucleasebutat. Res 236, 173-201.

31.Lawley,P.D. and Brookes,P. (1963) Further studies on the alkylation of
nucleic acids and their constitutent nucleotid@®chem. J 89, 127-138.

32. Drinkwater,N.R., Miller,E.C. and Miller,J.A. (1980) Estimation of apurinic/
apyrimidinic sites and phosphotriesters in deoxyribonucleic acid treated
with electrophilic carcinogens and mutageBgchemistry19, 5087-5092.

33.0chi,T., Ishiguro,T. and Ohsawa,M. (1986) Induction of alkaline-labile
sites in DNA by benzd@]pyrene and the repair of those lesions in cultured
Chinese hamster cellMutat. Res 165 31-38.

34.Day,R.S., Scudiero,D. and Dimattina,M. (1978) Excision repair by human
fibroblasts of DNA damaged by-7t-8-dihyroxy+-9,10-oxy-7,8,9,10-
tetrahydrobenz@)pyrene.Mutat. Res 50, 383-394.

35.van Houten,B., Masker,W.E., Carrier, W.L. and Regan,J.D. (1986)
Quantitation of carcinogen-induced DNA damage and repair in human
cells with the UVR ABC excision nuclease fromcoli. Carcinogenesis
7, 83-87.

36.Buening,M.K., Wislocki,P.G., Levin,W., Yagi,H., Thakker,D.R., Akagi,H.,
Koreeda,M., Jerina,D.M. and Conney,A.H. (1978) Tumorigenicity of the
optical enantiomers of the diastereomeric beajmjrene 7,8-diol-9,10-
epoxides in newborn mice: exceptional activity ef)¢73,8a-dihydroxy-
9a,100-epoxy-7,8,9,10-tetrahydrobenadipyrene. Proc. Natl Acad. Sci.
USA 75, 5358-5361.

Received on November 13, 1997; revised on March 13, 1998; accepted on
March 18, 1998

1246



