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ABSTRACT: Acrolein, which is widely spread in the environment and is produced by lipid peroxidation in
cells, reacts with DNA to form two exocyclic N2-propanodeoxyguanosine (PdG) adducts. To establish
their relative contribution to the acrolein mutagenicity, the genotoxic properties@ifl-PdG and/-OH-

PdG together with their model DNA adduct, PdG, were studied in human cells. DNA adducts were
incorporated site-specifically into a SV40/BK virus origin-based shuttle vector and replicated in xeroderma
pigmentosum complementation group A (XPA) cells. Analysis of progeny plasmid revealed @idt

PdG and PdG strongly block DNA synthesis and that both adducts induced base substitutions-with G
T transversions predominating. Primer extension studies, catalyzed by-#i éonuclease-deficient
Klenow fragment oEscherichia colpol |, revealed limited extension from thé@&imer termini opposite
these two adducts. In contrast;OH-PdG did not strongly block DNA synthesis or miscode in XPA
cells. Primer extension from a dC terminus oppogiteH-PdG was much more efficient than that opposite
0o-OH-PdG or PdG. These results indicate that the min@H-PdG adduct is more genotoxic than the
majory-OH-PdG. Furthermore, experiments using a HeLa whole cell extract indicate that all three DNA
adducts are not efficiently removed from DNA by base excision repair.

Acrolein, the simplest member of am,3-unsaturated oH O 0
aldehyde family, is found widely in the environmeri).( N N N N
Acrolein initiates urinary bladder carcinogenesis in r&s ( (\):i\> JE\J:I'?
and is mutagenic in bacteria, @) and cultured cells¥—7). N~ N N\ LN
Acrolein reacts with dG residues in DNA to form two pairs H drR H dR
of stereoisomeric exocyclic propano adducts (Figure 1): the -OH-PdG 0-OH-PdG
R andSisomers of B-8-hydroxy-3--p-2'-deoxyribofura-
nosyl)-5,6,7,8-tetrahydropyrido[3&purin-9-one {-OH- o Q \
PdG} and theR andSisomers of B1-6-hydroxy-3-(3-p-2'- N N HO_ OH N)I N
deoxyribofuranosyl)-5,6,7,8-tetrahydropyrido[&purin-9- E\):j[,? H></\N/kn | N>
one @-OH-PdG).y-OH-PdG predominates overOH-PdG N N\ h \dR
(1, 8, 9). These adducts have also been detected in DNA H dR

isolated from human and animal tissué, (10). Lipid PdG Ring-opened form of y-OH-PdG
perox'dat_'on is suspected to be the major endogenous SOUrC&5ure 1: Structures of acrolein-derived exocyclic dG adducts and
of acrolein ). their model adduct, PdG.

The exocyclic ring of PdG adducts prevents normal
Watson-Crick base pairing and may result in DNA synthesis and cancer. Studies of theOH-PdG adduct unexpectedly
block and miscoding during translesion synthesis. As a result, revealed a high-fidelity translesion DNA synthesisEs-
these adducts could contribute to spontaneous mutagenesigherichia coli(11, 12) and human cells1@) and a much
in mammalian cells and may play a significant role in aging Weaker blocking effect on DNA synthesis tharN2(1,3-
propano)-2deoxyguanosine (PdG14), a synthetic struc-

Thi . red by U.S. Public Health Service Grant tural analogue (Figure 1) that has been studied extensively
is work was supported by U.S. Public Heal ervice Grants ; -
CA76163 and CAA7995. as their model adduct (e.g., ref§—20). A recent structural

* Corresponding author. Phone: 631-444-3082. Fax: 631-444-7641. Study @1) has revealed that the exocyclic ring pfOH-

E-mail: maki@pharm.sunysb.edu. PdG opens in duplex DNA (Figure 1) when paired to dC,
zE%%‘:ﬁ;?%f&%‘ﬁ;ﬂgg'cEl'g’g"?gg’l- Sciences permitting the pairing bases to assume the normal Watson
1 Abbreviations: a-OH-PdG,S andR isomers of Bi-6-hydroxy-3- Crick conformation. This structure, which leaves the ad-
(5-p-2'-deoxyribofuranosyl)-5,6,7,8-tetrahydropyrido[3fpurin-9- ducted moiety lying in the minor groove, is consistent with
one);bsd blasticidin S-resistance genelA, 1N>-ethenodeoxyadeno-  the marginal miscoding events and the weak blocking effect
sine; y-OH-PdG, S and R isomers of B8-8-hydroxy-3-(3-p-2'- observed fory-OH-PdG.

deoxyribofuranosyl)-5,6,7,8-tetrahydropyrido[&purin-9-one; PdG, L N
1,N2-(1,3-propano)-2deoxyguanosine; XPA, xeroderma pigmentosum ~Acrolein induces G~ T and G— A substitutions when

complementation group A. plasmid DNA modified randomly with this chemical is

10.1021/bi0264723 CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/22/2002



Mutagenesis by Acrolein DNA Adducts in Human Cells Biochemistry, Vol. 41, No. 46, 20023827

AcO % HO o] 0
AcO (0]
AcO
c \)\/\)N\)EEN\> Aco\/l\/\N Z N\ HO\)\/\N/ | N\> J\/\N)JIN\>
Me,NCHN SN7 N 1 PS | > 2 N SN N } HO NAN N
DMTO EE—— Me,NCHN” N7 N ———> > — MO
0 DMT~ o Mo 0 0 o
o 0,
| 0, o sy
)\ N~ P\O/\/CN Resin ™
I II )14

Ficure 2: Incorporation ofx-OH-PdG into oligonucleotide. (1) The dimethoxytrityl- (DMT-) capped phosphoramidite of 1-(3,4-diacetylbutyl)-
N2-(dimethylaminomethylene)-d@ )(is used in automated DNA synthesis to incorporate the precursoi@ifl-PdG. (2) The synthesized
oligonucleotide is deprotected and cleaved from a glass support in 28% ammonia. The DMT cap is removed by 80% acetic acid. (3) The
oligonucleotide containing the 1-(3,4-dihydroxybutyl)-dG moidty) (s treated with 100 mM sodium periodate in 0.5 M sodium acetate
buffer, pH 6.0, for 5 min at room temperature to gene®H-PdG (Il ).

replicated in human cells7). The present study was PdG by comparing with authente-OH-PdG, which was
undertaken to determine the relative contribution of the minor synthesized as described previoushg)(
adduct,a-OH-PdG, to the genotoxicity of acrolein. Using a For in vitro primer extension studies, 28-mer templates,
site-specifically placed single adduct, we compared in parallel 5 CTGCTCCTCXATACCT ACACGCTAGAAC (the se-
the genotoxicity ofa-OH-PdG, y-OH-PdG, and PdG in  quence in bold corresponds to that used in studies in human
human cells and also by in vitro primer extension studies. cells), and primers,’&SSTTCTAGCGTGTAGGTATN (primer

1) and 5GTTCTAGCGTGTAGGTATCG (primer 2), were
MATERIALS AND METHODS used; X represents d@;OH-PdG,y-OH-PdG, or PdG and

N in primer 1 is dA, dG, dC, or dT. For studies of base

OligonucleotidesA 13-mer, 58 CTCCTCXATACCT, in  €xcision repair, 25-mers,’ $ACCTGCTCCTCXATAC-

which X represents a modified base, was used for studies inCT CCACGG and its complementary oligonucleotide, were
human cells. General procedures for the synthesis, purifica-Used; X represents-OH-PdG, y-OH-PdG, PdG, or N°-
tion, and characterization of site-specifically modified oligo- €thenodeoxyadenosined). All modified and unmodified
nucleotides were described previousii,(14, 22). a-OH- oligonucleotides were purified by electrophoresis in denatur-

PdG was incorporated into oligonucleotides according to the "9 20% polyacrylamide gel. All purified oligonucleotides

method of Huang et al. (submitted for publication), and the migralllted_ as a single banfd in the gel. _
strategy is shown schematically in Figure 2. In brief, 1-(3,4-  Cell Lines.SV40-transformed xeroderma pigmentosum

diacetylbutyl)N2-(dimethylaminomethylene)-dG was incor- cOmMplementation group A cells (XPA) (GM04429) were

; - btained from Coriell Institute (Camden, NJ). HelLa cells

orated by automated DNA synthesis using standard phos-° . . ™
Ehoramidi)t/e chemistry (Figureyz step 1) Tr?e coupling Ft)ime were obtained from the Stony Brook tissue culture facility.
for the modified base was 5 ,min yiélding a coupling Both cell lines were demonstrated to be free of mycoplasma.
efficiency of 99.0%. Dimethoxytrityl-capped oligonucleotides Cells were cultur'ed n Dulbeccog modified Eaglg 'm.ed|um
were purified on a Luna 5m Phenyl-Hexyl (250« 10 mm) supplemented with 10% fetal bovine serum, penicillin (100

- o o

column (Phenomenex, Torrance, CA) at a flow rate of 4 mL/ H gllsrglg;, g(ig;enptgzggilp ,g\ls%&g//\ml(_))leatcz g)l;}:cfscv%re

s ; 0 o o
mIrl.ri':\tk?;r/?;rlner?lto?]];ulnir:Zift;?tt())gflg:e g\lqer6385 rr\1,\|/r;sln L?Sé g prepared from HelLa cells according to a published method

dimethoxytrityl-decapped oligonucleotides were purified with (25). §-**P-labeled modified 25-mer and ts complementary
. 25-mer were hybridized by heating at P€ for 5 min
a gradient of 8-:20% acetonitrile over 40 miru-OH-PdG y y g

_ : X ., followed by slow cooling and used as a substrate for a base
was generated postsynthetically by treating oligonucleotides o, .ision reaction. The reaction mixture (6Q) containing

containing the 1-(3,4-dihydroxybutyl)-dG moiety with 100 >4 M Tris-HCI, pH 8, 1 mM EDTA, 1 mM dithiothreitol,
mM sodium periodate in 0.5 M sodium acetate buffer, pH 50 mm KCl, 1.5 pmol of DNA substrate, and 6@ of crude

6.0, for 5 min at room temperaturéd) (Figure 2, step 3).  ce|| extract protein was incubated at 3T for 30 min
Final HPLC purification was performed under conditions fqjiowed by treatment with 2@g of proteinase K at 37C
described for the purification of decapped oligonucleotides. for 1 h in the presence of 0.5% SDS. The mixture was
A single peak was observed at a retention time-dfl min,  extracted with phenol/chloroform and the DNA precipitated
and the mass of this fraction was determined by electrospraywith ethanol. DNA was dissolved in/2 of H,0, 10uL of
ionization mass spectrometry. The observad value for 10 mM NaOH-95% formamide was added, and then the
the 13-mer was 3900.2% 0.73; the theoretical value is  sample was heated at 9C for 3 min. Following electro-
3901.5, and that for the precursor 13-mer is 3933.5. The phoresis in denaturing 20% polyacrylamide gel, radioactive
oligonucleotide was subjected to further purification in bands were detected by a Phosphorimager (Molecular
denaturing 20% polyacrylamide gel and formed a single band Dynamics).

in the gel following purification. The purified oligomer was Genotoxic Studies in Human Cell§he shuttle vector,
treated with nuclease P1, snake venom phosphodiesterasqgBTE, has been describedld). This vector is stably
and bacterial alkaline phosphatagd)( HPLC analysis of maintained in human cells and confers blasticidin S resistance
the nucleoside mixture confirmed the presencexre®H- to host human anH. colicells. Expression of the blasticidin
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Table 1: Coding Events Induced by Exocyclic Propano-dG Adducts in XPA Cells

no. of no. of plasmid
blasticidin-resistant colonies/ (DNA adduct— G, T, A, or C) miscoding
ug of construct DNA adduct G T A C frequency (%)
1.7x 1P dG 236 0 0 0 <0.43
11x 1% y-OH-PdG 278 0 0 0 <0.36
6.6 x 10¢ a-OH-Pd@& 242 24 4 4 12.5
5.2x 10¢ o-OH-Pd& 242 17 4 7 10.4
3x 1044 x 104 10x 10* Pd@ 454 17 2 3 4.6

2 The results of two independent experiments are shown separaizdya from three independent experiments were combined since the results
were similar. The numbers of blasticidin-resistant cells per transfection are shown individually in the left-most column.
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Ficure 3: Construction of plasmid DNA containing a single adduct.
(1) EcoRV digestion of pBTE. (2) Ligation of a duplex 13-mer
containing aSnal site (8 TACGTA). (3) Preparation of single-
stranded DNA. (4) Preparation of gapped DNA. (5) Ligation of
the modified 13-mer, in which X represents a DNA adduct. Note
three contiguous base mismatches (highlighted) instheBl site.

resistance gend¢d is driven by the SV40 early promoter
in human cells and the EM7 bacterial promoterGncoli.

. SnaB |
PAGGTACGTAGGAG
TCCATGCATCCTCp

excision repair events are sensitivesioeB| digestion while
those derived from translesion synthesis are not. Hence,
progeny derived from translesion synthesis are collected
selectively by digesting witlsnaBl prior to transformation

of E. coli for fidelity analysis.

Human XPA cells were plated at & 10° cells/25 cm
flask, cultured overnight, and then transfected overnight,
using FUGENE 6 transfection reagent (Roche), witlglof
a DNA construct. Cells were detached by treating with
trypsin—EDTA. Ninety-nine percent of the transfected cells
were plated in a 150 chrflask and 1% seeded on a 10 cm
plate. The following day blasticidin S (Invitrogen) was added
to the culture medium at xg/mL. Resistant cells were
collected after 5 or 6 days. Progeny plasmid was purified
by the method of Hirt27) and treated witDpnl (2 units)
for 1 h toremove residual input DNA. The plate containing
1% of the cells was incubated in the presence of blasticidin
S for 8-10 days and stained with Giemsa to count resistant
colonies. The results are included in Table 1.

To determine the efficiency of translesion DNA synthesis,
the Dpnl-treated plasmid was used to transfoEncoli. To
determine coding events at the site of a DNA addDginl-
treated plasmid was digested wiimaB| prior to transforma-
tion. One-tenth to one-fifth of the recovered plasmid was
electroporated intde. coli DH10B ElectroMAX (25ulL)
(Invitrogen), after which 97%L of YT (2x) medium (1)
was added, and the bacteria were cultured for 40 min at 37
°C. Portions of the transformation mixture were plated onto
YT (1x) plates containing blasticidin S (5@g/mL) and
ampicillin (100ug/mL). After overnight incubatiort. coli
transformants were subjected to differential oligonucleotide
hybridization @8, 29) to analyze for mutations in the
adducted region. This method permits detection of specific
sequences using oligonucleotide probes. G, T, A, C, and D
probes (Figure 4) detect coding specificity at the site of the
DNA adduct. The S probe hybridizes to the complementary
SnalI-containing strand. L and R probes confirm the
presence of the 13-mer insert. Automated DNA sequence
analysis was performed as necessary.

In Vitro Primer Extension StudieExonuclease-deficient
Klenow fragment was purified as describe’D); In vitro

The construction of double-stranded plasmid containing primer extension reactions were conducted as described
a site-specific DNA adduct has been described previously earlier (L1) with a slight modification. In brief, 5%2P-labeled
(26) and is shown schematically in Figure 3. The adduct was primer and 28-mer template were mixed at a molar ratio of
incorporated into the leading strand template. An important 1:2, heated in an annealing buffer (10 mM Tris-HCI, pH
feature of this construct is that the adduct is located opposite7.5, 1 mM EDTA, and 100 mM NacCl) at 7TC for 5 min,

a uniqueSnal site (3 TACGTA) with a mismatch on both

annealed by slow cooling, and then kept at°&7for 3 h.

sides of the adduct (Figure 3); thus, only the unmodified The reaction mixture (1@L) contained 50 mM Tris-HClI,

complementary strand contains ti8naBl site. Progeny
plasmids derived from the unmodified strand or from

pH 7.4, 5 mM MgC}, 100 nM primer/template, 102M
dNTP, and 6-33.8 nM Klenow fragment. The reaction was
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S SnaBI edA 0-OH-PdG 7-OH-PdG PdG
5/ ~CGGTACCAGCGATAGGTACGTAGGAGATCGCTTGCAGGGATCC~
3’/~GCCATGGTCGCTA L R TAGCGAACGTCCCTAGG~
TCCATIZRETCCTC
TATCCATAGCTCCTCTA 5’

CTATCCATATCTCCTCTA

CTATCCATAACTCCTCTA 00 ese o
TATCCATACCTCCTCTA

CTATCCATAACTCCTCTA

Ficure 4: Nucleotide sequence surrounding a DNA adduct and

probes used for oligonucleotide hybridization. L and R probes

(underlined) were used to identify progeny containing the 13-mer

insert. Probe S (overscored) hybridizes to the unmodified comple- - -

mentary strand. Probes G, T, A, C, and D were used to determine 12 mer

the base at the site of the DNA adduct (X). Three mismatches are - - c. Base excision 0fi-OH-PdG y-OH-PdG, PdG anddA

g%mlgk&tde&:he uniquénzBl restriction site is located opposite a with HelLa cell extract. A 5%2P-labeled modified 25-mer was

annealed to the complementary 25-mer and then incubated with
) HelLa whole cell extract as described in the text. Oligonucleotides
conducted at room temperature for 30 min and stopped bywere precipitated with ethanol following proteinase K treatment
addition of 10uL of formamide dye mixture (90% forma-  and phenol extraction, treated with 10 mM Na©86% formamide
mide, 0.1% xylene cyanol, 0.1% bromophenol blue, 20 mM at 90°C for 3 min, and subjected to electrophoresis in denaturing
EDTA). Samples were heated at 86 for 5 min, and ali- 20% polyacrylamide gel. Radioactive bands were detected by a

B - . Phosphorlmager. Lanes: M, 12-mer marker; 1, duplex 25-mer
quots (2.5uL) were subjected to electrophoresis in denaturing without cell extract treatment; 2, duplex 25-mer with cell extract

20% polyacrylamide gel. The intensity of radioactive bands treatment; 3, same as lane 2 but the duplex contained three base
was quantified by a Phosphorimager and ImageQuantmismatches as shown in Figure 3.
software (Molecular Dynamics).

M 1 2 123 1 2 12

25 mer

OarAaa

%
60

RESULTS

50
To determine the genotoxic properties of the two naturally

occurring PdG adducts derived from acrolein, we synthesized 40

oligonucleotides containing-OH-PdG,y-OH-PdG, and the £ 30

model adduct PdG. These modified oligonucleotides were 2

used to conduct in vitro DNA repair and primer extension )

studies and in vivo genotoxic studies in human cells. 10 - .
Base Excision Repair af- and y-OH-PdG and PdGTo 0 : : :

examine the removal af- andy-OH-PdG by base excision dG  ¥OH-PdG 0-OH-PdG  PdG

repair, a radiolabeled duplex 25-mer containing a site- FIGURE 6: Translesion synthesis efficiency in human XPA cells.

specifically placed adduct was treated with a Hela cell Progeny plasmid was recovered from transfected cells, digested with

; . . Dpnl, and used to transforri. coli. E. coli transformants were
extract (Figure 5). When a DNA adduct is excised by DNA - popidized with probes shown in Figure 4 to determine the strand

glycosylase, a radioactive 12-mer is generated following from which progeny was generated. The results are averages of
treatment of the reaction product with NaOH, which cleaves two independent transfection experiments. The ordin#tax(s)
the modified 25-mer at an abasic site generated by DNA shows the percent of progeny derived from the modified strand.
glycosylase. Incubation of duplex 25-mer containic@®H- )
PdG,y-OH-PdG, or PdG with the extract failed to generate "epair (L1, 16). As noted above, the three adducts are not
12-mer (Figure 5, lane 2). Similarly, DNA glycosylase removed by base excision repair. Therefore, it is expected
activity was not detected when the 25-mer containirQH- that these adducts are not removed in XPA cells and that
PdG was paired with a complementary strand containing thethe ratio of progeny derived from each strand should
same three mismatches as in the plasmid construct (lane 3)represent the relative degree of DNA synthesis block by any
When duplex 25-mer containirglA was used as a substrate, given adduct. In our construct, a DNA adduct was embedded
the treatment generated a radioactive band comigrating within a mismatched region, serving as a strand-specific tag.
standard 12-mer (532P-GACCTGCTCCTC) (lane M),  When unmodified (dG), mismatch-containing plasmid was
reflecting excision ofedA by a DNA glycosylase. These replicated in XPA cells, the ratio of progeny plasmid derived
results suggest that base excision repair does not efficientlyfrom each strand, as detected by the S and G probes,
removeo-OH-PdG,y-OH-PdG, or PdG from DNA in human  respectively, was approximately 50:50 (Figure 6), indicating
cells. equal replication of the two strands. When modified,
Lanes 1 and 2 fop-OH-PdG show a band that migrates mismatch-containing plasmid was used, the ratio favored
much more slowly than the 25-mer. This band may representprogeny derived from the unmodified strand, indicating that
an interstrand cross-linked product since DNA containing DNA synthesis is blocked by the adduct. Fractions (average
y-OH-PdG in a 5CpG sequence context has been shown of two experiments) of progeny derived from the modified
to form an interstrand cross-link with dG in the comple- strand were 52%, 40%, 9%, and 11% for dGOH-PdG,
mentary strand3l). o-OH-PdG, and PdG, respectively, demonstratingth@t-
Blocking of DNA Synthesis in Human CelRdG and PdG is much less blocking thai-OH-PdG and PdG. On
y-OH-PdG are shown to be substrates for nucleotide excisionthe basis of these results, translesion synthesis efficiencies

Fraction of plasmid derived
from modified strand
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calculated for the’-OH-PdG,0-OH-PdG, and PdG adducts A ——Crrnnnnn >
are 77%, 17%, and 21%, respectively.

Miscoding Events in Human Cellgridelity of translesion

synthesis was determined in XPA cells. Recovered plasmid g . «— 28 mer
was digested wittlDpnl and Snal prior to transformation -
of E. coli. Transformants were selected on blasticidin S and -

ampicillin-containing plates and hybridized to G, T, A, C,

and D probes to establish which base had been incorporated SOBINS <« X, Primer

opposite the adducy-OH-PdG coded exclusively for dG .
in XPA cells: the miscoding frequency wa.36% (Table —] 7] ] Enzyme
1), consistent with previous result41-13). The model X= dG PdG  yOH-PdG a-OH-PAG

adduct, PdG, was associated with a miscoding frequency of
4.6% (average of three experiments) with PaGT being

the dominant miscoding eventi-OH-PdG miscoded at B  —
frequencies of 10.4% and 12.5% in two independent experi-

ments witha-OH-PdG— T being predominant. The mis- g
coding frequency otr-OH-PdG was approximately 2-fold

higher than for PdG. G- A and G— C base substitutions

were also observed for both adducts.

Primer Extension Studieblaving shown that--OH-PdG - ]
and PdG are more blocking and miscoding thra@H-PdG, ‘w X, Primer
the primer extension approach was employed to further
characterize the blocking effects of these adducts. Since
incorporation of dCMP is the major translesional synthesis X= PdG  1-OH-PdG ©-OH-PdG
event in human cells for all adducts, this study focused on
extension from a dCMP terminus. We first compared primer
extension from a'3dC terminus (primer 1) located opposite € ——x¢
a DNA adduct (Figure 7A). This experiment, using varying
amounts of Klenow enzyme, showed that primer extension
was most efficient on the-OH-PdG-containing 28-mer
template; fully extended primer accounted for 57%, 8%, and
5% with the y-OH-PdG, a-OH-PdG, and PdG templates,
respectively, when 33.8 nM enzyme was used. A 29-mer

» «— 28 mer

N=CAGT CAGT CAGT

- -2 .eal®

=% 28 mer

----- SRe8E" sesanrn LT

; . . i

product also was produced by the terminal deoxynucleotidyl il :""""

transferase activity of Kl_e_now_enzyme. . — — — Enzyme
We also compared efficiencies of extension from each of y _ 44 PAG  1OH-PAG 0-OH-PdG

thg four dN-MP termini using 2.11 nM- enzyme (Figure 78B). FIGURE 7: In vitro primer extension catalyzed by exonuclease-
Thls_experlment showeql that the primer with dC at the 3 deficient Klenow fragment. 28-mer templates were primed with
terminus was more readily extended on the 28-mer templateprimer 1 (A and B) or primer 2 (C). X represents the position of a
containingy-OH-PdG while extension from the comparable DNA adduct. Enzyme concentrations were 0, 0.13, 0.53, 2.11, 8.45,
dA, dG, and dT termini was inefficient. For tlheOH-PdG- and 33.8 nM (from left to right) for each adduct in (A) and (C).
containing template, extension from the dT terminus was 1h€ enzyme concentration was 2.11 nM for all lanes ip [Bie
2. . annealing reaction was conducted by slow cooling following heating
more .e_ff|C|ent than from dA ar_1d_dC termini. The PdG- at 70°C for 5 min and then kept at 37C for 3 h. The extension
containing template showed a similar tendency witOH- reaction was performed for 30 min at room temperature in a volume
PdG with a greatly reduced efficiency of extension. When of 10uL. A portion was subjected to electrophoresis in denaturing
primer 2 was used, extension from the dG terminus was 20% polyacrylamide gel.
relatively efficient for all modified templates (Figure 7C).
Primer extension on the-OH-PdG-containing template was
most efficient with full-length products observed at the lowest
concentration (0.13 nM) of enzyme. When theOH-PdG
and PdG templates were used, full-length products were
obtained with 2.11 nM enzyme. Overall, these studies
indicate thain-OH-PdG and PdG are much more inhibitory
thany-OH-PdG to extension from thé 8C terminus located
opposite the adduct.

miscoding than the major addugt;OH-PdG. Miscoding
events were not detected withOH-PdG in XPA cells (Table
1), consistent with previous result§1-13). a-OH-PdG
miscodes more frequently than PdG, inducing base substitu-
tions with G— T transversions being predominant. In a
recent study with plasmid modified randomly with acrolein,
G-C — T-A transversions were most commonly observed
followed by GC — A-T transitions 7). The results of the
present study suggest that the minmiOH-PdG adduct
DISCUSSION contributes significantly to the mutagenesis by acrolein.
Acrolein also forms intra- and interstrand dG-dG cross-links
In this study, we have compared the genotoxicity of the (7, 31); such lesions may also contribute to the mutagenicity.
authentic acrolein-derived major and minor dG adducts with  The exocyclic ring ofy-OH-PdG opens when paired to
that of the model adduct, PdG. In human cells, the minor dC, enabling this adduct to form a conventional Watson
adduct,o-OH-PdG, and PdG were much more blocking and Crick base pair 21). The acrolein-derived moiety, linked
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through theN? position of dG, lies in the minor groove). umol/mol of guanines. They also found that oxidative stress,
This structure may explain the efficient (Figure 6) and enhanced levels of lipid peroxidation, decreased levels of
accurate (Table 1) translesion DNA synthesis observed for glutathione, and smoking markedly increase tissue levels of
y-OH-PdG as well as the relatively facile extension from a propano-dG adductsl). Although theoa-OH-PdG adduct
dC terminus in primer extension in vitro (Figure 7). In the constitutes a minor fraction of the total endogenous DNA
case of the malondialdehyde-derived exocyclic propeno-dG damage, it is possible that this adduct contributes to the
adduct, ring opening is thought to be catalyzed by 88).( mutagenic burden at a significant level in human cells under
Sincey-OH-PdG paired to dG in our mismatched plasmid conditions of stress.
construct (Figure 3), the ring opening may occur when a
DNA polymerase catalyzes the insertion of dCMP opposite ACKNOWLEDGMENT
the adduct, followed by the formation of a stable Watson
Crick pair. This mechanism may not operate deOH-PdG
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