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Abstract

Benzene is a human leukemia carcinogen, resulting from its cellular metabolism. A major benzene metabadite axjuinone (pBQ), which
can damage DNA by forming the exocyclic base adducts pBQ-dC, pBQ-dA, and pBQ-dG in vitro. To gain insights into the role of pBQ in benzer
genotoxicity, we examined in vitro translesion synthesis and in vivo mutagenesis of these pBQ adducts. Purified RE\Klvesic: leskentially
incapable of translesion synthesis in response to the pBQ adducts. Opposite pBQ-dA and pBQ-dC, purified humaarcRpéble of error-prone
nucleotide insertion, but was unable to perform extension synthesis. Error-prone translesion synthesis was observed MitveRer, DNA
synthesis largely stopped opposite the lesion. Consistent with in vitro results, replication of site-specifically damaged plasmids wasétitatgly in
by pBQ adducts in yeast cells, which depended on both &ud Poh. In wild-type cells, the majority of translesion products were deletions at
the site of damage, accounting for 91%, 90%, and 76% for pBQ-dA, pBQ-dG, and pBQ-dC, respectively. These results show that the pBQ-
pBQ-dA, and pBQ-dG adducts are strong blocking lesions, and are highly mutagenic by predominantly inducing deletion mutations. These res
are consistent with the lesion structures predicted by molecular dynamics simulation. Our results led to the following model. Translesisn synthe
normally occurs by directly copying the lesion site through base insertion and extension synthesis. When the lesion becomes incompatibl
accommodating a base opposite the lesion in DNA, translesion synthesis occurs by a less efficient lesion loop-out mechanism, resulting in avoi
copying the damaged base and leading to deletion.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction human cell§10-12] suggesting that pBQ may contribute to
the observed mutagenicity of benzdt8,14] However, DNA
Benzene is widely used in industry and is a common enviadducts are not readily detected following benzene exp§8lre
ronmental pollutant found in automobile exhaust and cigarettdhus, the precise mechanism of benzene-mediated carcinogen-
smoke. Its toxicity was recognized long ago from studies ofesis remains unknown.
exposed human populatiofly. Benzene is toxic to bone mar-  Several hypotheses have been proposed to account for
row and is a leukemia carcinogen (leukemogen) for humanthe genotoxicity of benzene metabolitEy. One hypothesis
[1,2]. In rodents, benzene is a carcinogen in multiple tisf?les  involves formation of benzene DNA adducts and subsequent
Benzene itself is a stable compound. Its metabolism in cellanutagenesis induced by these lesions. Thus, understanding
however, yields toxic metabolites. A major metabolite of ben-the mutagenic properties of pBQ-dC, pBQ-dA, and pBQ-dG
zene ip-benzoquinone (pBQ3B,4]. Invitro, pBQisabletoform  could yield important insights into understanding the role of
exocyclic adducts on DNA bases C, A, and%5-9]. Further- pBQ in benzene-induced carcinogenesis. In cells, error-prone
more, induced mutagenesis was observed following transfectiamanslesion synthesis is the major mechanism of base damage-
of pBQ-damaged shuttle vector plasmid into cultured mouse anshduced mutagenesis. Translesion synthesis is the cellular pro-
cess that directly copies damaged sites of the template during
DNA synthesis. It consists of nucleotide insertion opposite the
* Corresponding author. Tel.: +1 859 323 5784; fax: +1 859 323 1059. lesion and extension synthesis from opposite the lesion. Recent
E-mail address: zwang@uky.edu (Z. Wang). studies indicate that Ppland the Y family polymerases are
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important translesion polymerases in eukaryotes (reviewed itev3 deletion mutant), and BY474drev3Arad30 ¢ev3 rad30 double deletion
Refs.[15-19). In the yeass. cerevisiae, the Y family consists ~ mutant). BY4741 was purchased from ATCC (Manassas, VA). BY 474130
of Pon and Revi20], Mammals contain o acliional mem- (2478 P21 s P 1o Resee Coreies (e, 1)
bers of the Y family polymerases: Roand Pol [15,20] previously deséribe{ﬂg]. )

Translesion synthesis can be error-free or error-prone,
depending on the specific type of DNA damage and the specific
translesion polymerasgi6]. Error-free translesion synthesis 2-3. Computer modeling of pBQ-dA and pBQ-dG by molecular

suppresses mutagenesis, and thus preventing carcinogenesis?ggmics simulation

in the case of F’@i response to UV-induced TT d|me[|21,22]. The pBQ-dA and pBQ-dG adducts were placed opposite T and C bases,

In contrast, error-prone translesion synthesis results in Mut@aspectively, in the 25-mer duplexes. The force field parameters for the pBQ-dA
genesis, and thus promoting carcinogenesis. If a DNA lesiond pBQ-dG adducts were obtained using quantum mechanical calculations as
is efficiently bypassed in cells by error-free translesion synthepreviously describef#1,42] Prior to unrestrained molecular dynamics simula-
sis, this lesion is unIiker to make a significant contribution totion. potential energy minimization was used to eliminate direct steric overlaps
etween the adduct and the opposite base. Two different starting structures with

carcinogenesis. Thus, StUdymg translesion SyntheSIS ofa Spt e adducts displaced toward® 3 ends, respectively, were used as initial struc-

cific type of DNA damage would help assess its potential rOIQUresinthesimulations.AtotaI of 200 ps of equilibration and 2 ns of unrestrained
in genotoxicity. Pd] is believed to be important in catalyzing molecular dynamics were carried out on each of four systems. Equilibration and
extension synthesis from opposite the le§R8+-25] Itmay also  production runs were performed using explicit solvent with the TIP3P waters
be involved in nucleotide insertion opposite some lesj@as. and 12A Lennard—Jones interaction distance cutoff according to the previously

P . _reported procedurg41,42] All calculations were performed with SANDER
Poky, Pol, and Pak are capable of nucleotide insertions oppo_ module of AMBER 7.0 (Case et al., 2002, AMBER 7, University of Califor-

site many different types of DNA lesions. Extension synthesqia, San Francisco, CA}3]. The CARNAL and ANAL modules of AMBER

from opposite certain types of lesions may also involvenRwid 7 were used to analyze the trajectories for features including root mean square

Polk [26—29] Revl is uniqgue in that it is a template-dependentdeviations values, interatomic distances, and energies. All calculations were

dCMP transferase in response to several types of DNA lesionrerformed using Silicon Graphics Origin 200 server interfaced with the dual
" . TR processor Octane workstation.

[30-32] In addition to its dCMP transferase activity, it is gen-

erally believed that REV1 plays another non-catalytic function

in translesion synthes[83,34] It appears that there is no gen- 2.4. In vitro translesion synthesis assays

eral rule as to what translesion polymerase is specific to what

type of DNA damage. To understand translesion synthesis and A standard DNA polymerase reaction mixture (il contained 25 mM

. . . . . 2PO; (pH 7.0), 5mM MgCh, 5mM dithiothreitol, 10Qug/ml bovine
mutagenesis requires experimental determination case by Ca%&tum albumin, 10% glycerol, 50M of dNTPs (dATP, dCTP, dTTP, and

_ To better _UnderStar_]d a potential rol_e of pBQ in _benzenedGTP individually or together as indicated), 50 fmol of an indicated DNA
induced carcinogenesis, we have examined translesion synth&mstrate containing #P-labeled primer, and a purified DNA polymerase
sis and mutagenesis of site-specific pBQ-dC, pBQ-dA, ands indicated. After incubation at 3C for 10min, reactions were termi-
pBQ-dG adducts. In this report, we show that (i) the pBQ-dC hated V‘ﬂ‘h 7f|*'b‘|’f a S‘%posgg‘;/'on EZO mM EDSA’T ﬁ5% forram'deé °-t°5%

_ _ . . romopneno ue, an . 0 Xylene Cyanol). € reaction products were
pBQ dA, and pBQ dG eXOCyCII(_: adducts "_:lre strong blogkmg?esolved on a 20% polyacrylamide gel containing 8 M urea and visualized by
lesions and (ii) these pBQ lesions are highly mutagenic bBéutoradiography.
predominantly inducing deletion mutations in yeast cells. In
addition, computational modeling was used to provide a pos-

sible rationale for the unusual mutagenic property of the pBQZ.SA Kinetic analysis of in vitro translesion synthesis

lesions. Kinetic analysis of in vitro translesion synthesis was performed as pre-
viously described37,44] Briefly, the assays were performed using 50 fmol
2. Materials and methods of a primed DNA template, 2 ng of purified human Rar 19 ng of purified
human Pa), and increasing concentrations of each dNTP (dATP, dCTP, dTTP,
2.1. Materials or dGTP). The dNTP concentrations used for.Pmdsays were 3—10QM

dATP, dGTP, dCTP, or dTTP. The dNTP concentrations used foij Redays
. . . . were 0.1-30@M dATP, 0.3-30Q.M dGTP, 3—-100QwM dCTP and dTTP for
T4 DNA ligase, the T4 gene 32 protein, T4 polynucleotide kinase, andeQ—dA; 0.3-30Qu:M dGTP, 3-100G:M dCTP, 1-1006M dATP and dTTP

yeast Pol were obtained from Enzymax (Lexington, KY). Human Rol ]
Pok, Pok, REV1, and yeast Revl were purified as previously describedfor PBQ-dG; 0.1-30p.M dATP and dCTP, 1-30QM dGTP, 1-100Q:M

i 32p._ ;

[32,35-38] Oligonucleotides (25mer) containing a site-specific pBQ-dC, dTTP for pBQ-dC. A 5 ) P Iabled_ prlr/ner was a_nne_aled_to the damaged
PBQ-dA, or pBQ-dG were prepared by automated DNA phosphoramiditezs'mer DNA template with the primer’ &nd terminating right before the
methods as previously describg®39]. The oligonucleotide sequence is 5 Iespn. After |ncub.a‘t|0n for 10_m|n at 3 under standard translesion syn- .
CCGCTAGEGGGTACCGAGCTCGAAT-3 in which the pBQ-dA, pBQ-dG thesis assay condl_tlons, reaction products were sepgrated by electr_ophore5|s
and pBQ-dC lesion sites are indicated by the underlined A, G, and C respeé)-.n a 20% dgnaturmg‘polyacrylamlde gel gnd quanntateq by scanning den-
tively. Undamaged DNA oligonucleotides were synthesized by Integrated DNAs!tometry using the SigmaGel sqftware (Sigma, St. Lous, .MO) for analy-
Technologies (Coralville, IA). sis. The observed enzyme velocity) (was plotted as a function of dNTP

' concentration. The plotted data were fitted by a non-linear regression curve
to the Michaelis—Menton equation= (Vimax x [ANTP])/(Km + [dNTP]), using
2.2. Yeast strains the SigmaPlot softwareVmax and K, values for the incorporation of the

correct and the incorrect nucleotides were obtained from the fitted curves.
Yeast strains used are the wild-type BY474WA(u his3 leu2 metl5 Relative misinsertion frequencyfit) was calculated from the equation:
ura3) and its isogenic BY4744rad30 ¢ad30 deletion mutant), BY474rev3  finc = (Vmax/Km)incorrec! (Vmax/Km)correct
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2.6. Construction of plasmids containing a site-specific pBQ-dC,
pBQ-dA, or pBQ-dG

Plasmids containing a site-specific pBQ adduct were constructed by
Enzymax as previously describd@9]. Briefly, single-stranded phagemid
pELUfl vector was annealed to a 20-mer DNA oligonucleotidé; 5
GTGCCCTCCATGGAAAAATC-3, at its unique Ncol restriction site
within the URA3 gene, and digested with th¥col restriction endonu-
clease. Then, the linearized pELUfl was annealed with a 54-mer DNA
scaffold, 3-CTGUGCCCUCCAUGATUCGAGCUCGGTAUCCGCUAGCG-
GGAAAAAUCAGTCAAG-3’, and a 5phosphorylated 25-mer oligonu- o
cleotide containing a site-specific pBQ adduct. While the mid region of the p-Benzoquinone
scaffold is complementary to the damaged oligonucleotide, its ends are comple-
mentary to the single-stranded pELUf1 ends. Ligation of the damaged oligonu-
cleotide into the pELUf1 vector was performed with T4 DNA ligase at@@éor
20 h, and DNA was precipitated in ethanol. Finally, the complementary strand of
pELUf1 was synthesized with T4 DNA polymerase in the presence of T4 gene
32 protein and 0.5 mM each of dATP, dCTP, dGTP, and dUTP, using the scaffold HO
as the primer. The resulting construct was a double-stranded plasmid containing
a site-specific pBQ adduct, in which the undamaged strand contained U in place
of T. Formation of double-stranded plasmid pELUf1-PBQ was confirmed by H
electrophoresis on a 1% agarose gel.

2.7. Invivo translesion synthesis assays in yeast pBQ-dG pBQ-dC drR

|:ig. 1. Chemical structures of pBQ DNA adducts. A major metabolite of ben-
ene p-benzoquinone (pBQ) and its exocyclic adducts on DNA bases A (pBQ-
A: 1 N8-benzetheno-dA), G (pBQ-dG:N2-benzetheno-dG), and C (pBQ-dC:
N*-benzetheno-dC) are shown.

In vivo translesion synthesis assays in yeast were performed as previous|
described?29]. Briefly, site-specifically damaged pELUf plasmidi8) was
transformed into yeast cells of various strains by the lithium acetate metho
as describef5]. Following transformation, yeast cells were collected by cen-

trifugation (20 s at 5000 rpm) in a microcentrifuge. Cells were resuspended i Py : _
400ul of sterile water and were plated onto two YNB minimal agar (0.17% rbhOSphoramldlte method@,39]. Chemical struciures op

yeast nitrogen base, 0.49% ammonium sulfate, 2% glucose, and 2% agep)enzoql"_'npne. and.ItS DNA addugts are showﬁuy 1 )

plates lacking leucine but supplemented with 5 mM 5-fluoroorotic acid (5-FOA), 1O gain insights into the potential effectsgbenzoquinone
150p.M methionine, and 38QM uracil to score for colonies containing repli- DNA adducts on DNA structure, we preformed molecular
cated pELUf1-PBQ. Cells transformed by the undesired background plasmiﬁlynamics simulations of a 25-mer DNA duplex containing either
pELUf1 without the damaged oligonucleotide insert remaiti®d 3 wild-type, apBQ-dA or pBQ-dG adductopposite T or C bases, respectively.

and thus cannot grow on plates containing 5-FOA. After incubation a€30 . 0
for 3—4 days, yeast colonies were counted. In each experiment with each strai-rll—,he PBQ-dA or pBQ-dG occupied over 55% more space than

transformation efficiency was determined by a parallel transformation using thélid the corresponding unmodified base (compage 2A and B,
undamaged and double-stranded pELUf1. Translesion synthesis was calculatasid data not shown). The starting van der Waals energies for the
as transformants perg of the damaged plasmid perl@ansformable cells  |esion and flanking base-pairs, even after initial minimization,
with the undamaged plasmid (i.e., transformantsmgof the damaged plas- were 818 kcal/mo{'\ forthe pBQ-dA duplex and 834 kcallmél
mid x 10%/transformation efficiency expressed as transformants.gesf the
undamaged plasmid). Relative translesion synthesis was obtained by compalrirﬁr the pBQ-dG duplex. The van der W‘?}als energy for the rest of
translesion synthesis in various mutant strains to that in the wild-type cells.  the structures was aroureé?30 kcal/molA. After the first 30 ps
Replicated plasmid clones were individually recovered from yeast colonief unrestrained molecular dynamics, we observed displacement
on the 5-FOA plates by a zymolyase method essentially as des¢dbpdnd  of the adduct or the opposite base toward extrahelical position.
amplified inE. coli DH5« cells. Each plasmid clone was analyzed by digestion This displacement resulted in the immediate drop in the van
with the Kpnl restriction endonuclease. The damaged 25-mer oligonucleotide o .
contained &pnl restriction site. ThusKpnl restriction analysis further elimi- der Waals energy te-120 kcal/m(_)w" The fmfal St_ruc_tures pro-
nated undesired background transformants by the undamaged pELUf1. Thegkiced by the molecular dynamics simulation indicate that the
background transformants escaped selection by the 5-FOA plates because ttaglduct is significantly displaced toward the major groove (pBQ-
contained mutations somewhere in the vedf@13 gene. Plasmid clones that A duplex) Fig. 2C), or the opposite base has to rotate out of

did no? contain this gdde@’pnl restrlctloq site were _excluded from further the duplex into an extrahelical conformation (pBQ-dG duplex)
analysis and calculation. Finally, the precise specificity of translesion synthesis_.

opposite the site-specific pBQ adduct was determined by DNA sequencing. a:'_g' Z:)) AnaIySiS_Of pBQ-dC by molecular dynamics Simu'_
lation suggested displacement of the adduct toward the major

grove, as compared to the normal Watson—Crick basdg4dir
Therefore, the simulation predicts that these pBQ adducts cause
significant structural alterations at the lesion site.

3. Results

3.1. The p-benzoquinone DNA adducts

3.2. Invitro translesion synthesis of p-benzoquinone DNA

Three p-benzoquinone DNA adducts, pBQ-dA, pBQ-dG, udducts by the Y family DNA polymerases
and pBQ-dC, were chemically synthesized in the form of

phosphoramidites, which were subsequently incorporated into The unusually large van der Waals space occupied by
oligonucleotide DNA at a defined position via automated DNAp-benzoquinone DNA adducts and the structural alterations
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Fig. 2. Computer modeling of pBQ-dA and pBQ-dG adducts by molecular dynamics simulation. (A) van der Waals surfaces for undamaged dA. (B) van der Waals
surfaces for the pBQ-dA adduct. (C) Side view from the major groove for 3 bp of the 25-mer duplexes containing a pBQ-dA. (D) Side view from the n&jor groov
for 3bp of the 25-mer duplexes containing a pBQ-dG adduct. The pBQ-dA and pBQ-dG adducts are colored by atom, and the opposite bases are shown in da
orange. Average minimized structures were produced by 2 ns molecular dynamics simulations. (For interpretation of the references to colomeitetientigthe

reader is referred to the web version of the article.)

induced by these adducts, as predicted by the molecular dynarfable 1 - .
ics simulations, suggest that Copying these adduct sites durirfnetic measurement of nucleotide insertion opposite pBQ-dA, pBQ-dG, and
replication likely requires specialized translesion polymeraseé’. Q-dC by human Pol

To examine how these-benzoquinone DNA adducts might be dNTP Vimax (fmol/min; Km (BM; Vimax/Km ~ finc®

replicated, we performed in vitro translesion synthesis with puri- meant S.D.) meant S.D.)

fied Y family DNA polymerases. A DNA primer was-‘tabeled  pBQ-dA

with 32P and annealed to the damaged DNA template with the dATP  2.05+ 0.1 0.89+0.22  2.30 1.9 10

primer 3 end terminating right before the lesiofig. 3A). dcTP  2.26+0.10 862+201 026 2.2 10
dTTP  2.29+ 0.04 198+ 164  0.12 1

Then, DNA synthesis assays were performed using a purified
DNA polymerase. As shown ikig. 3B, DNA synthesis from
the undamaged control templates was readily detected with tHePQ-dG

o . dATP  3.36+ 0.05 11.3£0.77 0.30 3% 10°
purified human Paj. In contrast, synthesis from the damaged  -1p

dGTP  2.24+ 0.16 1.76+ 0.58 1.27 1.1x 10

2.25+ 0.15 27.9+ 8.10 0.081 1
templates was greatly inhibited pybenzoquinone adducts, as g1tp  2.23+ 0.16 13.54.72 0.17 2.1 10°
indicated by undetectable or barely detectable full-length syn- dGTP ~ 2.27+ 0.04 1.16+ 0.09 1.96 2.4 10
thesis products even at a higher faoncentration (25-mer ppg.qc

DNA band) fig. 3C). Nevertheless, human RplWas able to dATP  3.05+ 0.09 3.2140.42 0.95 1.4< 10°
insert a nucleotide opposite pBQ-dA, pBQ-dG, and pBQ-dC. dCTP  3.03+ 0.22 6.26+ 2.07 0.48 7.5 10"
One nucleotide extension from opposite the lesion occurred to dTTP ~ 2.70+ 0.05 244+205 011 1.6¢107*
a limited extent, but further extension beyond thaidamaged deTP  2.75+0.10 4.04+ 0.76 0-68 !
template base was greatly inhibited by the lesieig(3C). 2 finc = (Vmax/Km)incorrec! (Vmax/Km)correct

To determine what nucleotide was inserted opposite the lesion
by human Pai, we further performed the translesion synthesisand G>A>T > C forpBQ-dG (Table ). Furthermore, fidelity
assay with each of the four deoxyribonucleoside triphosphatesif nucleotide insertion, as indicated by the values, showed
dATP,dCTP, dGTP, or dTTP. Opposite pBQ-dA and pBQ-dG, arthat a wrong base was predominantly inserted oppositeeach
A or a G wagmost frequently inserted, while C and T were alsobenzoquinone adduct#ble J). Therefore, nucleotide insertion
inserted but at a lower frequendyig. 4A, lanes 2-5 and 7-10). by human Paj opposite thg-benzoquinone DNA adducts is
Opposite pBQ-dC, A, G, C, and T were inserted with decreasingighly error-prone.
frequenciesKig. 4A, lanes 12-15). To quantitatively determine  To examine whether the translesion synthesis activity of Pol
the specificity of nucleotide insertion by human ®olpposite s conserved in other organisms, we performed in vitro assays
the lesion, we performed kinetic analysis. In agreement withysing purified yeast Pql As shown irFig. 3D, nucleotide inser-
results ofFig. 4A, studies on catalysis efficiency, as indicated bytion opposite pBQ-dA, pBQ-dG, and pBQ-dC was also observed
the Vmax/Km values, showed nucleotide insertions from the mostwith yeast Pol. Following one nucleotide insertion opposite the
to the least frequentA>G>C>T for pBQ-dA and pBQ-dC, lesion, yeast Pej was unable to perform extension synthesis
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57/ -*ATTCGAGCTCGGTACCCGC
3= TAAGCTCGAGCCATGGGCG/ATCGCC 1,N & henzetheno-dA
PB
5" =*ATTCGAGCTCGGTACCCG 5
3= TAAGCTCGAGCCATGGGC/GATCGCC 1,N “benzetheno-dG
pB
5" -*ATTCGAGCTCGGTACCC

A) 3= TAAGCTCGAGCCATGGGEZGATCGCC 3,N “benzetheno-dC

PB!
< © o
3 T T
g & &
m o [11]
o o =8
hPoln(ng) 0.4 1 3 04 1 3 041 3 hPol(ng) - 5 - 5 - 5
-25 - =27
-' ‘- .—24 _25
- 24
-
- —19

-
- :
- —18 - —19
_— - 3 - —18
—17
(B) 123 4 56 78 9 ’

() 1234 56

Damage - pBQ-dA - pBQ-dG - pBQ-dC
1 2 3 4'5_'6 7 8 910 11 12

25_ - '
2 I

19- =

- www

17- -
(D) yPoln(ng) 0.5 1 2 5051 2 5 051 2 5

Fig. 3. Translesion synthesis of pBQ DNA adducts byyP{h) Damaged DNA templates for translesion synthesis. Three primers, 17 mer, 18 mer, and 19 mer, were
labeled with®2P at their 5ends as indicated by an asterisk and separately annealed to the damaged templates (25 mer) with thequliteeméhating right before

the lesion. (B) DNA synthesis assays were performed with increasing amounts of purified humdhRR4) using undamaged templates. (C) DNA synthesis
assays were performed with 5ng of humamP@hnes 2, 4, and 6) using damaged templates as indicated. Lanes 1, 3, and 5, control reactions with¢iDj Pol
DNA synthesis assays were performed with increasing amounts of purified yegdlyPohy) as indicated in the presence of all four dNTPs. Lanes 1, 5, and 9,
control reactions with undamaged DNA templates and 0.5 ng (7 pmol) of yeagtfolducts of DNA synthesis were separated by 20% denaturing polyacrylamide
gel and visualized by autoradiography of the gel. DNA size markers in nucleotides are indicated on the sides.

past the lesionKig. 3D, lanes 2—-4, 6-8, and 10-12). In con-  Using purified human Pal significant nucleotide insertion
trol reactions with undamaged templates, yeastRfficiently  activity was observed opposite pBQ-dA and pBQ-d&@y( 5,
copied the template to its 8nd at a lower polymerase concen- lanes 1 and 5). This polymerase, however, was unable to extend
tration (25-mer DNA band)Fig. 3D, lanes 1, 5, and 9). G was DNA synthesis from opposite the lesidrig. 5, lanes 1 and 5).
most frequently inserted opposite pBQ-dRid. 4B, lane 10) Opposite pBQ-dG, human Rgberformed only a low level of
and pBQ-dG Fig. 4B, lane 20), while G and A were inserted nucleotide insertion opposite the lesidfid. 5, lane 3). DNA

with similar frequencies and more frequently than C or T oppo-ssynthesis by purified human Rofrom the pBQ-dG template
site pBQ-dC Fig. 4B, lanes 27-30). In control reactions, yeastwas barely detectablé-ig. 5, lane 4). Opposite both pBQ-dA
Poh inserted predominantly the correct nucleotide opposite thand pBQ-dC, human Pelwas essentially unable to perform
undamaged template A (lane 4), G (lane 13), and C (lanes 25})ranslesion synthesisFig. 5 lanes 2 and 6). Using kinetic
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pBQ-dA pBQ-dG pBQ-dC

1 2 3456 7 8 910 11 12 13 14 15

-25
—24

-19
-18

=17

(A)ANTP N4 A C T GNA4 A CTGN4ACTG

Undamaged A pBQ-dA Undamaged G pBQ-dG Undamaged C pBQ-dC
1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

25-. . ' -25

. . eeews -
. oo tenel wee TSIl

(BYdNTP N4 A C T GN4A C T GN4A CT G NNACTG N4ACT GNGACT G

Fig. 4. Specificity of nucleotide insertion by Rpbpposite the pPBQ DNA adducts. Damaged DNA templates (25 mer) containing a site-specific pBQ-dA (lanes 1-5),
pBQ-dG (lanes 6-10), or pBQ-dC (lanes 11-15) were annealed WitPSabeled primers (19 mer, 18 mer, and 17 mer, respectively) terminating right before the
lesion Fig. 3A). (A) Translesion synthesis assays were performed with 2 ng (26 fmol) of humarirPtble presence of a single deoxyribonucleoside triphosphate
dATP (lanes 2, 7, and 12), dCTP (lanes 3, 8, and 13), dTTP (lanes 4, 9, and 14), or dGTP (lanes 5, 10, and 15), or all four dNTPs (lanes 1, 6, and 143i¢B) Transl|
synthesis assays were performed with 2 ng (28 fmol) of yeasi iRdhe presence of a single deoxyribonucleoside triphosphate dATP (A), dCTP (C), dTTP (T), or
dGTP (G), or all four dNTPs (N4). DNA synthesis assays using undamaged DNA templates were performed with 0.5 ng (7 fmol) ofryassbRtbls. Products

of DNA synthesis were separated by 20% denaturing polyacrylamide gel and visualized by autoradiography of the gel. DNA size markers in nicieditdesdr

on the sides.

analysis, we determined the specificity of nucleotide insertioraged template A, G, and &ig. 6, lanes 1, 7, and 13), it was
by human Palopposite both pBQ-dA and pBQ-dC. As shown inactive to pBQ-dA Fig. 6, lanes 2-6) and essentially inac-
in Table 2 A and G was inserted with similar efficiency oppo- tive to pBQ-dG and pBQ-dCHg. 6, lanes 8-12 and lanes
site pBQ-dA. Opposite pBQ-dC, the insertion efficiency was14-18). Similarly, purified yeast Revl was essentially incapable
G>T>A>C. Asindicated by thefi,c values, the correct G of translesion synthesis in response to pBQ-dA, pBQ-dG, and
insertion was only 1.3-fold more efficient than the incorrect TpBQ-dC DNA adducts (data not shown).

insertion [Table 2.

REV1 is a template-dependant dCMP transferi@e32]  3.3. In vivo translesion synthesis of p-benzoquinone DNA
While purified human REV1 was active in response to undamgdducts in yeast cells

Table 2 Using an in vivo genetic ass§39], we examined translesion
Kinetic measurement of nucleotide insertion opposite PBQ-dA and PBQ-dC bpyNnthesis op-benzoquinone adducts in yeast cells. This assay
human Pal is based on transformation of site-specifically damaged plasmid
DNTP Vinax (Fmol/min; K (uM; ViadKm  finc? into yeast cells. The damaged and single-stranded plasmid was
meant S.D.) meantS.D.) converted into double-stranded form prior to transformation,
PBO-dA replacing T with U during in vitro synthesis of the complemgn—
dTTP  1.34+ 0.21 4264218  0.031 1 tary strand. Use of double-stranded plasmid ensures efficient
dGTP  1.13+ 0.08 425+ 11.0  0.027 8x 101  transformation. Upon entering into cells, the complementary
PBQ-dC strand was degraded as a result of the extensive and sequential
dATP 218+ 0.11 104.2-17.9 0.021 2a.10-1  actions of a uracil-DNA glycosylase and an AP endonuclease
dCTP  1.910.10 236.136.0 0.0081 1.%x 101! due to replacement of T by U in the sequence, thus, convert-
dTTP  2.76+ 0.07 48.8+ 4.87 0.057 7.8 107" ing the plasmid DNA back into single-stranded form containing
dGTP  2.60+0.09 35.6£4.60  0.073 1 a site-specific lesiof29]. Therefore, this assay is expected to
a £ = (Vmax Km)incorrece! (Vinax/ Km)correct specifically reflect translesion synthesis without interference by

P dATP and dCTP incorporations are undetectable. DNA repair and template switching mechanisff9], both of



Z. Xie et al. / DNA Repair 4 (2005) 1399-1409 1405

pBQ-dA pBQ-dG pBQ-dC Table 3
r 17 1T 1 Relative translesion synthesis of pBQ DNA adducts in various yeast strains
Poh (ng) 37 - 37 - 37 -

Polk (ng) 66 - 66 - 66 Strairf PBQ-dA (%) pBQ-dC (%) pBQ-dG(%)
: ‘ —25 wT 100+ 2 100+ 11 100+ 8
— rev3 9+1 51+1 28+ 1
24 rad30 NDP NDP 5043
rev3 rad30 <z < NDP

a WT, wild-type; rev3, lacking Pot; rad30, lacking Pof.
b Not determined.
¢ Limit of detection. No translesion synthesis product was recovered.

-

e Site-specifically damaged plasmid DNA was constructed by
ligating the 25-mer oligonucleotide containing pBQ-dA, pBQ-
-19 dG, or pBQ-dC into the yeast vector pELUf1. As a control,
‘ —18 the corresponding undamaged 25-mer oligonucleotide was also
E similarly ligated into the vector. Transformation of the undam-
- -_17 aged control plasmid into yeast cells yielded a relative repli-
cation efficiency of 100%, 98%, and 102% in the wild-type,
- rev3 mutant, andev3 rad30 double mutant strains, respectively.
12 3 4 5 6 Hence, replication of the undamaged control plasmid in yeast
Fig. 5. Translesion synthesis of pBQ DNA adducts by human &uil Pok.  Cells was not affected by Rp(missing inrev3 mutant) or Pd]
Damaged DNA templates (25 mer) containing a site-specific pBQ-dA (lanes land Poh (missing inrev3 rad30 double mutant), as expected.
and 2), pBQ-dG (lanes 3 and 4), or pBQ-dC (lanes 5 and 6) were separatetyyansformation of pBQ-dA and pBQ-dC into the wild-type cells
annealed with 532P-labeled primers (19 mer, 18 mer, and 17 mer, respectively) - . T
terminating right before the lesiofig. 3A). Translesion synthesis assays were reduced the replication efficiency byl7-fold, Ind'qatlr_]g that
performed with 37 ng (463 pmol) of purified human Pgénes 1, 3, and 5) or  these adducts are strong blockers to DNA replication. Com-
66 ng (667 pmol) of purified human Ro{lanes 2, 4, and 6) in the presence of pared to the wild-type cells, translesion synthesis of pBQ-dA
all four dNTPs. Products of DNA synthesis were separated by 20% denaturingyas greatly reduced in thev3 mutant cells, translesion syn-
polyacryl_amide ge_l and vis_ual_ized by autorgdiography of the gel. DNA sizeyagis of pBQ-dC was reducedsiev3 mutant cells, and transle-
markers in nucleotides are indicated on the right. . - . .
sion synthesis of pBQ-dG was also reduced in eitlae8 or
rad30 mutant cellsTable 3. In therev3 rad30 double mutant
which require double-stranded DNA. Transformation efficiencycells, translesion synthesis of pBQ-dA and pBQ-dC was further
was determined by using undamaged and double-stranded pldgduced to an undetectable levéable 3. These results show
mid in the same experiment. After correcting for differences inthat both Pdl and Poh are involved in translesion synthesis of
transformation efficiency, translesion synthesis efficiency in varp-benzoquinone DNA adducts and suggest that contribution by
ious cells relative to that in the wild-type cells was calculated One polymerase to the bypass of these lesions cannot be com-
Replicated plasmid clones were individually isolated from yeaspletely substituted by the other polymerase in yeast.
colonies and subsequently amplifiedircoli for DNA sequenc-
ing. 3.4. Specificity of in vivo translesion synthesis opposite
p-benzoquinone DNA adducts

Damage - _ pBQ-dA - pBQdG -  pBQ-dC To determine the specificity of in vivo translesion synthesis
e S B RS R LR R A products in various yeast strains, we recovered the replicated
plasmids from yeast clones and individually amplified them in
u e E. coli for DNA sequencing. In wild-type cells, the majority of
W:g translesion products were deletions, which accounted for 91%,
76%, and 90% for pBQ-dA, pBQ-dC, and pBQ-dG, respectively
(Table 4. Among the deletion products, the majority bypass-
Fig. 6. Response of human REV1 to pBQ DNA adducts. Damaged DNA teming pBQ-dA and pBQ-dC were small deletionsi and—2),
plates (25 mer) containing a site-specific pBQ-dA (lanes 2-6), pBQ-dG (Iane%hereas the maiority bypassin BO-dG were biager deletions
8-12), or pBQ-dC (lanes 14-18) were separately annealed iftiPHabeled —3to —23) (‘I'ai)le z é%m Ie)(‘:(] zelgtion roductggwere also
primers (19 mer, 18 mer, and 17 mer, respectively) terminating right before( ’ P p .
the lesion Eig. 2A). Translesion synthesis assays were performed with 10 ngf€covered. These products were composed of a small deletion
(72 pmol) of purified human REV1 in the presence of a single deoxyribonu-at the lesion site plus additional mutatiori85 of the lesion
cleoside triphosphate dATP (lanes 3, 9, and 15), dCTP (lanes 4, 10, and 16jte. The remaining 9%, 24%, and 10% of translesion products
dTTP (lanes 5, 11, and 17), or dGTP (lanes 6, 12, and 18), or all four dNTP:fOr pBQ-dA, pBQ-dC, and pBQ-dG, respectively, were base

(lanes 2, 8, and 14). Lanes 1, 7, and 13, control reactions with undamaged DNA rporation bl Comblex b incorporations wer
templates. Products of DNA synthesis were separated by 20% denaturing polyJCO poratons Ta e 4 omple ase Incorporations were

acrylamide gel and visualized by autoradiography of the gel. DNA size marker§0Mposed of a base incorporation at the lesion site plus addi-
in nucleotides are indicated on the right. tional mutations 3or 5 of the lesion site. For example, five

dNTP NA N4 A C T G NANA4A CT GNaNgA C TG
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Table 4
Specificity of translesion synthesis opposite pBQ DNA adducts in various yeast strains
Strairf Clones sequencBd Base incorporation Deletion
A G T CompleX  Total -1 -2 —3t0—23 Complef  Total
PBQ-dA
WT 22 - - 1(5%) 1(5%) 2 (9%) 9(41%) 2 (9%) - 9 (41%) 20(91%)
rev3 3 - - - - - 267%) - 1(33%) - 3(100%)
PBQ-dC
WT 34 - 3(9%) - 5 (15%) 8 (24%) 22(64%) 2 (6%) - 2 (6%) 26 (76%)
rev3 24 - - - - - 2188%) 3 (13%) - - 24 (100%)
PBQ-dG
WT 30 1(33%) 2(7%) - - 3 (10%) 9(30%) 2 (7%) 15 (50%) 1 (3%) 27(90%)
rev3 23 - - - - - 130%) - 11 (48%) 5 (22%) 23(100%)
rad30 31 - - - 1(3%) 1 (3%) 11 (36%) - 13 (42%) 6 (19%) 30(97%)

a WT, wild-type; rev3, lacking Pot; rad30, lacking Poh.

b Number of independent clones sequenced following in vivo translesion synthesis assays using damaged pELUf1 plasmids containing a site-§peaific pBQ
adducts.

¢ Complex base incorporations were composed of a base incorporation at the lesion site plus additional mutattbnétBe lesion site.

d Complex deletion products were composed of a small deletion at the lesion site plus additional mutatidhsfxhe lesion site.

out of the eight complex base incorporations recovered fronin vitro translesion synthesis of pBQ-dG by humampyklded
replication of pBQ-dC in wild-type cells were tandem basea minor product of 27-mer DNA, which is two nucleotides
substitutions: 5CCAGTA opposite the template’ &GOGAT longer than the templaté-ig. 3C, lane 4). The precise mech-
where the damaged C is underlined. This type of bypass produahism for generating this product is not known. We speculate
most likely resulted from the following mechanism: insertion of that it may have resulted from the following mechanism. First,

A by Pol opposite pBQ-dG- realigning primer~ G insertion
by Pol opposite pBQ-dG~ extension by Pd@l The majority

a G was inserted opposite the lesion, as this was the most fre-
quently inserted nucleotide by Rpbpposite pBQ-dGKig. 4A

of base incorporations were error-prone for pBQ-dA, pBQ-dCandTable 1. Secondly, the primer was realigned such that the

and pBQ-dG Table 4.

In rev3 mutant cells lacking Pg] all translesion synthesis
products detected were deletiofialle 4. When pBQ-dG plas-
mid was replicated inad30 mutant cells lacking Pql| only one
base incorporation clone was recovered, in \utdc wasncor-
porated opposite the lesion gla T misincorporation opposite
the template G located four nucleotidestd the lesion site.
The remaining bypass products were all deletiofable 4.

primer 3 G was paired to the template Cd the lesion. Thirdly,

this process of G insertion followed by primer realignment was
repeated one more time before translesion synthesis to the end
of the template, resulting in a product of two nucleotides longer
than the template. As for human kadt exhibited some activity
ofinvitro translesion synthesis. Similar to RoPok was limited

to one nucleotide insertion opposite the lesion and was inca-
pable of further extension synthesis. Nucleotide insertions by

The pBQ-dA and pBQ-dC plasmids were additionally tested fotboth Poh and Pol opposite these lesions were error-prone. The

in vivo translesion synthesis iav3 rad30 double mutant cells

other two human Y family DNA polymerases, R@nd REV1,

lacking both Pofy and Pof. However, these damaged plasmidswere essentially incapable of translesion synthesis in response

were unable to replicate in this double mutant stramb(e 3.

to thep-benzoquinone adducts in vitro. Our in vitro biochem-

Taken together, these results show that translesion synthescal results suggest that Rplikely plays a role in bypassing

of p-benzoquinone DNA adducts are mediated mainly by delethe p-benzoquinone DNA adducts in cells. This prediction was
tion DNA synthesis at the lesion sites in yeast cells. We furtheconfirmed in the yeast model organism using an in vivo genetic
conclude that Pgland Pot together are required for transle- assay that measures replication of site-specifically damaged and
sion synthesis by the base incorporation mechanism, and thsingle-stranded plasmid DNA in cells.
translesion synthesis through deletion is mediated by & Pol The wild-type level of replication of plasmid DNA contain-
dependent mechanism and anothenmPapendent mechanism ing a site-specific pBQ-dA, pBQ-dG, or pBQ-dC depended on
in response tp-benzoquinone DNA adducts in yeast. both Poh and Pot. Most dramatically, a pBQ-dA- or pBQ-dC-
containing plasmid was unable to replicate inthe rad30 dou-
ble mutant strain lacking both R@nd Poh. In contrast, transle-
sion synthesis was reduced but not abolished in mutant cells
Using both in vitro and in vivo methods, we have examinedlacking Pot. Similarly, translesion synthesis of pBQ-dG was
translesion synthesis of thrgebenzoquinone DNA adducts: reduced but not abolished in mutant cells lackingrPdlhus,
pBQ-dA, pBQ-dG, and pBQ-dC. We found that both purified translesion synthesis pfbenzoquinone DNA adducts in yeast
human and yeast Pglpossess significant translesion synthesiscells likely involves at least two different pathways, one depend-
activity opposite these adducts. However, in vitro translesioring on Pol and the other depending on FolAnalysis of the
synthesis by Pej] was limited to nucleotide insertion opposite specificity of in vivo translesion products further supports this
the lesion. Subsequent extension synthesis was mostly blockeghnclusion. Deletion constituted the predominant mechanism

4. Discussion
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of translesion synthesis in wild-type cells and remained as thehy translesion synthesis by base incorporation opposite these
exclusive or nearly exclusive mechanism of lesion bypass imdducts is a minor mechanism.
cells lacking Pd| or Poly, respectively. Since the overall lev-  The pBQ DNA adducts strongly inhibited extension synthe-
els of translesion synthesis in these mutant cells were reducesis from opposite the lesion by RplThus, it is not apparent
from the wild-type level Table 3, lesion bypass through dele- whether a deletion mechanism was involved during translesion
tion at the adduct site is reduced but not completely eliminatedynthesis by Pgj in vitro (Figs. 3 and % Given the in vivo
in the absence of either polymerase. Complete loss of this modesults showing deletion as the major mechanism for translesion
of translesion synthesis requires inactivation of bothtRold  synthesis, it is likely that the in vitro results with purified ol
Poh. reflected both mechanisms of nucleotide insertion opposite the
Base incorporation at the lesion site constituted only a minotesion and deletion by copying the undamaged template Base 5
mechanism of translesion synthesispebenzoquinone DNA to pBQ adducts. For example, translesion synthesis of pBQ-dC
adducts in yeast cells. This mode of lesion bypass was elimby Pol showed significantly more C insertion as compared to
nated inrev3 mutant cells lacking Poland nearly eliminated those of pBQ-dA and pBQ-dG~{g. 4 andTable J). A portion
in rad30 cells lacking Paj. Thus, unlike the deletion mecha- of the C insertion products may have resulted from copying the
nism, translesion synthesis through base incorporation could hendamaged template G & the pBQ-dC adduct through lesion
explained by one pathway requiring both Ra@nd Po{. This  loop-out, which represents-al deletion mechanism of transle-
interpretation is consistent with the two-polymerase two-stegsion synthesis. It is possible that other protein factor(s) may also
hypothesis of DNA lesion bypa$7]. Indeed, Paj was capa- affect translesion synthesis mechanisms of specific lesions in
ble of nucleotide insertion (most frequently A or G) oppositecells. Our studies with pBQ adducts underscore the importance
p-benzoquinone DNA adducts in vitro, but was unable to cat-of performing in vivo translesion synthesis analyses to under-
alyze extension synthesis. Itis likely that Poatalyzes such an stand the bypass mechanism and the mutagenic specificity of a
extension synthesis. In such a bypass pathway, the insertion stepecific DNA lesion.
would not occur without Paj and the extension step would not ~ During initial repair studies of pBQ-dC, it was surprisingly
occur without Pd], thus explaining the observed dependence ordiscovered that this DNA lesion is recognized and cleaved by
both Pol and Pof for base incorporation mode of translesion an AP endonucleas®4]. In fact, pBQ-dA and pBQ-dG are
synthesis. also substrates for DNA strand cleavadet® the lesion by
Most types of DNA lesions predominantly induce base subendonucleasd®5]. Molecular modeling of these addudts]
stitutions. Deletion is only rarely observed as a major mutagenfthis study) are consistent with the notion that the large size
esis mechanism, e.g., frameshift mutations induced by AAF-d®f the modified base may lead to significant base displacement
DNA adducts in which deletion most frequently occurs at G orfrom its normal Watson—Crick base paring position. Interest-
GC repeat$48-51] It was proposed that C insertion opposite ingly, we found that the specificity of nucleotide insertion by
the AAF-dG adduct can lead to realignment of the inserted Giuman and yeast Pglopposite pBQ-dA, pBQ-dG, and pBQ-
with the downstream undamaged template G, leading to slippediC are similar to that by the respective polymerase opposite
translesion synthesi®l1]. The pBQ-dA, pBQ-dG, and pBQ- an AP sitg23,35] and that nucleotide insertion opposite pBQ-
dC DNA adducts in our studies, however, are not located irdC by human Pelfollows the same specificity as its response
a nucleotide repeat sequence. Therefore, it is surprising th&b an AP siteG>T >A>C[56]. However, the structure gf-
thesep-benzoquinone DNA adducts primarily induce deletions.benzoquinone DNA adducts is significantly different from that
It is likely that a different mechanism than the slipped transle-of an AP site. Thusp-benzoquinone DNA adducts are not as
sion synthesis is involved in generating the observed deletiogood substrates as AP sites for AP endonuclefasésand they
bypass. We propose that a major deletion mechanisnp-for are not responded to by Rohnd REV1 that are responsive to
benzoquinone adducts is translesion synthesis by looping o#tP sites.
the lesion. In this mechanism,1, —2, or—3 deletions would be Based on our yeast genetic assay, pBQ-dA, pBQ-dG, and
generated when the lesion, the lesion plus one undamaged tepBQ-dC adducts are highly mutagenic. Remarkably, 95%, 91%,
plate base, or the lesion plus two undamaged template basesd 100% of pBQ-dA, pBQ-dG, and pBQ-dC plasmid clones,
respectively, is looped out during translesion synthesis. Thisespectively, contained mutations following their replication
template loop-out model has been proposed for in vitro translen wild-type cells. Since this assay is not interfered by DNA
sion synthesis by human Rgl[52,53] repair[29], our results reflect the potent intrinsic mutagenecity
Structural analysis ofp-benzoquinone DNA adducts by of thesep-benzoquinone adducts. Thus, if these DNA adducts
molecular dynamics simulation provided important insights intoare formed in cells and are not completely removed, deletion
understanding translesion synthesis of these lesions. Our moletwtations would be induced. Using thepF shuttle vector
ular modeling suggests that these adducts do not pair with th&ystem, it was reported that treatment of plasmid DNA with
opposite bases and they cannot be accommodated concurrenignzoquinone and another benzene metabolite, hydroquinone,
inside the DNA duplex, due to unusually large van der Waalgesults in increased mutations following plasmid replication in
surface occupied by-benzoquinone adducts, as compared tchuman cell$10-12] Base substitutions accounted for the major-
normal bases. Thus, these adducts could create a great steric bgr-of mutations in this system. Nevertheless, significant levels
rier for the incoming base. These predicted structural features aff deletions were also observgiD—-12] Unlike our yeast sys-
p-benzoquinone DNA adducts may provide an explanation as ttem, the shuttle vector system is subject to DNA repair following
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transfection into cells. Therefore, repair of pBQ-dA, pBQ-dG,  site-specific incorporation into DNA oligonucleotides, Chem. Res. Tox-
and pBQ-dC by APE1 and possibly nucleotide excision repair  icol. 8 (1995) 865-874. _ _ .
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