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ABSTRACT: BenzoR]pyrene is a potent environmental carcinogen, which can be metabolized in cells to
the DNA damaging ageminti-benzof]pyrene-7,8-dihydrodiol-9,10-epoxideriti-BPDE). We hypothesize

that mutations induced by BPDE DNA adducts are mainly generated through an error-prone translesion
synthesis that requires a specialized DNA polymerase (Pol). Using an in vivo mutagenesis assay in the
yeast model system, we have examined the potential roles gfapal Pok in (£)-anti-BPDE-induced
mutagenesis. In cells proficient in mutagenesis)-&nti-BPDE induced 85% base substitutions with
predominant G- C followed by G— T transversions, 9% deletions of B nucleotides, and 6% insertions

of 1—3 nucleotides. Imad30mutant cells lacking Pgl (+)-anti-BPDE-induced mutagenesis was reduced

and accompanied by a moderate decrease in base substitutions and more significant decrease in deletions
and insertions of 3 nucleotides. Imev3 mutant cells lacking Pl (£)-anti-BPDE-induced mutagenesis

was mostly abolished, leading to a great decrease in both base substitutions and deletions/insertions of
1-3 nucleotides. In contrast, large deletions/insertions were significantly increased in cells lacking Pol
Consistent with the in vivo results, purified yeast Pperformed limited translesion synthesis opposite

(+)- and ()-trans-anti-BPDEN?-dG DNA adducts with predominant G incorporation opposite the lesion.
These results show thatj-anti-BPDE-induced mutagenesis in yeast require§ Rab partially involves

Poly and suggest that PpHirectly participates in nucleotide insertions opposite the lesion, whilg Pol
significantly contributes to deletions and insertions ef3lnucleotides.

DNA damage is a major cause of mutagenesis. In cells, However, it is mostly unknown whether these polymerases
error-prone lesion bypass constitutes a major mechanism ofare actually recruited for translesion synthesis in vivo and
DNA damage-induced mutagenesis. Conceptually, lesionto what extent each polymerase contributes to translesion
bypass can be divided into two steps: DNA synthesis synthesis with a given DNA lesion in cells. In vitro,
opposite the template lesion and extension DNA synthesistranslesion synthesis of a given lesion by the Y family DNA
beyond the lesion. During error-prone lesion bypass, the polymerases can be either error-free or error-prone depending
damaged site of DNA is directly copied, and an incorrect on the specific polymerase, and translesion synthesis by a
nucleotide is frequently incorporated opposite the lesion. In given Y family polymerase can be either error-free or error-
contrast, error-free lesion bypass predominantly incorporatesprone depending on the specific lesion (reviewed in iefs
the correct nucleotide opposite the lesion during translesionand 8). Thus, the genetic outcome resulting from the
synthesis. Thus, error-free lesion bypass suppresses mutainvolvement é a Y family DNA polymerase in translesion
tions, whereas error-prone lesion bypass promotes mutationssynthesis in cells could be the suppression or promotion of
following DNA damage. damage-induced mutagenesis depending on the specific

Lesion bypass requires a specialized DNA polymerase lesion. While in vitro biochemistry has yielded insightful
(Pol}* to copy the damaged template (translesion synthesis).information on mechanisms of DNA lesion bypass, under-
In eukaryotes, recent in vitro studies have demonstrated thatstanding the contributions and roles of various specialized
Pol¢ (1—3), Pol (4, 5), and the Y family DNA polymerases = DNA polymerases in lesion bypass and mutagenesis in cells
consisting of Po}, Pok, Pok, and REV1 are capable of requires in vivo genetic analyses.
catalyzing translesion synthesis (reviewed in réfs10). Benzop]pyrene, a potent carcinogen in animal models,
is produced by the incomplete combustion of organic

* This work was supported by NIH Grants CA92528 (Z.W.) and materials and is thus commonly found in the environment.
CA20851 (N.E.G.). In cells, benzdd]pyrene is metabolically activated to highly
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E-mail: zwang@uky.edu. reactive bay region dihydrodiol epoxide derivativé$, (12).
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dG, and ¢)-cisanti-BPDEN?-dG (12, 13). In cells, the complementation of UV resistance by the wild-tyRAD14
major DNA adduct derived from benzpyrene is )- gene carried on a plasmid.
trans-anti-BPDE-N?-dG (12). In addition, minor BPDE DNA Preparation of BPDE-Damaged Plasmid DNRlasmid
adducts are also formed, mainly at ti&position of adenine pCLU (50 ug) was incubated with 10M (+)-anti-BPDE
(12). In vitro, the (F)- and (-)-trans-anti-BPDEN*-dG in a 500xL reaction mixture containing 20% ethanol and
lesions are effectively bypassed by human<Rolan error- TE buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA) for 3 h
free mannerX4—16). These findings predict that Romay in the dark at 37C. The modified DNA was then purified
function to suppress BPDE-induced mutagenesis in cells. by 5-20% sucrose gradient centrifugation at 28 000 rpm for
This prediction has been confirmed recently by Ogi et al. 17 h at 4°C in a Beckman SWA41Ti rotor. Fractions of 0.5
(17). In contrast, human Pglperforms error-prone transle-  mL each were collected from the bottom of the gradient and
sion synthesis oppositer]- and (-)-trans-anti-BPDEN?*- 5-uL aliquots were analyzed by electrophoresis on a 1%
dG DNA adducts in vitro 16, 18—20). agarose gel to locate the DNA. Fractions containing super-
To understand mechanisms of BPDE-induced mutagenesiscoiled DNA were pooled, precipitated in ethanol, and
and to identify specific DNA polymerases involved in bypass dissolved in TE buffer. Treatment under these conditions
of BPDE DNA adducts in cells, we have examined the generated on average about five lesions per kb DNA as
potential roles of Pd and Pok in the mutagenesis process determined by quantitative PCR4). Thus, 36 DNA lesions
in the yeast model system by using a combined biochemicalon average were expected for each pCLU plasmid.
and genetic approach. In this paper, we (i) describe an in  In Vizo Mutagenesis Assay in Yeadamaged or undam-
vivo mutagenesis assay in yeast, (ii) demonstrate thdt Pol aged plasmid pCLU DNA (2g) was transformed into yeast
is required for BPDE-induced mutagenesis, and (iii) show cells of various strains by the lithium acetate method
that Pol; is involved in BPDE-induced mutagenesis as well, essentially as describe@5). Immediately after transforma-
by especially contributing to induced frameshift mutagenesis tion, yeast cells were collected by centrifugation (20 s at

involving 1-3 nucleotides. 5000 rpm) in a microcentrifuge and resuspended in 1 mL of
sterile water. An aliquot (kL) of the cell suspension was
EXPERIMENTAL PROCEDURES diluted and plated onto YNB minimal agar plates (0.17%

yeast nitrogen base, 0.49% ammonium sulfate, 2% glucose,
and 2% agar) lacking leucine to score for plasmid survival
(colonies containing replicated pCLU). The remaining cell
suspension was directly plated onto three YNB minimal
agar plates lacking leucine but supplemented with 5 mM
5-fluoroorotic acid (5-FOA), 150uM methionine, and
380 uM uracil to score for colonies containing thea3
mutant pCLU. After incubation at 3T for 3—4 days, yeast
colonies were counted. Mutation frequency was calculated
by dividing the number of thera3 mutant colonies by the
number of colonies containing replicated pCLU. Plasmid
pCLU DNA was recovered from thera3 mutant colonies
individually by a zymolyase method essentially as described
(26) and used to transfori@scherichia colDH5a competent
(rjnouutslrg)ae?;?onBr\gjzaﬁ)rad14Arad303rev3 (ad30 re3 cells for plasmid amplification. Each mutant plasmid was

) _ _ then isolated fronk. coli, followed by DNA sequencing to

BY4741 and BY474Arad30 (lacking Paj) strains determine the precisera3 mutation.

were purchased from Research Genetics (Huntsville, AL).

BY4741Arev3 (lacking Pal) was constructed by transform- reaction mixture (1&iL) contained 25 mM KHPO, (pH 7.0),

ing BY4741 cells with a linearizedev3 deletion plasmid '\ MgCl, 5 mM dithiothreitol, 10Q«g/mL bovine serum
construct that was provided by Chrls'gopher Lawrence albumin, 10% glycerol, 5@M dNTPs (dATP, dCTP, dTTP,
(Um\_/ersny of Roch.ester). Thees3 de'et'of‘ clone was and dGTP individually or together as indicated), 50 fmol of
confirmed by a functional assay demonstrating reduced UV- _ ' o\ A template containing #P-labeled primer, and purified

:jesllstyancet: qnd IOS? c;fh U\:—lntdl:jcfed mutalgenestlsi'r'éhéf UV PolC or Poly as indicated. After incubation at 3@ for 30
elétion strain was turther tested for compiementation o min, reactions were terminated withuL of a stop solution

resistance and UV-induced mutagenesis by a plasmid car-(20 mM EDTA. 95% formamide. 0.05% bromo
. . , , 0. phenol blue,
rying the wild-typeREV3gene. BY474Arad30Arev3 (lack- and 0.05% xylene cyanol). The reaction products were

ing both Pok and Pot) was similarly constructed by resolved on a 20% - :
. . X . polyacrylamide gel contagn& M urea
transforming BY474Arad30 cells with the linearizedy3 and visualized by autoradiography.

deletion plasmid construct and similarly confirmed for its
rev3 phenotype as described above. Finally, R 14gene RESULTS

of BY4741, BY474Arev3, and BY474Arad3Mrev3 was

deleted by transforming the respective strains wita@l4 In Vivo Mutagenesis Assay in Yeasto investigate
deletion plasmid construct that was provided by Errol mechanisms of BPDE-induced mutagenesis, we established
Friedberg (University of Texas Southwestern Medical Center an in vivo assay in the yeaSaccharomyces cerisiae model

at Dallas). Thead14deletion phenotype was confirmed by system. This assay is derived from a method described by
severe UV sensitivity of the respective cells followed by Roy and FuchsZ7). A similar mutagenesis assay was also

Materials.Purified yeast Pal was obtained from Enzymax
(Lexington, KY). Yeast Pdl (the Rev3-Rev7 complex) was
purified to near homogeneity as previously descrit®dA
33-mer DNA template containing either & )-trans-anti
N2-dG or a ()-trans-antiBPDEN?-dG adduct was prepared
as previously describe®{—23). Its sequence is'8CTC-
GATCGCTAACGCTACCATCCGAATTCGCCC-3where
the modified guanine is underlined. The-)tanti-BPDE
(98% purity) was purchased from the Midwest Research
Institute (Kansas City, MO). Yeast strains used are BY4741-
Arad14 (proficient in mutagenesidyiATa his3 leu2 metl5
ura3 rad14::HISJ and its isogenic BY474Arad14Arad30
(rad30deletion mutant), BY474Arad14Arev3 (ev3 deletion

DNA Polymerase Assayé standard DNA polymerase
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Ficure 2: Effect of the NER repair function on survival ot}-
anti-BPDE-damaged plasmid in yeast cells. Equal amounts of
lensformation undamaged andH)-anti-BPDE-damaged plasmids were separately
transformed into wild-type (WT) yeast cells oad14 deletion
mutant cells lacking the NER repair function. Transformed cells
were plated on minimal plates without leucine to score for colonies

Yeast cell containing replicated plasmids. Plasmid survival, with the standard

deviation shown, was calculated by dividing the number of damaged

‘/Plaﬁng\ plasmid transformants by the number of undamaged plasmid

cells transformants. Survival of the undamaged plasmid was taken as
100%.

RN CED, Repair of BPDE DNA adducts by NER would allow efficient

.Leu +Ura _Leu +Ura +FOA replication (survival) of the plasmid. Persistence of BPDE
Clones with DNA adducts in pCLU would lead to reduced survival of
replicated pCLU the plasmid. To define a BPDE dose for in vitro damage of

pCLU amplificaiton the pCLU plasmid, we first tested the survival of the

in E. colf damaged plasmid in wild-type BY4741 cells. As shown in
sgquenci{‘g of the Figure 2, the plasmid survival in wild-type cells was not
ura3 mutant gene significantly affected by BPDE treatment at a concentration

Ficure 1: Schematic presentation of an in vivo mutagenesis assayaS high as 2%M. In C(.)ntrastz following treatment by
in yeast. (A) Plasmid pCLU carrying the mutagenesis target gene 22 #M BPDE, the plasmid survival was reduced by 1000-

URA3 The mutagenesis target size is 801 bp (open reading framefold in rad14 deletion mutant cells that lack NER function
of URA3J. CEN4andARS1 sequence for autonomous replication  (Figure 2). These results suggest that BPDE adducts in the
T A 2l esmoen Gene (5 e v oo, Plasmid pCLU were efecively emaved by NER in wid
based rﬁutgéengsis assay in yeé?st cells. See text for de?ails. type yeast_ cells. TO. detgct BPDE-induced mutagenesis in
the plasmid target in wild-type cells, we would have to
developed irE. coliby Rodriguez and Loechle2). In our employ much higher concentrations of)tanti-BPDE,
mutagenesis assay, the plasmid pCLU was constructedwhich could potentially lead to a solubility problem and
which contains the yeakEU2 gene as the plasmid selection undesired DNA damage by contaminating compounds in the
marker and the yeattRA3gene as the 801-bp mutagenesis (+)-anti-BPDE preparation. Therefore, we chose to perform
target (Figure 1A). Following in vitro treatment of pCLU the mutagenesis assays in the absence of NER function (the
with (£)-anti-BPDE, the damaged plasmid DNA was radl4 deletion genetic background), such that a relatively
transformed into yeast cells. Transformed cells were plated low concentration of 1M (+)-anti-BPDE could be used.
on leucine-lacking minimal medium plates with or without Effects of Pal and Pok on (4)-Anti-BPDE-Induced
5-FOA. Plates without 5-FOA allowed cells that had Mutagenesis in Yeasto determine whether Poland Pok
replicated the damaged pCLU plasmid to grow to colonies, affect BPDE-induced mutagenesis in vivo, we performed
thus measuring the replication of the damaged plasmid mutagenesis assays with yeast cells proficient in mutagenesis
(plasmid survival). Plates with 5-FOA allowed only those and cells lacking P@l Poly, or both. Untreated pCLU
cells that contained inactivating mutations at the plasmid plasmid DNA was used in the assay as the control for
URA3gene to grow to colonies, thus measuring mutagenesisspontaneous mutagenesis. In cells proficient in mutagenesis
of the plasmid target gene. The mutation frequency was (rad14), replication efficiency of the pCLU plasmid damaged
calculated by dividing the number ofa3 mutant colonies by 10 uM (&£)-anti-BPDE was reduced to 10.2% as
by the number of colonies containing the replicated plasmid. compared to that of the undamaged pCLU (Figure 3). In
The precise mutation was identified by sequencinguttas rad30 mutant cells lacking Pgl and rev3 mutant cells
mutant gene after recovering pCLU from the mutant colonies lacking Pot, replication of the £)-anti-BPDE-damaged
and amplifying the respective plasmids B. coli. A plasmid was further reduced to 4.6% (Figure 3). In cells
schematic presentation of this in vivo mutagenesis assay islacking both Paj and Pot (rad14 rad30 res3), replication
shown in Figure 1B. of the damaged plasmid was similarly reduced to 3.8%
Since BPDE DNA adducts are repaired by nucleotide (Figure 3). These results suggest that bothyRaid Pot
excision repair (NER)Z4, 29), these lesions are subject to participate in the translesion replication of th&){anti-
removal from pCLU when transformed into yeast cells. BPDE-damaged plasmid DNA in yeast cells.
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Table 1: Spontaneous Mutations in Various Yeast Stfains

deletion insertior?
4 (0 4(9
base substitution x 107 (%) x 107 (%) othef total
strain x 1074 (%) 1-3nt >3nt 1-3nt >3nt x 1074 (%) x 1074 (%)
rad14 3.5(60) 1.0(17) 0.8 (14) 0.4 (7) 0.1(2) 5.8 (100)
rad14rad30 7.0 (54) 3.0 (23) 1.2(9) 1.8 (14) 13 (100)
radl4rev3 8.7 (51) 1.4 (8) 4.6 (27) 0.7 (4) 1.7 (10) 17 (100)
rad14rad30re3 3.9(51) 0.6 (8) 2.7 (35) 0.4 (6) 7.6 (100)

a A total of 50, 20, 45, and 36 independent mutant clones fradil4 (proficient in mutagenesisyad14 rad30(lacking Pok), rad14 res3
(lacking Pot), andrad14 rad30 re3 (lacking both Paj and Pot), respectively, were sequenced. Mutation frequency is presented, followed by
percentage of total mutations in the parenthe3@d. insertions are duplicating insertions (i.e., exact sequence duplications), for example,
GAAG — GAAAG; duplication of the nucleotide 29 to 143 of thlRA3 open reading frame, et€All other mutations are complex mutations
containing a small duplicatedRA3 sequence, between which a large foreign sequence (about 100 bp or more) was inserted.

120
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Ficure 3: Effect of Poly and Pat on replication of £)-anti-BPDE- FIGURE 4. Mutagenesis induced by-§-anti-BPDE in yeast cells

damaged plasmid in yeast cells. Equal amounts of undamaged anf various strains. Using undamaged asag-anti-BPDE-damaged
(£)-anti-BPDE-damaged plasmids were separately transformed into plasmid pCLU, in vivo mutagenesis assays were performed as
various yeast cells as indicated. Transformed cells were plated ondescribed in the Experimental Procedures in yeast cells of various
minimal plates without leucine to score for colonies containing strains as indicated. Plasmid-transformed cells were plated on
replicated plasmids. Plasmid survival, with the standard deviation minimal plates without leucine and minimal plates supplemented
shown, was calculated by dividing the number of damaged plasmid with 5-FOA to score for colonies containing replicated plasmids
transformants by the number of undamaged plasmid transformantsand colonies containing plasmidra3 mutations, respectively.
Survival (replication efficiency) of the undamaged plasmid was Mutation frequency was calculated by dividing the numbeuraf3
taken as 100%. Each result is the average of at least threemutant colonies by the number of colonies containing replicated
independent experiments. Open bar, undamaged plasmid; closeglasmid (plasmid survival). Mutation frequencies with standard

bar, damaged plasmidadl4, proficient in mutagenesigadl14 deviations of the undamaged (spontaneous mutagenesis, open bar)
rad30, lacking Pok; rad14 rev3, lacking Pot; rad14 rad30 re3, and damaged (closed bar) pCLU plasmid are shown. Each result
lacking both Pa} and Pot. is the average of three to six independent experiments. The
difference of {)-anti-BPDE-induced mutation frequency between
We then determined the effect of Raind Pot on (&)- rad14 and rad30 strains is statistically significant as determined

: . . : by student’st-test p = 0.03).rad14 proficient in mutagenesis;
anti-BPDE-induced mutagenesis. As expected, in yeast cells ;1 4 rad30 lacking Pol; rad14 re/3, lacking Pot; rad14 rad30

proficient in mutagenesis, treatment of pCLU with 4B rev3, lacking both Poj and Pot.

BPDE increased the mutation frequency of the pladdihA3

gene by~10-fold, as compared to the spontaneous mutation of mutations observed were base substitutions3 Int

frequency (Figure 4). Without Pl the BPDE-induced  deletions,>3 nt deletions, +3 nt insertions,>3 nt inser-

mutation frequency was reproducibly reduced by 1.4-fold tions, and complex mutations containing a small duplicated

(P = 0.03) to a level of~2.9-fold above the spontaneous URA3 sequence between which a large foreign sequence

mutation frequency (Figure 4). Without Rolthe BPDE-  (about 100 bp or more) was inserted. Base substitutions and

induced mutation was largely abolished to a level of only frameshift mutations of 3 nucleotides are shown in Figures

~1.4-fold above the spontaneous mutation frequency (Figures and 6 for spontaneous angt)¢anti-BPDE-induced mu-

4). In the absence of both Bpand Pof, the BPDE-induced  tagenesis, respectively. Base substitution mutations are

mutation frequency was-1.8-fold above the spontaneous detectable within a 787-bp region or 98% of the 801-bp

mutation frequency (Figure 4). These results show that Pol URA3coding sequence (Figure 6).

is required_for ft)-anti—BPDE-induced mu.tagenes.is andthat | yeast cells proficient in mutagenesiaq14), spontane-

Poly contributes to a fraction of)-anti-BPDE-induced  oys pase substitutions accounted for 60% of all mutations

mutagenesis In yeast. (Table 1). Three base substitution hot spots were apparent
Alteration of the {£)-Anti-BPDE-Induced Mutation Spec- at positions 126 (G~ C), 367 (G— C), and 446 (T— G),

trum by Pot and Pol Activities. To identify the precise  and one—1 deletion hot spot was found at position 446

mutations of theura3 gene, we recovered mutant pCLU (Figure 5). In cells lacking Pglor Pok or both, the 126

plasmids from each yeast colony, separately amplified themand 367 hot spots and the 446 deletion hot spot disap-

in E. coli, and then sequenced each plasmid clone. The typespeared (Figure 5). In cells lacking Rglthe 446 base
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FicurRe 5: Spectrum of spontaneous mutagenesis at the plasiRi3 gene target. For simplicity, only base substitutions and frameshift
mutations of 3 nucleotides are shown. While base substitutions are shown above the nucleotide sequence, deletions (open triangle) and
insertions (filled triangle) are shown below the sequence. Black symbols, mutati@atslihcells (proficient in mutagenesis); red symbols,
mutations inrad14 rad30cells (lacking Pa}); blue symbols, mutations irad14 rev3 cells (lacking Pal); green symbols, mutations in

rad14 rad30 re3 cells (lacking both Pal and Pot).

substitution hot spot additionally disappeared (Figure 5). and insertions. The-1 deletions occurred more frequently
Another major alteration of the spontaneous mutation within single nucleotide repeats (Figure 6). Alll insertions
spectrum as a result of deleting RpPok, or both was a  in these two strains occurred at A:T base pairers3 to a
significant increase in large fragment3 nt) frameshift G:C base pair (the presumed damage site) (e'ATIG
mutations (Table 1). In some large deletion mutations, —5-ATTTG and 3-CAAA — 5-CAAAA (Figure 6)). Base
sequences of up to several hundred bp were deleted. substitutions and small deletions and insertions were further
After treatment of the plasmid DNA with 1M (&£)- reduced in cells lacking Po(Table 2). Furthermore, irev3
anti-BPDE, the induced mutations consisted of 85% base mutant cells (lacking P§), large insertions were dramatically
substitutions, 9% deletions of—B nucleotides, and 6% increased (Table 2). Another major alteration of tHe-(
insertions of 3 nucleotides in yeast cells proficient in anti-BPDE-induced mutation spectrum as a result of deleting
mutagenesis (Table 2). had30mutant cells (lacking Pg), Poly or Pol; was the shift of base substitution hot spots.
while base substitutions were moderately reduced, beth 1 Cells proficient in mutagenesis showed one weak hot spot
nt deletions and insertions were more significantly reduced at position 541 (Figure 6). Cells lacking Raxhibited three
(Table 2). In cells proficient in mutagenesis or lackingzRol  hot spots at positions 605, 607, and 763 (Figure 6). Cells
most small frameshift mutations were 1 nucleotide deletions lacking Pof showed one strong hot spot at position 268
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FiGure 6: Spectrum of £)-anti-BPDE-induced mutagenesis at the plastdRA3gene target. For simplicity, only base substitutions and
frameshift mutations of 3 nucleotides are shown. While base substitutions are shown above the nucleotide sequence, deletions (open
triangle) and insertions (filled triangle) are shown below the sequence. The 3 nt deletion is indicated by an underline and an open triangle.
Black symbols, mutations irad14 cells (proficient in mutagenesis); red symbols, mutationsauil4 rad30cells (lacking Pa}); blue
symbols, mutations inad14 rev3 cells (lacking Pal); green symbols, mutations ad14 rad30 re3 cells (lacking both Pal and Pof).

Table 2: Mutations Induced byH)-anti-BPDE in Various Yeast Straifs

deletion insertior?
4 4
base substitution x 107 (%) x 107 (%) othef total
strain x 107 (%) 1-3nt >3nt 1-3nt >3 nt x 1074 (%) x107* (%)
rad14 48 (85) 5.0 (9) 3.4 (6) 56 (100)
rad14rad30 34 (88) 2.0(5) 1.2(3) 1.6 (4) 39 (100)
radl4rev3 14 (59) 6.7 (29) 0.5(2) 1.6 (7) 0.7(3) 23 (100)
rad14rad30re3 9.4 (67) 3.5(25) 0.3(2) 0.6 (4) 0.3(2) 14 (100)

a A total of 66, 60, 51, and 36 independent mutant clones fradil4 (proficient in mutagenesisyad14 rad30(lacking Pok), rad14 res3
(lacking Pot), andrad14 rad30 re3 (lacking both Paj and Pot), respectively, were sequenced. Mutation frequency is presented, followed by
percentage of total mutations in the parenthe3@d. insertions are duplicating insertions (i.e., exact sequence duplications), for example,
TTG — TTTG; TAAAGGCATTATCCGC — TAAAGGCATTATCCGCTAAAGGCATTATCCGC , etc.cAll other mutations are complex
mutations containing a small duplicateRA3sequence, between which a large foreign sequence (about 100 bp or more) was inserted.

(G — A) and two other hot spots at positions 433(AG) of these results, we conclude that @)tanti-BPDE prima-
and 446 (T— G) (Figure 6). Cells lacking both Ppland rily induces base substitution mutations at the G base
Pol showed three strong hot spots at positions 514G pairs; (ii) Pok significantly participates in 43 nucleotide
C), 590 (G—T), and 607 (G— C) (Figure 6). On the basis  deletions and insertions at sites of BPDE damage; and (iii)
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Table 3: Base Substitution Specificity of Spontaneous Mutations in Table 4. Base Substitution Specificity at)-anti-BPDE-Induced

Various Yeast Straifds

Mutations in Various Yeast Straihs

radl4 radl4rad30 radl4re3 radl4rad30re3 radl4 radl4rad30 radl4re3 radl4rad30re3
(%) (%) (%) (%) (%) (%) (%) (%)
G—C 50.0 41.7 32.0 36.8 G—C 54.3 48.7 11.8 57.1
G—T 5.9 25.0 20.0 21.1 G—T 16.0 17.1 235 34.3
G—A 5.9 4.0 15.8 G—A 7.4 11.8 26.5
C—T 15.8 C—T 3.7 3.9 2.9
C—A 10.5 C—A 7.4 3.9 2.9
C—G 5.9 8.3 12.0 C—G 4.9 9.2 8.8
A—C A—C 1.2 5.3
A—T 2.9 A—T
A—G A—G 1.2 11.8 29
T—C 2.9 8.3 32.0 T—C 1.2
T—A 2.9 8.3 T—A 1.2
T—G 23.5 8.3 T—G 1.2 17.6
total 100 100 100 100 total 100 100 100 100

@ Independentira3 mutant clones derived from undamaged plasmid

2 Independentura3 mutant clones derived fromH)-anti-BPDE-

pCLU were sequenced (Table 1), and the precise base substitutionsdamaged plasmid pCLU were sequenced (Table 2), and the precise

were compiled for each yeast strain as indicatadl14, proficient in
mutagenesisfad14 rad3Q lacking Pok; rad14 rev3, lacking Pot;
rad14 rad30 re3, lacking both Poj and Pot.

base substitutions were compiled for each yeast strain as indicated.
rad14, proficient in mutagenesisad14 rad30 lacking Pok; rad14 rev3,
lacking Pot; rad14 rad30 re3, lacking both Poj and Pof.

the vast majority of base substitutions and3Lnt deletions
and insertions require Pphctivity in yeast cells.

Base Substitution Specificity of)-Anti-BPDE-Induced
Mutagenesis in Various Yeast StraiAsnong the 12 possible
base substitutions, &> C and T— G transversions were

Poly and Pot, mainly G— C and G— T mutations were
observed (Table 4). These point mutations were even more
concentrated at a few host spots (Figure 6). While 75% of
all G — T mutations occurred at one site in the sequence
5-GATTGGTTGA-3 (position 590), 75% of all G= C

the first and second most frequent events in yeast cellsmutations occurred at two sites in the sequencés 5
proficient in mutagenesis (thad14 strain), accounting for ~ ATTGCGAAG-3' and 3-CCCGGGTGT-3 (positions 514

50 and 24%, respectively, of the total spontaneous pointand 607, respectively) (Figure 6), where the mutated G is
mutations (Table 3). Inad30mutant cells lacking Pgl the underlined. Remarkably, these base substitutions coincided
base substitution specificity was significantly altered in that with the same base (indicated in bold type in the sequences)
both G— C and T— G mutations were reduced, while 3 or 5 of the mutation site. We propose that these hot spot
G — T mutations were increased to 25% (Table 3) of the base substitutions irev3 mutant cells may be generated by

total spontaneous point mutations. tev3 mutant cells
lacking Pot, G— C mutations were largely reduced (32%),
whereas G— T and T— C mutations were significantly
increased to 20 and 32%, respectively (Table 3). Similarly,
in cells lacking both Paj and Pot (rev3 rad30, G — C
mutations were largely reduced (37%), whereas—GT
mutations were significantly increased to 21% of the total
spontaneous point mutations (Table 3). In addition@\,
C — T, and C— A mutations were also increased (Table
3).

After treatment of the plasmid DNA with 1M (&£)-
anti-BPDE, G— C and G— T transversons constituted the

duplicating the undamaged baset@ the lesion or looping
out the lesion to copy the' indamaged base followed by
realigning the primer-template.

Specificity of In Vitro Translesion Synthesis by YeastPol
and Pol Opposite &)-Trans-Anti-BPDE-RdG DNA Ad-
ducts.In yeast cells proficient in mutagenesis, the mutation
frequency of {)-anti-BPDE-damaged pCLU was 10-fold
higher than that of the undamaged plasmid (Figure 4), and
base substitutions predominated after BPDE damage (Table
2). Therefore, the majority>90%) of base substitutions
observed with the damaged plasmid in these cells resulted
from translesion synthesis of the BPDE lesions. By compar-

most frequent base substitutions, accounting for 54 and 16%,ing the in vivo base substitution specificity of-}-anti-

respectively, of the total point mutations (Table 4). The
BPDE-induced base substitution specificityrad30 mutant
cells is similar to that in cells proficient in mutagenesis (Table
4). Inrev3 mutant cells, G> C mutations were dramatically
reduced (12%), while G- A, A — G, and T— G mutations
were significantly increased (Table 4). Furthermore, point

BPDE-induced mutagenesis (Table 4) with the in vitro base
incorporation specificity of yeast Pblbpposite {)-trans-
anti-BPDEN?-dG DNA adducts, we wished to gain insights
into the role of Pa} in translesion synthesis in response to
BPDE-guanine DNA adducts.

To perform in vitro translesion synthesis assays, we

mutations were more concentrated at a few sites rather thanannealed a '5?P-labeled 19-mer primer terminating right

scattered throughout tigRA3gene as was the case in cells
proficient in mutagenesis (Figure 6). All & G mutations
occurred at one site in the sequenc@BTGATGTTAG-3
(position 446); all A— G mutations occurred at one site in
the sequence ACCTAGAGGC-3 (position 433); and 89%

before a templateX)- or (—)-trans-anti-BPDEN?-dG adduct
(Figure 7) and incubated this DNA substrate with purified
yeast Pal under standard DNA synthesis conditions. As
shown in Figure 7A (lanes 1 and 6), purified yeastiRohs
able to perform limited translesion synthesis opposit (

of all G— A mutations occurred at one site in the sequence and ()-trans-anti-BPDEN?-dG adducts. To determine

5'-CTTCGAAGA-3' (position 268) (Figure 6), where the
mutated base is underlined. iew3 rad30cells lacking both

which nucleotide was incorporated opposite the lesion by
PolZ, DNA synthesis assays were performed in the presence
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5’ - *GGGCGAATTCGGATGGTAG-3' DISCUSSION
3 —CCCGCTTAAGCCTACC&TC?CMTCGCTAGCTAGCTC— 5
BEDE In this study, we have examined the role of Pahd Pok
A _trraneantiopoe _(uranwantBP0E B (sytrans i BPOE () trans-ant-8POE in translesion synthesis ofH)-anti-BPDE-induced DNA
12 34 5 6 7 8B 910 1 2 345 6 7 8 910

s adducts in yeast cells. Translesion synthesis was examined

8- by an in vivo mutagenesis assay, which directly measures
error-prone translesion synthesis in cells. Thus, if the
polymerase contributes to error-prone translesion synthesis
in response to BPDE DNA adducts, the activity of this
polymerase would stimulate BPDE-induced mutagenesis. If

2o - - " P the polymerase contributes to error-free translesion synthesis,

20— - - 20- = the activity of this polymerase would suppress BPDE-induced

19—“ — 19--= mutagenesis. Genetic analysis in yeast for in vivo roles of

dNTPNg A C G T NgACGT dNTPNAACTG NeACT G Pol and Pof in translesion synthesis has a distinct

Fiure 7: DNA synthesis by yeast Fpand Pop from templates advantage in tha_\t this organism does not contain any of the
containing a site-specificH)- or (—)-trans-anti-BPDEN?-dG other two Y family DNA polymerases, Raind Pok. This

adduct. A3P-labeled 19-mer primer was annealed to the damaged greatly simplifies the interpretation of the genetic results.

template with the primer'®nd terminating right before the lesion In our plasmid-based mutagenesis assay, spontaneous
as shown on the top. DNA synthesis assays were then performed . . . ) .
in the presence of a single dATP (A), dCTP (C), dTTP (T), or mutagenesis was increased in the3 mutant cells (Figure

dGTP (G), or all four dNTPs (I, using the damaged templates ~4), in which an increa_.se _Of large deletions and inseftions
as indicated. Products of DNA synthesis were separated by 20%made a major contribution (Table 1). Such deletions/
denaturing polyacrylamide gel and visualized by autoradiography insertions of large DNA fragments are likely generated by a

of the gel. DNA size markers in nucleotides are indicated on the inati ; ;
left. (A) DNA synthesis with 39 ng (193 fmol) of purified yeast recombination mechanism in yeast cells. The spontaneous

Pol. (B) DNA synthesis with 10 ng (141 fmol) of purified yeast recombination frequency is probably higher in the plasmid-
Pob. based mutagenesis system whertBoinactivated, although

the precise mechanism by which recombination may be
of only one deoxyribonucleoside triphosphate at a time. As stimulated in the absence of the Pohutagenesis pathway
shown in Figure 7A (lanes 4 and,9 G was preferentially ~ is not known at the present time.
incorporated opposite the lesion, followed by another G Mutagenesis induced byt)-anti-BPDE in yeast cells
incorporation opposite the undamaged template C im- lacking the NER repair function was readily detected in the
mediately 5 to the lesion. Less frequently, A and T were plasmidURA3gene. Furthermore, inactivating point muta-
also incorporated opposite the X-trans-anti-BPDEN?-dG tions were detected from nucleotide-1796, covering a 787-
adduct (Figure 7A, lanes 2 and 5). Incorporation of the bp region or 98% of the 801-bp open reading frame. Thus,
correct C opposite)- and )-trans-anti-BPDE-N>-dG the URA3 gene provides a big target containing a large
adducts was observed, but it occurred at a lower frequencyvariety of sequence contexts for mutagenesis analyses.
than G misincorporation (Figure 7A, lanes 3 and 8). These Nevertheless, since the mutagenesis assay is based on
results show that yeast Edk capable of limited error-prone  inactivation of theURA3gene, mutations that do not affect

translesion synthesis opposite)f and (-)-transanti-BPDE- the activity of the Ura3 protein are not detectable. Base
N2-dG DNA adducts in vitro. These in vitro results are substitutions at the third position of codons are presumably
consistent with the in vivo results that:)-anti-BPDE- more difficult to detect because some point mutations at such
induced base substitutions require Ealesulting in pre- positions do not lead to a change of the amino acid sequence.
dominant G— C mutations as a result of G misincorporation Thus, like other forward mutagenesis systems, ORA3
opposite the lesion. gene-based mutagenesis assay could be potentially biased
In response to the—)-trans-anti-BPDEN2-dG DNA toward certain types of base substitutions in response to some

adduct, purified yeast Pglmost frequently inserted a C DNA damaging agents. Accordingly, we emphasize the
(Figure 7B, lane 8). Less frequentla G and an A were  importance of performing relative comparisons for a change
also inserted opposite the lesion by P@Figure 7B, lanes  in base substitution specificity among the various yeast
7,9, and 10). However, translesion synthesis mostly stoppedstrains (Table 4).

opposite the lesion (Figure 7B, lane 6). Translesion synthesis Consistent with the fact that)-anti-BPDE mainly forms

by yeast Poj was less efficient opposite the-}-trans-anti- covalent adducts at guanine residues in DNE){ we
BPDEN?-dG adduct (Figure 7B, lane 1), the major BPDE observed base substitutions at the-G base pairs as the
DNA adduct in cells 12), than opposite thef)-trans-anti- major mutational events. A small fraction of mutations
BPDEN?-dG adduct. Nevertheless, A and C were prefer- occurred at the AT base pairs. This probably resulted from
entially inserted by yeast Pplopposite the -{)-trans-anti- translesion synthesis of the BPDE-dA adducts, which are
BPDEN?-dG (Figure 7B, lanes 3 and 4). Since Rdalid known as minor BPDE lesions in DNALR). Base substitu-
not significantly affect the £)-anti-BPDE-induced base tions at G residues occurred mostly on the coding strand of
substitution spectrum in vivo (Table 4) and was inefficient the URA3gene. Since yeast cells used in these experiments
in inserting a nucleotide opposite the)ftrans-anti-BPDE- are completely deficient in NER, such a strand bias in
N2-dG adduct in vitro (Figure 7B, lanes-b), we conclude mutagenesis cannot be attributed to preferential repair of the
that Poly does not play a major role in catalyzing nucleotide transcribed strand. It is possible that cells may respond to
insertions oppositeff)-anti-BPDE-induced DNA adducts in  BPDE-dG adducts somewhat differently depending on
yeast cells. whether the lesion is located on the leading or the lagging
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strand during replication. Strand bias has also been observed BPDE BPDE
before in the case of UV-induced mutageneS8ig) ( gj TTG gj GTT—
In yeast cells proficient in mutagenesis;)¢anti-BPDE- J, l
induced mutations consisted of 85% base substitutions and
15% frameshift mutations. If Polplays a major role in ) T?rng— 5 BFEET_
nucleotide insertion opposite BPDE-dG DNA adducts, then 5 AR 5 AR
the specificity of &)-anti-BPDE-induced base substitutions 1 Pause l
in cells should reflect the intrinsic base insertion specificity | Template Siippage 1l
of purified PoE. Indeed, the preferential incorporation of G EEEH BPDE
opposite {)- and ()-trans-anti-BPDEN2-dG adducts by 3 TTG 3 eTT—
Polg in vitro is consistent with the predominant & C " T
mutations induced byf)-anti-BPDE in vivo. It is likely Lesionl Extension
that Pot directly participates in nucleotide insertion opposite WPE’“BPDE J.““‘“”'s
BPDE-dG adducts. Frameshift mutations that generate dele- s rTE— 5 BPD;
tions or insertions of 3 nucleotides also largely depended & —}?A_ 5 —\J}A:
A

on PoL activity (Table 2). Most recently, Li et al.3Q)
reported that£)-anti-BPDE-induced mutagenesis is largely Ficure 8: Mechanistic model of-1 insertion mutations induced
abolished in cultured human cells expressifREV3anti- by (+)-anti-BPDE in yeast cells. The sequence contexts were taken

. . - from two +1 insertion mutations observed. Scheme on the left,
sense RNA. Thus, a major role of Bah (+)-anti-BPDE- +1 insertion at the A:T base pail & the presumed G:C lesion

induced mutagenesis is apparently conserved from yeast tasite; scheme on the right; 1 insertion at the A:T base pait &
humans. In the absence of Potleletions and insertions of  the presumed G:C lesion site.

large DNA fragments were significantly increased (Table 2),

which probably resulted from recombination. It is possible play a major role in catalyzing nucleotide insertions opposite
that yeast cells may increasingly rely on recombination to BPDE-dG adducts in yeast cells. However, it is possible that
relieve replication blockage by DNA lesions in the absence Poly may play a noncatalytic role by promoting translesion

of the major Pal translesion synthesis mechanism. synthesis of BPDE DNA adducts by other polymerases.
Previously, we reported that translesion synthesis by We noticed that-1 insertions induced byf)-anti-BPDE
purified yeast Pd was very weak in response to the)¢ in cells containing Pd@ occurred at unigue sequence

trans-anti-BPDEN?-dG adduct 16). More efficient trans- contexts: duplicating an A:T base paitr & 3 to a G:C
lesion synthesis of this lesion was observed with purified base pair, the presumed BPDE-dG adduct site. We propose
Pol¢ in this study (Figure 7A). This difference is attributable the following mechanism to account for these unigug
to somewhat higher enzymatic activity of Palsed in this duplicating insertions. As a result of kinetically slowed
study, as freshly prepared enzyme was used. Neverthelessieactions of nucleotide insertion opposite the BPDE-dG
the overall activity of translesion synthesis using purified adduct or extension synthesis from opposite the lesion, the
Polg was still limited (Figure 7A). Similarly, Pdl also template is more likely to slip at the primet 8nd. Such
performed limited translesion synthesis opposite a templatetemplate slippage would be more profound when the primer
AAF-adducted guanine and TB<{4) photoproduct ). It ends at an A:T base pair due to its lower hydrogen bonding
is likely that accessory factors may be required for efficient energy (two hydrogen bonds) as compared to a G:C base
translesion synthesis by Rah cells. InE. coli, translesion pair (three hydrogen bonds). Template slippage would then
synthesis by DNA polymerase V is indeed stimulated by its lead to+1 duplicating insertions as schematically presented
accessory factors3g, 33). It is of great interest to identify  in Figure 8. This model predicts that tandem mutations could
such putative accessory factors of Poi future studies. be generated that contain a base substitution at the damaged
We found that Paj contributes to4£)-anti-BPDE-induced G:C base pair and-1 duplicating insertion on its'%r 3
mutagenesis in yeast, as indicated by a reduction of theside. Indeed, this type of tandem mutation was observed in
induced mutation frequency irmd30mutant cells. Analysis  yeast cells proficient in mutagenesis or lacking:P@.g.,
of the types of mutations inad30 mutant cells revealed a 5-ACCAA — 5-ACGAAA).
significant decrease of-13 nucleotide deletions and inser- Our studies identified Pglas the major polymerase and
tions. Thus, Poj plays a significant role in generating small Pol; as a minor polymerase in error-prone translesion
frameshift mutations in response to BPDE DNA adducts. synthesis of£)-anti-BPDE DNA adducts in yeast cells. The
Sincerev3 mutant cells are as deficient e=/3 rad30double (£)-anti-BPDE-induced frameshift of 43 nucleotides,
mutant cells in generating-13 nucleotide frameshift muta-  however, significantly involves the Pplactivity. It is also
tions in ()-anti-BPDE mutagenesis, the function of Bol  possible that Pgl may additionally facilitate£)-anti-BPDE-
in the frameshift synthesis process most likely require§ Pol induced mutagenesis without directly catalyzing nucleotide
activity. Surprisingly, purified yeast Pglis inefficient in insertions opposite the BPDE DNA adducts. Hence, at least
responding to the¥)-trans-anti-BPDE-N>-dG adduct. This  two DNA polymerases participate in the bypass of BPDE
is in contrast to human Pg| which readily performs  DNA adducts in yeast cells, although each polymerase does
translesion synthesis opposite this lesion positioned in the not equally contribute to the process. Translesion synthesis
identical sequence contextq 18, 19). The in vitro results of TT (6-4) photoproducts and AAF-adducted guanines also
with purified yeast Paj are consistent with in vivo mu-  involve both Pat and Pok in yeast cells 34, 35). Such a
tagenesis results in that-{-anti-BPDE-induced base sub- multiple-polymerase mode of translesion synthesis in cells
stitution spectrum imad30mutant cells is similar to that in ~ may represent a general rather than an exceptional mecha-
cells proficient in mutagenesis. Hence, #d unlikely to nism, as it provides better efficiency and some levels of
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functional redundancy when copying the damaged DNA

template.
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