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ABSTRACT: The presence of bulky adducts in DNA is known to interfere with DNA replication not only

at the site of the lesion but also at positions up to 5 nucleotides past the adduct location. Kinetic studies
of primer extension by exonuclease-defici&tcoli DNA polymerase | (Klenow fragment) (KF) when
(+)-trans-or (+)-cis-B[a]P-N?-dG adducts were positioned in the double-stranded region of the primer-
templates showed that both stereoisomers significantly block downstream replication. Howewe)-the (

cis adduct, which causes a stronger inhibition of the nucleotides insertion across from and immediately
past the lesion, affected the downstream replication to a much smaller extent than eijittané adduct,
especially when the BJP-modified dG was properly paired with a dC. The effects of mismatches across
from the adduct and the sequence context surrounding the adduct were also dependent on the stereochemistry
of the B[a]P adduct. Thus, the identity of the nucleotide across from the adduct that provided the best
downstream replication was different for the){cis and {+)-trans adducts, a factor that might differentially
contribute to the mutagenic bypass of these lesions. These findings provide strong direct evidence that
the conformations of theK)-cis and {+)-trans adducts within the active site of KF are significantly different

and probably differentially affect the interactions of the polymerase with the minor groove, thereby leading

to different replication trends. The stereochemistry of the adduct was also found to differentially affect
the sequence-mediated primer-template misalignments, resulting in different consequences during the bypass
of the lesion.

The covalent DNA adducts formed by metabolically o
activated BfJP* have been shown to be strong blocks to N "
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incorporation of a nucleotide across from the modified base R & ‘
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mutational spectra caused by these adducts are usually
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stereochemistry of the DNA adduct, and the DNA sequence 4@ HG
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Health, Massachusetts Institute of Technology, Cambridge, MA 02139. ()-ant-B[a]BDE, the most biologically relevant active

1 Abbreviations: Bg]P, benzof]pyrene;anti-B[a]PDE, benzaf]- metabolite of BR]P (13), reacts predominantly with the
pyrene diol epoxide or r7,t8-dihydroxy-t9,10-epoxy-7,8,9,10-tetrahy- exocyclic amine (N2) of guanine in duplex DNA via the cis
drobenzaglpyrene; KF, Klenow fragment;)-anti-B[a]PDE, 7R), or trans opening of the epoxy ring at the C-10 position to

8(S), 9(9), 10(R) absolute configuration;=)-anti-B[a]PDE, 7, 8(R), .
9(R), 100 absolute configuration: BJP-N*-dG, benzaflpyrene adduct form four adducts (Figure 1)9]. The structures of these

at N-2 position of guanine; PAGE, polyacrylamide gel electrophoresis; adducts in the DNA duplex and at a primer-template junction

Ku, Michaelis constant/ma, maximum rate of reactiofins, frequency  haye peen studied using NMR and by other spectroscopic
of insertion;Fex, frequency of extension; AARy-acetyl-2-aminofluo- d tati | thod . dia. Th tudi
rene; AF N-2-aminofluorene; dNTP,'leoxynucleotide triphosphate; ~ @nd computational methods [reviewed 1d)]. These studies

Kg, dissociation constant. showed that the cis and trans adducts adopt strikingly
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different conformations in double-helical DNA. The NMR the opening of the replication fork and that mutagenic
data suggest that the pyrenyl moiety of the trans adductsproperties of the lesion depend on the nature of this trapped
positioned within the 5CGC-3 sequence context is located conformation 8, 19. However, the assumption that the
in the minor groove of the DNA helix, whereas the modified structure of the adduct in the active site of the polymerase
guanine is in partial hydrogen-bonded alignment with the maintains a relationship to the structure in duplex DNA
partner cytosine. Conversely, the major conformers of both comes with the caveat that the conformation in the active
cis adducts are intercalative, and the modified and partnersite may be affected by constraints imposed by accommodat-
bases are displaced outside the DNA helix. ing the bulky adduct in the rather tight polymerase active
There is also a dramatic change in the structure of the Site and/or that the adduct conformation might be changed

(+)-trans adduct located at a primer-template junction when @S @ result of this accommodatiobg.

the primer is extended from a position one nucleotide before In vitro studies have shown that the cis adducts are stronger
the adduct to a position that terminates across from the blocks of replication than the trans adducts during incorpora-
adduct. When the primer is terminated before the adduct, tion of a dNTP across from the addudt, G), as well as at

the pyrenyl moiety is stacked with the last base pair of the the position immediately following the addu&)(However,
double-stranded segment of the primer-template, such thatthe order of the preference of the dNTP that is incorporated
the modified guanine is displaced toward the major groove across from the adduct and the identity of the nucleotide
and adopts syn conformatiori5). In contrast, when the  across from the adduct that best allows further extension were
primer is extended and contains a cytosine across from thefound to be independent of the adduct stereochemidtry (
adduct (6), the pyrenyl ring is positioned on the minor 5). These facts make it difficult to use this type of data as a
groove side of the primer-template, pointing toward the 5 guide in determining how a DNA polymerase interprets
end of the template strand. The modified base in this casedifferent adduct structures during replication.

retains the anti glycosidic torsion angle and is in partial  \we have begun to develop methods to address this
Watson-Crick hydrogen-bonded alignment with the comple-  proplem that are based on attempting to measure differences
mentary cytosine](6)._ Overall this structure resembles that i, the interactions of the polymerase with primer-templates
of the same adduct in the fully complementary duplex.  containing bulky adducts of different structures. For example,
Although the structures of these adducts in duplex DNA we have used a gel retardation assa, 21 and a limited
have been well studied, there is very little information trypsin digestion analysi€®) to show that that bulky lesions,
available regarding their structures in the active site of a DNA such as B§jP, AF, and AAF adducts, can be well accom-
polymerase, how these adducts affect the interactions of themodated within the active site of the polymerase in the open
DNA with the polymerase, or if adducts with different binary complex, but that these adducts can interfere with
stereochemistry affect these interactions differentially. One conformational change of the polymerase to the closed
report directly relating to this question is an analysis in which catalytically active ternary complex. Presumably these bulky
a molecular dynamics simulation was carried out using rat structures alter the structure and stability of the ternary
DNA polymerase3 complexed with primer-template DNA  complex @0—22), thus affecting an important step that is
containing the major «)-trans-antiB[a]P-N?-dG adduct crucial in determining the fidelity of the nucleotide incor-
(17). The primer in this study was terminated before the poration stepZ3). We have also showed that th¢)tcis-
adduct position, and the pyrenyl ring was found to be stackedand ¢)-trans-antiB[a]P-N?-dG adducts in the 'SCGT-3
with the last base pair of the double-stranded segment ofsequence affect the binding of the KF to primer-templates
the primer-template, resembling the above-mentioned NMR differently if the primer extends to the position across from
structure 15), except that the modified guanine retained the the adduct, a result that suggests that the conformations of
anti conformation. A second computational study suggestedthese two stereocisomers within the active site may be indeed
a different structure for thet{)-trans-B[a]P-N*>-dG adduct different 21). Despite these differences, synthesis past each
positioned within the active site of the T7 DNA polymerase of these stereocisomers by KF on these primer-templates was
(18). In this study, the primer was terminated before the allowed only when dT was positioned across from the adduct
adduct, and the simulation was carried out in the presence(5), suggesting that replication at this position depends on
of the most commonly incorporated nucleotide, dATP. The the identity of a nucleotide positioned across from the adduct
structure that was determined showed the modified dG in arather than the stereochemistry of the adduct.

syn conformation and the BJP moiety positioned in the In the present study, primer-templates with primers that
major groove, thus allowing the incoming dATP to be extended to ther1 position past the adduct were used to
accommodated. compare the effect of B|P adduct stereochemistry on

In the absence of sufficient information about the structures nucleotide incorporation at the2 position. Although both
of adducts of different stereochemistry within the active site adducts inhibited incorporation at this position, tHe-Cis
of a polymerase, there have been numerous indirect studiesadduct affected the downstream replication to a much smaller
that have attempted to explain differential effects of the bulky extent than did the+)-trans adduct, especially when the
lesions on DNA replication by correlating the structures of B[a]P-modified dG was properly paired with a dC. The
these adducts in double-stranded DNA or at a primer- identity of a nucleotide positioned across from the adduct
template junction with the mutagenic event that a particular that had the least inhibitory effect on downstream replication
isomer induces [reviewed irY)]. For example, it has been was different for the €)-cis and ¢)-trans adducts. These
hypothesized that the DNA polymerase can trap the adductdata provide strong direct evidence that the conformations
in a specific conformation that is presumably determined by of the (+)-cis and +)-trans adducts within the polymerase
the conformation prevailing in the double-helical DNA before are significantly different.



B[a]P Adduct Conformations in the KF Active Site Biochemistry, Vol. 41, No. 13, 20021469

MATERIALS AND METHODS and higher amounts of the enzyme (final concentration up
to 0.08 unit/L) and longer reaction times (up to 24 h) were
used. The samples were then heated for 3 min #t®h

the presence of formamide and analyzed using 15% denatur-
ing PAGE (0.4 mm). Band intensity was determined using
a Molecular Dynamics Storm Phosphorimager.

Gel Retardation Assa¥equilibrium dissociation constants
(Kg) for the polymeraseprimer-template complexes were
determined as describe@1). Briefly, increasing amounts
of KF (ranging from 0 to 200 nM) were incubated witiP-
Ilabeled primer-templates {50 pM) for 30 min at room
temperature in 50 mM Tris-HCI, pH 7.5, containing 10 mM
MgCl,, 1 mM dithiothreitol, 0.05 mg/mL bovine serum
albumin, and 4% glycerol. The incubation mixtures were
analyzed in a native 7% polyacrylamide gel preequilibrated

ith 36 mM Tris—borate buffer, pH 8.3. Quantification of
he gels was performed using Molecular Dynamics Phos-
phorlmager Storm and ImageQuant. The amount of pretein
DNA complex formed at equilibrium was calculated as the
difference in the band intensities of the initial primer-
templates without polymerase addition and unbound primer-
templates. To determirk€y, the fraction of the DNA bound
to the protein was plotted against the initial protein concen-
trations, and the data were analyzed using Ultrafit (Biosoft,
Cambridge, U.K.) by fitting to the equation for single-site
ligand binding. Each determination represents the average
'of at least three independent experiments.

Materials. The Klenow fragment oE. coli DNA poly-
merase | [D355A, E357A double mutar?4)], T4 poly-
nucleotide kinase, and T4 DNA ligase were purchased from
Amersham Pharmacia Biotech. Oligonucleotides were ob-
tained from Midland Certified Inc. and Operon Technologies.
dNTPs were purchased from Promega3{P]JATP was from
ICN Biomedicals. The racemicH)-anti-B[a]PDE was
purchased from the National Cancer Institute Chemical
Reference Standard Repository (Kansas City, MO). All other
general reagents and chemicals were obtained from Fishe
and VWR.

Synthesis and Purification of the B[a]PDE-Modified
OligonucleotidesAll oligonucleotides were purified by 20%
denaturing polyacrylamide gel electrophoresis (PAGE) in the
presence of 8 M urea according to the procedures describe
in (25) and desalted with Centricon-3 microconcentrators
(Amicon) according to the manufacturer’s protocol. The 11-
mers were modified by racemictj-anti-B[a]PDE as de-
scribed 26). Briefly, 50—80 ODUs of 11-mer oligonucle-
otide in 100uL of 10 mM potassium phosphate buffer (pH
7.0) was mixed with 15@L of a 5.5 mM solution of £)-
anti-B[a]PDE in tetrahydrofuran/triethylamine (19:1). After
48 h, the four stereoisomers [obtained in the following
approximate relative yields:H)-trans:()-trans:{)-cis:(—
)-cis=5.5:3.5:1:0.5] were separated by reverse-phase HPLC
gel-purified, and desalted under conditions describe@éh (
The modified oligonucleotides were characterized by UV an_d RESULTS
CD spectroscopy, and the purity was assessed by denaturing
electrophoresis and HPLC analysis as describe@@h ( A kinetic analysis of the replication bypass of a DNA

The 11-mers with €)-trans- and ()-cis-B[a]P-N2-dG adduct typically involves the determination of individual
adducts, as well as unmodified 11-mers, were ligated to theinsertion frequencies of nucleotides across from the lesion
phosphorylated 17-mer, using fully complementary 22-mers and the extension frequency of further bypass in the presence
as scaffolds according to the manufacturer’'s protocol (Am- of the next correct nucleotide from a primer that contains
ersham Pharmacia Biotech), and the ligated 28-mers wereone of the four possible nucleotides across from the adduct
separated from the ligation mixture using 20% denaturing (27, 28. The product of these two parameters is used to
PAGE and desalted as described in detajlZJ). estimate the overall efficiency of lesion bypass However,

Kinetics of Nucleotide InsertioiThe time course analyses this type of analysis may be incomplete since it has been
were performed under conditions similar to those described Shown that bulky adducts can interfere with DNA synthesis
(5). The purified 24-mers (10 pmol) weré-&nd-labeled with at p(_);itions as fgr as five nuc_lt_aotides downstream from the
T4 polynucleotide kinase ang-$?PJATP and purified using ~ modified nucleotideZ9). In addition, the presence of a bulky
20% PAGE in the presencd 8 M urea (the labeled DNA ~ adduct has been shown to promote primer-template mis-
was detected by Molecular Dynamics Phosphor |mager alignments, which also m|ght affect the results of the primel’-
Storm), the corresponding bands were cut out and elutedextension analysis( 6). In the present study, we have begun
overnight, and the solution was desalted using Centricon-3t0 analyze effects of adduct stereochemistry and DNA
microconcentrators (Amicon). The modified 28-mer tem- Seduence both on nucleotide incorporation downstream from

plates (final concentration 8 nM) were annealed to%e the lesion and on the formation of misaligned DNA
labeled 24-mer primers in a 4:1 molar ratio by heating to 95 Structures.
°C and slow-cooling to room temperature in a:80volume Effect of Adduct Stereochemistry on Downstream Primer

containing 50 mM Tris-HCI, pH 7.5, 10 mM Mgg&ll mM ExtensionPrevious studies have shown that tHe-frans
dithiothreitol, and 0.05 mg/mL bovine serum albumin. Under and @)-cis-antiB[a]P-N?-dG adducts are strong blocks of
these conditions, the labeled primer is completely annealed,replication when the primer is terminated upstream from the
which was confirmed by analysis of an aliquot taken from adduct and are especially strong when the primer terminates
the annealing mixtures using a 7% native PAGE analysis atacross from the modified guaning, (2, 5. Figure 2 shows

+4 °C according to the procedure described 5. (After the results of synthesis when the primer terminates one
addition of KF (final concentration 0.02 unit/) and 400 nucleotide past the adduct{ position) and positions a dC
uM of the next correct dATP, &L aliquots were removed  across from the modified guanine. Compared with an
from the reaction mixtures at the indicated times. To estimate unmodified template, where extension under these conditions
if the primer-templates are properly aligned, primer extension occurs in seconds (data not shown), incorporation atthe
experiments were performed in the presence of incorrect position of the primer is significantly affected if either-&)¢
dNTPs, all four dNTPs, or a combination of two dNTPs, cis or a (+)-trans adduct is present. Interestingly, the presence
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dATP dATP
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Ficure 2: Time course of primer extension past tHe-trans-and (+)-cis-B[a]P-N?-dG adducts paired with dC in (AYy£GT-3and (B)

5'-TGC-3 sequence contexts by KF. TRé&P-labeled 24-mer primers positioning dC across from the adduct were annealed to 28-mer
templates and incubated with KF in the presence of the next correct nucleotide (dATP) under conditions described under Materials and
Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed
by denaturing PAGE (15%). Primer extension (%), calculated as the ratio of the band intensity of the extension product {pionrat

of the total DNA (an average of three independent experiments), was plotted as a function of time.

of the ()-trans adduct essentially completely inhibited with fully complementary primer-templates, where extension
incorporation, whereas the blocking effect of the){cis did not exceed 1% after 1 h. In the best case, where dA was
adduct was significantly less (Figure 2 and Table 1). For positioned across from the-j-trans adduct, primer extension
example, in the case of thé-6GT-3 sequence context, reached a 19% vyield aftel h of incubation (Table 1).
essentially no extension was obtained afiel hincuba- When similar experiments were carried out in the 5-TGC-
tion whereas thef)-cis adduct is fully extended in less 3" sequence context (Figure 3B), it was also found that the
than 30 min (Figure 2A). The blocking effect of the (+)-trans isomer was a stronger block to downstream
(+)-cis stereoisomer was somewhat greater when the adducteplication compared with theH)-cis isomer. However, in
was positioned in the'5STGC-3 sequence context (Figure this sequence, the order of preference for the nucleotide

2B), where only 38% yield was obtained afté h of across from the adduct was somewhat different. For-the (
incubation, while the )-trans isomer in the '5TGC-3 cis isomer, dC remained the preferred base to be positioned
sequence again almost completely inhibited downstreamacross from the adduct (38% vyield after 1 h), but dT was
replication (Table 1). now the least preferred, attaining only 10% extension in 1 h

Downstream Extension from Primers Hiag Mismatches (Table 1 and Figure 3B, left graph). For the){trans isomer,
Across from the Modified GuaninPositioning each of the  dA was the preferred base (12% vyield after 1 h), and
four nucleotides in the primer opposite either the)-Cis- negligibly slow extension (less than a 5% yield) was observed
or the (+)-trans-B[a]P-modified guanine resulted in dramatic for any of the other nucleotides (Table 1 and Figure 3B,
differences in the rates of downstream incorporation (Figure right graph).

3 and Table 1). In the case of theGGT-3 sequence, either Finally, in the experiments shown in Figure 3, the rates
a dC or a dT positioned across from for thie){cis adduct of extension were too slow to allow a precise determination
gave approximately equivalent rates of incorporation of of the kinetic parameters and a calculation of the overall
dATP, the next correct nucleotide, both attaining 100% reaction efficiencies\mad/Km). However, the analysis of the
extension in less than 60 min. Placing a purine across fromtime courses in identical experimental conditions allows a
the (+)-cis adduct gave much slower rates of incorporation qualitative comparison of the trends of the bypass efficiency.
(only 32% and 7% vyields were attained 1 h in cases of In our previous studies, these trends were always correlated
dA or dG positioned across from the adduct, respectively). with the trends of the values calculated for the overall
The order of preference for the nucleotide across from the reaction efficiencies\(ma/Km) (5).

(+)-cis adduct was d& dT > dA > dG (Table 1 and Figure Binding of KF to Modified Primer-Template$o further

3A, left graph). The {)-trans isomer gave slow rates of investigate how the presence of an adduct affects the
incorporation for all cases, with the extent of primer replication downstream of the lesion, we determined dis-
extension never exceeding 20901 h for any case (Table 1  sociation constants for the binding of KF to the 24-mer/28-
and Figure 3A, right graph). Interestingly, in the case of the mer unmodified primer-templates and the primer-templates
(+)-trans adduct, extension of the primer-templates contain- containing the {)-trans-and ¢)-cis-B[a]P-N>-dG adducts

ing a mismatch across from the adduct was faster comparedwithin the 3-CGT-3 sequence context [shown in Figure 3A
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Ficure 3: Time course of primer extension past the)-{rans-
and ()-cis-B[a]P-N?-dG adducts in (A) 5CGT-3 and (B) 53-
TGC-3 sequence contexts by KF. TE#-labeled 24-mer primers
with one of the four nucleotides (N) across from the adduct were
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Table 2: Dissociation Constants (nM) for KF Complexes with
24-mer/28-mer Primer-Templates

Nb
template dC dT dA dG
unmodified 6 14 38 19
(+)-trans 40 35 30 30
(+)-cis 26 25 42 30

a Dissociation constants were determined using a gel-retardation assay
as described under Materials and Methods using the primer-templates
shown in Figure 3A, top. Each determination represents the average
of three independent experiments. The standard deviation in all cases
did not exceed 50% and is omitted for clarifNucleotide in primer
across from the adduct as indicated in Figure 3A, top.

strongest when the primer was correctly paired, much smaller
differences were observed for binding to the primer-template
that positions any base across from either th¢-ttans or
the (+)-cis adduct (Table 2). The stability of the modified
complexes followed approximately the same trends as in the
case of a primer terminated at the adduct positki):( the
complexes containing the purines across from thgettans
adduct were more stable than those containing the pyrim-
idines, while complexes with theH)-cis adducts were more
stable when pyrimidines were positioned across from the
adduct. The observed differences, however, were small
(maximum 1.7-fold), suggesting that these binding differ-
ences are not a major factor determining the differences in
replication efficiencies observed for the-)-cis and -)-
trans adducts.

Analysis of Primer-Template Misalignments in the&&T-
3 Sequencdlt is theoretically possible that the differences
observed in Figures 2 and 3 may be due to different abilities
of the cis vs the trans adduct to promote the formation of
misaligned structures, such as those shown in Figure 4. For

annealed to 28-mer templates and incubated with KF in the presenceexample, misalignment of thé-&GT-3 primer-template as

of the next correct nucleotide dATP under conditions described
under Materials and Methods. Aliquots were taken from the reaction
mixture at the indicated time points, heated in the presence of
formamide, and analyzed by denaturing PAGE (15%). Examples
of the corresponding gels are shown in Figure S1 (Supporting
Information). Primer extension (%), calculated as a ratio of the band
intensity of the extension product (primerl) to that of the total
DNA (an average of three independent experiments), was plotted
as a function of time.

Table 1: Primer Extension Yields (%) in the Presence of the Next
Correct dNTP

Nb
sequence adduct dC daT dA dG
5-CGT-3 (+)-trans 1 17 19 8
5-CGT-3 (+)-cis 100 100 32 7
5-TGC-3 (+)-trans 1 2 12 4
5-TGC-3 (+)-cis 38 10 19 21

@ Reactions were carried out for 1 h. Primer extension yields (%)
were calculated as the ratio of band intensity of the extension product
to that of the total DNA (average of three independent experiments).
The standard deviation in all cases did not exceed 10% and is omitted
for clarity. Representative gels are shown in Figures 2 and S1
(Supporting Information)? Nucleotide in primer across from the adduct
as indicated in Figure 3A, top.

(top)]. Binding to these primer-templates was less stable than
when shorter primers were use2ll), presumably because
of the shorter single-strandett@verhangs (discussed in ref
21). Although binding to the unmodified primer-template was

shown in Figure 4A would cause the next correct nucleotide
to be dGTP, rather than dATP. If the trans (but not the cis)
adduct promoted this misalignment, then addition of dATP
should be slow in this case since dGTP would be the correct
nucleotide. To test this possibility, the rate of extension in
the presence of the next correct nucleotide according to
correct alignment (dATP in this case) was compared with
the rate of extension in the presence of dGTP, which would
be a correct dNTP when this primer-template is misaligned
(see Figure 4). The absence of extension in the presence of
dGTP would be strong evidence that misalignment had not
occurred. The appearance of the primer extension product
in the presence of dGTP, on the other hand, would suggest
misalignment but would not be absolutely conclusive because
the equilibrium between properly aligned and misaligned
primer-templates might be shifted by the presence of an
excess of corresponding dNT23j. In addition, the fidelity

of the dNTP incorporation at the analyzed positions can also
be affected by the presence of the upstream adduct that could
lead to incorporation of a mispaired dNTP. Additional data

were obtained from an analysis of primer-extension in the

presence of all four dNTPs and using combinations of two
dNTPs.

The analysis presented in Figure 5 for theC&T-3
sequence indicates that neither the cis nor the trans adduct
promotes a misaligned primer-template structure when dC
is present opposite the adduct, and thus the differences
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dATP

A 5'-CACGAAAACGACGGAACGGTAACG /
3-GTGCTTTT GCTGCC TT GCCATTGCTACC-5’

B[c'z]P

dATP

B 5-CACGAAAACGACGGAACGGTAAAG /
3-GTGC TTTTGCTGCC TT GCCATTGCTACC-5'

BiP

dATP

C 5-CACGAAAACGACGGAACGGTAATG /
3-GTGC TTTTGCT GCCTT GCCATTGCTACC-5'

Méw

dATP

D 5-CACGAAAACGACGGAACGGTAAGG /
3-GTGC TTTTGCTGCC TT GCCATTGCTACC-5

B[a']P

Alekseyev and Romano

GTP
5'-CACGAAAACGACGGAACGGTAACG /j
3-GTGCTTTTGCTGCCTT GCCATE EC-S’

B[a]? cT

dGTP

5'-CACGAAAACGACGGAACGGTAAAG /
3-GTGC TTTTGCTGCC TT GCCAT1('; EC-S’

B[a]}; cT

dGTP

5-CACGAAAACGACGGAACGGTAATG /
3-GTGC TTTTGCTGCC TTGCCAT'(I; ACC-5

A
Bl ©

5-CACGAAAACGACGGAACGGTAAGG-3'
3-GTGC TTTTGCTGCC TTGCCATE %C-S’

B[a]lg cT

FicUrRe 4: Correct and predicted incorrect alignment of primer-templates containajBJ*-dG adduct in the 5SCGT-3 sequence context

in which each of the four nucleotides is positioned across from the adduct. Also shown is the next correct ANTP according to the alignment

indicated.
(+)-cis
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[ | | |
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5'-CACGAAAACGACGGAACGGTAACG /
3-GTGCTTTTGCTGCCTTG CCATTCliCTACC-S’

Bla]P

FiIGURE 5: Analysis of the primer-template alignment for the){cis- or (+)-transB[a]P-N?-dG adducts in the'SCGT-3 sequence paired

with dC. The®?P-labeled 24-mer primers with dC across from the adduct were annealed to 28-mer templates and incubated with KF in the
presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), or all four dNTPs (as indicated) under conditions
described under Materials and Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence
of formamide, and analyzed by denaturing PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides
of identical sequences (not shown). Shown below is the correct primer-template alignment that is predicted from the gel analysis.

observed in Figure 2A cannot be explained by different of all four dNTPs gave rise to a fully extended 28-mer
alignment of the primer-templates. In both cases, extensionproduct [16% and 2% yield after 24 h for the-)-cis and
occurs only in the presence of dATP, which is the correct (+)-trans adducts, respectively], also indicating that mis-
nucleotide to be incorporated for a properly aligned structure alignment had not occurred. The formation of the 25-mer
(Figure 4A), and not in the presence of any other dNTP product in the presence of all four ANTPs cannot be the result
(Figure 5 and Table 3). Extension in this case resulted in of extension of the misaligned primer-template shown in
100% and 9% vyields aftea 1 hincubation for the cis and  Figure 4A because the incorporation of dGTP, which would
trans adducts, respectively. Although not shown, the addition be the next correct dNTP in this case, was not observed
of dATP and dTTP together (the next two correct dNTPs) (Figure 5 and Table 3). In addition, the formation of a 25-
resulted in the formation of 25-mer and 26-mer products also mer product was also observed in the presence of all four
in accordance with correct alignment. Simultaneous addition dNTPs in the case of the-3GC-3 sequence (see Figure
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Ficure 6: Analysis of the primer-template alignment for the){cis- or (+)-trans-B[a]P-N2-dG adducts in the'SCGT-3 sequence paired

with dA (A) or dT (B). The32P-labeled 24-mer primers positioning dA (A) or dT (B) across from the adduct were annealed to 28-mer
templates and incubated with KF in the presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), a combination
of the two next correct ANTPs (dATP and dTTP), or all four dNTPs (as indicated) under conditions described under Materials and Methods.
Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed by denaturing
PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides of identical sequences (not shown).
A correct primer-template alignment (as shown in panel A) is predicted from the gel analysis when the adduct is paired with dA. The
correct and incorrect primer-template alignments (as shown in panel B) are predicted whef)-ttan¢ adduct is paired with dT. Only

correct alignment is predicted for templates containing thedis adduct paired with dT.

7), while a misalignment in this sequence would lead to Table 3: Analysis of the Primer-Template Misalignment in the
formation of a 27-mer and not a 25-mer. This shorter product 5-CGT-3 Sequence

is most probably formed because of strong inhibition of fully

replication at this position by the upstream adduct in both incorpn of incorpn of  extended
sequences. Consistent with the results shown in Figure 2A, " adduct dAMP, 9% dGMP, % product, % alignment
the ()-trans isomer inhibited replication much more strongly €  (f)-cis 100 ND' 16 correct
than the ¢)-cis isomer (Figure 5 and Table 3), so that the ((ig:gi‘zns 53 ,\ng 15 ggrrrrggtt
full-length extension 28-mer product did not exceed 2% after (+)-trans 47 ND ) correct
24 h and was detectable only on overexposure of the gel T (+)-cis 100 ND 28 correct
(not shown). (+)-trans 45 64 9 cor/incor

aBase across from adduétPrimer extension yields (%) in the

. o . presence of the next correct dNTP according to correct or incorrect
primers that positioned dA and dT across from either the alignment of the primer-template (dATP or dGTP, respectively, as

(+)-cis or the (H)-trans adducts (Figure 6). With dA  shown in Figure 4) after 24 h of incubation. Primer extension yield

positioned across from either adduct, primer extension was (%) was calculated as the ratio of band intensity of the extension product

detected only In the presence of dATP [52% and 4736 yields 2 18 B e 0l cabes cid not exceed 1% and i omitied

: : (}

after 24. h for the C.IS gnd.trans adducts, re_spec.tlve.ly (Tablefor clarity. Representative gels are shown in Figures 5 arfoF6ll-

3 and Figure 6A)], indicating that the potential misalignment |ength primer extension yields (%) in the presence of all four dNTPs

shown in Figure 4B was not occurring. Addition of the two after 24 h of incubation were calculated as the ratio of band intensity

next correct dNTPs lead to formation of a 26-mer, also in of the full-length extension product (28-mer) to that of the total DNA

accordance with correct alignment. Full-length extension to (8verage of three independent experiments). The standard deviation in
. all cases did not exceed 20% and is omitted for clarity. Representative

a 28-mer occurred at low levels in the presence of all four a5 are shown in Figures 5 and“auD: Not detected.

dNTPs (17% yield for the cis and 8% yield for the trans

adduct after 24 h). Similar results were observed when dT

was positioned across from the )-cis adduct, although the  dATP were comparable (64% vyield vs 45% after 24 h,

level of 28-mer formed was highe28% after 24 h (Table  respectively), suggesting that partial primer-template mis-

3 and Figure 6B, top gel). However, when dT was positioned alignment as shown in Figure 4C may occur. Consistent with

across from the<)-trans adduct (Figure 6B, bottom gel), this, a very small amount of 28-mer (only a 9% vyield vs a

the rates of primer extension in the presence of dGTP and28% yield for the cis adduct) was detected in this case after

The experiment shown in Figure 5 was repeated using
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Ficure 7: Analysis of the primer-template alignment for the){cis- or (+)-trans-B[a]P-N2-dG adducts in the'STGC-3 sequence paired

with dC. The32P-labeled 24-mer primers positioning dC across from the adduct were annealed to 28-mer templates and incubated with KF
in the presence of the next correct nucleotide (dATP), an incorrect dNTP (dTTP or dGTP), or all four dNTPs (as indicated) under conditions
described under Materials and Methods. Aliquots were taken from the reaction mixture at the indicated time points, heated in the presence
of formamide, and analyzed by denaturing PAGE (15%). The products were assigned in accordance with migration of standard oligonucleotides
of identical sequences (not shown). Shown below, both the correct and misaligned primer-templates are predicted from the gel analysis.

primer extension reaction with all four dNTPs for 24 h. template in the case of the trans isomer appears to be greater
Presumably the misaligned structure in this case is morethan for the cis isomer (Figure 7, lower gel) since primer
stable because two terminal bases of the primierG-3 extension in the presence of dTMP, the next correct
can pair with downstream’ & A-3' on the template (Figure  nucleotide for the misaligned primer-template, gives rise to
4C). This could result in some decrease of the extensionan 11% vyield of the 25-mer product after 24 h, which is
efficiency observed in Figure 3A for thetj-trans adduct = comparable to the incorporation of dJAMP, the next correct
paired with dT. When dG was positioned across from either nucleotide for the correctly paired primer-template (8% yield
the cis or the trans adduct (Figure 3A and Table 1), very after 24 h). However, the contribution of this structure on
low levels of extension in the presence of the next correct bypass cannot be evaluated fully because the level of full-
dNTP were observed (less than 8% after 1 h), suggestinglength extension was negligible in this sequence. It is
that this mismatch provides significant inhibition of down- important to note that this potential misalignment structure
stream replication, although the formation of a misaligned did not result in increased levels of primer extension since
blunt-ended structure (Figure 4D) cannot be ruled out. the rate of replication in the presence of all four dNTPs was
Analysis of Primer-Template Misalignments in thd &C- not faster in this sequence context than for th&¢c&T-3
3 SequenceA similar set of experiments carried out with  sequence context where misalignment does not occur.
the 3-TGC-3 sequence indicated that misaligned structures  Analysis of the full-length extension reactions when a
may occur in this case. With the cis isomer paired with dC mismatched nucleotide is positioned across from the adduct
(Figure 7, top gel, and Table 4), incorporation of dAMP (Figure 8) provides further evidence that this sequence is
predominates (88% vyield after 24 h), but significant levels more prone to misalignments than the@&5T-3 sequence
(63% after 24 h) of dTMP (but not dGMP) are also since in this case the 27-mer product of primer extension
incorporated, suggesting that a misalignment of the primer- was detected. Interestingly, the extension in the presence of
template is possible. This misalignment is likely to be a minor all four INTPs when dA was positioned across from thg (
component of the bypass process because in the presence dfans adduct in this sequence was significantly more efficient
all four dNTPs only 4% of the total DNA in the reaction than in any other case for either sequence context (Figure
mixture after 24 h is a 27-mer, which would be the result of 8A and Table 4), such that the primer was almost completely
primer extension of this misaligned structure, whereas extended after 24 h, giving rise mostly to the 27-mer product
approximately 10% of the total DNA is the fully extended (85% of the total DNA in the reaction mixture) and only
28-mer. Interestingly, the fraction of misaligned primer- 9% of the 28-mer product. In the case of the cis adduct,
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Ficure 8: Full-length extension analysis of primer-templates containing-thecis- or (+)-transB[a]P-N?-dG adducts in the'5STGC-3

sequence context. TH&P-labeled 24-mer primers positioning dA (A) or dT (B) across from the adduct were annealed to 28-mer templates
and incubated with KF in the presence of all four dNTPs under conditions described under Materials and Methods. Aliquots were taken
from the reaction mixture at the indicated time points, heated in the presence of formamide, and analyzed by denaturing PAGE (15%). The
products were assigned in accordance to migration of standard oligonucleotides of identical sequences (not shown). Appearance of the
27-mer product in accordance with the primer-template misalignment (as shown below) was observed when dA was positioned across from
either adduct (A). No full-length extension was observed under the same reaction conditions when dT was positioned across from either
adduct (B).

Table 4: Analysis of the Primer-Template Misalignment in thd 6C-3 Sequence

base across incorporation of  incorporation of fully extended misalignment
from adduct adduct dAMP, 9% dTMP, %6 product (28mer), % product (27mer), % alignment
C (+)-cis 88 63 10 4 correct/incorrect
(+)-trans 8 11 2 2 correct/incorrect
A (+)-cis nd nd 15 59 mostly incorrect
(+)-trans nd nd 9 85 mostly incorrect
T (+)-cis nd nd 6 5 correct/incorrect
(+)-trans nd nd not detected not detected nd

a Primer extension yields (%) in the presence of the next correct INTP according to correct or incorrect alignment of the primer-template (dATP
or dTTP, respectively, as shown in Figure 7, bottom) after 24 h of incubation. Primer extension yield (%) was calculated as the ratio of band
intensity of the extension product to that of the total DNA (average of three independent experiments). The standard deviation in all cases did not
exceed 15% and is omitted for clarity. Representative gels are shown in FigtFail-length primer extension yields (%) in the presence of all
four dNTPs after 24 h of incubation were calculated as the ratio of band intensity of the full-length extension product (28-mer) or the product of
full-length extension of the misaligned primer-template (27-mer, as shown in Figure 8, bottom) to that of the total DNA (average of three independent
experiments). The standard deviation in all cases did not exceed 20% and is omitted for clarity. Representative gels are shown in Figures 7 and 8.
¢ Not determined.

extension past the adduct occurred to a lesser extent tharFinally, consistent with the inefficient one-nucleotide exten-
with the trans adduct (20% of the primer remained unex- sion with a dT positioned across from either adduct (Figure
tended after 24 h) and resulted in the production of both a 3B), no full-length extension product was detected after 24
27-mer and a 28-mer (59% and 15% of the total DNA after h incubation in the case of thet§-trans adduct, and only
24 h, respectively). This suggests that the base-pairing 0f6% and 5% yields of the 28-mer and 27-mer, respectively
two consecutive A:T's resulted in a misaligned structure that (Figure 8B and Table 4), were observed for the)-€is
was easily bypassed, especially in the case of trans adductadduct.
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DISCUSSION extended past the adduct position. Further rationale for this
) o .. work is provided by recent structural studies with KF which

Effect of Adduct Stereochemistry on in Vitro Replication paye shown that there are important minor groove hydrogen-

Bypass.The configuration of the bond between theal ponding interactions that take place between amino acids

adduct and the guanine, rather than the stereochemistry Oigggg and 849 and the second base of the duplex region of
the hydroxyl groups on the aromatic ring, has been shown the primer-template33), the base that is modified in our

to influence in vivo DNA replication on templates containing experimental system (Figure 2, top). Both of these interac-

these adotljurc]:tsl(t, 30' ;’:is fact was r? ne re?sonh the-x tions have been proposed to be important for catalysis and
trans and the)-cis adducts were chosen for the current fidelity (33). Similarly, a crystal structure of the large

and prior stu<_j|es E({ 21), since these structures have_ an fragment ofB. stearothermophiluBNA polymerase, which
opposite configuration (Band 1(R, respectively) at this shares a large degree of homology with KF, indicates that

?h%nud rglzrgvlg:ﬁr%).s?%vi\flii \;i;’ ?Jfr:/tli(t)aljtisvén d}:‘lfterroersut:t(ja(il?nsl’(ii\gtaig there are extensive minor groove interactions with at least
9 9si9 d the first four base pairs of the duplex regid@d). Thus, it

parameters of ANTP incorporation, showed that the overall seemed likely that positioning a bulky adduct of either

trends were t_he same for each stereO|sorﬁ1g5(_3]). For . stereochemistry in this region would substantially alter these
example, the insertion frequencies of nucleotide incorporation interactions and that. because the adducts were located in a
across from the adduct in-£GC-3, 5-TGC-3, and 5-CGT- :

3 sequence contexts followed the order: dAIG > dT > fully duplex region of the template, the adduct stereochem-

dC, independent of adduct stereochemistty §, 37. A istry might effect these interactions, leading to measurable
possible explanation for these results, based on the NMRdﬁferences in the rates of DNA synthesis or polymerase

structure of thef)-trans adduct at a primer-template junction binding.
(15) and the computed structure of polymergsbound to The results obtained in the present studies indicated that
a (+)-trans-B[a]P-modified primer-templatel(?), is that the the stereochemistry of the adduct does have a very strong
pyrenyl ring stacks with the adjacent base pair in the DNA €ffect on the incorporation of nucleotides at th2 position
duplex within the polymerase active site irrespective of the (relative to the location of the adduct). It was found that
adduct stereochemistry, leading to a similar result when although both adducts inhibited incorporation at this position,
nucleotide incorporation occurs. In addition, we previously the (t)-trans adduct inhibited the downstream synthesis
found that binding of KF to primer-templates containing a much more strongly than the-{-cis isomer (Figures 2 and
(+)-cis or ()-trans adduct is similar when the primer 3 and Table 1). These differences in the rates of extension
terminated before the adduct position and that the presenceare especially large when the Watsd@rick dC base is
of each of the dNTPs had comparable effects on this complexpositioned across from the adduct in theC&5T-3 se-
irrespective of adduct stereochemist@y, guence: replication is essentially completely blocked in the
Although the inference from these results is that the case of f-)-trans adduct, whereas the primer is completely
polymerase interprets these different adduct structures simi-€xtended within 30 min in the case of the){cis adduct
larly during the nucleotide incorporation step, which leads (Figure 2A). This contrasts with what is found using the same
to similar nucleotide selectivity, there are clear differences templates for incorporation across from the adduct and
that can be measured in the rates of extension by theextension directly from this position where the){cis isomer
polymerase from primer-templates containing these struc-has been found to be a stronger blogk (
tures. Thus, we and others have found that thedis adduct The dramatic differences observed for the rates of primer
is a much stronger block than the-)-trans adduct both at  extension at thet2 position suggest that ther}-cis and
the nucleotide insertion stefi,(5, 3) and for the addition  (+)-trans adducts have very different structures once they
of the next nucleotide past the addus}. (The incorporation  are positioned within the duplex region of the DNA in the
of this next nucleotide is apparently more difficult than the polymerase active site. The available structural information
incorporation of the nucleotide across from the lesibn for these adducts in duplex DNA, at a primer-template
5, 6, 29, 32. The overall ability of the polymerase to extend junction, and within DNA polymerase active sites can be
the primer past the lesion, however, seems to depend on theised to formulate a hypothesis that may explain these
sequence context and the identity of a nucleotide across fromdifferences. In the case of the-)Y-trans adduct, it has been
the adduct rather than on the stereochemistry of the adductshown that the pyrenyl ring lies in the minor groove directed
1, 9. in the 3 direction both in duplex DNA and at a primer-
An example where the stereochemistry of the adduct wastemplate junction in which dC has been positioned opposite
shown to have qualitatively different effects is in the binding the modified guaninel, 39. The modified base in both of
of the polymerase to primer-templates in which the primer these structures has been shown to retain the anti glycosidic
extends up to the adduct positidlj. The binding affinities torsion angle and has Watse@rick hydrogen-bonded
varied significantly (up to the 6-fold difference) depending alignment with the complementary dC. Extending the primer
on the adduct stereochemistry and the identity of a nucleotideby one nucleotide, as is the case for the primers used in the
across from the adduct, providing the first evidence that the present study (Figure 2, top), would position the adduct
structures of these adducts within the active site of KF deeper in the duplex region and thus should stabilize this
may be significantly different, even though the above- structure. Moreover, because this structure is formed during
mentioned replication trends in the same primer-templatesthe primer-template annealing, prior to interaction with KF,
were the sameg). it might be retained upon the polymerase binding. If this
These prior studies prompted us to carry out experimentswere true, then it is likely that this structure would interfere
using primer-template complexes in which the primer with the above-mentioned important minor groove interac-
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tions between the DNA and the polymerase that have beenefficient bypass in this case. In general, the fact that bypass
shown to be necessary for DNA synthes3d)( of the same lesion can occur producing such different results

In the case of the()-cis adduct, there are no structural emphasizes the importance of the overall sequence context
data available that indicate where it is positioned at a primer- as opposed to the bases flanking the adduct.
template junction. However, in a DNA duplex, the major  As for the 3-CGT-3 sequence context, our resuls é&nd
conformer of this adduct has been shown to be intercalatedthose of Zhuang and co-worker8) (are the same. In both
between adjacent base pairs, causing the modified guaninestudies, the extension was best when the adduct was paired
to be displaced toward the minor groove and the partner with dT. We found that the extension frequencies determined
cytosine toward the major groove®). This structure is  for the (+)-trans and {)-cis adductsg) were very low [8.4
apparently stabilized by stacking interactions between the x 1077 and 2.1x 1078, respectively, not “very high” as
pyrenyl moiety and the adjacent base pairs. Even though thestated in the discussion by Zhuang and co-worké&)3$ (
helix is distorted in the vicinity of the damage and guanine whereas in the cases of other nucleotides positioned across
is displaced into the minor groove, it is possible that, were from the adduct the extension was essentially not detectable
this conformation to be maintained within the polymerase in both studies. A detailed analysis suggests that in the case
active site in our experimental system, it would have a of the trans adduct paired with dT (see Figure S3, Supporting
smaller effect on the overall geometry of the minor groove Information) the primer-template in our experiment might
than in the case when the larger and more hydrophobic be indeed partially misaligned as proposed by Zhuang and
pyrenyl ring of the {+)-trans adduct is positioned in the minor co-workers 6). However, this analysis clearly shows that in
groove (see Figures 11 and 12 in ré&# for visual the case of the cis adduct it is aligned correctly (see Figure
comparison). This potential structure might be expected to S3, Supporting Information). Moreover, the partial misalign-
allow a higher rate of DNA synthesis downstream from the ment observed in this sequence for the trans isomer did not
lesion. Other reasons, such as the probable greater conforeause an increase in the efficiency of replication bypass
mational flexibility of the cis adducts1d), might also (Table 3 and Figures 6B and S3, Supporting Information),
contribute to the observed differences, even though this whereas misalignment observed in tHef&C-3 sequence
would not explain why the «)-cis adducts are stronger when the adduct is paired with dA leads to relatively high
blocks of the replication across from and immediately past rates of DNA synthesis (Table 4 and Figures 8A and S2A,
the lesion. Supporting Information).

Effect of Sequence Context and Identity of the Nucleotide Having mismatches at the modification sites also differ-
Incorporated Across from the Adduct on Replication Bypass. ently affects the primer extension downstream from thp (
Previous studies involving the extension of the modified cis vs the {)-trans adducts (Table 1 and Figure 3). At
primer-templates in which the primer was terminated across present, NMR data on how a mismatch would affect the
from the adduct showed that the efficiency of extension past conformation of the adduct are unavailable. Induced circular
the lesion depends on the identity of the nucleotide positioned dichroism studies37) suggest that the replacement of the
across from the adduct. It has been shown thati6GC- hydrogen-bonding cytosine with a non-Watsd@rick dC
3 (1), 5-CGG-3 (2), and 3-TGC-3 (5) sequences extension base leads to formation of intercalative conformations in the
takes place only if dA is positioned across from the adduct, case of the)-trans adduct. In accordance with the model
whereas in the '8SCGT-3 (5) sequence the extension past proposed above, this might explain the observed trend that
both the )-cis and +)-trans adducts takes place mostly if the primer extension downstream from the lesion was faster
not only when the primer terminates with dT across from when the adduct was paired with a mismatched base rather
the lesion. Results obtained by Zhuang and co-work&s ( than with WatsorCrick dC (Table 1 and Figure 3).
however, were different and suggested that when #He ( Alternatively, in the case of theH)-cis adduct, where the
trans adduct was positioned within four different sequence conformation of the adduct is expected to be intercalative,
contexts, including the previously studied@GC-3 (1) and the displacement of the more bulky purine into the major or
5-TGC-3 (5), the best extension past the adduct was minor groove might result in greater hindrance during
observed when dT was positioned across from the adduct inreplication than would be found with a displaced pyrimidine,
all cases. In both these sequences, Zhuang and co-workerghus decreasing the replication rates as observed (Table 1
found that when the primer was terminated by dT across and Figure 3A) for the 5-CGT:3equence, which is less
from the adduct on the template, abnormally high insertion affected by primer-template misalignment.
frequencies were observed for the incorporation of the next The identities of the nucleotide across from the adduct
correct dANMP, with the rates comparable with those obtained that were optimal for the replication downstream from the
using unmodified primer-templates. The autho8¥ gug- lesion were different for the)-cis and (+)-trans adducts
gested that the observed efficient extension when the adduciFigure 3 and Table 1), which might differentially contribute
is paired with dT for these two sequences is due to a to the mutagenic bypass of these lesions. This is the first
misalignment mechanism. Conversely, we observed veryindication from in vitro studies that the adduct stereochem-
efficient primer extension of 24-mer (Figure 8 and Table 4) istry may favor different base substitution mutations. All prior
and 23-mer primers (Figure S2, Supporting Information) in studies, which measured the rates of incorporation across
the presence of all four dNTPs when the adduct positioned from the adduct or extension one nucleotide past the adduct,
within the B3-TGC-3 sequence is paired with dA and no gave comparable results for both adduct stereochemistries
bypass when the adduct is paired with dT. Formation of a (1, 5). It is interesting to note that thet}-cis adduct has
27-mer (1 deletion) product in the case of dA suggests shown higher levels of mutagenicity Ex colithan the {)-
that the misaligned structures shown in Figures 8A (bottom) trans adduct X2). It is possible that this effect may be
and S2A (bottom) are formed, which may facilitate the partially attributed to the fact that the cis adduct inhibits
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downstream replication less than the trans adduct, which promote the misalignments more than extrahelical trans
would compensate for the stronger inhibition observed for adducts ). It is possible that the stacking of the pyrenyl
incorporation of a dNTP at or immediately past the adduct ring with the adjacent base pairs compensates for the helix
site. A detailed explanation of the observed trends awaits distortion and stabilizes the correctly aligned structures in
three-dimensional structural studies of the adduct conforma-the case of the cis adducts4]. In addition, the stability of
tions in different sequences with or without possible mis- the duplex DNA containing the cis adducts was found to be
matches and possibly within the active site of a polymerase. higher (which results in45° C higher melting temperatures)
Consistent with what was found for the primers one than that containing the extrahelical trans addut#. (
nucleotide shorter §) and Figure S2, Supporting Informa- In summary in the absence of sufficient structural or
tion], having a dT across from the adduct is more favorable computational data on the conformations of the bulky adducts
in the case of the'BCGT-3 sequence (Tables 1 and 3, Figure within the active site of polymerase, this study provides
3A, and cf Figure 6A,B), whereas in thé-3GC-3 sequence  strong direct evidence that the structures of thg-¢is and
extension past the adduct paired with dT is poor in the case(+)-trans adducts are significantly different after the modified
of both stereoisomers (Tables 1 and 4, Figure 3B, and cf. primer-template is bound by KF. Presumably, the presence
Figure 8A,B). In general, the downstream primer extension of these different structures leads to very different primer
by one nucleotide was more efficient in th&GGT-3 extension efficiencies. We predict that the structure of the
sequence than in thé-5GC-3 sequence (Table 1, Figures (+)-trans adduct when positioned in the double-stranded part
2 and 3). The observed differences in efficiencies of the of the primer-template junction resembles that found in the
primer extension reactions may be at least partially related full duplex, where the pyrenyl ring is situated in the minor
to the fact that in the'SCGT-3 sequence the G:C base pair groove. In this conformation, it would likely cause significant
positioned on the border of the double-stranded/single- steric hindrance and disrupt important minor groove interac-
stranded regions in the primer-templates stabilizes the overalltions within the polymerase active site. Alternatively, we
structure better than does the A:T base pair in th€GC- propose that theH)-cis adduct retains the intercalated
3 sequence, which may result in an increase in the adductstructure within the active site and that this structure, even
conformational freedom and lead to formation of a mis- though being a stronger block at the site of the lesion, is
aligned primer-templates in the latter case. Based on themore suitable for downstream extension. Finally, we found
modeling studies, it has been proposed that different con-that the trans adducts are more able to promote formation
formations of the adduct are favored in different sequence of primer-template misalignment compared with the cis
contexts including the ones studied heBe19, which may adduct in identical sequence contexts. Thus, even though the
also account for the differences observed in the present study(+)-cis adduct is a stronger block of the nucleotide incor-
Effects of the Sequence Context and Stereochemistry oporation across from and just past the lesion, its effect on
the Adduct on Primer-Template MisalignmeAnalysis of downstream replication is significantly less compared with
primer-templates in two sequence contexts with all four the (+)-trans adduct, factors that may contribute to the
possible nucleotides across from the adduct suggests thatelative mutagenicity of each species.
reasonably stable primer-template misalignments can be
formed if at least two terminal bases of the primer can base- ACKNOWLEDGMENT

pair with two consecutive bases on the template downstream \y/e thank Dr. Mohsen B. Arghavani for synthesizing the

of the lesion. The data from Zhuang and co-workésp ( () anti-B[a]PDE-modified 11-mer oligonucleotides.

suggest that looping of a rather long portion of the template

containing the)-trans-antiB[a]P-N*>-dG adduct can occur  SUPPORTING INFORMATION AVAILABLE

within the polymerase active site. Not surprisingly, we found . i . ) L

that the 5-CGT-3 sequence, having a more stable G:C base Three additional f|gur_es are included. This material is

pair on the terminus of the double-stranded portion of the available free of charge via the Internet at http:/pubs.acs.org.

primer-template, was aligned correctly in most cases, al-

though some levels of misalignment were detected in the REFERENCES

case of the-{)-trans adduct paired with dT. Thé&5GC-3 1. Shibutani, S., Margulis, L. A., Geacintov, N. E., and Groliman,

sequence, however, was shown to be more prone to mis- ) ﬁ- P. (&993)gi03heg1istr3|/ ?127'33157531. 5 R L T

alignments, and, more importantly, the misalignment in the < 7@nrahan, . J., bacolod, M. D., Vyas, R. k., LW, 1.,

case when the adduct was paired with dA significantly gﬁgfrwtg\éls.NT'oEi'cé_I?%hégE3%'7.L" and Basu, A. K. (1997)

affected the replication bypass of the lesion, leading to very

efficient formation of a product with-1 deletion. This result Reha-Krantz, L. (1998PNA Cell Biol. 17 541-549.

was consistent with a previous in vitro study of Shibutani . Lipinski, L. J., Ross, H. L., Zajc, B., Sayer, J. M., Jerina, D.

(1), where a 9-fold increase of the replication products M., and Dipple, A. (1998)nt. J. Oncol. 13 269-273.

containing a—1 deletion was detected in this sequence 'féi'ésﬁ%eo"‘i?jg O., and Romano, L. J. (20@pchemistry 39

compared with the 'SCGC-3 sequence, and the study by g Zp,ang, P., Kolbanovskiy, A., Amin, S., and Geacintov, N.

Bernelot-Moens38) in which formation of—1 deletions was E. (2001)Biochemistry 406660-6669.

detected in vivo in the'5TG-3 sequence. 7. Seo, K. Y., Jelinsky, S. A., and Loechler, E. L. (200M)tat.
Interestingly, in each case studied, the propensity for the Res 463 215-246. _

cis adducts to promote the formation of the misaligned 8 Kozack, R., Seo, K. Y., Jelinsky, S. A., and Loechler, E. L.

- t lat hi than for the t dduct (2000) Mutat. Res450, 41—59.
primer-templates was much lower than for the trans adducts g Harvey, R. G. (1991Polycyclic Aromatic Hydrocarbons:

(see Tables 3 and 4). This finding is rather surprising since Chemistry and CarcinogenicitCambridge University Press,
it was predicted that the helix-distorting cis adducts should Cambridge, U.K.

. Keohavong, P., Shukla, R., Melacrinos, A., Day, B. W., and

A W

)]



B[a]P Adduct Conformations in the KF Active Site

10. Denissenko, M. F., Pao, A., Tang, M., and Pfeifer, G. P. (1996)
Science 274430-432.

11. Moriya, M., Spiegel, S., Fernandes, A., Amin, S., Liu, T.,
Geacintov, N., and Grollman, A. P. (199B)ochemistry 35
16646-16651.

12. Fernandes, A., Liu, T., Amin, S., Geacintov, N. E., Grollman,
A. P., and Moriya, M. (1998Biochemistry 3710164-10172.

13. Newbold, R. F., and Brookes, P. (19Tgture 261 52—54.

14. Geacintov, N. E., Cosman, M., Hingerty, B. E., Amin, S.,
Broyde, S., and Patel, D. J. (199Chem. Res. Toxicol. 10
111-146.

15. Cosman, M., Hingerty, B. E., Geacintov, N. E., Broyde, S.,
and Patel, D. J. (1998iochemistry 3415334-15350.

16. Feng, B., Gorin, A., Hingerty, B. E., Geacintov, N. E., Broyde,
S., and Patel, D. J. (199Biochemistry 3613769-13779.
17. Singh, S. B., Beard, W. A,, Hingerty, B. E., Wilson, S. H.,

and Broyde, S. (1998Biochemistry 37878—-884.

18. Perlow, R. A., and Broyde, S. (2001)Mol. Biol. 309 519—
536.

19. Kozack, R. E., Shukla, R., and Loechler, E. L. (1999)
Carcinogenesis 205-102.

20. Dzantiev, L., and Romano, L. J. (199R)Biol. Chem. 274
3279-3284.

21. Alekseyev, Y. O., Dzantiev, L., and Romano, L. J. (2001)
Biochemistry 402282-2290.

22. Dzantiev, L., and Romano, L. J. (200B)ochemistry 39
5139-5145.

23. Kunkel, T. A., and Bebenek, K. (2008hnu. Re. Biochem.
69, 497-529.

24. Derbyshire, V., Freemont, P. S., Sanderson, M. R., Beese, L.,
Friedman, J. M., Joyce, C. M., and Steitz, T. A. (1988)ence
240, 199-201.

25. Maniatis, T., Fritsch, E. F., and Sambrook, J. (198a)ecular
Cloning. (A Laboratory Manuaj)Cold Spring Harbor Labora-

Biochemistry, Vol. 41, No. 13, 20021479

tory Press, Cold Spring Harbor, NY.

26. Arghavani, M. B., SantaLucia, J., Jr., and Romano, L. J. (1998)
Biochemistry 378575-8583.

27. Shibutani, S., Takeshita, M., and Grollman, A. P. (1991)
Nature 349 431—-434.

28. Shibutani, S., and Grollman, A. P. (1993)em. Res. Toxicol.
6, 819-824.

29. Miller, H., and Grollman, A. P. (1997Biochemistry 36
15336-15342.

30. Shukla, R., Jelinsky, S., Liu, T., Geacintov, N. E., and
Loechler, E. L. (1997Biochemistry 3613263-13269.

31. Mekhovich, O. (1997) in Ph.D. Dissertation, Wayne State
University, Detroit, M.

32. Shibutani, S., and Groliman, A. P. (1993)Biol. Chem?268
11703-11710.

33. Spratt, T. E. (2001Biochemistry 4026472652.

34. Kiefer, J. R., Mao, C., Braman, J. C., and Beese, L. S. (1998)
Nature 391 304—307.

35. Cosman, M., de los Santos, C., Fiala, R., Hingerty, B. E.,
Singh, S. B., Ibanez, V., Margulis, L. A., Live, D., Geacintov,
N. E., Broyde, S., and Patel, D. J. (199)oc. Natl. Acad.
Sci. U.S.A. 891914-1918.

36. Cosman, M., de los Santos, C., Fiala, R., Hingerty, B. E.,
Ibanez, V., Luna, E., Harvey, R., Geacintov, N. E., Broyde,
S., and Patel, D. J. (199Bjiochemistry 324145-4155.

37. Pradhan, P., Jernstrom, B., Seidel, A., Norden, B., and
Graslund, A. (1998Biochemistry 374664-4673.

38. Bernelot-Moens, C., Glickman, B. W., and Gordon, A. J.
(1990) Carcinogenesis 11781—-785.

BI015850L



