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ABSTRACT. The presence of benzjpyrene diol epoxide (Bi]JPDE) adducts in DNA is known to interfere

with DNA replication. Kinetic studies of nucleotide insertion by exonuclease-defigentoli DNA
polymerase | (Klenow fragment) across from either th@-{rans-or the ¢)-cis-B[a]P—N2-dG adduct in

the 3-CGT-3 sequence context indicated that the rate of nucleotide incorporation followed the order:
dAMP > dGMP > dTMP > dCMP, which did not correlate with the mutational spectrum observed for
these adducts in this sequencelincoli (mostly G—A transitions). Interestingly, a kinetic analysis of
extension past the adduct showed that, unlike other sequences studied, the primer-template was extended
best when dT was positioned at thet@&minus of the primer across from either-g){trans-or a (+)-
cis-B[a]P—N?-dG adduct. In contrast, when the-)-transB[a]P—N2-dG adduct was positioned in the
5'-TGC-3 sequence context, which gives predominantty TGmutations inE. coli, extension was detectable

only when dA was positioned across from the adduct. These data provide the first in vitro evidence that
may explain why G~A transitions, rather than the-&T transversions found in other sequences, are
preferred in the 53CGT-3 sequence in vivo.

pollutant that is among the best studied of the family of /

carcinogens called polycyclic aromatic hydrocarbons. Upon <N

metabolic activation to highly reactive diol epoxides, these 4&

compounds become capable of covalent binding to DNA and

inducing mutations, some of which correlate with tumor

initiation and progressiori( 2). In most cases, the mutation

spectra resulting from DNA modifications by these com-

pounds are quite complex and depend on the stereochemistry (+)-trans

of the adduct, the type of polymerase involved in their

replication, and the DNA sequence context within which they

lie [reviewed in @, 4)]. However, despite extensive studies,

the molecular mechanism by which a specific DNA adduct

induces a specific mutation remains illusive.
()-anti-Benzop]pyrene diol epoxide H)-anti-B[a]PDE]

is thought to be the most relevant product o8] metabolic

activation g). It has been shown to react predominantly with

the exocyclic amine of guanine in duplex DNA via the cis

or trans opening of the epoxy ring at the C-10 position to _

form four major adducts, two of which are shown in Figure FIGURE 11 Structures of £)-anti-B[a]P—N*-dG adducts.
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sequence context surrounding the lesion. These types ofThe protein had been overproduced and purified from a strain
studies with the major #)-transB[a]P—N?-dG adduct carrying the double mutation D355A, E357A, which results
showed that the adduct caused mosthy~Gtransversions  in about 16-fold reduction of endogenous-3' exonuclease
in most casesl, 15) [including in 3-CGG-3 and 3-TGC- activity (28). T4 polynucleotide kinase and T4 DNA ligase
3 sequence contextsld 16)] but in at least two other  were also purchased from Amersham Pharmacia Biotech.
sequence contexts '[EGT-3 (17) and 3-AGA-3' (18)] Oligonucleotides were obtained from Midland Certified
G—A transitions predominated. Inc. dNTPs were purchased from Promega3fP]ATP was

In an attempt to understand the mutational mechanismsfrom ICN Biomedicals. The racemie)-anti-B[a]PDE was
that generate these mutation spectra, in vitro replication purchased from the National Cancer Institute Chemical
systems have been developed that allow the quantificationReference Standard Repository (Kansas City, MO). All other
of the mutation frequencies opposite DNA lesiot8,(20. general reagents and chemicals were obtained from Fisher
This type of system has been used to show that the rates ofand VWR.
incorporation by DNA polymerase | (Klenow fragment) (KF) Synthesis and Purification of the B[a]PDE-Modified
across from each of the four sterioisomers in both&@GC- Oligonucleotides.The sequences of oligonucleotides that
3 and a 5TGC-3 sequence follow the order: dAMP were used in this study are shown in Figure 2A. All
dGMP > dTMP > dCMP @1, 23. Consistent with these  oligonucleotides (approximately 1 OD unit) were purified
results, thermodynamic studies have shown that the relativeby 20% denaturing polyacrylamide gel electrophoresis
destabilizing effect of thek)-anti-B[a]PDE adducts inthese  (PAGE) in the presencefd M urea according to the
two sequence contexts for all stereoisomers is least when gorocedures described ir29). The oligonucleotides were
B[a]P—N?-dG adduct is positioned across from an adenine detected under UV light, and the corresponding area was
and most when the adduct is positioned across from acut out, eluted overnight, and desalted with Centricon-3
cytosine R3). These results suggest that KF preferentially microconcentrators (Amicon) according to the manufacturer’s
incorporates the nucleotide that causes the least localprotocol. The 11-mers were modified by racemie){anti-
distortion of the DNA double helix. Prior studies have shown B[a]PDE, and the four stereoisomers were separated by
that the purines stack better with theaif moiety than reverse-phase HPLC, gel-purified, and characterized as
pyrimidines @4), providing a related explanation for why described 23). The 11-mers with {)-trans- and &)-cis-
dAMP and dGMP are incorporated significantly faster than B[a]P—N2-dG adducts, as well as unmodified 11-mers, were
dTMP and dCMP. Other in vitro studies using T7 DNA ligated to the phosphorylated 17-mer, using fully comple-
polymerase (Sequenase 2) and DNA polymerase | (Klenow mentary 22-mers as scaffolds (Figure 2B) according to the
fragment) and its exonuclease-deficient versizi, @6 have manufacturer’s protocol (Amersham Pharmacia Biotech).
recently confirmed and extended these results by showingBriefly, a mixture containing the modified or unmodified
that purines (dAAMP> dGMP) are more readily incorporated 11-mer (1 nmol) and the 17-mers (1.5 nmol) and the 22-

compared with pyrimidines across from d@P—N2-dG mer (1.5 nmol) in 1.5 mL volume containing 50 mM Tris-
adducts when lesion bypass takes place. Finally, extensionHCI, pH 7.5, 10 mM MgC}, 10 mM DTT, 1 mM ATP, and
past the adduct was shown to occur in theC&C-3 (21) 25 mg/mL bovine serum albumin was heated to°@0and

or 5-CGG-3 (25) sequence context only when dAMP had then slowly cooled over 60 min. T4 DNA ligase (40 units)
been incorporated opposite the adduct, further accountingwas added, and the samples were incubated aClfér 16

for the G—T mutations that occur in these sequences. h. After desalting of the ligation mixture with Centricon-3
In the present study, we report the results of a kinetic microconcentrators (Amicon), the ligated 28-mers were
analysis of nucleotide insertion across from tHg-frans- separated from the ligation mixture using 20% denaturing

and (+)-cis-B[a]P—N2-dG adducts in a'8SCGT-3 sequence  PAGE and desalted as described above. Aliquots (0.5 pmol)
context, one of the sequence contexts that leadstAG  were 3-end-labeled with T4 polynucleotide kinase and
mutations in vivo {7). Prior studies have shown that the [y-32P]JATP and analyzed using 20% PAGE (0.4 mm) in the
thermodynamic stability of)-anti-B[a]PDE adducts in this  presence 08 M urea. The analysis of the purity of the
sequence gave the same trends that were determined for theroducts is shown in Figure 2C.

5'-TGC-3 and 3-CGC-3 sequences2@, 27. Thus, it is not Kinetics of Nucleotide Insertion Across from the Adduct
surprising that we find in this study that for both the){ and Chain Extension Past the Adduthe kinetic analyses
trans-and (+)-cis-B[a]P—N?-dG adducts in the'SCGT-3 were performed under conditions similar to those described

sequence the rates of incorporation also followed the same(21). The purified 22-mer and 23-mers (10 pmol) wete 5
order: dAMP> dGMP > dTMP > dCMP. These results  end-labeled with T4 polynucleotide kinase anePfP]ATP,
do not correlate with the mutation spectrum observed for purified using 20% PAGE in the presence8oM urea (the
these lesions in the same sequence in vivo. However, whencorresponding bands were detected by Molecular Dynamics
extension past these adducts in this sequence was analyze@®hosphorlmager SF, cut out, and eluted overnight as
it was found that only when a dT was positioned opposite described above), and desalted with Centricon-3 microcon-
either adduct could extension be measured. Thus, evencentrators (Amicon). The modified templates (28-mers) were
though dTMP is incorporated more slowly in this sequence, annealed to théP-labeled primers (22-mer or one of the
it allows the most efficient bypass of the lesion, thus possibly 23-mers) in a 4:1 molar ratio by heating to 95 and slow-
accounting for the &-A mutations that are seen in viva). cooling to room temperature in a »Q volume containing

50 mM Tris-HCI, pH 7.5, 10 mM MgGl| 1 mM dithiothrei-
MATERIALS AND METHODS tol, and 0.05 mg/mL bovine serum albumin. The extent of

Materials. The Klenow fragment oE. coli DNA poly- duplex formation was estimated by analysis of an aliquot

merase | was purchased from Amersham Pharmacia Biotechtaken from the annealing mixtures using a 7% native PAGE
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BlalP
B[a]P-modified 11-mers: 5'-CCATCGTTACC-3'
Ba]P
5-CCATTGCTACCS
3-oligo (17-mer): 5-pGTTCCGTCGTTITTCGTG-3
Primers (22-mer): 5-CACGAAAACGACGGAACGGTAA-3
5-CACGAAAACGACGGAACGGTAG-3
Primers (23-mer): 5-CACGAAAACGACGGAACGGTAAN-3

5-CACGAAAACGACGGAACGGTAGN-3

X
1
Templates (28-mer): 5-CCATCGTTACCGTTCCGTCGTTTTCGTG-3

X
5’-CCATTéCTACCGTTCCGTCGTTI'FCGTG-s’

B

5-CACGAAAACGACGGAACGGTAA- Ligation. 5-CACGAAAACGACGGAACGGTAA-3
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Ficure 2: (A) Sequences of the oligonucleotides used in this study. The 22-mer and the 23-mers (N stands for one of the four possible
nucleotides) were used as primers in the primer extension studies with the 28-mer templates (X stands for eitRerdis-oor( (+)-
transB[a]P—N2-dG). (B) To obtain the 28-mer templates, the modified or unmodified 11-mer was ligated with the phosphorylated 17-mer
using complementary 22-mer as a scaffold as described under Materials and Methods. (C) All oligonucleotides and ligation products were
gel-purified and desalted as described under Materials and Methods. To confirm the pudtp-khleeled aliquots were analyzed by 20%

PAGE under denaturing conditions as described under Materials and Methods. (D) The templates were annedfedlabéhed primers
according to the procedure described under Materials and Methods. The extent of duplex formation was estimated by 7% native PAGE.
Lane a, 23-mer primer with N= A; lanes b, ¢, d, duplexes formed by this primer with unmodifietl)-{rans-, or (+)-cis-B[a]PDE-

modified templates, respectively; lane e, 23-mer primer witkr IT; lanes f, g, h, duplexes formed by this primer with unmodifiesl)-(

trans, or (+)-cis-B[a]PDE-modified templates, respectively. Effective annealing was achieved in all cases. The results for the other primer-
templates used in the study were identical (data not shown).

analysis at 2C according to the procedure described28)( in the presence of formamide and analyzed using 15%
(Figure 2D). After addition of KF (final concentration 0.01 denaturing PAGE (0.4 mm). Band intensity was determined
unitjuL) and 200 or 40uM samples of one of the four  using a Molecular Dynamics Phosphorimager SF. To derive
dNTPs (dGTP or dATP for chain extension past the adduct), the kinetic parameters, the same DNA duplexes were
8 uL aliquots were removed from the reaction mixtures at incubated in the presence of KF and increasing amounts of
the indicated times. The samples were then heated for 3 minone of the four nucleotides for times that provide no more



10434 Biochemistry, Vol. 39, No. 34, 2000 Alekseyev and Romano

than 20% primer extension based on the results of the time dNTP
courses. The velocity of the reaction, expressed as percent 5-CACGAAAACGACGGAACGGTAA

per unit time, was measured as= 100[1./(lo + 0.511)t] (30), 3-GTGCTTTTGCT GCCTT GCC ATZ{ZETACC's
where |y is the intensity of the original primei; is the

intensity of the primer extended by one nucleotide, i A (4)-trans NTP (+)-cis

the reaction time. Th&y and Vmax Values were obtained
from Hanes-Woolf plots of [dNTP]& vs [dNTP] based on AR S - C L p—
the results of three independent experiments where a standart

deviation did not exceed 10% (data not shown). Insertion P rer— PR L ————
(Fing and extension Rex) frequencies were determined

relative to the correct unmodified base pair, according to wimer:n:e": ::- - oy .."
equations derived by Mendelman et@1, 32: F = (Vmal primer- QRN
Km)[wrong pair)/V/ma/Km)[right pair = G-C], where the primer + 1 “.~ GATP -
wrong pair is any base pair containing a mismatch @iBf primer— . S ~
Nz_dG adduct. 0 2 5 15 30 0 5 10 30 60
(min) (min)
B
RESULTS &?‘ ®dATP OdCTP ® dATP OdCTP
Nl 100 |- 0dGTP WdTTP
[~
- ) ) . 2 80|
Kinetics of Nucleotide Insertion Across frqr)-anti-Bla]- g 6oL
PDE AdductsAs a first step in the determination of the 3
nucleotide incorporation parameters across from thg ( g “or
trans and (+)-cis-B[a]P—N2-dG adducts in a 'SCGT-3 & 2F
sequence, the times to achieve 20% primer extension were o o 20 = 00 % 0 o
determined. These levels are needed so that the remaining ) ) i ]
Time (min) Time (min)

experiments can be carried out under conditions that satisfy . . .
single-hit kinetic requirement$8{, 3. As shown in Figure ~ FIGURE 3: Time course of dNTP insertion across from the){

i . trans- and (+)-cis-B[a]P—N?-dG adducts in 5CGT-3 sequence
3, mfd'flgg |28brrre;szv;ere used as te:jnplates a_nd a Con:ﬁli contexts by KF. Thé?P-labeled 22-mer primers were annealed to
mentary=+-labele -mer was used as a primer so that ;g mer templates and incubated with KF in the presence of one of

the 3-terminus was positioned one nucleotide before the the four dNTPs under conditions described under Materials and
adduct. Each time course was conducted in the presence oMethods. (A) Aliquots were taken out of the reaction mixture at

a single nucleotide. It is evident from these results that the indicated time points, heated in the presence of formamide,
: : ~ N2 and analyzed by denaturing PAGE (15%) as described under
Incorporation across from a transB[a]P N*-dG aglduct Materials in Methods. (B) Primer extension (%), calculated as the
by KF was more raF_)'q than for theHj-ms-B[a]F?—N -dG ratio of the band intensity of the extension product (primet) to
adduct. For the modified templates, no extension above thethat of the total DNA, was plotted as a function of time.

primer+ 1 band was observed. From this time course study,
it is also possible to conclude that the purines were Table 1: Insertion Frequencies of Nucleotide Incorporation Across

incorporated much faster than pyrimidines. from the Adduct

Next theVimnax andKy were determined using steady-state dNMP
conditions as described previous®lj. For these experi- template dCMmP dTmP dGMP dAMP
ments, the primer-templates shown in Figure 3A were unmodified 1 8.2 104 4.6x10* 28x10*

incubated with KF and increasing levels of each dNTP, and (+)-trans ~ 1.5x 107 15x10° 11x10° 18x10°

the Fins was determined as described under Materials and _(1)-Cis 71x10° 32x10° 13x107 29x10°
Methods. The data obtained for unmodified templates and @ Frequencies of nucleqtide insertio_n were_estimated by the equation:
templates containing)-trans- and ()-cis-B[a]P—N%-dG Fins = (Vma/Km)[wrong pair}/(Vmay/Km)[right pair = dG-dC], where the

. kinetic parameterSmaxandKm, were obtained from analyzing the primer
adducts are presented in Table 1. It was found that tl'end":’extension at increasing dNTP concentration as described under Materials

for the rates of the nucleotide incorporation for theC8sT- and Methods.
3 sequence correlated with those reported by Shibutani et
al. (21), Mekhovich @2), and Hanrahan et al2§) for 5 Chain Extension Past the Addughe analysis of the time

CGC-3, 5-TGC-3, and 3-CGG-3 contexts: for both  course for chain extension past the adducts is shown in Figure
stereoisomers, the insertion frequences followed the order:4. In these experiments, the sarde){anti-B[a]PDE-modi-
dAMP > dGMP > dTMP > dCMP. The unmodified fied 28-mers were used as templates, but four different 23-
templates displayed the opposite order of g For both mers were used as primers, so that ther8l of the primer
stereoisomers in the sequence studied here, the overall bypasgrminated with either dC, dT, dG, or dA opposite the adduct
was less than that reported by Shibutani for th€&C-3 on the template. The ability of KF to incorporate dGMP,
sequenceZl), which may be explained by the fact that there the next correct nucleotide, using each of these primer-
is a less stable AT base pair preceding the lesion. Finally, templates is shown in Figure 4A. For the modified templates,
unlike the latter sequence, for theGGT-3 context theFis no extension above the primér1 band was observed as in
values were much higher for any of the four nucleotides the case of the 22-mer primer (see above). In contrast to the
across from-)-transB[a]P—N?-dG than those for the same 5-CGC-3 and 3-CGG-3 sequences analyzed previousty (
nucleotide across fromH)-cis-B[a]P—N2-dG (Table 1). 25), where only the primers with dA at the-&rminus across
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dGTP dATP
5-CACGAAAACGACGGAACGGTAAN 5-CACGAAAACGACGGAACGGTAGN
3-GTGCTTTT GCTGCC TTGCCATTGCTACCS 5-GTGC TTTTGCTGCC TTGCCATCGTTACC-
Bla]P BlalP
A (+)-trans dN (+)-cis
, A (+)-trans dN
A R —— primer + 1- I o
primor- (N

primer + 1— — —
primer— -...‘ a7 e S W primer + 1-
primer- (UM
primer + 1—
primer— D - - - - dG — g S —— primer + 1- ” dG
primer + 1- P
pimer- G 1\ e -

primer + 1— .
0 1 5 10 30 0 5 10 30 60 p"“‘*"M dA

(min) (min) 0 5 10 30 60
B (min)
—_ dA dC dA dC
& 15 odc mar 15F oga waT B
c e dA OdC
S g 5 odG wdT
g 10 101 P
% i)
@ %
. c
g s 5 -
S s
' [
S T T | 0 @
0 10 20 30 0 20 40 60 £ 1
Time (min) Time (min) o
Ficure 4: Time course of primer extension past the)-frans- 0 30 60
and (+)-cis-B[a]P—N2-dG adducts in a’'8CGT-3 sequence context Time (min)

by KF. The 3?P-labeled 23-mer primers with one of the four ] ] ]

nucleotides on the '@erminus (dN) were annealed to 28-mer FIGURES5: Time course of primer extension past thg-trans-B-
templates and incubated with KF in the presence of the next correct[2]P—N?*-dG adduct in the STGC-3 sequence context by KF. The
nucleotide dGTP under conditions described under Materials and *?P-labeled 23-mer primers with one of the four nucleotides on the
Methods. (A) Aliquots were taken out of the reaction mixture at 3-terminus (dN) were annealed to 28-mer templates and incubated
the indicated time points, heated in the presence of formamide, With KF in the presence of the next correct nucleotide dATP under
and analyzed by denaturing PAGE (15%) as described undercondltlons described Unde_r Mat.erlals and Methods. (A) Allql.!ots
Materials in Methods. (B) Primer extension (%), calculated as the Were taken out of the reaction mixture at the indicated time points,
ratio of the band intensity of the extension product (prirhet) to heated in the presence of formamide, and analyzed by denaturing
that of the total DNA, was plotted as a function of time. PAGE (15%) as described under Materials in Methods. (B) Primer
extension (%), calculated as a ratio of the band intensity of the
extension product (primef 1) to that of the total DNA, was plotted

Table 2: Extension Frequencies of Nucleotide Incorporation Past

the Adduct as a function of time.
Nb
template c T G A observed in Figure 4, the level was not high enough to obtain
unmodified 1 12 10°  74x 104 26 10% the VmaxandKy values. The frequency of lesion bypass can
(+)-trans nE 84x107 nd nd be calculated as the product Bf.s and Fex and was found
(+)-cis nd 21x10% nd nd to be equal to 1.3« 107*? and 6.7 x 1071® when dTMP
aExtension frequencies were estimated by the equafea= (Vinal was incorporated across fronfr)-trans-and (t)-cis-B[a]P—

Km[wrong pair]/(Vmad/Km)[right pair = dG-dC], where the kinetic N2-dG adducts, respectively. Interestingly, for the unmodified
parametersVmax and K were obtained from analyzing the primer  primer-templates, the extension of aTGmismatch was

extension at increasing dGTP concentration as described under Materialssi nificantly f ; ;
) e = aster than either a-G or a GA mismatch
and Methods Nucleotide in primer across from the adduct as indicated g y smate

in Figure 4, top* nd, not detectable. (Table 2).

To ensure that the trend observed for theC&T-3
from the BR]P—N2-dG were extended, in the case of the sequence was not an artifact related to the experimental
5'-CGT-3 sequence the extension of the primer with dA at design, the same experiment was performed using a template
the 3-terminus was hardly detectable (Figure 4B). No containing a {)-transB[a]P—N?-dG adduct in a 5TGC-
extension was observed when either dG or dC was positioned3' sequence context in an otherwise identical template and
across from the adducts. However, when dT was positionedusing the analogous four primers as described in Figure 4.
across from either of the stereoisomers, the extension wasThe time course of extension shows that the incorporation
significantly higher, allowing the kinetic paramet&fg.xand of the next correct nucleotide, dAMP, was detectable only
Kw to be determined. The extension frequencies derived fromwhen the primer was terminated with dA instead of dT
these parameters for the unmodified afg-anti-B[a]PDE- (Figure 5) as had been determined for tHeC&T-3 in
modified templates are summarized in Table 2. Although Figure 4 and Table 2. Thus, sequence context appears to be
extension of the dA-terminated primer could just barely be a major factor in determining bypass efficiency.
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DISCUSSION that seem to provide some insight into the mechanism of
) ) mutagenesis2Q, 21, 25, 42-45), and it is tempting to assume
The fact that in some cases there is an apparent lack ofyh 4t the hases for these correlations are measurable physical
correlation between in vitro and in vivo replication of 5.oherties that are independent of the replication machinery
damaged DNA suggests that caution is needed when at-5n4 \which can be studied in an in vitro model system. In

tempting to make generalizations about the cellular process-gqition, a second factor that must contribute to the mech-
ing of DNA lesions based on data obtained in Vo 3. anism of mutagenesis is the fact that the identity of the
For example, most of the in vitro studies have show2n that by cleotide incorporated across from a lesion may be unre-
the incorporation of the purines across from the]Bf-N*- lated to the nucleotide that is needed to allow full bypass. If
dG adducts is significantly faster than that of the correct o major nucleotide incorporated does not allow further
cytosine 21.' 22, 25’ 2_93 even though _B{[PDE-lnduced extension while a minor product does, then the mutation
mutagenesis studies find that the majority of the bypass ohserved would result from this latter process. For example,

products in the cell exhibit the insertion of the correct j the apove-mentioned studg3), which did not reveal any
nucleotide across the BJPDE-modified guanine. This iS  c4rejation between in vivo and in vitro replication of

presumably because of DNA repair prior to replication, the 4amaged DNA, only incorporation of the nucleotides across
3-exonuclease proofreading activity of the DNA polymerase, ¢,m the adducts was studied, and extension past the adduct
and the possible involvement of a more accurate multicom- a5 not analyzed. It is likely that studies that do not take
ponent replicative machinerg(14, 25, 34, 3p Moreover, jnt account this important component of in vitro DNA

it has also been shown that the mutation spectrum Stro”glysynthesis may be missing a significant factor in mutation
depends on the cell type and consequently on the enzymenqction.

involved in replication 14, 23. Based on the observed 1 hresent study, it was found that the in vitro kinetics

discrepancies between in vitro and in vivo replication of the ¢ .\ cleotide incorporation across from either4g)-rans-

damaged DNA some authors have concluded that their in or a (+)-cis-B[a]P—N?-dG adduct in a 5CGT-3 sequence
vitro assay was not predictive of the mutagenic SPectrum giy not correlate with the mutation caused by these lesions
observed in vivo §3). in this sequence in vivol({). The predominant (82%)
One of the strongest arguments against the legitimacy of mytation that is observed . colifor the (+)-trans-B[a]P—
predictions based on in vitro studies is that replicative N2.dG adduct in this sequence involves the incorporation of
machinery in the cell is fundamentally different from that gTMP across from the adduct leading to a-& transition
in vitro. In numerous in vitro studies, including those (17) while we found that JAMP has an insertion frequency
described here, KF is used as a model enzyme because 0&2- or 90-fold higher than dTMP opposite th¢)ftrans-
its ability to bypass bulky lesions and the availability of B[aP—N2-dG or ()-cis-B[a]P—N2dG adducts in this
mutants that lack proofreading activity, even though its role sequence, respectively (Table 1). However, when the kinetics
in in vivo replication is quite restricted. However, even the of extension were measured using primers that positioned
use of E. coli DNA polymerase Ill, which, in fact, is  each of the four nucleotides opposite either adduct, the
completely blocked by E{|PDE lesions in vitro £1, 23, presence of a dT across from either adduct allowed faster
does not adequately model the in vivo syste38) Since it extension than if any of the other nucleotides was positioned
is not clear which protein assemblies are involved in there. This is consistent with the preference for-&
replicative bypass of the lesions in bacterial cells. One model mytations in this sequence in vivo (see below). A similar
suggests that a different subassembly of Pol Il is involved resylt has been obtained for the bypass of]BFN?-dG

(33), while other studies propose that Pol36f or Pol Il,  adducts by T7 RNA polymerase where it was found that a
which can become processive in the presence of Pol lll majority of the transcripts terminated opposite the adduct
accessory factors3y), might substitute for Pol Ill in  ang contained a purine on theit-@rminus, while full

replicating the exogenous DNA. The recent discovery of Pol transcripts had incoporated only pyrimidines across from the
IV (38) and Pol V 89, 40, which appear to participate in - aqduct ¢6).
lesion bypass, make this process even more uncertain. The rationale for performing these studies in th€&ST-
Another argument against the significance of in vitro 3 sequence context is due to the fact that, as mentioned
studies is that the conformation of the adduct during DNA above, in vivo studies have shown that when a]BPE-
replication in the cell might be different from that present modified guanine is positioned in this context it gives rise
during in vitro DNA synthesis. The proponents of this predominantly to G-A transitions, while most other contexts
hypothesis have suggested that a single sterioisomef)ef (  give predominantly & T transversions. Thus, while &}-
trans-B[a]P—N*dG is capable of numerous sequence- transB[a]P—N2-dG adduct in a 5CGT-3 sequence gave
dependent conformations in duplex DNAY and that  rise to 82% G~A transitions inE. coli (17), (4)-anti-B[a]-
different mutations result when the polymerase encounterspDE-modified guanine in’5TGC-3 or 5-CGG-3 produced
these different structure8%). NMR studies have shown that  97% and 57% &-T transversions, respectivelylZ, 16.
B[a]PDE adducts adopt very different conformations when Moreover, prior studies on the in vitro replication of primer-
they are present at the primer-template junction comparedtemplates containing aH)-trans-B[a]P—N2-dG adduct in a
with their structures in single-stranded or duplex DN8) ( 5-CGG-3(25), and &)-trans-,(—)-trans- (+)-Cis-,or (—)-
and therefore it is not clear how appropriate it is to correlate cjs-B[a]P—N2-dG adducts in 5CGC-3 or 5-TGC-3 (21,
adduct structures with those that occur inside the active Sit822) have shown that in each case the insertion frequencies
of a polymerase during replication. followed the order: dAMP> dGMP > dTMP > dCMP.
Despite all of the arguments listed above, there have beenThe extension past these adducts in the first two sequences
several revealing in vitro studies involving different lesions was reported to be significant only when the primer was
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terminated with dA across from the adduct on the template groove pointing in the '3direction leads to a & A mutation
(21, 295. We have extended these studies here by showing(35).
that extension past aH)-trans-B[a]P—N?-dG adduct in the All of the above analyses deal with the fully duplex
5'-TGC-3 sequence also takes place only from the primer structures and thus do not take into account the effect of
terminated with dA across from the adduct (Figure 5). All having a lesion at the primer terminus. Moreover, these
of these in vitro findings are consistent with the observed in studies cannot address the effect of having the adduct present
vivo mutation spectrum of predominantly-&T in 5'-CGG- in the active site of the DNA polymerase. Although there is
3 or 5-TGC-3and G~A in 5'-CGT-3 sequences. not enough published physical data to estimate this effect
Two questions arise from the results presented here. First,completely, it has been shown that the impact of bulky
what factors contribute to the selection of the nucleotide to lesions on polymerase/DNA complex formation is significant
be incorporated opposite thed3PDE-modified guanosine? (54, 55. In addition, only a single structure has been
Second, what factors allow a primer-template that terminatesdetermined of a BjJPDE-modified primer-template {()-
opposite the lesion to be extended? As stated above, wetransB[a]P—N?-dG adduct located in £ GC-3 sequence
believe that there are measurable physical parameters thatontext] in which cytosine was positioned across from the
contribute to both of these processes, which may allow the adduct 66). However, without data showing the effect of
prediction of the in vivo mutational spectrum. different sequence contexts, it is difficult to make predictions
Prior studies have shown that &PDE adducts are  on how these structures relate to the mutation spectra. A
significant blocks to DNA replication in vitro for all tested better understanding of these processes awaits NMR struc-
DNA polymerases. In most cases, the polymerase becomedures of these adducts in primer-templates in different
stalled before the lesion, although some polymerases, includ-sequence contexts and crystal structures of polymerases
ing KF, are able to incorporate a nucleotide across from the bound to modified templates.
adduct 1, 22, 25, 26, 4) In general, most studied DNA
polymerases tend to incorporate purines across from BPDE-ACKNOWLEDGMENT
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