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ABSTRACT: The binding of the benza]pyrene metabolitanti-BPDE (7,t8-dihydroxy19,10-epoxy-7,8,9,
10-tetrahydrobenza]pyrene) to the Rgroup of 2-deoxyguanosine residues (dG*) is known to adversely
affect the MichaelisMenten primer extension kinetics catalyzed by DNA Pol | and other polymerases.

In this work, the impact of site-specifianti-BPDE-modified DNA template strands on the formation of

Pol | (Klenow fragment, KF)/templateprimer complexes has been investigated. The 23-mer template
strand 5d(AAC G*C-; T_, ACC ATC CGA ATT CGC CC),l (dG* = (+)-trans and ()-trans-anti-
BPDEN?2-dG), was annealed with primer strands 18, 19, or 20 bases long. Complex formation of these
template-primer strands with KF (exonuclease-free) at different enzyme concentrations was determined
using polyacrylamide gel mobility shift assays in the absence of dNTPs. The lesion dG* causes an increase
in the dissociation constantsy, of the monomeric, 1:1 KFDNA template-primer complexes by factors

of 10—15 when the 3end base of the primer strand is positioned either opposite dG*, or opposiie dC

in I, and the shapes of the binding isotherms are sigmoidal. The sigmoidal shapes are attributed to the
formation of dimeric 2:1 KF/DNA template-primer complexes. In contrast, when theedd of the

primer strand extends only to d7in |, theKy of 1:1 complexes is increased by factors of onlyX the

shapes of the binding isotherms are hyperbolic and nonsigmoidal and are similar to those observed with
the unmodified control, and monomeric KIPNA complexes are dominant. The impact of bulky lesions

on polymerase/DNA complex formation in polymerase-catalyzed primer extension reactions needs to be
taken into account in interpreting the site-specific Michaelifenten kinetics of these reactions.

The influence of the bulky lesions derived from the binding enzyme and DNA concentrations, as well as on their
of the mutagenr7 t8-dihydroxyt9,10-epoxy-7,8,9,10-tet-  dissociation constant&y. The Michaelis-Menten kinetics
rahydrobenzd]pyrene anti-BPDE) to the N group of 2- are generally determined under conditions of excess DNA
deoxyguanoisine residues on DNA replication in vitro has concentrations, and variationskq due to the bulky lesions
been investigated using purified polymerases in vitte ( are usually neglected. However, bulky adduct-modified bases
3). Site-specifically modified oligonucleotide templaté$ (  positioned at or near the single strardbuble strand
are particularly useful in these kinds of studies. Primer junctions in template primer complexes may, in principle,
extension kinetics can be determined by measuring the initial have an effect on the dissociation constéqtas was recently
reaction rates at different concentrations Bfl2oxynucleo- demonstrated in the case Nfacetyl-2-aminofluorene- and
side 3-triphosphates (dNTP) under steady-state conditions N-2-aminofluorene-modified DNA ). In this work we
in order to extract the MichaelisMenten parametergmax investigated the effect of position of thé-@nd of a primer
andKp, at specific sites of the modified template strands (see, strand relative to the position of a BPDE-modified dG residue
for example, refl). In the Michaelis-Menten model, one  in the template strand on the efficiencies of formation of
of the important critical initial steps is the formation of polymerase/templateprimer complexes using DNA Pol |
ternarycomplexes when the dNTPs bind to the polymerase/ kjenow fragment (exonuclease-free, RFThe lesions were
template-primer complexes. The concentrations of the gerjved from the binding of the mutagenic enantiomer} (
binary enzyme/templateprimer complexes depend on the (7R,859510R) and (-)-(7S8R,9R,105) of anti-BPDE toN*

- dG (trans-anti{BPDE]-N*-dG, Scheme 1) to the oligode-
ey SR s supported by M Grant CAZOG81. THE DN oxynucleotde S(AACIGTICTACCATCCGAATTCGCCC)
Carcinogen Reference Standard Repository. This particular oligonucleotide was selected for study for

* To whom correspondence should be addressed. two reasons: (1) the impact of-j-trans- and (—)-trans-
*New York University.

. N2 ) )
s American Health Foundation. a.ntl [BP]-N?-dG lesion on thg ahgnme.nt of the bases at the
1 Abbreviations: BP, benza]pyrene; BPDE omnti-BPDE, r7,8- single strane-double strand junctions in the same sequence

dihydroxy19,10-epoxy-7,8,9,10-tetrahydrobenajpiyrene; KF, Kle- context has been studied earlier by NMR methdgls7j,

now fragment of DNA Pol | (exonuclease-free); dNTP;d2oxynu- and (2) relatively short single-stranded overhangss(Bases

cleotide triphosphate; BSA, bovine serum albumin; DTT, dithiothreitol; . :
EDTA, ethylenediaminetetraacetic acid; HPLC, high-performance liquid |0n9) were selected in order to er.]ha.nce the impact of the
chromatography; Tris, tris(hydroxymethyl)aminomethane. lesions on the polymerase/DNA binding parameters. It has
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Scheme 1: +)-trans-antiBPDE-dG Scheme 2
o (P-2) 5'-d (AAC [G¥] CTACCATCCGAATTCGCCC) 23-mer
N d (ATGGTAGGCTTAAGCGGG) -5°  18-mer
NH
4
{, L An
l‘{ (P-1) 5'-d (AAC [G*] CTACCATCCGAATTCGCCC) 23-mer
HO., d (GATGGTAGGCTTAAGCGGG) -5’ 19-mer
HO"" ' : :
S ® 5'-d (AAC [G*] CTACCATCCGAATTCGCCC) 23-mer

aTh . ) dd h ) h ical d (C-GATGGTAGGCTTAAGCGGG) -5 20-mer
e (—)-trans stereoisomeric adduct has opposite stereochemica . . .
) PP a[dG*] denotes either an unmodified dG residue or a BPDE-

properties at each .chlral .atom. Lo . modified dG residue ([dG*} (+)-trans-, or (—)-trans-anti-BPDE-
been shown, using different footprinting and other experi- N2.dG). The abbreviations (P-2), (P-1), and (P) denote the 23/18, 23/
ments, that 58 bases of the single-stranded portion of the 19, and 23/20-mer templatg@rimer DNA complexes, respectively.
template strand (beyond thé-@&nd terminus of the primer o
positioned at the polymerase active site) are in contact with 1€ 23-mer template strands with eitherig-trans- or a
the large cleft of the polymerase doma@+{(L0). Therefore, ~ ()-transBPDEN*dG-modified residue [dG*] and the 18-,
a longer template strand might have obscured the effects ofL9-» 20-mer primer strands that were used as model systems
the modified bases positioned at or near thée8minus of ~ aré depicted in Scheme 2. The dissociation constats (
the primer. of the different unmodnfled and BPDE—_modmed polymerasgl
Theanti-BPDE diol epoxides are generated metabolically PNA complexes were investigated using a gel mobility shift
from benzoflpyrene, a ubiquitous and widely studied @SSay- The formatlc_)n of Klenoyv fragment/temptapgimer
environmental pollutant1(l). Their modes of binding to  Strand complexes is strongly influenced by the BPRFE-
native DNA is well established1@, 13). The presence of ~ dG lesions, especially when theend of the primer strand
these bulky lesions in site-specifically modified DNA IS positioned in the immediate vicinity of Fhe lesion. Evidence
sequences is known to block DNA synthesis and to allow, IS Presented that, under these conditions, the polymerase
infrequently, error-prone bypass that can cause mutations inMolecules KF bind predominantly as dimers to the BPDE-
vitro (3, 14, 15) and in cellular system<6—19). Recently, ~ Modified template-primer complexes.
Denissenko et al20) showed that the distribution of BPDE-
dG adducts along exons of the p53 gene in BPDE-treatedI\/lATERIALS AND METHODS
Hela cells match the major mutational hot spots of the p53  Materials The oligonucleotides were synthesized using
gene in human lung cancers; these findings suggest thatautomated methods based on phosphoramidite chemistry and
BPDE-modified dG residues are involved in generating purified by reverse phase HPLC techniques and polyacryl-
mutations which inactivate this tumor suppressor gene.  amide gel electrophoresis as describ26).( HPLC grade
The values of the MichaelisMenten parameters measured acetonitrile, methanol, and distilled water were purchased
in the vicinity of single site-specificanti-BPDEN?-dG from Fisher Chemicalsyf*?P]ATP (specific activity,>5000
lesions in the template strand depend strongly on the site of Ci/mmol) was obtained from NEN LifeScience Products, Inc.
the dNTP incorporation relative to the site of the lesian (  Theexo andexo™ Klenow fragments oE. coli polymerase
21). In general, the lesions were found to severely inhibit |, T4 polynucleotide kinase, and T4 ligase were purchased
translesional synthesis, and the mutational misincorporationform Amersham Life Sciences, Inc. The diol epoxides-(
of the incorrect bases depends on the stereochemicaland (—)-anti-BPDE were obtained from The National Cancer
characteristics of the lesiong,(21). The positions of the  Institute Carcinogen Reference Standard Repository.

modified dG residues relative to the single stradduble Synthesis and Modification of Oligonucleotidé$e 13-
strand junctions also significantly affect the magnitudes of mers, 5d(AAC[G*|CTACCATCC) ([dG*] = anti-BPDE-
Vmax and Ky, in @ manner that is not well understood. modified position), were previously employed in studying

The DNA repair polymerase Pol | Klenow fragment from the NMR solution conformations of templatprimer com-
Escherichia col(KF) is one of the most extensively studied plexes 6, 7) and were prepared, isolated, and purified
and characterized DNA synthesizing enzymes. The three-according to previously developed procedui2$ 80). The
dimensional structures of the binary complex of the Klenow carcinogen-containing 23-mers were constructed by ligating
fragment with DNA @2) and the polymerasedNTP com- the BPDE-modified 13-mers with the 10-merdfGAAT-
plex 23), along with extensive kinetic and biochemical TCGCCC) phosphorylated at thé-énd using the 20-mer
studies (reviewed in re24), suggest that this enzyme is a template 5d(CGAATTCGGATGGTAGCGTT) and T4 li-
useful model system for studying the effects of DNA adducts gase. The reaction mixtures were kept &C4for 13 h, and
on template-directed DNA synthesis. The Klenow fragment the 23-mer oligonucleotides were separated by gel electro-
lacking 3,5 exonuclease activity (KB exhibits a normal phoresis on 20% polyacrylamide gel in the presence of 7 M
level of polymerase activity2b, 26). The mechanism of  urea.
polymerase-catalyzed DNA synthesis includes several key Measurement of the Klenow Fragment Binding Affinity
steps that have been extensively discusgédréviewed in The dissociation constantsg, for all Klenow fragment/DNA
ref 27). The focus of this work is on the impact of &)- complexes was determined using a gel mobility shift assay.
and ()-trans-antiBPDEN?-dG lesion on the first step in  The primer strands were labeled at theeBd using T4
this complex chain of events, namely the efficiencies of polynucleotide kinase angi£2PJATP and then purified using
formation of the primary polymerase/templaggimer com- denaturing 20% polyacrylamide gel electrophoresis contain-
plexes in the absence of dNTPs. ing 7 M urea. The unmodified and BPDE-dG-modified DNA
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template-primer complexes were prepared by annealing the
template and primer strands (3-fold excess of the template
strand) and heating the solution to 90, followed by slow
cooling to room temperature. For a typical experiment, 3
uL of the Klenow fragment solution were added te[7 of

the DNA template-primer solution. The templateprimer
DNA complex concentrations used in the experiments were
3 nM. Solutions containing the polymerase and the DNA
complexes were incubated for 15 min at@ in 50 mM
Tris-HCI (pH 7.5), 10 mM MgCJ, 1 mM DTT, 10% (v/v)
glycerol, and loaded into a 7% native polyacrylamide gel
(the running buffer was 25 mM Tris borate, 2 mM MgCl
0.5 mM EDTA). The samples were electrophoresed at 4.5
V/cm; after 5 min the voltage was reduced to 3.4 V/cm, and
electrophoresis was carried out #h at 4°C. The gel was
subsequently dried, exposed to an imaging plate, and
analyzed quantitatively using a BioRad GS-525 Phospho-
rimager scanner.

Comparison of the Electrophoretic Mobilities of Klenow
Fragment/DNA Complexes to Those of sB@ Serum
Albumin Molecular Weight Standardsourteen milligrams
of a BSA molecular weight standard (Sigma) was dissolved
in 15 uL of 25 mM NaCH0.5 mM NaPQ, (pH 7), 25 mM
Tris borate, 2 mM MgG, 0.5 mM EDTA, 15% (v/v)
glycerol buffer. The KF/DNA complexes and free DNA
template-primer complexes (same conditions as those
described above) were loaded onto a nondenaturating ge
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Ficure 1: Typical gel electrophoretic mobility shift assays using
unmodified (um) and BPDE-modified (P-1) templaigrimer
complexes (3 nM) in the absence of Kfanes +3) and in the
presence of KF (344 nM) (lanes 45). The designations-t and

—t refer to template complexes with--trans and ()-trans-anti
BPDEN2-dG lesions. The two KHtemplate-primer complexes
labeled M and D exhibit approximately the same mobilities as the
monomeric and dimeric BSA complexes, respectively (right-hand
panel).

silver staining procedure (Amersham Pharmacia Biotech
silver kit).

RESULTS
I

and electrophoresed as described. The BSA bands were Complex formation between the polymerase Kénd

visualized by staining with Coomassie Brilliant Blue R, as
described in Sigma Technical Bulletin No. MKR-137, and
the ratio of migration distances of the BSA monomer and

dimer bands were measured. The gels were then dried,

autoradiographed, and the ratio of the migration distances
of the two KF/DNA complex bands were also determined
and compared to the analogous ratio obtained from the two
BSA bands.

Competition betweenH)-trans-BPDE-(P-1) and Unmodi-
fied (P-1) Complexes for Binding with KFEight samples
of template-primer DNA complexes were prepared by
mixing the same volume of thet)-transBPDE-23-mer/
32p 5-end-labeled 19-mer templaterimer complex solution
and different amounts of the unmodified 23-mer template.
The ratio of the modified to unmodified template strands
was varied in the interval from 1:0 to 1:24. The concentration
of the template strand was always in excess (10%) as
compared to the primer strand, and the overall concentration
of the primer strand was kept constant (3 nM). The resulting
solutions were heated to 9C, followed by slow cooling to
room temperature. The KF/DNA complexes were prepared
as described above. The concentrations of Kiere 500
nM in all of the samples.

KF~ Protein Dimer Formation in the Absence of DNA by
Gel ElectrophoresisSolutions with different concentrations
of KF~ (in the range 2061700 nM) were prepared by
sequential dilution with a buffer solution (50 mM Tris-HCI,
pH 7.5, 10 mM MgC}, 1 mM DTT, 10% glycerol (v/v),
0.002% bromophenol blue). Aliquots of these solutions
containing about 400 ng of KFwere loaded onto native
10% PAGE Tris-HCI gel with a 4% stacking gel (Ready
gel, BioRad) and electrophoresed at 150 V for 1 h. The
protein bands were detected using a commercially available

different template-primer complexes in the absence of
dNTPs was studied using the unmodified attQ-{rans- and
(—)-trans-BPDE-modified templateprimer complexes (P-
2), (P-1), and (P) (Scheme 2).

Stabilities of TemplatePrimer Complexedt was impor-
tant to first verify that stable DNA templatgrimer com-
plexes are formed under the conditions of the gel running
experiments. The gel electrophoresis characteristiédof
end-labeled 19-mer primer strands (about 3 nM) in the
presence of a 3-fold excess of the 23-mer template strands
are depicted in Figure 1 (lanes-B). In the presence of the
polymerase (344 nm KF lanes 4-6), only the lower
mobility bands due to the polymerase/DNA complexes are
evident. This indicates that neither single- nor double-
stranded, polymerase-free DNA molecules are present under
these conditions.

Quantitative analysis of these autoradiographs in the
absence of KF (lanes 1-3) indicates that at least 95% of
the two strands migrate as one single complex (the (P-1)
complex; the mobility of the single-stranded 19-mer primer
strand is faster than the mobilities of the tempigbeimer
complexes (data not shown). The mobility of the temptate
primer complex with the)-translesion is markedly slower
than the mobility of the unmodified or the-§j-trans-modified
(P-1) complexes. Analogous differences in the electrophoretic
mobilities of duplexes with)- and )- transBPDEN?-
dG adducts have been observed in other sequence contexts
in double-stranded DNA 31—34). However, when the
adducted site dG* is one base removed from the single
strand-double strand junction as in the (P-2) complexes, the
electrophoretic mobilities of theH)-transmodified template-
primer complexes are nearly identical to those of thg-(
transmodified and unmodified (P-2) complexes (data not
shown).
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Ficure 2: Dependence of complex formation between the unmodified (P-1) temydteer complexes (3 nM) as a function of KF
complexes in the range 01030 nM. D, 2:1 KF/DNA complexes; M, 1:1 KF/DNA complexes; U (P-1), free unmodified (P-1) temptate
primer complexes.

KF~/Unmodified TemplatePrimer Complex Formation 't (P-2) ) )
A gel mobility shift assay was used to determine the i j
A . L. um t t
equilibrium dissociation constari{y, of the complexes. We r LT 1 ]
first examined the affinity of binding of the unmodified ® ®2 @ P2 B (P2
template-primer complexes (P-2), (P-1), and (P). ke [l le T[] v T -

The results of typical gel mobility shift experiments
performed at constant concentrations of the unmodified (P-
1) template-primer complexes (3 nM) at different enzyme
concentrations are shown in Figure 2. As the enzyme & : N s
concentration is increased, the intensity of the free template 3 "™ e
primer complexes (labeled U (P-1)) diminish. At the lower H “ -
KF~ concentrations a single, lower-mobility band is visible
(labeled M), while at the higher concentrations a second,
even slower-mobility band develops (labeled D). At the 1 2 3 4 5 6 7 8 9
highest enzyme concentrations, two types of low-mobility Ficure 3: Gel electrophoretic mobility shift assays of unmodified

enzyme/DNA complexes are observed (bands M and D, (um) and BPDE-modifiedt and —t) (P) and (P-2) template
Figure 2). primer complexes in the presence of 344 nMKfanes 1, 2, 4, 5,

o 7, and 8) and in the absence of KHanes 3, 6, and 9). D, 2:1

A reasonable assumption is that the two bands correspond<F-/DNA complexes; M, 1:1 KE/DNA complexes; Um(P-2), free
to monomer and dimer enzyme/temptaggimer complexes.  unmodified (P-2) templateprimer complexes.
This hypothesis is supported by the earlier work of Astatke
et al. @5), who studied complex formation between KF and compared to the mobilities of the bands M and D in lanes
template-primer DNA complexes containing hairpins. They 4—5 of Figure 1 (left-hand panel). The BSA bands were
observed two different enzyme/DNA complexes and assumedvisualized by staining the gels with Coomassie Brilliant Blue
that the faster running complex consisted of one molecule R. The ratio of distances of migration of the BSA monomer
of the polymerase bound to the templafgimer complex, and dimer are very close to the distances of migration of
while the slower migrating complex contained one or more the faster (M) and the slower (D) migrating unmodified, or
additional enzyme molecules in the enzyme/DNA complex. (+)-trans and (—)-transmodified, (P-1)/KF complexes.

The relative molecular weights of the complexes in bands These results indicate that th_e slowest migrating band, D, is
D and M could not be determined by the usual Ferguson due to a complex that contains two polymerase molecules,
method B6) because of the partial dissociation of the While M is a complex that contains a single polymerase
complexes during the course of the gel running experiments. molecule. While the results shown in the right-hand panel
Other, routine methods for determining molecular weights in Figure 1 were obtained in a 10% polyacrylamide gel,
of the complexes, such as gel filtration or dialysis, require identical results were also obtained in a 7% gel, where
impractical large amounts of the enzyme. To evaluate the Polymerase dimer formation also occurs only when the KF
complex stoichiometry in the slowest migrating band D, the concentration is-1000 nM (data not shown).
electrophoretic mobilities of the KFcomplexes (molecular The KF/BPDE-Modified DNA TemplatePrimer Com-
weight 72 kDa) were compared with those of the bovine plexes The formation of polymerase/BPDE-modified tem-
serum albumin (BSA) monomer and dimers (66 and 132 plate—primer complexes can be compared by viewing lanes
kDa), respectively. The Klenow fragment and monomer BSA 4 and 7 (P) and lanes 5 and 8 (P-2) in Figure 3 and lanes 4
proteins have similar molecular weights. If we assume that and 5 (P-1) in Figure 1. Interestingly, only the putative
the mobilities of the two types of proteins follow the dimeric KF- complexes are apparent in the case of the (P)
Ferguson relationshiB6) and that the mobility of each is  and the (P-1) complexes, while monomeric enzyme com-
proportional to—log(M), whereM is the molecular weight,  plexes are dominant in the case of the (P-2) tempiptener
then the differences in mobilities between the pairs of bands complexes. In contrast, in the case of the unmodified
due to monomers and dimers should be similar in value at atemplate-primer complexes both monomeric and dimeric
given gel concentration. The mobilities of the BSA monomer bands appear in an enzyme concentration-dependent manner
and dimer BSA bands (Figure 1, right-hand panel) are (Figure 2). For example, at an enzyme concentration of 344
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Ficure 4: Competition betweent()-transBPDE-modified (P-1)
and unmodified (P-1) templatgorimer complexes for binding with
KF~. The ratio of (+)-transBPDE modified (P-1) to unmodified
(P-1) DNA increases from 1.0 to 1:24 lanes-& The KF
concentration is constant (500 nM), and the temptaf@imer
concentration is 3 nM. Lane 9:H)-transBPDE-modified (P-1)
without the enzyme. D, 2:1 KFDNA complexes; Mm 1:1 KF/
DNA complexes; U(P-1), free unmodified (P-1) temptapgimer
complexes.

nM, both the monomer and dimer complexes are evident in
the case of the unmodified (P-1) complexes, while only the
dimer band is visible in the BPDE-modified complexes under
the same conditions (Figure 1, lanes6@). Analogous effects
are observed in the case of the H{P) complexes, when
the terminal base on the'-8nd of the primer strand is
positioned opposite the BPDE-modified dG residue (Figure
3, lanes 4, 7). When thé-Berminus of the primer strand is
one base removed from the lesion site on thsei@e of the
template strand as in the (P-2) complexes, the major/KF
BPDE-modified (P-2) complexes comigrate with analogous
monomeric KF/unmodified (P-2) complexes (Figure 3, lanes
2, 5, and 8). However, just as in the case of the unmodified
template-primer complexes, lane 2), a dimeric complex is
also detectable in the case of the BPDE-modified (P-2)

complexes (faint upper bands in lanes 5 and 8, Figure 3).

In summary, the effects of the BPD¥-dG lesions on
complex formation with KF manifest themselves only if
the 3-terminal base on the primer strand is adjacent to or is
opposite to the BPDE-modified dG residue.

Competition Binding Experimenttn the range of KF
concentrations of 169344 nM and a 3 nMunmodified (P-
1) template-primer complex concentration, the complexes

Rechkoblit et al.

DNA complex concentrations, the Klenow fragment binds
predominantly as a dimer to the BPDE-modified (P-1)
complex (lane 1), and as a monomer and dimer to the
unmodified (P-1) complex (lane 8).

Estimation of the Dissociation Constantsg. Kihe gel
mobility shift assays indicate that, during the gel running
experiment, some of the KF/templatprimer complexes
dissociate £10—15%). This effect accounts for the radio-
activity visible between the lower, higher-mobility, free
template-primer complexes and the upper bands due to the
enzyme/templateprimer complexes. This smeared portion
of the gel corresponds t#P-end-labeled oligonucleotides
that dissociate from the enzyme during the gel running
experiment; this dissociation was taken into account in
calculating the fractions of bound DNA molecules at
equilibrium, i.e., when the solutions containing the complexes
were loaded onto the gels and before the gel electrophoresis
was initiated. This approach is appropriate because only the
DNA that was initially bound to the enzyme can gives rise
to material with apparently slower mobilities than the initially
free DNA.

Since both the monomeric and dimeric enzyme/DNA
complexes were subject to dissociation during the gel running
experiments, it was generally not possible to evaluate the
concentrations of these two complexes separately. The
fractions of the total KF/DNA complexes are plotted as a
function of the KF concentration on a semilogarithmic scale
in Figure 5. The smaller insets in Figure 5A,C show the same
data points on a linear enzyme concentration scale in order
to stress the differences in the shapes of the binding curves.
In the case of all three types of (P-2) temptaggimer
complexes and the unmodified (P) complex (Um-(P)), the
shapes of the binding curves resemble normal binding
isotherms. However, in the case of the BPDE-modified (P-
1) and (P) templateprimer complexes, the binding curves
are sigmoidal in shape, as illustrated in the case of tHe (
transmodified (P) complex in the inset in Figure 5C.

The binding curves can be described in terms of the
following simple two-step binding model:

K
[E---DNA] — E + DNA (1)

[E---DNA++-E] % E + [E---DNA] )

where Kg1 and Kg, are the dissociation constants of the
monomeric (E::DNA) and the dimeric (E-DNA---E)

formed contain both one and two enzyme molecules (Figure enzyme/DNA complexes, respectively. An alternative model
2). In contrast, the complex contains primarily two enzyme in which two enzyme molecules first form a dimer and then
molecules per{)-trans-anttBPDE-modified (P-1) template bind to the DNA was also considered. However, this model
primer complex (Figure 4, lane 1). In the binding competition was discarded because, in the absence of DNA, enzyme
experiments depicted in lanes-9 of this figure, the overall ~ dimer complexes were not observed (using a silver staining
template-primer concentration was maintained at a constant protein detection kit) as long as the KEoncentration was
value of 3 nM, and only the primer strand w&#®-end- kept below 1000 nM (see the Supporting Information
labeled. As the ratio of (BPDE-modified)/(unmodified) section). Another model in which the polymerase and DNA
template strands is increased while the total template strandfirst form 1:1 complexes, followed by the dimerization of
concentration is held constant, a monomeric enzyme/DNA these 1:1 complexes, was also considered. However, this
complex is formed as indicated by the appearance of amodel is not appropriate either. It can be shown that the
higher-mobility band in lanes -58. These experiments binding isotherms would be normal hyperbolic in that case,
indicate that the{)-transBPDE-modified template strands rather than sigmoidal, as observed experimentally (Figure
can be displaced by an unmodified template strand of the 5).

same length and base sequence in these/(Kf}-trans- Using egs 1 and 2, the following equations for the
modified (P-1) complexes. Therefore, at the same lKRd monomeric ([DE]) and dimeric ([DF) complexes can be



Binding of Polymerase to Modified DNA Biochemistry, Vol. 38, No. 36, 19991839

Aﬂ Table 1: Complex Formation of the Klenow Fragmeexd) of
100 1 n DNA Pol I and Template-Primer DNA

K
Monomer complex: [E-DNA] ==E + DNA
K
Dimer complex: [E--DNA+-E]==E + [E---DNA]

%

80

60 - .
| DNA template-primer  binding curve dissociation constantsM
complex type Ka1 Kaz

unmodified-(P-2) normal 153 200+ 50
unmodified-(P-1) normal 6% 5 200+ 50
unmodified-(P) normal 12510 100+ 20
(+)-trans-BPDE-(P-2) normal 3&5 200+ 50
(+)-transBPDE-(P-1) sigmoidal 100&- 200 20+ 5

(+)-transBPDE-(P) sigmoidal 1508 250 100+ 20
(—)-transBPDE-(P-2) normal 45 200+ 50
(—)-transBPDE-(P-1) sigmoidal 100& 200 50+ 15
(—)-transBPDE-(P) sigmoidal 1508- 250 40+ 15

aKg1 of the complex formed by Klenow Fragmemxo™ and
unmodified (P-1) templatel9-mer primer complex is 70 nM.

40

KF-DNA Complex,

20

%

80

2]
o
1

N
S
!

and define the monomer and dimer complex dissociation
constantKy; andKg, as follows:

KF-DNA Complex,
S
PROU B

(=]
|

I— Kq= DIEVIDE] Ky = [DEJEVIDE,] (6)

C. . The egs 3, 4, and 5 can be combined and solved by
employing numerical methods usiig; andKy, as adjustable
parameters. The details are described in the Supporting
Information section. The values Kf;; andKgy; thus obtained
for the different templateprimer complexes are summarized
in Table 1. The fourth-order equation derived from egs 4
and 5 was solved for the single root Y that satisfies the
condition 0< Y =< Dg (= 3 nM) using theKy; andKy, values
in Table 1. The binding isotherms thus calculated are
represented by the smooth lines in Figure-52\
AT AUV The Dissociation Constants, ¢gKand Kg. A normal

10 KI ;00 ¢ l\1/|000 hyperbolic binding isotherm (solid lines, Figure 5) results

enow Fragment, from KF~ binding to unmodified (P-2), (P-1), and (P) and
FIGURE 5(:1 Bspeggoga:ju?ngc Fﬁ"gts Cg ihe fr%‘:tilg’“s of unmodified {5 BPDE-modified-(P-2) templateprimer complexes, when
f:%m%@ies it fr?-?ra{rlli ((th),)érgd 85_3gné ()_tte)meliaE'Em‘f_r Ka = Kqz. Examples of such hyperbolic curves plotted on a
dG lesions as a function of KFconcentration. Examples of the linear enzyme concentration scale are shown in the insets to
same data plotted on linear enzyme concentration scales are showfrigure 5A,C. The calculated binding isotherms, however, are
in panels A and C. The experimental data points are representedsigmoida| wherKg; > Kqgp; an example is shown in the inset
by black squares (Um), open circlest], and open triangles-{t). to Figure 5C.

The solid lines represent the best fits to the experimental data of - . . .
calculations of complex concentrations based on the monomer/dimer 1€ contributions of the monomeric and dimeric com-
KF- binding model (egs 1 and 2), and the quadratic equation basedPI€Xes to the overall binding isotherm can be estimated using

on egs 3, 4, and 5 (see Supporting Information), and the values ofegs 3 and 4, and the values of the dissociation constants given

Ka1 andKg (Table 1). in Table 1. Examples are depicted in Figure 6. In the case
) of the unmodified (P-2) complex it was possible to experi-
derived: mentally measure the relative concentrations of monomeric

1:1 and dimeric 2:1 KF/DNA complexes (open diamonds
[DE] = (DoE, — 2Dy[Y] — Ej[Y] + 2[Y]2)/(Kdl— D, + and inverted open triangles, respectively, in Figure 6A).
YD) (3) Because of the tendency of the complexes to dissociate, it
was not feasible to measure the concentrations of the 1:1
[DE,] = (K4 + Eg — ((Kgo + E0)2 — 4E,[Y] — and 2:1 complexes at all values of enzyme concentrations.
210, The limited experimental values of the concentrations of the
(Y1) 5)/2 4) two types of complexes are in good agreement with the

. values calculated from eqs 3 and 4 andKheandKy, values
whereD, denotes the total DNA templat@rimer concentra- 4 Taple 1 (dashed line and dastot line, respectively, in
tion (which was 3 nM), and, the overall enzyme concen- Figure 6A).

tration. We define the total concentrations of enzyme/DNA  £qr the BPDE-modified (P) and (P-1) templatarimer
complexes, Y, as complexes, the values &f;; are in the range of 10601500

nM, while Kq, is 30—100 nM. Thus, the dimeric complexes
[Y] = [DE] + [DE,] (5) are some 2 orders of magnitude more stable than the
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A in the exonuclease site does not significantly affect the
stability of the complexesky; = 70 nM, data not shown).

= =~ ~Monomer complex

100 —cee .
o Dimer complex This value is similar to the one measured with &8 (K,
% 807 = 65 nM, Table 1).
3
Q -
£ DISCUSSION
O 40 -
< 1 Binding of KF to DNA Template Primer Complexes
Q 204 . Oo. Footprinting experiments indicate that KF covers 19 and 12
C lens - ’ nucleotides on the template and primer strands, respectively

(8). Other experiments indicate that templates-20 nucle-
otides @) and primers 12 nucleotides in lengthQf are
B sufficient to form stable polymerase/DNA complexes. There-
fore, the BPDE-modified template strands 23 nucleotides
long and the primer strands at least 18 bases long used in
our experiments are of sufficient length for measuring the
binding of these complexes with KF

Gel mobility shift assays are known to give reliable

estimates of the values & characterizing complex forma-
tion between the Klenow fragment of DNA polymerase |

80

[o>]
o
1

(+)t(P)

N
o
|

KF-DNA Complex, %
&
1

o
Lot

T LB B R |

10 100 1000
Klenow Fragment, nM

and DNA molecules with single strandiouble strand
junctions @5). OurKgy; values of the unmodified monomeric
template-primer complexes are in the range of1825 nM
(Table 1) and are consistent with other measufgdalues

Ficure 6: Examples of calculations of the concentrations of (0'3_.200 M, 24, 27, 35, 37, :.)’8)' However, ouiKa values
monomeric 1:1 (dashed lines) and dimeric 2:1 (dash-dot lineykF  @re higher than those obtained by stopped flow methods

(P-2) (panel A) and (P) (panel B) templatprimer complexes. The ~ (4.5-5 nM) (37) and by footprinting and gel retardation
(P-1) complex in panel A is unmodified (Um), while the (P) techniques (0.3 nM)35) determined for other sequences of
ggnmsplg? ?ﬁ:lfgoarjg)égﬁgzﬁns“%f?i“éfﬁpﬁi‘::- (-[I—SE])Ca;Cnlijla-z-l similar lengths, but they are much lower thg values
complexes ([DE)) were calculated using egs 3 and 4, the obser.ved vylth poly (dApligo(dT) (38). The association and
appropriate values d€q; andKg, listed in Table 1, and the solution ~ the dissociation rate of DNA from KF, as well as the
of the quadratic equation based on eqgs53(see Supporting  Vvalues of the complexes, can also depend on the DNA base
Information). In panel A, the black squares are experimental data sequence and may vary by more than a factor of 3%). (
points for the total complex concentration, while the open diamonds o i
and open inverted triangles represent experimental data points for 1 he stabilities of the KFFDNA complexes in the case of
the concentrations of 1:1 and 2:1 KIDNA complexes. In panel  the unmodified (P-2) templatgrimer complex are higher
B, the closed circles represent experimental data points for the (K;; = 15 nM) than in the case of the (P-4 = 65 nM)
overall complex concentrations. The smooth lines fitting the black 5.4 ihe (P) templateprimer complexesKa: = 125 nM)
squares and black circles in panels A and B are the calculated total . i .
complex concentrations taken from Figure 5. The obgerved reduction of the stab|I|'F|es of'the KF
unmodified DNA complexes as a function of increasing

monomeric complexes, and their formation is therefore Primer strand length is most likely related to the effect of
favored in BPDE-modified (P-1) and (P) complexes. When the shortened single strand overhang. Joyce ejeshowed
the ss/ds junction is positioned two bases from the lesion that the strength of the enzyme/DNA interactions decreases
site as in (P-2), complex formation with KFs similar, both Dby 2 orders of magnitude when the length of the single-
qualitatively and quantitatively, to the case of the unmodified Stranded region in the templatprimer complex is varied
(P-2) template-primer complex. The )-trans and ()- from a 4-nucleotide overhang to a blunt-ended duplex.
transBPDE-dG residues affect the formation of KEom- Similar effects were observed by Kuchta et &7)(for 20/
plexes to the same extent, even though the conformationall7-mer and 19/17-mer templatprimer DNA complexes.
characteristics appear to be quite different, at least in the However, the focus of this study was on comparisonsef
case of (P-1) templateprimer complexesf). The presence values with and without the bulky BPDE residues for
of the BPDE lesions in the (P) and (P-1) complexes strongly otherwise identical primer/template complexes, rather than
inhibit the formation of the monomeric enzyme complexes, On the magnitudes of the dissociation constants. Since the
but the formation of dimeric complexes is favordth{ < full 7—9 nucleotide-polymerase contaci®) between the
Kq1); in contrast, in the case of the unmodified (P) and (P-1) single-stranded template overhang and polymerases would
complexes, thé&y, are similar or somewhat larger than the enhances the stabilities of the polymerase/tempiatiéner
K1 values (Table 1), and monomeric complexes are favored.complexes g, 37), we selected rather short template over-
Complex Formation with KF exo The question arises Nangs of 3-5 nucleotides long for study in order to enhance
whether the characteristics of the exonuclease domain aréhe impact of the BPDE residues on the dissociation constants
somehow related to our observations. THg of the Kaz-
analogous complexes with Ké&o" (P-1)-template-primer Using a 68-mer hairpin oligonucleotide, the existence of
DNA were therefore also determined. As might be expected complexes with one and two (or possibly more than two)
from the crystal structure of KExo" (27), the modification polymerase molecules per DNA molecule was inferred from
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gel mobility shift assays by Astatke et al35. The primer strand extending up to the base before the lesion
concentration of a lower-mobility complex was found to (analogous to the (P-1) sequence), and up to the lesion
increase with increasing KF concentration, and was tenta- (analogous to the (P) sequence), have been reported by
tively identified as a complex consisting of two polymerase Cosman et al.§) and by Feng et al.7j, respectively. In
molecules. Similar behavior is observed in our experiments both cases, the sequence of the template strand was 5
with the unmodified templateprimer complexes (Figure 2);  d(AAC[G*]CTACCATCC) and that of the template strand
however, with some of the BPDE-modified complexes, only was either the 9-mer'8I(GGATGGTAG) (3) or the 10-
the lower-mobility presumably polymerase dimer/DNA mer 3-d(GGATGGTAGC) {7). These NMR sequences are
complexes are observed in a manner which depends on thedentical to the initial 13 bases, counted from thesBd of
positions of the BPDE-modified deoxyguanosine residues the template strands of the (P-1) and (P) complexes used in
relative to the 3terminus of the primer strand. this work, with the two primer strands correspondingly

Primer Length Dependence of;kand Conformational shorter by 10 bases in each case. In the 13-mer/9-mer case
Characteristics of Lesiondn the (P-2) complex, when the (analogous to the (P-1) complex), the hydrophobic BPDE
BPDE-modified dG residue is positioned two nucleotides residue is stacked, face-to-face, with the terminal dG residue
away from the 3terminus of the primer, the bulky adduct on the 3-end of the primer strand; the modified dG residue
exerts a relatively minor effect on the binding of the is thus displaced from its normal position and its glycosidic
polymerase molecules to the templapgimer DNA com- angle is in thesynrather than in the normainti conformation
plex. TheKq; values are 3840 nM and are only somewhat (6). In contrast, in the 13-mer/10-mer complex (analogous
larger than the values determined for the unmodified (P-2) to the (P) complex), the modified dG residue is base-paired
DNA complex (Table 1). Furthermore, the shapes of the with the terminal dC base on thé@&nd of the 10-mer primer
binding isotherms are similar in the case of the unmodified strand, the glycosidic angle is in tlati domain, and the
and the BPDE-modified (P-2) templatprimer complexes  BPDE residue is positioned in a partial minor groove (as in
(Figure 5A) and are consistent with a predominant binding full duplexes41), pointing toward the 5end of the template
of a single polymerase molecule to the temptatemer strand 7). These differences in conformations between the
DNA complexes. In a recent study of the binding of DNA 13-mer/10-mer and 13-mer/9-mer complexes result from
Pol | (Klenow fragment) with 28-mer templates and primers subtle interplays between basease hydrogen bonding and
20—22 nucleotides in size, containing sing\eacetyl-2- base-carcinogen base stacking interactiod®)( Both of
aminofluorene (AAF)-C8-dG or N-2-aminofluorene (AF)- these conformations constitute, of course, structural perturba-
C8-dG lesions, it was shown that the length of the primer tions of the single straneidouble strand junction in template
strands had no significant effect on complex formation. primer complexes. An interesting question is whether these
Furthermore, AAF lesionsncreasedthe stability of the conformations at or near the active site of the polymerase
polymerase/DNA adducbj, while no change in the stability — are similar or different from these NMR solution structures
of the complexes was observed with AF adducts positioned determined in the absence of enzyme. A recent molecular
at or near the polymerase active site. There are significantdynamics simulation with the-)-trans-anti[BP]-N?-dG
differences not only in the conformational characteristics of positioned at the active site of p@ indicates that the
AAF- and AF-C8-dG lesions on one har@Bj and theanti- orientation of the BP residue is similar to the NMR solution
[BP]-N2-dG lesions 40) on the other, but also in the design structure but that the glycosidic angle is in the noriauat,
of the experiment and DNA sequences used in our experi- rather than in theyn conformation as in the NMR solution
ments and those of Dzantiev and RomaBp Nevertheless,  structure; this difference is attributed to interactions between
these results suggest that the modes of interactions betweethe hydrophobic BP residue and the enzyme (42).
the carcinogen residues and the enzyme may depend The binding of KF with template-primer complexes
significantly on the structure of the carcinogen and their containing ¢)-trans-antiBPDE-N?-dG lesions is only slightly
conformations at or near the polymerase active sites. different from those containingH)-trans-antiBPDEN ?-dG

The mode of binding of KFto BPDE-modified templates  adducts (Figure 5B,C). NMR solution structures for the 13-
with primers of different lengths depends remarkably on the mer/9-mer complexes with)-trans-antiBPDEN?-dG le-
proximity of the 3-end of the primer strand to the BPDE- sions could not be established, but the NMR characteristics
modified dG residues positioned at the active site of the of the first three base pairs adjacent to the lesion are partially
polymerase. When the-Base of the primer strand extends compromised suggesting that the BPDE residue points into
to the base just before the BPDE-modified dG residue (P- the 3-direction of the template strand. Despite these differ-
1), or to the lesion itself (P), the shapes of the binding curves ences in the conformational properties ¢f{rans-and ()-
are quite different from those characterizing the (P-2) trans-antiBPDE-N?-dG lesions at or near the single strand
complexes and the unmodified (P-2), (P-1), and (P) DNA double strand junctions in templatprimer complexes, the
complexes. The formation of complexes requires higher differences inKy; andKgs, if any, are small (Table 1).
polymerase concentrations, the shapes of the binding curves Formation of Dimeric Polymerase-Templaterimer Com-
are different, and 2:1 dimeric rather than 1:1 monomeric plexes There is evidence that various polymerase molecules
KF~/DNA complexes are favored. Thus, structural perturba- can interact with one another to form dimeric complexes.
tions that hinder the formation of monomeric KBNA Using affinity chromatography, Alberts et adt3) found that
complexes become important only if the BPDE residues are T4 replicative polymerase molecules may exist as dimers in
immediately adjacent to the single strarabuble strand  solution, even in the absence of DNA. Furthermore, T4 DNA
junction as in (P-1) and (P) complexes. polymerase can bind nonspecifically to the single-stranded

The NMR solution structures of templatprimer com- portion of DNA template-primer complexes44). Moreover,
plexes with §)-trans-antiBPDEN?-dG lesions with the Munn and Alberts 45) demonstrated that T4 polymerase
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undergoes dimerization at the temptafgimer junction over

a range of polymerase concentrations{Z40 nM), where

the first enzyme molecule binds directly to the single strand
double strand junction, and the second one binds to the

Rechkoblit et al.

ity of the mechanism of KFDNA template-primer com-
plex formation. This material is available free of charge via
the Internet at http://pubs.acs.org.

single-stranded portion of the template. A similar mode of REFERENCES

polymerase dimer/DNA templatgrimer complexes may be
operative in the case of our KFdimer/DNA complexes.

There may be some physiological reasons underlying the
formation of polymerase dimer/DNA complexes. Alberts et
al. (46) proposed that during DNA replication, at the
replication fork, the lagging-strand polymerase is associated
with the polymerase molecule on the leading-strand via
protein—protein interactions4’, 46). Presumably, the ability
of polymerase molecules to associate with one another
facilitates these interactions. Indeed, there is more recent
evidence demonstrating the presence of and the physical
coupling between two polymerase molecules at replication
forks. The results of Kim et al4{) and Marians et al.4@)
suggest that the DNA polymerase Il holoenzyme fr&m
coli is a dimer with two catalytic cores held together by the
7 subunit. Analysis of the T7 replicative system is also
consistent with the presence of two polymerase molecules
at the replication fork49—51).

Site-Dependent Primer Extension Catalyzed by KBPNA
synthesis catalyzed by K&o (52) or T7 polymerase53)
is not significantly influenced by bulky lesions derived from
the binding of 2-acetylaminofluorene (AAF) to the C-8
position of dG, as long as dNTP incorporation occurs at
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but is strongly compromised opposite, or on thesifle, of
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complex).

In summary, the effects of the enzyme/temptagtemer
binding constants on the values of the site-specific steady-
state Michaelis Menten parameteYnmay in the vicinity of
the lesion site, may not be negligible. In addition, the effects
of polymerase concentration and the length of the template
strand overhang on thé-Side of the lesions on polymerase
binding and primer extension kinetics should be evaluated
as well. These are subjects of further detailed investigations
in our laboratory.
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