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ABSTRACT: The mechanism by which T7 DN A polymerase (exo™) bypasses N-2-acetylaminofluorene (AAF)
and N-2-aminofluorene (AF) adducts was studied by single-turnover kinetics. These adducts are known
to be mutagenic in several cell types, and their bypass was studied in the framework of understanding how
they promote mutations. Synthetic primer/templates were made from a template sequence containing a
single guanine, to which the adducts were covalently attached, and one of three primers whose 3’ ends were
various distances from the adduct in the annealed substrates. Upon approaching the site of either adduct,
the polymerase was found to add nucleotides as rapidly as to unmodified primer/templates, until just
opposite the lesion. The incorporation rate of dCTP (at 100 uM) opposite AF-dG or AAF-dG was
approximately 5 X 10% and 4 X 10¢-fold slower, respectively, than incorporation at the same position into
an unmodified primer /template. The polymerase dissociated from the sites of the adducts at approximately
the same rate that it dissociated from unmodified DNA. Correct nucleotide incorporation was favored both
opposite and immediately after AF-dG. However, at both positions, dATP was the most rapidly
misincorporated nucleotide. Misincorporation of dATP was more rapid than correct nucleotide incorporation
both opposite and immediately after AAF-dG. These results are discussed in terms of the effects of AF

and AAF adducts in vivo.

Invivo, DNA isreactive toward a variety of agents, resulting
in genomes that contain lesions and covalent adducts. Repair
of these modifications is often not complete prior to DNA
replication, and, depending their nature, they may increase
the frequency by which a passing polymerase makes mutations.
The chemical carcinogen N-2-acetylaminofluorene (AAF)
forms two major bulky DNA adducts in vivo, N-(deoxygua-
nosin-8-yl)-2-acetylaminofluorene (AAF-dG) and its deacety-
lated derivative, AF-dG, both of which increase the frequency
of mutations [see Figure 1for structures of AAF-dG and AF-
dG; see Daune et al. (1981) and Kriek (1992) for reviews].
Although the two adducts differ only in an acetyl group, their
effects on DNA structure are proposed to be quite different.
When attached to guanines within random sequences, AAF
is thought to induce local denaturation, with the fluorene ring
inserted between the base pairs and the guanine rotated outside
of the double helix (Fuchs & Daune, 1972; Fuchs et al., 1976;
Grunberger & Weinstein, 1979; O’Handley et al., 1993). By
contrast, DNA containing an AF-dG is not greatly distorted
(Daune et al., 1981). In bacteria, AAF and AF have been
shown to induce primarily frame-shift and substitution
mutations, respectively (Fuchs et al., 1981; Koffel-Schwartz
et al., 1984; Bichara & Fuchs, 1985). Both frame-shift
mutations and base substitutions are induced by these adducts
in eukaryotic cells (Mah et al., 1989, 1991). In all cases, the
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FIGURE 1: Chemical structures of N-(deoxyguanosin-8-yl)-N-(2-
acetylamino)fluorene, AAF-dG, and N-(deoxyguanosin-8-yl)- N-(2-
amino)fluorene, AF-dG. dR represents the deoxyribose ring.
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most frequently found substitution mutations were G-C —
T-A transversions.

Several groups have studied the effects of AF and AAF
lesions invitro using purified DNA polymerases and modified
primer/templates and have found indeed that the adducts
change the efficiency and/or rate of polymerization (O’Conner
& Stohrer, 1985; Michaelsetal., 1987, 1991; Strauss & Wang,
1990; Belguise-Valladier & Fuchs, 1994). However, without
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a detailed understanding of how the polymerase incorporates
and misincorporates nucleotides into normal DNA, the
underlying mechanism of the altered polymerase activity in
bypassing a lesion remains obscure. The T7 DNA polymerase
was chosen for the present studies because it is a fast, accurate,
processive polymerase and the minimal kinetic pathway by
which it incorporates both correct and incorrect nucleotides
has been well studied, primarily by Johnson and co-workers
(Donlin et al., 1991; Patel et al.,, 1991; Wong et al., 1991;
Johnson, 1992). These studies have led to the suggestion that
the fidelity of the polymerization step in the nucleotide
discrimination is caused by an “induced fit” of the enzyme in
the ternary complex if, and only if, the correct nucleotide is
present (Wong et al., 1991; Johnson, 1992). With this model
available for the mechanism of normal nucleotide incorporation
and misincorporation, the steps altered by the presence of an
adduct in the template can begin to be evaluated.

In this paper, we present a series of kinetic experiments
using purified exo- T7 DNA polymerase and synthetic
oligonucleotide primer/templates, with and without AF or
AAF adducts, designed to elucidate the effects of the adducts
on DNA polymerization. The exo- derivative of the poly-
merase created in the Johnson lab was found to have
polymerization properties identical to those of the wild-type
enzyme while lacking the highly active nuclease (Patel et al.,
1991). As is true for all processive polymerases, the rate of
incorporation of a small number of nucleotides (<1000) by
T7 DNA polymerase, as measured by multiple turnover,
steady-state kinetics, is dominated by the rate-limiting step
of enzyme-DNA dissociation. Single-turnover kinetics were
used in this study to avoid the problem of measuring only the
rate of the step limiting in enzyme turnover. This is especially
important when comparing reactions with different overall
rate-limiting steps, as is found to be the case for polymerization
onunmodified versus AF- or AAF-modified primer/templates.
Since the T7 DNA polymerase has been shown to normally
incorporate a nucleotide once every ~4-5 ms (Patel et al,,
1991), rapid quench-flow was used to measure the incorpo-
ration rate on control, unmodified primer/templates and to
follow the rate of approach to the adduct on modified primer/
templates. The rates of nucleotide incorporation opposite and
immediately after either adduct were found to be several orders
of magnitude slower than the normal rate, allowing time points
to be taken manually. These techniques were used to follow
(1) the rates of multiple nucleotide incorporation in the vicinity
of the adducts and (2) the incorporation rates of single correct
and incorrect nucleotides opposite and immediately following
the adducts.

EXPERIMENTAL PROCEDURES

Materials. The DNA oligonucleotides used for primer/
templates were synthesized on an Applied Biosystems 380B
DNA synthesizer (see Table 1 for sequences). Allfour dANTPs
(>99.4% pure) were purchased from Pharmacia; the [a-32P]-
dNTPsand the [y-32P]ATP were from Amersham. The BSA
(fraction V) was from Sigma.

Preparation of Templates Modified with AAF and AF.
Each of the synthetic DNA oligonucleotides was first purified
by polyacrylamide gel electrophoresis. Approximately 0.5
mg of the 44-mer template was treated with N-acetoxy-N-
2-acetylaminofluorene (0.1 mg) as previously described (Koehl
et al., 1989), except that the time of incubation was extended
to 1 h. The oligonucleotide containing a single AAF adduct
was purified by reverse-phase HPLC on a Nucleosil C18
column using a linear gradient of 22.5-45% methanol in
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Table 1: Synthetic Primer/Template Substrates?

5IGA'I'TGGTATGATGGTGA'I'I'GGTTGA

25/44 mer CTAACCATACTACCACTAACCAACTACCACGACAACTTACTACC®
30/44 mer 5 GATTGGTATGATGGTGATTGGTTGATGGTG .
CTAACCATACTACCACTAACCAACTACCACGACAAC‘I’TACTACC
.
31/44 mer GATTGGTATGATGGTGATTGGTTGATGGTGC

CTAACCATACTACCACTAACCAACTACCACGIACAACTTACTACC o

@The enlarged “G” represents the solitary guanine in the template
strand; this is the position of the covalently attached AF and AAF adducts
in modified primer/templates.

triethylamine acetate (0.05 M, pH 6). The position of the
adduct and the reaction yield were tested by treating the
templates with T4 DNA polymerase; the 3’ — 5’ exonuclease
activity of this enzyme degrades the template up to the position
of the adduct (Fuchs, 1984). A portion of the 44-AAF-mer
(0.2 mg) was deacetylated to 44-AF-mer by incubation with
NaOH (1 N) and 8-mercaptoethanol (0.25 M) at 37 °C until
the increase in absorbance at 325 nm reached a plateau (40
min) (Shibutani et al., 1991). The reaction was then
neutralized by adding one-tenth volume of a 2 M sodium
acetate/10 M aceticacid solution and precipitating with three
volumes of ethanol. The product, 44-AF-mer, was stored in
TE plus 10 mM DTT.

Preparation of Primer/Templates. Prior to primer/tem-
plate annealing, 5’ ends of the unmodified and modified
templates were phosphorylated with nonradiolabeled ATP
and T4 polynucleotide kinase (New England Biolabs) to block
futureradiolabeling (see below). Approximately equal molar
quantities (as determined by absorbance at 260 nm) of primer
and template strands were annealed and purified from 20%
nondenaturing polyacrylamide gels.

The concentration of all 25/44-mer and unmodified 30-
and 31/44-mer primer/templates was determined by incor-
poration of the single next correct [a-32P]JdNTP exactly as
described (Patel et al., 1991). After the concentration was
known, the 5/ end of the primer was labeled with [y-32P]ATP
(3000 Ci/mmol) and polynucleotide kinase; since the 5/ end
of the template was previously phosphorylated, the majority
of the label was directed to the 5 end of the primer.

Due to the inefficiency of nucleotide incorporation into the
modified 30- and 31/44-mer primer/templates, the concen-
tration of these substrates was determined by a separate
procedure. The concentrations of the 30-and 31-mer primers
were determined prior to template annealing by absorbance.
The 5’ ends of these primers were phosphorylated with [y-32P]-
ATP (3000 Ci/mmol) and T4 polynucleotide kinase. The
efficiency of the kinase reaction was determined by DES81
filter binding as described (Patel et al., 1991). The primer/
templates were annealed and gel purified as described above,
and their concentrations were determined from their specific
activities.

Preparation of exo- T7 DNA Polymerase. The plasmid
pG5X, an expression vector for the exonuclease deficient phage
T7 gene 5 protein (the catalytic subunit of T7 DNA
polymerase) described by Patel et al. (1991), was obtained
from Smita Patel (Ohio State University) and Kenneth
Johnson (Pennsylvania State University). Escherichia coli
A179/pGpl/pGSX cells were induced exactly as described
(Patel et al., 1991). The purification scheme used was a
variation of the published procedure (Patel et al., 1991); all
steps were carried out as published until the ssDNA-cellulose
column. For the present experiments, this column was
substituted with a 100-mL phosphocellulose column (What-
man) equilibrated in P-cell buffer (20 mM K,HPO,, pH 7.4,
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1 mM EDTA, 1 mM DTT, and 10% glycerol) with 50 mM
KCl. The protein fraction (dialyzed against the same buffer)
was loaded onto the column at a flow rate of 2 mL/min. The
column was washed with an additional 100 mL of P-cell buffer
+ 50 mM KCl prior to starting a 1-L linear gradient of 50—
500mM KCIl. The fractions containing gene S protein (eluting
at approximately 200 mM KCIl) were combined and diluted
2-fold in 10 mM Tris-HCI (pH 7.5) and 1 mM EDTA before
loading onto an 80 mL DEAE-Bio-Gel A column previously
equilibrated in 50 mM Tris-HCI (pH 7.5), 0.1 mM EDTA,
10% glycerol, 5 mM DTT, and 100 mM NaCl. The column
was washed with 50 mL of the same buffer prior to starting
an 800-mL linear gradient of 100—400 mM NaCl. Fractions
containing gene 5 protein (eluting at 200-250 mM NaCl)
were combined and dialyzed against storage buffer (50 mM
Tris-HCl, pH 7.5,0.1 mM EDTA, 50% glycerol, 5 mM DTT,
and 50 mM KCl). Theresultant protein is judged to be >90%
pure on a Coomassie Blue stained SDS—polyacrylamide gel.
The T7 exo- DNA polymerase was reconstituted immediately
prior to use by mixing thioredoxin, the processivity subunit
of T7 DNA polymerase (a kind gift of Sydney Edwards and
Kenneth Johnson), in S mM DTT with the exo~ gene 5 protein
in a 20:1 molar ratio, as previously described (Patel et al.,
1991).

Reaction Conditions. All reactions were carried out in a
buffer containing 40 mM Tris-HCI (pH 7.5), 1 mM EDTA,
1 mM DTT, 0.1 mg/mL BSA, and 50 mM NaCl. MgCl,
(12.5 mM, final) was added along with dNTPs to initiate the
reactions. All reactions were performed at 20 & 1 °C.

Quench-Flow. The quench-flow apparatus used was
designed and built by Jean Gangloff and co-workers, as
described (Gangloff et al.,, 1984). This instrument has a
practical reaction time range of 11-600 ms which is adjusted
by varying both the reaction tube length and the rotation
speed of the cam used to push the pistons into the syringes.
Prior to use for the presently described experiments, the timing
of the quench-flow appuratus was tested by measuring the
kinetics of hydrolysis of 2,4-dinitrophenyl acetate by con-
centrated base. The rate constants obtained were in good
agreement with those previously reported (Gangloff et al.,
1984). The reaction syringes A and B were loaded with 0.6
mL of enzyme-DNA and MgCl,/dNTP solutions, respec-
tively. The quench syringe was loaded with 1.2 mL of 0.6 M
EDTA. From each reaction time course, 11 (~200 uL)
quenched time points were obtained.

Experimental Design. For all experiments (except when
the rate of enzyme-DNA binding was studied), 2X final
concentrations of polymerase and 5'-labeled primer/template
were allowed to come to equilibrium for 10 min in reaction
buffer. Toinitiate the reaction, an equal volume of a 2X final
concentration mixture of MgCl,, dNTPs, and buffer was
added. After the desired reaction time, EDTA (0.3 M, final)
was added as a quench. This reaction scheme was followed
whether the quench-flow apparatus was used or aliquots of
thereaction were quenched manually. The quenched reaction
aliquot from each time point was mixed 1:2 with de-ionized
formamide and analyzed by denaturing gel electrophoresis
using 20% sequencing gels. The substrate and product bands
were quantitated using a Bio-imaging analyzer BAS 2000
(Fuji).

Data Analysis. All product vs time curves were fit tosingle
exponentials using the KaleidaGraph program. All rate vs
[dNTP] curves were fit to v = Viax[dNTP] /K + [ANTP],
the Michaelis—Menton equation, by the same program.
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RESULTS

All of the kinetic studies of nucleotide incorporation
presented below were carried out using an exo~ derivative of
T7 DNA polymerase and synthetic DNA primer/templates
(see Table 1 for sequences). The exo~ T7 DNA polymerase
was used because the exonuclease activity of the wild-type
enzyme is significantly faster than the rate of lesion bypass.
In such reactions with the wild-type enzyme, only primer
degradation, and not elongation, was detected (data not
shown). Thetemplatestrandsused in all studies wereidentical,
except for the presence or absence of an N-2-aminofluorene
or N-2-acetylaminofluorene adduct covalently attached to the
C8 position of the single guanine residue (see Figure 1 for
structures). The three different primer strands used were all
completely complementary to the template strand, differing
only in length and therefore in distance between the 3’ end
of the primer and the position of the single guanine in the
template strand (see Table 1 for sequences). The 25/44-mer
primer/templates were used in multiple incorporation studies
to look at the rates of nucleotide addition before, opposite,
and after the unmodified or modified guanine at position 31
of the template. The 30/44-mer and 31/44-mer primer/
templates were used to look at the rates of single nucleotide
incorporation opposite and after the guanine, respectively.
For all reactions described in this paper, the 5’ end of the
primer was labeled with 32P, and the reaction time courses of
primer extension were followed by denaturing polyacrylamide
gelelectrophoresis. The reaction conditions were specifically
chosen to be similar to those Johnson and co-workers used to
characterize the polymerization pathway of T7 DNA poly-
merase on unmodified DNA in order to test that the enzyme
and the unmodified primer/templates used in the present
studies acted as expected (Patel et al., 1991; Wong et al.,
1991). Inevery casetested, therates for correct incorporation
and misincorporation using the unmodified primer/templates
were within experimental error of the rates reported (see
below).

Multiple Nucleotide Incorporation Studies. To gain an
over-all understanding of how N-2-aminofluorene and N-2-
acetylaminofluorene adducts affect the local rate of polym-
erization, reactions were performed in which dCTP, dTTP,
and dGTP (200 uM each) were added to modified or
unmodified 25/44-mer primer/templates (150 nM) with
prebound exo~ T7 DNA polymerase (100 nM). Under these
conditions, any enzyme that dissociates from the elongated
product DNA will be trapped by the excess primer/template.
This is useful both (1) to ensure that during the early phase
of the reactions polymerization is processive and (2) during
the later phase to estimate the rate of enzyme-DNA
dissociation. The presence of two dTs at positions 37 and 38
of the template and the absence of dATP in the reactions
stopped the polymerization after 11 nucleotides, except for
the misincorporation seen at long time points. The rates of
nucleotide incorporation were followed in time courses ranging
from 20 ms to 20 min. Reaction aliquots quenched at times
ranging from 20 to 600 ms were obtained using a rapid quench-
flow apparatus; reaction time points from 5 s to 20 min were
stopped by hand. Figure 2 shows the results of selected reaction
time points for each of the three reactions. Calculations of
rate constants were done from complete time courses,
containing 32 reaction time points each. Note that the time
points shown in Figure 2 for the modified primer/templates
are not the same as those shown for the unmodified.

For the unmodified 25/44-mer, the 100 nM enzyme
prebound to 100 nM primer/template incorporated 11
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FIGURE 2: Primer extension reactions with 25/44-mer, 25/44-AF-mer, and 25/44-AAF-mer. The reactions were performed by mixing exo~
T7 DNA polymerase (100 nM) and 5’-3P-labeled primer/template (150 nM) with dCTP, dTTP, and dGTP (200 uM each), in standard
reaction buffer as described under Experimental Procedures. The reactions were quenched at the indicated times by addition of EDTA (0.3
M final concentration) and analyzed by denaturing gel electrophoresis. The primer/template used in each experiment is represented by a
schematic above each time course. The positions of intial 25-mer primer and the elongated 30- and 36-mer products are indicated to the right.

nucleotides with an approximate over-all rate constant of 28
s7!, or an estimated average rate constant of 300 s~! for each
nucleotide. Incorporation of a nucleotide opposite the dG in
the template is slightly slower than other incorporation events
(note the dark band at 20 and 25 ms migrating at the 30-mer
position). The rates of incorporation of individual nucleotides
are known to vary, and the very slight pausing that is seen
here is no different in magnitude than what has previously
been seen in other sequence contexts (Patel et al., 1991). The
extension of the 36-mer product primer to a 37-mer at long
time points indicates that the polymerase misincorporated
dCTP, dGTP, and/or dTTP opposite the dT at position 37.
This rate of misincorporation is consistent with rates previously
published (Wongetal., 1991). Theconstant level of remaining
25-mer primer that was not elongated within the early time
points indicates that the reaction was indeed processive. The
rate constant of disappearance of the 25-mer primer (by
elongation toa more slowly migrating species) was determined
to be 0.19 s71. This rate is equal to the rate of enzyme-DNA
product dissociation plus the rates of enzyme-25/44-mer
binding and elongation. Since the binding and elongation
rates have previously been shown to be significantly faster
than the dissociation rate (Patel et al., 1991), the rate of
elongation from the remaining 25-mer is a rough estimate of
theenzyme—product dissociationrate. Therateof dissociation
estimated by this method (0.19 s™') is very similar to the
previously determined rate of 0.2 s~1.

When the template contained an N-2-aminofluorene adduct
attached to the guanine at position 31, the kinetics of primer
elongation look quite different. Incorporation to position 30,
just before the lesion, occurred with an approximate over-all
rate constant of 50 s~! or an estimated average rate constant
of 250s-1. Up to this position, the incorporation rate was very
similar, within experimental error, to that seen with the
unmodified DNA. From 50 ms until 0.6 s, very little further
primer elongation was detected. The concentration of re-

maining 25-mer primer did not significantly change during
this time period, indicating that no free polymerase bound to
the remaining primer/template and, as described below, that
therefore there was no rapid dissociation of the enzyme from
the stalled complex. At 5 s and beyond, elongation from the
stalled complex is evident. No major intermediate bands
migrating between the 30-mer and 36-mer are present,
indicating that the slowest step in the AF-dG bypass was
incorporation of a nucleotide opposite the adduct. However,
a longer exposure of the gel reveals a faint band at position
31,indicating that incorporation one nucleotide after the lesion
must have also been slower than normal.

Extension of the primer/template containing the AAF-dG
adduct looked similar to that with the AF-dG adduct, except
that very little extension from position 30 occurred. At 20
min, a very faint band at position 31 was visible (data not
shown), suggesting that some incorporation opposite the AAF-
dG adduct occurred. When the reaction was repeated in the
presence of 500 uM of each of the four dNTPs, the results
were similar except that within 5 min a band at position 31,
corresponding to incorporation opposite the adduct, was
strongly visible (data not shown). At 60 min, bandsat positions
32and 44 (full length, in the presence of all four dNTPs) were
also visible. The accumulation of 32-mer primer indicates
that incorporation even two nucleotides past the position of
the adduct is also a slow step.

If binding of polymerase to 25/44-AF-mer and 25/44-AAF-
mer is approximately as rapid as to the unmodified primer/
templates, then the rates at which the remaining 25-mer
primer/templates (50 nM) are elongated should be estimates
of the rates of enzyme dissociation from the primer /templates
stalled at the position of the adduct. Rate of binding studies
were carried out by incubating enzyme (25 nM) and buffer
in one syringe of the rapid quench-flow apparatus and 25/
44-mer (50 nM), dTTP (200 pM), MgCl,, and buffer in the
other syringe. The rates of single dTTP incorporation under
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FIGURE 3: Steady-state and pre-steady-state correct single nucleotide
incorporation into unmodified 30/44-mer and 31/44-mer primer/
templates. (A) A preincubated solution of T7 DN A polymerase (exo-,
10 nM) and 5’-3?P-labeled unmodified primer template (400 nM),
either 30/44 mer (@) or 31/44 mer (O), were mixed with the correct
nextdNTP (100 uM) (either dCTP or dTTP, respectively) in standard
reaction buffer. The reactions were quenched by addition EDTA
(0.3 M final). The reaction products were analyzed by denaturing
gel electrophoresis and quantitated by phosphorimage analysis as
described under Experimental Procedures. The data fit straight lines
with slopes equal t0 0.19 s~! (@) and 0.21 (O) s™! per enzyme active
site. (B) This pre-steady-state experiment was performed just as the
steady-state experiment shown in panel A, except that the enzyme
to DNA concentrations were adjusted (100 nM exo- T7 DNA
polymerase; 200 nM primer/templates) and the rapid-quench
appuratus was used. The data fit to biphasic curves with rate constants
equal to 150 s~! (@, 30/44-mer and dCTP) and 200 s™! (O, 31/44-
mer and dTTP) for the rapid phase and 0.2 s~ for the slow phases.

these conditions were found to be 6.0, 5.0, and 6.6 s! for the
unmodified, AF-dG, and AAF-dG primer /templates, respec-
tively (data not shown). These results indicate that the
presence of either adduct at position 31 does not significantly
affect therate of enzyme binding to, or initial elongation from,
the 25/44-mer primer/template. Therefore, any polymerase
that dissociated from the stalled complexes, Pol-30/44-AF-
mer and Pol-30/44-AAF-mer, should have rapidly (on the
time scale of the later time points) bound to and elongated
from the remaining 25-mer primer. The rate constants of
elongation from the remaining 25-mer primers were 0.11 and
0.16 s-! for AF-dG and AAF-dG templates, respectively. For
the AF-dG primer /template, the dissociation of enzyme could
have been from either the stalled 30/44-mer complex or the
fully elongated 36/44-mer complex, or both. Therefore, most
simply, the rate of enzyme dissociation from the stalled complex
is not greater than approximately 0.11 s-1. In the reaction
with the AAF-dG primer/template, the dissociation, with a
rate constant of 0.16 s~1, could only be from the stalled complex.
These data imply that the T7 DNA polymerase stalls at the
site of a bulky lesion approximately the same length of time
that it stalls in the absence of the next correct nucleotide or
at the end of a template, 5-10 s on average.

Single Nucleotide Incorporation Studies. All of the
following experiments involved the incorporation of a single
nucleotide into 30/44-mer and 31/44-mer primer/templates
in order to gain an understanding of the polymerization
reaction oppositeor just after AFand AAF adducts. However,
before working with the modified primer/templates, the
identical unmodified primer/templates were tested to ensure
that these substrates gave the expected reaction rates. The
steady-steady rates of incorporating the correct nucleotides
intounmodified 30/44-merand 31/44-mer (dCTPand dTTP,
respectively) were measured by using a large excess of primer/
template (400 nM) over enzyme (10 nM). Figure 3A shows
the time courses of dCTP and dTTP incorporation. The
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steady-state rate constants (the slopes divided by the enzyme
concentration) are 0.19 and 0.21 s™! for dCTP and dTTP
incorporation into 30/44-mer and 31/44-mer, respectively.

The single-turnover rates of incorporation were estimated
by using 100 nM exo~ T7 DNA polymerase, 200 nM 30/
44-mer or 31/44-mer, and 100 uM dCTP or dTTP, respec-
tively. The rapid-quench appuratus wasused tostop the primer
extension reactions at times ranging from 11 to 570 ms. The
resulting biphasic time courses are shown in Figure 3B. The
rapid phase of the time courses represents the first turnovers
and have been fit to rate constants of 150 s~! and 205 s-! for
dCTP and dTTP incorporation, respectively. However, since
the earliest value is at 11 ms, these are only rough estimates
of the actual rates. The second phase of the curves represents
subsequent turnovers and are each fitted to rate constants of
0.2 571, the same as the steady-state rate constants and the
rate of polymerase-DNA dissociation determined from the
multiple nucleotide incorporation experiments. As was pre-
viously shown (Patel et al., 1991), the steady-state rate of
single nucleotide incorporation is limited by the rate of
polymerase~-DNA dissociation.

Finally, the rates of misincorporation of dATP into the
unmodified primer/templates were determined. Using 100
nM enzyme, 100 nM 30/44-mer or 31/44-mer and 3 mM
dATP, the rate constants for misincorporation were found to
be 0.011 and 0.039 s1, respectively (data not shown). These
are both within range of misincorporation rates previously
determined using similar conditions (Wong et al., 1991).

Identity of Nucleotides Incorporated Opposite and Im-
mediately after AF and AAF Adducts. In several different
cell types, AF and AAF adducts cause varying levels of
substitution mutations, often G — T transversions at the site
of modification. Therefore, it was of interest to determine
which nucleotides the exo- T7 DNA polymerase would
incorporate opposite and after the adducts. Preliminary time
courses of the incorporation of each of the four dNTPs into
each of the four modified primer/templates are shownin Figure
4. Asseenin panel A, dCTP was most rapidly incorporated
opposite AF-dG. Even at the first point shown, 0.1 min,
significant levels of incorporation are seen. By 10 min,
misincorporation of dCTP, opposite dA in the template, is
also seen. dATP was also incorporated, but at a slower rate
than dCTP. No dGTP or dTTP incorporation was detected.
Immediately following the AF-dG adduct, the correct nu-
cleotide, dTTP, was most rapidly incorporated (Figure 4, panel
B). However,significantlevels of dATP and barely detectable
levels of dCTP and dGTP were also iincorporated. It is
interesting to note that the rate of misincorporation of dCTP
starting from the 31-mer primer was approximately 5-fold
slower than misincorporation of dCTP at the same position
when the reaction was started with the 30-mer primer (i.e.,
compare the 32-mer band of the “C” reaction in Figure 4,
panel A, with the faint 32-mer band appearing after 30 min
of the “C” reaction in Figure 4, panel B).

As expected from the multiple nucleotide incorporation
results, the rate of incorporation opposite AAF-dG is much
slower than opposite AF-dG. However, under these reaction
conditions (2 mM dNTP), incorporation of both dATP and
dCTPareseen (Figure 4, panel C). Noincorporationof dGTP
or dTTP is detected. Interestingly, immediately following
the AAF-dG modification, misincorporation of dATP is the
favored event (Figure 4, panel D), with only a very low level
of correct dTTP incorporation detected after long exposure
times.
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FiGURE4: Determination of which dNTPs are incorporated opposite
and immediately after AF-dG and AAF-dG in the templates. Aliquots
of standard reactions containing 200 nM exo~ T7 DNA polymerase,
200 nM 5’-32P-labeled modified primer/template (as indicated by
the schematic above each panel), and 2 mM of the indicated dNTP,
were quenched at the indicated times by addition of EDTA (0.3 M
final concentration) and analyzed by denaturing gel electrophoresis
as described under Experimental Procedures. The positions of the
primer substrate and elongation products are indicated to the right
of the samples.

Single- and Multiple- Turnover Kinetics of Single Nu-
cleotide Addition. As seen in Figure 3B, the time course of
single-nucleotide incorporation into unmodified primer/
templates is biphasic. A rapid burst of product formation,
equal to the concentration of active exo- T7 DNA polymerase
bound to the DNA, is seen in the first few milliseconds. This
burst is followed by a second, much slower rate of product
formation. The rate of the burst is a measure of the slow step
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FIGURE 5: Steady-state and pre-steady-state rates of correct
nucleotide incorporation opposite and immediately after AF-dG in
the template. (A) The rates of single dCTP incorporation into 30/
44-AF (@) and single dTTP incorporation into 31/44-AF (O) were
measured from standard reactions that included 5 nM exo- T7 DNA
polymerase, 200 nM primer /template, and a dNTP concentration
ranging from 25 uM to 3 mM. The data were fitted to the Michealis—
Menton equation, v = Ve [dNTP] /Ky, + [ANTP]. ke was calculated
by dividing V., by the polymerase concentration. (B) Pre-steady-
state time points of single dCTP incorporation into 30/44-AF (@)
and single dTTP incorporation into 31/44-AF (O) were taken from
standard reaction mixes containing 150 nM polymerase, 150 nM
primer/template, and 1 mM dNTP. The rate constants determined
by fitting the data to single exponentials are 0.047 and 0.11 s! for
dCTP and dTTP incorporation, respectively.

insingle turnover, hypothesized to be a conformational change
inthe1ernary complex (Johnson, 1992). Therateof thesecond
phase corresponds to the rate of enzyme—DNA dissociation,
the slow step in multiple-turnover reactions.

To determine whether the kinetics of nucleotide incorpo-
ration into the modified primer/templates resembles unmod-
ified, the single- and multiple-turnover rates of addition of
those nucleotides shown to be significantly incorporated were
measured. Figure 5 shows the results for incorporation of
dCTP opposite AF-dG in the 30/44-AF primer/template and
dTTP immediately after AF-dG in the 31/44-AF primer/
template. Multiple-turnover reactions were carried out using
5 nM exo~ T7 DNA polymerase, 200 nM primer/template,
and a range of dCTP or dTTP concentrations. A plot of the
rates determined vs [INTP] used is shown in Figure 5, panel
A. The apparent second-order rate constants, kcat/Km, were
calculated to be 50 and 200 M~ s~! for incorporation of dCTP
and dTTP into the 30/44-AF and 31/44-AF primer/
templates, respectively. The single-turnover counterparts of
the same reactions had 150 nM enzyme, 150 nM 30/44-AF
or 31/44-AF, and 1 mM dCTP or dTTP, respectively, and
areshown in Figure 5, panel B. The progress curves for these
reactions are monophasic and fit well to a single exponential.
This does not appear to be due to a significantly higher K4 or
slower k,, rate (the k., rate was already shown not to be
significantly different for the modified DNA) for the enzyme
and modified DNA, as higher proteinand DN A concentrations



770 Biochemistry, Vol. 33, No. 3, 1994

Table 2: Kinetic Constants of Single Nucleotide Incorporation

primer/template  dANTP kg (57!) Ky (MM)  Keat/Km (M1 571)
30/44-AF dCTP® 9.4 x102 19 50
G
( deat—) .
A dATP®  7x104 6 01
31/44-AF dTTP* 011 0.6 200
GC
( céatT—) ,
i dATP® 19x103 13 15
30/44-AAF dCTP® 17x10% 3 0.6
G
Sear—)
( e dATP" 19x103 15 13
31/44-AAF
( Gar—) aaTP® 1x102 8 13
AAF

@ For these substrates, the constants kea, Km, and ke/Knm were
determined from reactions including 5 nM polymerase, 200 nM primer/
template, and concentrations of INTP ranging from 25 uM to 3 mM.
5 As in footnote a, except for this set of substrates the polymerase
concentration was 200 nM and the DNA concentration was 400 nM.

and longer preincubation times did not affect the results (data
not shown). The single-turnover rate constants (0.047 and
0.11 571, for dCTP and dTTP incorporation into 30/44-AF
and 31/44-AF, respectively) are approximately equal to the
steady-state rate constants calculated from the kcat/ K values
at 1 mM dANTP (0.05 and 0.2 s, respectively). Within
experimental error, the single- and multiple-turnover rate
constants were found to be the same for all of the pairs of
dNTPs and modified primer/templates listed in Table 2. The
fact that the rate during the first turnover is the same as for
subsequent turnovers indicates that enzyme-DNA dissociation
is not rate-limiting in multiple-turnover reactions of incor-
porating a nucleotide opposite or immediately after AF-dG
or AAF-dG. These, along with the multiple nucleotide
incorporation results, also indicate that, unlike correct in-
corporation into unmodified primer/templates, the rate of
dNTP incorporation opposite or just after either adduct is of
the same order as, or is significantly slower than (depending
on the adduct and [dNTP]), the enzyme~DNA dissociation
rate.

The kear, K, and kear/Kp values for single nucleotide
incorporation into each of the modified primer /templates are
shown in Table 2. A higher enzyme to DNA ratio (200 nM/
400 nM) was used to measure the rates of incorporation of
dATPoppositeor after AF-dG and inall AAF-dG experiments
in order to improve the accuracy of following these slow
reactions. For comparison, the kc/Kn values previously
determined for correct incorporation and misincorporation
intounmodified primer/templates are 1.5 X 107 and 20 M-1s-1,
respectively (Wong et al., 1991). These values were deter-
mined for a separate primer/template substrate, so they should
be considered as order of magnitude estimates when compared
to the values from the present study.

The rates of nucleotide incorporation into unmodified and
AF- and AAF-modified primer/templates can be compared
atan approximately physiological dNTP concentration of 100
uM. The rate constant for correct nucleotide incorporation
into unmodified primer/templates at 100 uM dNTP was
previously shown tobe 250 &+ 100s~! (Patel et al., 1991; Wong
etal., 1991). From the kc./Km values (the apparent second-
order rate constants) reported in Table 2, the rate constants
for correct incorporation opposite either AF-dG or AAF-dG
at 100 uM dCTP are calculated to be 5 X 10-3 and 6 X 10-3
s71, respectively. Therefore, dCTP is incorporated approx-

Lindsley and Fuchs

imately 5 X 10%-fold and 4 X 10%-fold more rapidly opposite
dG than opposite AF-dG and AAF-dG, respectively. How-
ever, the differences in the rates of dATP misincorporation
between unmodified and modified primer/templates are not
as large; the rate constant previously determined for misin-
corporation of a single nucleotide into an unmodified primer/
templateis 2 X 103 s~ at 100 uM ANTP (Wong et al., 1991),
whereas incorporation of dATP opposite AF-dG and AAF-
dG occurs with rate constants of 1 X 10~5and 1 X 104 s,
respectively.

It should be noted that the calculated rates of correct single
nucleotide incorporation opposite and after the AF adduct at
200 uM dNTP (0.01 and 0.04 s~1, respectively) are slower
than what was predicted from the multiple nucleotide
incorporation experiments (~0.05 and >0.05 s, respectively).
This discrepancy (~ 5-fold) between the single and multiple
nucleotide incorporation rates is similar to that noted in the
previous section for the rates of dCTP misincorporation after
AF-dG when it was the first vs the second nucleotide
incorporated (Figure 4, panels A and B). At the present time
it is not known whether this phenomenon of incorporating
each nucleotide faster when more than one is being incor-
porated is due to an intrinsic property of T7 DNA polymerase
bypass of AF lesions oris a slight artifact caused by the reaction
conditions. Therefore, the rates of nucleotide incorporation
presented here should be considered as estimates of the actual
bypass rates.

DISCUSSION

The presence of an AF or AAF adduct on a DNA template
does not significantly affect the rate of primer extension by
T7 DNA polymerase (exo™) until the polymerase must
incorporate a nucleotide directly opposite the lesion. Incor-
poration of dCTP opposite AF-dG and AAF-dG is reduced
~5 X 104 and ~4 X 105-fold, respectively, relative to opposite
dG in the primer/templates (at the approximately physio-
logical dCTP concentration of 100 uM). Incorporation of
the next correct nucleotide after the lesion is also slower than
normal (~1 X 104 and >1 X 107-fold slower, for AF-dG and
AAF-dG containing primer/templates, respectively). The
presence of either adduct disrupts the processivity of the
polymerase; although the enzyme-DNA dissociation rate is
not greatly perturbed by the adducts, the rate of nucleotide
incorporation opposite either adduct is generally slower than
dissociation. These results are summarized in a simplified
reaction scheme shown in Figure 6.

Discrimination between correct and incorrect nucleotides
incorporated by the polymerase [defined as: {(Kcat/Km)correct
+ (kcat/ Km)incor.}/ (Kcat/ Kim)incor.] i8 @ major component of the
fidelity of a polymerase and is affected by the presence of AF
and AAF adducts. T7 DNA polymerase normally discrim-
inates ~7.5 X 10%-fold between incorporation of correct and
incorrect nucleotides (Wongetal., 1991). Thisdiscrimination
is reduced to ~500- fold and ~100-fold opposite and
immediately after AF-dG, respectively, where the favored
incorrect nucleotide is dATP. Misincorporation of dATP is
the favored event opposite and immediately after AAF-dG.

The structure of double-stranded DNA is affected very
differently by the presence of AF-dG vs AAF-dG (Daune et
al., 1981). Biophysical (Evans et al., 1980; Leng et al., 1980;
Santella et al., 1980) and enzymatic probing studies (Kriek
& Spelt, 1979; Sage et al., 1979) have indicated that AF-dG
has very little effect on the overall structure of the double
helix. The NMR structure of a duplex, in which dA is opposite
the AF-dG, revealed that the AF-dG is in the syn conformation
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FIGURE 6: A simplified reaction scheme showing the approximate overall times of nucleotide incorporation (and polymerase dissociation) as
the polymerase approaches and bypasses (A) AF and (B) AAF adducts. The T7 DNA polymerase (exo-) is represented by a black oval. The
rates were calculated at dNTP concentrations of 100 uM from kcy/Ky values. A range of values is given for correct nucleotide incorporation
opposite and after the AF because of the slight discrepancy in rates seen for the multiple nucleotide and single nucleotide incorporation

experiments.

with the AF ring in the minor groove away from the helix axis
(Norman et al., 1989). On the other hand, AAF adducts
have been shown to induce major changes in the DNA
conformation. When AAF-dG is located within a random
sequence, it causes local denaturation of the DNA, with the
guanine rotated outside of the double helix and the AAF ring
stacked between neighboring base pairs (Fuchs & Daune 1971;
O’Handley et al., 1993). This structure has been referred to
as either the “insertion—denaturation” or the “base displace-
ment”model (Fuchs & Daune 1972; Fuchs et al.,, 1976;
Grunberger & Weinstein, 1979).

Not surprisingly, these different adduct-induced DNA
structures are reflected in dramatically different biological
properties exhibited by AF and AAF in terms of (1) toxicity/
survival, (2) SOS inducing properties in E. coli, and (3)
mutagenic specificity. (1) Therelative toxicity of these adducts
can be estimated quantitatively by measuring the number of
adducts bound per plasmid that reduces the transformation
efficiency of the plasmid to 37% (representing a single lethal
hit in terms of Poisson statistics). When transformed into a
repair-deficient urvA E. coli strain, ~60 AF or ~4-5 AAF
adducts are required to reduce the transformation efficiency
to 37% (Fuchs & Seeberg 1984). The toxicity effects of AAF
adducts are similar to those of UV-induced photodimers
(Schmid et al., 1982). (2) AAF adducts, but not AF adducts,
efficiently trigger the SOS response in bacteria (Salles et al.,
1983). Again, AAF and UV lesions exhibit a quantitatively
similar SOS-inducing capacity (Salles et al., 1983). Since
the SOS response is thought to result from a transient block
in DNA replication induced by DNA lesions, these data suggest
that AF lesions are bypassed more readily than AAF lesions
or UV photodimers iz vivo. (3) In all cell types studied, AF
adducts have been found to induce primarily targeted G-C —
T-A transversions (Bichara & Fuchs 1985; Mah et al., 1989).
In E. coli, AAF adducts primarily induce frame-shift

mutations (Fuchs et al., 1981; Koffel-Schwartz et al., 1984).
These mutations are mainly found when the AAF-dG is located
within a run of guanines (Lambert et al., 1992) or is at the
G position of a Nar] restriction enzyme recognitionsite (G1Ga-
CG;CC) (Burnouf et al., 1989).

The three above biological effects of AF and AAF adducts
(toxicity, SOS induction, and mutagenesis) are most likely all
results of the same phenomenon: perturbation of DNA
replication. Therefore it is of interest to understand how
replicative bypass of the adducts differs from normal repli-
cation, and how bypass of the two lesions differ from each
other. It was previously found that AAF but not AF adducts
block DNA replication in vitro (Strauss & Wang, 1990).
However, the rate at which a polymerase incorporates
nucleotides as it approaches, is just opposite, or is just passed
the adducts has not before been studied. In this work we
show that AF adducts impede replication very significantly,
even though in vivo they are not strongly toxic lesions. The
average rate of dCTP incorporation opposite the AF-dG
(~200 s per event) is about 5 X 10*fold slower than
incorporation opposite dG (~4 ms per event), at 100 uM
dCTP. In addition, incorporation of the next nucleotide is
also a slow process. As yet, we do not know at what position
after the adduct the polymerase resumes its normal rate of
nucleotide incorporation. For AAF adducts, the bypass
reactionis ~ 100-fold slower than for AF adducts, which may
explain their significantly greater toxicity. At least for the
polymerase used in these studies, the enzyme-DNA disso-
ciation rate is significantly faster than the AAF bypass rate.
In vivo this may result in the generation of daughter strand
gaps that could trigger the SOS response.

The G — T mutation specificity that is observed in vivo for
AF adducts in E. coli and in human cells is reflected in the
present work by the relatively high frequency of dATP
incorporation opposite the adduct-containing guanine. The
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dA/dC incorporation ratio (~1/500) by exo- T7 DNA
polymerase opposite AF-dG is in good agreement with our
previous estimation of the efficiency of conversion of an AF
adduct into a mutation in E. coli (~1/2000) (Bichara &
Fuchs, 1985). Since this conversion efficiency was determined
from a forward mutation spectrum where a large proportion
of the mutations are phenotypically silent, it is an underes-
timation by at least a factor of 3. Interestingly, increased in
vivo substitution mutagenesis frequencies targeted immedi-
ately after AF-dG or AAF-dG have not been reported and yet
might be expected from the present results. At this time it
is not possible to say if the decrease in correct nucleotide vs
dATPdiscrimination after the lesions is peculiar to the exo-T7
DNA polymerase, to the particular primer/template sequences
chosen, or to other aspects of the in vitro reactions.

The observation that replication speed is slow even after
incorporation opposite the adduct site may also have some
important implications in terms of mutagenesis. We have
recently observed that single AAF adducts are able to trigger
-1 frame-shift mutations within a sequence of three C’s located
5’ of the AAF adduct on the template strand (Lambert et al.,
1992). These semitargeted mutations may be caused by
slippage within the three C’s that is favored as a consequence
of the slow adduct bypass rate.

The studies described in this paper are a start to under-
standing the detailed mechanism by whicha DN A polymerase
bypasses a bulky adduct in the DNA. At the present time,
pre-steady-state kinetic measurements of the kind described
here can only be done with a few simple polymerases for which
large quantities can be purified. How AF-dG and AAF-dG
alter the nucleotide incorporation rates, extents, and discrim-
ination of bacterial and eukaryotic replicative polymerase
complexes is a fascinating question for future biochemical
and genetic studies.
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