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ABSTRACT: The adenine base analogue 2-aminopurine (2AP) is a
potent base substitution mutagen in prokaryotes because of its enhanceed
ability to form a mutagenic base pair with an incoming dCTP. Despite
more than 50 years of research, the structure of the 2AP-C base pair
remains unclear. We report the structure of the 2AP-dCTP base pair
formed within the polymerase active site of the RB69 YS67A-DNA
polymerase. A modified wobble 2AP-C base pair was detected with one
H-bond between N1 of 2AP and a proton from the C4 amino group of
cytosine and an apparent bifurcated H-bond between a proton on the 2-
amino group of 2-aminopurine and the ring N3 and O2 atoms of

cytosine. Interestingly, a primer-terminal region rich in AT base pairs,

compared to GC base pairs, facilitated dCTP binding opposite template 2AP. We propose that the increased flexibility of the
nucleotide binding pocket formed in the Y567A-DNA polymerase and increased “breathing” at the primer-terminal junction of A
+T-rich DNA facilitate dCTP binding opposite template 2AP. Thus, interactions between DNA polymerase residues with a
dynamic primer-terminal junction play a role in determining base selectivity within the polymerase active site of RB69 DNA

polymerase.

NA polymerases incorporate nucleotides with a high

degree of accuracy despite the challenge of having to
correctly assess four substrates: dCTP binding opposite
template G, dGTP binding opposite template C, dTTP binding
opposite template A, and dATP binding opposite template T.
DNA polymerases achieve high substrate specificity by
evaluating the shape of the newly forming base pair, by
utilizing H-bonds that form between the base in the template
strand and the base of the incoming nucleotide, by interacting
with phosphate groups, and by probing chemical features of the
bases and sugars.'~” Even if an incorrect nucleotide is bound in
the polymerase active site, nucleotide incorporation will occur
only if the reactants are in the correct position for chemistry to
occur. In the unlikely event that an incorrect nucleotide is
incorporated, the limited ability of the DNA polymerase to
extend a mismatched primer terminus leads to exonucleolytic
proofreading.

Base analogue mutagens partially escape the surveillance
steps described above. 2-Aminopurine (2AP), for example,
templates the incorporation of dCMP more frequently than an
adenine and, as a consequence, is a potent base substitution
mutagen in bacteria and bacteriophage T4 infections.>” 2AP
base pairs with T with two H-bonds but differs from the AT
base pair by using O2 instead of O4 of thymine, which allows
minor groove interactions to influence base pair formation
(Figure 1). Even though the 2AP-T base pair is not mutagenic,
the bacteriophage T4 DNA polymerase discriminates in
forming and extending the 2AP-T base pair,'°""> but much
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stronger discrimination is observed for the mutagenic 2AP-C
base pair.

Several structures have been proposed for the 2AP-C base
pair, including rare tautomers, protonated base pairs, and a
neutral wobble structure, but the structure of the mutagenic
base pair is still unclear (Figure 1).""*716 These studies
employed UV absorbance, fluorescence, NMR, and quantum
chemical characterization of the 2AP-C base pair, but in the
absence of the DNA polymerase and, thus, in the protein
environment in which the 2AP-C base pair is formed in vivo.
Because wild-type DNA pols discriminate against forming the
2AP-C base pair, we have used a mutant DNA polymerase, the
bacteriophage RB69 Y567A-DNA polymerase, to enhance the
formation of the 2AP-dCTP base pair within the polymerase
active site.

Bacteriophage RB69 DNA polymerase is a family B DNA
polymerase. A residue analogous to Y567 is conserved in the
polymerase active site of family B DNA polymerases, including
the closely related bacteriophage T4 DNA polymerase,'” and in
the polymerase active sites of family A and X DNA
polymerases. A strong mutator phenotype is observed for the
RB69 Y567A-DNA polymerase,"® and a cysteine substitution
for the analogous tyrosine Y9SS in the human mitochondrial
DNA polymerase, a family A DNA polymerase, is linked to
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Figure 1. Proposed structures of 2AP-T (A) and 2AP-C (B—D) base pairs.

parkinsonism and ophthalmoplegia.'® Structural and kinetic
studies of the RB69 Y567A-DNA polymerase demonstrate that
the YS67A substitution increases the flexibility of the nucleotide
binding pocket, which in turn enhances the ability of the
mutant DNA polymerase to incorporate dAMP opposite 7,8-
dihydro-8-oxoguanine (8-0x0G)** and dTMP opposite tem-
plate G.*' Besides an increased level of misincorporation, the
Y567A-DNA Ipolymerase also has an enhanced ability to extend
mismatches,” which is necessary for a mismatch to escape
DNA polymerase proofreading.”” From these observations, we
reasoned that the Y567A-DNA polymerase would also enhance
the formation of the mutagenic 2AP-dCTP base pair, which we
tested here by using the intrinsic fluorescence of 2AP and by X-
ray crystallography.

2AP as the free base, nucleoside, or nucleotide is highly
fluorescent, but 2AP fluorescence in DNA is quenched by base
stacking interactions; > however, protein-induced base unstack-
ing can produce large increases in 2AP fluorescence intensity as
observed for complexes formed with the T4 and RB69 DNA
polymerases with DNA substrates in which 2AP is positioned at
position 1 of the template strand.**** 2AP-containing DNA
substrates are described in Figure 2. The 2AP emission
spectrum for complexes formed with the exonuclease-deficient
D222A/D327A-RB69 DNA polymerase (RB69 exo~) is shown
in Figure 3A. With excitation at 315 nm, a broad peak of
fluorescence emission is detected at ~365 nm that is 15-fold
higher than the fluorescence intensity observed for unbound
DNA.

At least three or four fluorescence lifetimes for 2AP are
observed in binary T4 and RB69 DNA pol complexes (Figure
3B) that range from 0.05 to 8 ns or more. Although each
lifetime represents a mean of a distribution, lifetimes can be
correlated with distinct 2AP conformations.”*">° Because one
conformation is characterized by a fluorescence lifetime that is
similar to the ~10 ns lifetime observed for the free 2AP
nucleoside in solution,”” the longest lifetime species is
attributed to the fully unstacked state. Thus, the T4 and
RB69 DNA polymerases induce conformational changes in the
template strand that unstack 2AP at position 1 (Figure 3B),
which is illustrated as complex I in Figure 4. Highly fluorescent
(long lifetime) species are also observed for T4 and RB69 DNA
exonuclease complexes formed with DNA substrates in which

DNA Sequence
2AP (P) in the +1 templating position
+1

1 3’ B-CCCTTCGTGCAGTAGCCATTAATPGATCGATGGTTT
GGG}\AGCACGTCJ\TCGGTAATT%H /dd

2 3’ B-CCCTTCGTGCAGTAGCCGCCGCTPGATCGATGGTTT
GGGAAGC)\CGTCATCGGCGGCG}c\)H /dd

3 37 GTTAATTAATTAATPCTT
AATTAATTAATTA
OH/dd
4 3 GGCGCGCCGCCGCTPCTT
CGCGCGGCGGCGA
OH/dd

2AP (P) at the terminal position of the primer

5 3’ B-CCCTTCGTGCAGTAGCCATTATAGATCGATGGTTT
GGGAAGCACGTCATCGGTAATP

6 3 CGTGCAGTAATTGCCACGGATCGATGGTTT
GCACGTCATTAACGGTP
7 3 CGTGCAGTAGCCATGCCGGATCGATGGTTT

GCACGTCATCGGTAZ D

Figure 2. DNA substrates with 2AP (P) in the template strand (DNAs
1—4) or in the primer strand (DNAs 5—7).

2AP is placed in the terminal position of the primer strand,
which indicates that 2AP at the primer end in exonuclease
complexes is also unstacked,****7** as observed in the
crystalline state.>>™>°

Several experiments suggest that the highly fluorescent
complex I is in rapid equilibrium with the less fluorescent
complex II (Figure 4). For example, less fluorescence intensity
is observed for complexes formed with the T4 DNA
polymerase and DNA labeled with 2AP at position 1 of the
template strand if the primer-terminal region is G+C-rich as
opposed to A+T-rich.*® As G+C richness favors the formation
of polymerase over exonuclease complexes,'"'* the lower level
of fluorescence intensity observed indicates the presence of less
fluorescent polymerase complexes compared to the highly
fluorescent complex L

Mg**-dependent dTTP binding opposite template 2AP
produces a rapid quench of 2AP fluorescence that is observed
in reactions with chain-terminated DNA substrates (2’3"
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Figure 3. Fluorescence emission spectra and fluorescence lifetimes for
2AP in binary complexes formed with the RB69 wild-type and YS67A-
DNA polymerases. (A) Fluorescence emission spectra determined for
binary complexes formed with DNA 1 (described in Figure 2). 2AP is
located at position 1 of the template strand as illustrated by the
cartoon. Complexes were excited at 315 nm as described in
Experimental Procedures. (B) Fluorescence lifetimes determined for
binary complexes formed with the RB69 wild-type and Y567A-DNA
polymerases and DNA 1 as described in Experimental Procedures and
by Hariharan et al.*

dideoxynucleotide, dd) and as the initial rapid phase in
reactions when the primer terminus is extended by dTMP
incorporation.”®> The K for dTTP binding opposite template
2AP is ~31 uM. We propose that the quenched ternary DNA
pol-DNA—dTTP complex (complex IV) that is trapped with
chain-terminated DNA substrates resembles a closed complex
in which the fingers domain and residues in the polymerase
active site form a tight-fitting nucleotide binding pocket as
observed in structural studies of the RB69 DNA polymerase
ternary complex.®® The rapid quench of 2AP fluorescence
observed for dTTP binding to complex II, however, is likely
due to formation of the less fluorescent open ternary complex
(complex I1I), which drives the equilibrium from complex I to
complex IIL

We obtained evidence of complex III indirectly by using
dFTP (F = difluorotoluene), a dTTP analogue that does not
form H-bonds with a templating A but is nevertheless
incorporated by DNA polymerases with high fidelity.” Addition
of dFTP to T4 DNA pol binary complexes does not quench
2AP fluorescence at concentrations of <150 uM, but dFTP is
bound because it is an effective competitive inhibitor of dTTP-
Mg**-induced quenching with a K; of ~68 uM.* Thus, both
dTTP and dFTP bind to complex II to form the ternary
complex III, but only dTTP binding can trap quenched ternary
complexes (complex IV). In contrast, the Ky for dCTP binding
opposite template 2AP is at least 3 mM, and dCTP is not an
inhibitor of dTTP binding."®> Thus, dNTPs have ready access to
complex II, but only the correct incoming dNTP is stably
bound to form the open ternary complex (complex III).
Subsequent conformational changes form the closed ternary
complex (complex IV).

The apparent K; (Kg,,,) for incorporation of dTMP
opposite template 2AP to form complex V is >10-fold higher
(367 uM) than the K, for dTTP binding and is also ~10-fold
higher than the Kg,,, observed for nucleotide incorporation
reactions without the base analogue, which demonstrates that

the T4 DNA polymerase discriminates in the incorporation of
dTMP opposite template 2AP compared to incorporation
opposite template A."> The kyo for incorporation of dTMP
opposite 2AP, however, is the same as that observed for
standard nucleotide incorporation reactions, which indicates
that the 2AP-T base pair formed is correctly positioned for
optimal reactivity. In contrast, the observed k,, for
incorporation of dCMP is very low, similar to the rate for
enzyme dissociation. Release of pyrophosphate (PP;) produces
complex VI, which resembles complex I except that the primer
end has been extended by a single nucleotide. Complex VI is a
pivotal complex that is the starting point for another cycle of
nucleotide incorporation or, if the incorporated nucleotide is
not correct, the starting point for initiation of the
exonucleolytic proofreading pathway and formation of the
binary exo complex (complex VII).**

We examined the ability of the RB69 Y567A-DNA
polymerase to form base pairs with 2AP in the template
position with an incoming dTTP or dCTP at each step of the
nucleotide incorporation pathway as described in Figure 4. In
vivo, the mutagenic 2AP-C base pair is most likely to occur
when 2AP is in the template rather than as the incoming
nucleotide.” As expected, the Y367A substitution weakened the
ability of the RB69 DNA polymerase to discriminate against
dCTP binding opposite template 2AP; however, we were
surprised by the large magnitude of the defect. In some
reactions, ternary pol complexes (complex IV) were formed
with the Y567A-DNA polymerase almost as easily with dCTP
as with dTTP. The ability of the YS67A-DNA polymerase to
readily form the 2AP-dCTP base pair provided the means to
use X-ray crystallography to examine the mismatch within the
polymerase active site.

B EXPERIMENTAL PROCEDURES

DNA Polymerases. Expression, purification, and character-
ization of wild-type and mutant RB69 DNA polymerases have
been described previously.®”

DNA Substrates. The DNA substrates are described in
Figure 2. The oligonucleotides used for the longer DNA
substrates (DNAs 1 and 2) were purchased from IDT, and the
oligonucleotides used for the shorter DNA substrates (DNAs 3
and 4) were synthesized by the W. M. Keck Foundation
Biotechnology Resource Laboratory (Yale University) and
purified via polyacrylamide gel electrophoresis. DNAs used to
form exo complexes (DNAs S5S—7) were described previ-
ously.”**® The longer DNA substrates were synthesized with
biotin (B) at the 3"-end of the template strand to prevent DNA
polymerase from binding at the blunt end and, thus, to direct
the DNA polymerase to the primer—terminus junction.

Fluorescence Intensity Experiments. Samples were
excited at 315 nm to minimize excitation of tryptophan
residues, and fluorescence emission was monitored from 330 to
450 nm.”**? A 2 nm band-pass was used for both the excitation
and emission monochromators. Solutions of complexes were
formed with 200 nM 2AP-labeled DNA and a 2—2.5-fold excess
of DNA polymerase in buffer containing 25 mM HEPES (pH
7.6), 50 mM NaCl, and 1 mM DTT. For dTTP and dCTP
titration experiments, the primer end was terminated with a
dideoxynucleotide and the reaction mixtures contained MgCl,
(10 mM), which is essential for nucleotide binding.25
Equilibrium dissociation constants for binding of a nucleotide
opposite template 2AP were determined as described
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Figure 4. Proposed nucleotide incorporation pathway catalyzed by the phage T4 and RB69 DNA polymerases.

previously.* All fluorescence experiments were performed at 20
°C.

Fluorescence Lifetime Determinations. Solutions of
complexes (1 yM 2AP-labeled DNA and 2 uM DNA
polymerase) were formed in the buffer described above with
the addition of 0.5 mM EDTA. Solutions were excited at 315
nm using the frequency-doubled output from a pulsed-dye laser
(PTI). Fluorescence emission was monitored at 368 nm with a
S nm band-pass; a 320 nm long-pass filter was inserted between
the cuvette and emission monochromator. Decay curves and
analysis procedures were described previously.”®*" Experiments
were performed at 20 °C.

Rapid Chemical Quench Assays. Single-turnover experi-
ments were performed under conditions in which the enzyme
concentration was 10 times that of the 3-*’P-labeled DNA
substrate. Each reaction mixture contained 66 mM Tris-HCI
(pH 7.5), and each reaction was performed at 22 °C by mixing
equal volumes of the 200 nM DNA substrate with 2 M DNA
polymerase, 20 mM MgCl,, and varying concentrations of
dNTPs. The final concentrations were 100 nM DNA substrate,
1 uM DNA polymerase, and 10 mM MgCl,. The reactions
were quenched in 0.5 M EDTA using the KinTek rapid quench
instrument (model RQF-3). Products were separated by
electrophoresis in 20% acrylamide gels containing 8 M urea.

dx.doi.org/10.1021/bi2014618 | Biochemistry 2011, 50, 10136—10149
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The band intensities were determined using a Molecular
Dynamics Phosphorimager and analyzed with Imagequant.
Data from the single-turnover experiments were fit to a single-
exponential equation as described previously.”!

Crystallization of Exonuclease-Deficient D222A/
D327A-RB69 DNA Polymerase (wild type) and Exonu-
clease-Deficient Y567A-DNA Polymerase Ternary Com-
plexes with 2AP-dTTP and 2AP-dCTP Base Pairs. DNA
polymerase (120 yM) was mixed in an equimolar ratio with
freshly annealed DNA substrate. Nucleotide (dTTP or dCTP)
was added to give a final concentration of 3 mM. Crystals of the
ternary complexes were grown under oil via a microbatch
procedure by mixing equal volumes of the ternary complex
solution with a solution containing 100 mM sodium cacodylate
buffer (pH 6.5), 125 mM CaCl,, and 10% (w/v) polyethylene
glycol 350 monomethyl ether (PEG350 MME). Cube-shaped
crystals were stabilized and cryoprotected by being transferred
to the stabilization solution containing 100 mM sodium
cacodylate buffer (pH 6.5), 20% (w/v) PEG350 MME, and
100 mM CaCl,. Just prior to being frozen in liquid nitrogen, the
crystals were transformed into the same cyroprotectant solution
but containing 30% PEG350 MME.

X-ray Diffraction Data Collection, Structure Determi-
nation, and Refinement. X-ray diffraction data were
collected at a wavelength of 0.959 A and at 110 K at
NECAT, beamline 24ID-E (Advanced Photon Source, Argonne
National Laboratory, Argonne, IL). The data were processed
using the HKL2000 program suite. All crystals belonged to
orthorhombic space group P2,2,2, with slightly different cell
dimensions.

All six structures were determined by the automated
molecular replacement method AMoRe* as implemented in
CCP4, starting with the wild-type RB69 DNA polymerase
structure of the ternary complex with Protein Data Bank (PDB)
entry 3NCI. The primer—template duplex and the incoming
dTTP or dCTP were built into residual electron density maps,
which were phased with the partially refined RB69 DNA
polymerase structure using Coot.*' The structures were refined
using Refmac5.*” All figures were made using PYMOL.*”
Coordinates and structure factors for the wild-type RB69 DNA
polymerase ternary complexes with the 2AP-dTTP base pair
with the A+T- and G+C-rich DNA substrates have been
deposited in the PDB.

B RESULTS

The Y567A Substitution Affects Partitioning of DNA
between the Polymerase and Exonuclease Active Sites
and the Equilibrium between Complexes | and Il
Fluorescent binary complexes were formed with the RB69
DNA polymerase that lacks exonuclease activity (exo™) due to
alanine substitutions for two essential aspartate residues in the
exonuclease active site (D222 and D327) and a similarly
exonuclease-deficient RB69 DNA polymerase that also has the
YS67A substitution (Figure 3A). For the sake of simplicity, the
RB69 and T4 exo™ DNA polymerases are termed wild type and
the RB69 exo™ Y567A-DNA polymerase is termed the mutant
or Y567A-DNA polymerase. Complexes were formed with 200
nM DNA that was labeled at position 1 of the template strand
with 2AP [DNA 1 (Figure 2)] and 500 nM enzyme. A
significantly lower fluorescence intensity was observed for the
YS567A-DNA polymerase that did not increase upon addition of
more enzyme. The high fluorescence intensity of binary pol
complexes is due to formation of a large population of

fluorescent species with an ~10 ns lifetime that is produced by
unstacking 2AP at position 1 in the template strand [complex I
(Figure 4)]. Long lifetime fluorescent species in the 10 ns range
were observed for both DNA polymerases (Figure 3B), but the
amplitude was reduced from 38% for the wild-type RB69 DNA
polymerase to 20% for the mutant DNA polymerase, which was
accompanied by an increase in the amplitude of a species with
an intermediate lifetime (7 = 5.3 ns; 42%). The reduced level of
formation of the longest lifetime fluorescent species observed
for the mutant DNA polymerase accounts for the observed
reduction in 2AP fluorescence intensity.

DNA polymerases form binary pol complexes, complexes I
and II, and binary exo complexes (complex VII). Complexes I
and VII formed with DNA labeled with 2AP at position 1 of the
template strand are less fluorescent than the highly fluorescent
complex L>?*® Thus, the reduced fluorescence intensity
observed for complexes formed with the YS567A-DNA
polymerase (Figure 3A) could be due to an increased level of
formation of less fluorescent binary pol complexes (complex II)
or exo complexes (complex VII).

To determine if the YS67A substitution affects formation of
binary exo complexes, complexes were formed with DNA
substrates labeled with 2AP at the primer terminus [DNAs 5—7
(Figure 2)]. Binary exo complexes labeled with 2AP at the
primer terminus have a high fluorescence intensity because the
terminal 2AP is unstacked in the exonuclease active site;>>** an
~10 ns lifetime is observed for this species.’* > The wild-type
T4 DNA polymerase preferentially forms fluorescent binary exo
complexes with DNA substrates in which 2AP at the primer
terminus is paired with template T [DNA 2 (Figure 2)] and,
thus, recognizes the terminal 2AP-T base pair as a
mismatch.'’7#25263%  Although the D222A and D327A
substitutions in the exonuclease active site reduce the level of
formation of exo complexes, a 9.7 ns fluorescence lifetime
indicative of exo complexes is still detected, but the amplitude
is reduced from 100%, which is observed for the wild-type
DNA polymerase without the amino acid substitutions, to 17%
for the exo~ DNA polymerase.”> Fluorescent species
characterized by shorter fluorescence lifetimes indicate
populations of complexes in which 2AP is imperfectly stacked
with one or more adjacent bases as well as complexes in which
2AP is fully base stacked. The addition of the YS67A
substitution further reduces the fluorescence intensity (Figure
SA). A likely explanation for the apparent reduced level of
binary exo complexes is that the Y567A-DNA polymerase has
enhanced ability to form less fluorescent binary pol complexes,
which has been observed previously for mutant T4 DNA
polymerases that have a weakened ability to initiate the
proofreading pathway.>%3073>38

We next tested if the YS67A-DNA polymerase recognizes the
terminal 2AP-C base pair as a mismatch. Complexes were
formed with DNA 6 (Figure 2), and again, a lower fluorescence
intensity was detected with the YS67A-DNA polymerase
(Figure SB), which suggests that the terminal 2AP-C base
pair is not always recognized as a mismatch by the YS67A-DNA
polymerase. When this experiment was repeated with DNA 7,
which has three preformed mismatches at the primer end
(Figure 2), similar fluorescence emission spectra were observed
for both the exo™ wild type and YS67A-DNA polymerases
(Figure SC). Thus, the exo™ YS67A-DNA polymerase can form
exo complexes as efficiently as the exo™ wild-type DNA
polymerase only if formation of pol complexes is prevented by
three terminal mismatches. These observations are consistent

dx.doi.org/10.1021/bi20146181Biochemistry 2011, 50, 10136—10149
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Figure S. Fluorescence emission spectra for exonuclease complexes
formed with the RB69 exo~ wild type and exo~ YS67A-DNA
polymerases and DNA substrates labeled with 2AP (P) at the 3"-end of
the primer strand. (A) DNA polymerase complexes formed with DNA
S, which has a terminal 2AP-T base pair (Figure 2). (B) DNA
polymerase complexes formed with DNA 6, which has a terminal 2AP-
C base pair (Figure 2). (C) DNA polymerase complexes formed with
DNA 7, which has three preformed terminal mismatches. Similar
emission spectra were observed for the RB69 exo” DNA (4p) and
exo” Y567A-DNA (O) polymerases.

with the proposal that the YS67A substitution affects the
partitioning of DNA between the polymerase and exonuclease
active sites in favor of an increased level of formation of binary
pol complexes under conditions in which the wild-type enzyme
favors formation of binary exo complexes.

Because the YS567A-DNA polymerase appears to favor
formation of binary pol complexes more than the wild-type
DNA polymerase with DNAs with 2AP-T and 2AP-C terminal
mismatches (Figure SA,B), binary pol complexes are also
expected to be formed with DNA 1 in which the primer end is
matched and 2AP is in templating position 1 (Figure 3). Thus,
the lower level of fluorescence intensity observed for complexes
formed with the Y567A-DNA polymerase compared to that of
the wild-type DNA polymerase and DNA 1 does not appear to
be due to formation of binary exo complexes, but instead to an

increased level of formation of less fluorescent binary pol
complexes (complex II). The increase in the amplitude of the
intermediate fluorescence lifetime species (7 = 5.3 ns) for the
mutant DNA polymerase is consistent with this proposal
(Figure 3B).

The RB69 Y567A-DNA Polymerase Is Less Able To
Discriminate against Binding dCTP and Incorporating
dCMP opposite Template 2AP. Mg**-dependent dTTP
binding can be measured in reactions with chain-terminated
DNA substrates [DNAs 1 and 2 (Figure 2)] by the decrease in
2AP fluorescence intensity as the concentration of dTTP is
increased.*'*#***® A mixture of highly fluorescent binary pol
complexes (complex I), less fluorescent binary pol complexes
(complex II), exo complexes, etc., are formed in the presence of
10 mM MgCl,. Addition of incremental amounts of dTTP to
the mixture quenches the fluorescence intensity via the
formation of complex IV in which 2AP is fully base stacked
with a fluorescence lifetime of 0.6 ns.*® The K, for dTTP
binding can be determined from fluorescence quench curves.*
Ky values for dTTP binding by the RB69 exo~ DNA
polymerase are similar to the values determined for the T4
exo” DNA polymerase and are in the range of 30 uM for DNA
substrates that are relatively A+T-rich [DNA 1 (Figure 2)] or G
+C-rich [DNA 2 (Figure 2)] in the primer-terminal region
(Table 1). Wild-type T4 and RB69 DNA polymerases strongly
discriminate against binding of dCTP as unphysiologically high
concentrations are needed to observe quenching of 2AP
fluorescence; the Ky is ~3 mM (Table 1). Thus, the wild-type
T4 and RB69 DNA polymerases discriminate against binding
dCTP by a factor of at least ~100 compared to dTTP (30 uM
compared to 3 mM).

In contrast, the YS67A-DNA polymerase is significantly less
able to discriminate against binding dCTP opposite template
2AP (Table 1). With the A+T-rich DNA substrate, the K for
dCTP binding at ~25 yM was <3-fold higher than the Kj for
dTTP binding at ~9 uM, which indicates that dCTP is bound
opposite template 2AP almost as easily as dT'TP. Fluorescence
quench curves are shown in Figure 6. An increased level of
discrimination, however, was observed with the G+C-rich
DNA; the Ky for dCTP binding at ~317 uM was >20-fold
higher than the K, for dTTP binding at ~15 uM (Table 1).
Even though an increased level of discrimination was observed
with the G+C-rich DNA against binding dCTP-Mg?*, the K4 of
~317 uM is still well below the value of >3 mM observed for
the wild-type T4 and RB69 DNA polymerases.

The Ky for dTTP binding by the wild-type T4 exo~ DNA
polymerase at ~35 yM is lower than the apparent Ky (Kd,app)
for the overall reaction for dTMP incorporation (367 uM)
(Table 1). This trend was observed for reactions with dTTP
and the Y567A-DNA polymerase for the G+C-rich, but not for
the A+T-rich, DNA as the K4 for dTTP binding was ~9 yM
compared to the Ky, of ~16 uM. The K, for incorporation
of dCMP by the Y567A-DNA polymerase was higher than the
K4 values for dCTP binding with both DNA substrates, but
highest for the G+C-rich DNA; the Ky, for incorporation of
dCMP at 2 mM approached the values of ~3 mM observed for
the wild-type T4 and RB69 DNA polymerases. The newly
forming 2AP-dCTP base pair in the polymerase active site of
the YS67A-DNA polymerase with A+T- and G+C-rich DNAs,
however, appears not to be in optimal position for the
chemistry step because k,, values were >30-fold lower for the
incorporation of dCMP (~6 s™') than for incorporation of
dTMP (~200 s™") (Table 1).

dx.doi.org/10.1021/bi20146181Biochemistry 2011, 50, 10136—10149
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Table 1. Kinetic Parameters for Binding and Incorporation of Nucleotides opposite Template 2AP with “Long” DNA Substrates

A+T-rich (DNA 1)

G+C-rich (DNA 2)

Kabing(dTTP) Kabing(dTTP)
DNA pol (M) kpol(dTTP) Kgyina(dCTP) kpol(dCTP) (uM) l%ol(dTTP) Kgina(dCTP) ’%ol(dCTP )
T4 exo™ 35.0 + 1.2% rapid® >3 mM*? na“ 287 + 0.6 rapid ~3 mM® na®
RB69 exo™ 311 + 0.9 - ~3 mM”® na* 30.0 + 0.4 - ~3 mM” na*
RB69 YS67A exo™ 92 + 0.8 - 24.8 + 2.1 uM nd? 151 + 14 - 317 + 18 uM nd?
A+T-rich (DNA 1) G+C-rich (DNA 2)
Kiincorpapp(ATMP) ki (ATMP) koot(dCMP)®  Kiincorpapp(ATMP) ki (dTMP)® kyo (dCMP)
DNA pol (uM) (™) Kiincorpapp(dCMP) (s (uM) (s Kiincorpapp(dCMP) (s
T4 exo™ 367 + 36° 165 + 3¢ >3 mM*? 23 +01° nd nd nd nd
RB69 16 + 3 240 + 11 170 £ SO uM 6.4 + 0.6 180 + 75 190 + 11 2 mM? ~6
YS67A
exo
A+T-rich (DNA 1) G+C-rich (DNA 2)
DNA POI kpol/Kdincorp(dTMP) (ﬂM71 Sil) kpol/Kdincorp(dCMP) (ﬂM71 Sil) kp01/1<dincorp(dTMP) (.uMil Sil) kpol/1<dincorp(dCMP) (.uMil Sil)
T4 exo™ 045" <0.0008 nd nd
RB69 YS67A exo™ 15 0.04 1 ~0.003
dTMP/dCMP
DNA pol A+T-rich (DNA 1) G+C-rich (DNA 2)
T4 exo™ >560 nd
RB69 YS67A exo™ 375 333

“Data from ref 13. Rapid nucleotide binding occurs within the dead time of the stopped-flow instrument. bThe high apparent K value likely includes
nonspecific interactions, and thus, the true Ky may be higher. “Not applicable. The rate of nucleotide binding cannot be determined. “Not
determined. “Overall nucleotide incorporation rate. JThe kpol/1<di_ncorp(dTMP) for incorporation of dTMP opposite template A is 10.3 uM™ LB
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Figure 6. Nucleotide binding assays. (A) Formation of ternary DNA
pol-DNA—dTTP complexes with the YS67A-DNA polymerase as a
function of dTTP concentration. Incremental increases in dTTP
concentration produce incremental increases in fluorescence quench-
ing. (B) Formation of ternary DNA pol-DNA—dCTP complexes with
the Y567A-DNA polymerase as a function of dCTP concentration.

The experiments described in Table 1 were performed with
relatively long DNA substrates, DNAs 1 and 2 (Figure 2). The
experiments were repeated with the shorter DNA substrates
[DNAs 3 and 4 (Figure 2)] that were used for structural studies
(Table 2). Again, less discrimination was observed for the
YS567A-DNA polymerase in binding dCTP opposite template
2AP with the A+T-rich DNA (~53 uM) than for the G+C-rich
DNA (~373 uM). Ky, values for incorporation of dCMP
opposite 2AP were similar for the A+T- and G+C-rich DNAs,
298 and 361 uM, respectively, and less than the values of >2
mM observed for the wild-type DNA polymerase. As observed
with the longer DNAs, k,, rates were low and in the range of
the enzyme dissociation rate.

The RB69 Y567A-DNA Polymerase Retains the Ability
To Discriminate against Binding rUTP opposite Tem-
plate 2AP. Because the Y567A-DNA polymerase is less able
to discriminate against binding dCTP opposite template 2AP
(Table 1), we wanted to know if relaxed nucleotide specificity
extended to the sugar. Sugar specificity was tested in nucleotide
binding reactions with rUTP and dUTP with template 2AP in
DNA 1 (Figure 2). While a ~2-fold increase was observed for
binding dUTP opposite template 2AP by wild-type or YS67A-
DNA polymerases (Table 3) compared to binding dTTP
(Tablel), strong discrimination was detected for rUTP binding
by wild-type and Y567A-DNA polymerases. Thus, while the
YS67A substitution reduces base selectivity, sugar specificity is
largely retained, which is expected if the sugar gate residue,
Y416,>** remains in position to interact with the deoxyribose of
the incoming nucleotide in the nucleotide binding pocket
formed with the Y567A-DNA polymerase.

Structural Studies of the 2AP-T and 2AP-C Base Pairs
in the Nucleotide Binding Pocket of Wild-Type and
Y567A-DNA Polymerases. In an attempt to provide a
structural framework that would explain how dCTP is bound
almost as readily as dTTP opposite template 2AP by the
Y567A-DNA polymerase, we determined the crystal structures
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Table 2. Kinetic Parameters for Binding and Incorporation of Nucleotides opposite Template 2AP with “Short” DNA Substrates

A+T-rich (DNA 3)

G+C-rich (DNA 4)

DNA pol Kipina(dTTP)  k,y(dTTP) Kbing(dCTP) koot(dCTP)  Kgypa(dTTP)  k,y(dTTP) Kgyina(dCTP) ko1 (dCTP)
RB69 YS67A nd? nd S3 + 11 uM nd nd 373 + 88 uM nd
exo
A+T-rich (DNA 3) G+C-rich (DNA 4)
Kincorppp(dTMP) ki (dTMP) kpoi(ACMP)”  Kiincorpapp(dTMP)  kpy(dTMP) kpot(dCMP)®
DNA pol (M) P Kinopanp(dCMP) - (i) P Kinopap(dCMP) T (57
RB69 exo™ 114 + 26 379 + 28 >2 mM° slow*® 200 + 45 201 + 16 >2 mM* slow”
RB69 673 + 8 289 + 9 298 + 65 uM 93 +0.7 263 + 78 233 + 27 361 + 52 uM 25+0.1
YS67A
exo~
A+T-rich (DNA 3) G+C-rich (DNA 4)
DNA POI kpol/Kdincorp(dTMP) (/IM_I S_l) kpol/Kdincorp(dCMP) (/‘M_l S_l) kpul/Kdincorp(dTMP) (.MM_I s_l) kpul/Kdincoxp(dCMP) (:MM_l s_l)
RB69 exo™ 3.3 <0.001-0.003 1.0 <0.001-0.003
RB69 YS67A exo™ 4.3 0.03 0.9 0.007
dTMP/dCMP
DNA pol A+T-rich (DNA 3) G+C-rich (DNA 4)
RB69 exo™ >1000
RB69 YS67A exo™ 129

“Not determined. “Overall nucleotide incorporation rate. “The kinetic parameters for the misincorporation of dCMP opposite template 2AP cannot
be determined accurately because of nonspecific interactions; however, the apparent K is >2 mM, and incorporation is slow, on the order of 2—6

N

Table 3. K, Values for Binding dUTP and rUTP opposite
Template 2AP“

Ky(dUTP)
DNA pol (uM) Ky(rUTP)
T4 exo™ 741 + 2 >3 mM
RB69 YS67A exo™ 21 £ 1 522 + 55 uM

“Experimental conditions are the same as those for Table 1.

of three pairs of ternary complexes. One pair was with the wild-
type RB69 DNA polymerase, the A+T- or G+C-rich DNA
substrates [DNAs 3 and 4 (Figure 2)], and dTTP. The second
pair was like the first except with the Y567A-DNA polymerase.
The third pair was like the second except that dCTP was used
instead of dTTP. These six structures were obtained with
resolutions ranging from 2.09 to 3.19 A for the A+T-rich DNA
and from 2.24 to 2.32 A for the G+C-rich DNA (Figure 7). The
Rg.. values for complexes with the A+T-rich DNA ranged from
24.3 to 30% and from 23.8 to 26.0% for the G+C-rich DNA
(Table 4).

Two H-bonds were expected for the 2AP-T base pair: one
between the ring nitrogens of the bases, N1 of 2AP and N3 of
thymine, and the second between N2 of 2AP and O2 of
thymine (Figure 1A). Interbase distances of ~2.7 A, which are
consistent with the presence of two H-bonds in these positions,
were observed for the 2AP-T base pairs in ternary complexes
formed with the wild-type and YS67A-DNA polymerases with
both the A+T- and G+C-rich DNA substrates (Figure 8A—D).
The bases are nearly coplanar.

Several H-bonded structures have been proposed for the
2AP-C base pair (Figure 1B—D'*7'). The long interbase
distances for the 2AP-C base pair observed in ternary
complexes with the YS67A-DNA polymerase rule out the
possibility of hydrogen bonding between N1 of 2AP and N3 of
cytosine (Figure 8E,F), and thus, 2AP-C base pairs involving
protonated bases (Figure 1C,D) are unlikely. Instead, apparent
nonideal H-bonds are observed. One possible H-bond is
between a proton of the C4 amino group of cytosine and N1 of

N &
Vet N, 2
s %
“A567 TN

Figure 7. Close-up views of nascent base pairs formed in the
polymerase active sites of the wild-type RB69 and RB69 YS67A-DNA
polymerases: (A) 2.09 A resolution structure of the wild-type DNA
polymerase—A+T-rich DNA 3—dTTP ternary complex contoured at
2.00, (B) 224 A resolution structure of the wild-type DNA
polymerase—G+C-rich DNA 4—dTTP ternary complex contoured at
2.00, (C) 2.44 A resolution structure of the YS67A-DNA polymerase—
A+T-rich DNA 3—dTTP ternary complex contoured at 1.55, (D) 2.25
A resolution structure of the YS67A-DNA polymerase—G+C-rich
DNA 4—dTTP ternary complex contoured at 2.06, (E) 3.19 A
resolution structure of the YS67A-DNA polymerase—A+T-rich DNA
3—dCTP ternary complex contoured at 1.06, and (F) 2.32 A
resolution structure of the Y567A-DNA polymerase—G+C-rich DNA
4—dCTP ternary complex contoured at 1.50.

2AP as proposed for the wobble or neutral 2AP-C base pair
(Figure 1B). In addition, bifurcated H-bonds are possible
between a proton of the C2 amino group of 2AP and N3 of
cytosine, as proposed for the neutral 2AP-C base pair, and
between O2 of cytosine.

A rigid H-bond network involving the y-OH groups of Y567,
Y416, and T622, four ordered water molecules, and the

dx.doi.org/10.1021/bi2014618 | Biochemistry 2011, 50, 10136—10149
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Figure 8. Predicted H-bonds between 2AP-T and 2AP-C base pairs
formed in the polymerase active sites of the wild-type RB69 and RB69
Y567A-DNA polymerases. Interbase distances are consistent with two
H-bonds formed for the 2AP-T base pair as proposed (Figure 1A).
One H-bond is between N1 of 2AP and N3 of dTTP, and the second
is between a proton of the C2 amino group of 2AP and O2 of thymine
as shown by dashed blue lines. Similar structures were observed for
complexes formed with the wild-type DNA polymerase and A+T-rich
DNA 3 (A) and G+C-rich DNA 4 (B) and for complexes formed with
the YS67A-DNA polymerase and A+T-rich DNA 3 (C) and G+C-rich
DNA 4 (D). A wobble-type 2AP-C base pair was observed for
complexes formed with the YS67A-DNA polymerase, dCTP, and the
A+T-rich DNA 3 (E) and the G+C-rich DNA 4 (F). The apparent
nonideal H-bond between N1 of 2AP and a proton from the C4 amino
group of dCTP and the apparent bifurcated H-bond between a proton
of the C2 amino group of 2AP and N3 as well as O2 of dCTP are
shown as red dashed lines.

penultimate nucleotide at the primer—template junction was
observed for ternary complexes formed with the wild-type
RB69 DNA polymerase, the G+C-rich DNA substrate, and
dTTP (Figure 9A). The H-bond network was disrupted by the

T622

dCn-1

wﬁw

T622 o®
Y55-, A567
Y416

Y416

dTTPyc1p

\ﬁﬁ-»ﬁf

v :E Y416
G568 K867 Q

Y567

dTTP 4cTP
2-AP
r"' ) X
, I 04A
i @ Y416
G568 57

Y567

Figure 9. Flexible nucleotide binding pocket produced by the YS67A
substitution. The H-bond network in the nucleotide binding pocket
formed with the RB69 wild-type DNA polymerase, G+C-rich DNA 4,
and dTTP (A) and the disrupted H-bond network formed with the
YS67A-DNA polymerase, G+C-rich DNA 4, and dCTP (B). A similar
disrupted H-bond network was observed with dTTP. Superimposition
of the nucleotide binding pockets of the wild-type and Y567A-DNA
polymerases with bound dTTP or dCTP with the G+C-rich DNA 4
(C) or A+T-rich DNA 3 (D), respectively. Note that residue GS68 is
shifted 0.4 A toward Y416 and that the distance between N3 of 2AP
and G568 increases in the complex formed with the YS67A-DNA

polymerase.

YS67A substitution (Figure 9B), which created more flexibility
in the nucleotide binding pocket. Residue G568 was shifted by
0.4 A laterally toward Y416 in the YS67A-DNA polymerase

ternary complex formed with dCTP compared to the ternary
complex formed with the wild-type DNA polymerase and
dTTP (Figure 9C,D). In addition, the distance between N3 of
2AP and the a-CH group of G568 was increased to 3.9 A via
replacement of Y567 with alanine compared to 3.5 A observed
for the wild-type DNA polymerase. The disruption of the H-
bond network and the more flexible nucleotide binding pocket
caused by the Y567A substitution are predicted to increase the
level of accommodation of the 2AP-C base pair.

B DISCUSSION

2AP has a long history of providing insights into the fidelity of
DNA replication from Freese’s observations that 2AP is a
potent base substitution mutagen® to Drake’s observations that
antimutator phage T4 DNA polymerases reduce the level of
2AP mutagenesis while mutator DNA polymerases increase the
level of mutagenesis* to observations by Bessman and
others'®™'>?%%% that 2AP mutagenesis depends on the A+T
and G+C richness of the primer-terminal region because A+T
richness in the duplex region of the primer—template junction
increases the extent of proofreading. Here we provide new
information about the ability of the RB69 DNA polymerase to
form 2AP-dTTP and 2AP-dCTP base pairs within the
polymerase active site, the role of A+T and G+C richness of
the primer-terminal region in formation of the mutagenic 2AP-
dCTP base pair, and how the YS67A substitution affects
replication fidelity at multiple steps in the nucleotide
incorporation pathway.

The Y567A-DNA polymerase forms fewer highly fluorescent
binary pol complexes with 2AP placed at position 1 of the
template strand (complex I) than observed for the wild-type
DNA polymerase (Figure 3). The lower fluorescence intensity
could be due to either an increased level of formation of less
fluorescent binary pol complexes [complex II (Figure 4)] or an
increased level of formation of binary exo complexes [complex
VII (Figure 4)], which are also only weakly fluorescent when
formed with DNA substrates labeled with 2AP at position 1 of
the template strand. An increased level of formation of exo
complexes was ruled out because the YS67A-DNA polymerase
is less able to form exo complexes compared to the wild-type
DNA polymerase (Figure SA,B) unless there are three
preformed mismatches at the primer terminus (Figure SC).
Thus, the YS67A-DNA polymerase favors partitioning the
primer terminus to the polymerase rather than to the
exonuclease active site, which is consistent with previous
findings that showed that the Y567A- DNA polymerase has an
enhanced ability to extend mismatches.*'

Why does the Y567A-DNA polymerase form more complex
II? We propose that DNA polymerase interactions with the
primer-terminal region affect a three-way equilibrium between
complex I/VI (pretranslocation) and complex II (post-
translocation, nucleotide preinsertion), which prepares for
nucleotide incorporation; between complex I/VI and complex
VII (exonuclease complex), which prepares for proofreading;
and with the possibility of enzyme dissociation. This proposal is
similar to the model proposed for transcription in which the
RNA polymerase is in a three-way kinetic competltlon for
elongation, editing, and termination (dissociation).*® For the
RB69 DNA polymerase, five ordered water molecules are
observed to interact with the minor groove of the three
terminal base pairs of the RB69 DNA polymerase.*” The water
molecules serve as extensions of conserved amino acid residues
as observed for the $29 DNA polymerase.*® The YS67A

dx.doi.org/10.1021/bi2014618 | Biochemistry 2011, 50, 10136—10149
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substitution disrupted the H-bond network, and the space left
by substitution of alanine with tyrosine was replaced by two
water molecules (Figure 9A,B). Because translocation to form
complex II requires transient release of minor groove
interactions, the disrupted H-bond network and increased
flexibility of the nucleotide binding pocket of the YS67A-DNA
polymerase appear to favor translocation to form complex IL
Preferred formation of complex II will shift the equilibrium
away from formation of exonuclease complexes (complex VII),
which is observed in the weakened ability of the mutant DNA
polymerase to form exo complexes (Figure 5).

The increased flexibility in the nucleotide binding pocket
produced by the Y567A substitution also affects an unusual
nonpolar—polar interaction between the Car h_;fdrogen of G568
and the N3 hydrogen acceptor of purines.*’ Because minor
groove interactions are proposed in general to be important for
determining the accuracy of nucleotide binding,** the increased
distance between G568 and N3 of 2AP, from 3.5 A in the wild-
type DNA polymerase to 3.9 A in the mutant (Figure 9C,D), is
expected to contribute to the observed reduction in base
selectivity. Note, however, that weakened minor groove
interactions produced by the YS67A substitution did not
substantially reduce the level of discrimination against ribose
compared to deoxyribose nucleotides (Table 3). Structural
studies show that Y416, which interacts with the deoxyribose of
the incoming dNTP,** maintains the sugar contact within the
nucleotide binding pocket of the mutant as observed for the
wild-type DNA polymerase (Figures 7 and 9C,D).

While the increased flexibility of the nucleotide binding
pocket of the YS567A-DNA polymerase is predicted to
accommodate the 2AP-dCTP base pair more easily than the
pocket formed by the wild-type DNA polymerase, structural
studies do not provide clear evidence of why dCTP is bound
more easily opposite template 2AP if the primer-terminal
region is rich in AT compared to GC base pairs. The 2AP-C
interbase distances may be closer in complexes formed with the
A+T-rich DNA (Figures 7E and 8E) than with the G+C-rich
DNA (Figures 7F and 8F), but the resolution of the ternary
complexes formed with the A+T-rich DNA is not sufficient to
draw this conclusion.

We propose that in addition to the increased flexibility in the
nucleotide binding pocket provided by the YS67A substitution
that additional flexibility is provided by a primer-terminal
region rich in AT base pairs that further reduces base selectivity.
This proposal may seem counterintuitive because G+C richness
in the primer-terminal region increases the level of partitioning
of the primer terminus from the exonuclease to the polymerase
active site and reduces the level of proofreading while A+T
richness does the opposite;'®™'>?% however, these studies
examined the effects of DNA sequence on the fate of the
pivotal complex I/VI in determining the winner of the three-
way competition among elongation (complex II), proofreading
(complex VII), and dissociation, but theY567A-DNA polymer-
ase appears to favor formation of the post-translocated/
preinsertion complex II, as discussed above.

Complex II is in equilibrium with complex I/VI and complex
III (Figure 4). G+C richness in the duplex region of the
primer—template junction also appears to increase the level of
formation of complex II by the wild-type T4 DNA polymer-
ase,”® but the Y567A-DNA polymerase favors formation of
complex II even when the duplex region of the primer terminus
is A+T-rich (Figure 3). Once complex II is formed, the
preinsertion site appears to more readily accommodate dCTP

to form complex III if the primer-terminal region is A+T-rich
rather than G+C-rich (Table 1). This observation suggests that
“breathing” in the duplex region at the primer—template
junction facilitates dCTP binding. Our proposal is supported by
reports (for example, refs 7, 23, SO, and S1) that local
conformational changes have been observed at the ends of
duplex DNA and at the junction of single- and double-stranded
DNA of polymerase primer—template substrates. More local
strand separation is predicted for A+T-rich compared to G+C-
rich DNAs, but we do not detect significant differences in the
emission spectra or fluorescence lifetimes for the A+T- and G
+C-rich DNA 1 and 2 substrates (Figure 2) in the absence of
DNA polymerase.”® This could mean that 2AP is not in
position to report on breathing or that an increased level of
breathing in the primer-terminal region may take place in the
context of the polymerase active site. For an increased level of
breathing to facilitate dCTP binding opposite template 2AP to
form complex III, either the reverse equilibrium with complex
IT is weakened or the forward equilibrium with complex IV is
strengthened (Figure 4).

Higher fidelity is also reported for E. coli DNA pol II with G
+C-rich compared to A+T-rich DNA substrates.”> This DNA
sequence effect was explained by a lower activation energy for
elongation with the A+T-rich DNA, which reduces the level of
competition in forming exonuclease complexes. By analogy to
the RB69 Y567A-DNA polymerase, E. coli DNA pol II may also
not have tight, water molecule-mediated minor groove
interactions with the primer-terminal region. In support of
this proposal, the template strand is observed to be looped out
in some E. coli DNA pol II structures,” which would require
relatively loose protein interactions that allow strand separation
within the primer-terminal region.

We also observed an effect of DNA substrate length on the
accuracy of nucleotide incorporation. The Kg,,, for dCMP
incorporation by the YS67A-DNA polymerase increased from
~170 uM with the long, A+T-rich DNA to ~2 mM with the
long, G+C-rich DNA (Table 1), but similar values of ~300—
360 M were observed with the shorter A+T- and G+C-rich
DNAs (Table 2). These observations can also be understood in
the context of the three-way kinetic competition model if
enzyme dissociation is more likely with the shorter DNA
substrates. The level of binding of T4 DNA polymerase to
primer—template DNA increases with the length of the single-
stranded template overhang up to about five nucleotides.>* The
short DNAs [DNAs 3 and 4 (Figure 2)] have a four-nucleotide
overhang, which means that the activation energy for
dissociation is expected to be lower than for the long DNA
substrates. If this is true, then the effects of DNA sequence on
the accuracy of nucleotide incorporation can be detected with
the long DNA substrates, but increased levels of dissociation
may mask these effects with the shorter DNAs.

For all reactions, the k,, rates were low, <9 s™! (Tables 1 and
2). The efficiency of misincorporation of dCMP opposite
template 2AP, as measured by the lﬁ)ol/Kd incorporation ratio,
was approximately 0.03—0.04 uM~' s~' for the longer and
shorter A+T-rich DNA substrates and approximately 10-fold
lower for the longer and shorter G+C-rich DNA substrates
(0.003—0.007 uM™' s7!). Note that an increased level of
discrimination observed for G+C-rich DNAs was observed in
parallel for the incorporation of dTMP and dCMP opposite
template 2AP; thus, the dTMP/dCMP incorporation ratio is
the same for A+T- and G+C-rich DNAs, an ~300-fold
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preference for dTMP for the longer DNA substrates (Table 1)
and ~100-fold preference with the shorter DNAs (Table 2).

Even though dCTP forms a stable base pair with 2AP that
can be captured in quenched ternary complexes in solution
(Figure 6B) and in crystal structures of ternary complexes
formed with the YS67A-DNA polymerase (Figure 7), the 2AP-
dCTP base pair does not have an optimal geometric shape.
Nonideal H-bonds are observed between template 2AP and the
incoming dCTP (Figure 8E,F), and dCTP is tilted ~5° toward
the primer-terminal base (ddA) (data not shown). Low rates of
dCMP incorporation suggest that structure is also not optimal
for chemistry in the transition state, which indicates that the
chemistry step can serve as a final fidelity gate. Thus, stable
binding of dCTP opposite template 2AP in the ground state
does not ensure that reactants will be optimally aligned for
phosphodiester bond formation in the transition state.

This raises the question about the identity of the chemically
reactive 2AP-dCTP base pair and the possibility of a minor
conformation with increased reactivity (refs 1S and 16 and
references cited therein). Our structural studies indicate the
possibility of formation of a new type of wobble base pair in
which there is the potential of a bifurcated H-bond between the
C2 amino proton of 2AP and O2 and N3 of cytosine. Free
energy calculations have not been conducted for the new 2AP-
C base pair, but if the bifurcated H-bond increases stability,
then the equilibria between this and more active configurations
would be decreased. If true, then subtle conformation changes
in the transition state needed for optimal chemistry may be
impeded.

In kinetic experiments with DNA polymerase a, incorpo-
ration of dTMP opposite template 2AP was favored 20—25-fold
over incorporation of dCMP.>® We observed a higher apparent
level of discrimination with the RB69 Y567A-DNA polymerase
from >100-fold with the shorter DNAs (Table 2) to >300-fold
with the longer DNAs (Table 1), which may reflect differences
in the DNA polymerases and/or in the enzyme assays;
however, a much higher level of discrimination is expected
for the wild-type T4 and RB69 DNA polymerases, which
suggests that the mutagenic 2AP-dCTP base pair may be
formed less frequently than previous experiments predicted.

The major significance of our studies, however, is not in
identifying the mutagenic 2AP-dCTP base pair but in
demonstrating the importance of dynamic interactions between
a DNA polymerase and a dynamic primer-terminal junction at
all steps in the nucleotide incorporation pathway (Figure 4).
Local DNA sequence has long been known to affect the fidelity
of DNA replication on the pivotal complex I/VI, which is at the
crossroads of the nucleotide incorporation and proofreading
pathways. Our studies extend previous findings by demonstrat-
ing a role for breathing at the primer terminus in determining
the accuracy of binding of nucleotide to form ternary DNA
polymerase—DNA—dNTP complexes and in nucleotide in-
corporation. Our studies also demonstrate that alterations in
minor groove interactions with the primer terminus produced
by the YS67A substitution affect partitioning of DNA between
pre- and post-translocated polymerase complexes and that an
increased level of formation of post-translocated complexes is
correlated with an increased level of extension of mismatched
primer ends.
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