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ABSTRACT: The bacteriophage T4 DNA polymerase forms fluorescent complexes with DNA substrates
labeled with 2-aminopurine (2AP) in the template strand; the fluorescence intensity depends on the position
of 2AP. When preexonuclease complexes are formed, complexes at the crossroads between polymerase
and exonuclease complexes, 2AP in the+1 position in the template strand is fully free of contacts with
the adjacent bases as indicated by high fluorescence intensity and a long fluorescence lifetime of about
10.9 ns. Fluorescence intensity decreases for 2AP in the template strand when the primer end is transferred
to the exonuclease active center to form exonuclease complexes, which indicates a change in DNA
conformation; 2AP can now interact with adjacent bases, which quenches fluorescence emission. Some
polymerase-induced base unstacking for 2AP in the template strand in exonuclease complexes is observed
but is restricted primarily to then and+1 positions, which indicates that the DNA polymerase holds the
template strand in a way that forces base unstacking only in a small region near the primer terminus. A
hold on the template strand will help to maintain the correct alignment of the template and primer strands
during proofreading. Acrylamide quenches 2AP fluorescence in preexonuclease and in exonuclease
complexes formed with DNA labeled with 2AP in the template strand, which indicates that the template
strand remains accessible to solvent in both complexes. These studies provide new information about the
conformation of the template strand in exonuclease complexes that is not available from structural studies.

DNA replication is a highly dynamic process. During the
nucleotide incorporation pathway catalyzed by the bacte-
riophage T4 DNA polymerase (1), correct nucleotides are
bound selectively in the polymerase active center by a
process that requires at least two conformational changes to
assess the accuracy of the newly forming base pair (2).
Nucleotide selection is followed by formation of the phos-
phodiester bond, and then the DNA polymerase translocates
to be in position to bind the next incoming nucleotide;
however, if the wrong nucleotide is incorporated, the
proofreading pathway is initiated instead. Proofreading
requires extensive conformational changes in the T4 DNA
polymerase (3, 4). The conformational changes are needed
to separate the primer end from the template strand and to
transfer the single-stranded primer end from the polymerase
to the exonuclease active center (5). After removal of the
terminal nucleotide, the trimmed primer end is returned back
to the polymerase active center where nucleotide incorpora-
tion can resume (6).

X-ray crystallographic studies have revealed several
informative structures of DNA polymerase complexes with
the primer end bound in the polymerase active center, but
there is less information about exonuclease complexes. In a

structure of an exonuclease complex formed with the RB69
DNA polymerase (7), which is highly related to the T4 DNA
polymerase (8), the DNA substrate has an unnatural over-
hanging 3′-end. Although this structure clearly shows how
the primer end is bound in the exonuclease active center,
the absence of an overhanging template strand, an essential
feature of replication forks, means that important protein-
DNA template strand interactions are missing in this
structure. In another structure of an RB69 DNA polymerase
exonuclease complex (4), the template strand has a short 5′
overhang, but the strand is disordered and, thus, does not
provide structural information.

We report here the use of the fluorescence of 2-aminopu-
rine (2AP),1 an adenine base analogue, to probe the structure
of the template strand in exonuclease and preexonuclease
complexes formed with the bacteriophage T4 DNA poly-
merase. 2AP is an excellent fluorophore to probe DNA
polymerase-DNA interactions because 2AP can be excited
selectively in the presence of DNA and protein, the 2AP
nucleotide and 2AP-labeled DNA are substrates, and 2AP
fluorescence is a sensitive spectroscopic reporter of DNA
conformation. While 2AP as the base, nucleoside, or nucle-
otide is highly fluorescent, the fluorescence intensity of 2AP
is strongly quenched in DNA because of interactions with
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adjacent bases (refs9 and10 and references cited therein).
The fluorescence of 2AP in unbound DNA is characterized
typically by four lifetime components that range from about
50 ps to 8 ns or more with the shortest lifetime components
(least fluorescent species) predominating (11). Even though
each lifetime represents the mean of a distribution, lifetimes
can be correlated with distinct 2AP conformations (10). The
shortest lifetime is attributed to a fully stacked state, the
longest to the unstacked 2AP, and the intermediates to
imperfectly stacked states (10-13).

Because 2AP fluorescence is modulated by base stacking
interactions, 2AP fluorescence intensity can be used as a
sensitive reporter of DNA conformation in enzyme com-
plexes if enzyme binding perturbs 2AP interactions with the
neighboring bases. For example, when an enzyme such as a
methyltransferase flips 2AP out of the DNA helix into the
active site pocket, a large increase in fluorescence intensity
is observed as expected when 2AP base stacking interactions
are relieved. The large enhancement is due to formation of
an abundant long lifetime component (>10 ns). For the
M.HhaI methyltransferase, the long fluorescence lifetime
observed in solution was correlated with 2AP in a flipped-
out conformation in crystalline complexes: the very short
picosecond lifetime observed for unbound DNA was not
detected, and instead the majority (77%) of flipped-out 2AP
showed a long lifetime of about 10.9 ns (10), which is similar
to the free 2AP nucleoside in solution (9, 11).

Time-resolved fluorescence studies of 2AP-labeled DNA
in T4 DNA polymerase complexes have also been used to
correlate functionally distinct complexes with discrete life-
times. Large fluorescence enhancements (>30-fold) and long
fluorescence lifetimes of about 9-11 ns were detected for
exonuclease complexes formed with DNA labeled at the
primer end with 2AP (Figure 1A) (14). The long lifetimes
indicate that the terminal 2AP base is unstacked in the
exonuclease active center, which crystal structures show is
achieved by intercalation of a phenylalanine residue between
the two terminal bases (4, 7).

The template strand also undergoes conformational changes
during the proofreading reaction, which we have detected
using 2AP fluorescence. A large (>20-fold) increase in fluor-
escence intensity is detected for 2AP in the+1 position in
the template strand for complexes made under conditions
that promote formation of preexonuclease complexes: A+T-
rich DNA, no dNTPs, and proofreading defective DNA polym-
erases (15-17). The large fluorescence enhancement is
specific for 2AP in the+1 position of the template strand
(15), which is the template base for the next incoming nucleo-
tide (Figure 1B); only a small fluorescence enhancement is
observed for 2AP at the+2 position. The wild-type T4 DNA
polymerase degrades base-paired DNA in the absence of
dNTPs (18), particularly A+T-rich DNA (19, 20), but
preexonuclease complexes are observed with mutant DNA
polymerases that cannot readily form stable exonuclease
complexes in which the primer end is bound in the exonu-
clease active center (17). Fluorescence enhancement is also
observed for 2AP in the template strand when exonuclease
complexes are formed in which the primer end is bound in
the exonuclease active center, but the enhancement is less
than detected for preexonuclease complexes (15, 17).

The different fluorescence intensities of 2AP in the
template strand of preexonuclease and exonuclease com-

plexes provide the foundation to further examine the structure
of the template strand during the proofreading reaction. Time-
resolved fluorescence studies were done with preexonuclease
and exonuclease complexes formed with DNA labeled at
different positions with 2AP, and fluorescence quenching
experiments were done with acrylamide to determine solvent
accessibility. Acrylamide is primarily a collisional quencher
and therefore to act must be able to reach the fluorophore
during the lifetime of the excited state, where contact returns
the fluorophore to the ground state without emission of a
photon (21). For example, if 2AP is located on the surface
of a DNA polymerase complex, then efficient acrylamide
quenching will be observed, but if 2AP is buried in the
complex, then the protein matrix will prevent contact between
acrylamide and 2AP, and quenching will not be observed.
Both experimental approaches revealed new information
about the template strand in exonuclease and preexonuclease
complexes formed with the T4 DNA polymerase that is not
available from structural studies. Because the T4 DNA
polymerase is a model for family B DNA polymerases (22),
which includes the eukaryotic DNA polymerasesδ and ε

FIGURE 1: DNA substrates used in this study. P indicates the
position of 2-aminopurine. The 3′-ends of the template strands are
protected by biotin or phosphate groups (not shown) to prevent
DNA polymerase binding. (A) Exonuclease complexes: DNA
substrates that favor formation of complexes in which the primer
end is bound in the exonuclease active center. Structural studies
indicate that the 3′-end of the primer strand is buried in a pocket
that encompasses the exonuclease active center (4, 7), but there is
no information about the single-stranded template strand from the
-2 position onward as indicated by the stylized gray letters. (B)
Polymerase and preexonuclease complexes: the template/primer
is bound in the polymerase active center.
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and several viral DNA polymerases (herpes, vaccinia),
information learned about proofreading by the T4 DNA
polymerase can be extended to these DNA polymerases.

MATERIALS AND METHODS

DNA Polymerases.Expression, purification, and charac-
terization of wild-type T4 DNA polymerase and the exonu-
clease-deficient D219A-DNA polymerase were described
previously (23, 24).

DNA Substrates.The DNA substrates are described in
Figure 1. The substrates were prepared as described previ-
ously (15, 16, 25). The 3′ terminus of the template strand of
the DNA duplexes was protected from enzyme binding by
attachment of a phosphate or biotin group. The 2AP
phosphoramidite was purchased from Glen Research. The
primer and template strands were annealed in buffer contain-
ing HEPES (pH 7.6) and 50 mM NaCl with a 20% excess
of the non-2AP-labeled oligomer to ensure complete hy-
bridization of the 2AP-containing strand.

Fluorescence Intensity Experiments.The fluorescence
emission spectra were recorded using a Photon Technology
International scanning spectrofluorometer (PTI). All 2AP
solutions (2AP as the free base, in DNA, and in com-
plexes) were prepared in buffer containing 25 mM HEPES
(pH 7.6), 50 mM NaCl, 1 mM DTT, and 0.5 mM EDTA.
The polymerase-DNA complexes were formed by mixing
270 nM DNA substrate with 540 nM wild-type or mutant
T4 DNA polymerase. The optimal DNA and enzyme
concentrations were determined previously in titration ex-
periments (15). With DNA concentrations of 200-600 nM,
maximal fluorescence is detected with a 2-fold excess of
enzyme if the 3′-end of the template strand is protected from
DNA polymerase binding. The sample volume was 60µL,
which was placed in a high-precision, ultra-micro fluores-
cence cell (Hellma) housed in a temperature-controlled
cuvette compartment maintained at 20( 0.1 °C. The sam-
ples were excited at 315 nm, and emission was collected at
368 nm; a 320 nm long-pass filter was placed between the
cuvette and the emission monochromator. A 2 nmband-pass
was used for both the excitation and emission monochro-
mators.

Fluorescence Lifetime Measurements.Solutions of 2AP
as the free base, in DNA, or in complexes were prepared as
for the fluorescence intensity experiments except that the
weakly fluorescent DNA solutions were at 2µM. The
temperature in the cuvette compartment was maintained at
20 ( 0.1 °C. The solutions were excited at 315 nm using
the frequency-doubled output from a pulsed dye laser (PTI).
The PTI LaserStrobe lifetime system is capable of resolving
lifetimes as short as 100-200 ps. Fluorescence emission was
monitored at 368 nm with a 5 nmband-pass; a 320 nm long-
pass filter was inserted between the cuvette and the emission
monochromator. The instrument response function was
detected at 315 nm using light scattered by a dilute
suspension of colloidal silica (Ludox). A stroboscopic optical
boxcar method was used for the determination of fluores-
cence lifetimes (26). Decay curves were collected on a time
scale of 100 ns, resolved into 1000 channels, and averaged
from five repetitive acquisitions. The decay curves were fit
to a sum of exponentials

using the analysis routine provided by PTI. In eq 1,n is the
number of components andτi and Ri are the fluorescence
lifetime and fractional amplitude values for each of the
components, respectively. The quality of curve fits was
judged on the basis of theø2 value (the acceptable range
was 0.9-1.2) and the randomness of residuals, which was
assessed statistically by the Durbin-Watson test and by
visual inspection.

When the curve fits required more than one exponential
term, number-averaged and intensity-averaged lifetimes were
calculated using the equations:

The valueτnum is proportional to the quantum yield in the
absence of static quenching, andτint represents the average
time that the fluorophore exists in the excited state. Intensity-
averaged lifetimes were used for Stern-Volmer analyses (see
below) when more than one exponential term was required
to fit the decay curves.

Fluorescence Quenching. One microliter of 3 or 6 M
acrylamide stock solutions in water was added to 2AP-
containing samples equilibrated at 20°C. After each addition,
the steady-state fluorescence intensity and the time-resolved
fluorescence decay were recorded. The intensity values were
corrected for volume changes.

Fluorescence intensities and lifetimes were fit to the
Stern-Volmer equation for collisional quenching:

whereF0 andF are the fluorescence intensities in the absence
and presence of acrylamide,τ0 and τ are the intensity-
averaged fluorescence lifetimes in the absence and presence
of quencher, [Q] is the acrylamide concentration (M),KSV

is the Stern-Volmer quenching constant (M-1), and kq is
the bimolecular quenching rate constant (M-1 s-1). We report
here the effect of acrylamide on 2AP fluorescence in
complexes only for dilute solutions of acrylamide up to 0.2
M in order focus on the ability of acrylamide to act as a
collisional quencher. Acrylamide may also interfere with
formation of enzyme-DNA complexes, which was very
apparent for formation of exonuclease complexes with the
D219A-DNA polymerase.

RESULTS

Acrylamide Quenching of Fluorescent Exonuclease Com-
plexes Formed with the Wild-Type T4 DNA Polymerase and
DNA Substrates Labeled with 2AP at the 3′-End of the
Primer Strand.The wild-type T4 DNA polymerase forms
highly fluorescent exonuclease complexes with DNA sub-
strates labeled with 2AP at the 3′-end of the primer strand
(20) and so does the homologous RB69 DNA polymerase
(unpublished observations). Since 2AP fluorescence requires
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base unstacking, the high fluorescence observed for exonu-
clease complexes with 2AP at the primer end was attributed
to the intercalation of a phenylalanine residue (14) as
observed in structural studies of exonuclease complexes
formed with the RB69 DNA polymerase (7). Structural
studies also show that a protein shell surrounds the primer
end (4, 7), which is expected to shield the primer end from
contact with external solvent molecules.

Acrylamide quenching was used to test this proposal for
complexes formed in solution. If 2AP at the 3′-end of the
primer strand is protected from contact with solvent mol-
ecules, then acrylamide will not be able to access 2AP and
quench its fluorescence. For controls, we first examined the
ability of acrylamide to quench the fluorescence emission
of the 2AP free base and ssDNA labeled with 2AP at the
3′-end. (DNAs labeled with 2AP at the 3′-end of the primer
strand are described in Figure 1A.) The free 2AP base is
highly fluorescent (270 nM yields 67000 counts/s), while
2AP in ssDNA is much less fluorescent (270 nM yields just
8000 counts/s) due to base stacking interactions (Table 1).
Acrylamide efficiently quenched the fluorescence emission
of both the free base and 2AP in ssDNA (Tables 1 and 2).

Having demonstrated that the free 2AP base and 2AP at
the 3′-terminal position of ssDNA can be efficiently quenched
by acrylamide, we next tested if 2AP fluorescence is
protected from acrylamide quenching when the primer end
is bound in the exonuclease active center of the T4 DNA
polymerase. The answer is yes. Highly fluorescent exonu-
clease complexes were formed with the wild-type T4 DNA
polymerase and the 2AP-ssDNA substrate (59000 counts/
s), and the fluorescence emission was almost completely
resistant (>95%) to acrylamide quenching; 0.2 M acrylamide
only slightly reduced fluorescence intensity (56200 counts/
s) (Table 1). Similar results were observed for exonuclease
complexes formed with double-stranded DNA (dsDNA)
(Figure 1A) (Table 1).

The small decreases in fluorescence intensity observed for
complexes formed with ss- and dsDNA in the presence of
acrylamide may indicate that acrylamide interferes with
formation of exonuclease complexes with the wild-type T4
DNA polymerase. Since unbound dsDNA is only weakly

fluorescent (11, 12, 17), reducing complex formation will
reduce fluorescence intensity. Another possibility is that
while the protein pocket surrounding the terminal 2AP in
the exonuclease active center largely shields 2AP from
contact with acrylamide, some acrylamide molecules may
nevertheless penetrate the protein shell and quench 2AP
fluorescence. Determining the fluorescence lifetimes of 2AP
in complexes in the absence and presence of acrylamide can
be used to test these proposals. If acrylamide interferes with
complex formation, then the same fluorescence lifetime will
be observed with or without acrylamide, but if acrylamide
can reach 2AP in the exonuclease active center, then a shorter
fluorescence lifetime will be observed.

Fluorescence Lifetimes for 2AP as a Free Base, in 2AP
End-Labeled ssDNA, and in 2AP End-Labeled ss- and
dsDNAs Bound by the Wild-Type T4 DNA Polymerase.
Environment modulates the fluorescence lifetime of 2AP.
While a single, relatively long lifetime of 11.5 ns was
observed for the free base (Table 1), which is similar to the
reported standard of 11.34 ns (21), three lifetimes (0.4, 3.5,
and 8.8 ns) were detected for 2AP in DNA, which reflect
2AP environments with different degrees of base stacking
that are produced by the natural dynamics of ssDNA in

Table 1: Fluorescence Intensities and Lifetimes of the 2AP Base, of 2AP at the 3′-Primer Terminus of ssDNA and dsDNA, and of Binary
Complexes Formed with 2AP-Labeled DNAs and the Wild-Type and D219A-DNA Polymerasesa

fluorescence lifetimes

2AP base, 2AP-DNA, or complexes
emission

intensity (counts/s) τ1 (ns) τ2 (ns) τ3 (ns)
〈τint〉
(ns)

〈τnum〉
(ns)

2AP base 67000 11.5( 0.2 11.5 11.5
2AP base+ 0.2 M acrylamide 4400 0.84( 0.02 (0.95) 2.9( 0.2 (0.05) 1.1 0.9
2AP-ssDNA 7600 0.4( 0.1 (0.38) 3.5( 0.1 (0.59) 8.8( 0.1 (0.03) 3.8 2.5
2AP-ssDNA+ 0.2 M acrylamide 2600 0.8( 0.1 (0.76) 1.86( 0.05 (0.24) 1.2 1.0
2AP-ssDNA/wtT4 59000 9.89( 0.02 (1.0) 9.9 9.9
2AP-ssDNA/wtT4+ 0.2 M acrylamideb 56200 9.04( 0.02 (1.0) 9.0 9.0
2AP-dsDNA/wtT4 59000 9.74( 0.02 (1.0) 9.7 9.7
2AP-dsDNA/wtT4+ 0.2 M acrylamideb 51300 8.87( 0.02 (1.0) 8.9 8.9
2AP-ssDNA/D219A 20000 3.7( 0.3 (0.28) 9.9( 0.1 (0.72) 9.1 8.2
2AP-ssDNA/D219A+ 0.2 M acrylamide 13000 0.6( 0.1 (0.57) 2.9( 0.4 (0.20) 9.3( 0.1 (0.23) 7.0 3.1
2AP-dsDNA/D219A 11000 0.50( 0.05 (0.62) 3.5( 0.2 (0.19) 9.8( 0.1 (0.19) 7.3 2.8
2AP-dsDNA/D219A+ 0.2 M acrylamide 8300 0.55( 0.02 (0.77) 3.0( 0.2 (0.14) 8.6( 0.2 (0.09) 5.2 1.6

a Sequences of 2AP-ssDNA and 2AP-dsDNA (2AP at the primer end) are given in Figure 1A. Fluorescence intensities and lifetimes were
determined as described in Materials and Methods. The fluorescence intensities reported are for a 2AP concentration of 270 nM for the 2AP base,
2AP in ssDNA or dsDNA, and in complexes formed with 2AP-labeled DNA. The preexponential factors (amplitudes) are indicated in parentheses;
errors for amplitudes are(0.05. b The decay curves could also be fit to give two components of about 9 and 0.4 ns, but the amplitude of the 0.4
ns component was<0.15, and there was no significant improvement in the curve fits.

Table 2: Acrylamide Quenching Parametersa

2AP environments KSV (M-1) kq(×109 M-1 s-1)

2AP base 67.0 5.7
2AP-ssDNA 10.0 2.6
mmDNA(n)/wtT4 2.9 0.5
mmDNA(+1)/wtT4 1.4 0.3
mmDNA(n)/D219A 1.2 0.2
AT-DNA(+1)/D219A 3.3 0.4
GC-DNA(+1)/D219A 2.4 0.3
a Quenching parameters were determined from acrylamide quench

curves as described in Materials and Methods. The DNA substrates
are described in Figure 1. The data for complexes formed with the
wild-type and D219A-DNA polymerases are presented in Tables 3-5,
Figures 2 and 3, and Supporting Information Tables 1-3. 2AP is in
then or +1 position in the template strand in mmDNA and in the+1
position in the AT- and GC-DNAs. Exonuclease complexes are
expected to be formed with mmDNA. Preexonuclease and preinsertion
complexes are formed with the AT-DNA labeled with 2AP at the+1
position. Preinsertion complexes are formed with the GC-DNA.
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solution (Table 1;11, 17). Similar lifetimes for 2AP in DNA
have been reported by others (11), but an additional 50 ps
lifetime is also observed that cannot be resolved with our
instrument. Addition of 0.2 M acrylamide to solutions of
the free base or 2AP-labeled ssDNA efficiently quenched
fluorescence emission, and the major lifetime components
detected were<1 ns (Table 1).

A single fluorescence lifetime was detected for exonu-
clease complexes formed with the wild-type T4 DNA
polymerase and either the ss- or dsDNA substrate labeled
with 2AP at the primer end, about 9.7-9.9 ns (Table 1).
The relatively long 9.7-9.9 ns fluorescence lifetime observed
for 2AP at the terminus of the primer strand bound in the
exonuclease active center is near the reported lifetime of the
2AP nucleoside (10.5 ns;9, 11). Thus, 2AP at the primer
end of ssDNA bound in the exonuclease active center is in
a primarily unstacked conformation as observed for the
crystalline state. In a previous study in which exonuclease
complexes were formed with a phosphorothioate-modified
2AP-labeled ssDNA substrate, three fluorescence lifetimes
were detected instead of the single lifetime observed in our
studies, but the major component was characterized by a long
fluorescence lifetime of about 10.7 ns (14). We suggest that
the multiple lifetimes observed for exonuclease complexes
in the previous study were caused by the phosphorothioate
modification, which may have induced structural perturba-
tions that interfered with DNA binding and/or produced local
quenching interactions.

A single lifetime component was again observed for the
complexes formed with ss- and dsDNA in the presence of
0.2 M acrylamide, but there was a small decrease in the
fluorescence lifetime (Table 1). The addition of 0.2 M
acrylamide reduced the fluorescence lifetime for 2AP in
complexes formed with ssDNA from 9.9 to 9 ns and from
9.7 to 8.9 ns for complexes formed with dsDNA (Table 1).
However, these decreases are small compared to the large
decrease in fluorescence lifetime observed for the free base,
which decreased from 11.5 ns to the intensity-averaged
lifetime value of 1.1 ns (Table 1). Thus, the fluorescence
lifetimes provide additional evidence that 2AP at the primer
end of DNA bound in the exonuclease active center is
protected from acrylamide quenching, but the reduced
lifetime in the presence of acrylamide is consistent with the
proposal that acrylamide has a weak ability to penetrate the
protein shield surrounding the end of the primer strand.

Acrylamide Quenching of Fluorescent Complexes Formed
with the Exonuclease-Deficient D219A-DNA Polymerase and
DNA Substrates Labeled with 2AP at the 3′-End of the
Primer Strand.Under the same conditions as the above
experiments with the wild-type T4 DNA polymerase, com-
plexes were formed with the mutant D219A-DNA poly-
merase. An alanine substitution for aspartate 219 in the
exonuclease active center nearly eliminates exonuclease
activity (24), and the D219A-DNA polymerase has reduced
ability to form the highly fluorescent exonuclease complexes
detected for the wild-type T4 DNA polymerase with duplex
DNA (20). Fluorescence emission detected for ssDNA/
D219A complexes was just 34% of the intensity detected
for ssDNA/wild-type complexes, which indicates that the
D219A-DNA polymerase also has difficulty in forming
exonuclease complexes with ssDNA (Table 1). A further
decrease in emission intensity was observed for complexes

formed with dsDNA (Table 1). Fluorescence lifetime mea-
surements were performed to determine the basis for the
reduced fluorescence intensity observed for complexes
formed with the D219A-DNA polymerase.

Unlike the monoexponential fluorescence decay observed
for complexes formed with the wild-type T4 DNA poly-
merase, the best curve fit to the fluorescence decay detected
for ssDNA/D219A complexes required two lifetime com-
ponents (Supporting Information Figure 1). The longest
lifetime component was about 9.9 ns, as observed for
exonuclease complexes formed with the wild-type T4 DNA
polymerase, but a second component of 3.7 ns was also
present (Table 1). In addition, we also predict the presence
of totally quenched conformations of 2AP in the complexes
formed with the D219A-DNA polymerase, because there was
a dramatic decrease in the emission intensity compared to
complexes formed with the wild-type T4 DNA polymerase
(59000 counts/s for wild-type complexes compared to 20000
counts/s for D219A complexes), but there was only a small
decrease in the intensity-averaged lifetimes (9.9 ns for wild-
type complexes compared to 9.1 ns for D219A complexes)
(Table 1). Such trends usually suggest the presence of dark,
nonfluorescent species. Thus, while the D219A-DNA poly-
merase appears to form fluorescent exonuclease complexes
in which the 2AP base is unstacked as observed for the wild-
type T4 DNA polymerase, the presence of a fluorescence
component characterized by the shorter 3.7 ns lifetime
indicates a population of complexes in which 2AP is
imperfectly stacked with one or more neighboring bases, and
there are additional “dark” complexes in which 2AP is fully
base-stacked.

The addition of acrylamide to the 2AP-ssDNA/D219A
complexes produced a decrease in the emission intensity of
2AP with increasing acrylamide concentration, but this was
due primarily to a decrease in the amplitude of the 9.9 ns
lifetime, while the lifetime decreased only marginally (Table
1). Because a decrease in amplitude usually suggests static
quenching caused by changes in ground state populations
rather than dynamic quenching that occurs in the excited
state, we suspect that acrylamide interferes with formation
of exonuclease complexes by the mutant DNA polymerase.
Since the D219A-DNA polymerase has severely reduced
ability to form highly fluorescent exonuclease complexes
(Table 1), the addition of acrylamide may further hinder
formation of these complexes, which is detected as a decrease
in the amplitude of the longest lifetime component. The
highly fluorescent exonuclease complexes that are formed,
however, are largely resistant to acrylamide quenching as
observed for complexes formed with the wild-type T4 DNA
polymerase.

The D219A-DNA polymerase was able to form even fewer
highly fluorescent exonuclease complexes with the dsDNA
substrate compared to ssDNA (Table 1). The amplitude of
the longest lifetime component decreased from 0.72 to 0.19
for complexes formed with dsDNA compared to ssDNA
(Table 1). An intermediate lifetime component (3.5 ns) was
detected as observed for complexes formed with the ssDNA,
but the predominant component had a lifetime of just 0.5
ns. The addition of 0.2 M acrylamide produced a modest
quench in fluorescence emission that was due primarily to a
decrease in the lifetime and amplitude of the longest lifetime
component. We conclude from these experiments that
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although the D219A-DNA polymerase can apparently form
highly fluorescent exonuclease complexes characterized by
the 9.7-9.9 ns lifetime as observed for the wild-type T4
DNA polymerase, the mutant DNA polymerase has severely
reduced ability to do so, particularly with the dsDNA
substrate.

Fluorescent Exonuclease Complexes Formed with the Wild-
Type T4 DNA Polymerase and DNA Substrates Labeled with
2AP in the Template Strand.2AP was placed in either the
base-pairingn position in the template strand or at the more
distal+1, +2, or+3 positions (Figure 1A). In order to force
formation of exonuclease complexes, the primer end was
terminated with two mismatches to form mismatched DNA
(mmDNA) (17). 2AP fluorescence intensity was enhanced
when the wild-type T4 DNA polymerase formed exonuclease
complexes with the mmDNA substrates: the enhancement
was about 5-fold for 2AP in then and+1 positions, which
decreased to<4-fold for 2AP at the+2 position and was
only 2.4-fold for 2AP at the+3 position (Table 3).

The time-resolved fluorescence decay curve observed for
exonuclease complexes formed with the mmDNA substrate
labeled at then position required three lifetime components
to obtain a good fit of 0.8, 3.4, and 9.0 ns (Table 4).
Fluorescence enhancement above unbound mmDNA was due
to increases in the amplitudes of the longest and intermediate
lifetime components. Because it is likely that predominantly
exonuclease complexes are formed with the mmDNA and
the wild-type T4 DNA polymerase, the presence of three
lifetime components suggests that 2AP can be in different
local environments in exonuclease complexes with varying
degrees of base stacking interactions from relatively un-
stacked (9.0 ns component), imperfectly stacked (3.4 ns
component), nearly fully stacked (0.8 ns component), and
fully stacked (dark, undetectable components). A similar
lifetime profile was observed for 2AP in the+1 position
(Supporting Information Table 1). The different 2AP envi-
ronments could be rapidly interconverting because Larsen
et al. (27) propose that 2AP in ssDNA can convert from a
well-quenched dark state to a state with a lifetime in the
nanosecond range in just 30-40 ps. The enzyme can increase
localized base unstacking by bending and/or stretching the
DNA. The region of fluorescence enhancement appears to
be restricted to residues from then to +3 positions (Table
3) and also the-1 position may be included, as suggested
by a previous experiment (14).

Accessibility of 2AP in then and +1 positions in the
template strand to acrylamide in exonuclease complexes was
determined (Table 4, Supporting Information Table 1). The
Stern-Volmer plot for acrylamide quenching of 2AP
fluorescence in exonuclease complexes was approximately
linear (Figure 2), and the Stern-Volmer constant calculated
for 2AP in then position of the template strand wasKSV )
2.9 M-1 (Table 2). The ratio of lifetimes (τ0/τ) also increased
approximately linearly and proportionately with theF0/F ratio
with increasing acrylamide concentration (Figure 2), which
indicates that quenching was primarily by a diffusive/
collisional quenching process. Note, however, that we cannot
rule out the possibility of a minor static quenching component
because acrylamide may interfere with complex formation
especially for the D219A-DNA polymerase; this point applies
to all of the studies with acrylamide (Figures 2 and 3). The
quenching rate constantkq calculated from the Stern-Volmer
plot was 0.5× 109 M-1 s-1 (Table 2). Smaller quenching
parameters were observed for exonuclease complexes formed
with mmDNA labeled at the+1 position with 2AP (Table
2), which indicates that 2AP in the+1 position is more
shielded from contact with acrylamide than for 2AP in the
n position. BothKSV and kq were reduced in complexes
formed with the mmDNA substrates compared to the
unbound ssDNA with 2AP at the primer end (Table 2), which
indicates that while 2AP in the template strand in exonuclease
complexes is exposed to the external solvent, the DNA
polymerase partially shields 2AP from contact with acryl-
amide molecules.

Fluorescent Exonuclease Complexes Formed with the
Exonuclease-Deficient D219A-DNA Polymerase and DNA
Substrates Labeled with 2AP in the Template Strand.The
steady-state fluorescence emission intensities and fluores-
cence decays of 2AP-mmDNA(n)/wtT4 and 2AP-mmDNA-
(n)/D219A complexes in the absence of acrylamide were
similar (Tables 4 and 5), but the complexes formed with the
mutant DNA polymerase were more resistant to acrylamide
quenching as shown by the Stern-Volmer plots ofF0/F and
τ0/τ (Figure 2). The quenching parameters for complexes
formed with the D219A-DNA polymerase were significantly
lower: KSV ) 1.2 M-1 andkq ) 0.2 × 109 M-1 s-1 (Table
2). Thus, 2AP in then position in complexes formed with
mmDNA was more accessible to acrylamide in complexes
formed with the wild-type T4 DNA polymerase than with
the D219A-DNA polymerase, which indicates that the
complexes are not structurally identical.

Acrylamide Quenching of Preexonuclease Complexes.T4
DNA polymerase forms several different complexes during
the course of the nucleotide incorporation pathway: com-
plexes poised to bind the next incoming nucleotide, com-
plexes involved in checking the accuracy of the incoming
nucleotide, complexes performing the chemistry reaction, and
complexes that have just incorporated a nucleotide but have
not yet translocated to be in position to bind the next
nucleotide (1, 2, 15). In previous studies we observed that
the T4 DNA polymerase formed highly fluorescent com-
plexes with DNA substrates labeled at the+1 template
position (Figure 1B) as well as less fluorescent complexes
(15). Higher fluorescence intensities were observed for
complexes formed with A+T-rich compared to G+C-rich
DNAs (15) due to the presence of a 10.5 ns lifetime
component that was detected for complexes formed with

Table 3: Positional Dependence of Fluorescence for 2AP in the
Template Strand in Complexes Formed with the Wild-Type T4
DNA Polymerase and Mismatched (mm) DNA Substratesa

2AP positiona
fluorescence

emission intensityb (counts/s)
fluorescence

enhancement (x-fold)

WT/n 13000 4.6
WT/+1 10300 5.0
WT/+2 6080 3.6
WT/+3 4400 2.4
unbound

mmDNA
1700-2800c

a The mmDNA substrates are described in Figure 1A.b The emission
intensities are for complexes formed with 270 nM DNA and 540 nM
wild-type T4 DNA polymerase as described in Materials and Methods.
c The emission intensities are for unbound mmDNAs for 2AP in then
(2800 counts/s),+1 (2040 counts/s),+2 (1700 counts/s), and+3 (1850
counts/s) positions.
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A+T-rich but not the G+C-rich DNA substrates (17). We
proposed that complexes characterized by the 10.5 ns
component were preexonuclease complexes because forma-
tion of these complexes increased under conditions predicted
to trap preexonuclease complexes: DNA substrates with an
A+T-rich primer terminal region, which favors proofreading;
absence of dNTPs; and mutant DNA polymerases with
reduced ability to form exonuclease complexes. A second
long lifetime component of about 8.3 ns was also detected
for complexes formed with A+T-rich DNA substrates (17).
When complexes were formed with G+C-rich DNA sub-
strates, which favor primer elongation rather than proofread-
ing, 8.3 ns was the longest lifetime component detected. We
proposed that the fluorescent complexes characterized by the

8.3 ns lifetime were nucleotide preinsertion complexes
because this component was detected for the G+C-rich DNA,
which favors nucleotide incorporation over proofreading, and
because the addition of low amounts of dTTP/Mg2+ to
complexes formed with the A+T-rich DNA increased the
amplitude of the 8.3 ns component at the expense of the
10.5 ns component (17).

These experiments were repeated with the exonuclease-
deficient D219A-DNA polymerase (Supporting Information
Tables 2 and 3). As observed previously with another
exonuclease-deficient DNA polymerase, fluorescence inten-
sity of complexes formed with the A+T-rich DNA (Figure
1B) was higher than detected for complexes formed with
the G+C-rich DNA, which was due to the large contribution
from the 10.9 ns lifetime component that was absent in the
decay of complexes formed with the G+C-rich DNA. The
longest lifetime detected for GC-DNA/D219A complexes
was 9.4 ns, which could be an average lifetime of two long
lifetime components: an 8.5 ns component with a small
contribution from the longer 10.9 ns component that cannot
be resolved.

We extended our previous findings by determining if 2AP
fluorescence in these complexes was sensitive to acrylamide
quenching. The acrylamide titration plots of the ratio of
fluorescence intensities (F0/F) increased approximately lin-
early for both the AT-DNA/D219A and GC-DNA/D219A
complexes, and the ratio of lifetimes (τ0/τ) increased
proportionately as expected for a diffusive (collisional)
quenching process (Figure 3). Quenching parameters were
calculated from the plots:KSV ) 3.3 M-1 andkq ) 0.4 ×
109 M-1 s-1 for AT-DNA/D219A complexes andKSV ) 2.4
M-1 and kq ) 0.3 × 109 M-1 s-1 for GC-DNA/D219A
complexes (Table 2). For both the AT-DNA/D219A and GC-
DNA/D219A complexes, acrylamide quenching was associ-
ated with quenching of the longest lifetime components of
8.5-10.5 ns (Supporting Information Tables 2 and 3). For
AT-DNA/D219A complexes, both the 10.9 and 8.5 ns
components were sensitive to acrylamide, but note that these
components could not be resolved in the presence of
acrylamide due to the presence of quenched products
(Supporting Information Table 2). The two other fluorescent
components detected for the AT and GC complexes were
characterized by fluorescence lifetimes of about 3 and 0.7-
0.8 ns, but these components were not sensitive to acrylamide
(Supporting Information Tables 2 and 3). The similar
quenching rate constants of about 0.3-0.4 × 109 M-1 s-1

(Table 2) for complexes formed with the AT- and GC-DNA

Table 4: Acrylamide Quenching of Exonuclease Complexes Formed with the Wild-Type T4 DNA Polymerase and mmDNA Labeled with 2AP
at then Position in the Template Stranda

fluorescence lifetimes

acrylamide
concn (M)

emission
intensity (counts/s) τ1 (ns) τ2 (ns) τ3 (ns)

〈τint〉
(ns)

0 13000 0.8( 0.1 (0.50) 3.4( 0.1 (0.36) 9.0( 0.1 (0.14) 5.5
0.025 12250 1.0( 0.1 (0.58) 3.6( 0.4 (0.27) 8.4( 0.3 (0.15) 5.2
0.050 11460 0.9( 0.1 (0.60) 3.3( 0.1 (0.26) 8.0( 0.1 (0.14) 4.9
0.075 10970 0.8( 0.1 (0.59) 3.2( 0.1 (0.27) 7.6( 0.2 (0.14) 4.7
0.100 10540 0.7( 0.1 (0.65) 3.0( 0.3 (0.22) 7.4( 0.2 (0.13) 4.5
0.150 9600 0.7( 0.1 (0.62) 2.4( 0.3 (0.24) 6.8( 0.1 (0.14) 4.2
0.200 8900 0.5( 0.1 (0.69) 1.8( 0.2 (0.19) 6.4( 0.1 (0.12) 3.9

a The sequence of the mmDNA with 2AP in then position is shown in Figure 1. The amplitudes are indicated in parentheses. The lifetimes and
amplitudes for unbound mmDNA are the following:τ1 ) 0.8 (0.79);τ2 ) 3.3 (0.19);τ3 ) 8.5 (0.02).

FIGURE 2: Stern-Volmer plots for acrylamide quenching of
mmDNA/wtT4 complexes (O, b) and mmDNA/D219A complexes
(4, 2). 2AP is in then position in the template strand. Open
symbols indicateF0/F ratios; closed symbols indicateτ0/τ ratios.
The curves are plotted from data presented in Table 4 (wild-type
T4 DNA polymerase) and Table 5 (D219A-DNA polymerase).

FIGURE 3: Stern-Volmer plots for acrylamide quenching of AT-
DNA/D219A complexes (O, b) and GC-DNA/D219A complexes
(4, 2). Open symbols indicateF0/F ratios; closed symbols indicate
τ0/τ ratios. The curves are plotted from data presented in Supporting
Information Table 2 (A+T-rich DNA) and Supporting Information
Table 3 (G+C-rich DNA).
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substrates indicate that both long lifetime components were
equally accessible to acrylamide.

DISCUSSION

The mechanism of active site switching during proofread-
ing is not completely understood, but the overall process must
minimize extension of a mismatched primer terminus,
separate the end of the primer strand from the template,
remove the terminal nucleotide, and then return the trimmed
end to the polymerase active center without misaligning the
primer and template strands. Our genetic and biochemical
studies indicate that amino acid residues in four of the five
protein domains of the T4 DNA polymerase are required
(3, 5, 25, 28). Structural studies of the RB69 DNA poly-
merase (4) reveal that polymerase-to-exonuclease active site
switching requires loss of extensive protein interactions in
the polymerase active center between residues in the palm
domain with the phosphodiester backbone of the four
terminal base pairs of the primer strand, which are replaced
by new interactions with residues in the exonuclease domain
(4). Protein interactions with the template strand in exonu-
clease complexes cannot be determined, however, because
the five terminal nucleotides at the 5′-end of the template
strand are disordered (4). The template strand may be
disordered because there is strand movement and/or the five
nucleotides of the single-stranded template overhang may
not be long enough for the polymerase to form stable contacts
with the template strand. The DNA substrates used in our
studies, which have from 12 to 15 nucleotides of overhanging
template DNA (Figure 1), allow T4 DNA polymerase
interactions with the template strand to be assessed. We have
also compared complex formation in solution with the wild-
type T4 DNA polymerase to the exonuclease-deficient
D219A-DNA polymerase.

Although the experiments reported here were performed
in the absence of Mg2+ in order to protect the DNA substrates
from degradation by the potent T4 DNA polymerase exo-
nuclease activity, formation of the fluorescent complexes is
independent of Mg2+. In reactions with 2AP initially in the
+2 position in the template strand, a large increase in
fluorescence intensity is observed when the primer end is
extended by one nucleotide to place 2AP in the+1 position
to form the highly fluorescence+1 complexes (16). Further
primer elongation in which a dTMP is incorporated opposite
template 2AP leads to a decrease in fluorescence intensity,
which is due to nucleotide incorporation and subsequent
formation of less fluorescent exonuclease complexes (16).

In addition, the previously reported need for Mg2+ for
partitioning between the polymerase and exonuclease active
sites of the T4 DNA polymerase (14) must be reevaluated
because a hydrolysis-resistant phosphorothioate DNA was
used. Structural studies of the Klenow fragment indicate that
hydrolysis resistance is due to steric hindrance by the bulky
sulfur atom: theSp phosphorothioate isomer cannot be bound
in the exonuclease active site in conjunction with metal ions
(29). If this mechanism for hydrolysis resistance extends to
the T4 DNA polymerase, which is likely, then the addition
of Mg2+ will reduce formation of exonuclease complexes
with the phosphorothioate DNA. Furthermore, any exonu-
clease complexes formed will be in the absence of bound
Mg2+ in the exonuclease active site even though Mg2+ is
present in solution. Thus, Mg2+ is not essential for active
site partitioning; increased partitioning to the polymerase
active center was observed with the phosphorothioate DNA
because Mg2+ interfered with formation of exonuclease
complexes. For these reasons we believe that the solvent
exposure values reported here for 2AP, which were deter-
mined in the absence of Mg2+, are applicable to complexes
formed in the presence of Mg2+.

Fluorescence studies of exonuclease complexes formed
with the wild-type T4 DNA polymerase labeled with 2AP
in the 3′-terminal position of the primer strand are fully
consistent with structural studies. A single lifetime of about
9.7-9.9 ns was observed (Table 1), which indicates (1) that
a homogeneous conformational state of 2AP can be attained
in exonuclease complexes under solution conditions and (2)
that 2AP positioned at the primer end in exonuclease
complexes is free of base stacking interactions, as expected
if a phenylalanine residue intercalates between the two
terminal bases (4, 7). Structural studies also show that the
primer terminus is buried in a protein pocket, which is
expected to protect the terminal base from interactions with
acrylamide; this was observed (Table 1).

The exonuclease-deficient D219A-DNA polymerase, how-
ever, behaved differently. Although the D219A-DNA poly-
merase formed highly fluorescent exonucleases complexes
characterized by the 9.9 ns lifetime component with the 2AP
3′-end-labeled ssDNA, a component with an intermediate
lifetime (3.5-3.7 ns) was also detected (Table 1). The 3.5-
3.7 ns component was also observed for complexes formed
with dsDNA, but only a small amount of the 9.9 ns
component was detected; the predominant component was
characterized by a very short lifetime, just 0.5 ns (Table 1).
These observations together indicate that the D219A-DNA

Table 5: Acrylamide Quenching of Complexes Formed with the Exonuclease-Deficient D219A-DNA Polymerase and mmDNA Labeled with
2AP at then Position in the Template Stranda

fluorescence lifetimes

acrylamide
concn (M)

emission
intensity (counts/s) τ1 (ns) τ2 (ns) τ3 (ns)

〈τint〉
(ns)

0 13000 0.9( 0.1 (0.50) 3.5( 0.2 (0.36) 9.2( 0.2 (0.14) 5.5
0.025 12670 0.8( 0.1 (0.56) 3.7( 0.2 (0.30) 8.7( 0.3 (0.15) 5.4
0.050 12340 0.9( 0.1 (0.54) 3.4( 0.3 (0.32) 8.7( 0.3 (0.14) 5.3
0.075 12100 0.9( 0.1 (0.54) 3.4( 0.2 (0.34) 8.8( 0.3 (0.12) 5.1
0.100 11780 0.7( 0.1 (0.51) 3.1( 0.1 (0.36) 8.5( 0.2 (0.13) 5.0
0.150 11340 0.8( 0.1 (0.55) 3.2( 0.2 (0.34) 8.2( 0.3 (0.11) 4.7
0.200 11100 0.7( 0.1 (0.57) 3.3( 0.3 (0.33) 8.1( 0.4 (0.10) 4.5

a The sequence of the mmDNA with 2AP in then position is shown in Figure 1. The amplitudes are indicated in parentheses. The lifetimes and
amplitudes for unbound mmDNA are the following:τ1 ) 0.8 (0.79);τ2 ) 3.3 (0.19);τ3 ) 8.5 (0.02).

6566 Biochemistry, Vol. 46, No. 22, 2007 Tleugabulova and Reha-Krantz



polymerase has severely reduced ability to form the highly
fluorescent exonuclease complexes characterized by the 9.7-
9.9 ns lifetime, particularly with dsDNA. Thus, the D219A
substitution affects not only Mg2+ binding in the exonuclease
active center but also the ability to form stable exonuclease
complexes in which the terminal base is unstacked.

Acrylamide appeared to further hinder the ability of the
D219A-DNA polymerase to form the highly fluorescent
exonuclease complexes. While collisional quenching is
expected to reduce both the lifetime and the amplitude of
the fluorophore, acrylamide reduced primarily the amplitude
of the 9.8-9.9 ns component formed with the D219A-DNA
polymerase (Table 1), which suggests that acrylamide
interfered with the ability of the mutant enzyme to form
fluorescent complexes.

Interestingly, not all alanine substitutions for conserved
aspartate residues in the exonuclease active center equally
decrease the ability of the T4 DNA polymerase to form
highly fluorescent exonuclease complexes with 2AP end-
labeled DNA. There are three conserved aspartate residues
in the exonuclease active site that are required for catalytic
activity: D112, D219, and D324; alanine substitutions for
each individual aspartate residue eliminates or nearly elimi-
nates exonuclease activity (24). While the D219A substitution
severely reduces formation of fluorescent exonuclease com-
plexes (Table 1;20), only a 1.5-fold reduction is detected
for the D112A/E114A-DNA polymerase (20) and no reduc-
tion is observed for the D324A-DNA polymerase (unpub-
lished observations). We observed that mutant DNA polym-
erases with reduced ability to form exonuclease complexes
form preexonuclease complexes instead (17). Thus, the
D219A-DNA polymerase was used here for studies of
preexonuclease complexes (Figure 3) while the wild-type T4
DNA polymerase was used for studies of exonuclease
complexes in which the 2AP-labeled primer end is bound
in the exonuclease active center (Table 1).

What happens to the template strand when the primer end
is bound in the exonuclease active center? For exonuclease
complexes formed with the wild-type T4 DNA polymerase
and mmDNA substrates, a 4-5-fold fluorescence enhance-
ment above unbound DNA was observed for 2AP in then,
+1, and +2 positions, and smaller enhancements were
detected for the+3 and -1 positions (Table 3;14). The
fluorescence enhancement was due to increases in the
amplitudes of the longest and intermediate lifetime compo-
nents, 9 and 3.4 ns (Table 4), compared to the unbound
mmDNA. These observations suggest that the DNA poly-
merase holds the template strand in a way to produce
position-dependent base unstacking in the template strand
in exonuclease complexes. If the template strand were not
held, then fluorescence enhancement above unbound ssDNA
would not be seen. 2AP fluorescence in then and +1
positions in the template strand was quenched by acrylamide
(Figure 2, Table 4, Supporting Information Table 1), but
quenching was less efficient for complexes compared to
unbound DNA (Table 2), which indicates that the protein is
restricting access. This restricted access is consistent with
structural studies of a ternary complex of the RB69 DNA
polymerase, DNA, and nucleotide in which the DNA is
shown to sit in a protein cleft and is thus largely protected
from the external solvent except on one side (30).

The D219A-DNA polymerase appeared to form similar
fluorescent complexes with the mmDNA with 2AP in then
position as observed for the wild-type T4 DNA polymerase.
The fluorescence intensities and fluorescence lifetimes
detected for the complexes formed with the two DNA
polymerases were essentially identical (Tables 4 and 5).
Although the D219A-DNA polymerase had severely reduced
ability to form the highly fluorescent exonuclease complexes
with the dsDNA substrate labeled on the primer end with
2AP (Table 1), the presence of two preformed terminal
mismatches in the mmDNA substrate appeared to assist the
D219A-DNA polymerase in forming exonuclease complexes.
However, despite the similar fluorescent properties of the
complexes formed with mmDNA and the wild-type and
mutant DNA polymerases (Tables 4 and 5), the complexes
formed with the D219A-DNA polymerase were more
resistant to acrylamide quenching (Figure 2, Table 5), which
indicates that the complexes are not identical.

What happens to the template strandbefore the primer
end is transferred to the exonuclease active center? We
confirm here what we reported previously (15-17): the
DNA polymerase unstacks the base in the+1 position. Base
unstacking could be produced if the template strand is bent
as observed in the ternary structure of the RB69 DNA
polymerase (30), or the base/nucleoside may be flipped to
an extrahelical position as observed for some family A DNA
polymerases (31). Irrespective of mechanism, a unique
fluorescent component with a 10.9 ns lifetime is detected in
complexes formed with the D219A-DNA polymerase and
the A+T-rich DNA substrate that is not detected for
complexes formed with the G+C-rich DNA (Figure 1B,
Supporting Information Tables 2 and 3). The reduced ability
of the D219A-DNA polymerase to form exonuclease com-
plexes, the A+T-richness of the DNA substrate, and the
absence of dNTPs allow a relatively large population of
preexonuclease complexes to be formed. Preexonuclease
complexes are in equilibrium with other types of complexes
including preinsertion complexes that are characterized by
a 8.5 ns lifetime (17). Both long lifetime components were
subject to acrylamide quenching (Figure 3, Supporting
Information Tables 2 and 3), which suggests that 2AP in
both preexonuclease and preinsertion complexes may be
equally exposed to solvent. Structurally, the preexonuclease
complexes may resemble the hybrid polymerase/exonuclease
structure reported for the exonuclease-deficient D222A/
D327A-RB69 DNA polymerase with a tetrahydrofuran in
the n position of the template strand (4, 32). In these
complexes the template/primer is bound in the polymerase
active center, the DNA polymerase has not translocated, the
short template strand overhang is bent, and minor groove
interactions are lost.

Summary: Polymerase-to-Exonuclease Switching Path-
way. We have detected formation of a highly fluorescent
complex for 2AP in the+1 position in the template strand
that takes place just before the chemistry step of nucleotide
incorporation (2, 16, 17). Unstacking of the base in the+1
position will help to prevent the misuse of this and more
distal bases as possible templates as suggested for a mech-
anism to prevent frame-shift mutations (33). After the
nucleotide is incorporated, the DNA polymerase may trans-
locate to be in position to bind the next incoming nucleotide,
but if a wrong nucleotide is incorporated, we propose that
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the base in the+1 position remains unstacked and a
preexonuclease complex is formed (Figure 4). The precise
structure of the unstacked base is not known, but the long
10.9 ns lifetime (Supporting Information Table 2) indicates
that 2AP in the+1 position in these complexes is fully free
of contacts with the adjacent bases, but only a little base
unstacking is observed for the base at the+2 position (15);
thus, only the base in the+1 position is illustrated as
unstacked.

Base unstacking at the+1 position is expected to deter
translocation, which allows an opportunity for the primer
end to be separated from the template strand and transferred
to the exonuclease active center by a process that requires a
â-hairpin structure in the exonuclease domain (3, 5, 25, 28).
Structural studies indicate that the hairpin interacts with
apparent preexonuclease complexes in which the primer/
template is bound in the polymerase active center and may
move with the primer end as the primer strand is separated
from the template and transferred to the exonuclease active
center (4). Amino acid substitutions in the hairpin of the T4
DNA polymerase (25, 28) or shortening the hairpin of the
RB69 DNA polymerase (34) reduces the ability of the mutant
DNA polymerases to form exonuclease complexes.

The fluorescence studies demonstrate that while 2AP in
the +1 position of the template strand is fully unstacked at
the beginning of the proofreading pathway in preexonuclease
complexes, 2AP base stacking interactions are partially
restored when the primer end is bound in the exonuclease
active center. Compared to preexonuclease complexes where
2AP at the+1 position is fully unstacked to produce a
fluorescence lifetime of 10.9 ns, smaller 4-5-fold enhance-
ments were detected for 2AP in then and+1 positions (Table
3). Double-headed arrows are used in Figure 4 to illustrate
base unstacking for the bases at then and+1 positions and,
to a smaller extent, for the base at the+2 position. Because
base unstacking in the template strand of exonuclease
complexes is position dependent, the DNA polymerase
appears to hold the template strand. This holding will allow
the DNA polymerase to maintain the correct alignment of
the primer and template strands so that when the trimmed
primer end is returned to the polymerase active center, the
enzyme will be in correct position to resume nucleotide
incorporation.
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