
Role of DNA Flexibility in Sequence-Dependent Activity of Uracil DNA
Glycosylase†

Eleanore Seibert,‡ J. B. Alexander Ross,*,‡,§ and Roman Osman*,|

Departments of Pharmacology and Biological Chemistry and of Physiology and Biophysics, Mount Sinai School of Medicine,
One GustaVe L. LeVy Place, New York, New York 10029

ReceiVed May 13, 2002; ReVised Manuscript ReceiVed July 3, 2002

ABSTRACT: Uracil DNA glycosylase (UDG) is a base excision repair enzyme that specifically recognizes
and removes uracil from double- or single-stranded DNA. The efficiency of the enzyme depends on the
DNA sequence surrounding the uracil. Crystal structures of UDG in complex with DNA reveal that the
DNA is severely bent and distorted in the region of the uracil. This suggests that the sequence-dependent
efficiency of the enzyme may be related to the energetic cost of DNA distortion in the process of specific
damage recognition. To test this hypothesis, molecular dynamics simulations were performed on two
sequences representing extreme cases of UDG efficiency, AUA/TAT (high efficiency) and GUG/CAC
(low efficiency). Analysis of the simulations shows that the effective bending force constants are lower
for the AUA/TAT sequence, indicating that this sequence is more flexible than the GUG/CAC sequence.
Fluorescence lifetimes of the adenine analogue 2-aminopurine (2AP), replacing adenine opposite the uracil,
are shorter in the context of the AUA/TAT sequence, indicating more dynamic base-base interaction
and greater local flexibility than in the GUG/CAC sequence. Furthermore, theKM of Escherichia coli
UDG for the AUA/TAT sequence is 10-fold smaller than that for the GUG/CAC sequence, while thekcat

is only 2-fold smaller. This indicates that differences in UDG efficiency largely arise from differences in
binding and not catalysis. These results link directly flexibility near the damaged DNA site with the
efficiency of DNA repair.

Uracil arises in DNA1 from misincorporation during DNA
replication (A‚U) or as a result of the spontaneous hydrolytic
deamination of cytosine (G‚U). While the A‚U base pair is
not directly mutagenic, some transcription factors have
significantly reduced binding affinity for A‚U compared to
A‚T base pairs (1), which can affect gene expression. Thus,
although the eukaryotic replicative polymerases have a high
fidelity, with misincorporation occurring at a rate of ap-
proximately 1× 10-7 per base pair per generation (2), the
finite probability presents undesired biological consequences.
In humans, spontaneous deamination of cytosine occurs at
a rate of approximately 100-500 events per cell per day
(3). Failure to repair the G‚U base pair leads to a G‚C
transition mutation to A‚C during DNA replication. Conse-
quently, the presence of uracil in DNA is detrimental, and

its removal by repair enzymes is essential to normal cell
function. This repair function is initiated by uracil DNA
glycosylase (UDG), an enzyme of the base excision repair
(BER) pathway (4, 5), which is found in all prokaryotes and
eukaryotes. UDG recognizes and removes uracil in U‚A and
U‚G base pairs from both double- and single-stranded DNA
(6, 7).

UDG must be capable of recognizing its substrate, uracil,
and discriminating it from thymine, which differs only by a
methyl group on C5. The high specificity of UDG is due in
part to an active site tyrosine (Tyr 147 in human UDG),
which sterically excludes thymine as well as purines from
entering the binding pocket (8-10). Hydrogen bonding
between the uracil and an active site asparagine (Asn 204 in
human UDG) provides selectivity between uracil and cy-
tosine (11). Mutation of Tyr 147 to alanine, cysteine, or
serine, or of Asn 204 to aspartic acid, produces a mutant
UDG that catalyzes the removal of either thymine or
cytosine, respectively. However, these mutant enzymes are
still 1-2 orders of magnitude more selective for uracil than
either cytosine or thymine (12). The high selectivity of the
mutant enzymes for uracil suggests that other factors also
contribute to the specificity of UDG.

Crystal structures have shown that DNA in complex with
UDG is bent by about 40° and that the uracil is extrahelical.
DNA bending is thought to occur via a “Ser-Pro pinch”
mechanism, in which the DNA backbone is compressed by
serine-proline-rich loops of UDG (13). Parikh and co-
workers suggest that damaged sites along the DNA may
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allow greater compression than undamaged sites and that
the combination of backbone compression and insertion of
the Leu 272 side chain into the minor groove facilitates
flipping of the uracil through the major groove.

Although energetically favorable contacts are made be-
tween UDG and the uracil base, the processes of DNA
bending and base flipping are energetically unfavorable. Base
flipping requires the loss of favorable stacking interactions
between adjacent bases and the breakage of hydrogen bonds
with the complementary base. Depending on the dinucleotide
step, the energy of base stacking varies from approximately
-3 to -5 kcal/mol in aqueous solution (14), while the free
energy of hydrogen bonding has been estimated to be
between-0.5 and-2 kcal/mol per hydrogen bond (15).
When DNA is bent, the energy difference is reduced between
the “flipped-out”, or open, state and the “flipped-in”, or
closed, state (16). Thus, the relative stability of the open state
is greater in the context of a bent DNA. In addition, recent
molecular dynamics studies have demonstrated a coupling
between DNA bending and base opening (17). Together with
the structural data, these computational results suggest that
highly flexible DNA sequences would be better substrates
for UDG.

DNA flexibility is a sequence-dependent property (18).
Accordingly, we expect that UDG activity would depend on
the nucleotide sequence surrounding the uracil. While UDG
recognizes and removes uracil in any sequence context,
Slupphaug and co-workers have reported sequence-dependent
variations of up to 20-fold in UDG efficiency for different
DNA sequences for human (19), Escherichia coli(E. coli)
(20), and bovine UDG (21). Attempts to correlate changes
in UDG efficiency with changes in melting temperature of
the differing sequences did not lead to a clear relationship,
indicating that factors other than melting temperature may
influence UDG activity for its substrate. A recent kinetic
analysis on herpes simplex virus 1 (HSV1) UDG activity
for various substrates showed thatKM varied approximately
6-fold, while kcat varied only 1.5-fold, indicating that the
sequence dependence results from differences in binding
energy (22). The authors attributed the variations in binding
energy to differences in local DNA structure surrounding
the uracil.

The energetic penalty of distorting a flexible DNA
sequence would be smaller than that of a rigid sequence.
Thus, we hypothesize that sequences with greater local
flexibility in the region of the uracil should be better
substrates for UDG. This hypothesis is consistent with reports
showing that single-stranded DNA, which is more flexible
than double-stranded DNA, binds with higher affinity to
UDG (23) and also is a better substrate (19). To test this
hypothesis, we have chosen two sequences with extremely
high and low UDG efficiency, as reported previously by
Slupphaug et al. (19) (see Table 1). We have adopted a
combined theoretical/experimental approach to determine the
variations in local DNA flexibility of these sequences and
to study the effect of these differences on the kinetic
constants of uracil removal by UDG. This work involves
several stages. In the first stage, molecular dynamics simula-
tions are used to probe local differences in the structural and
dynamical properties of each sequence in order to develop
a model of DNA flexibility. Second, we take advantage of
a recently developed method of determining local DNA

flexibility that utilizes fluorescence spectroscopy of the
fluorescent adenine analogue 2-aminopurine (2AP). Analysis
of fluorescence lifetime data and quantum yields allows an
assessment of local dynamics and base stacking interactions,
demonstrating an agreement between conclusions from the
fluorescence data and the MD simulations. Finally, our
hypothesis regarding the role of DNA flexibility in enzyme-
DNA interaction is tested with kinetic assays on each
sequence.

MATERIALS AND METHODS

Computational Methods.Initial DNA 11-mer structures
with the sequences shown in Table 1 were generated in the
B-DNA conformation using the Nucgen module of AMBER
6.0 (24). The DNA was solvated in a periodic box of TIP3P
waters, and 20 Na+ ions were included to neutralize the
charge on the phosphates. First, the water and counterions
were minimized with the DNA immobilized. Subsequently,
the energy of the entire system including the DNA was
minimized. The system was heated to 300 K over 2 ps, with
positional restraints of 500 kcal/Å2 on the DNA, which were
gradually reduced by a factor of 2 every 2 ps, while the
system was held at constant temperature (300 K). Equilibra-
tion was completed by running molecular dynamics on the
unrestrained system for 20 ps. During this time, the density,
energy, volume, and temperature achieved stability. The
density was equilibrated under constant pressure to a value
of 1.035 g/cm3, which resulted in a box size of approximately
47 × 44 × 61 Å3. Production molecular dynamics simula-
tions of 5 ns then were carried out under conditions of
constant pressure and temperature (300 K) with a time step
of 2 fs using the Sander module of AMBER 6.0 (24).
Snapshots were written to the trajectory every 0.2 ps.

DNA bending analysis was performed using CURVES
(25). The parametersAtip (bending toward grooves) andAinc

(bending toward backbone) at the U6-A17 step (see Table 1)
were calculated for each snapshot in the trajectory. Two-
dimensional histograms were prepared by binning the values
of Atip and Ainc into 2° square bins (see Figure 1). These
distributions were transformed into energy surfaces using a
potential of mean force (PMF) approach. The work required
to go from pointx0y0 to x1y1 on the surface is calculated as

whereN(x0y0) is the maximum of the distribution andω0 is

Table 1: DNA Oligonucleotide Sequences

namea sequence

Simulation (11-mers)
AUAb/TAT 5′-A1AG CAU6 AAA GT11 -3′

3′-T22TC GTA17 TTT CA12 -5′
GUG/CAC 5′-C1AG GGU6 GGT TT11 -3′

3′-G22TC CCA17 CCA AA12 -5′
Experiment (19-mers)

AUA/TPTc 5′-CCG GAA GCA UAA AGT GCG C-3′
3′-GGC CTT CGT PTT TCA CGC G-5′

GUG/CPC 5′-CCG GCA GGG UGG TTT GCG C-3′
3′-GGC CGT CCC PCC AAA CGC G-5′

a The oligos are named with the upper strand in the 5′ to 3′ direction
and the lower strand in the 3′ to 5′ direction.b U represents deoxyuri-
dine. c P represents 2-aminopurine.

∆ω(x0y0fx1y1) ) - RT ln(Nx1y1
/Nx0y0

) + ω0 (1)
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an integration constant, which has been set to zero for the
(x0, y0) position. Gnuplot 3.7 was utilized to fit the PMF
surface to a two-dimensional polynomial with weighting
factors such that the more populated bins are weighted more
heavily:

Force constants were obtained as partial second derivatives
with respect toAtip andAinc at the minimum of the energy
surface. The harmonic mean force constant (kH), which
assumes the DNA to be an isotropic rod, was calculated
according to

Oligonucleotides.All experiments were performed on 19-
mer oligonucleotides, since losses were substantially less
during dialysis and concentration as compared to 11-mers.
Furthermore, double-stranded DNA 19-mers have previously
been shown to be thermodynamically stable at the temper-
atures used in our experiments (26). Oligonucleotides
containing either uracil or 2AP were ordered from Oligos
Etc. (Bethel, ME). The single-stranded 19-mer oligos were
purified on a MonoQ 5/5 ion-exchange resin (Pharmacia)
using a linear gradient of NaCl (0-1 M) in 10 mM Tris-
HCl and 1 mM Na2EDTA, pH 8.0. For annealing, a 5%
molar excess of the uracil-containing strand was included,
such that all 2AP-containing strands were present in double-
stranded form. Annealing was performed by heating comple-
mentary strands to 90°C for 5 min and gradually cooling
them to room temperature. The double-stranded oligos were
purified from single-stranded material using the MonoQ

column and a linear gradient of NaCl (0-1 M) in the buffer
described above. Oligo concentrations were determined from
absorbance spectroscopy, assuming the extinction coefficient
of 2AP to beε303nm ) 6000 M-1 cm-1 (27).

Spectroscopy.Absorption spectra were measured using a
dual-beam U-3210 Hitachi spectrophotometer. Steady-state
fluorescence spectroscopy was carried out using an SLM
4800 spectrofluorometer modified in the laboratory for
single-photon counting. Fluorescence emission spectra were
obtained by exciting 2AP at 325 nm to avoid the absorption
of the natural DNA bases. Band-passes of 4 and 8 nm were
used for excitation and emission, respectively. Time-resolved
fluorescence decay curves were collected using a time-
correlated, single-photon counting instrument that has been
described previously (28). Sample lifetimes were measured
in an automated sample chamber (Quantum Northwest:
FLASC) with excitation at 305 nm, due to wavelength
limitations of the laser, and emission was detected at 360
nm. Inner filter effects do not influence the fluorescence
lifetime, and thus this excitation wavelength is not prob-
lematic. The instrument response function was measured
using a dilute suspension of colloidal silica. Decay curves
were collected into 4000 channels with a timing calibration
of 10 ps per channel. Instrument response functions and
sample intensity decay curves were collected to 100000 and
40000 peak counts, respectively.

Time-resolved fluorescence data were analyzed by a
standard reconvolution (29) procedure using nonlinear
regression (30). The fluorescence decay was fitted to a sum
of exponentials:

FIGURE 1: Representative two-dimensional probability histogram for bending in each direction. Contour lines are shown below the surface.

σi ) kT/xNxiyi
(2)

kH ) 2ktipkinc/(ktip + kinc) (3)

I(t) ) ∑Rie
-t/τi (4)
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whereRi is the amplitude of each component andτi is the
corresponding recovered fluorescence lifetime. Multiexpo-
nential decays were required to fit the decays of 2AP in
DNA. The number-average lifetime, which represents the
area under the decay curve, was calculated according to

where the productRiτi is the intensity contribution of theith
component. Joint support plane confidence intervals were
calculated for all iterated parameters by the approximation
method described by Johnson and co-workers (31).

Contributions of static and dynamic quenching of 2AP in
the oligos were calculated as described previously (27). As
static quenching does not affect the fluorescence lifetime,
the reduction in lifetime is assumed to be due to dynamic
quenching. The fraction of 2AP statically quenched,fSQ, is
calculated as

whereφrel andτrel represent the quantum yield and fluores-
cence lifetime relative to 2AP deoxyribose (d2AP), respec-
tively.

UDG Purification and ActiVity Assays. E. coliUDG was
purified as described previously (32), and the protein
concentration was determined from absorbance spectroscopy
usingε280nm) 38500 M-1 cm-1 (27). A fluorescence-based
assay was used to determine the glycosylase activity (32).
In this assay, the analogue 2AP is opposite uracil in the
complementary strand, and upon cleavage of the glycosylic
bond of the uracil by UDG, an increase in 2AP fluorescence
is observed. Assays were carried out in 10 mM Tris-HCl,
20 mM NaCl, and 2.5 mM MgCl2 at pH 8. 2AP was excited
at 310 nm, and the increase in fluorescence as a function of
time was observed at 370 nm. Reaction rates were calculated
from the initial linear region of the assay curve as described
(32). The observed rate divided by the concentration of the
enzyme yielded an observed rate constant,kobs, for each
concentration of substrate. To determinekcat and KM, the
dependence ofkobs on substrate concentration was fitted to

where [S] is the concentration of uracil-containing DNA.

RESULTS AND DISCUSSION

Molecular dynamics (MD) simulations were carried out
for 5 ns on the 11-mer DNA sequences shown in Table 1.
These sequences were chosen because UDG efficiency
reported by Slupphaug et al. (19) was approximately 20-
fold greater for the oligonucleotide containing the AUA/TAT
sequence compared to the one containing the GUG/CAC
sequence. The simulations were stable as judged by root-
mean-square deviation from the average structure (1.5( 0.3
Å), as well as by fluctuations in temperature (300( 2 K)
and density (1.037( 0.002 g/cm3).

The crystal structures of UDG in complex with DNA show
that the DNA is bent in the region of the uracil, and thus we
focused on this region for the analysis of the MD simulations.
Bending of the DNA at the uracil toward the grooves and
toward the backbone was calculated in CURVES (25) using

the axis curvature parametersAtip and Ainc. A potential of
mean force approach was used to obtain effective local
bending force constants in each direction, as described in
Materials and Methods. A two-dimensional second-order
polynomial did not provide good quality fits of the energy
surface, as judged byø2, the weighted sum of squares of
residuals. However, a two-dimensional third-order polyno-
mial produced an acceptableø2, which did not improve
significantly with the introduction of higher order terms.
Bending force constants for the uracil with respect to its 3′
and 5′ neighbors were calculated by taking the second
derivative of the fitted PMF at its minimum. The force
constants for bending in each direction as well as harmonic
mean force constants are presented in Table 2. At both base
pair steps with uracil in the 3′ or 5′ position in relation to
the adjacent purine (A or G), the bending force constants
are smaller for the AUA/TAT sequence than for the GUG/
CAC sequence. This is true for the individual force constants
of bending toward the groove (Ktip) and bending toward the
backbone (Kinc), as well as for the harmonic bending force
constants. Hence, the AUA/TAT sequence is locally more
flexible, or easily bent, in the region of the uracil than the
GUG/CAC sequence. The force constant analysis also
provides information about the anisotropy of DNA bending,
which is a measure of the differential DNA flexibility with
respect to each of its axes. The deviation from zero (isotropic
rod) is a measure of the anisotropy and reflects the fact that
the force constants for bending toward the groove in each
sequence (Table 2) are approximately two times smaller than
those for bending toward the backbone. The bending
anisotropy can be observed for a representative distribution
in Figure 1, since the distribution is broader along the tip
axis (bending toward grooves). Lankasˇ and co-workers
reported similar trends in force constants for trimer segments
of simulated DNA oligomers (33). The ratios of force
constants obtained by these two similar methods are in close
agreement, which implies that the observed local bending
anisotropy is an inherent characteristic of DNA and is not
biased by the method of determining the force constants.

The analysis of bending force constants indicates that the
DNA in the region of the uracil in the A‚T context is more
flexible than in the G‚C context. However, this analysis is
limited to bending and does not provide a measure of other
degrees of freedom that contribute to local flexibility. A
variety of experimental methods, including gel cyclization
and gel mobility retardation, have been used to quantitate
DNA flexibility ( 34, 35). Whereas these methods provide a
measure ofoVerall DNA distortion and flexibility, we are
interested in thelocal flexibility in the region of the uracil.
We have recently reported a method using the fluorescent
nucleotide analogue 2AP (27) that is sensitive to changes in

τnum ) ∑Riτi/∑Ri (5)

fSQ ) 1 - φrel/τrel (6)

kobs) kcat[S]/(KM + [S]) (7)

Table 2: Force Constants for Bending in the Region of the Uracil

kbend(kcal/rad2)

sequencea tip inclination harmonic mean anisotropyb

AUA/TAT 62 149 88 0.41
AUA/TAT 63 141 87 0.39
GUG/CAC 72 180 103 0.40
GUG/CAC 69 159 96 0.25

a Letters in boldface represent the specific base pair step that has
been analyzed.b Bending anisotropy was calculated according to the
equationA ) (kinc - ktip)/(kinc + ktip).
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the local conformation and dynamics of the DNA in the
vicinity of the probe.

The observed fluorescence lifetime of 2AP is reduced due
to collisions with a quencher molecule during the excited-
state lifetime. In solution, all four bases that occur naturally
in DNA are highly efficient collisional (dynamic) quenchers
of 2AP fluorescence (28). On this basis, collisions between
2AP and the 3′ or 5′ bases in DNA would be expected to
decrease the fluorescence lifetime. We have demonstrated
previously that the average fluorescence lifetime of 2AP is
shorter in flexible sequences as compared to rigid sequences
(27). Furthermore, the quantum yield of 2AP fluorescence
in DNA shows greater reduction than does the lifetime.
Purely collisional quenching results in a proportionate
decrease in quantum yield and fluorescence lifetime, and a
larger decrease in the quantum yield relative to that of the
lifetime indicates the presence of static quenching. We have
demonstrated that the naturally occurring DNA bases not
only act as efficient collisional quenchers of 2AP fluores-
cence but also participate in static quenching through
intermolecular association in the ground state (28). Thus,
the static quenching in DNA reflects stacking interactions
between 2AP and the adjacent 3′ or 5′ bases (27).

Oligos were designed with 2AP opposite uracil to allow
measurement of the local dynamics of the DNA in this
region. Fluorescence decay curves are shown for each oligo
in Figure 2. Clearly, the shape of the fluorescence decay
profile of 2AP differs dramatically between the two se-
quences. A single exponential did not adequately describe
the fluorescence intensity decay data for either sequence, and
thus the fluorescence decay curves were analyzed as a sum
of exponentials (eq 4). Three components were required to
obtain acceptable values ofø2 and randomly distributed
residuals. The fluorescence amplitudes and lifetimes are
presented in Table 3. A long lifetime component of ap-
proximately 7 ns is observed in both sequence contexts.

However, in the AUA/TPT context, this lifetime has a very
small preexponential factor. Approximately 93% of the
fluorescence intensity of 2AP in the AUA/TPT context is
accounted for by the two short lifetimes below 1 ns,
indicating that 2AP in this sequence context undergoes
efficient collisional quenching. In the GUG/CPC context, the
individual lifetimes are longer than in the AUA/TPT context,
and the contribution of the short lifetime component to the
total fluorescence intensity is only 5%. We have greater
confidence in the average fluorescence lifetime as compared
to the individual lifetime components, because it does not
suffer from the problem of correlation between the lifetimes
(τ) and preexponential factors (R) during the fitting process.
The average lifetimes of 2AP in each sequence context,
reported in Table 4, clearly illustrate the differences between
the two sequences. The average lifetime,τnum, is 0.32 ns in
the AUA/TPT sequence and 2.48 ns in the GUG/CPC
sequence (Table 4). These results suggest that the frequency
of collision of 2AP with its neighbors in the GUG/CPC
context is considerably less in the AUA/TPT context. Thus,
the AUA/TPT sequence is locally more flexible than the
GUG/CPC sequence. This observation is in agreement with
the results of our MD simulations, which show that the AUA/
TAT sequence is locally easier to bend than the GUG/CAC
sequence.

To characterize the degree of stacking of the DNA in the
region of the uracil, we measured relative quantum yields
for each oligo. A combination of steady-state and time-
resolved fluorescence spectroscopy enables the separation
of dynamic quenching (DNA flexibility) and static quenching
(stacking interactions) (27). Fluorescence emission spectra
for each oligo are shown in Figure 3. A dramatic difference
in the fluorescence quantum yield between the two oligos is
observed. The quantum yield of 2AP in the AUA/TPT
context is approximately 12.5 times larger than that of 2AP
in the GUG/CPC context. The relative quantum yields and
relative lifetimes compared to 2-aminopurine deoxyribose
(d2AP), as well as the fraction statically quenched,fSQ,
calculated according to eq 6, are presented in Table 4. In
the more flexible AUA/TPT context about half of the 2AP
is statically quenched; emission is observed for 53% of the
molecules. By contrast, in the GUG/CPC context 99% of
the 2AP is statically quenched, presumably due to stacking
interactions, and fluorescence emission is observed only in
approximately 1% of the 2AP. Thus, it appears that stacking
contributes to increased rigidity.

Table 3: Intensity Decay Parameters for 2AP in the Oligonucleotides

oligo τ1 (ns) τ2 (ns) τ3 (ns) R1 R2 R3

AUA/TPT 0.20 0.39 6.8 0.49 0.51 0.003
(0.196, 0.205)a (0.384, 0.394) (4.911, 9.150) (0.465, 0.511) (0.491, 0.520) (0.003, 0.003)

GUG/CPC 0.43 1.7 7.4 0.31 0.48 0.21
(0.406, 0.459) (1.669, 1.709) (7.317, 7.432) (0.291, 0.336) (0.476, 0.491) (0.203, 0.208)

a Values in parentheses represent 95% confidence limits.

FIGURE 2: Time-resolved decay curves of 2-aminopurine opposite
uracil in two sequence contexts.

Table 4: Relative Quantum Yields and Number-Average Lifetimes
for 2AP in the Oligonucleotides

sample φrel τnum (ns) τrel/φrel fSQ

d2AP 1a 10.2 1 0
AUA/TPT 0.017 0.32 1.88 0.47
GUG/CPC 0.0013 2.48 184.52 0.99
a Relative quantum yield of d2AP is taken to be 1 by definition.
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We would like to understand the molecular basis for the
differences in fluorescence quenching of 2AP in the two
sequence contexts. Since quenching, both dynamic and static,
can arise through collisions and interactions with neighboring

bases, we compared the distributions of the six interbase
parameters (shift, slide, rise, tilt, roll, and twist) that describe
the translations and rotations of adjacent bases. The adenine
opposite the uracil was studied since its position within the
DNA in the MD simulations corresponds to the adenine
analogue, 2AP, used in the fluorescence experiments. The
widths of the distributions describing dynamic motions of
adjacent bases relative to one another should correlate with
collisional quenching. Distributions of the six interbase
parameters are shown in Figure 4. On the 3′ side of the
adenine that models the 2AP, the distributions of slide, rise,
tilt, roll, and twist are narrower for the AUA/TAT sequence
than for the GUG/CAC sequence (Figure 4A). Only shift is
narrower for the GUG/CAC sequence. Thus, the distributions
of the interbase parameters on the 3′ side of the adenine do
not correlate with the dynamic quenching results for 2AP.
In contrast, on the 5′ side of the adenine, the distributions
of shift, rise, and tilt are broader for the AUA/TAT sequence
(Figure 4B). This suggests that the collisions between the 5′
neighboring base to 2AP are more effective in quenching
the excited state than those on the 3′ side. The quantum
chemical calculations of Jean and Hall showed subtle

FIGURE 3: Fluorescence emission spectra for 2-aminopurine in each
sequence context.

FIGURE 4: Distributions of interbase parameters measured between the adenine opposite the uracil and its 3′ (A) and 5′ (B) neighbors. Key:
AUA/TAT (dashed line), GUG/CAC (solid line).
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differences in the dynamic quenching of 2AP by thymine
as 3′ and 5′ neighbors (36). Specifically, the energy gap
between the “dark” S1 and the “bright” S2 excited states is
significantly smaller for the case of 2AP with thymine on
the 5′ side, suggesting that the 5′-thymine is a more efficient
collisional quencher of 2AP fluorescence. This is in agree-
ment with our prediction, based on the widths of the interbase
parameter distributions, that the 5′ neighbor is a more
efficient dynamic quencher than the 3′ neighbor.

Jean and Hall showed that static quenching is enhanced
in A-form DNA as compared to B-form DNA (36). A-DNA
is characterized by smaller rise and twist and larger slide
and roll than B-DNA (15). These geometrical differences
lead to greater overlap of the rings of neighboring bases for
A-DNA as compared to B-DNA (37), which allows greater
stacking of the bases. The distributions of the six local
interbase parameters of the adenine opposite the uracil were
utilized to interpret the static quenching data of our fluo-
rescence experiments. The most probable geometry of the
base pair step can be assessed from the positions of the
maxima of the six interbase parameters distributions; these
should correlate with the degree of static quenching. At the
5′ side of the adenine (Figure 4B), the average rise distance
is 3.5 Å for the AUA/TAT sequence as compared to 3.1 Å
for the GUG/CAC sequence, which is more similar to that
of A-DNA [2.9 Å (15)]. Slide is greater at both the 5′ and
3′ sides for the GUG/CAC sequence, also consistent with
its being locally more “A-DNA-like”. Furthermore, the
average roll of the adenine and its 3′ neighbor is larger and
more A-DNA-like [6-9° (15)] for the GUG/CAC sequence
(6.8°) as compared to the AUA/TAT sequence (-0.7°). Thus,
the interbase parameters of the GUG/CAC are consistent with
a geometry more similar to A-DNA, and greater stacking of
the adenine is expected in this sequence context relative to
the AUA/TAT context. The analysis of the interbase
parameters is in agreement with experiment, which shows
that 2AP is significantly more statically quenched (stacked)
in the GUG/CPC context.

The results of the MD simulations and fluorescence
spectroscopy demonstrate distinct differences in the structural
properties of the two sequences, most notably differences
in the maxima of the distributions of slide, rise, and roll.
These differences consistently point to the involvement of
enhanced stacking between cytosine and 2AP that leads to
a dramatic reduction in quantum yield. Furthermore, clear
differences in the dynamical properties of the sequences are
observed, with wider distributions of shift, rise, and tilt on
the 5′ side of the AUA/TAT sequence suggesting that more
collisions of 2AP with its neighbors occur in this context as
compared to the GUG/CAC context. The enhanced frequency
of collision between thymine and 2AP leads to a reduction
of the fluorescence lifetime in the AUA/TPT context. The
greater flexibility of the AUA/TPT sequence reflected in the
larger frequency of collisions suggests a molecular mecha-
nism for the differential sequence-dependent UDG efficiency
(19). The formation of the UDG-DNA complex involves
distortion of the DNA as indicated by the crystal structures
(13). Thus, the AUA/TPT oligo should be a better substrate
for UDG, as it would require less energy to be distorted.
This should be reflected in the binding step and not during
the subsequent catalytic step. Hence, we would predict that
the origin of the difference in enzyme efficiency for

processing uracil is due to differences inKM rather than in
kcat since binding should be tighter to the AUA/TPT oligo.

To assess whether the difference in enzyme efficiency is
due to a difference inKM or in kcat, we carried out a full
kinetic analysis on the 19-mer oligos shown in Table 1 using
a fluorescence-based assay that has been shown to yield the
same kinetic constants as radioactive assays (32). By varying
the concentration of substrate DNA, we obtained the data
shown in Figure 5, which were fit using standard Michaelis-
Menten kinetics to determineKM and kcat. The kinetic
parameters are summarized in Table 5. TheKM of UDG for
the AUA/TPT sequence is more than 10-fold smaller than
theKM for the GUG/CPC sequence. UDG is inhibited by its
tight binding to the product (13, 32), and therefore product
release is the rate-limiting step in catalysis by UDG. Under
these conditions,KM can be viewed as an apparent affinity
constant. Accordingly, the recognition of uracil by UDG as
expressed in the affinity of the enzyme to the DNA is better
in the AUA/TPT context than in the GUG/CPC context. We
observe thatkcat for the GUG/CPC sequence is approximately

FIGURE 5: Kinetics of uracil removal for the AUA/TPT sequence
(A) and the GUG/CPC sequence (B). Solid lines represent best fits
through the data, assuming a Michaelis-Menten model.

Table 5: Kinetic Parameters of UDG Catalysis

sequence KM (µM)a kcat (s-1)

AUA/TPT 0.33( 0.11 4.3( 0.4
GUG/CPC 3.72( 2.50 7.5( 2.3

a Values are( the 95% confidence limit.
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two times greater than for the AUA/TPT sequence. This may
be due to differential product release as UDG may bind more
tightly to its product in the more flexible AUA/TPT
sequence. As this paper was in preparation, a kinetic analysis
of the HSV1 UDG on several sequences was reported by
Bellamy and co-workers (22). In contrast to the studies
reported here, they used a catalytically inactive UDG to
demonstrate that the observed differences in UDG efficiency
can be explained by differences in equilibrium binding.
Although our sequences are not identical to those in the
Bellamy paper, our results agree qualitatively. In both cases,
A‚T-rich regions surrounding the uracil yield better substrates
than G‚C-rich regions, and the differences in efficiency arise
from differences inKM.

In this work, we provide a detailed analysis oflocal
differences in the DNA dynamical properties that account
for the variations in UDG activity with DNA sequence. A
combination of MD simulations and fluorescence spectros-
copy illustrates key differences in the structure and dynamics
of the two DNA sequences. The AUA/TAT sequence is more
flexible and less stacked than the GUG/CAC sequence.
Furthermore, we have shown a direct correlation between
DNA flexibility and UDG activity for the sequences studied,
consistent with our hypothesis.

Crystal structures of several other DNA repair enzymes
in complex with DNA show that the DNA is severely
distorted (38-40). DNA bending is energetically unfavor-
able, and thus a more flexible substrate will require less
energy to bend and allow tighter binding by the enzyme.
Repair enzymes having reduced affinities for rigid DNA with
consequent lowered efficiency could lead to a greater
frequency of mutations in these sequences. DNA flexibility
could directly impact the efficiency of damaged DNA repair,
since repair would depend on the context in which the
damage occurs. Many other DNA binding proteins, including
transcriptional regulators (41, 42) and restriction enzymes
(43, 44), have been shown to bend their target DNA. Thus,
we propose that DNA flexibility is important not only in
the recognition of DNA damage but also in formation of
other DNA-protein complexes.
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