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The first step of the DNA base-excision repair pathway is the
removal of the damaged base by cleavage of theN-glycosidic
bond through the action of a DNA glycosylase.1 A key mecha-
nistic question in these reactions is how the enzyme activates the
expulsion of the leaving base. Solution and enzymatic studies
have shown that purine bases may be activated by protonation or
alkylation at N1, N3, or N7.2 However, activation of a pyrimidine
base by a similar mechanism involving protonation at O2 or O4
is energetically untenable due to the low pKa (∼-3.4) of these
carbonyl oxygens.3 Thus, it is not obvious how pyrimidine specific
DNA glycosylases activate the leaving group base.

A useful system to study these questions in detail is the
relatively small and structurally well-characterized enzyme, uracil
DNA glycosylase (UDG).4 This enzyme uses base-flipping5 and
a simple hydrolytic mechanism to cleave the glycosidic bond of
deoxyuridine in duplex and single strand DNA, giving the
products uracil and abasic DNA (Figure 1).6 We have recently
reported NMR and kinetic evidence which indicates that UDG
activates the uracil-leaving group by providing a short hydrogen
bond from a neutral His187 to the developing negative charge
on uracil O2 in the transition state (Figure 1).6 Recent1H NMR
experiments in our lab have revealed a highly deshielded
resonance (δ ) 15.6 ppm) in the ternary product complex at
neutral pH that has been unambiguously assigned to this hydrogen
bond.7 This type of catalysis, involving a neutral imidazole and
an enolate-like oxygen, is similar to that proposed for several
enzymes that catalyze proton abstraction from a carbon atom alpha
to a carbonyl group,8 and becomes energetically more favorable
as the difference in pKa between the enolate and imidazole is
decreased.9 We show here, using a novel heteronuclear NMR
approach, that the bound uracil base is anionic and in the N1-
O2 imidate form at pH 7.5. These findings support our previously
proposed mechanism that requires significant charge resonance
to uracil O2,6 and are inconsistent with recent proposals suggesting
that a cationic histidine is involved in catalysis10 and that the
negative charge resonates predominantly to uracil O4.11

NMR spectroscopy has proven to be an important method for
directly determining the pKa values of ionizable groups in protein
side chains12 and in the bases of RNA.13 13C NMR experiments
on UMP have shown that the three-bond H6-C2 coupling is
significant (8.3 Hz)14 and that a large upfield change in the13C
chemical shift of C2 occurs upon protonation of N3 (∆δ ) 7.9
ppm).13 These observations suggested that a 2D1H-13C long-
range heteronuclear single quantum coherence (LR-HSQC)
experiment could be used to determine the protonation and
tautomeric states of the uracil base in the ternary UDG product
complex.

Figure 2 shows the LR-HSQC spectra of [13C]-2-uracil in the
ternary UDG product complex15 at pH values of 5.7, 6.3, and
7.5. The spectrum at pH 7.5 (Figure 2A) shows an H6-C2
correlation with a13C chemical shift of 164.7 ppm, which nearly
matches the13C shift for free [13C]-2-uracil at pH 10.2 when N1
and N3 are largely deprotonated (δ (C2) ) 163.3 ppm, not
shown). These comparable13C shifts, which are far from that of
free uracil in the keto form at pH 7.5 (δ ) 156.1 ppm, not shown),
indicate that uracil is in the N1-O2 imidate form in the product
complex at pH 7.5.16 Using the Henderson-Hasselbalch equation
and the observation that the keto form is present ate5% in this
spectrum, an upper limit pKa of 6.2 may be estimated for uracil
N1. Accordingly, as the pH is lowered to 6.3, a second peak
appears with nearly equal intensity and with a13C chemical shift
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Figure 1. The proposed mechanism ofN-glycosidic bond hydrolysis by
UDG. Concerted electrophilic and general base catalysis by His187 and
Asp64, respectively, is indicated.6 An oxycarbenium ion transition state
for the UDG reaction is shown on the basis of recent kinetic isotope
effect measurements.19 The interactions are based on the crystal structures
of free and uracil-boundEscherichia coliUDG, and human UDG bound
to the products abasic DNA and uracil.4 NMR studies have established
that His187 is neutral during the catalytic cycle (pKa < 5.5).6
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of 155.9 ppm (Figure 2B). The nearly equal intensities and similar
line widths (28( 3 Hz) of the two peaks observed at pH 6.3
indicates that (i) the N1 keto and imidate forms of uracil are in
slow exchange,17 (ii) that both forms are enzyme bound, and (iii)
that the titration is about 50% complete. Finally, at pH 5.7 the
intensity of the upfield peak corresponding to the keto form
predominates and that of the imidate peak diminishes to essentially
the background noise level (Figure 2C). A fit of the relative
intensity of the imidate peak against pH yielded a pKa ) 6.4 (
0.1 for uracil N1 (Figure 3).

The surprising observation that uracil is in the N1-O2 imidate
form in the UDG product complex at neutral pH requires that its
pKa is lowered by 3.4 units as compared to free uracil (pKa

N1 )
9.8).18 This low pKa indicates that the UDG active site stabilizes
the negative charge on uracil O2 by 20 kJ/mol in the product
complex. This stabilization energy is identical to the damaging
effect in the transition-state that was found upon removal of
His187 by directed mutagenesis, and is consistent with our
proposal that the hydrogen bond between His187 and uracil O2
is worth about 20 kJ/mol in the transition-state.6 The observation
of similar stabilizing effects in the product- and transition-states

suggests a late transition state for glycosidic bond cleavage in
which the N1-C1′ bond is largely broken and the negative charge
has migrated to uracil O2.19

The pKa of 6.4 for uracil N1 matches the apparent pKa we have
recently measured by1H NMR for the disappearance of a
deshielded proton that participates in a hydrogen bond between
His187 and uracil O2,7 which indicates that a negative charge on
uracil O2 isrequired to form this hydrogen bond. The low pKa

for the imidazolium-imidazole ionization of His187 (<5.5)6

suggests that the pKa for the imidazole-imidazolate ionization
may also be lower than free imidazole,20 which would help
minimize the difference in pKa between His187-Nε2 and uracil
O2 imidol and enhance the energetics of this interaction.9,21Taken
together, these NMR results are inconsistent with two recent
proposals that the developing negative charge in the transition
state resonates significantly to uracil O411 and that His187 is
cationic in the transition state.10 We therefore propose a general
mechanism for leaving-group activation by pyrimidine-specific
glycosylases which involves a preorganized active site that is
highly evolved to “solvate” the developing negative charge on
the oxygen atoms in the transition state as nucleophilic attack at
C1′ proceeds. Thus, unfavorable solvent reorganization in the
transition-state may be a factor in the slow rates of hydrolysis of
pyrimidine nucleosides in aqueous environments. Whether this
hydrogen bond meets the criteria proposed for a low barrier
hydrogen bond22 is currently being investigated.
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Figure 2. The1H-13C LR-HSQC spectra showing the three-bond H6-
C2 correlations of [13C]-2-labeled uracil in the ternary UDG product
complex at 25°C at (A) pH 7.5, (B) pH 6.3, and (C) pH 5.7. A 2-fold
excess of UDG and abasic DNA was used such that the uracil was
completely bound6 (1.0 mM UDG,6 1.1 mM ds abasic DNA,15 0.5 mM
[13C]-2-labeled uracil (Isotec, Inc., Miamisburg, OH), 10 mM NaH2PO4,
0.2 M NaCl, and 7% D2O). The spectra were recorded on Bruker DRX500
and DRX600 NMR spectrometers using triple-axis gradient1H-13C-
15N probes.1H chemical shifts are referenced to external DSS, and13C
and15N chemical shifts are indirectly referenced to DSS and liquid NH3,
respectively.23 The LR-HSQC spectra were collected using a conventional
HSQC24 pulse sequence with the de/rephasing delay set to 10.8 ms to
eliminate signals from1JCH couplings involving natural abundance13C
at C5 and C6 of uracil. The spectra were recorded withg50 and 1024
complex points int1 andt2, and acquisition times ofg8.7 ms andg121
ms in t1 and t2, respectively. The1H and 13C carrier positions were set
on water and 155.35 ppm, respectively. The marked (*) correlation in
(B) is not seen in the spectra of free uracil and probably arises from
natural abundance13C in a highly mobile histidine ring (δ 13C ) 131.2
ppm). This peak is present in all of the spectra but appears folded at
161.2 ppm in (B) because the13C sweep width was 30 ppm for (B),
rather than the 60 ppm used for (A) and (C).

Figure 3. Determination of the N1 pKa for uracil in the ternary UDG
product complex. The pKa ) 6.4 ( 0.1 was determined by a nonlinear
fit of the normalized intensity (Inorm) of the imidate peak (δ 13C ) 164.7
ppm) to an ionization curve for a single proton using Grafit 4:25 Inorm )
10(pH-pKa)/10(pH-pKa) + 1, whereInorm ) Iδ164.7/(Iδ164.7+ Iδ155.9). Normalized
intensities were used to remove uncertainty due to changes in sample
concentration during the pH titration, and because the imidate and keto
forms of uracil are in slow exchange in the ternary product complex which
excludes the possibility of following∆δ 13C as a function of pH.
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