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Uracil Bound to Uracil DNA Glycosylase:
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The first step of the DNA base-excision repair pathway is the
removal of the damaged base by cleavage ofNkhglycosidic
bond through the action of a DNA glycosylasé key mecha-

nistic question in these reactions is how the enzyme activates the
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Figure 1. The proposed mechanism ldfglycosidic bond hydrolysis by
UDG. Concerted electrophilic and general base catalysis by His187 and
Asp64, respectively, is indicatédAn oxycarbenium ion transition state
for the UDG reaction is shown on the basis of recent kinetic isotope
effect measurement8The interactions are based on the crystal structures

expulsion of the leaving base. Solution and enzymatic studies sf free and uracil-boun&scherichia collUDG, and human UDG bound
have shown that purine bases may be activated by protonation O the products abasic DNA and uratiNMR studies have established

alkylation at N1, N3, or NZ.However, activation of a pyrimidine
base by a similar mechanism involving protonation at O2 or O4
is energetically untenable due to the loWo~—3.4) of these
carbonyl oxygendThus, 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 (UDGY. This enzyme uses base-flippihgnd

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)Ve 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®1RecenttH NMR

that His187 is neutral during the catalytic cycleK{p< 5.5)8

NMR spectroscopy has proven to be an important method for
directly determining the g, values of ionizable groups in protein
side chain®¥ and in the bases of RN&.C NMR experiments
on UMP have shown that the three-bond HB2 coupling is
significant (8.3 HZ)* and that a large upfield change in th€
chemical shift of C2 occurs upon protonation of N8)(= 7.9
ppm)*2 These observations suggested that a'BB>-'*C 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 &id]-2-uracil in the
ternary UDG product complékxat pH values of 5.7, 6.3, and

experiments in our lab have revealed a highly deshielded 7.5. The spectrum at pH 7.5 (Figure 2A) shows an—1d2

resonanced = 15.6 ppm) in the ternary product complex at

correlation with a°C chemical shift of 164.7 ppm, which nearly

neutral pH that has been unambiguously assigned to this hydrogermatches thé3C shift for free [3C]-2-uracil at pH 10.2 when N1

bond? This type of catalysis, involving a neutral imidazole and

and N3 are largely deprotonated (C2) = 163.3 ppm, not

an enolate-like oxygen, is similar to that proposed for several shown). These comparabiéC shifts, which are far from that of
enzymes that catalyze proton abstraction from a carbon atom alphédtree uracil in the keto form at pH 7.5 & 156.1 ppm, not shown),

to a carbonyl groud,and becomes energetically more favorable
as the difference in ko, between the enolate and imidazole is
decreasefl.We show here, using a novel heteronuclear NMR
approach, that the bound uracil base is anionic and in the N1
02 imidate form at pH 7.5. These findings support our previously

indicate that uracil is in the N2O2 imidate form in the product
complex at pH 7.8% Using the HendersenHasselbalch equation
and the observation that the keto form is present 3% in this
spectrum, an upper limity, of 6.2 may be estimated for uracil
N1. Accordingly, as the pH is lowered to 6.3, a second peak

proposed mechanism that requires significant charge resonanceppears with nearly equal intensity and witf@ chemical shift

to uracil 026 and are inconsistent with recent proposals suggesting

that a cationic histidine is involved in cataly$isand that the
negative charge resonates predominantly to uracil’O4.
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Figure 2. TheH—13C LR-HSQC spectra showing the three-bond-H6 product complex. Thelp, = 6.4 + 0.1 was determined by a nonlinear
C2 correlations of BC]-2-labeled uracil in the ternary UDG product fit of the normalized intensitylform) of the imidate peakd(**C = 164.7
complex at 25°C at (A) pH 7.5, (B) pH 6.3, and (C) pH 5.7. A 2-fold ppm) to an ionization curve for a single proton using Grafit fiorm =
excess of UDG and abasic DNA was used such that the uracil was 10PH P</L10PH P + 1, wherelnom = ls164.7(ls164.7 15155.9. Normalized

completely boun@i(1.0 mM UDGS 1.1 mM ds abasic DNAS 0.5 mM intensities were used to remove uncertainty due to changes in sample
[13C]-2-labeled uracil (Isotec, Inc., Miamisburg, OH), 10 mM Ny, concentration during the pH titration, and because the imidate and keto
0.2 M NaCl, and 7% a)) The spectra were recorded on Bruker DRX500 forms of uracil are in slow eXChange inthe ternary prOdUCt COmpIeX which
and DRX600 NMR spectrometers using triple-axis gradiéht13C— excludes the possibility of followingvd 3C as a function of pH.

15N probes.H chemical shifts are referenced to external DSS, ‘&ad

and®N chemical shifts are indirectly referenced to DSS and liquikNH  suggests a late transition state for glycosidic bond cleavage in
respectively?® The LR-HSQC spectra were collected using a conventional which the N:-C1' bond is largely broken and the negative charge
HSQC* pulse sequence with the de/rephasing delay set to 10.8 ms to has migrated to uracil oPp.

eliminate signals fromtJcy couplings involving natural abundané& The K, of 6.4 for uracil N1 matches the apparett,pve have
at C5 and C6 of uracil. The spectra were recorded wif® and 1024 recently measured byH NMR for the disappearance of a
complex points irt; andt,, and acquisition times a£8.7 ms andz121 deshielded proton that participates in a hydrogen bond between

ms int, andt, respectively. ThéH and'C carrier positions were set | <187 anq uracil O2which indicates that a negative charge on
?S)v_vater and 15'5.3? ppm, reSp?CftiVely. Th.le mgrkedb(*glco".elatiofn N racil 02 isrequiredt(’) form this hydrogen bond. The lowkg
IS not seen In the spectra of free uracil and probably arises from . . . . . > .

natural abundanctC in a highly mobile histidine ring( °C — 1312 [oF the imidazolium-imidazole ionization of His187 {5.5F

ppm). This peak is present in all of the spectra but appears folded at suggests that thekq for the ImIQa;OIelmldagolate lanization

161.2 ppm in (B) because tH&C sweep width was 30 ppm for (B), may a_Iso be '9W€r thar_l free 'm'daZGRE_Wh'Ch would he'P

rather than the 60 ppm used for (A) and (C). minimize the difference in g, between His187-N and uracil
02 imidol and enhance the energetics of this interactfidiiaken

of 155.9 ppm (Figure 2B). The nearly equal intensities and similar t09€ther, these NMR results are inconsistent with two recent
line widths (28+ 3 Hz) of the two peaks observed at pH 6.3 proposals that the developing negative charge in the transition

indicates that (i) the N1 keto and imidate forms of uracil are in State resonates significantly to uracil ®&nd that His187 is
slow exchangé” (ii) that both forms are enzyme bound, and (iii) cationic in the transition staté We _the_refore propose a gener_al
that the titration is about 50% complete. Finally, at pH 5.7 the Mechanism for leaving-group activation by pyrimidine-specific
intensity of the upfield peak corresponding to the keto form 9lycosylases which involves a preorganized active site that is
predominates and that of the imidate peak diminishes to essentiallynighly evolved to “solvate” the developing negative charge on
the background noise level (Figure 2C). A fit of the relative the oxygen atoms in the transition state as nucleophilic attack at
intensity of the imidate peak against pH yieldedi, p= 6.4 + CY' proceeds. Thus, unfavorable solvent reorganization in the
0.1 for uracil N1 (Figure 3). transition-state may be a factor in the slqw rates of hydrolysis qf
The surprising observation that uracil is in the-NQ2 imidate pyrimidine nucleosides in agueous environments. Whether this

form in the UDG product complex at neutral pH requires that its Eygrogen Eong meets thle ;”.te”"?‘ prop_osedd for a low barrier

pK. is lowered by 3.4 units as compared to free uradi{p = ydrogen bontr is currently being investigated.

9.8)18 This low pK, 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 JA993254X

proposal that the hydrogen bond between His187 and uracil O2 — - —

H - i - (19) Werner, R. M.; Stivers, J. T. Unpublished results. Competitive kinetic

is worth about 20 kJ/mol in the transition-stafehe observation  jsotope effect studies on the UDG reaction indicate a lafgei KIE of 1.158

of similar stabilizing effects in the product- and transition-states =+ 0.004, and a small primary-#3C KIE of 1.005=+ 0.013, consistent with

a late oxycarbenium ion transition state in which the\CIl' bond is largely
(17) From the difference if°C chemical shift of the neutral and anionic  broken.

species under slow exchange conditions, an upper limit exchange rate of 2400 (20) Bruice, T. C.; Schmir, G. LJ. Am. Chem. S0d.958 80, 148-156.

s ! can be calculated for the N1 proton from the relationdbjp= ov/+/2 (21) NMR measurements indicate that the imidazole-imidazol&tgop

(Hore, P. JNuclear Magnetic Resonano®xford University Press Inc.: New His187 in the free enzyme and the product complex is higher tharf1@5.

York, 1995; p 47). This is about 1000-fold greater thankhgsalue for duplex possible mechanism by which UDG could bring th€, palues for the uracil

DNA, which is limited by the off-rate of the productsyhich suggests that 02 imidol and His187-K closer together is to increase the NQ2 keto—

kot may limit key. It is unlikely that the enzymeaelectiely binds the N1- imidol tautomerization constant of bound neutral urac{p according to

deprotonated tautomer of free uracil from solution because the NMR spectrum the thermodynamic relationshipKgd2 = pK.N1 — pK; (see Chiang, Y.;

in Figure 2B shows that both anionic and neutral forms are bound at pH 6.3. Kresge, A. JSciencel991,253 395-400). This possibility is being tested.
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