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ABSTRACT. The DNA repair enzyme uracil DNA glycosylase has been crystallized with a cationic 1-aza-
2'-deoxyribose-containing DNA that mimics the ultimate transition state of the reaction in which the
water nucleophile attacks the anomeric center of the oxacarbeniunurenil anion reaction intermediate.
Comparison with substrate and product structures, and the previous structure of the intermediate determined
by kinetic isotope effects, reveals an exquisite example of geometric strain, least atomic motion, and
electrophile migration in biological catalysis. This structure provides a rare opportunity to reconstruct the
detailed structural transformations that occur along an enzymatic reaction coordinate.

An essential hallmark of enzyme catalysis is the enzyme- transition state and planar oxacarbenium ion intermediate
facilitated routing of substrate and intermediates along a (Figure 1). Stabilization of the intermediate is brought about
defined reaction coordinate that ultimately leads to enzyme- by electrostatic interactions with the anionic uracil leaving
bound products. Such mechanisms are unique from nonen-group (L0, 11), an aspartate residue (Asp14%p,(11), and
zymatic catalysis and require the use of directed forces and/nearby phosphodiester groups of the DNA substrk2el(3).
or motions of the enzyme that selectively enforce an Then, in a second transition state, UDG promotes direct and
evolutionarily selected reaction pathway.(Mechanisms of irreversible attack of the nucleophilic water at the anomeric
enzymatic glycosyl transfer typically involve the generation carbon, resulting in inversion of configuration at the anomeric
of extremely unstable glycosyl cation transition states or center of the product (Figure 13)
intermediates that require tremendous stabilization by the ypg is a paradigm for elucidation of structural transfor-
active site environment of enzymeg)( these reactions  mations along the reaction coordinate for glycosy! transfer
provide a fascinating opportunity to study how enzymes pecause high-resolution crystal structures of substrate and
direct the reactivity of unstable intermediates between a product complexes have been determin@d4), and the
departing leaving group and an attacking nucleophile. geometry of the sugar ring in the intermediate has been

The illumination of these mechanisms is very often elusive determined by KIE studiesl$). However, an unresolved
but is best approached using a battery of complementaryissue is the structure of the second transition state in which
techniques that are designed to reveal discrete characteristicthe water nucleophile attacks the anomeric carbon. A key
of the reaction coordinate. Over the last 5 years the reactionissue in this final step is whether the nucleophile or the
mechanism of the powerful DNA repair enzyme uracil DNA electrophile migrates to bring these reacting groups together,
glycosylase (UDG) has been systematically dissected usingbecause in the substrate and intermediate complexes these
crystallographyd, 4), heteronuclear NMR spectroscopy( groups are not within covalent bonding distand®)( A
7), Raman spectroscopy)( and multiple kinetic isotope  unique and interesting structural requirement of the electro-
effect (KIE) measurement), Features of the catalytic  phile migration mechanism is that the rigid planarity of the
mechanism include the use of ground-state strain to preor-intermediate must first be broken in order to present the
ganize the deoxyuridine reactant in a distorté@® sugar electron-deficient anomeric center to the stationary water
pucker that facilitates electronic stabilization of a dissociative nucleophile (Figure 1).

To address this question, we have now determined the
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Ghél66895 (L.M.A). uracil and DNA containing a cationic 1-azadeoxyribose (1-
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Ficure 1: Reaction pathway of UDG. A stepwise mechanism has been established involving a discrete oxacarbenium ion intermediate that
is stabilized by electrostatic interactions with active site residues and the phosphodiester groups of the DNA. Two catalytic groups are
indicated in the figure: His268, which serves as a hydrogen bond donor to stabilize the developing negative charge on uracil O2 in the
dissociative transition state, and Asp145, which stabilizes the cationic sugar of the intermediate. The structure of 1-aza-dR, which is proposed

to mimic the sugar conformation in the second transition state involving water addition, is also shown.

adopts a conformation that mimics the final transition state
in which the electrophilic sugar migrates to meet the
attacking water nucleophile. This structure now allows a
complete reconstruction of the reaction coordinate for this
important DNA repair enzyme.

EXPERIMENTAL PROCEDURES

Cloning and Purification of Human UDGHuman UDG
was amplified by PCR from a human testis cDNA library
(17) using primers that targeted the catalytic domain
comprising residues 85304. The PCR product was isolated
by gel electrophoresis, digested with restriction enzyie
andHindlll, and inserted into the corresponding sites in the
expression vector pET21a (Novagen, Madison, WI). The
pET21a-hUDG construct was transformed into the BL21-
CodonPlus(DE3)-REscherichia colstrain (Stratagene, La

10% dioxane, and 100 mM HEPES, pH 64.(The final
concentrations of hUDG, DNA, and uracil in the drop were
8.8 mg/mL, 1 mM, and 0.5 mM, respectively. The DNA
sequence was 'HGTIATCTT-3:3-ACAATAGAAA-5',
where | is the 1-aza-dR residue.

Data were collected in-house on a Rigaku RU-H200
rotating anode X-ray generator with a Cu target and a Raxis
IV detector. The hUDG crystal was flash frozen by plunging
it in LN, suspended in a very thin film of mother liquor,
achieved by repetitive blotting of the loop. Data reduction
was performed with the programs Denzo and ScalepE@k (
The initial model was obtained by molecular replacement
using the coordinates of the native enzyme (PDB accession
code 1AKZ) as the search model. Calculations were carried
out with the program MOLREP from the CCP4 packa2@ (

A solution with a 21% correlation (next solution 6%) was
obtained using data from 36.0 to 3.0 A. The initial difference

Jolla, CA). The sequence was confirmed by automated g, jer map showed positive density that was interpreted as

sequencing of both DNA strands.
The purification was carried out as previously described

the bound 1-aza‘zleoxyribose-containing DNA, as the
bound uracil, and as changes in the protein associated with

(17), except that Bugbuster protein extraction reagent andthe binding to DNA. Rebuilding of the structure was
benzonase nuclease (Novagen, Madison, WI) were used forperformed in sigma A weighted maps using the modeling

cell lysis and nucleic acid degradation, respectively. About
12 mg of purified protein was obtained fro2 L of bacterial

program O 21). The final model of the crystal structure
including nucleotides, uracil, a single phosphate, and 275

cell culture. The enzyme concentration was calculated using water molecules was refined using data up to 1.9 A resolution

€?80= 33680 Mt cm™ (6 M GuHCI), and enzyme activity
was verified using a continuous kinetic assag)(

Crystallization, Data Collection, Processing, and Refine-
ment of the Ternary Complegrystallization was performed
by hanging-drop vapor diffusion after addition of equal
volumes of a preformed UDGuracil-1-aza-dR DNA
complex to a reservoir solution containing 1.5 mM dithio-
threitol (DTT), 18% poly(ethylene glycol) 4000 (PEG 4000),

with the program CNS 1.12Q). Figures were drawn using
PyMOL (29).

Molecular Mechanics Calculationg.he equilibrium ge-
ometry of the 1-aza-dR was calculated using the program
Spartan Pro (Wavefunction, Irvine, CA) using the MMFF
molecular mechanics force field. The gas-phase calculations
were performed by extracting the 1-aza-dR residue and the
3'- and B3-hydroxyl groups from the crystal model and
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FiGure 2: Electron density map & — F. contoured at &) and structural model of the complex of human UDG with 1-aza-dR and uracil.

Table 1: Crystallographic Data Collection and Refinement Statistics A. Crystal structure
Crystallographic Data
space group P2:2:2;
cell dimensions (A a=48.7,b=65.85,c=99.5
resolution range (A) 36:51.9 %8
Reym? 0.06 (0.25) 102 99
completeness (%) 94.9 (69.1) 102
multiplicity 4.7 (2.1)
lo(l) 16.2 (2.2Y 97
no. of reflections 24682
Model Refinement
B 2

nob?gtzti?]ms [averag (A7) 1808 (17.9) B Full geometry optimization

solvent 275 (28.5)

ligands 388 (35.5) 101

total 2471 (21.8)
F data cutoff (in F units) 0 107
Rvalue 0.195 105
Rree (test set of 9.29%) 0.235 103 106
bond length rms (A) 0.0066
bond angles (deg) 13

2Rsym = YnYjllny — hVYnY;llnl, where h represents a unique
reflection and means symmetry-equivalent indicéss the observed C

intensity, andIlis the mean value df. © Last shell. Constrained geometry optimization

103
allowing the atoms to relax to the energy-optimized geometry
without any restraints. To investigate the role of phosphodi- 107 103 105
ester backbone immobilization in determining the sugar 105
pucker, a second geometry optimization was performed in
which the C5, C4, C3, and O3 atoms were frozen and the
other atoms were allowed to reach their equilibrium positions . . ) )
during the calculations. Similar sugar conformations were F'GURE 3: Highly distorted bond angles in the 1-aza-dR ring as

. - . . compared to the MMFF geometry-optimized conformation with the
obtained using Hartree~ock and density functional methods endocyclic carbon bond angles indicated (see Experimental Pro-

(not shown). cedures). (A) Conformation of 1-aza-dR in the UDG active site.
(B) Unrestrained geometry-optimized conformation of the 1-aza-
RESULTS AND DISCUSSION dR sugar. (C) Constrained geometry optimization in which thie C5

C4, C3, and O3atoms were frozen to mimic the rigidly positioned
Structure of the Ternary Complex of hUDG, Uracil, and DNA backbone enforced by the enzyme (see text).

1-Aza-dR.The crystals of hUDG and a DNA duplex
containing a 1-aza-dR residue were obtained in the presencéhe cationic secondary amine of 1-aza-dR=(2.9 A) (11).
of 0.5 mM uracil using similar crystallization conditions as  This bent conformation differs grossly from the essentially
previously reported for the complex of UDG with the Pplanar conformation of the sugar ring that is observed in the
C-glycoside substrate analogue, pseudodeoxyuridindhe ~ substrate analogue comple4) ((see also Figure 4 below)
crystal of the ternary complex diffracted to 1.9 A resolution and which was also calculated for the oxacarbenium ion
using an in-house rotating anode X-ray source, yielding an intermediate using the stereospecffideuterium KIEs {4).
excellent electron density of the active site region (Figure 2 Thus the tight-binding 1-aza-dR inhibitor does not mimic
and Table 1). The global structure of the complex was the geometric features of the planar oxacarbenium ion
essentially indistinguishable from the substrate and productintermediate but, instead, may be capturing structural and
complexes § 4). However, a remarkable and perhaps €lectronic aspects of the subsequent transition state in which
unprecedented aspect of the current structure is the extremdhe glycosyl cation is presented to the attacking water.
distortion of the 1_azadeoxyribose sugar, which is found to Additional evidence for this conclusion is presented below.
be bent downward toward Aspl145, likely due to a strong  Electrostatically Induced Geometric Strain in 1-Aza-dR.
electrostatic attraction between the anionic carboxylate andThe bond angles in the azafuranose ring are extremely
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Ficure 4: Structural alignment of the substrate, transition-state mimic, and product complexes of UDG. For the 1-aza-dR complex, key
distances (in angstroms) between’ Mhd the water nucleophile, uracil leaving group, and Asp145 are indicated.

distorted from their expected equilibrium geometries as character at Clto bring the electrophile and nucleophile
determined using molecular mechanics calculations (Figureinto bonding distancer (= 2.8 A; Figure 1). Given the high
3A,B), indicating extensive forces in the active site that give energy of localized carbonium ions as opposed to resonance-
rise to this conformation. Most of the tetrahedral carbon stabilized oxacarbenium ion23, 24), we propose that the
atoms of the sugar ring show bond angles that are reducedobserved structure mimics the ultimate transition state in
from the predicted equilibrium geometries by as much as which the attacking water is forming a nascent bond with
10°, with the smallest angle observed faC2 —N1'—C4 Crl.
= 97° (Figure 3A). The only enzyme groups that are poised  The above mechanism requires that the nucleophilic water
to produce these distortions are Asp145 and the serine sidebe held in a fixed position by active site interactions until
chains and backbone atoms that rigidly hold theaBid 3- the moment the electrophile presents itself. Indeed, the water
phosphodiesters of the nucleotidi8). We were interested  is splayed between two hydrogen bond acceptors: the side
in whether immobilization of the DNA backbone or elec- chain carboxylate oxygen of Asp145 and therMg nitrogen
trostatic interactions with Asp145 played a primary role in of His148, which is almost certainly in a neutral charge state
distorting the sugar, and we therefore performed a geometryto perform this role. These hydrogen bonds are fairly long
optimization in which the C5C4, C3, and O3atoms were (3.1 A), which may facilitate escape of the water upon
frozen to mimic the enzymatic forces that rigidly hold these approach of the electrophile. As with the water nucleophile,
atoms (Figure 3C). In this constrained analysis, the endocy-these orienting groups are static throughout the reaction
clic angles of the carbon atoms were not found to be course, suggesting that a coupled network of interactions is
perturbed greatly from the unconstrained geometry optimiza- involved in restricting the mobility of the reactive water.
tion (Figure 3B), indicating that the unusual bond angles Careful positioning of the water is critical when such a highly
observed in the crystal model in Figure 3A likely arise from reactive electrophile is generated in the active site; otherwise,
the electrostatic field provided by Asp145. Nevertheless, the adventitious nucleophiles may have an opportunity to attack,
rigid positioning of the phosphodiester backbone is certainly which could irreversibly inactivate the enzyme. In addition,
an important prerequisite that allows the highly localized electrostatic guidance of glycosyl cation migration is advan-
flaplike motion of the anomeric center induced by Asp145. tageous because it provides a mechanism to drive the reactive
Positioning and Electrostatic Guidancéuxtaposition of center away from the anionic uracil leaving group and toward
the substrate, 1-aza-dR, and product complexes indicates thathe much weaker water nucleophile. We view this as a “bait-
the T position of the sugar migrates almost 1.5 A to present and-switch” mechanism in which the electrostatic field
itself to the attacking water and that nearly all of the substrate provided by the negatively charged aspartate lures the
atoms are immobilized during the reaction course (Figure electrophile downward only to be captured by the bystander
4). A key observation from these structures is that the water water.
nucleophile is unmoved between the substrate analogue and Mapping the Reaction Coordinat€his new structure now
1l-aza-dR transition-state complexes (Figure 4). Since theallows a complete reconstruction of the structural transfor-
previously characterized oxacarbenium ion intermediate hasmations that occur in the UDG active site in the process of
the same planar sugar ring conformation as the subsirdite (  converting the substrate to products (Figure 5). The remark-
and given the nearly complete immobilization of the substrate able picture that emerges from these structures is that UDG
and nucleophile across the entire reaction course (Figure 4),manipulates the sugar conformation at each step along the
we infer that the water nucleophile must also be immobilized reaction coordinate to facilitate catalysis. In the first step,
during the lifetime of the oxacarbenium ion intermediate. binding energy is used to enforce a planar sugar conformation
These structural observations are consistent with reactionin the substrate that facilitates hyperconjugative stabilization
coordinate movement of the electrophile but not the nucleo- of the dissociative transition state and oxacarbenium ion
phile. Accordingly, the rigidly planar oxacarbenium ion must intermediate 14). In addition, binding energy is apparently
be transformed into a bent conformation with carbonium ion used to reorient the uracil base into an unusual bent
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Ficure 5: Structures along the reaction coordinate of UDG: the substrate complex with pseudodeoxyuridine (PDB code 1EMH), the

model for the oxacarbenium ion intermediate derived from KIE measurements and the 1-aza-dR strditiire éddition transition state

determined from the complex of 1-aza-dR and uracil (PDB code 1Q3F), and the product complex of abasic DNA and uracil (PDB code

1SSP).

conformation that facilitates stereoelectronic control of
electron flow from O4to the uracil leaving group4( 25).
In the second transition state, electrostatic forces are used g
to pull the reactive electrophile 1.5 A downward toward the

poised water nucleophile. Taken together, this series of 6.

structures uncovers a another remarkable example of least
nuclear motion and electrophile migration in glycosyl transfer
(15, 26) and extends the generality of this mechanism from

retaining -glycosidases?7) and purine nucleoside phos- 8.

phorylase 26) to DNA repair glycosidases.
CONCLUSIONS

These results provide an example of how structural
mimicry of a transition state can provide detailed mechanistic
information about a reaction coordinate that is not readily
obtained by other means. The electrophile migration mech-
anism of UDG, which only involves the reactive center itself,
is an exquisite example of least atomic motion in enzymatic
catalysis. Such a least motion mechanism for electrophile
migration may be advantageous because the UDG active site

[y

is engineered to rigidly enforce sugar and phosphate con- 16.

formations in the substrate complex that support formation
of the planar oxacarbenium ion intermediate. Thus, move-
ment of any sugar atoms other than’'Gd the second
transition state would require disruption of these already
established interactions and could contribute substantially to
the reaction barrier in the final addition step. In general,
cationic 1-azadeoxyribose inhibitors may best serve as
mimics of addition transition states in which a nucleophile
adds to a fully formed glycosyl cation intermediate. In
contrast, the related 4-azadeoxyribo28)(may mimic the
electronic properties of the sugar at an earlier point on the
reaction pathway in which the positive charge is more
localized on O4
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