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ABSTRACT: The structure of uracil DNA glycosylase (UDG) in complex with a nonamer duplex DNA
containing a uracil has been determined only in the product state. The reactant state was constructed by
reattaching uracil to the deoxyribose, and both complexes were studied by molecular dynamics simulations.
Significant changes in the positions of secondary structural elements in the enzyme are induced by the
hydrolysis of the glycosidic bond. The simulations show that the specificity of the uracil pocket in the
enzyme is largely retained in both complexes with the exception of Asn-204, which has been identified
as a residue that contributes to discrimination between uracil and cytosine. The hydrogen bond between
the amide group of Asn-204 and, Of uracil is disrupted by fluctuations of the side chain in the reactant
state and is replaced by a hydrogen bond to water molecules trapped in the interior of the protein behind
the uracil binding pocket. The role of two residues implicated by mutation experiments to be important
in catalysis, His-268 and Asp-145, is clarified by the simulations. In the reactant state, His-268 is found
3.454+ 0.34 A from the uracil, allowing a water molecule to form a bridge to The environment in the
enzyme raises thekp value of His-268 to 7.1, establishing a protonated residue for assisting in the
hydrolysis of the glycosidic bond. In agreement with the crystallographic structure, the DNA backbone
retracts after the hydrolysis to allow His-268 to approach thefQuracil with a concomitant release of

the bridging water molecule and a reduction in th& o 5.5, which releases the proton to the product.

The side chain of Asp-145 is fully solvated in the reactant state and H-bonded through a water molecule
to the 3-phosphate of uridine. Both the proximity of Asp-145 to the negatively charged phosphate and its
pKa of 4.4 indicate that it cannot act as a general base catalyst. We propose a mechanism in which the
bridging water between Asp-145 and thepBosphate accepts a proton from another water to stabilize
the bridge through a hydronium ion as well as to produce the hydroxide anion required for the hydrolytic
step. The mechanism is consistent with known experimental data.

One of the most frequent occurrences of DNA damage is (10), and finally, the backbone is reinstated by a DNA ligase
the spontaneous deamination of cytosine, which is produced(11). Recent crystallographic work provided important
at a rate of a few hundred uracil bases in a cell per dxy (  information about the nature of these enzymes as well as
The resulting UG mismatch base pairing, if not repaired, about the specific interactions with damaged DNA in various
may lead to mutation®?]. To protect the integrity of DNA, stages of repairlQ).

the ubiquitous and highly conserved DNA repair enzyme  The important biological activity of UDG derives from a
uracil DNA glycosylase (UDG)(3—7) initiates the first step yery high specificity for uracil in DNA and from a very large
of base excision repair by catalyzing the hydrolysis of the gnnancement of the rate of glycosidic bond hydrolysis. The
N—Clr'gly'cosidic bond of uracil. The resulting apyrimidinic crystal structures of humars) and herpes simplex virus
(AP) site is the target of AP-endonuclea8k @nd the nicked  |ypG (13) have been determined, and their three-dimensional
backbone is processed by deoxyribophosphodiesterase Qyctyres are very similar. The crystal structure of a double-
remove the deoxyribose and thiedhosphate grou). The  ytant UDG in a complex with a uracil-containing DNA
damaged DNA strand is then repaired by DNA polymerase oo also been determined recently)( and it provides
which inserts the correct base opposite the orphan nucleotidqmportam insights into the nature of the specificity of the
uracil binding pocket. One of the interesting features revealed
" This work was supported in part by U.S. Public Health Service by the structure shared with other DNA repair enzymes is a
Grant CA 63317 (R.O.) and NSF Grant DBI-9732684 (E.M.). flipped nucleotide. The structure shows that the uracil is
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details of the previous structure. In addition to the DNA with In this study, we focus on the properties of the active site
a U-G mismatch, the structure with a2 base pair has been of UDG, which contribute to substrate specificity and
determined, both exhibiting a flipped-out structure with a catalysis. We have reconstructed the enzysgstrate
hydrolyzed glycosidic bond of uracil. The mutant enzyme complex, the reactant state, and describe results of molecular
Leu272Ala exhibits an interesting structure in a complex with dynamics (MD) simulations of the UDEDNA complex in
a flipped-out abasic site and a rearranged sugar in aboth the reactant and the product states. The global structure
B-conformation. and the properties of the enzymsubstrate complex are
Several groups in the binding pocket that accommodatessignificantly different from those of the enzymeroduct
the flipped-out uracil form a network of hydrogen bonds with form. The analysis of specific interactions between UDG and
uracil. Specifically, the crystal structures show that Asn-204 DNA leads to a better understanding of the basis for DNA
forms two hydrogen bonds to the,@nd NsH of uracil, selectivity. The properties of two essential catalytic residues,
presumably defining the preference for uracil over cytosine. Asp-145 and His-268, and especially the presence of several
However, although the mutation Asn204Asp lowers the waters in the vicinity of the active site sugget a new
selectivity of the enzyme (as determined frégy/Ky) for a mechanism for the catalytic action of UDG.
uracil-containing DNA by a factor of 50 000, the mutant
enzyme selectivity for cleaving a cytosine is lower by a factor MATERIALS AND METHODS
of 147 than for hydrolyzing a uracil in DNALE). Further- o o
more, the mutation affectg. more tharKy, suggesting that Two structures have been prepared for this investigation:
the role of Asn-204 is not only in recognition but also in the enzymesubstrate complex, r-complex, and the enzyme
catalysis. The side chain of Tyr-147 is in van der Waals Product complex, p-complex. The initial structure of the
contact with the €of uracil, presenting a steric exclusion P-complex of UDG-DNA was constructed from the crystal-
for the 5_methy| group of thym|ne Mutation Tyr147phe |Ogl’aphic Cpordinates klndly prOVidEd by J. Tainer. FirSt, the
changes very little the characteristics of the enzyme; however, mutations in the crystal structure were reverted to the wild-
mutation Tyrl47Ala reduces the selectivity of the enzyme type residues: Asn-145- Asp and Arg-272— Leu. The
by a factor of 87 500, and as described before, the selectivitytwo residues, Asp-145 and Leu-272, were relaxed by local
of the mutant enzyme toward a thymine-containing DNA is minimization to relieve C|Ose contacts Wh”e keeping the rest
worse than for uracil by a factor of 29. Thus, while UDG ©f the complex fixed. In the crystal structure of the
does not remove thymine or cytosine from DNA, the residues P-complex, the DNA contains overhang bases at both ends

in the binding pocket not only establish a binding preference in its sequence. To improve the stability of the MD
but also p|ay a role in Ca‘[a|ysis_ UDG does not remove a simulation, the two unpaired bases on both ends of the DNA

3'-terminal uracil because the minimal UDG substrate is Were removed to yield a duplex with the sequence d(GGGUG-

pd(UN)p (17). In fact, the 3-phosphate to deoxyuridine is GCTT). In this structure, the uracil base is already cleaved
essential for binding and catalysigj. and the sugar is in the'-t-hydroxy form. The initial

On the basis of the crystal structures, several enzymaticStructure of the r-complex of UDEDNA was constructed
mechanisms have been proposed in spite the fact that thdrom the structure of the p-complex produced by a long
enzyme-DNA complex is actually that of the products of ~Simulation (see below). The glycosidic bond was reconnected
the glycosylase reaction. In the complex, the uracil is With the required removal of the hydrogen on &f uracil
positioned approximately 3.5 A away from the-d- and the Xhydroxy group of the deoxyribose. The bond
hydroxydeoxyribose, confirming that the glycosidic bond has distance was gradually reduced from 3.5 A found in the
been hydrolyzed. Two critical structural elements have been P-complex to 1.5 A with constrained MD simulation of 50
proposed to play a catalytic role in the glycosylase action. Ps at 300 K in five steps, before the equilibration stage
One is the general base catalysis activating a water moleculedescribed below.
by Asp-145 to produce the desired nucleophile. In the  To ensure proper protonation states of the ionizable groups,
complex, this residue is hydrogen bonded to a water moleculewe have computed the<g values for all the titratable groups
and is in the vicinity of the glycosidic bond. The other in free and complexed UDG. These were calculated by
element is the general acid and/or electrostatic effect of His- expressing the deprotonation equilibrium in a protein with
268, which stabilizes the negative charge that develops onthe help of the following thermodynamic cycl20—22)
the uracil in the course of hydrolysis and thus must be
protonated. These specific catalytic roles of Asp-145 and His- A
268 are supported by mutational experiments, but no direct 2.303 RT pky (s)
evidence exists_ about the specific role of these groups. Of AH(s) A (s) + H+(S)
more concern is the extrapolation from the structures of
enzyme-product complexes about the nature of the transition
state. Since enzymes lower the barrier for the catalytic step, /l l /] I
the transition state resembles the enzyisigbstrate complex ALl p( AH) Al ’ (&)
more than the enzymeproduct stateX9). Consequently, the ’ ’
suggestions regarding the role of various residues in the IL |L
enzymatic catalysis on the basis of the crystal structures is
speculative since it represents an attempt to reconstruct the _
catalytic reaction in the opposite direction and assumes that AH(p) —/———— A (p) + H (s)
the enzyme substrate complex will have properties similar A
to those of the enzymeproduct form. 2.303 RT pKa ®
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whereAyu is the change in chemical potential on transferring 2.8%/ns. These drifts are small and should not affect the
titratable group AH (or A) from water into the protein. From  simulation structures in a significant way.

the scheme, thelfy, of group A in the protein, K:A(p), can

be expressed in terms of th&pin the model solvent (i.e., RESULTS AND DISCUSSION
water), KZ(s), and the additional changes in free energy  Structures of the ComplexeBhe simulations conducted
that arise when the titratable group is transferred from water on the r- and p-complexes serve two roles. One is to assess
into the protein. Here only the electrostatic contributions are the effect of crystal packing forces on the structure of the

considered, anda(p) is calculated from the relation complex, and the other is to investigate the changes in the
_ structure and properties of the constructed substeteyme
pK,A(p) = pKA(S) + (W™ + Aw,")/2.30RT complex (r-complex) compared to those of the proeuct

enzyme complex (p-complex). Since the simulation of the
wherew," is the interaction free energy of the charged group p-complex was initiated from the X-ray structure, the
in the field of all the other groups in the protein af@," evolution of the structure during the simulation represents
is the change in self-energy on transferring the group from in part the replacement of mutated residues with those in
water to the protein. The two free energy terms were the wild-type enzyme: Asn-145 Asp and Arg-272— Leu.
calculated using a new self-consistent electrostatic free It also represents the replacement of crystal packing forces
energy approach based on screened Coulomb poter@Bs ( with an aqueous environment as well as the approximations
In this approach, the distribution of the ionization charge introduced by the force field used in the simulation. The
over the atoms of the titratable groups is determined r-complex, however, was constructed from the equilibrated
variationally to optimize the total electrostatic free energy, p-complex, and therefore, the changes in its structure during
and it includes an accounting of the local environment around the simulation should reflect the effect of reconnecting the
each protonatable moiety (for details, see2®f The method glycosidic bond between the sugar and the uracil. Regardless

has been applied to a database of more than kKQ@@lues, of the starting point in the two simulations, they reach an
and the rms difference between the calculated and measure@pparent stable structure after a brief equilibration run as
values is around 0.5 pH uni4). indicated by the protein backbone rms deviation from the

The values of the modellfa in water were as follows: initial structures which stabilizes at approximately 1 A.
N-terminus, 7.5; C-terminus, 3.8; His, 6.3; Glu, 4.4; Asp, Subsequently, a slow change in the rms deviation brings the
4.0; Tyr, 10.0; Lys, 10.4; and Arg, 12.0. The partial charges value to approximately 1.5 A at about 500 ps. Thereafter,
and group structures of the amino acid residues are thosethe rms deviation of the entire system (DNA and protein)
defined in the PAR19 topology file of CHARMM2E), while remains essentially flat. This behavior suggests that the
the partial charges of the neutral forms of the titratable groups trajectories for both forms of the enzyme reach a relatively
were taken from the PAR226, 27) topology files. The stable situation with small changes occurring over time.
solvent accessible surface areas required for the calculation A comparison of the averaged structure of the p-complex
of the transfer term were evaluated with CHARMM using a to the X-ray structure was limited to the protein because of
probe radius of 1.0 A. lonic strength was accounted for using the uncertainties in the DNA coordinates in the X-ray
a Debye screening tern2§). Several histidines (His-115, structure. The comparison shows that the overall rms
His-148, and His-189) have been determined to be chargeddeviation for backbone atoms is 1.27 A and for all heavy
and not to depend on the nature of the complex. His-268 atoms 1.99 A. To examine the origin of the structural
was the only residue whose protonation state changed fromchanges, the rms deviations from the X-ray structure for each
the r- to the p-complex. The decision about teor residue in the p-complex are shown in Figure 1A (top).
tautomer of the neutral histidine side chain was made on Clearly, only a limited number of residues deviate by more
the basis of the polarity of the microenvironment of the N than 2 A, and deviations that exceed 1 A are mostly localized
and N atoms. to specific regions of the protein. The amino (N) and the

The complexes were solvated by a periodic hexagon of carboxy (C) termini, which have no specific secondary
water with a height of 62 A and an edge of 40.4 A, with structures to maintain local stability in the protein, exhibit
eight sodium counterions to neutralize the entire system. Thelarge deviations. Helicas;, ando, that follow the N-terminus
solvated r- and p-complexes were heated to 300 K and thenand helixag that precedes the C-terminus also exhibit large
equilibrated for 200 ps. After equilibration, a MD production deviations, possibly for the same reason as the N- and
run of 1 ns at a constant volume and energy (NVE) was C-termini. Most other secondary structural elements that are
performed on the p-complex and 1.2 ns for the r-complex. packed against each other maintain a small rms deviation
The trajectory of the r-complex is 200 ps longer than that of with the exception ofis and a; that exhibit deviations in
the p-complex to ensure that the small perturbation intro- excess of 2 A. An examination of the placement of these
duced by connecting the glycosidic bond at U was fully helices in the protein shows thet is surrounded on one
equilibrated. The standard deviation in temperature fluctua- side bya; ando, and on the other by;. Furthermore, Asp-
tion during the production period is about +.86.7 K. All 227 in o forms a salt bridge with Lys-252 im;. The
simulations were carried out with CHARMM24. The step movement of; anday, possibly induced by the release of
size was 2 fs, and the trajectory was recorded every 0.1 ps.crystallographic packing forces, produces a shift in the
The nonbonded interaction cutoff was 11.0 A. The non- position of as, which drags with ita; through the Asp-
bonded interaction list and the solvent image of the water 227---Lys-252 ionic interaction. The other regions with large
hexagon were updated every 20 fs. Even though thechanges are the loops that connect the secondary structural
simulations were carried out under constant energy condi- elements, i.e., the loops betwegnand ., (residues 144
tions, the total energy shows a slow upward drift of-2.2  167), betweerou and os (residues 181192), betweerp,



9212 Biochemistry, Vol. 38, No. 29, 1999 Luo et al.

T T e e e ey 3 fluctuations around the average structure of DNA residues,
<~ A I * excluding the two base pairs at both ends of the helix, are
o ik ' | 2 belov 1 A in both the r- and p-complexes. They are
2t T | consistently smaller than the rms differences of these residues
= i j 1 between the r- and p-compelxes. For the DNA strand in

contact with the protein, the rms differences are in the range
of 1.0-1.5 A, while for the opposite strand, they are around
2 A. This suggests that the changes in DNA structure from
the r- to the p-complex are due to the change in the glycosidic
2 bond rather then due to DNA fluctuations. The backbone of
the DNA interacts with the protein at two serines: Ser-169
-3 at the top of helixw, and Ser-247 at the top of heliag. The
interaction is illustrated on an excerpt of the structures of
the r- and p-complexes of UDG with DNA shown in Figure
2. Ser-169 interacts with the phosphate of the flipped-out
uracil, which upon the breaking of the glycosidic bond moves
somewhat and shifts the position of thg helix by a small
amount. At the other attachment point, Ser-247 interacts with
the phosphate of Cyt-7, where the change in the position of
the phosphate due to the cleavage of the glycosidic bond is
quite large. The transmission of the change todhédelix

can be seen in Figure 2 as represented by the movement of
Lys-252, which through an ionic interaction with Asp-227
in helix as induces a rotational motion in the; helix. This
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can be seen in Figure 2 as well as in the helical periodicity
80 100120 140 160 180 200 220 240 260 280 300 of the rms deviation shown in the top graph of Figure 1B.
Ficure 1: Residue fluctuations around average of the UEEINA The hydrolysis of the glycosidic bond induced changes in

complex (bottom part of each graph) derived from the simulation DNA expressed in the overall bending as well as in the local
of the p-complex (A) and the r-complex (B) compared to the rms properties around the uracil. The DNA in the complex with
difference (top part of each graph) between the average structureUDG is considerably bent as can be seen in Figure 2 as well

of the p-complex and the X-ray crystallographic structure (A) and : L2
between the average structures of the r-complex and the p-complex@S from the parameters that describe the inclination (INC,

(B). i.e., the angle of the long axis of the base pair) and tip (TIP,
andas (residues 205221), and betweefi, andas (residues i.e., the angle c_)f the short axis) of the be_lse pair and_of the
267—282). The large deviations in the loops are associated 0@l helical axis (AIN and ATP, respectively) (see Figure
with considerable flexibility of the backbone, as demonstrated 3)- In standard DNAs, the average INC of the base pair is
in the plot of the fluctuations around the average structure —2-% for B-DNA and 19.% for A-DNA, whereas the TIP

of the p-complex shown in Figure 1A (bottom). Thus, it Parameter for both types of DNA is’0The DNA in the
appears that the structures of thgand oz helices and of ~ cOmplex with UDG has an average INC €86.5' in both

the loops in the crystal are determined by packing forces, the - and the p-complex, indicating that the bases are
which disappear in the aqueous environment in the simula- strongly t||ted._ Moreover, in the r-complex, the connection
tions leading to the observed structural changes, while thePetween uracil and the DNA backbone produces a larger

effects of the double reverse mutation Asn-t45sp and  inclination in the U4G15 base pair of-44.5" compared to
Arg-272— Leu from the crystal structure to our p-complex —34.6’ in the p-complex, as can be seen in Figure 3. The
are mainly local. average TIP parameter shows considerably larger tilting in

A similar comparison of the protein structures of the r- the r-complex, 33.2 than in the p-complex, 20°8Further-
and p-complexes shows that the overall rms deviation more, in the r-complex, the TIP parameter of the-G#5
between the two averaged structures for the backbone atom$tep is very large, 4877but it changes by as much as 56.9
is only 1.05 A and for all heavy atoms 1.42 A. Although t0—8.2"in the p-complex (see Figure 3), suggesting a release
the structures are very similar, there are distinct local Of the strained backbone in the r-complex by the hydrolysis
changes, shown in Figure 1B, that suggest a strong correla-0f the glycosidic bond. Similar conclusions can be drawn
tion between flexible loops (Figure 1B, bottom) and large from the axis parameters AIN and ATP shown in Figure 3.
rms deviations between the two structures (Figure 1B, top). In unperturbed DNA, the average structure is generally
However, helicests and a; and the loop that connects straight, leading to axis parameters with a value ®f O
with og show considerable change in spite of the fact that However, both average parameters in the complexes are
their flexibility is quite low. Here the comparison of the around 10 in AIN and 19 in ATP. Most importantly, the
structures has to take into account the fact that the DNA AIN parameters in the U415 step change from 3.1 the
structure has changed significantly due to the reconstructionr-complex to —15.C° in the p-complex and the ATP
of the glycosidic bond between the sugar and the uracil in parameter changes from 13.5 to 7(4ee Figure 3). These
the r-complex. The effect of reconnecting uracil to the DNA changes demonstrate that the level of bending of DNA in
backbone produces several changes in the DNA (see below)the p-complex has been reduced by the hydrolysis of the
which are subsequently transmitted to the protein. The rmsglycosidic bond.
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Ser-247

Ficure 2: Conformational changes in the UDG and DNA backbone upon cleavage of; th€;Nylycosylic bond. The r-complex (blue)

and p-complex (yellow) structures are fitted by the backbone heavy atoms of UDG. The DNA backbone changes induce the shift of the
position of helixoy relative toa, through two contacting points, Ser-247 and Ser-169, with DNA; the movememnt tifen turnsos,

through an ionic bridge between Lys-252 and Asp-227.

The backbone torsional angles also report the changes insubstrate state imposes a certain rigidity of the backbone,
DNA upon the hydrolysis of the glycosidic bond, and they which is relaxed upon its hydrolysis. This change is
demonstrate that the changes are localized to the neighborillustrated in Figure 2, and shows the retraction of the
hood of the flipped uracil. These changes are summarizedbackbone around U-4 upon hydrolysis of the glycosidic bond,
in Table 1. In the r-complex, all angles, exceéptdeviate generating essentially a more bent structure of the DNA. The
from standard backbone angles as represented by either Aconsequences of these changes are also transmitted to the
or B-DNA. These deviations represent base flipping and protein as discussed above. Furthermore, the global changes
backbone distortion induced by the interaction with the in DNA and protein structure have also a major impact on
protein. The contribution of base flipping and distortion can the local environment in the active site (see below).
be estimated by comparing the DNA torsional angles in the  Structure of the Binding Pockethe binding pocket is
r-complex to those in the p-complex. The p-complex, in specific for uracil as has been determined by the X-ray
which the uraci-sugar bond has been hydrolyzed, can be crystallographic structure and by mutational experiments. As
representative of base flipping alone. This is characterized determined from X-ray structurd 4, 15), the specificity of
by large changes in only two anglesjs rotated by—148 the pocket comes from its organization around a relatively
and € by —101° compared to those in B-DNA. In the rigid loop spanned by the backbone from GIn-144 to Tyr-
r-complex, the torsional angles change further because of147 and from two hydrophobic residues, Phe-158 and Tyr-
the additional strain induced by the protein. Thuss rotated 147, whose side chains complete the steric boundaries of
by 147, y by 103, € by —146°, and{ by 85. It appears the binding pocket. In this respect, the binding pocket in the
therefore that the UDG induces a significant bending in the r-complex is very similar to that observed in the crystal
DNA, which possibly helps in flipping the uracil into an  structure of the UDGDNA p-complex. In both structures,
extrahelical position. However, the glycosidic bond in the the uracil base is stacked on the phenyl ring of Phe-158 on
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FIGURE 3: Base pair parameters in the r-complex and in the p-complex: (A) inclination (INC), (B) tip (TIP), (C) axis angle in inclination

(AIN), and (D) axis angle in tip (ATP).

Table 1: Torsionial Angles of the DNA Backbone Near Uracil
o (deg) p(deg) y(deg) o (deg) e(deg) & (deg)

r-complex 173 165 293 159 301 229
p-complex 283 157 184 143 256 298
A-DNA 285 208 45 83 178 285
B-DNA 314 214 36 156 135 314

144 and Val-206 while Qof uracil engages 100% of the
time in an H-bond with HO-334 in the cavity behind the
binding pocket of uracil. This water is tightly held by three
other H-bonds to the NH of Tyr-147, the OH o%®-317,
and the O of HO-341.

The crystal structure of the UDENA p-complex shows
that the cavity that binds uracil is extended into the interior

one side and constrained on the other side by the backboneof the protein past a narrow passage defined by the backbone
arch. Tyr-147 is nearly perpendicular to the base on the sideof Cys-157 and Phe-158. Three water molecules have been

of the G—C;s bond, precluding access to thymine by blocking
bulky substitutions on these atoms.
In addition to the steric selectivity, the crystal structures

identified in this cavity in the human UD&DNA complex
(14). The crystal structure of the viral UDG with a uracil
base in the binding pocket shows five structural water

show that several hydrogen bonds contribute to specificity molecules in the same cavity)( We have examined the

through polar interactions. The,©f uracil forms a H-bond
with the backbone NH of Phe-158 and the With that of

behavior of the waters in the internal pocket based on MD
simulations of both the r- and the p-complex. The simulation

GIn-144. These H-bonds are maintained in both simulations of the p-complex started from the UD®NA crystal

of the r- and p-complex. On the basis of the crystal structure,

the selectivity toward uracil and the exclusion of cytosine

structure with the three structural waters in the cavity
surrounded with water molecules in the periodic box. After

has been attributed to a double H-bond between the side400 ps, the number of water molecules in the region behind

chain of Asn-204 on one hand and thedmd NsH of uracil

on the other hand. In agreement with the crystal structure,

the uracil increased from three to five and remained stable
throughout the rest of the simulation of the p-complex. Since

the double hydrogen bond is maintained throughout the the r-complex simulation started from the equilibrated

simulation in the p-complex. However, in the r-complex the
Os(Asn-204)--HN3(U) H-bond is intact for 100% of the
simulation, whereas the s;N(Asn-204)--O4(U) H-bond is
only maintained for 20% of the time. Examination of the
trajectory of the r-complex shows that after an initial period
of 200 ps, during which the double H-bond was maintained,

structure of the p-complex, these five water molecules
remained in the cavity also for the r-complex throughout the
simulation. The simulations do not provide additional
information about the lifetime of the waters in this cavity,
but it is clear that they must exceed 1.5 ns because they did
not exchange during the course of the simulation. Figure 4

it was interrupted for 850 ps and fluctuated between a boundis an example of a snapshot that shows the organization of
and unbound state for the rest of the simulation. In the the waters in the cavity inside the enzyme. The figure shows
configurations with the disrupted H-bond, the Ngtoup of a view of the cavity behind the uracil from a vantage point

Asn-204 forms H-bonds with the backbone carbonyls of GIn- outside the enzyme. To expose the waters in this cavity, the
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Ficure 4: Organization of the uracil binding pocket and the proximal active site residues in the enPAecomplex derived from a
simulation snaphsot of the r-complex. The vantage point is from the side of the DNA bound to the enzyme. To expose the cavity that
contains waters behind the binding pocket of uracil, the molecular surface of Tyr-147 has been removed and the details of the DNA have
been hidden. The DNA backbone is represented by the pink and the light blue tubes that contain the flipped uracil and the orphan base,
respectively. Only four waters can be seen in the cavity behind the uracil; the fifth water is obstructed by the surface of the protein. On the
left of the binding pocket, the water structure around Asp-145 and'thb@phate can be seen. A snaphsot of only the first solvation layer
around these residues is shown. For a detailed analysis of the water structure around the active site residues, see the text.

molecular surface of Tyr-147 had to be removed and the Mutation of Asp-145 to Asn reduces the specific activity to
details of the DNA had to be hidden. Only four waters can 0.04% of the wild-type value, suggesting that the negative
be seen because one water is obstructed from view by thecharge of the carboxylate is important. However, the muta-
surface of the protein. Among the five waters, two are tightly tion Asp145Glu also reduces the activity of the enzyme to
bound and can be identified with those observed in the crystal 0.08% of the native value, suggesting that the effect of this
structure. One water makes hydrogen bonds with the residue is not simply an electrostatic effect due to the
carbonyl oxygens of Leu-156 and Ser-159 as hydrogen negative charge of the carboxylate. Mutation of His-268 to
donors and with the backbone NH of His-154 as a hydrogen Leu also reduces the enzyme activity to 0.3% of the wild-
acceptor. The other water forms a hydrogen bond with the type value, indicating its importance in the catalytic step.
carbonyl oxygen of Gly-155 and the backbone NH of Asn- As indicated by the crystal structure, His-268 is also part of
204. The other three water molecules are mobile inside thethe binding pocket of the p-complex, forming an additional
cavity, and their hydrogen bonding partners change alongH-bond to Q of uracil. The analysis of the trajectories of
the trajectory. They include the backbone and side chainthe r- and p-complexes sheds a new light on the catalytic
amide of Asn-204, backbones of Tyr-147, Leu-202, Val- roles of these two residues.
206, and Leu-207, and f uracil, in addition to the groups His-268. The H-bond between His-268 and Of uracil
H-bonded to the two tightly bound waters. The role of these is maintained in the simulation of the p-complex at an
waters in enzymatic catalysis or in substrate recognition is average distance of 2.25 A, in full agreement with the crystal
not clear. Considering that the hydrogen bond network structure. However, it is disrupted in the r-complex as
formed by these five water molecules in the cavity behind indicated by the increase in the distance between His-268
Cys-157 is stable over a considerable period of time, we canand Q. An examination of the trajectory of the r-complex
treat it as an integral part of the enzyme structure with special shows that the average distance betwegroHHis-268 and
hydrophilic properties. O, of uracil is 3.45+ 0.34 A, and it is clearly too long for
Catalytic ResiduesTwo residues, Asp-145 and His-268, a direct H-bond. The displacement of His-268 is due to the
have been identified as essential for catalytic activity. approach of deoxyribose to the uracil upon reconstruction
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3 -phosphate
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His-168

Ficure 5: Simulation snaphsot of the catalytic center around His-268, Asp-145, and uracil withghesphate in the r-complex (A) and

the p-complex (B). His-268 in the r-complex, shown in a protonated form, is bridged o6 Wacil through a water molecule (W1) which
H-bonds to both sides. Two water molecules (W2 and W3) can be identified in the r-complex bridging Asp-145 arghthepBate. The

other waters constitute the rest of the first solvation layer. In the p-complex, His-268 moves to form a close H-bond with uracil. The
movement of the sugar with thé-Bhosphate disrupts the tight bridge to Asp-145. For details, see the text.

Table 2: (K, Values of His-268 and Asp-145 kcal/mol and is expressed in the increasd ghe hydroly-

sis of the glycosidic bond produces a large change in the

pK, of His-268, lowering it back to 5.5+ 1.0 in the

ngiDNAr comblex ‘;-91331'5 8-28 j-%‘éi 8-% p-complex. An examination of the effects okgshows that

UDG-DNA p-comF;)Iex 5485 1.00 302+ 054 the ehmma_\tpn of the water that was bridging H!s-268 and
O, of uracil is largely responsible for the lowering of the

of the glycosidic bond in the r-complex. This change is PKain the p-complex. The conformational changes in the
illustrated in Figure 5. In both the crystal and MD structures DNA produced by the hydrolysis of the glycosidic bond may
of the UDG-DNA p-complex (Figure 5B), His-268 is well also contribute to the lowering of the&pof His-268 in the
within H-bonding distance. However, as can bee seen in p-complex by retracting the DNA backbone from its distorted
Figure 5A, such a position for His-268 is impossible in the form.
r-complex because the,Omethylene group of the deoxy- The role of His-268 in catalysis as it emerges from the
ribose presents a steric obstacle for the approach of His-268simulations is somewhat different from the mechanism that
to the uracil. The space left by the dislocation of His-268 was proposed on the basis of the crystal structure. His-268
becomes occupied by a water molecule (W1 in Figure 5), in the free enzyme is neutral as indicated by its los,p
which becomes locked between;tbf His-268 and Q of but in the substrateenzyme complex (the r-complex), the
the uracil base after about 200 ps of the simulation and stayspKa of His-268 increases above 7 due to the bridging water
there throughout the rest of the 1.4 ns simulation. The water and the proximity of the negative field produced by the DNA.
has some rotational freedom in this position as indicated by Thus, His-268 does not act directly as a positively charged
the occasional interchanges of orientation of its two hydro- group to stabilize the negative charge that develops on uracil
gens, while maintaining the bridging hydrogen bonds to His- in the course of glycosylase action. Rather, it activates a
268 and uracil. water molecule to act as a proton donor or a proton shuttle
The change in the environment of His-268 suggested thatfrom His-268 to the uracil during the course of the hydrolysis.
the protonation state of this residue may change during theIn the enzyme-product complex (p-complex), theKp of
course of the enzymatic reaction. We have calculated theHis-268 is reduced back to 5.5, indicating that at the end of
pKa of His-268 in the r- and p-complexes as well as in the the enzymatic reaction His-268 becomes neutral, enhancing
free enzyme (Table 2). The calculateld f His-268 in the the release of the products possibly because of a weakened
free enzyme is 4.9t 0.5, but upon formation of the H-bond to uracil.
r-complex, the i, increases to 7.1 0.6. Examination of Asp-145Another important residue for enzymatic catalysis
the contributions to the change ilKpshows that the major  is Asp-145 as indicated by the effect of its mutation on
part comes from the electrostatic effects of the environment. catalysis. It has been proposed that Asp-145 acts as a general
The insertion of a water molecule between His-268 and the base that abstracts a proton from a water molecule and forms
uracil as well as the proximity of the negatively charged the nucleophile OH. For such a process to be enzymatically
DNA stabilizes the protonated form of the imidazole by 3 effective, the K, of Asp-145 should be significantly higher

His-268 Asp-145
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than of aspartic acid in solution. In the crystal form, Asp- change is important to the catalytic mechanism (see below).
145, because it has been mutated to Asn, has its side chain The extensive solvation of Asp-145 raises the question of
oriented toward the uracil base and is close to th@@sition whether it could act as a general base for the abstraction of
in the UDG-DNA complex. Thus, from the crystal structure a proton from a water molecules in forming the nucleophile
of the human double mutant UDE&NA complex, it is for the hydrolytic reaction. We have calculated th€, jof
difficult to assess the role of Asp-145 not only because it this residue in the free enzyme as well as in the r- and
has been mutated but also because the complex represenis-complexes (Table 2). In the free enzyme, tig pf Asp-
the product stage of the reaction. As has been discussedi45 is 4.1+ 0.2, in agreement with its position on the surface
above, speculating about the catalytic mechanism from theof the protein. This value is not significantly different from
product stage of the reaction could lead to erroneous a free aspartic acid in aqueous solution. In the r-complex,
conclusions We have therefore analyzed the properties ofthe K, of Asp-145 only increases to 44 0.1, which is
this residue on the basis of the simulations of the r- and consistent with the approach of the negatively charged DNA.
p-complexes. However, because the carboxylate remains nearly fully
The replacement of the Asn with the negatively charged solvated even in the r-complex, th&pincreases only by a

Asp reorients the side chain away from the uracil base into small amount. In the p-complex, theKpof Asp-145 is
the aqueous environment that separates the DNA from thelowered to 3.0+ 0.5 because it interacts directly with Lys-

protein. In the r-complex, this orientation of the side chain

218 in the loop that connecfs and helixaes. This loop

of Asp-145 is fixed throughout the simulation because the does not interact directly with DNA, but its position is
carboxylate forms a stable H-bond to a water molecule (W2 determined by the interaction of Ser-247 at the top of helix

in Figure 5) that in turn forms a stable H-bond with tHe 3

o7 and the phosphate of Cyt-7 in the DNA (see above). In

phosphate to the uracil. The distribution of distances betweenthe r-complex, Lys-218 is 4.4 A away from Asp-145 and it
the 3-phosphate and the carboxylate of Asp-145 extracted interacts with it through a water molecule. The number of

from the simulation of the r-complex confirms this observa-
tion. The average distance betweeg 6f Asp-145 and the
Osp of the 3-phosphate is 3.8% 0.26 A, indicating that the

water molecules within 3.5 A of the Nfi of Lys-218 is
2.64 4+ 1.28, but only 0.81 water is shared with Asp-145.
The screening of the positive charge through a water

two groups, while not in direct contact, are held almost in a maintains a normalk, of both residues and is not restraining

rigid configuration by the intervening water molecule. An

the motion of the loop as indicated by a large rms deviation

analysis of the water around the carboxylate of Asp-145 around the average (see Figure 1B). As described previously,
shows that on the average the number of waters in the firstthe changes in DNA after the hydrolysis of the glycosidic

solvation shell Ry, = 3.55 A) is 6.33+ 0.72. Similarly, the
coordination within 3.4 A around the-phosphate is 4.61
+ 0.63 water molecules. Most importantly, the combined
coordination number around;Qof Asp-145 and @ of the
3'-phosphate is 2.04 0.54 water molecules. Inspection of
the water structure around Asp-145 and theplBosphate
(Figure 5A) shows that two water molecules form a bridge
between @, and Qp, but while one (W2) is stable, the other

(W3) exchanges on a time scale of approximately 0.5 ns.

bond cause the change in the positions of theand o
helices through the ionic interactions of Asp-227 and Lys-
252. As helixog rotates it also repositions the loop between
B2 and as, moving N- of Lys-218 by 3.23 A toward Asp-
145. This movement displaces the water molecule that
bridged Asp-145 and Lys-218 and produces a salt bridge
that rigidifies the loop, as can bee seen in Figure 1A. The
proximity of a positive charge near the Asp-145 also lowers

its pKa.

This arrangement is unique to the r-complex and is made Thus, it appears that the&kpof Asp-145 is too low to act
possible by the presence of the glycosidic bond, which brings as a general base to induce a proton abstraction to form the

the 3-phosphate close to the carboxylate of Asp-145. In
contrast, in the p-complex the distribution of distances
between Asp-145 and thé-Bhosphate becomes much wider
and its selectivity for @y versus @, of Asp-145 is lost. The
average distance between;Gnd Qp is 6.35+ 0.61 A,
and that between Pand Q. is 7.31+ 0.66 A. The increase

in the distance and the loss of orientational selectivity of

hydroxide anion. Moreover, the juxtaposition of the nega-
tively charged 3phosphate on the other side of the water
molecule near Asp-145 also prevents a proton transfer from
the water to either the carboxylate or the phosphate.
Positioning a negative charge (i.e., the phosphate) in the
proximity of a water molecule that is already H-bonded to a
negative group (i.e., the carboxylate) reduces the probability

Asp-145 are the consequence of the hydrolysis of the of a proton transfer because of electrostatic reasons. This
glycosidic bond and the subsequent displacement of thecan be restated in terms of distances between the negative
deoxyribose and the-phosphate that is attached to it away species before and after proton transfer. Before proton
from Asp-145. Analysis of the water structure shows a transfer, the water is separating the negative charges to a
significant change in the coordination around Asp-145 and distance of 3.85 A. The proton transfer either to the
the 3-phosphate. The carboxylate of Asp-145 becomes carboxylate or to the phosphate will reduce the distance
partially buried as indicated by the presence of only 2222  between the negatively charged groups (i.e., hydroxide and
0.77 water molecules around it. The solvation of the phosphate or carboxylate) to a distance~a8.0 A. The
3'-phosphate on the other hand has not changed significantly,concomitant increase in electrostatic repulsion will act against
with 3.984 0.88 waters in the first solvation shell. Because this process. Therefore, the role of Asp-145 in UDG catalysis
of the increase in the distance between Asp-145 and'the 3 must be redefined.

phosphate, only 0.16 0.37 water is shared between them. A Proposed Catalytic Mechanismhe proposed mecha-
Thus, although more waters can be found in the spacenism for UDG catalysis is presented in Figure 6. The
between these groups in the p-complex, none of them aremechanism is based on results derived from MD simulations
shared as intimately as the two waters in the r-complex. This of the r- and the p-complexes which exhibit significant
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NH,

r-complex

p-complex
FIGURE 6: Schematic representation of a proposed mechanism for UDG catalysis.

differences in three sites around the uracil. The structure andHis-268. The presence of the water is primarily due to the
properties of the p-complex derived from the simulations steric repulsion of His-268 exerted by the deoxyribose, but
are in very good agreement with the crystal structure, lending its effect on the ionization properties of His-268 is very
credence to the simulation protocol. Using the same simula- profound. It increases thekp of the imidazole from 5.9 in
tion method, we find in the r-complex organized waters near the free enzyme to 7.1 in the r-complex, effectively convert-
O, of the uracil base, bridging £and His-268 as well as ing it to a protonated histidine. In this form, His-268 can
the 3-phosphate of the flipped-out nucleotide and Asp-145. either stabilize the developing negative charge in the transi-
These waters do not exist in such an organized form in thetion state or donate a proton via the bridging water to
p-complex, and we suggest that they play an important role complete the hydrolysis. The retraction of the backbone after
in catalysis. the hydrolysis of the glycosidic bond removes the steric
The first difference is the disruption of the H-bond between obstacle presented by the sugar, allowing a close approach
the NH, group of Asn-204 and ©and the substitution of  of the imidazole to form a direct H-bond with the uracil.
this H-bond donor with a specific water from the five waters The removal of the water also lowers thi€ mf His-268 to
trapped in the pocket behind the uracil. This configuration 6.1, effectively allowing it to donate the proton to the
is quite steady in our simulation, providing a stable H-bond hydrolyzed uracil.
for nearly 80% of the 1.4 ns simulation time. It is supported  Perhaps the most important difference between the r- and
by a network of H-bonds to the other five waters in the cavity the p-complexes is in the immobilization of two water
as well as to specific side chain and main chain groups in molecules between Asp-145 and thepBosphate to uridine.
the pocket (see above). The other source of support is a stabl&@’hese waters form a relatively long-lived { ns) arrange-
H-bonding of the NH group of Asn-204 to the backbone ment bridging two negatively charged groups, which come
carbonyls of GIn-144 and Val-206. The significance of this from the enzyme (Asp-145) and the substratep{®sphate).
arrangement for catalytic activity is not clear at the present The interface between the protein and the DNA in the UDG
time. However, several water molecules are also found in DNA complex remains largely solvated, maintaining an
the same area in the-@U mismatch-specific DNA glyco-  almost full hydration shell of the two negative groups. It
sylase (MUG) 29) even though the Asn-204 that is has been proposed that Asp-145 acts as a general base
conserved in different UDGs has been replaced with a Lys catalyst to prepare the hydroxide anion through a proton
in MUG. Also, the mutation of Asn-204 to Asp has a abstraction from water. Subsequently, this anion performs
relatively small effect oKy (only a factor of 24) but a very  the nucleophilic substitution reaction that results in the
large effect onk., (a factor of more than 2000). Thus, it hydrolysis of the glycosidic bond. The overall activation
appears that a proper polar environment generated by theenergy that translates to the obserkggcan be divided into
waters near @ of uracil is essential for an effective two contributions; one is the free energy needed to prepare
stabilization of the transition state. the hydroxide anion from wate\Gy), and the second is
The second difference is localized around His-268 where the free energy of activationAg¥) of the nucleophilic
a water molecule is present betweendd uracil and N of substitution. The first contribution can be evaluated by
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comparing the K, of Asp-145 in solution and in the enzyme. The proposed mechanism assigns specific roles to the
It would be expected that for the enzyme to lower the barrier residues in the binding pocket and in the active site and
by stabilizing the OH, the K, of Asp-145 should increase. clarifies the participation of water molecules in the catalytic
The calculated i§, of Asp-145 in the r-complex is around reaction. When the fact that the reaction in water has a very
4.1, which is not different from its value in aqueous solution. large barrier of~30 kcal/mol B0) is considered, the enzyme
On the basis of the extensive solvation of the interface manages to lower the barrier for the hydrolysis of the
between the enzyme and the DNA, it is also reasonable toglycosidic bond to approximately 15 kcal/mol. Such a
assume that thek of the 3-phosphate should not change remarkable change in the barrier, which translates to ap-
from its value in solution. Thus, on the basis of onlg,p proximately 10 orders of magnitude of enhancement in the
considerations, these groups cannot act as a general basete constant, must be accomplished in part by stabilization
catalyst because they do not provide any stabilization of the of the proton transfer and in part by stabilization of the
hydroxide anion compared to an aqueous solution. Further-transition state. Further studies will be required to evaluate
more, on the basis of electrostatic considerations, an ar-the relative contributions of the enzyme to each of the
rangement in which a water molecule bridges two negative stabilization components.

charges is also not conducive to stabilizing a hydroxide

group. A transfer of a proton from water to any of the ACKNOWLEDGMENT
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