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Human uracil�DNA glycosylase (hUNG2) and the Escher-
ichia coli homologue (eUDG) have been extensively studied

in the literature since their discovery decades ago.1,2 hUNG2
catalyzes the hydrolysis of the N-glycosidic bond in 20-deoxyur-
idine, a common form of DNA damage, in single- and double-
stranded DNA.3 There are two main steps involved in the
catalytic deglycosylation mechanism: (1) flipping the damaged
nucleotide out of the helix and into the active site and (2)
hydrolysis of the glycosidic bond through a general base
mechanism.4�6 Because of the high similarity between their
sequences and activities, hUNG2 and eUDG have been used
interchangeably to investigate the second (chemical) step in a
broad variety of experiments, including Raman spectroscopy,7

kinetic isotope effects,8 X-ray crystallography,9�14 NMR spec-
troscopy,15�18 and mutational analysis,10,11,15,19�21 as well as
computational studies.22�25

On the basis of previous investigations, a stepwise dissociative
pathway for the chemical step has been proposed.4�6,26 In the
first (rate-limiting) step of the proposed mechanism (Scheme 1),
uracil departs from the DNA backbone to form a uracilate anion.
The glycosidic bond cleavage is believed to be catalyzed by a
short, strong hydrogen bond between neutral His268a and the
uracil moiety, while the resulting highly unstable oxacarbenium
cation is most likely electrostatically stabilized by the uracilate

anion and Asp145 as well as nearby phosphate groups. In the
second step of the proposed mechanism, a nucleophilic water
molecule irreversibly adds to the anomeric sugar carbon to form
an apyrimidinic site (AP-site). During this step, the nucleophile
must be activated by proton transfer to a general base,27 a role
assigned to Asp145.

Building on the essential involvement of His268 and Asp145
in the mechanism of hUNG2 action, a recent study by Parker and
Stivers uncovered another important active-site residue, namely
His148.18 In addition to contributing to the nucleotide-flipping
step,18,28 it was revealed that His148 makes an important
catalytic contribution late in the reaction. The study by Parker
and Stivers also shows that His148 is neutral in the unbound
protein and at the start of the reaction but becomes protonated as
the reaction proceeds. Furthermore, mutation of this residue to
alanine decreases binding of TS mimics, which suggests that
His148 provides transition state stabilization. On the basis
of these results, it was proposed that His148 plays a role in
the chemical step, possibly through orienting the nucleophilic
water molecule and/or enhancing electrostatic stabilization by
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ABSTRACT:Human uracil�DNA glycosylase (hUNG2) is a base
excision repair enzyme that removes the damaged base uracil from
DNA through hydrolytic deglycosylation of the nucleotide. In the
present study, the mechanism of hUNG2 is thoroughly investigated
using ONIOM(MPWB1K/6-31G(d):PM3) active-site models to
generate reaction potential energy surfaces. Active-site models that
differ in the hydrogen-bonding arrangement of the nucleophilic
water molecule and/or protonation state of His148 are considered.
The large barrier calculated using the model with a cationic His148
verifies that this residue is neutral in the early stages of the reaction. The reaction pathways predicted by two models with a neutral
His148 are consistent with a wealth of experimental data on the enzyme, includingmutational studies, which supports our approach.
On the basis of our calculations, we propose a complete mechanism for the chemical step of hUNG2. In the first part of the reaction,
His268, Asn204, and a water molecule work together to stabilize the negative charge forming on the uracil moiety. Subsequently,
either Asp145 or His148 can act as the general base that activates the water nucleophile depending on the binding orientation of the
water molecule in the active site. However, we propose that His148 preferentially acts as the general base. Therefore, in agreement
with previous proposals, we assign the primary function of Asp145 to electrostatic stabilization of the positive charge developing on
the sugar moiety during the reaction, which is also consistent with a growing theory that the primary function of active-site
carboxylate groups present in many glycosylases is transition state stabilization. Most importantly, our work explains, for the first
time, the role of His148 in the chemical step and provides additional support for the inclusion of this amino acid in the list of residues
(Asp145 and His268) essential to the chemical step of the hUNG2 mechanism.
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excluding solvent from the active site.18 Interestingly, this absolu-
tely conserved histidine is within hydrogen-bonding distance of
the nucleophile13,14 and likely has an increased proton affinity
due to interactions with a nearby phosphate group. Therefore, it
is possible that the role of His148 in the chemical step of the
hUNG2 mechanism is to activate the water nucleophile.

It is commonly believed that the general base in the hUNG2
mechanism is Asp145 since mutation of this residue effectively
removes the catalytic activity of the enzyme.10 Independent of
this role, it is accepted that Asp145 provides significant electro-
static stabilization to the dissociative transition state and oxacar-
benium-cation intermediate.20,26 Consequently, it is highly
plausible that removing this residue prevents catalysis by desta-
bilizing nucleobase departure rather than water activation. In-
deed, bifunctional glycosylases (such as hOGG1, FPG, EndoIII,
andNEIL1) that do not use awater nucleophile contain an essential
carboxylate group (aspartate or glutamate residue) in a similar
location with respect to the sugar moiety, and the primary role of
this residue is electrostatic stabilization.29�32 An essential carboxy-
late group with an electrostatic stabilization role is also found in a
comparable location in other monofunctional glycosylases (such as
MutY, AlkA, and AAG).33�35 Interestingly, there are two carbox-
ylate groups in the MutY active site, where one is proposed to
stabilize the sugar moiety and the other has been implicated in
water activation.34 Therefore, another residue may be responsible
for water activation in hUNG2 without contradicting the key
experimental findings regarding the importance of Asp145.

The above discussion suggests that the role of both His148
and Asp145 in the mechanism of hUNG2 action may not yet be
fully revealed. Molecular modeling is a useful way to further
investigate how these residues are involved in the chemical step
of the reaction. Among the computational investigations of
hUNG2 to date,22�25 the most in-depth used QM/MM techni-
ques tomodel the reaction.23 A detailed reaction potential energy
surface (PES) was generated, primarily to investigate the dis-
sociation step of the hUNG2 mechanism. However, this study
was carried out before the initial protonation state of His148 was
elucidated,18 and consequently this residue was modeled as
cationic throughout the entire reaction. Furthermore, since
His148 was treated at the low (MM) level of theory and the
nucleophilic water at the high (QM) level of theory, interactions
between these moieties were not accurately described in part
because neither charge nor atom transfer can occur across a QM/
MM boundary. Finally, only one avenue for water activation was
considered, which utilized Asp145. In addition to addressing
these technical issues, a more thorough computational investiga-
tion of the hUNG2 reaction surface is required to account for,
and explain, new experimental evidence that has identified the
importance of His148 in the chemical step.

In the current study, the mechanism of hUNG2 action is
investigated with a QM/QM active-site model. Detailed reaction
potential energy surfaces for several models differing in the
nucleophile hydrogen-bonding pattern are used to consider
how the enzyme catalyzes uracil dissociation and activates the
water nucleophile. Particular attention is placed on the roles of
essential active-site residues including the involvement of His268
in base departure and, more importantly, the currently unclear
function of Asp145 and His148 in nucleophile activation. In
addition, the effect of the protonation state of His148 on the
reaction is studied for comparison to previous computational
work,23 and mutational analysis is used to calculate contributions
of individual residues to the activation energy. Our extensive
calculations allow us to examine the interdependence of the
dissociation of the nucleobase and association of the nucleophile
during the mechanism and clarify the function of important
active-site residues. Through this work, we propose a modified
mechanism of hUNG2 action that is consistent with experimen-
tal research, clarifies the identity and role of essential active-site
amino acids, and supports a unified primary purpose for active-
site carboxylate groups present in many (monofunctional and
bifunctional) glycosylases.

’COMPUTATIONAL DETAILS

Model Generation. The initial geometry for all systems
studied was taken from a crystal structure (PDB ID: 1EMH)
of human uracil�DNA glycosylase (hUNG2) bound to a
reactant mimic (pseudouridine, ψU).13 First, a truncated model
of the hUNG2 active site was generated that contained residues
within 10 Å of the ψU glycosidic bond, including 18 discrete
water molecules. Within this model, the full ψU nucleotide
(P2U5) was included as well as the dT4 and dA6 nucleotides.
The phosphate group of the dT7 nucleotide was also included
due to its proximity to the reaction center. Subsequently, com-
ponents of our model that are directed away from the reaction
center were truncated because they are not believed to play a role
in the chemical step. Specifically, several residues (Table S1,
Supporting Information) were modeled as glycine (i.e., only the
backbone was included). Additionally, since most of the Ile173
side chain is within 10 Å of the reaction center, the backbone was
truncated between CR and Cβ of the residue. Finally, the
nucleobases in the nearby nucleotides were modeled as amino
groups. Hydrogen atoms were added to the resulting model by
inspection, where Asp145 was modeled as anionic and all other
residues as neutral. The total charge of the system is �5.
The ONIOM(MPWB1K/6-31G(d):PM3) methodology36�38

was used on our model system, which treats the low-level region
with the PM3 semiempirical method39,40 and the high-level

Scheme 1
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region with the MPWB1K density functional method41 in
conjunction with the 6-31G(d) basis set. The DFT region
contains the 20-deoxyuridine nucleoside, the water nucleophile
(W600), an additional water molecule (W727), the full Asp145
residue, and the R-groups of Gln144, Tyr147, His148, Phe158,
Asn204, and His268 (Scheme 2). Thus, there are 63 heavy atoms
in the DFT region and 248 heavy atoms in the semiempirical
region. A detailed description of all groups included in the high
and low levels is provided in the Supporting Information (Table
S1). Reactant geometries were obtained by initially relaxing all
protons at the PM3 level of theory and subsequently relaxing the
DFT region using the full ONIOM(MPWB1K/6-31G(d):PM3)
method combination. Throughout the remainder of the study,
the DFT region was free to optimize, while the semiempirical
region was held fixed to this original reactant geometry. The
coordinates of the semiempirical region were fixed since overlays
of crystal structures of hUNG2 bound to reactant,13 interme-
diate,14 and product12,13 mimics are substantially similar for all
residues included in the low-level region. Finally, the reactant
mimic was mutated to uracil, and the DFT region was reoptimized.
Surface Generation. Reaction potential energy surfaces

(PES) were obtained by constraining the glycosidic (C10�N1)
and nucleophilic (C10�Onuc) distances (Scheme 2). One co-
ordinate was systematically altered by an increment of 0.200 Å,
and the remainder of the DFT region was allowed to relax. This
process was repeated until a stationary point was clearly identi-
fied or the change in energy between two points was greater than
40 kJ mol�1. For example, the highly compressed region with
glycosidic and nucleophilic distances less than 1.8 Å was not
investigated. The (ONIOM(MPWB1K/6-31G(d):PM3)) rela-
tive energies (with respect to the corresponding reactant com-
plex) are presented as PES plots for each model (Figure 1),
where the reactant well occurs on the left and the product well on
the right.
Refinement of Stationary Points. The geometries of the

reactant, transition state, and product complexes identified from
the PES of feasible reaction pathways were further relaxed.
Specifically, the constraints to the reaction coordinates for the
reactant and product complexes were removed, and the system
was optimized to a minimum with the ONIOM(MPWB1K/
6-31G(d):PM3) level of theory. The transition state structure was
refined using the quadratic synchronous transit (QST) method,

with the three complexes from the PES as input. The QST
methodology has recently been found to be effective for large
models of other biological systems.42�45 The optimization was
considered complete when the forces converged to default criteria
and the displacement converged to loose criteria (<0.002 au).
Because of computational resource limitations, frequency calcu-
lations could not be run on the entire system. Therefore, as in a
previous study,46 the character of the fully optimized stationary
points was verified by visual inspection of the normal modes of
the high-level region of a system with any atom further than 4 Å
from a DFT heavy atom removed. Through this analysis, we find
that our fully optimized transition states contain a large imagin-
ary frequency (190�240 cm�1) corresponding to motion along
the desired reaction coordinate. Since zero-point energy correc-
tions could not be calculated, the reported relative energies are

Scheme 2

Figure 1. ONIOM(MPWB1K/6-31G(d):PM3) reaction surfaces for the
mechanism of hUNG2 action using the watAsp

Pro model (A), the watAsp
Pro(þ)

model (B), and the watAsp
His model (C). The energies (ΔE, kJ mol�1)

are reported relative to the respective reactant.
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upper-bounds to the true ONIOM(MPWB1K/6-31G(d):PM3)
barrier. Coordinates for all relaxed stationary points are provided
in the Supporting Information. All calculations were carried out
with Gaussian 09.47

’RESULTS

To ensure that all options for water activation were investi-
gated, models corresponding to chemically relevant orientations
of the nucleophilic water molecule interacting with any residue
within hydrogen-bonding distance were generated. Careful con-
sideration of these active-site models led to reaction potential
energy surfaces for three models, which encompass two water
nucleophile orientations (Scheme 3) and two His148 proton-
ation states. In the first (watAsp

Pro) model, the nucleophile is
involved in hydrogen bonds with the functional group of
Asp145 and the backbone carbonyl of Pro146. In the second
model (watAsp

Pro(þ)), the nucleophile orientation is the same as in
watAsp

Pro, but His148 is protonated for comparison to previous
computational work,23 which adds an Nδ�H 3 3 3O hydrogen
bond between His148 and the water nucleophile. Finally, in the
watAsp

His model, the nucleophile acts as a proton donor to both
His148 and Asp145.

The reaction potential energy surfaces corresponding to the
three nucleophilemodels are presented in Figure 1. In the graphs,
the reactant complex occurs on the left and the product complex
on the right. Therefore, a dissociative mechanism will progress
along the bottom of the plot, while an associative mechanism will
occur near the top of the plot. A table of energies corresponding
to each surface can be found in the Supporting Information
(Tables S2�S4). In the following sections, each model will be
described individually, and subsequently, results from point
mutations on the most viable models will be presented.
The watAsp

Pro Model. In the watAsp
Pro model, the nucleophilic

water molecule acts as a hydrogen donor to both the carboxylate
group of Asp145 and the backbone carbonyl of Pro146
(Scheme 3). On the constrained PES (Figure 1A), the reactant
occurs at a glycosidic bond length of 1.500 Å and a nucleophile
distance of 3.000 Å. A transition state (TS) with a barrier of
25.4 kJ mol�1 (Table 1) can be identified with C10�N1 and
C10�Onuc distances of 2.100 and 2.600 Å, respectively. The TS is
highly dissociative and slowly falls to an exothermic product
(�24.7 kJ mol�1, relative to the reactant) with a C10�N1
distance of 3.300 Å and a C10�Onuc distance of 1.400 Å.
The relaxed stationary points for this mechanism have reaction

coordinate distances similar to the constrained geometries
(Figure 2 and Table S5). Furthermore, removing the constraints
only slightly increases the barrier to 26.7 kJ mol�1 (Table 1). In
the relaxed transition state (TS, Figure 2), the sugar moiety is
nearly planar, which reflects oxacarbenium cation character. The

planar sugar, combined with a relatively large C10�Onuc distance
(2.727 Å), indicates that this mechanism is dissociative in nature.
In addition, attack of the water at C10 is delayed with respect to
dissociation of the nucleobase, where the hydrogen-bond dis-
tance between the nucleophile and the general base, Asp145, is
large (2.176 Å) in the transition state. A tightening of the
Nε�H 3 3 3O2 hydrogen bond with His268 from 1.950 Å in the
reactant to 1.880 Å in the transition state is observed in the
relaxed complexes (Figure 2), which stabilizes the formation of
the uracilate anion. The electrophilic C10 migrates 0.793 Å
toward the water nucleophile between the reactant and product
complex, where the majority of this motion occurs after the
transition state.
Throughout the reaction, Phe158 (Scheme 2) remains in a

near parallel (π�π stacked) orientation with respect to the uracil
moiety, with an inter-ring distance of∼4.1 Å. The phenyl ring is
positioned above C4/N3 of uracil in the (relaxed) reactant and
TS geometries but is centered over the pyrimidine ring in the
product. The N3�H 3 3 3Oδ hydrogen bond to Asn204 increases
from 1.839 to 1.851 Å between the reactant and product
complexes, respectively. The Nδ�H 3 3 3O4 interaction between
Asn204 and uracil compresses by 0.013 Å in the transition state
before returning to a length of 1.917 Å in the product. Finally, the
hydrogen bond between a water molecule and O4 of uracil is
reduced from 1.949 Å in the reactant to 1.925 Å in the TS and
1.889 Å in the product complex.
The watAsp

Pro (þ) Model. The watAsp
Pro(þ) model has the same

nucleophile orientation as watAsp
Pro, but His148 is protonated at Nδ

(Scheme 3). In the (constrained) reactant, His148 interacts with
the nucleophile via a tight (1.705 Å) Nδ�H 3 3 3Onuc hydrogen
bond. This contact greatly reduces the nucleophilicity of the
water molecule and results in a large barrier (97.0 kJ mol�1) for
addition to C10 (Figure 1B, Table 2). Furthermore, the C10�
Onuc distance in the transition state is very short (1.800 Å), which
is in contrast to experimental evidence suggesting a highly
dissociative reaction pathway. Therefore, it is very unlikely that
the reaction will proceed with a cationic His148 residue, and this
reaction will not be further refined through stationary point
relaxation.
The watAsp

His Model. The final model employed in this study
bridges the nucleophilic water between His148 and Asp145
(watAsp

His , Scheme 3). This water orientation has been previously
proposed, based on a crystal structure of hUNG2 bound to an
intermediate mimic.14 The surface generated with this model
(Figure 1C) is very similar in appearance to the watAsp

Pro PES
(Figure 1A). The constrained reactant complex has glycosidic
and nucleophilic distances of 1.500 and 3.600 Å, respectively. A
TS can be observed at a C10�N1 distance of 2.100 Å and a

Scheme 3 Table 1. Barrier Heights and Reaction Energies for the
Mechanism of hUNG2 Actiona

constrainedb relaxedc

model ΔE‡ ΔER ΔE‡ ΔER

watAsp
Pro 25.4 �24.7 26.7 �25.2

watAsp
Pro(þ) 97.0 59.0 �d �d

watAsp
His 32.8 �56.1 34.8 �57.8

a Energies (kJ mol�1) calculated at the ONIOM(MPWB1K/6-31G(d):
PM3) level of theory. b From constrained potential energy surfaces (see
Figure 1). c From fully optimized stationary points. dNot determined
(see text).
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nucleophile distance of 3.200 Å and leads to an activation energy
of 32.8 kJ mol�1. This is close to the watAsp

Pro transition state in
both geometry and energy (Table 1 and Table S5). After the TS,
the surface steps down to an exothermic product (�56.1 kJ mol�1

relative to the reactant), which is significantly more stable than
that on the watAsp

Pro surface. Interestingly, while this model allows
for transfer to either Asp145 or His148 and thus does not
explicitly bias nucleophile activation, proton transfer occurs from
the nucleophile to His148 rather than Asp145.
There is very little change in geometry after releasing the

reaction coordinate constraints on the reactant and transition
state complexes. Therefore, when the constraints are removed
from the watAsp

His stationary points, the barrier increases only
slightly (to 34.8 kJ mol�1). A notable difference upon full
optimization is an increase in the C10�N1 distance from 3.900
to 4.261 Å in the product (Table S5); however, there is only a
very small change in the reaction energy (ΔER =�57.8 kJ mol�1).
Similar to the electrophile migration observed with the watAsp

Pro

model, C10 drifts 1.325 Å during the reaction, and the sugar
moiety adopts a C10-exo pucker at the end of the reaction.
The Nε�H 3 3 3O2 hydrogen bond between His268 and uracil

reduces from 1.965 Å in the reactant to 1.876 Å in the transition
state. In contrast to the watAsp

Pro model, the interplanar distance
between the uracil group and Phe158 decreases from ∼4.1 to
∼3.6 Å as the reaction proceeds. This is accompanied by
tightening of the hydrogen bonds to O2 and O4 of the uracilate
anion. For example, the O�H 3 3 3O4 interaction between an
active-site water molecule and uracil reduces from 1.967 Å in the
reactant to 1.892 Å in the product. Similarly, the N�H 3 3 3O4

interaction with Asn204 decreases by 0.080 Å, and the N3�H

3 3 3Oδ distance decreases from 2.015 to 1.844 Å from reactant to
product. In addition, the N�H 3 3 3O2 hydrogen bond between
O2 of uracil and the backbone amine of Gln144 significantly
shortens from 2.265 Å in the reactant to 1.981 and 1.788 Å in the
transition state and product, respectively.
Point Mutations. Mutations involving Asp145, His148,

Asn204, and His268 were performed on the two viable models
(watAsp

Pro and watAsp
His) to allow for comparison of calculated

(Table 2) and experimental10,19 changes in the barrier height.
The mutations were carried out on the constrained PES geome-
tries to ensure that the transition state did not collapse to a
minimum (reactant or product) when an essential residue was
removed. The new R-group was positioned to have maximum
overlap with the original R-group, this residue was optimized,
and then the entire DFT region was relaxed (with the exception
of the C10�N1 and C10�Onuc constraints). While it is under-
stood that the complex may rearrange in experimental studies to
fill the vacancy created by mutations, our approach allows us
to investigate the energetic (rather than structural) contribution
of the mutations. We find the largest increase in barrier height
(32.8 kJ mol�1) for the Asp145Asn mutant with the
watAsp

Pro model, which is partially due to a steric conflict between
Asn145 and Gln144 (Scheme 2). Otherwise, the largest effects
are seen for the His268Ala and His268Leu mutations, which are
likely the result of the loss of the Nε�H 3 3 3O2 hydrogen bond.
The contributions of various residues (Gln144, Asp145,

His148, Phe158, Asn204, and His268) to the calculated dissocia-
tion barrier were determined by replacing individual R groups
with a hydrogen atom (i.e., mutation to glycine) (Table 2).
Removing the residue that acts as the general base from each
model leads to significant changes in barrier height. Specifically,
removing Asp145 from the watAsp

Pro model increases the barrier by
19.2 kJ mol�1. Similarly, a 15.7 kJ mol�1 contribution of His148
is calculated for the watAsp

His model. In addition, Asp145 lowers the
watAsp

His barrier by 12.1 kJ mol�1, which is similar to the contribu-
tion from the general base (His148). Two other groups yield
large changes in the calculated activation energy. First, His268
contributes substantially to the catalytic effect of hUNG2, low-
ering the watAsp

Pro barrier by 18.7 kJ mol�1 and the watAsp
His barrier

by 13.2 kJ mol�1. Second, the water molecule hydrogen bound to
O4 of uracil contributes nearly 7 kJ mol�1 to both the watAsp

Pro and
watAsp

His barriers (Table 2), where the effect of this water molecule
was ascertained through deletion of the entire molecule. No
other significant changes to the barrier height were calculated
with either model for any other mutation considered (Table 2).

Figure 2. Important distances (Å) and angles (deg, in parentheses) for the relaxed stationary points from the watAsp
Pro model in which Asp145 is the

general base and His148 neutral (ONIOM(MPWB1K/6-31G(d):PM3) optimized geometries).

Table 2. Changes in Calculated Barrier Heights Due to Single
Mutationsa

mutation watAsp
Pro watAsp

His mutation watAsp
Pro watAsp

His

Asp145Asn 32.8 8.3 Gln144Gly 0.6 �2.8

His148Leu 7.6 7.0 Asp145Gly 19.2 12.1

Asn204Val 2.3 7.1 His148Gly 5.5 15.7

His268Ala 18.6 13.1 Phe158Gly �1.8 �0.2

His268Leu 15.5 12.3 Asn204Gly �b 7.2

His268Gln 5.2 6.8 His268Gly 18.7 13.2

waterc 7.1 6.9
aRelative energies (kJ mol�1) calculated at the ONIOM(MPWB1K/
6-31G(d):PM3) level of theory, where a positive value represents an
increase in barrier height. bA stable structure could not be found. cWater
molecule hydrogen bound at O4 of uracil was removed.



4223 dx.doi.org/10.1021/bi2003394 |Biochemistry 2011, 50, 4218–4227

Biochemistry ARTICLE

’DISCUSSION

His148 Not Cationic during Early Stages of Reaction. The
mechanism of human uracil�DNA glycosylase action was ex-
amined with different water nucleophile interactions to thor-
oughly characterize both the uracil dissociation and water
activation aspects of the reaction. While models containing a
neutral His148 yield an activation energy (∼30 kJ mol�1)
appropriate for enzyme catalysis, the reaction potential energy
surface for the model with protonated His148 produces a
comparatively large barrier (∼100 kJ mol�1, Table 1). This
finding supports experimental evidence that His148 is neutral as
the nucleobase dissociates18 but contradicts a previous QM/MM
study on hUNG2 that characterized a (∼60 kJ mol�1) barrier
consistent with enzyme catalysis when His148 is protonated.23

We suspected the discrepancy in the two computational studies is
due to different partitioning schemes between the high- and low-
level regions, where our model treats more active-site residues at
the high (QM) level of theory. Therefore, single-point calcula-
tions were carried out on our watAsp

Pro(þ) geometries with the
high-level region defined as in previous work (Figure S1A).
These calculations yield an overall reaction pathway and ener-
getics similar to those previously reported, which indicates that
the earlier results were most likely obtained due to the use of a
high-level region too small to properly describe the reaction.
Furthermore, our large barrier calculated in the presence of a
cationic His148 is more consistent with an anticipated decrease
in the nucleophilicity of the water molecule upon protonation of
this residue as well as an increase in electrostatic repulsion
between cationic His148 and the positive charge developing on
the sugar moiety. Since our model predicts a high barrier when
His148 is protonated, and experimental evidence suggests this
residue is neutral in the reactant,18 only the watAsp

Pro and watAsp
His

models will be discussed further.
Point Mutations Compare Well to Experiment. The experi-

mental trend in activity for a selection of mutant enzymes
(His148Leu > Asn204Val > His268Leu > Asp145Asn)10 is pre-
dicted by both models containing neutral His148 (Table 2),
within the error of our methodology. With respect to specific
residues, the calculated effect of His268 on both models
(Table 2) is consistent with the experimentally predicted con-
tribution of this residue (9 � 20 kJ mol�1).7,17,20 Furthermore,
the relatively small calculated effect (7.0�7.6 kJ mol�1) of a
His148Leu mutation on both barriers is in line with mutational
analysis reporting an 8 kJ mol�1 effect on the barrier.18 Most
importantly, the calculated catalytic contribution of the pre-
viously proposed general base, Asp145, was found to be 19.2
and 12.1 kJ mol�1 for the watAsp

Pro and watAsp
His models, respectively.

This is remarkably similar to the proposed transition state
stabilization provided by Asp145 (12 kJ mol�1) determined
using intermediate mimics.20

Nucleotide Conformation Contributes to Catalysis. As
mentioned in the Computational Details section, all hUNG2
active-site models were generated from a crystal structure (PDB
ID: 1EMH) of the enzyme bound to DNA containing pseudour-
idine (ψU).13 In this starting structure, C1 of ψU is bent ∼40�
from planarity toward an sp3-hybridized geometry. When ψU is
mutated to uracil to generate the reactant geometries, the bend is
greatly reduced (<20�) but does not entirely disappear. Optimi-
zation of the nucleoside configuration found in the current work
with no enzyme present removes the bend at N1 of uracil, which
eliminates the possibility that the kink is an artifact of the DFT

method implemented. In addition, the χ dihedral angle about the
glycosidic bond in the relaxed enzyme-bound deoxyuridine
reactant (170��180�) deviates by∼40� from the free nucleoside
optimized at the same level of theory. Thus, both geometric
features are likely due to steric constraints in the active site
(Scheme 2), particularly the close proximity of Phe158, as well as
strong hydrogen-bonding interactions with Asn204 and
His268.21,48 Although the altered conformation of the reactant
was originally reported for a substrate mimic (ψU),13 our calcula-
tions show that these deformations persist with 20-deoxyuridine.
As suggested in previous work, these geometrical changes to the
dU nucleotide likely have a significant contribution to the
catalytic effect of hUNG2 by lowering the barrier to deglycosyla-
tion through hyperconjugation and anomeric effects.13,48

We calculate that this change in conformation requires over
10 kJ mol�1.b Therefore, while the activation energies calculated
using our two viable models (26.7 and 34.8 kJ mol�1, for watAsp

Pro

and watAsp
His , respectively) are lower than the experimental value

(50.6 kJ mol�1),49,50 at least some of this difference can be
attributed to bending of the nucleotide to fit into the active site.
hUNG2 Mechanism Highly Dissociative. Calculations on

both of our viable models suggest that the reaction has a single
transition state that is highly dissociative in nature. Specifically,
the transition state for both the watAsp

Pro andwatAsp
His models exhibits

a glycosidic bond length of ∼2 Å and a considerably longer
nucleophile distance (>2.6 Å). After the transition state, the
potential energy surface has a flat plateau corresponding to
further stretching of the glycosidic bond. Once the glycosidic
bond is sufficiently elongated, C10 electrophile migration toward
the water nucleophile and barrierless addition of water to the
anomeric carbon occurs. While it has been proposed that a stable
intermediate exists along the reaction pathway, our calculations
support a transition state that is highly dissociative and has
substantial oxacarbenium ion character as suggested by KIE
experiments.8 In addition, the shape of our calculated PES fol-
lowing the transition state is supported by evidence that nucleo-
philic addition to oxacarbenium cations is often barrierless.51,52

Regardless, our models indicate that the nucleophile is deproto-
nated before, rather than after, addition to the anomeric carbon,
and therefore nucleophile activation likely plays a role in the
barrierless addition in this particular reaction. Taken together,
the comparisons in the above paragraphs support the use of both
the watAsp

Pro and watAsp
His active-site models and allows us to examine

other aspects of the chemical step of the hUNG2 mechanism
with confidence.
Active-Site Residues Trade-Off Stabilizing Negative

Charge Forming on Uracil. A benefit to carrying out reaction
PES scans is the ability to observe how substrate interactions
change during the course of the reaction, which in turn permits
predictions about the role of active-site residues. Our most
important finding from this analysis is that several amino acid
residues share the responsibility of stabilizing the negative charge
building up on the uracil moiety throughout the reaction despite
emphasis on only His268 in the literature. Furthermore, each
group provides stabilization at slightly different stages of the
reaction. The interactions involving O4 of uracil are at their
strongest earlier in the reaction (C10�N1= 2.1�2.5 Å) since this
site has the largest proton affinity in the neutral nucleobase.53

Specifically, the hydrogen bond between Asn204 and O4 of the
uracil moiety is shortest immediately following the TS (Table
S7). The interactions involving O2 are strongest later in the
reaction since the negative charge in the uracilate anion is
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delocalized over N1/O2. Indeed, the interaction between the
catalytic His268 residue and O2 is strongest when the C10�N1
distance is around 2.7�2.9 Å. Interestingly, interactions between
O4 and an active-site water molecule also change during the
reaction, where these interactions are strongest just before the
product complex. These effects are observed for both the watAsp

Pro and
watAsp

His models; however, the changes in hydrogen-bond length
throughout the reaction are more pronounced for the watAsp

His model
(see Supporting Information, Table S7). For both models, changes
in the interactions between uracil and any other active-site amino
acid residues are insignificant.
Asp145 Mutations Can Mask Effects of Residues Impor-

tant Later in the Chemical Step. As mentioned in the Results
section, the Asp145Gly mutation to both the watAsp

Pro and watAsp
His

models leads to a significant change in barrier height (19.2 and
12.1 kJ mol�1, respectively, Table 2). Since the TS is highly
dissociative, this is consistent with suggestions that Asp145
electrostatically stabilizes the sugar moiety in the TS.20,26 Fur-
thermore, since association of the water nucleophile is barrierless
(Figure 1), mutations that remove Asp145 can conceal the effects
of residues on processes that occur later along the reaction
pathway, such as the role of His148 in activation of the
nucleophile. For example, the His148Leu effect on the barrier
for both models is ∼7.0 kJ mol�1 (Table 2), which indicates a
smaller dependence of the dissociative TS on this residue, despite
being the general base in one of the models. This suggests that
the contribution of His148 occurs after the rate-limiting step and
therefore may not be observed in mutations (e.g., Asp145Asn)
that disrupt dissociation of the nucleobase. On the basis of this
discussion, it may not be possible to conclusively determine the
role of Asp145 as the general base or the role of other residues
(i.e., His148) in the chemical step of the hUNG2 mechanism
following base departure by point mutations alone.
His148 Is Preferred over Asp145 as the General Base.

Deletion of the acting general base from either the watAsp
Pro or

watAsp
His models (Asp145 and His148, respectively) causes the

nucleophile to reorient to interact with the other potential
activator. Therefore, in the absence of His148, Asp145 can act
as the general base and vice versa. When coupled with similar
calculated reaction barriers (26.7 and 34.8 kJ mol�1, Table 2),
this finding suggests that either Asp145 or His148 may activate
the water nucleophile depending on the orientation the water is
bound in the active site. However, the preference for proton
transfer from the nucleophile to one base over the other can be
ascertained by examining the watAsp

His model, which allows for
water activation by either His148 or Asp145. In the relaxed
watAsp

His reactant complex (RC, Figure 3), the hydrogen-bond

distances between the nucleophile and the two potential general
bases (His148 and Asp145) are almost identical. Nevertheless,
the contact to His148 tightens and that to Asp145 loosens in the
transition state. In addition, the nucleophilic water fully transfers
a proton to His148 in the product complex, which contrasts the
incomplete transfer in the watAsp

Pro product (PC, Figure 2). This
demonstrates that proton transfer to histidine is preferred, which
is consistent with proposals that hydrogen bonds formed be-
tween groups with matching pKa’s can provide a large contribu-
tion to enzyme catalysis54 since the pKa of water is closer to
histidine than aspartate. Therefore, while either Asp145 or
His148 can act as the general base in the mechanism of hUNG2
action, our calculations indicate that proton transfer to histidine
is more likely.
Roles of Asp145 and His148. Our calculations suggest that

both Asp145 and His148 are required for maximum efficiency of
the chemical step. During the early stages of the reaction, the
water nucleophile is held in place by an anionic Asp145 and a
neutral His148, which confirms this previously hypothesized
function of His148.18 However, we further expand the role of
His148 to include activation of the nucleophile (i.e., catalyzes
AP-site formation). This newly proposed function is supported
by the work of Parker and Stivers,18 who found that His148 is
initially neutral, but becomes protonated during the reaction, and
has a catalytic contribution late in the chemical step. Further-
more, they proposed that His148 should be added to the list of
important active-site groups for transition state stabilization,
potentially through positioning the substrate and catalytic water
or producing a favorable reaction environment (solvent exclu-
sion). We agree that His148 is an important catalytic residue and
reveal for the first time that its primary role in the chemical step is
likely activation of the water nucleophile. We note that this new
function for His148 does not exclude possible significant con-
tributions to earlier events such as nucleotide flipping or active-
site reorganization.18,28 Finally, in agreement with previous
proposals,20 we assign the primary role of Asp145 to electrostatic
stabilization of the cationic sugar moiety formed as the reaction
proceeds (i.e., catalyzes glycosidic bond cleavage). Recently, it
has been proposed that the role of the catalytically essential lysine
in hOGG1 as the nucleophile is secondary to its role in substrate
recognition and binding and is the direct result of its proximity to
the sugar.55 When this concept is applied to Asp145 in hUNG2,
the proximity of the Asp145 residue to the water nucleophile
resulting from its primary role of electrostatic stabilization of the
TS allows participation in proton transfer as a possible secondary
role. Prioritizing the functions of Asp145 in this manner aligns

Figure 3. Important distances (Å) and angles (deg, in parentheses) for the relaxed stationary points from the watAsp
His model in which His148 is the

general base (ONIOM(MPWB1K/6-31G(d):PM3) optimized geometries).
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the role of this residue in hUNG2 with the accepted primary
function of active-site aspartate or glutamate residues similarly
positioned in other glycosylases.4,5,29�32,34

’CONCLUSIONS

In the present work, ONIOM(QM:QM) calculations were
utilized to study the reaction potential energy surfaces of the
mechanism of hUNG2 action. Unlike previous computational
work that treated fewer active-site residues with a high (QM)
level of theory, we determined that His148 must be neutral
during dissociation of the nucleobase, which is consistent with
recent experimental evidence. The reaction potential energy
surfaces generated using two models with neutral His148 re-
sidues are both consistent with an abundance of experimental
data, including mutational studies. This supports the use of our
active-site models and allows us to confidently examine different
aspects of the chemical step catalyzed by hUNG2.

For the first time, we present a complete mechanism for the
chemical step of hUNG2 action where His268, Asp145, and
His148 are catalytic. Specifically, in agreement with previous
literature, we propose that the primary function of Asp145 is
electrostatic stabilization of the cationic charge forming on the
sugar moiety. Therefore, this residue catalyzes glycosidic bond
cleavage in conjunction with His268. Although this role for
His268 has been previously proposed, we demonstrate that
Asn204 and a water molecule are also involved in stabilization
of the negative charge on uracil, where the importance of these
interactions changes throughout the course of the reaction. In
addition, while we find that Asp145 can act as the general base,
we reveal for the first time that His148 preferentially activates the
water nucleophile in the chemical step. By classifying water
activation, as well as nucleophile orientation, as a potential
secondary function of Asp145, the primary (electrostatic stabi-
lization) role of this residue becomes aligned with that of active-site
carboxylate groups in other glycosylases. Most importantly, our
work supports the incorporation of His148 into the list of residues
(Asp145 andHis268) essential to the chemical step of the hUNG2
mechanism and explains the experimental observation that this
residue contributes to the catalysis of the chemical step.
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