
Lesion Specificity in the Base Excision Repair Enzyme hNeil1: Modeling and
Dynamics Studies†

Lei Jia,‡ Vladimir Shafirovich,‡ Nicholas E. Geacintov,‡ and Suse Broyde*,‡,§

Department of Chemistry, New York UniVersity, 100 Washington Square East, Room 1001, New York, New York 10003, and
Department of Biology, New York UniVersity, 100 Washington Square East, Room 1009, New York, New York 10003

ReceiVed NoVember 2, 2006; ReVised Manuscript ReceiVed February 12, 2007

ABSTRACT: Base excision repair (BER) is the major pathway employed to excise oxidized DNA lesions.
Human Neil1, a versatile glycosylase in the BER pathway, repairs a diverse array of oxidative lesions;
however, the most prevalent, 8-oxo-7,8-dihydroguanine (8-oxoG), is only weakly excised. The structural
origin of hNeil1’s ability to repair a variety of lesions but not 8-oxoG is a model system for connecting
enzyme structure and lesion-recognition specificity. To elucidate structural properties determining hNeil1’s
substrate specificities, we have investigated it in complex with two pairs of representative well-repaired
substrates: theR- andS-spiroiminodihydantoin (Sp) stereoisomers, nonplanar further oxidation products
of guanine, and the 5R,6S- and 5S,6R-thymine glycol (Tg) stereoisomers, the most prevalent oxidative
lesions of thymine. We also investigate the poorly repaired 8-oxoG. We employed molecular modeling
and 10 ns molecular dynamics (MD) simulations. The results of our investigations provide structural
explanations for the ability of hNeil1 to excise a variety of oxidative lesions: they possess common
chemical features, namely, a pyrimidine-like ring and shared hydrogen bond donor-acceptor properties,
which allow the lesions to fit well in the binding pocket, which is somewhat flexible. However, the planar
8-oxoG is not as well accommodated in the shallow and comparatively cramped recognition pocket; it
has fewer hydrogen bonding interactions with the enzyme and a solvent exposed six-membered ring,
consistent with its poor repair susceptibility by this enzyme.

The base excision repair (BER1) pathway is employed to
excise certain oxidized DNA lesions, using several concerted
steps to cleave and remove the damaged DNA base from
the duplex, and replace it with a normal base (1-3). BER is
initiated by the glycosylase scanning the DNA and recogniz-
ing the damaged site (4-7). The base lesion, together with
its sugar residue, is then extruded out of the duplex into the
active site of the glycosylase, and the enzyme catalyzes the
cleavage of the glycosidic bond (8-11). In short patch BER,
a monofunctional or bifunctional glycosylase breaks the
glycosidic bond; in the case of bifunctional glycosylases,
there is a Schiff-base intermediate (12) and the enzyme lyase
activity catalyzes eitherâ-elimination of the 3′ phosphodi-
ester bond, orâ,δ-elimination of the 3′ and 5′ phosphodiester
bonds, depending on the enzyme (13, 14). Subsequently, an

AP (apurinic/apyrimidinic) endonuclease removes the 3′
terminal 4-hydroxypentenal phosphate (formed byâ-elimina-
tion) (10), or a polynucleotide kinase removes the 3′ terminal
phosphate (formed byâ,δ-elimination) that blocks repair
synthesis in human cells (14). The resulting single nucleotide
gap with a 3′-OH terminus is then filled with a normal
incoming nucleotide by DNA polymeraseâ (15). Finally,
the nick is sealed by DNA ligase I or a ligase III/XRCC1
complex (1, 2, 10). Here, we are interested in the first BER
step, namely, the specificity of DNA glycosylases for
recognizing different oxidative lesions.

The human glycosylase hNeil1 plays an important role in
the human BER pathway (10). hNeil1, which is a bifunctional
glycosylase with AP lyase activity, belongs to the endonu-
clease VIII/Fpg (Nei/Fpg) family. Its DNA binding motifs
include a H2tH (helix-two turn-helix) motif, and a zinc-
less finger motif (a zinc finger-like structure lacking the Zn2+

ion) with a conserved arginine (16-18). The N-terminal
proline is employed as the nucleophile by hNeil1 (17). It
primarily recognizes and repairs ring-saturated or oxidized
pyrimidines including thymine glycol (Tg), dihydrothymine,
dihydrouracil, 5-hydroxyuracil, and 5-hydroxycytosine. In-
terestingly, hNeil1 can also repair certain oxidized purines,
including formamidopyrimidines (Fapy-A and Fapy-G),
guanidinohydantoin (Gh), and spiroiminodihydantoin (Sp),
but 8-oxoG is removed very inefficiently (10, 16, 19).

Oxidative DNA base damage is caused by reactive oxygen
species that are formed under conditions of oxidative stress,
and has been recognized as a major cause of cell death and
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mutagenesis in aerobic organisms (20, 21). Endogenous
reactive oxygen species are byproducts of natural aerobic
respiration, environmental chemicals found in cigarette
smoke, chemotherapeutic drugs, UV light, and ionizing
radiation (9, 22, 23). Oxidized lesions are believed to play
a role as promoters in cancer development and neurological
disease, and have been implicated in the normal progression
of aging (20, 22, 24). The most prevalent oxidized base found
in cellular environments is 8-oxoG (Figure 1) (24), detected
in human cells under normal conditions (25) and also in
cancer cells (26-28). Further oxidation of 8-oxoG or

arylamine-G adducts or the direct oxidation of guanine can
produce theRandSstereoisomers of spiroiminodihydantoin
(Sp) (29-32) (Figure 1). The Sp lesions have been detected
in Nei-deficientEscherichia colifollowing chromate expo-
sure (33) and cause G to C and G to T transversions inE.
coli and in vitro (34, 35). They are removed by hNeil1 (36).
The stereoisomeric thymine glycols (Tg) are the most
common thymine lesions (Figure 1) produced by oxidation
and by ionizing radiation (37). The 5R,6S- and 5S,6R-Tg
lesions cause mainly T to C mutations inE. coli (38), and
are repaired by hNeil1 and mNeil1 (39-41). However,
8-oxoG is only weakly removed by hNeil1 (19, 36).

The structural origin of hNeil1’s ability to repair the
diverse set of oxidative lesions is not understood, and more
broadly, is a model system for connecting enzyme structure
and lesion-recognition specificity (10). The goal of our work
is to obtain structural insights on the ability of hNeil1 to
repair a variety of oxidative lesions, but 8-oxoG only very
poorly. For this purpose, we have investigated the interactions
of two pairs of representative substrates, theR- and S-Sp
stereoisomers, and the 5R,6S- and 5S,6R-Tg stereoisomers,
as well as 8-oxoG, with hNeil1 using molecular modeling
and 10 ns molecular dynamics (MD) simulations. In the case
of the stereoisomeric Tg lesions, we selected thecisepimers
in which the bulky methyl group is on the opposite face of
the Tg ring from the 6-positioned hydroxyl group in aqueous
solution (42). The results of our investigations provide
structural explanations for the ability of hNeil1 to excise a
variety of oxidative lesions: they possess common chemical
features, namely, a pyrimidine-like ring and shared hydrogen
bond donor-acceptor properties, which allow the lesions to
fit well in the binding pocket, which is somewhat flexible.
However, 8-oxoG is not as well accommodated in the
shallow and comparatively cramped recognition pocket; it
has fewer hydrogen bonding interactions with the enzyme
and a solvent exposed six-membered ring, consistent with
its poor repair susceptibility by this enzyme.

METHODS

Molecular Modeling of Initial Structures.Since there is
no crystal structure of a hNeil1/DNA complex available, we
created a model, based on two crystal structures: an apo
hNeil1 in its closed conformation (proposed to be the DNA
binding state) (PDB (43) ID: 1TDH) (16) and aBacillus
stearothermophilusFpg/DNA complex crystal structure
(PDB ID: 1R2Y) (44). The two enzymes are structural
homologues within the endonuclease VIII/Fpg superfamily.
We superimposed the H2tH DNA binding motif of the two
enzymes (Figure S1, Supporting Information) including the
12mer DNA double helix with the 8-oxoG lesion extruded
out of the duplex in Fpg. Then the Fpg coordinates were
deleted, leaving the DNA docked into hNeil1 (Figure S1).
At this stage, there were modest steric close contacts between
the DNA backbone and amino acid side chains in the region
of the zinc-less finger which is distant from the binding
pocket where the glycosidic bond cleavage occurs. The steric
close contacts were relieved through small torsional amino
acid side chain adjustments, and an∼5° whole-body pivot
of the DNA while keeping the lesion fixed. The original
DNA sequence was replaced by the ones actually used in
the repair experiments of Sp and 8-oxoG (36), and Tg (39)
(Figure 1). A cocrystallized molecule of tris(hydroxymethyl)-

FIGURE 1: (A) Structures of deoxyribonucleosides 8-oxoG, SpR
andS stereoisomers, and Tg 5R,6S and 5S,6R stereoisomers. (B)
DNA sequences investigated and originally present in the bstFpg
crystal structure. Glycosidic torsion angleø is O4′-C1′-N9-C4
for 8-oxoG and Sp, and O4′-C1′-N1-C2 for Tg.
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aminomethane (TMN) was removed. The missing loop, about
30 Å from the binding pocket region, containing residues
203 to 207 was modeled with the program MODELLER
(45-47) on the ModLoop web server (45, 48), whose
rotamer library provided the side chain conformations.

Crystal water molecules were retained unless they were
in collision with the DNA residues, which were modeled as
described above. The N-terminal proline, which acts as the
nucleophile in hNeil1, was modeled as being neutral in order
to mimic the system preceding the glycosylase reaction (17,
49) and following the proton transfer step. This deprotonated
Pro1 models initial proton transfer to solvent, a mechanism
that has been proposed for theE. coli homologue Nei (50).
Mutated residues were replaced by those that occur in the
wild type. Side chains were modeled using the rotamer
library in AMBER (51). The 8-oxoG lesion was retained in
the syn conformation that it adopted in bstFpg (PDB ID:
1R2Y) (44) for the 10 ns 8-oxoG simulation. For the 10 ns
Sp simulations, 8-oxoG was replaced byR- or S-Sp in the
synconformation, using our quantum mechanically computed
geometries (52). Our earlier studies showed that thesyn
conformation is favored in DNA duplexes (53). Preliminary
model building with 3 ns molecular dynamics simulations
showed that the Sp in theanti conformation cannot be well
accommodated in the binding pocket causing it to be
markedly enlarged and distorted. In fact, theSisomer flipped
from anti to syn in the preliminary work (Figure S2A,
Supporting Information). Similar preliminary studies also
showed that the bulky thymine methyl group is unfavorably
placed in the binding pocket when the Tg lesions aresyn,
and the 5R,6S isomer flipped fromsynto anti (Figure S2B).
A recent crystal structure of 5R,6S-Tg in DNA polymerase
RB69 shows acis epimer withanti glycosidic torsion (54),
and an NMR solution structure in a DNA duplex shows the
anti conformation (55). We therefore implemented the
10 ns simulations with Tg 5R,6S and 5S,6R stereoisomers
in theanti conformation in the hNeil1 enzyme. We used the
crystal structures of the 5R,6S- and 5S,6R-Tg (cis epimers)
(56, 57) to replace the 8-oxoG lesion in the damaged DNA.
The glycosidic torsions (58) of the initial models are listed
in Table S1 (Supporting Information). Finally, hydrogen
atoms were added with the LEaP module in AMBER 8.0
(51). The protein-DNA complexes were then energy-
minimized with implicit solvent molecules (dielectric con-
stant) 4.0) for 400 steps of steepest descent (SD) followed
by 600 steps of conjugate gradient (CG) minimizations using
the SANDER module of AMBER 8.0 (51).

Force Field. Computations were carried out with the
AMBER 8.0 suite of programs (51), the Cornell et al. force
field (59), and the PARM99 parameter set (60). The force
field parameters for theR- andS-Sp were obtained from our
previous work (53). The force field was also parametrized
for the 8-oxoG lesion, the neutralized N-terminal proline,
and the Tg stereoisomers as described previously (53): partial
charges were computed, atom types were defined, and
missing bond length and angle and torsional parameters were
obtained, based on the PARM99 and GAFF (61) parameter
sets. All of the added force field parameters, atom types,
and topology assignments are listed in Tables S2-S9
(Supporting Information).

Molecular Dynamics Protocol.The system was reoriented
with SIMULAID ( 62) to minimize the number of water

molecules needed for solvation. The LEaP module of
AMBER 8.0 was then employed to add counterions for
neutralization and to solvate with a rectangular box of TIP3P
water molecules (63). A buffer distance of 10 Å between
each wall and the closest solute atom in each direction was
employed. The number of counterions and water molecules
added to the system and the sizes of the solvation boxes are
given in Table S10 (Supporting Information).

Our protocol follows recommendations of the AMBER
development team (http://amber.scripps.edu/tutorials/basic/
tutorial1/section5.htm). All systems employed the same
equilibration and MD treatment: (1) minimization of the
counterions and solvent molecules (including crystallized
waters) for 2000 steps of SD followed by 3000 steps of CG
with 50 kcal/mol restraints on the solute atoms; (2) 30 ps
initial MD at 10 K with 25 kcal/mol restraints on solute
molecules allowing the solvent to relax; (3) 80 ps constant
volume MD simulation to heat the system up from 10 to
310 K followed by 20 ps constant volume MD at 310 K
with 10.0 kcal/mol restraints on solute molecules under
constant volume; (4) 30, 40, and 50 ps MD with decreasing
restraints of 10.0, 1.0, and 0.1 kcal/mol, respectively, on
solute molecules under constant pressure; (5) 10 ns MD
production at 310 K under constant pressure of 1 atm.
Temperature and pressure coupling constants were both
1 ps.

We implemented all production MD simulations at 1 atm
constant pressure and 310 K. Figure S5 (Supporting Infor-
mation) shows pressure, temperature, and volume data for
the simulations, revealing stable fluctuations around target
values as described by the AMBER development team
(http://amber.scripps.edu/tutorials/basic/tutorial1/
section5.htm). A 9 Å cutoff was applied to the nonbonded
Lennard-Jones interactions. No switching function is applied
to the Lennard-Jones interactions since these have values of
essentially 0 at 9 Å (64). Long-range electrostatic interactions
were treated with the particle mesh Ewald (PME) method
(65, 66). The SHAKE algorithm (67) was applied to constrain
all bonds involving hydrogen atoms with relative geometrical
tolerance of 10-5 Å. A 2 fs time step was used, and the
translational/rotational center-of-mass motion was removed
every 1 ps (68).

Stability of the Molecular Dynamics Simulation.Plots of
the all-atom root-mean-square deviations (rmsd) of the
current relative to the starting structure as a function of time
for the binding pocket (residues within 5 Å from any lesion
atom), the whole complex, the helixRF region (residues 199
to 223), and the complex without this region are shown in
Figure 2. TheRF region, far from the binding pocket
(Figure S1), is distinctly more flexible than the rest of the
complex. The enzyme complex without this region is quite
stable after about 2 ns, and the binding pocket itself is stable
sooner. Our analyses were carried out for the 5.0-10.0 ns
time frame to ensure that fully equilibrated structures were
employed.

Structural Analyses.Snapshots of the structures during the
simulations and the last frame of simulations with solvent
and counterions removed were obtained with the PTRAJ
module of the AMBER 8.0 suite (51). PTRAJ was also
employed to determine the time-dependence of the rmsd, and
the glycosidic torsion angleø. Detailed hydrogen bonding
analyses were carried out with the CARNAL module of the
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AMBER 7.0 suite (69). Hydrogen bonding criteria are
3.4 Å between the heavy atoms and a 135° angle for the
heavy-hydrogen-heavy atoms. The electrostatic potential
surfaces of the enzymes were calculated and created by
APBS (70) as a plug-in to PyMOL (71). PyMOL generated
the surface views with APBS providing the color-coded
electrostatic information. The trajectory average solvent
accessible surface area (SASA) was calculated with the
Connolly algorithm (72) in the INSIGHT II program. Default
parameters were used: atom radius scale) 1.0 Å, probe
radius) 1.4 Å.

INSIGHT II from Accelrys, INC., and PyMOL from
DeLano Scientific LLC. were employed for visualization and
model building. Computations were carried out on our own
cluster of Silicon Graphic Origin and Altix high performance
computers.

RESULTS

The objectives of this work are to elucidate structural
reasons for the diverse substrate specificities of the human
BER glycosylase hNeil1. We investigated two pairs of lesions
that are excised by hNeil1, namely, the 5R,6S- and 5S,6R-
Tg stereoisomers and theR- and S-Sp stereoisomers. In
addition, we investigated the poorly excised 8-oxoG (10, 16).
We have carried out molecular modeling and molecular
dynamics simulations of the five lesions embedded in a short
DNA fragment in complexes with hNeil1 (Figure 1). We

analyzed the MD trajectories to assess the accommodation
and interactions of the lesions in the binding pocket of the
enzyme. Our underlying hypothesis is that common structural
features of the lesions together with enzyme flexibility permit
hNeil1’s functional diversity.

The hNeil1-Damaged-DNA Binding Complex.In order
to investigate the accommodation and recognition of the Sp
and 8-oxoG lesions in hNeil1, we first created reasonable
lesion-containing models based on the bstFpg/8-oxoG-DNA
complex (44) (PDB ID: 1R2Y) and the hNeil1 apo structures
followed by 10 ns simulations, as detailed in Methods.
Common features of the enzyme complexes are revealed
from these five simulations. In all our simulated structures,
the lesions (8-oxoG,R- andS-Sp, 5R,6S- and 5S,6R-Tg) are
extruded and stabilized in the extra helical position. As
presented in Figure 3A the electrostatic surface clearly shows
that the negatively charged DNA backbone contacts the
positively charged DNA binding groove of hNeil1. The zinc-
less finger motif (Figure S1) contacts the major groove of
the DNA duplex, and hydrogen bonds from the conserved
Arg276 interact with the DNA bases. In addition, several
arginine residues (Arg33, Arg94, Arg117, Arg118, Arg132,
Arg158, Arg256, Arg273, and Arg276) interact with the
DNA bases and backbone (Figure 3B). We observed that
two important residues at the binding pocket, Asn175 and
Tyr262, form multiple hydrogen bonds to the DNA backbone
and hold the extruded nucleotide in place (Figure 3C). Met80,
conserved in both hNeil1 and Fpg, fills the gap created by
the lesion extrusion in the Fpg/DNA complex and also fills
the gap in our hNeil1/DNA complex model. Furthermore,
two additional residues fill the gap to stabilize the extruded
conformation: Arg117 mimics an unextruded base at the
damaged position by hydrogen bonding with the estranged
cytosine at its Watson-Crick edge and stacking with the
base 5′ neighbor of the damaged base, and Phe119 stacks
with the 3′ base pair neighboring the damaged base
(Figure 3C). This stacking interaction is considered to play
an important role in the recognition of the lesion during the
search process (6).

Lesion Accommodation and Recognition in hNeil1.The
human Neil1 enzyme recognizes and repairs oxidized pyri-
midines (5-hydroxyuracil and 5-hydroxycytosine) and ring-
saturated pyrimidines (thymine glycol, dihydrothymine, and
dihydrouracil) (10, 16). However, 8-oxoG, an oxidized
purine, is only weakly repaired (16). Moreover, hNeil1
exhibits activity in removing a racemic mix of spiroimin-
odihydantoin lesions (36), purine oxidation products. Inter-
estingly, the Sp A-ring resembles an oxidized and partially
saturated pyrimidine when it is in the generally favoredsyn
conformation (53). The hNeil1 apo crystal structure as well
as our model indicates that the binding pocket of the enzyme
is shallow and comparatively cramped, but is still suited to
accommodate a one-ring lesion (Figure 4).

(A) R- and S-Sp and 8-oxoG in hNeil1.The pyrimidine-
like Sp(syn) lesions can be accommodated in the binding
pocket of this enzyme. The Sp A-ring interacts with the
binding pocket of hNeil1 through hydrogen bonds
(Table S11, Supporting Information) as does the perpen-
dicular B-ring. ForS-Sp, the main chain oxygen of Met80
forms a strong bifurcated hydrogen bond to the amino and
imino groups of Sp. In the case ofR-Sp, the amino group
only weakly hydrogen bonds to the side chain oxygen atom

FIGURE 2: Plots of the all-atom root-mean-square deviations (rmsd)
of the current relative to the starting structure as a function of time
for the binding pocket (residues within 5 Å from any lesion atom),
the whole complex, the helixRF region (residues 199 to 223), and
the complex without this region. TheRF region is distinctly more
flexible than the rest of the complex.
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of Tyr262 (Figure 5 and Table S11). TheS-Sp is better
housed in the binding pocket with more favorable electro-
static interactions due to the strong hydrogen bond to the
Met80; however, O6 ofR-Sp interacts repulsively with this
residue, being anchored by the hydrogen bond with Tyr262
(Figure 5). As a result, the binding pocket is enlarged. These
hydrogen bonding interactions are unique to Sp because of
its propeller-like structural features. However, the 8-oxoG
is not well accommodated in the same binding pocket.
Although there are hydrogen bonds between the 8-oxoG five-
membered ring and the enzyme (Table S11), there is no
interaction between the enzyme and the six-membered ring
(corresponding to the Sp B-ring), which is exposed to the
solvent (Figure 4). Trajectory average solvent accessible
surface areas for the lesions are given in Table 1. These show
distinctly greater solvent exposure for the 8-oxoG than for
the other lesions, as well as a significantly greater sd,
indicating more flexibility.

(B) 5R,6S- and 5S,6R-Tg in hNeil1.In order to further
evaluate our hNeil1 model, we also investigated a pair of
stereoisomeric thymine glycol lesions which are excised by

this enzyme; for this study thecis epimers of 5R,6S- and
5S,6R-Tg (Figure 1), predominant in solution (42) and
observed in a recent crystal structure in a DNA polymerase
(54), were employed. The two Tg stereoisomers can be
accommodated in the binding pocket of hNeil1. The O2 and
N3H3 in the Tg ring interact with the binding pocket of
hNeil1 by hydrogen bonding, in a manner analogous to the
interactions of the O8 and N7H7 groups in the Sp A-ring.
Table S11 gives hydrogen bonds between the damaged bases
and hNeil1 and their occupancies (the percent of structures
with hydrogen bond intact over the 5-10 ns time frame
analyzed). In addition, due to the nonplanarity of the Tg
stereoisomers, other favorable interactions occur with hNeil1
which could contribute to the recognition of the Tg lesions
by this enzyme. In the case of 5R,6S-Tg, the O2 atom forms
a bifurcated hydrogen bond to the imino group of the
nucleophile Pro1 and its neighboring amino acid Glu2 (total
occupancy 83%). Met80, which forms a hydrogen bond to
S-Sp, forms a weak hydrogen bond with the hydroxyl group
at the 6-position (occupancy 20%) (Figure 5 and Table S11).
In the case of 5S,6R-Tg, the same hydroxyl group forms a

FIGURE 3: Stereoviews of (A) electrostatic surface of hNeil1 with damaged DNA double strands (white and yellow) showing the positively
charged DNA binding groove of hNeil1 (see text). Blue color is positive and red is negative. (B) DNA binding features of hNeil1 as
described in text. The arginines are colored by atom with main chain and hydrogen atoms not shown. (C) DNA binding features of hNeil1
at the damaged site (see text). The lesion and protein residues are colored by atom. Hydrogen bonding interactions are marked with black
lines. Damaged base and its base partner are in cyan. Structures from the last frame of the 10 ns simulations are presented. All stereo
figures are prepared for viewing with a stereoviewer available at http://www.berezin.com/3D/viewers1.htm.
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weak hydrogen bond with the side chain oxygen atom of
Tyr176 (occupancy 32%). The O2 atom also forms a weak
hydrogen bond to the imino group of Glu2 (Figure 5 and
Table S11). Furthermore, the bulky methyl group of 5R,6S-
Tg is in hydrophobic contact with the phenyl group of
Tyr176; however, the analogous group in 5S,6R-Tg does not
form any favorable interactions with hNeil1.

(C) hNeil1 Binding Pocket Features.From our simulations
of R- and S-Sp and 5R,6S- and 5S,6R-Tg, we can infer

binding pocket features of hNeil1 that accommodate and
recognize these pyrimidinic lesions. Figure 4 shows that the

FIGURE 4: Stereoviews of electrostatic surface (color code same
as in Figure 3A) of the binding pocket of hNeil1 with Sp(syn) and
Tg(anti) stereoisomers, and 8-oxoG(syn). Lesions are colored by
atom. The sugar connected to the lesions is shown in yellow. Note
the variable sizes and shapes of the binding pockets, as well as
electrostatic interactions mainly indicating hydrogen bonds. Struc-
tures from the last frame of the 10 ns simulations are presented.

FIGURE 5: Stereoviews of the binding pocket of hNeil1 with Tg
and Sp stereoisomers, and 8-oxoG, highlighting hydrogen bonding
interactions. See text for details. The enzyme is rendered in cartoon.
Lesions and key residues are colored by atom. The sugar connected
to the lesions is shown in yellow. Hydrogen bonding interactions
are marked with black lines. Structures from the last frame of the
10 ns simulations are presented.

Table 1: Solvent Accessible Surface Area (SASA) of Base Lesionsa

8-oxoG R-Sp S-Sp 5R,6S-Tg 5S,6R-Tg

SASA (Å2) 93.8 85.1 83.8 78.6 87.8
sd (Å2) 13.9 8.4 7.8 9.9 12.6

a Trajectory average values and standard deviations (sd) are given
for the 5-10 ns time frame of the 10 ns simulation.
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binding pocket adapts both sterically and electrostatically to
the specific lesions. In addition, the results suggest that the
binding pocket contains residues Pro1 (the nucleophile), Glu2
and Glu5 (these hydrogen bond with the planar part of the
Tg ring and the planar Sp A-ring), Tyr262/Tyr176 (these
interact with the exocyclic groups of Tg and the Sp B-ring),
and Met80 (this inserts into the gap created by the extrusion
of the lesion and hydrogen bonds with the exocyclic groups
of Tg and theS-Sp B-ring). Figure 5 shows hydrogen bond-
ing interactions between the lesions and the binding pocket.

DISCUSSION

Lesion Accommodation and Recognition by hNeil1.Our
hNeil1 structures, based on modeling employing the hNeil1
apo enzyme structure (PDB ID: 1TDH) (16) and a structur-
ally relevant bstFpg/DNA complex crystal structure contain-
ing 8-oxoG (PDB ID: 1R2Y) (44), with 10 ns MD
simulations, share certain overall structural features with the
hNeil1/DNA model constructed by Doublie et al. based on
an EcoNei/DNA complex without lesion (16): DNA in
proximity of the catalytic N-terminal proline, the Met80 that
occupies the position of the averted damaged base, and the
H2TH and zinc-less finger motifs.

Our results with lesions reveal common structural features
of the variety of damages that are recognized by hNeil1.
These structural features together with enzyme active site
flexibility help explain the enzyme’s versatility. hNeil1 is
capable of repairing oxidative damages which include the
thymine glycol stereoisomers, dihydrothymine, dihydrouracil,
5-hydroxyuracil, the spiroiminodihydantoin stereoisomers,
guanidinohydantoin, and formamidopyrimidines (16, 36, 39,
73). Specifically, these lesions share the endocyclic amide
group (OdC-N-H) (Figure 1) and contain or mimic
features of single, pyrimidine-like rings. Some also have
exocyclic groups containing hydrogen bond donors and
acceptors. We have simulated four such lesions, two pairs
of stereoisomers (R- and S-Sp and 5R,6S- and 5S,6R-Tg).
From these simulations, we suggest features of the binding
pocket that accommodate and recognize these lesions: these
include the presence of Pro1, Glu2, Glu5, Tyr176/Tyr262,
and Met80. These features appear well suited for the
recognition of other substrates of hNeil1: Glu2 and Glu5
interact with the endocyclic amide group (Figure 6), Tyr262/
Tyr176 and/or Met80 interact with exocyclic groups, and
Met80 inserts into the gap created by the extrusion of the
lesions (Figure 5). Our simulations of the Tg and Sp damages
suggest that the hNeil1 binding pocket may be somewhat
flexible, which is reasonable in light of the broad substrate
specificity of this enzyme. The binding pockets adapt both
sterically and electrostatically to the specific lesions
(Figure 4).

The residues Glu2 and Glu5 in the binding pocket of
hNeil1 are conserved in two other enzymes, Fpg and Nei,
which also belong to the endonuclease VIII/Fpg (Nei/Fpg)
family (73, 74). These residues play key roles in lesion
recognition and catalysis. The crystal structures of Fpg and
Nei in complex with damaged DNA reveal that the two
residues interact with lesions via hydrogen bonding in order
to recognize and accommodate them in the active site (50,
75, 76). Mutation data show that in hNeil1, as well as Nei
and Fpg, mutation of Glu2 significantly reduces enzyme

activity (50, 73, 77). Mutation studies suggest that Glu2 may
be a putative base which accepts a proton during the cleavage
process in Nei and Fpg (50, 76), but solvent water may also
be the base (50) as implicit in the present simulations
investigating a deprotonated proline. Mutation data for Glu5
does not appear to be available, and our simulations suggest
that mutating this residue would reduce the enzyme activity.

Our results show that the Sp can be well accommodated
in the hNeil1 binding pocket and that Sp is recognized via
favorable hydrogen bond interactions (Table S11) between
its A-ring and residues in the binding pocket. This A-ring
mimics oxidized and partially ring-saturated pyrimidines
(Figure 1). In addition, the uniquely oriented amino and
imino groups on the B-ring also have hydrogen bond
interactions with the binding pocket. This is possible due to
the perpendicular orientation of the Sp A-ring and B-ring,
stemming from the sp3 hybridization of C4. However, in the
case of the planar 8-oxoG, although the five-membered ring
is in the binding pocket, the six-membered ring is exposed
to solvent without interactions with the enzyme (Table 1 and
Figure 4). This may be one reason why theR- and S-Sp
stereoisomers are excised by hNeil1 while 8-oxoG is only
very weakly excised (36).

Possible Stereoisomeric Effects of the Sp and Tg lesions.
We hypothesize that sterically better accommodation of the
lesion and stronger interactions between the lesion and
enzyme residues in the binding pocket are the conditions
that facilitate the formation of excision-ready lesion-enzyme
complexes. Our results indicate the possibility of some
differential activity of hNeil1 toward members of stereoi-
somer pairs. The structural differences of theR- andS-Sp
lesions, reflected in their oppositely oriented B-ring
(Figure 1), suggest that theR andS forms might be excised
at somewhat different rates. Differences in hydrogen bonding
interactions within the binding pocket are observed in our
MD simulations. Specifically, the amino and imino groups
on the B-ring of theS-Sp form a strong bifurcated hydrogen
bond to the main chain oxygen atom of Met80. However,
only the amino group of theR-Sp stereoisomer weakly
hydrogen bonds to the side chain oxygen atom of Tyr262
(Table S11), placing O6 in a repulsive positionVis-à-Vis
Met80, which enlarges the binding pocket (Figure 5). Thus,

FIGURE 6: Hydrogen bonding interactions of hNeil1 residues Glu2
and Glu5 proposed for lesion recognition.
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the R-Sp stereoisomer appears less favorably placed for
hydrolysis of the glycosidic bond. Experimental studies with
separated stereoisomers may be useful in this connection,
since previous studies employed a racemic mix (36).

Our simulations also indicate that the 5R,6S-Tg has
stronger interactions with the binding pocket than the 5S,6R-
Tg, due to the oppositely oriented methyl and hydroxyl
groups. The methyl group of 5R,6S-Tg is in favorable
hydrophobic contact with the phenyl ring of Tyr176 only in
this stereoisomer, and this stereoisomer has a stronger
bifurcated hydrogen bond between the lesion O2 and Pro1/
Glu2 of the enzyme (Table S11); together, these produce a
better accommodated 5R,6S-Tg stereoisomer (Figure 4).
Neil1 repair experiments have shown the possibility of a
modestly greater relative excision activity toward the 5R,6S-
Tg than toward the 5S,6R stereoisomer in the human (39)
and the mouse homologue (40). Recently, another study has
shown that stereoselectivity of Tg excision by hNeil1 is not
manifest when the enzyme concentration is much greater than
the substrate; however, modest selectivity for the 5R,6S
stereoisomer was mentioned when the concentration of the
substrate approached that of the enzyme (41).

In these studies, we investigated thecis epimers, which
predominate in solution (42) and have been observed
crystallographically (54, 56, 57). Thecis epimers are likely
preferred because there is less crowding between the 6-hy-
droxyl and the methyl groups, which are on opposite faces
of the thymine ring in thecis epimers but on the same face
in the transcase. It is therefore plausible that thecis epimer
preference remains in the hNeil1 enzyme as well; it has been
observed in a DNA polymerase recently (54). It has been
inferred that only one epimer is excised by hNeil1, whose
identity is not determined (41).

We note that the MD simulations are, of course, limited
by the problem of sampling sufficiency, together with issues
relating to force field quality, which are ongoing frontier
problems. Nonetheless, the ensembles of structures derived
from these MD trajectories can be acquired only by simula-
tion and simulations can provide structural insights where
crystal structures are not yet available. Thus, this computa-
tional approach is proving valuable in elucidating structure-
function relationships and providing suggestions for new
experimental directions (78-80).

CONCLUSION

We have modeled and carried out 10 ns MD simulations
for hNeil1 in complex with two pairs of oxidative lesions
that are excised by this BER glycosylase, namely,R- and
S-Sp and 5R,6S- and 5S,6R-Tg. In addition, we similarly
investigated the 8-oxoG damage which hNeil1 excises only
very weakly (19, 36). Our results provide structural insights
into the recognition mechanisms for diverse oxidative base
damages by this human enzyme. Specifically, hNeil1’s ability
to recognize a variety of pyrimidinic lesions is connected to
the flexible binding pocket of this enzyme and the common
chemical features of lesions that contain a pyrimidine-like
ring, including the purine-derivedR- andS-Sp stereoisomers
in their synconformations. The binding pocket is however
shallow and comparatively cramped and hence the planar
purine 8-oxoG lesion fits poorly, with fewer hydrogen
bonding interactions and greater solvent exposure.

SUPPORTING INFORMATION AVAILABLE

Figure S1 shows superposition of hNeil1 and Fpg.
Figure S2 shows results of 3 ns preliminary simulations for
R- andS-Sp(anti) and 5R,6S- and 5S,6R-Tg(syn). Figure S3
shows rmsd vs time plot for each preliminary 3 ns simulation.
Figure S4 shows glycosidic torsionø vs time plots for each
10 ns simulation. Figure S5 shows pressure, volume, and
temperature vs time plots for the 10 ns simulations.
Table S1 shows initial glycosidic torsionø values.
Tables S2-S10 show added force field parameters, torsion
angles, simulation box sizes, and numbers of added coun-
terions and waters of initial models. Table S11 shows
hydrogen bonds and occupancies between damaged base and
hNeil1. This material is available free of charge via the
Internet at http://pubs.acs.org.
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