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ABSTRACT: Members of the HhH-GPD superfamily of DNA glycosylases are responsible for the recognition
and removal of damaged nucleobases from DNA. The hallmark of these proteins is a motif comprising
a helix-hairpin-helix followed by a Gly/Pro-rich loop and terminating in an invariant, catalytically essential
aspartic acid residue. In this study, we have probed the role of this Asp in human 8-oxoguanine DNA
glycosylase (hOgg1) by mutating it to Asn (D268N), Glu (D268E), and Gln (D268Q). We show that this
aspartate plays a dual role, acting both as an N-terminalR-helix cap and as a critical residue for catalysis
of both base excision and DNA strand cleavage by hOgg1. Mutation of this residue to asparagine, another
helix-capping residue, preserves stability of the protein while drastically reducing enzymatic activity. A
crystal structure of this mutant is the first to reveal the active site nucleophile Lys249 in the presence of
lesion-containing DNA; this structure offers a tantalizing suggestion that base excision may occur by
cleavage of the glycosidic bond and then attachment of Lys249. Mutation of the aspartic acid to glutamine
and glutamic acid destabilizes the protein fold to a significant extent but, surprisingly, preserves catalytic
activity. Crystal structures of these mutants complexed with an unreactive abasic site in DNA reveal
these residues to adopt a sterically disfavored helix-capping conformation.

The process of aerobic respiration continuously generates
reactive oxygen species (ROS)1 that occasionally escape the
mitochondria to cause cellular damage. ROS can also be
generated through reaction pathways initiated by ionizing
radiation or organic free radicals. ROS are, as a class,
ferocious oxidants that react with both cellular proteins and
the genome. The principal product of ROS attack on DNA
is 8-oxoguanine (1, 2). While guanine pairs in the Watson-
Crick sense with cytosine, 8-oxoguanine (oxoG) can form a
Hoogsteen pair with adenine during replication, leading to
an oxoG‚A mispair. Passage of this primary misreplication
product through a second round of replication produces a
T‚A pair, resulting overall in a G‚C to T‚A transversion

mutation; this is the second most common type of somatic
mutation found in the p53 gene of human cancers (3).

Like most single-base lesions in DNA, oxoG is repaired
by the base excision DNA repair pathway (4-7). The key
components of this pathway are lesion-specific DNA gly-
cosylases, enzymes that scan the genome for damaged bases
and catalyze scission of their glycosidic bond (Figure 1A).
These enzymes fall into two mechanistic classes that employ
distinct but related mechanisms. Monofunctional glycosylases
use an activated water molecule as the catalytic nucleophile,
thereby generating an abasic product via a single transforma-
tion. DNA glycosylase/â-lyases use an amine-containing
residue on the enzyme as catalytic nucleophile to generate a
covalently linked enzyme-DNA adduct, which undergoes
a series of subsequent transformations culminating in DNA
strand scission on the 3′-side of the lesion. A structural
superfamily of these enzymes has been identified (8, 9), the
hallmark of which is an active site HhH-GPD motif contain-
ing a helix-hairpin-helix (HhH) element (10) followed by
a Gly/Pro-rich loop and terminating in an invariant Asp
residue (Figure 1B). Members of this superfamily are found
throughout all three domains of life, Eubacteria, Archaea,
and Eukarya, where they serve an essential function in the
recognition and removal of a wide variety of damaged DNA
lesions, including those resulting from alkylation, oxidation,
and hydrolytic deamination, among other forms of genetic
insult. The eukaryotic enzyme responsible for repair of oxoG,
8-oxoguanine glycosylase (Ogg1), belongs to the glycosylase/
â-lyase mechanistic class of HhH-GPD glycosylases; pro-
totypical monofunctional glycosylases of this superfamily
includeEscherichia coliAlkA and MutY.
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Glycosylase/â-lyases of the HhH-GPD superfamily use an
active site Lys positioned within the HhH-GPD motif (Figure
1B; Lys249 in hOgg1) as the catalytic nucleophile. Not
surprisingly, this position is occupied by a residue other than
Lys in the monofunctional glycosylases (Figure 1B). Not-
withstanding the mechanistic distinctions between the two
classes of enzymes, both possess a similar overall active site
architecture, and both share as the single most highly
conserved feature the invariant Asp residue of the HhH-GPD
motif (Asp268 in hOgg1; Figure 1B,C). Mutation of the
active site Asp residue to Asn severely diminishes or
altogether abolishes the catalytic activity of both monofunc-
tional glycosylases (9, 11) and glycosylase/â-lyases (8, 10),
thus establishing an essential role for the Asp in catalysis.
The precise role of this Asp in catalysis is poorly understood.

Mutation of the catalytic nucleophile in human Ogg1 from
Lys to Gln (K249Q hOgg1) generates a form of the protein
that forms a stable recognition complex with oxoG-contain-
ing DNA (12). The crystal structure of K249Q hOgg1 (12)
complexed with oxoG-containing DNA revealed the overall
architecture of the protein/DNA complex and the structural

basis for oxoG recognition but shed little light on the function
of the active site Asp268. One potential role for Asp268, to
deprotonate Lys249 and thereby activate it as a nucleophile,
could not be assessed in the original crystal structure because
of the K249Q mutation. The crystal structure of wild-type
hOgg1 with an abasic inhibitor in DNA demonstrated that,
even in the presence of Lys249, Asp268 is sequestered as
an end cap for the N-terminus of helixR-M (Figure 1B,C)
and is not hydrogen bonded to Lys249 (13). These structural
findings have raised the alternative possibility that Asp268
does not act as a general base but rather provides electrostatic
stabilization for the incipient positive charge that develops
on O4′ of the substrate during the base excision step. Crystal
structures of other members of the HhH-GPD superfamily
(9, 14, 15) invariably show the active site Asp acting as an
N-cap forR-M.

In this paper, we study the role of Asp268 in hOgg1 using
biochemical and crystallographic analyses. The form of
hOgg1 having Asp268 mutated to Asn (D268N hOgg1) is
almost completely inactive, though it exhibits stability
comparable to that of the wild-type enzyme. The structure
of D268N hOgg1 presented here, the first in which both the
catalytic Lys and oxoG lesion are present, shows that Asn268
retains its helix-capping interaction withR-M. Mutation of
Asp268 to Gln (D268Q hOgg1) and Glu (D268E hOgg1)
destabilizes the enzyme thermally, and structural analysis
reveals that the mutated residues are present in less favorable
helix-capping conformations. Surprisingly, however, both of
these mutants are catalytically active.

EXPERIMENTAL PROCEDURES

Expression and Purification of hOgg1 and Its Mutants.A
PCR fragment of hOgg1 containing amino acids 12-327 of
the human Ogg1 gene was cloned into the pET30a vector
(Novagen) using the restriciton sitesEcoRI and HindIII.
Mutagenesis was performed using the megaprimer mutagen-
esis method (16), and all new constructs were sequenced
throughout the hOgg1-coding sequence. Expression and
purification of the wild-type and D268N hOgg1 were as
described (12), but the instability of the D268E and D268Q
mutants necessitated modification of the procedure. With the
latter two mutant proteins, the induced overexpressing cells
were shaken at 16°C for 24-72 h prior to harvesting.
Glycerol (10% v/v) was added to the buffer during all
purification, concentration, and storage procedures, which
were performed at 4°C. All forms of hOgg1 showed similar
chromatographic behavior on the cation-exchange (Pharmacia
Mono-S) and gel-filtration (Pharmacia Sephadex S-200)
columns. The enzyme was quantified on the basis of the
absorbance at 280 nm, using an extinction coefficient of
37000 cm-1 M-1.

Oligonucleotide Synthesis and Labeling.Primers were
purchased from Operon (San Diego, CA). The oxoG-
containing 25mer oligonucleotide and its complement were
synthesized byâ-cyanoethyl phosphoramidite solid-phase
chemistry on a 1µmol scale using a commercial oxoG
phosphoramidite (Glen Research, Sterling, VA) and were
purified by 20% denaturing polyacrylamide gel electrophore-
sis (PAGE). For crystallization, the oxoG-containing 16mer
oligonucleotide and its complement were synthesized and
purified similarly. DNA concentrations were determined

FIGURE 1: (A) Reaction catalyzed by DNA glycosylases. Mono-
functional glycosylases use an activated water to displace the lesion
base (B*), yielding an abasic product. DNA glycosylase/â-lyases
use an internal nucleophilic amino group on the enzyme to displace
the lesion base. The initially formed aminal product undergoes ring
opening to the corresponding Schiff base (not shown), which then
undergoesâ-elimination to cleave the DNA backbone on the 3′-
side. Hydrolysis then yields the product shown. (B) Sequence and
structural alignment of members of the HhH-GPD superfamily.
Shown above the aligned sequences is a structural cartoon of all
but the N-terminal helix of the HhH-GPD motif, plus the helix
that follows the motif. The invariant Asp residue (red, Asp268 in
hOgg1) caps the N-terminus of helixR-M. Glycosylase/â-lyases
utilize a conserved Lys (Lys249 in hOgg1) as the catalytic
nucleophile that displaces the lesion base. (C) Close-up view of
the hOgg1 active site, emphasizing the N-capping interaction
between the Asp268 side chain and the amide N-H of Met271
(red dashed line) at the N-terminus of helixR-M. This structure
was generated by starting from the structure of K249Q hOgg1
bound to oxoG-containing DNA (yellow) (12) by modeling in a
Lys residue at position 249. No other changes were made. Black
dashed lines denote the intrahelical hydrogen-bonding interactions
in R-M.
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using A260 quantitation, and radiolabeling reactions were
performed with T4 polynucleotide kinase (New England
Biolabs, Beverly, MA) and [γ-32P]ATP (10000 Ci/mmol,
New England Nuclear).

Single-TurnoVer DNA-CleaVage Analysis.5′-32P end-
labeled, oxoG-containing duplex DNA (20 nM) was incu-
bated with>500 nM protein in a standard reaction buffer
of 50 mM Tris (pH 7.4), 50 mM NaCl, 2 mM EDTA, and
100 µg/mL BSA either at room temperature (D268Q and
D268E hOgg1) or 37°C (D268N hOgg1). Aliquots were
removed at various time points and quenched by addition
of either 2 volumes of 95% formamide (to observe enzymatic
DNA scission) or 2 volumes of 0.5 M piperidine in
formamide, followed by heating for 5 min to 60°C (to
observe base removal). The formamide-quenched samples
were not heated to avoid spurious thermal DNA strand
cleavage of the abasic intermediate. The samples were
analyzed on a 20% polyacrylamide gel (8 M urea) in TBE
solution (100 mM Tris base, 90 mM boric acid, and 1 mM
EDTA) and visualized on a storage phosphorimaging plate
(Fuji BAS 1000). Band intensities were quantitated with
MacBAS imaging software. Rate constants were determined
by fitting the inverse exponential equation to the cleavage
data.

For the assays in which abasic DNA was used, 5′-32P end-
labeled uracil-containing 25mer duplex DNA was pretreated
with uracil DNA glycosylase (UDG, New England Biolabs)
for 1 h at 37°C followed by addition of uracil glycosylase
inhibitor (UGI, New England Biolabs). The resulting abasic
oligonucleotide was used without further manipulation and
could be aliquoted and stored at-20 °C without any
detectable decomposition. Radiolabeled abasic DNA (10 nM)
was incubated with 2µM protein, in either the presence or
absence of 50µM 8-aminoguanine in the standard reaction
buffer at 8°C. Aliquots were quenched with formamide and
analyzed as above.

Electrophoretic Mobility Shift Assay.Duplex DNA (0.1
nM) was incubated with serial dilutions of protein spanning
a concentration from 16 nM to 2.05µM in 1× binding buffer
containing 50 mM Tris (pH 7.4), 100 mM NaCl, 0.5 mM
EDTA, 0.5 mM DTT, and 5% glycerol. Protein/DNA binding
was allowed to proceed for 20 min at room temperature. The
samples were loaded on a prerun 10% nondenaturing
polyacrylamide gel (0.5× TBE) and electrophoresed at 200
V for 2 h at room temperature. After drying, the gel was
exposed to a storage phosphorimaging plate (Fuji BAS 1000).
The proportion of shifted DNA was quantitated with
MacBAS imaging software.

Crystallization and X-ray Data Collection.Crystalliza-
tion was as described for K249Q hOgg1 (12). Prior to
freezing in liquid nitrogen, crystals were briefly soaked in a
solution containing the well solution supplemented with
25% glycerol. X-ray diffraction data (λ ) 0.930 Å) were
collected at the A1 beamline of CHESS (Cornell) on a
CCD detector. Diffraction data were processed using the
DENZO/SCALEPACK programming package (17).

Model Building and Refinement.Structures were deter-
mined by molecular replacement using the structure of
K249Q hOgg1 as the initial search model. The CNS
programming package (v1.0) (18) was used for all refine-
ment. For each mutant, rigid-body refinement was performed,
followed by simulated annealing and water placement.

Subsequent cycles ofFo - Fc model examination, simulated
annealing, andB-factor refinement were performed. The
conformations of all active site residues were confirmed by
simulated annealing omit maps.

Circular Dichroism.Circular dichroism (CD) spectra were
recorded on a Jasco J-710 spectropolarimeter in 10 mM
potassium phosphate (pH 7.5) and 100 mM KCl in a 0.1 cm
cell. The cell temperature was regulated with a Jasco PTC-
348W Peltier temperature control. For thermal denaturation
experiments, the CD signal was monitored at 222 nm as the
temperature was raised from 15 to 70°C at 1 deg/min. The
maximum of the first-derivative plot was taken as the melting
point of the protein, except in the case of the D268Q protein,
which had no clear maximum in the first derivative. The
D268Q hOgg1 melting point was estimated by extrapolation
from the temperature scan. See Figure 1 in Supporting
Information for the thermal denaturation curves.

RESULTS

Substrate Processing by Wild-Type hOgg1 under Single-
TurnoVer Conditions. Our structural studies on hOgg1,
including those presented here, have all employed a truncated
version of hOgg1 comprising residues 12-327, the in vitro
activity of which is indistinguishable from that of the full-
length enzyme (12). We have employed this same form in
all of the biochemical studies presented here and will refer
to it henceforth as hOgg1.

Our first aim was to gain some insight into whether the
observed rate of strand scission under pseudo-first-order
conditions (large excess of enzyme over substrate) was
limited by a chemical transformation or by a conformational
change preceding the chemistry. This is an important issue
for DNA glycosylases, because these enzymes must recog-
nize a drastically remodeled DNA duplex as a prerequisite
to catalysis. These enzymes are also notorious for their slow
dissociation from the product of the reaction in vitro, which
can obscure kinetic analysis of the initiation phase of the
repair reaction. We therefore resorted to single-turnover
analysis under pseudo-first-order conditions (19), which
allows substrate processing to be observed in the absence
of any influence from product dissociation. In an attempt to
distinguish the kinetics of base excision from those of strand
cleavage, we compared the kinetics of strand cleavage by
wild-type hOgg1 both with and without a piperidine quench,
which chemically induces strand cleavage of the abasic
intermediate (refer to Figure 1A). Briefly, a duplex 25mer
32P-labeled on the oxoG-containing strand was mixed with
a 30-fold molar excess of the glycosylase, and aliquots were
withdrawn after certain time intervals and quenched either
with buffered formamide solution or with formamide solution
containing 0.5 M piperidine. The piperidine-treated samples
only were heated for 5 min at 60°C to ensure complete
strand cleavage. The product mixtures were separated by
denaturing PAGE, and the amount of strand-cleaved product
was quantified by phosphorimage analysis. In a separate set
of experiments, we determined that reaction rate is not
accelerated by increasing the enzyme concentration (data not
shown). Because inverse exponential kinetics were observed,
we were able to derive independent pseudo-first-order rate
constants (kobs) for the base excision process alone and for
the base excision andâ-lyase reaction processes combined.
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Shown in Figure 2 are the results of these cleavage
experiments, which clearly demonstrate that the observed
rate of base excision exceeds that of the base excision and
â-lyase reactions combined. Indeed, base excision proceeded
so rapidly under these conditions as to preclude precise
determination of a pseudo-first-order rate constant (kobs) for
the base excision step, but we could estimate a lower limit
of 0.34 ( 0.04 min-1. This compares with akobs for the
combined base excision andâ-lyase reactions of 0.106(
0.018 min-1. These results establish that base excision is
faster than theâ-lyase reaction, in agreement with previous
experiments in which base excision was found to proceed
at twice the rate ofâ-lyase cleavage under multiple-turnover
conditions (31). The â-lyase chemistry is limiting overall,
at least under the present conditions. On the basis of these
data alone, however, we cannot distinguish whether the base
excision chemistry or a conformational change preceding it
determines the observed rate of base excision.

Single-TurnoVer ActiVity of the hOgg1 Mutants.The DNA
strand-cleavage activities of the mutant hOgg1 proteins were
compared to that of the wild-type enzyme under single-
turnover conditions (19). In these experiments, we did not
make any attempt to observe the kinetics of formation of
the base-excised intermediate. Briefly, a duplex 25mer32P-
labeled on the oxoG-containing strand was mixed with a 25-
200-fold molar excess of the glycosylase, and aliquots were
withdrawn after certain time intervals and quenched with
buffered formamide solution. The product mixture was
analyzed as described above. Again, the reaction rates for
the mutant proteins were found to be independent of enzyme
concentration (data not shown). The pseudo-first-order rate
constants (kobs) for these reactions are presented in Table 1.

The catalytic activity of the D268N hOgg1 mutant was
found to be substantially diminished relative to that of the
wild-type enzyme, with thekobsbeing∼65-fold lower as the
result of changing Asp268 to Asn (Figure 3 and Table 1).
This result is consistent with those on other HhH-GPD
glycosylases, having established a critical role for the active
site Asp in catalysis (8-11).

The results of single-turnover kinetic measurements on the
D268E and D268Q mutant proteins showed poor reproduc-
ibility at 37 °C. Having determined that these mutant proteins
are thermally unstable at 37°C (see below), we lowered the
temperature of the cleavage assays to 25°C. Unexpectedly,
the DNA-cleavage activities determined for both mutant
proteins were equivalent to that of the wild-type protein,
within the uncertainty of the assay (Figure 4). For uncertain
reasons, the D268E mutant consistently showed a lag in the
early part of the time course.

Strand scission catalyzed by wild-type hOgg1 proceeds
through an obligate Schiff base intermediate in which the
ε-amino group of Lys249 is doubly bonded to C1′ of the
ring-opened abasic site. We reasoned that it should be
possible to form this intermediate independently by incubat-

FIGURE 2: Comparison of DNA strand cleavage under enzymatic
versus chemical/enzymatic conditions. The product of base excision
only by hOgg1 is indistinguishable from that of the starting DNA
but can be revealed by treatment with piperidine/formamide. The
left-hand gel shows a time course of DNA strand cleavage by the
enzyme alone, revealing the products that have undergone base
excision followed by DNA strand cleavage catalyzed by the
enzyme. The right-hand gel shows the sum of the products that
have undergone either base excision alone or base excision plus
â-lyase cleavage. Comparison of the left-hand gel with the right
indicates that the product of base excision alone accumulates,
indicating that strand scission is rate limiting for the wild-type
enzyme under conditions in which the substrate is saturated by
enzyme.

Table 1: Biochemical Properties of Wild-Type and Mutant hOgg1
Proteins

hOgg1

wild type K249Q D268N D268E D268Q

mp (°C) 43.0 43.0 39.5 36.0 ∼35
kobs(min-1)a 0.106(

0.018
0.0016(

0.00027
Kd (nM)b 14.0( 0.1 700( 20

a Measured in single-turnover experiments using a formamide quench
at 37 °C. b Measured on 25mer oligonucleotide containing an oxoG
opposite cytosine.

FIGURE 3: Comparison of activity of wild-type hOgg1 to D268N
hOgg1. Single-turnover assays were performed with a 30-fold
excess of protein over DNA. Aliquots were quenched with
formamide before being loaded onto a 20% urea-PAGE gel. The
D268N mutant retains residual activity but is only∼1.5% as active
as its wild-type counterpart.

FIGURE 4: Comparison of the activities of the D268E and D268Q
mutant proteins to wild-type hOgg1. Single-turnover assays were
performed with a 30-fold excess of protein over DNA and were
quenched with formamide. The results of triplicate runs are shown,
with error bars representing the 95% confidence level for each time
point. The lag phase in the D268E hOGG1 was consistently
observed, though its cause is unknown.
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ing the enzyme with DNA containing an abasic site. If Schiff
base formation is faster than DNA strand scission, then one
should be able to observe the effects of the mutations on
theâ-lyase reaction sequence, independent of base excision.
We therefore generated a duplex 25mer containing a single,
centrally located abasic site on the radiolabeled strand and
incubated this with a 200-fold excess of wild-type and mutant
hOgg1 proteins. The most noteworthy observations of these
experiments are (i) D268E mutant hOgg1 catalyzes strand
scission faster than either wild-type or D268N and (ii) the
difference in the activities of wild-type versus D268N is not
as great as was observed in the coupled base excision/â-
lyase assays. It has been found in these laboratories that
addition of certain purine analogues tremendously accelerates
the rate of strand scission on abasic DNA by wild-type
hOgg1 (32). Thus, as seen by comparison of panel b of
Figure 5 with panel A, addition of 8-aminoguanine greatly
accelerated the rate of DNA cleavage by wild-type hOgg1.
Interestingly, the purine analogue not only failed to accelerate
the rate of strand scission by the D268N mutant hOgg1
protein but perhaps even inhibited cleavage slightly.

Gel Mobility Shift Assays.Wild-type hOgg1, D268E
hOgg1, and D268Q hOgg1 all process oxoG lesions on the
time scale of electrophoretic mobility shift assays (EMSA),
and thus their affinity for DNA containing the native lesion
cannot be measured reliably. We were, however, able to carry
out EMSA on the D268N mutant protein with oxoG-
containing DNA, leading to the determination of an equi-
librium binding constant (Kd) of 700 ( 20 nM. By way of
comparison, the K249Q mutant of hOgg1, which is com-
pletely devoid of catalytic activity, binds oxoG-containing
DNA with a Kd of 14.0 ( 0.1 nM (present results and ref
12). Thus, the K249Q mutant of hOgg1 binds oxoG-
containing DNA ∼60-fold more tightly than the D268N
mutant, corresponding to a∆∆G of 2.4 kcal/mol.

Thermal Denaturation Assays.The wild-type and mutant
forms of hOgg1 gave identical CD spectra at room temper-
ature when corrected for concentration, and the shape of the

curves clearly indicated that the proteins were folded (data
not shown). On the other hand, the CD spectrum of wild-
type hOgg1 at 70.0°C yielded a spectrum characteristic for
a denatured protein. The molar ellipticity at 222 nm is
indicative ofR-helical content (20) and therefore can be used
to gauge temperature-dependent changes in protein folding.
The results of the melting point analysis are summarized in
Table 1. The maxima of the first-derivative plots of the
temperature scans demonstrate that wild-type and K249Q
hOgg1 have the same stability, each melting reproducibly
at 43.0°C. The D268N mutant of hOgg1 is less stable by
3.5 °C, and the D268E mutant is destabilized by 7.0°C.
The D268Q mutant does not appear to undergo cooperative
denaturation, but we were able to estimate its melting point
to be at least 8°C less than that of the wild-type protein.
These results clearly indicate that residue 268 plays an
important role in stabilizing the folded structure of the
enzyme, which we ascribe primarily to the helix-capping
interaction between Asp268 and helixR-M.

Crystallographic Analysis of the Mutants. Even though
the D268N mutant appeared to retain some activity (kobs

∼1.5% that of wild type), we were nonetheless able to grow
crystals of the mutant enzyme complexed with oxoG-
containing DNA. It is possible that the residual activity of
the mutant protein is suppressed in the buffer solution used
for crystallization. To prepare crystals of the D268E and
D268Q mutant proteins, which retain base excision and
â-lyase activity, we crystallized these variants in complex
with DNA containing a noncleavable abasic site analogue,
the tetrahydrofuranyl abasic site (THF). Diffraction data for
the crystals were collected using a synchrotron source, and
the structures were solved by molecular replacement. All
three crystal forms belong to the same space group and have
the same unit cell parameters as K249Q hOgg1 in complex
with oxoG DNA (12). The crystallographic data are sum-
marized in Table 2.

Overall, the structures of the mutant proteins complexed
with DNA are very similar to each other and to that of the
K249Q complex (12). The root mean square deviation (rmsd)
of the protein backbone between the D268N and K249Q
hOgg1 structures (13) is 0.32 Å. The backbone rmsd

FIGURE 5: Nicking activity of wild-type hOgg1, D268E hOgg1,
and D268N hOgg1 on abasic DNA. DNA containing a single abasic
site was prepared from uracil containing DNA as described in the
Experimental Procedures. The assay was carried out at 8°C to avoid
destabilizing D268E hOgg1, which is thermally labile. The upper
panel shows strand cleavage by the enzyme in the absence of an
added purine base, and the lower panel represents cleavage carried
out in the presence of 50µM 8-aminoguanine, which is known to
accelerate the scission of abasic DNA (32). Acceleration by
8-aminoguanine is observed for both wild-type hOgg1 and D268E
hOgg1 but not for D268N hOgg1.

Table 2: Crystallographic and Refinement Parameters of the Mutant
hOgg1 Proteins

D268N hOgg1-
oxoG‚C

D268E hOgg1-
THF‚C

D268Q hOgg1-
THF‚C

resolution (Å)
(outer shell)

30-2.70
(2.87-2.70)

30-2.20
(2.34-2.20)

30-2.20
(2.34-2.20)

space group P6522 P6522 P6522
unit cell

a, b, c (Å) 92.3, 92.3, 210.6 92.2, 92.2, 211.4 92.4, 92.4, 211.3
R, â, γ (deg) 90, 90, 120 90, 90, 120 90, 90, 120

completeness
(%)

92.6 (90.1) 95.1 (92.4) 95.9 (92.4)

Rmerge 13.7 (52.6) 6.1 (35.3) 6.4 (40.3)
I/σ(I) 15.0 (3.88) 22.3 (5.6) 23.0 (4.7)
total

observations
88563 167899 149944

individual
reflections

14671 33215 29555

R-factor 0.23 (0.31) 0.24 (0.31) 0.24 (0.33)
Rfree 0.27 (0.37) 0.26 (0.33) 0.27 (0.34)
rmsd

bonds (Å) 0.006 0.006 0.006
angles (deg) 1.3 1.2 1.2
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comparing the structures of wild-type versus D268E hOgg1
bound to the THF analogue is 0.45 Å and is 0.59 Å for the
wild type/THF versus D268Q hOgg1/THF, demonstrating
that no global structural change is brought about by the amino
acid changes. In all three structures, the only significant
differences are concentrated in the active site region,
particularly in the first three residues of helixR-M (residues
269, 270, and 271). In each of the three structures, the
nucleophilicε-NH2 of Lys249 has aB-factor that is 13%
lower than the average of the other Lys residues in each
structure. This indicates that theε-NH2 group adopts a
relatively fixed position in the crystal, even though it lies at
the end of a long alkyl chain.

The D268N hOgg1 structure is the first to contain the
cognate base in the presence of the active site nucleophile.
In this structure, theε-NH2 group of Lys249 is positioned
near C1′ (3.4 Å) but is not in a suitable trajectory for in-line
nucleophilic attack on the glycosidic bond (Figure 6). More
intriguingly, theε-NH2 of Lys249 appears to be hydrogen
bonded to the sulfhydryl of Cys253, which in turn is in van
der Waals contact with theπ-face of the oxoG nucleobase.
Because Cys253 is positioned on the top face of the sugar,
it is impossible for Lys249 to maintain its contact with
Cys253 while attacking the sugar from the under side. As
with the wild-type enzyme, the carbonyl of Asn268 caps the
N-terminus of helixR-M by hydrogen bonding to the main
chain amide of Met271. Whereas the other carboxyl oxygen
of Asp268 in the wild-type enzyme is hydrogen bonded to
the side chain of His270, the side chain amide-NH2 of
Asn268 in the D268N mutant protein is too far removed from
His270 for hydrogen bonding to take place; the loss of this
interaction may help to explain the relatively weak binding
of the D268N mutant protein to DNA, because His270
interacts directly with the DNA phosphate backbone on the
5′-side of the lesion. The rest of the active site and base
recognition pocket, including the recognition of oxoG, is
essentially identical in the structures of D268N and K249Q
hOgg1 (12) bound to oxoG-containing DNA.

The structure of D268E hOgg1 complexed with the THF
inhibitor reveals that Glu268 maintains a helix-capping
interaction with the backbone amide of Met271. However,
to establish this interaction, the residue is forced to adopt a
highly dispreferred conformation (Figure 7C), because it
causes the CR-Câ and CδdO bonds to become engaged in
the sterically repulsivesyn-pentane interaction. The other
carboxylate oxygen of Glu268 appears to hydrogen bond
with the imidazole ring of His270, similar to the wild-type
enzyme. The carboxylate group of Glu268 is 6.4 Å from
theε-NH2 group of Lys249, a separation that would require
side chain reorganization for the two to participate in general
acid/base chemistry.

The structure of D268Q hOgg1 in complex with the THF
inhibitor shows significant differences in the active site from
that of D268E hOgg1 (Figure 7B). The side chain of the
Gln268 is involved in a conformationally strained capping
interaction with the main chain amide of Met271, although
the geometry of the capping hydrogen bond is less optimal
than with Glu268, owing to 50° rotation of the Cγ-Cδ bond
relative to its orientation in the D268E structure. This rotation
moves the side chain amide out of range of His270, and it
allows a water molecule to insert itself into the structure,
simultaneously hydrogen bonding to the Gln268 side chain
amide and theε-NH2 of Lys249 (Figure 7). Intriguingly, this
water is well positioned for attack on C1′ of the substrate.

DISCUSSION

Helix Capping by Asp268 Stabilizes the Folded Structure
of hOgg1. Despite the high conservation of folded structure
among members of the HhH-GPD superfamily of DNA
glycosylases, the amino acid sequences of these enzymes
vary widely. Indeed, only one residue is absolutely conserved
in these enzymes, the aspartate that defines the C-terminal
end of the HhH-GPD motif (Asp268 in hOgg1). Here we
have examined the role of this residue through biochemical
and biophysical studies.

In all structures of HhH-GPD glycosylases determined to
date (9, 10, 12-15, 21-23), the active site Asp is observed
to act as an N-terminal helix “cap” for anR-helix (R-M in
hOgg1) that forms an integral component of the enzyme
active site. This particular type of intramolecular interaction,
first noted by Kendrew in the structure of sperm whale
myoglobin (24), entails an amino acid side chain at the
N-terminal end of anR-helix reaching forward to hydrogen
bond with one or more main chain amide protons in the first
turn of the helix (refer to Figure 1C) (25). This side chain
hydrogen bond thus substitutes for the main chain/main chain
hydrogen bonds that would be formed in an elongated helix.
There exist distinct preferences for N-cap residues, with Asp,
Asn, Ser, and Thr being the most highly preferred. Interest-
ingly, although Glu and Gln possess hydrogen-bonding
functionality in their side chains, these residues are rarely
employed as helix N-caps (25), suggesting some deficiency
in their ability to serve in this function. The present structural
results on the D268E and D268Q mutants of hOgg1 suggest
a clear reason why these two residues have poor capping
ability: the side chain conformation required to establish an
N-cap hydrogen bond can be achieved only at the expense
of a severe steric clash known as asyn-pentane interaction
(26). Despite this steric clash, the Glu and Gln mutant

FIGURE 6: Active site structure of D268N hOgg1 complexed with
oxoG-containing DNA. This is the first structure of a glycosylase/
â-lyase containing its intact active site nucleophile in the presence
of lesion-containing DNA. Lys249 is ordered, but it is not well
positioned for in-line attack to displace the oxoG base. Asn268 is
N-capping helixR-M, the long axis of which runs perpendicular
to the page. Unlike Asp268, Asn268 is not involved in a hydrogen
bond interaction with His270.
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proteins still exhibit N-capping at position 268, perhaps
because the capping interaction is enforced upon association
with DNA.

The present data on thermal denaturation of the wild-type
and mutant hOgg1 proteins clearly demonstrate the impor-
tance of the Asp268 N-cap interaction for stabilizing the
protein fold and yield a rank order for the relative strength
of the capping interaction among the variants studied here.
Consistent with the foregoing discussion, mutation of Asp268
to Glu or Gln has a seriously deleterious effect on the thermal
stability of hOgg1; in fact, the D268Q mutant protein did
not even show cleanly cooperative melting behavior and was
prone to denaturation during purification. Mutation of
Asp268 to Asn also decreased the melting temperature of
the protein, but by a more modest amount (3.5°C). This
effect may be due to the weaker hydrogen-bonding capability
of a neutral versus a negatively charged acceptor (27) and
to the loss of a favorable electrostatic interaction between
the negatively charged Asp side chain and the positive dipole
at the N-terminal end of theR-helix (28).

Whereas mutations at position 268 affected the protein
stability, changing Lys249 to Gln had no effect. It is tempting
to speculate that the lack of an effect upon altering a formally
charged residue (Lys) to a neutral one (Gln) may suggest
that the pKa of Lys249 is anomalously low.

Function of Residue 268 in Catalysis of Base Exicision.
The hOgg1 enzyme catalyzes two sequential biochemical
transformations, base excision and thenâ-lyase strand
cleavage, both of which may involve multiple elementary
reaction steps (Figure 1A). Although the principal residues
required for catalysis of base excision, Lys249 and Asp268,
have been known for years, the role of Asp268 in catalyzing
this transformation has remained unclear. An obvious pos-
sibility is that Asp268 assists base excision by deprotonating
Lys249, thereby converting it from the unreactive cationic
form to the nucleophilic neutral amine. Arguing against this
scenario is the fact that an Asp residue acting as a helix cap
should be less basic than a typical Asp by several orders of
magnitude, and this stable interaction would have to be
completely disrupted for Asp268 to rotate around and reach
Lys249. The one cocrystal structure that is available of the
wild-type protein, bound to an abasic substrate analogue (13),
shows no interaction between Asp268 and Lys249. Indeed,
the only structure in which these two residues are hydrogen

bonded is that of the free protein, in which Asp268 preserves
its capping interaction and Lys249 swivels about to contact
it. Significantly, even with the weakened capping interaction
and elongated side chain of the D268E mutant protein, the
Glu side chain still does not interact with Lys249. The
possibility that these ground state structures do not reveal a
high-energy conformer of Asp268 that abstracts a proton
from Lys249 cannot be excluded, but there is not necessarily
any need to invoke such a scenario. If the pKa of Lys249 is
lowered even modestly by the local microenvironment of
the enzyme active site, enough of the neutral amine should
be present to allow base excision to proceed.

An alternative possibility is that Asp268 electrostatically
stabilizes the developing positive charge on O4′ in the
transition state of the base excision step (13). Consistent with
this notion, in all of the hOgg1 cocrystal structures having
an Asp at position 268, the carboxylate oxygen is positioned
nearest O4′, with the two separated in some cases by as little
as 3.2 Å. Owing to the capping interaction, the orientation
of the Asn268 side chain is nearly identical to that of Asp268;
hence substitution of Asn at position 268 essentially replaces
a partially anionic oxygen atom for a neutral NH2 group at
the same location within the active site. The distance between
the side chain amide nitrogen of Asn268 and O4′ of the
deoxyribose ring is longer (3.4 Å) than would be expected
for hydrogen bonding between the two (29) but is close
enough that O4′ would experience the partially positive
electrostatic field of the amide protons on Asn268. We thus
favor the explanation that the charge reversal in going from
Asp (δ -) to Asn (δ+) at position 268 raises the transition
state energy for base excision by destabilizing the developing
positive charge at O4′, thereby leading to a dramatic reduction
in the rate of base excision.

The D268N structure is the first structure of hOgg1
available with both the catalytic Lys and an intact oxoG
lesion base. The positioning of Lys249 in this structure is
interesting, being close to C1′ but not on a trajectory that is
compatible with in-line displacement to expel the base by
an SN2-like mechanism (Figure 8A). Also noteworthy is that
fact that theε-nitrogen atom of Lys249 is within hydrogen-
bonding distance of Cys253, which in turn is in van der
Waals contact with the oxoG base. Calculations recently
performed on uracil-DNA glycosylase indicate that this
monofunctional glycosylase employs a dissociative (SN1-like)

FIGURE 7: (A) Chemical structure of the THF inhibitor that was used in the crystallization of D268E and D268Q hOgg1. (B) Active site
structure of D268Q hOgg1. Key active site residues are shown, along with hydrogen-bonding interactions (black dashes). The experimental
electron density is shown to demonstrate the presence of the water molecule between Gln268 and the deoxyribose ring. The distance
between the observed water molecule and C1′ of the deoxyribose moiety is shown (Å, magenta line). The sterically unfavorablesyn-
pentane conformation of Gln268 can be observed. (C) Active site of D268E. Note thesyn-pentane conformation adopted by the side chain
of Glu268.
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mechanism (30), suggesting that the possibility should at least
be considered that hOgg1 likewise employs a dissociative
mechanism. Any interaction that would stabilize the incipient
negative charge on the oxoG during rupture of the glycosidic
bond would facilitate base excision by a dissociative mech-
anism. In this regard, we note that the positioning of Lys249
in the D268N structure suggests a cation-π interaction
between the ammonium form of Lys249 and the oxoG base
could readily be accommodated (Figure 8A); this type of
interaction would make a favorable contribution to dissocia-
tive base excision. Lys249 would then have to be deproto-
nated, perhaps by the oxoG anion (32; note that this
mechanism might not pertain equally to excision of a FaPy
lesion by hOgg1), in order for it to form a bond with the
sugar oxocarbenium ion intermediate (Figure 8B). One
interesting consequence of invoking a dissociative mecha-
nism is that it does not require nucleophilic substitution at
C1′ to proceed with inversion of stereochemical configura-
tion; indeed, the D268N structure suggests that retention may
be more likely. The stereochemistry of nucleophilic substitu-
tion by hOgg1 is presently unknown.

Function of Asp268 in DNA Strand CleaVage.While the
function of Lys249 in â-lyase activity can be inferred
unambiguously on chemical grounds, the participation of
Asp268 in this transformation is less obvious. Here we have
examined this issue by forming the key Schiff base inter-
mediate in theâ-lyase transformation by a process that avoids
hOgg1-catalyzed base excision. In the absence of an added
purine base, the D268N mutant of hOgg1 catalyzes base
excision with only a modest reduction in rate relative to the
wild-type protein. However, under the more physiologic
conditions in which a purine base is present, and substrate
processing by the wild-type protein is dramatically acceler-
ated, D268N hOgg1 is nearly devoid ofâ-lyase activity. This
loss of activity could be due to the Asn amide group
hydrogen bonding to functional groups involved in the
â-lyase cascade, for example, the purine base, in such a way
as to interfere with obligate proton-transfer operations.
Significantly, the D268E mutant hOgg1 is effective at
promoting DNA strand scission. The D268Q mutant was not
analyzed in these experiments. These results provide sug-
gestive evidence that a carboxylate-bearing residue at position
268 promotes DNA strand scission. We have proposed that
the purine base is responsible for most, if not all, of the
proton-transfer steps in theâ-lyase cascade (32); if this holds
true, then Asp may be involved in orienting the substrate

sugar moiety in a conformation that allows chemistry to take
place.

Catalytic Mechanism of the Glu268 and Gln268 Mutants.
The present observation that the D268E and especially the
D268Q mutant hOgg1 proteins are catalytically active was
completely unexpected, considering the absolute conservation
of Asp268 and the strained conformation of the 268 side
chain in the DNA complexes of these proteins. It seems likely
that the D268E mutant protein uses a mechanism similar to
that of the wild-type protein, with the carboxylate stabilizing
the incipient oxocarbenium ion intermediate and perhaps
helping to orient the substrate during theâ-lyase cascade.

The activity of the Gln268 mutant is perplexing, especially
in light of the fact that the D268N protein is so catalytically
ineffective. The structure of this mutant bound to the THF
abasic site analogue raises the intriguing possibility that the
D268Q protein actually uses a different mechanism from that
employed by the wild-type protein. Significantly, the struc-
ture reveals the presence of an ordered water molecule
wedged between Lys249 and the amide-NH2 of Gln268
(Figure 7B). These interactions not only position the water
directly underneath C1′ but could also assist in the stabiliza-
tion of a nucleophilic hydroxide ion. Thus, the structure raises
the intriguing possibility that the D268Q mutation endows
hOgg1 with the ability to perform base excision by a
mechanism like that of monofunctional glycosylases; the
abasic site thus generated would be captured subsequently
by Lys249, and theâ-lyase cascade would ensue. Adding
further to the mystery is the fact that the D268Q mutant
protein is so proficient at catalyzing DNA strand scission,
when the D268N mutant is so ineffective.
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