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Summary

DNA glycosylase/lyases initiate the repair of damaged
nucleobases in the genome by catalyzing excision of
aberrant nucleobases and nicking of the lesion-con-
taining DNA strand. Nearly all of these proteins have
the unusual property of remaining tightly bound in
vitro to the end products of the reaction cascade. We
have taken advantage of this property to crystallize
and structurally characterize the end product result-
ing from complete DNA processing by a catalytically
active mutant form of human 8-oxoguanine DNA gly-
cosylase (D268E hOgg1). The resulting structure is con-
sistent with the currently accepted catalytic mecha-
nism for the protein. Unexpectedly, however, soaking
of a nucleobase analog into the crystals results in re-
ligation of the DNA backbone in situ.

Introduction

DNA glycosylase/lyases are key components of the
base excision DNA repair pathway, which is responsible
for the eradication of damaged nucleobases from the
genome [1, 2]. These proteins process their substrates
in two distinct ways, catalyzing cleavage of the glyco-
sidic bond linking the lesion nucleobase to its 2#-deoxy-
ribose moiety (glycosylase activity), and scission of the
DNA backbone on the 3#-side of the damaged site
through a conjugate elimination mechanism (β-lyase
activity) [3, 4]. Both of these enzymatic activities are
now known to be mechanistically coupled through a
covalent catalysis scheme (Figure 1) involving an
essential amine-containing nucleophile on the enzyme
[5], either the α-amino group of an N-terminal threonine
[6] or proline [7] or the �-amino group of an internal
lysine [8, 9]. In either case, the overall repair reaction
is unique for the sheer number of different sequential
transformations it entails, all being catalyzed within the
single active site of the DNA glycosylase/lyase enzyme.
It is of fundamental interest in mechanistic enzymology
to understand how the active sites of DNA glycosylase/
lyases are constructed to achieve such remarkable ca-
talytic versatility.

High-resolution structural studies on glycosylase/
lyases bound to single-base lesions in DNA [10–12]
have revealed that although these proteins fall into two
known structural superfamilies, all recognize and repair
their substrates by extruding the damaged nucleoside
from the DNA helix and inserting it into an extrahelical
active site on the enzyme. The largest superfamily of
such proteins possesses a hallmark HhH-GPD struc-
*Correspondence: verdine@chemistry.harvard.edu
tural motif comprising a helix-hairpin-helix (HhH) ele-
ment followed directly by a Gly/Pro-rich loop and an
invariant aspartic acid residue (GPD) element. The HhH-
GPD glycosylase that has been most extensively studied
with respect to structure/function relationships [10, 13–
15] is 8-oxoguanine DNA glycosylase (Ogg1), which ex-
cises a highly mutagenic form of oxidatively damaged
guanine from DNA. These structures have shed con-
siderable light on the basis for specific lesion recogni-
tion by Ogg1 and on the early steps of the β-lyase reac-
tion cascade. Particularly noteworthy is the discovery
that the free oxoguanine (oxoG) nucleobase produced
in the base excision step remains bound in the enzyme
active site and acts as an acid/base cofactor to facili-
tate strand scission [15]. Structures representing the
later steps of the β-lyase cascade are not yet available.

As part of ongoing efforts to elucidate the entire
pathway of lesion search [16], recognition [10], and re-
pair [13–15] by human Ogg1 (hOgg1), we have sought
to obtain a structure of the complex formed between
the enzyme and the DNA end product of its repair. Such
a structural determination is made possible in principle
by the fact that hOgg1, like most DNA glycosylases,
remains tightly bound to its end product [17]. Although
it has proven possible to obtain crystals of the end-
product complex with wild-type hOgg1 that diffract to
2.8 Å resolution (unpublished data), the experimental
electron density maps in the active site region have not
proven unambiguously interpretable, owing perhaps to
the modest resolution and presence of multiple end-
product forms. Recently, we found unexpectedly that a
mutant version of hOgg1 having the absolutely con-
served aspartic acid residue, Asp268, mutated to glu-
tamic acid (D268E hOgg1) retains full catalytic activity
[14] and preserves the active site structure, except for
the difference in side chain (Asp versus Glu) at position
268. Here we report that crystals of the end-product
complex formed with the D268E mutant of hOgg1 yield
clearly interpretable electron density maps. The struc-
ture of the end-product lesion is completely dependent
upon the occupancy of a nucleobase in the lesion re-
cognition pocket. Remarkably, we observe that hOgg1
actually religates the cleaved DNA strand in the pres-
ence of a purine base analog. Below, we detail these
structures and discuss their implications for the mecha-
nism of DNA repair by hOgg1.

Results and Discussion

Structure of the End Product
Crystals of D268E hOgg1 bound to end-product DNA
yielded diffraction data that enabled structural refine-
ment to 2.30 Å resolution. The overall structure is nearly
identical to that of the previously determined lesion-
recognition complex [10] (heavy atom rmsd = 0.57 Å),
with the differences being limited to the active site re-
gion. Simulated annealing omit maps in the active site
region clearly show the absence of electron density for
the excised oxoG base, indicating that the base has
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Figure 1. Proposed Mechanism for hOgg1-Catalyzed Excision of 8-Oxoguanine (oxoG) and Cleavage of the DNA Strand

Structures representing 1 [10] and 3 [15] have been determined in previous studies, and structures 6 and 8 have been determined in this work.
been released from its recognition pocket (Figure 2A). e
sAlthough electron density is continuous from the sugar

moiety of the end product to the side-chain of the cata- b
alytic nucleophile, Lys249, the two are separated by too

great a distance to be connected by a covalent bond. r
pThis indicates that the enzyme has been released from

the product by hydrolysis of the C1#=N� bond linking β
Othe two (refer to Figure 1), congruent with the accepted
 f the several candidate structures for the lesion sugar

Figure 2. Active Site Structure of the End-Product Complex

(A) Fit of the end-product model to the Fo – Fc electron density map refined to 2.30 Å and weighted using σA [27] coefficients. The map was
calculated using simulated-annealing omit phases and contoured at 2.5 σ. Density corresponding to the oxoG base is absent. Note the
interruption of density for the DNA backbone.
(B) Active site structure of the end-product crystal, with relevant distances indicated. Note the long distance between the 2#,3#-dehydro-
2#,3#-dideoxyribose (DDR) moiety and the 3#-phosphate.
nzyme mechanism. Electron density is completely ab-
ent between C3# of 2#,3#-didehydro-2#,3#-dideoxyri-
ose (DDR) moiety and its 3#-phosphate (Figure 2A),
nd C3# and its closest 3#-phosphate oxygen are sepa-
ated by a distance (5.0 Å) far exceeding that of a phos-
hodiester P-O bond length (1.6 Å), consistent with the
-elimination reaction having proceeded to completion.
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Figure 3. Active Site Structure of the Religated Complex

(A) Fit of the modeled religated product structure to its final Fo – Fc electron density map (3 σ contour) refined to 1.90 Å and weighted as in
Figure 2A. Density corresponding to aminoG is readily apparent in the base-recognition pocket. Note the continuous density in the DNA
backbone. Electron density corresponding to the aldehyde (C1# and O1#) or hydrated aldehyde in the ring-opened sugar is not present,
suggesting that this portion of the structure is conformationally mobile. The extra density near N8 of aminoG could be due to an associated
water molecule or buffer counterion, present at partial occupancy.
(B) Active site structure of the end-product crystal with 8-aminoguanine, with relevant distances indicated.
moiety of the end product, that which fits the electron
density best is DDR (refer to Figure 1, structure 6, and
Figure 2A). The stereochemistry of the hydroxyl at C1#
in DDR appears to be α(S), as the model of the alterna-
tive β(R) isomer exhibited a poor fit with simulated an-
nealing omit maps; this particular configuration appears
to be stabilized by a hydrogen bond to the �-amino
group of Lys249 (N-O distance 3.1 Å; Figure 2B). The
C2#=C3#double bond in the DDR moiety clearly adopts
the cis configuration; this does not necessarily indicate
that the primary product of β-elimination (5) contains
a cis olefin, as the double bond geometry might have
undergone equilibration subsequent to its formation
and been channeled to a more stable cyclized product.
The Lys249 �-amino also lies in reasonably close prox-
imity to Cys253 (N-S distance 3.7 Å; Figure 2B), such
that the two may be engaged in a weak hydrogen bond.
A similar interaction between Cys253 and Lys249 has
been observed in other structures of hOgg1, and has
led us to suggest that this pair of residues might in-
teract electrostatically with the departing oxoG nucleo-
base anion during glycosidic bond cleavage by an SN1-
type mechanism [14].

Cocrystal Structure in the Presence
of a Nucleobase
The structure described above is that of an abasic com-
plex. To investigate the influence of a nucleobase on the
structure of the complex, we next soaked 8-aminogua-
nine (aminoG) into the cocrystals of the end-product
complex, and refined the structure to 1.90 Å. Outside
of the active site region, the structure of the amino
G-containing complex is almost indistinguishable from
that of the abasic end product (heavy atom rmsd =
0.44 Å). Electron density corresponding to aminoG is
readily discernible in the active site of the soaked crys-
tals (Figure 3A). The specific contacts between aminoG
and residues of the base-recognition pocket are essen-
tially identical to those seen previously for this analog
in the structure of a covalently trapped catalytic inter-
mediate [15], and also correspond directly to the con-
tacts to oxoG observed in several cocomplexes repre-
senting different states of the overall repair reaction [10,
15]. A second major difference in the active site was
completely unexpected. Whereas the abasic cocom-
plex contains a nick 3# to the lesion, the complex
soaked with aminoG exhibits strong, continuous den-
sity along the entire DNA backbone, consistent with its
having a fully intact covalent structure. Thus, soaking
of aminoG into the abasic crystals results not only in
loading of the nucleobase into the active site, but also
in religation of the nicked strand. The structure of the
religated product was deduced by attempting to model
all of the chemically accessible candidate structures
into the electron density maps. This exercise was facili-
tated by the relatively high resolution of the structure,
and by the clear density for the phosphates bracketing
the lesion and for C5#, C4#, and O4#. Given these con-
straints, the modeled structure that provides the best
fit to the diffraction data has the phosphate reattached
at C3#. The stereogenic center at C3# created by the
reattachment process appears to have predominantly
the α (S) configuration, as the alternative β (R) epimer
yielded a substantially worse fit to the electron density
maps. Density attributable to C2# is visible in the maps,
but that for the C1#=O aldehyde carbonyl (probably
present as a hydrate) is not evident, even at the low
contour level of 1.8 σ (not shown); absence of the car-
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eCyan, end product structures; gold, religated structures.
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tbonyl group is mechanistically impossible, so its ab-

sence from the electron density maps most likely re- e
asults from a high degree of conformational mobility in

this unconstrained segment of the open-chain sugar. s
tAs with all other hOgg1 structures containing a free

nucleobase in the active site [15], our soaked structure
vshows a hydrogen bond between the sugar 4#-OH and

the N9 of the purine nucleobase (O-N distance 2.7 Å; w
LFigure 3B). Another feature of the present structure in

common with previous structures is the hydrogen s
obonding interaction between the nucleobase N9 and

the N� of Lys249 (N-N distance 2.8 Å; Figure 3B). As in g
nthe abasic end-product complex, the aminoG complex

has a hydrogen bond between N� of Lys249 and the m
pthiol of Cys253, but the distance in the latter case is

considerably shorter (N-S distance 2.8 Å; Figure 3B). p
h
tStructural Implications for the Reaction Mechanism

Superposition of the abasic and aminoG-containing n
mend-product structures reveals the similarities and dif-

ferences between the two (Figure 4). Most of the active n
dsite residues on D268E hOgg1 adopt similar positions

in the two complexes, which is quite surprising con- l
tsidering that four of them (Lys249, Cys253, Phe319,

and Gln315) interact directly with the nucleobase, c
cwhich is present in one end-product structure and ab-

sent in the other. The phosphodiesters 5# to the lesion n
sare held in nearly identical positions through a hy-

drogen bonding interaction with His270 (data not s
pshown in Figure 4), though the nonbridging oxygens are
hifted slightly due to vicinal bond rotations. The phos-
hate (end product, 6) or phosphodiester (religated pro-
uct, 8) immediately 3# to the lesion is also relatively

ixed in position in the two end-product structures, and
etains its coordination to a divalent metal ion (Ca2+ in
ur structures) that makes several additional inner- and
uter-sphere interactions with the protein and DNA.
he major differences between the two end-product
tructures are in the connectivity and conformation of
he lesion sugar moiety. In the abasic end-product
omplex, the DDR moiety is shifted toward the base-
ecognition pocket, with the 1#-OH occupying roughly
he same space as C8 of the nucleobase. The DDR moi-
ty would thus have to move from the observed posi-
ion, in the presence of a nucleobase. The conformation
f the restored backbone in the aminoG-containing
nd-product complex is typical of that observed in
ther hOgg1 structures containing a ring-opened sugar
nd intact backbone [15] (heavy atom rmsds = 0.62 to
0.65 Å).

eaction Chemistry
he DDR moiety is not unexpected as an end product
f DNA strand cleavage catalyzed by D268E hOgg1. We
nvision that the α,β-unsaturated Schiff base 5, an in-
ermediate that has been observed by borohydride-
rapping [15], undergoes hydrolysis to give the corre-
ponding α,β-unsaturated aldehyde liberating Lys249
s a free amine. The α,β-unsaturated aldehyde then un-
ergoes spontaneous ring closure to furnish the DDR
nd product 6. The double bond geometry of 5 is not
nown; if the double bond is configurated trans (not cis
s shown in Figure 1), it would have to isomerize prior
o ring closure, because a trans double bond cannot
xist in a 5-membered ring, owing to ring strain. Such
n isomerization could foreseeably take place at the
tage of either 5 or the α,β-unsaturated aldehyde due
o relatively acidic C2# hydrogens in these species.

More than one candidate pathway exists for the con-
ersion of 6 to the religated product 8; the actual path-
ay cannot be unambiguously defined at this stage.
oading of aminoG onto 6 could result in simple rever-
al of the steps 6/5/4/3 (but with aminoG in place
f oxoG), followed by hydrolysis of the Schiff base to
ive 8 (or the corresponding C1#-hydrated form). Alter-
atively, the ring-opened α,β-unsaturated aldehyde 7
ight undergo conjugate addition [18, 19] by the 3#-
hosphate before Schiff base formation. In this latter
athway, electrophilic activation might be provided by
ydrogen bonding between the 1# carbonyl oxygen and
he N-9H of aminoG, a reaction process akin to the
ucleobase-assisted catalysis that facilitates the nor-
al repair reaction [11]. It is noteworthy that neither 6

or 8 contain a covalent linkage between the end pro-
uct and Lys249, indicating that the hydrolysis of such

inkages is thermodynamically favored. It is unclear why
he religated product does not simply undergo strand
leavage once again. Either the religated product be-
omes trapped kinetically, or this product is thermody-
amically preferred under the conditions of crystal
oaking. Neither of these explanations is completely
atisfactory, since the long time scale of crystallogra-
hy usually disfavors observation of kinetically trapped
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Figure 5. Alterations of DNA Structure during hOgg1-Catalyzed Processing

Only the lesion-containing strand is shown.
(A) An oxoG lesion prior to binding of hOgg1, modeled as B-DNA; oxoG is known not to distort the helical structure of DNA [21, 22].
(B) DNA from the lesion recognition complex of K249Q hOgg1 [10] bound to an intact oxoG-containing duplex.
(C) Energy-minimized model of the Schiff base intermediate 3 [15], based upon from the X-ray structure of the borohydride-trapped complex.
(D) DNA in the end-product complex (this work).
species, and, in solution under single turnover condi-
tions, aminoG accelerates DNA cleavage by D268E
hOgg1, quantitatively generating the strand-cleaved
DNA product [14]. Whichever is the case, this unusual
religation reaction in the crystal would not take place,
nor would the product persist, were it not for the unique
chemical microenvironment provided by the enzyme
active site.

The end-product and religated structures reported
here are those formed by a mutant form of hOgg1 having
the catalytic Asp268 residue mutated to Glu. Further-
more, the religated product 8 is formed in the presence
of a purine analog, aminoG, rather than with the physio-
logic ligand, oxoG. The question naturally arises as to
whether these same end products would be formed
with wild-type hOgg1 utilizing an oxoG nucleobase. We
cannot provide a definitive answer for this question, but
we do note that the D268E mutant of hOgg1 is as active
as wild-type for both base excision and strand cleav-
age [14], and that aminoG in DNA is a substrate for the
base-excision activity of wild-type hOgg1 [20]; more
importantly, aminoG acts as an effective cofactor to ac-
celerate strand cleavage by wild-type (and D268E)
hOgg1 [14, 15]. We do note that in the end-product
crystals formed with the wild-type hOgg1, the lesion-
recognition pocket is only partially occupied by oxoG,
which could explain the observation of multiple species
in the sugar portion of the product.

Changes in DNA Structure during hOgg1-Catalyzed
Processing of a Lesion
The availability of X-ray structures [10, 15] and molecu-
lar models [15] representing multiple states of the
hOgg1 lesion-processing reaction allows us to begin
developing a detailed depiction of the structural
changes in the substrate DNA accompanying this com-
plex biochemical process. hOgg1 initially binds duplex
DNA containing an intrahelical oxoG lesion (Figure 5A);
the lesion is known not to cause distortion of the DNA
helix [21, 22]. In a process that remains poorly under-
stood, the protein then causes extrusion of the oxoG
nucleoside from a DNA helix that now contains a sharp
localized bend (Figure 5B). This overall geometry of the
DNA appears to be preserved through the chemical
steps of the repair reaction, during which the covalent
structure of the lesion is altered within the confines of
the active site (Figures 5C and 5D). It is likely that a
significant amount of strain energy is released in the
sharply bent DNA helix as the oxoG base is expelled
and backbone is cleaved, thereby decreasing the over-
all free energy state of the final product DNA/hOgg1
complex. Perhaps this decrease in strain energy is what
enables hOgg1 to remain tightly associated with its
end product.

Significance

DNA glycosylase/lyases are key players in the cellular
defense against the genotoxic effects of DNA dam-
age. These proteins are remarkably versatile, catalyz-
ing a reaction cascade that begins with excision of a
damaged base from the genome and ultimately leads
cleavage of the DNA backbone. Considerable interest
surrounds the mechanism by which DNA glycosy-
lase/lyases perform such a marvel of catalysis. Previ-
ous studies focusing on human 8-oxoguanine DNA
glycosylase (hOgg1) have led to a detailed proposal
for the reaction mechanism [8, 10], the initial stages
of which have received strong support from high-res-
olution crystallographic structures [10, 11, 14]. Struc-
tural information on the later stages of the cascade
has, however, been lacking to date. Here, we report
an X-ray structure of a late reaction intermediate,
namely the final end product of DNA lesion process-
ing by the enzyme. This structure lends key support
to the proposed mechanism of the DNA strand cleav-
age pathway, and leads to a model wherein release of
conformational strain energy in the DNA helix en-



Chemistry & Biology
1648
Rables hOgg1 to remain bound tightly to its final reac-
Rtion product. Serendipitously, we observed religation
Aof the DNA backbone when an oxoguanine analog,
P

8-aminoG, was soaked into the enzyme active site. This
observation provides further evidence for the role of the

Rexcised base (8-oxoG) as a cocatalyst in the hOgg1-
catalyzed lyase reaction [11].

Experimental Procedures

Crystallization, Data Collection, and Structure Determination
Crystallization of the end-product complex followed closely that
described for the lesion-recognition complex [10] except the mix-
ture of protein and DNA was allowed to incubate for 2 hr at 4°C
before hanging drops were set up. Crystals grew in 1–3 days at
4°C. Prior to freezing in liquid nitrogen, end-product crystals were
briefly soaked in crystallization buffer supplemented with 25%
glycerol. To generate the religated complex, crystals of the end-
product complex were soaked overnight in crystallization buffer
supplemented with 25% glycerol and 2 mM aminoG. X-Ray diffrac-
tion data (λ = 0.930) were collected at the F1 beam line of CHESS
(Cornell High-Energy Synchrotron Source) on an ADSC CCD detec-
tor. Diffraction data were processed using the DENZO/SCALEPACK
software package [23]. Structures were refined starting from the
K249Q hOgg1/DNA complex structure (PDB ID: 1EBM) using CNS
1.0 [24]. Model statistics and geometries (calculated using PRO-
CHECK) [25] are presented in Table 1.
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Table 1. Data Collection and Model Statistics

Data Collection (Å) End Product Religated Structure

Resolution 50–2.05 50–1.90
Unique reflections 32,927 42,539
Redundancy 5.2 5.2
Completeness (%)a 97.9 (88.4) 99.4 (99.1)
Rmerge

a,b 0.07 (0.612) 0.067 (0.470)
<I/s> 23.1 (2.1) 23.7 (2.3)

Refinement and Model Statistics

Resolution (Å) 2.30 1.90
Rcryst

a,c 23.0 (26.9) 23.4 (28.6)
Rfree

a,c 27.4 (32.7) 26.8 (31.5)
Mean B value, all atoms (Å2) 49.4 41.6
Rmsd from ideality:

Bond lengths (Å) 0.006 0.006
Bond angles (°) 1.2 1.4
Dihedral angles (°) 20.7 21.5

Ramachandran plot
Most favored 89.4% 92.3%
Additionally allowed 9.9% 7.4%
Generously allowedd 0.7% 0.4%

Protein and DNA atoms 3047 3052
Waters 93 173

a Values in parentheses refer to the highest resolution bin.
b Rmerge = Σhkl |I(hkl) − <I(hkl)>|/Σhkl |<I(hkl)>|.
c Rcryst = Σhkl |Fo(hkl) − Fc(hkl)>|/Σhkl |Fo(hkl)|. Rfree was calculated based on 10% of the total data omitted during the structure refinement [26].
d Asp174 in both structures and Leu 170 in end-product structure fell in this region of phi-psi space in all structures. It was visually inspected
using the final σA weighted 2Fo − Fc map and observed to be correctly positioned.
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