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Background: The molecular basis for sequence-dependent variation in DNA repair is poorly understood.

Results: A systematic study of lesion encounter by MutM reveals major differences in stacking of the target oxoG.
Conclusion: Sequence-dependent changes in base stacking may contribute to lesion extrusion and repair.

Significance: This is the first structural study of sequence context effects on lesion recognition for a DNA repair enzyme.

MutM, a bacterial DNA-glycosylase, plays a critical role in
maintaining genome integrity by catalyzing glycosidic bond
cleavage of 8-oxoguanine (0x0G) lesions to initiate base excision
DNA repair. The task faced by MutM of locating rare oxoG res-
idues embedded in an overwhelming excess of undamaged bases
is especially challenging given the close structural similarity
between 0xoG and its normal progenitor, guanine (G). MutM
actively interrogates the DNA to detect the presence of an intra-
helical, fully base-paired oxoG, whereupon the enzyme pro-
motes extrusion of the target nucleobase from the DNA duplex
and insertion into the extrahelical active site. Recent structural
studies have begun to provide the first glimpse into the protein-
DNA interactions that enable MutM to distinguish an intrahe-
lical oxoG from G; however, these initial studies left open the
important question of how MutM can recognize 0xoG residues
embedded in 16 different neighboring sequence contexts (con-
sidering only the 5'- and 3’-neighboring base pairs). In this
study we set out to understand the manner and extent to which
intrahelical lesion recognition varies as a function of the
5'-neighbor. Here we report a comprehensive, systematic struc-
tural analysis of the effect of the 5'-neighboring base pair on
recognition of an intrahelical 0xoG lesion. These structures
reveal that MutM imposes the same extrusion-prone (“extrudo-
genic”) backbone conformation on the 0xoG lesion irrespective
of its 5'-neighbor while leaving the rest of the DNA relatively
free to adjust to the particular demands of individual sequences.

Oxidative damage to DNA, resulting primarily from attack
by the electrophilic byproducts of aerobic respiration, repre-
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sents a significant source of endogenous genotoxicity in cells. A
particularly mutagenic event is the oxidation of guanine to 7,8-
dihydro-8-oxoguanine (8-oxoguanine (0x0G)% see Fig. 14) due
to the high propensity of 0xoG to mispair with adenine during
processive DNA replication and thereby giving rise to G:C —
T:A transversion mutations (1). In bacteria, removal of 0x0G is
catalyzed by MutM, a bifunctional DNA glycosylase/lyase that
excises 0x0G from the 0xoG:C base pair (2). In eukaryotes from
fungi to humans, the same function is carried out by the struc-
turally non-homologous enzyme Oggl (3, 4). A major question
confronting the field of DNA repair is how these repair
enzymes locate and detect rare lesions such as 0xoG in the
presence of an astronomical (10°-10”-fold) excess of undam-
aged bases, with only thermal diffusion as their available means
of propulsion. The search process is further complicated by the
fact that all DNA glycosylases acting on monomeric lesions,
including MutM and Oggl, catalyze base-excision only after
extruding the substrate nucleobase entirely from the DNA helix
and inserting it into an extrahelical active site on the enzyme (2,
5-7). Although obligate extrusion of helix-destabilizing lesions
would seem to pose little structural or energetic challenge to
the enzyme, being as these lesions undergo spontaneous extru-
sion at an appreciable rate, the situation is considerably more
difficult with oxoG, which has little effect on the structure and
energetics of duplex DNA (8-11). Thus, with the possible
exception of differences in structural dynamics, all MutM and
Oggl have as signposts are the two atoms that differ between
ox0G and its closest structural relative, G, those being, respec-
tively, O versus H at C8 and NH versus N at the 7-position (see
Fig. 14) (12).

A substantial body of structural and supporting biochemical
and computational information has provided a rich picture of
the events after extrusion of the lesion from DNA and leading
up to the moment of catalysis (13—22). Only quite recently,
however, did the first structural snapshots become available of
MutM at the stage of its initial encounter with a fully intraheli-
cal, base-paired oxoG lesion; indeed, these structures provided

“The abbreviations used are: 0xoG, 8-oxoguanine; SB, stacked base; TB target
base.
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the first view of any DNA glycosylase encountering an intrahe-
lical lesion in duplex DNA (19). The most striking feature of
these structures is the muscular but localized inspection of the
DNA helix see (Fig. 1B), with the DNA exhibiting a pronounced
bend localized entirely at the site of the target base pair, with the
amino acid side chain of Phe''* being intercalated on the
3'-side of the lesion, and with the target base pair being drasti-
cally buckled (19). Sequence-matched structures having the
0x0G lesion swapped for an undamaged G, a change of only two
atoms throughout the entire protein-DNA interface, showed
unambiguously that MutM detects the presence of an intrahe-
lical ox0G lesion (13, 19). Specifically, the bending and buckling
induced by MutM causes the 8-oxo carbonyl of 0xoG to clash
with the DNA backbone at the lesion-containing site, thereby
inducing movement of the backbone along a trajectory coinci-
dent with that of base extrusion; in other words, the presence of
0x0G creates an extrudogenic conformation in the DNA back-
bone. The C8-H atom of G, being smaller and less electron-rich,
induces no such conformational change. Computational simu-
lations based on these structures confirmed that the activation
barrier for extrusion of 0xoG is lower by ~7 kcal/mol than with
G (19). Additional sequence-matched sets of structures, chang-
ing from set to set the base pair immediately 5’ or 3’ to the
target pair (0xo0G:C or G:C), revealed that in all cases the oxoG
structure showed the same extrudogenic conformation.
Some conformational heterogeneity, however, was seen among
the non-lesion-containing (G) structures, specifically when the
5'-base pair was changed. These hints of sequence dependence
on the ability of MutM to induce deformation of the DNA back-
bone provided the impetus for this study.

It has long been known that oxoG is more mutagenic in some
sequences than in others, and evidence suggests that repair effi-
ciency may contribute to this behavior. For example, although
MutM can remove oxoG from all sequence contexts, the
enzyme repairs oxoG more efficiently from pyrimidine-rich
sequences than purine-rich sequences (23). Similarly, in vivo
studies varying the sequence flanking known G — T hotspots,
which result from replication of an 0xoG:A base pair, in the
supF gene showed higher mutation frequencies when flanked
by purine bases on either side of the hotspot site (24, 25). These
data are consistent with statistical analysis of the sequence con-
text surrounding G — T transversion mutations in the Esche-
richia coli lacl, human p53, and human factor IX genes, which
show an overrepresentation of a 5'-GNA-3’ sequence flanking
the mutated base (N) (23). The authors went so far as to propose
that these sequences minimize lesion-induced distortion of the
DNA, allowing 0xoG to escape detection by repair enzymes
(23). Studies using plasmids containing a site-specific oxoG
placed in different sequence contexts showed significantly
higher mutation frequencies (>90% G — T transversions)
when oxoG was placed in a GC-rich stretch of DNA (26).

In this study we have focused our initial investigation of
sequence-dependent structural changes on the 5'-base pair
flanking the lesion. This choice follows directly from the struc-
tures of MutM interrogating fully base-paired DNA, which
showed the 3’-base pair to be fully unstacked from the target
base pair through the intercalation of Phe''* (see Fig. 1B). The
5'-base pair not only retains its stacking interaction with the
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target base pair in these structures but is forced into an even
more intimate association through buckling of the target base
pair in the 5'-direction. Below we describe a complete set of
sequence-matched structures in which we have completed a
systematic variation of the 5'-base pair to include all four pos-
sible permutations, with either G or oxoG being targeted for
extrusion by the enzyme. Here we report the results of this
comprehensive analysis of sequence variation on intrahelical
recognition by MutM, and we discuss the implications for
sequence-dependence in DNA repair by this enzyme.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Mutant MutM pro-
teins were overexpressed and purified as previously described
(19). MutM was expressed in E. coli BL21 (DE3) plysS cells and
grown at 37 °C until A4, reached 0.5-0.7. Protein expression
was induced by the addition of 0.5 mMm isopropyl-3-p-thiogalac-
topyranoside (Invitrogen) and 0.05 mm ZnCl,. The cells were
allowed to grow for 45 h at 30 °C, harvested by ultracentrifu-
gation, resuspended in 50 mm Na,HPO,, pH 8.0, 500 mm NaCl,
and 0.1% B-mercaptoethanol, flash-frozen in liquid nitrogen,
and stored at —80 °C.

Thawed cells were supplemented with 1 mm PMSF and
one Complete, EDTA-free Protease Inhibitor Mixture tablet
(Roche Applied Science), lysed by sonication, and clarified by
centrifugation at 14,000 rpm for 20 min. The clarified lysate was
diluted 1:5 with buffer A (20 mm Tris, pH 7.4, and 0.1% -mer-
captoethanol) and loaded onto a 20-ml SFF column (GE
Healthcare). The protein was purified using a linear gradient
from 0.1 to 0.5 M NaCl over 10 column volumes followed by
size-exclusion chromatography (Superdex75, GE Healthcare)
into 1 M NaCl, 10 mMm Tris, pH 7.4, 5 mM -mercaptoethanol.
Unused protein was stored by adding glycerol to 20% final con-
centration, flash-frozen, and stored at —80 °C.

DNA Synthesis and Purification—All DNA substrates were
synthesized using solid phase synthesis on an ABI 392 DNA
synthesizer using standard reagents and protocols (Applied
Biosystems, Glen Research). For the cross-linker-modified oli-
gos, the protocol was modified to include a 3’-H-phosphonate
(Glen Research) in the coupling step at the site of the backbone
modification. After coupling, the disulfide tether was incorpo-
rated onto the backbone by an oxidation step with carbon tet-
rachloride (Sigma) and the diamine disulfide (free base). All
oligos were purified according to the same protocol. The oligo-
nucleotides were deprotected and cleaved from the CPG resin
using ammonium hydroxide at 55 °C for 8 =10 h. The ammo-
nium hydroxide was removed using a SpeedVac, and the oligos
were purified using the crush-and-soak method (27). The oligos
were desalted using hydrophobic chromatography (Sep pak
columns, Waters chromatography) and then evaporated to dry-
ness using a SpeedVac. The oligos were dissolved in 10 mm Tris,
pH 8.0, and their appropriate masses were verified using
MALDI-TOF mass spectrometry. The lesion-containing strand
was annealed to the complementary strand ina 1:1.2 ratio in 1 X
NaTE (50 mMm NaCl, 10 mm Tris-HCI, 1 mm EDTA, pH 8.0).

Preparative Cross-linking Reactions—All complexes were
made by cross-linking the corresponding DNA substrates to
E3Q Q166C V222P MutM. Reactions were set up using 10 um
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cross-linker-containing duplex substrate with 20 wMm protein in
degassed cross-linking buffer (50 mm NaCl and 20 mm Tris, pH
7.4). The reactions were purged with argon and kept rotating at
4 °C for 2-3 days.

The reactions were purified using a Mono Q column (GE
Healthcare) with a linear gradient from 0.1 to 0.6 M NaCl in
buffer A (20 mm Tris pH 7.4, degassed) over 30 column vol-
umes. Fractions were pooled, and buffer was exchanged into
degassed cross-linking buffer and concentrated to ~200-250
uM for crystallization experiments. The concentration was
determined by the A, of the DNA in the complex.

Crystallization, Data Collection, and Structure Deter-
mination—Crystallization drops were set up at 4 °C using the
hanging drop vapor diffusion method in a 1:1 or 1:2 ratio of
protein-DNA complex to reservoir solution. The complexes
crystallized in 12—-18% PEG 8000, 100 mm sodium cacodylate,
pH 7.0, and 5% glycerol. Crystals appeared with 2—3 days and
were allowed to grow to size over 1-2 weeks before briefly soak-
ing in cryoprotectant solution containing 18% PEG 8000, 100
mMm sodium cacodylate, pH 7.0, and 25% glycerol followed by
flash-freezing in liquid nitrogen. Diffraction data were col-
lected at the 24ID-E beamline at Argonne Photon Source. Data
were processed using the HKL2000 program suites (28).

Protein coordinates from the isomorphous structure of
MutM cross-linked to undamaged DNA (PDB code 3GPX)
were used as the initial model for refinement (19). Rigid body
fitting, energy minimization, and simulated annealing in PHE-
NIX resulted in a partial model (29). The DNA (including the
disulfide tether) was built into the F, — F, map using the strong
density for the cross-link to determine the register. Manual
readjustment of protein side chains and DNA bases were done
in COOT followed by successive rounds of simulated anneal-
ing, energy minimization, and individual B-factor refinement
(30, 31). After all visible protein and DNA atoms were built and
the Ry,.. dropped below 28%, water molecules were added to
the model using automated water picking and manual inspec-
tion of the difference map in PHENIX. TLS refinement was also
included during refinement, with manual selection of TLS
groups (two groups total; the protein and then both DNA
strands were treated as one TLS group) (32, 33). Electron den-
sity for residues 217-237 (comprising the oxoG-capping loop)
was not visible, and these residues were omitted from the
model. Protein side chains were truncated in instances where
density was not observed. Data collection and refinement sta-
tistics are shown in Tables 1-2 and supplemental Table S1.

Model statistics and validation were carried out using PRO-
CHECK and Molprobity (34, 35). Analysis of the DNA confor-
mation including base-step parameters, sugar puckers, and tor-
sion angles were done using 3DNA (36). The figure were made
using PyMOL Version 1.3 (37).

0x0G Cleavage Assays—The duplex DNA substrate used for
the cleavage assays was identical in sequence to the oligonu-
cleotides used for crystallization but did not contain an N-eth-
ylthio tether. The oxoG-containing strands were 5'-end-la-
beled using T4 polynucleotide kinase (New England Biolabs)
and [y->?P] ATP (PerkinElmer Life Sciences) and then annealed
with a 1.1-fold excess of the complementary strand. Single
turnover cleavage reactions were carried out using 100 nM DNA
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FIGURE 1. A, formation of oxoG from guanine (G) by reactive oxygen species
(ROS) is shown. The changes in atom substituents at N7 and C8 are highlighted
in yellow. B, the structure of MutM cross-linked to an intrahelical oxoG (PDB
code 3GP1) is shown. The cross-linking sites on the protein and DNA are as
indicated. A view of the base-stacking to the target base is shown in the
bottom right (with the stacked base pair shown in cyan); insertion of Phe'™*
into the duplex and the resulting buckle in the DNA (with gray lines marking
the helical axis flanking the target base) is shown at the bottom left. C, shown is
a schematic diagram of the DNA used in this study. The target base, shown in
red, was either G or oxoG; base N is the 5’-stacking neighbor fg and was varied
between A, T, and G. The modified phosphate group is shown in purple.

duplex and 150 nm wild-type MutM in a standard reaction
buffer of 150 mm NaCl, 50 mm Tris-HCI, pH 7.4, and 10 mm
MgCl, at room temperature. Aliquots of the reaction were
removed periodically and quenched with an equal amount of
100 mwm dithiothreitol in 95% formamide and 1X Tris borate/
EDTA buffer, subjected to denaturing urea-PAGE, and then
visualized on a phosphorimaging plate. Quantification of the
cleavage product was done using ImageQuant TL (GE
Healthcare).

RESULTS

Experimental Strategy—Our previous studies on the inspec-
tion of an intrahelical target base pair in duplex DNA by MutM
employed a sequence denoted IC3 and its congener EC3, which
differed only in whether the target nucleobase (Fig. 1C, red) was
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TABLE 1 TABLE 2
Data collection and refinement statistics for set 1 NpG® structures Data collection and refinement statistics for Set 1 NpG structures
Data collection GpG® ApG°® TpG® Data collection GpG ApG TpG
Radiation source APS-24-IDE APS-24-IDE  APS-24-1IDE Radiation source APS-24-1DE APS-24-IDE APS-24-IDE
Resolution (A) 50-1.85 50-1.80 50-1.70 Resolution (A) 50-1.60 50-1.90 50-1.77
Unique reflections 38,874 40,545 49,297 Unique reflections 58,218 34,913 43,744
Completeness (%)* 99.4(99.1) 96.8 (97.6) 99.1 (98.4) Completeness (%)* 99.9 (100.0) 97.4.(97.8) 99.6 (99.2)
Redundancy” 4.4 (4.6) 4.9 (4.8) 6.5 (6.0) Redundancy” 4.6 (4.8) 4.5 (4.4) 4.6 (4.3)
Rierge™” 0.052 (0.476)  0.055 (0.524) 0.055 (0.578) Riperge™ 0.053 (0.561)  0.053 (0.226) 0.059 (0.572)
({Iloy* 32.5 (3.1) 315(2.8)  44.1(3.6) 137 29.5 (2.4) 387 (6.7)  32.9(2.9)
Space group P2,2,2, P2,2,2, P2,2,2, Space group P2,2,2, P2,2,2, P2,2,2,
Unit cell dimensions a=4542 a = 45.25 a=4528 Unit cell dimensions a = 4531 a = 45.31 a = 4524
b =93.42 b =93.59 b = 93.94 b = 93.86 b = 94.64 b =94.62
¢ = 104.54 ¢ =104.23 c=104.13 ¢ =104.01 ¢ =103.26 ¢ =103.11
Refinement and model Refinement and model
Resolution (A) 32.7-1.87 32.7-1.80 32.7-1.70 Resolution (A) 32.7-1.60 32.7-1.90 32.7-1.77
Ryon™ (%) 18.6 (20.9) 18.9(21.0)  19.1 (18.9) Ry (%) 19.3 (23.3) 18.3(169)  17.9(20.5)
R (%) 21.6 (26.8) 21.1(254) 207 (21.4) R (%) 20.5 (12.7) 19.9(17.7)  19.4(17.2)
Mean B-factors Mean B-factors
Protein 27.63 27.47 27.03 Protein 24.83 26.61 24.45
Water 40.31 39.43 39.70 Water 40.62 38.73 39.01
Root mean square deviation from ideality Root mean square deviation from ideality
Bond lengths (A) 0.007 0.006 0.007 Bond lengths (A) 0.005 0.007 0.007
Bond angles (°) 1.283 1.217 1.287 Bond angles (°) 1.268 1.309 1.331
Ramachandran plot? (%) Ramachandran plot? (%)
Most favored 95.3 94.4 93.9 Most favored 94.4 94.4 93.0
Additionally allowed 42 5.2 5.6 Additionally allowed 5.2 5.2 6.6
Generously allowed 0.5 0.5 0.9 Generously allowed 0.5 0.5 0.5
PDB ID 3U6D 3U6C 3U6E PDB ID 3uUer 3U60 3U6S
“ Values in parentheses refer to the highest resolution shell. “ Values in parentheses refer to the highest resolution shell.
meerge =S|I — (D|/2(I), where I is the observed intensity. meerge = 3|I — (D|/2(I); where I is the observed intensity.

¢ Ryorc = S|F, — F.|/S|F,), where F, and F, are the observed and calculated struc-
ture factor amplitudes, respectively. R, was calculated based on 5% data ran-
domly selected and omitted throughout structure refinement (50).

4 Values calculated using PROCHECK (34).

G or oxoG, respectively. This particular sequence contains the
nucleobase C stacked over the target nucleobase on the 5'-side
(i.e. Fig. 1C, N = C; N' = Q) (13, 19). We systematically varied
this 5'-stacking nucleobase N to include all other possibilities
(N = G, A, and C), while varying the target nucleobase as either
G or 0x0G; in all cases, complementary nucleobases (N) were
incorporated on the paired DNA strand (Fig. 1B; Tables 1 and
2). The four NpG structures contain a target G at the target site
(red in Fig. 1C), whereas the four corresponding sequence-
matched NpG® structures contain a target oxoG. With the
exception of the N/N' base pair, the DNA sequences remain
identical to the published IC3/EC3 sequence. As in our previ-
ous study, the MutM/DNA complexes were stabilized using a
disulfide cross-linking system designed and validated for MutM
(13). This system uses as cross-linking components a variant of
MutM bearing an engineered Cys at position 166 in MutM
(Q166C mutation) and duplex DNA containing a two-carbon
thiol tether attached to DNA at the 10th phosphate (p10) on the
lesion-containing strand (Fig. 1, B and C).

The protein used in these studies also included the V222P
mutation, which is necessary to prevent formation of an extra-
helical lesion recognition complex in the NpG® series of struc-
tures (19). Although this mutation is unnecessary for obtaining
the intrahelical state with the NpG series, it was maintained in
that series to minimize extraneous alterations and provide a
consistent comparison between the NpG and NpG® series of
structures. Thus, the only point of difference between each
sequence-matched NpG and NpG? structure is the two-atom
change in the target nucleobase (Fig. 14).

Sequence-independent Features of MutM-DNA Interaction—
All the newly determined structures presented here show a
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¢ Ryorc = S|F, — F.|/S|F,), where F, and F, are the observed and calculated struc-
ture factor amplitudes, respectively. R, was calculated based on 5% data ran-
domly selected and omitted throughout structure refinement (50).

9 Values were calculated using PROCHECK (34).

global architecture very similar to each other and to the previ-
ously published IC3 and EC3 structures (PDB IDs 3GP1 and
2F50, respectively). Superpositions using only Ca atoms
between each NpG® structure to the EC3 structure (corre-
sponding to the CpG® state) and between each NpG structure
with the IC3 structure (corresponding to the CpG state) yielded
an average root mean square deviation 0.20 and 0.25 A, respec-
tively (19). Both the target base pair and the base pair 3’ to the
target base are buckled via insertion of Phe''*, whereas the base
pair 5’ to the target base remains planar and stacked with the
target base pair (Fig. 24). At the target base, comparisons
between the sequence-matched sets of NpG and NpG® struc-
tures reveal several stereotypic changes in the sugar pucker and
backbone conformation that, as previously described for IC3
and EC3, appear to be driven by the need to accommodate the
08 atom present in 0xoG but replaced in G by the smaller H8
atom. Specifically, the presence of O8 is associated with a con-
sistent rearrangement of the sugar pucker from the C2’ endo
conformation, found in the NpG structures, to the C4' exo or
C3’ endo conformation in the NpG® structures (Fig. 2B). Main-
taining a C2' endo pucker conformation of oxoG would result
in a steric clash between the C2" atom and the O8; however, the
change in pucker shifts the C2’ carbon away from the O8, pre-
venting the unfavorable contact. Similarly, rotations in the
phosphodiester and C4'-C5’ bonds reposition the phosphate
backbone away from the O8, relieving the repulsive interac-
tions between the phosphate oxygens and the O8. These
changes in conformation are localized to the immediate vicinity
of the 0xoG, with the remainder of the DNA backbone being
nearly unchanged between each NpG® structure (supplemental
Fig. S1A). This study thus confirms and extends the previous
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FIGURE 2. A, buckling of the target base pairand the 3'-neighboring base pair is shown. The target base is shown as red for oxoG and blue for G, with the cytosine
base-pairing partner shown in orange. The 5’-stacking neighbor base pair to the target base is shown in yellow. Buckle angles were calculated using 3DNA. The
2 F, — F. maps for the new structures reported in this manuscript are contoured to 1.0 o. B, steric clashes resulting from the O8 carbonyl are shown.
Double-headed arrows indicate the distance between the O8 atom and the C2" carbon when modeled into a NpG structure or in the NpG® structure. The sugar
pucker for each structure is as indicated. Single-headed arrows indicate rotations in the phosphodiester bonds.

conclusions that MutM detects the presence of an 0xoG lesion
by grasping the DNA in such a way as to force a steric and
electronic clash between the oxoG O8 atom and the backbone
of that same residue; the clash is avoided through an adjustment
in backbone conformation that lowers the kinetic barrier for
extrusion of the target nucleoside from DNA (19).
Sequence-specific Effects on Base Stacking—The base pair
step between the target base and the 5’-stacking neighbor is
significantly underwound in all the NpG and NpG? structures,
as judged by analysis of base step parameters using 3DNA (36).
This step in the NpG and NpG® structures had an average twist
value of 17.1 * 1.8° and 21.6 * 5.5°, respectively, as compared
with 36° for B-form DNA (Fig. 3A4). The decrease in rotation of
the base pairs along the helix axis significantly increases the
extent of base pair stacking relative to that in canonical B-form
DNA (38), as judged by inspection of helix projections of target
base and the 5'-stacking neighbor (Fig. 3); that these base-pairs
are indeed in -7 contact in all cases is evident in views per-
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pendicular to the helix axis (Fig. 3B). The extent of DNA
unwinding is greatest in the GpG and GpG® structures, which
have helical twist values of 14.7° and 14.4°, respectively. In both
of these structures a view down the helical axis shows nearly
complete overlap between the 5'-G and the target base, an
extent of stacking rarely observed for DNA in any other con-
text. Similar views for the other structures in each set show
different degrees of overlap that vary in magnitude depending
on the twist angle and the identity of the 5'-base (Fig. 3).

To facilitate comparisons between the various dinucleotide
sequences, we decided to superimpose each on a common ref-
erence structure. Any member of the sequence-matched quar-
tet of structures could have served as a valid reference, but we
chose GpG and GpG® as reference structures because these
exhibit the least extent of helical twist and consequently have
the greatest extent of stacking. Thus, each of the NpG struc-
tures was superimposed on GpG and the NpG? structures were
superimposed on GpG°. We selected the glycosidic nitrogen
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FIGURE 3. A, shown is the effect of Twist angle on base-stacking. The target
base pair is shown in dark gray, and the 5’-base pair shown in light gray. The
dotted line is drawn along the base-pairing axis of the target base pair,
whereas the solid line indicates the base-pairing axis for the stacked base pair.
A table of Twist angles for each structure is shown to the right. The angles
correspond to Twist values for that base step as calculated by 3DNA. B, shown
is a base-stacking diagram for oxoG (G°) and G-containing structures. Arrows
indicate movement of 5’ base. PDB codes for previously published structures
are indicated.

atom of the stacked base (SB) and target base (TB) as our posi-
tional marker, because this nitrogen atom is the one invariant
structural feature of all nucleobases. One caveat of this analysis
is that the distances measured encompass displacement in all
three dimensions, such as movement in the direction of the
helical axis in addition to movements in the plane of the base.
However, the majority of the 5-N bases in each alignment
remain nearly coplanar with the 5'-G in the reference struc-
tures (supplemental Fig. S1C), allowing us to treat the net dis-
placement as representative of translational motion in the
plane of the base pair. As illustrated in Fig. 4A for the superpo-
sition of CpG® and GpG®, the displacement of the target base
(TB, middle panel) is quite modest (0.2 A) compared with that
of the stacked base (SB, right-hand panel) (2.1 A). The bar
graphs in Fig. 4B show the displacements of SB (dark blue bars)
and TB (red bars) for the quartet of sequence-matched struc-
tures having a target G° (left panel) and a target G (right panel).
Several trends become evident from this analysis. First, consid-
ering that the margin of error of the superpositions is within the
range of a few tenths of A, the target base pair shows only minor
sequence-dependent positional variation. The stacked base, on
the other hand, shows considerable sequence-dependent posi-
tional variation for pyrimidines stacked over a target G° but
much less variation for purines stacked over a target G°. Spe-
cifically, the 5’-pyrimidines in the CpG® and TpG® structures
are significantly offset from the GpG® state, with net displace-
ments of 1.9 and 0.9 A, respectively; in contrast, the ApG®
structure is offset by only 0.4 A from the GpG® state. With a
target G, neither stacked purines nor pyrimidines show pro-
nounced sequence-dependent displacement. When the stacked
base is a purine, SB and TB tend to move in lock step. Although
Fig. 4B does not capture the directionality of the displacement,
inspection of the structures (refer to Fig. 3) reveals that indeed
SB and TB are being displaced in the same direction in compar-
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ing GpG® with ApG°® and in comparing GpG with ApG. This is
at least suggestive that conservation of stacking interactions is
more important for sequences having a purine base stacked
over the target base than for those having a stacked pyrimidine.

Sequence-specific Displacement of oxoG toward Minor
Groove—Next we analyzed the response of duplex structure to
changing the target base, G versus G°, in an otherwise invariant
sequence. In this analysis we designated each NpG structure as
the reference point for a fully intrahelical, nonextruded target
base and measured the displacement of each NpG® structure
with respect to the position of the corresponding sequence-
matched NpG structure. Each NpG structure was aligned to a
sequence-matched NpG® structure, and the displacement
between glycosidic nitrogens for the target G and oxoG was
measured (GB). To correct for global variations in the align-
ment of the two structures, the distance between glycosidic
nitrogens in the 5'-N bases was also measured (NB). The net
displacement of the 0xoG (Do) from the G state was calculated
as Do = GB-NB.

The results of this analysis are shown in Fig. 4C. Interestingly,
GB ranges from 0.6 to 1.5 A across all NpG® structures, with the
oxoG shifting stereotypically in the direction of the minor
groove. However, in the structures having a stacked 5'-purine
(i.e. GpG® versus GpG and ApG® versus ApG), the 5'-neighbor
also shifts toward the minor groove by a distance nearly equal to
that of the target base, resulting in only a 0.2 A net displacement
of the 0xoG from the G state. Stated another way, even though
the presence of 0xoG causes a displacement of the target
nucleobase by altering the DNA backbone conformation, a
5’-purine neighbor moves along with the oxoG, such that the
5'-purine/target-G versus 5'-purine/target-oxoG stacking
interactions remain nearly unchanged. In contrast, 5'-neigh-
boring pyrimidines (TpG® and CpG® structures) do not move
with the oxoG; hence, the 0xoG shears with respect to the
neighbor in these dinucleotides. This leads to a net displace-
ment of 0.6 and 0.5 A for the TpG® and CpG® structures,
respectively, possibly facilitating extrusion of 0xoG as it shifts
toward the minor groove. These sequence-specific observa-
tions suggest that differences in base-stacking between oxoG
and the 5'-base can influence the position of the oxoG (with
respect to the neighboring bases) and accentuate differences
between the G- and oxoG-bound states.

Sequence Dependence of Buckling of Target Base Pair—As
shown in Fig. 24, insertion of Phe''* at the target site signifi-
cantly buckles the target base pair and the base pair 3’ to the
target base, with buckle angles ranging from 36 to 43° for the
NpG set and 28 to 43° for the NpG® set. This buckling thrusts
the major groove edge of the target base pair, in particular the
06 from the target base and N4 from the opposing cytosine,
toward the 5'-stacking neighbor. Measurement of the distances
between the target base pair and the 5'-N base are shown in Fig.
5. Interestingly, these measurements indicate that the target G
is within 3.0-3.4 A of the 5'-N base in the NpG set, whereas
0x0G remains 3.3-3.9 A away from the 5'-N base in the NpG®
set. The larger distances in the NpG® set are consistent with the
previous observation that oxoG:C target base pairs in our struc-
tures are generally less buckled (and, therefore, more planar
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FIGURE 4. A, calculation of net displacement of the 5’-stacking neighbor is shown. The CpG® structure is shown in blue, and the GpG® structure is shown in gray.
Black circles mark the position of the glycosidic nitrogens used for the measurements. Each base pair is viewed down the helical axis. Measurement of the
displacement of the SB is shown to the far right and of the TB is in the middle. Subtraction of TB from SB results in the net displacement of the stacked base,
shown to the far left. B, the distances between glycosidic nitrogens measured for each NpG® aligned with GpG® pair are shown for NpG® (left) and NpG
structures (right). C, shown is net displacement of oxoG compared with G in the NpG versus NpG® structures. White circles mark the glycosidic nitrogens on the
5'-base-stacking partner, and red circles mark the glycosidic nitrogens on the target base. Overlays are shown for CpG/G® (blue), TpG/G® (purple), ApG/G® (teal),
and GpG/G° (gray) alignments. The net displacement was calculated using the average of the distance between oxoG and G from both conformations. The net
displacement of the target base is calculated by subtracting the movement of 5'-base (dark blue bars) from the movement of the target base (pink bars).
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FIGURE 5. Measurements of distance between 06 from the target base (G or oxoG) and exocyclic atom at C6 (A and G) or C4 (T and C) position of the
5’-neighbor. Distance from the 5’-neighbor to the N4 of the opposing C is also shown. The target base and its base-stacking partner are consistently closer in
distance in the G-bound state compared with the oxoG-bound state. Additionally, alignments between the oxoG-bound and G-bound states show how the
position of the target oxoG responds to changes in the backbone conformation. Rotation of the backbone away from the state seen in the G-bound structure
pulls the target oxoG into a more planar position, reducing the buckle angle of the target oxoG base pair compared with the buckle for the target G base pair.

relative to the neighboring base pairs) than G:C pairs from cor-
responding structures.

In the NpG® set, the O6 atom of the target oxoG appears to
make to an electrostatically favorable interaction with the 5'-A
(N6-H) and 5'-C (N4-H) but makes an electrostatically repul-
sive interaction with the 5'-G (O6) and 5’-T (O4). The repul-
sion between oxoG and the 5'-T is mitigated by the large dis-
tance between the two bases (3.7 A) but not in the case of 5'-G,
with only 3.3 A separating the two oxygen atoms.

Experimental Measurement of oxoG Repair Rates—To deter-
mine whether the sequence-dependent structural differences
observed in this study were also manifest in functional terms,
we measured the rates of MutM-catalyzed base-excision of an
0x0G lesion for the four 5’ sequence-permuted oligonucleo-
tides characterized structurally in this study. Again, these sub-
strates differ only in the identity of the base pair flanking
0x0G:C on the 5’-side. The substrate with T:A stacked on the
target base pair was cleaved fastest, whereas the A:T substrate
was cleaved slowest, the difference being ~3-fold (Fig. 6). The
C:G and G:C substrates were cleaved at about the same rate as
each other, intermediate between A:T and T:A. These rates
correlate roughly with the extent of base stacking between
0x0G and the 5'-neighbor observed crystallographically, with
the exception of G:C, which is cleaved faster than expected on
the basis of stacking alone.

Effect of cross-linker—To determine the potential effects of
cross-linking position on these backbone conformations, we
solved an additional set of NpG® structures using a different
cross-linking position on the DNA (p11). Crystals for these
complexes diffracted to 1.9-2.1 A (supplemental Table S1).
The sequence flanking the oxoG remains the same as the first
set: the 3’-base to the 0xoG remains a G, whereas the 5’-stack-
ing neighbor is varied between A, T, and C (a previously pub-
lished structure with 5'-G cross-linked at p11 completes the
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set) (19). Consistent with our previous observations, structures
with a 5'-pyrimidine have less overlap with the target oxoG,
whereas structures with a 5'-purine remain stacked to the oxoG
(supplemental Fig. S3). This second set of structures confirms
that our previous observations are independent of cross-linking
position and are determined solely by the identity of the base 5’
to the oxoG.

DISCUSSION

Previous work from our laboratory has shown that MutM
locates intrahelical oxoG residues and discriminates them from
G by kinetically controlled extrusion into the DNA minor
groove (19, 20). High resolution structures of MutM captured
in the act of interrogating an undamaged G or encountering an
0x0G lesion have revealed that the protein performs a muscular
interrogation of the DNA helix with pronounced bending of the
DNA localized to the interrogation site and with full insertion
of an intercalating residue (Phe''?) into the helix on the 3’ side
of the lesion. Insertion of Phe''* severely buckles the target
base pair, thrusting it toward the base pair on the 5'-side of the
lesion, which nevertheless remains stacked with the target base
pair. The concerted bending and buckling of DNA causes the
substituent at the 8-position of the target nucleobase to project
toward both the 2’'-CH, group of its own sugar moiety and
toward the 5'-phosphate. When the C-8 substituent is an
electropositive H, no steric or electronic clash is engendered
with the 2'-CH,, or 5'-phosphate, and the sugar retains a nor-
mal 2'-endo pucker. However, when the 8-substituent is a
larger, electronegative O, a severe clash develops with the
2'-CH, and the 5’-phosphate. To avoid this clash, the sugar
pseudorotates to the 4'-exo conformation. Molecular dynamics
simulations showed that the adoption of this alternative back-
bone conformation lowered the activation barrier for breakage
of the target base pair and extrusion of the target nucleobase
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FIGURE 6. Ox0G cleavage assay using substrates in which the 5’-neighbor
is varied between all four bases. The underlined nucleobase denotes the
base that is stacked on the oxoG. The 5’-A substrate shows a markedly slower
rate of oxoG repair compared with the 5'-T, 5'-C, and 5'-G substrates.

from DNA by 7 kcal/mol (19). Based on these observations, we
concluded that MutM locates intrahelical oxoG residues by a
kinetically controlled process involving formation of an extru-
dogenic conformation at oxoG residues (19). Given that the
target base pair in these structures remains in intimate contact
with its 5'-neighbor, we had to consider the possibility that this
extrudogenic switch in going from 0xoG to G might be a prop-
erty of the particular sequence employed in our prior study.
Furthermore, even if the extrudogenic switch turned out to be
general, the rate of extrusion could well be influenced by the
5'-neighbor, and this could be one factor that influences the
known fact that the mutagenicity of lesions is influenced by
the surrounding sequence. Given the present lack of experi-
mental methods that can distinguish the difference between
base pair breathing rates and extrusion rates, computational
molecular dynamics simulations provide the only reliable
means of accessing the energetic barrier to extrusion of a target
nucleobase from DNA. Such simulations are most informative
when performed from a starting point of an experimental struc-
ture that is as close as possible to the actual species of interest.
Therefore, we undertook this study to assess the generality of
the extrudogenic conformation model and to provide a com-
plete set of experimental structures in which the 5'-neighbor-
ing base pair was exhaustively varied in the presence of either a
G:C or 0x0G:C target base pair. Although not emphasized here
in detail, we also solved a sequence-matched series of structures
in which MutM was repositioned along the length of the DNA
helix so as to examine the system in a different crystal packing
environment. MutM is the only DNA repair system for which
intrahelical lesion recognition has been demonstrated and elu-
cidated at the molecular level, and this analysis was intended to
broaden and deepen our understanding of that recognition
event. To our knowledge this study is the most comprehensive
structural investigation of sequence -dependence in substrate
recognition for any catalytic DNA-binding protein.

A key finding of this study is that, without exception, all of the
sequence-matched structures determined here show the same
stereotypic extrudogenic switch in going from a target G to
0x0G. In addition to the aforementioned backbone changes, we
further note that the oxoG nucleobase in the NpG® structures is
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invariably extended farther toward the minor groove than G in
the NpG structures, and this again favors extrusion into the
minor groove. We also note that the hydrogen-bonding dis-
tances for the target oxoG:C base pair (supplemental Fig. S6)
are consistently longer in our structures than in the sequence-
matched structures having a target G:C, whereas no such dif-
ference is seen in the absence of MutM (8), again indicative that
MutM is an active participant in wrenching oxoG residues from
the DNA helical stack.

There are numerous caveats in attempting to reconcile our
x-ray structures with DNA repair rates. First, the kinetics of
extrusion of a nucleobase from DNA involves both the rate of
association with that site and the rate of extrusion, and our
structures provide little insight into the former. Secondly, the
base-excision kinetics also entail multiple conformational
events after initial ejection of the target nucleobase, for exam-
ple, ordering and closure of the oxoG-capping loop, and again
these late events are not easily gleaned from our structures.
Finally, even if one focuses solely on the rate of extrusion, our
structures reveal a complex ensemble of sequence-dependent
differences in stacking with the 5’-neighbor and in other inter-
actions resulting from buckling of the target base pair, among
other more subtle differences. All other things being equal, one
would expect that stacking of the target G with its 5'-neighbor
would stabilize the intrahelical conformation of oxoG and
thereby pose a kinetic impediment to extrusion. In our struc-
tures, oxoG is substantially destacked from 5’'-pyrimidines T
and C, and indeed, these are repaired rapidly. Furthermore,
0x0G is extensively stacked with a 5'-A, and this substrate is
repaired the most slowly. However, the correlation of repair
rates with stacking breaks down for a 5'-G, which despite being
the most extensively stacked is repaired at the same rate as the
destacked 5’-C. Thus, although base-stacking at the pre-extru-
sion stage is most likely a contributor to overall repair rates,
other factors are clearly at play. By way of speculation, it could
be that the GpG® structure has destabilizing interactions that
weigh against the stabilization provided by its extensive stack-
ing; one obvious culprit could be the unfavorable electrostatic
interaction between the O6 atoms of the 5'-G and the target
0x0G. Future computational simulations will help to define the
specific interactions that govern target extrusion in these dif-
ferent sequence contexts.

Variations in base stacking at a lesion site have been pro-
posed to aid in lesion recognition for various DNA repair
enzymes (38 —40). Many DNA repair enzymes such as MutM,
Oggl, AIKA, photolyase, and T4 endonuclease V enforce a dis-
tinctive bend in the DNA at the lesion site that destacks the
target base pair from one of its neighboring base pairs (the
3'-base pair in the case of MutM) (15, 41-45). In the pre-extru-
sion state seen in our structures, we show that the base stacking
conformation near the target oxoG is unique to the MutM-
bound state (compared with base stacking in B-form DNA),
providing the first structural basis for sequence-specific differ-
ences in the conformation of an intrahelical lesion base during
lesion recognition.

The influence of sequence context on lesion recognition and
repair has significant biological consequences. Previous work
has demonstrated that poor repair efficiency is an important
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factor in the formation of mutational hotspots in the genome,
suggesting that the prevalence of 0xoG hotspots at purine-rich
sequences in the DNA may be due to diminished repair effi-
ciency at those sites (46). Our structures show that adjacent
5'-purine bases share a significant base stacking interaction
with oxoG, but the particular sequence used in our study does
not show a clear correlation between the extent of stacking for
a5'-G. It would be of interest to determine experimental struc-
tures of MutM encountering oxoG in a known mutational
sequence to see whether any clear structural basis for this effect
emerges. Given the unique characteristics of a GG stack, fur-
ther work is necessary to explore the effect of guanine-rich
sequences on oxoG repair efficiency.

Our work with MutM has implications for understanding the
effect of sequence on 0xoG repair in humans as well. Currently
available crystal structures of Oggl, the functional equivalent of
MutM in humans, in complex with DNA containing an extra-
helical oxoG shows striking similarities to the extrahelical
MutM structures (44). Both proteins introduce sharp bends
into the DNA at the lesion site (80° for Oggl, 75° for MutM),
inserting residues into the duplex to extrude oxoG into the
active site. Closer examination of the base pairs flanking the
extruded oxoG in the Oggl complex indicate that the base pair
3’ to the oxoG is slightly buckled, whereas the base pair 5’ to the
0x0G remains planar (47—49). The unperturbed state of the 5’
base pair to the oxoG suggests that lesion recognition by Oggl
may also be susceptible to the effects of sequence context; how-
ever, these hypotheses await confirmation by crystal structures
of Oggl bound to intrahelical oxoG-containing DNA.
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