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MutM is a bacterial DNA glycosylase that removes the
mutagenic lesion 8-oxoguanine (oxoG) from duplex
DNA. The means of oxoG recognition by MutM (also
known as Fpg) is of fundamental interest, in light of the
vast excess of normal guanine bases present in genomic
DNA. The crystal structure of a recognition-competent
but catalytically inactive version of MutM in complex
with oxoG-containing DNA reveals the structural basis
for recognition. MutM binds the oxoG nucleoside in the
syn glycosidic configuration and distinguishes oxoG
from guanine by reading out the protonation state of the
N7 atom. The segment of MutM principally responsible
for oxoG recognition is a flexible loop, suggesting that
conformational mobility influences lesion recognition
and catalysis. Furthermore, the structure of MutM in
complex with DNA containing an alternative substrate,
dihydrouracil, demonstrates how MutM is able to recog-
nize lesions other than oxoG.

The reactive byproducts of aerobic respiration oxidize DNA
to generate a number of deleterious adducts, among which the
most widely studied is 8-oxoguanine (oxoG).1 Because oxoG
mispairs with adenine during replication, this oxidative lesion
is a source of G�C to T�A transversion mutations. Nearly all
organisms possess enzymes that safeguard against the geno-
toxic effects of oxoG. The oxoG resistance pathway in bacteria,
known as the “GO” system, comprises three components: MutT,
MutY, and MutM (1–4). MutT hydrolyzes oxo-dGTP to oxo-
dGMP and inorganic pyrophosphate so as to prevent de novo
incorporation of oxoG into the genome during DNA replication.
MutY initiates the repair of misreplicated oxoG�A pairs in DNA
by catalyzing hydrolytic excision of the adenine base. MutM
(also known as Fpg) is a bifunctional DNA glycosylase/lyase
that catalyzes complete excision of oxoG lesion nucleosides
when paired opposite C in DNA via a complex multistep reac-
tion cascade. Most eukaryotes possess a GO system related to

that in bacteria, with orthologous versions of MutT and MutY;
however, in higher organisms, MutM is replaced by the func-
tionally analogous but structurally unrelated enzyme Ogg1 (5,
6). Orthologs of MutM have been discovered in mammals, but
these do not appear to be primarily involved in oxoG repair
(7–10).

Recent structural studies of MutM-DNA complexes have re-
vealed the overall architecture of the protein-DNA complex.
These structures have also provided insights into the general
features of lesion presentation to the MutM active site, sug-
gesting that the oxoG nucleoside is swiveled out of the DNA
helix during repair, a theme common throughout the structural
biology of base excision DNA repair. A segment of the protein
near the active site is disordered in the DNA-bound MutM
structures lacking an oxoG nucleobase, yet is ordered in the
absence of DNA, thus leading to the tantalizing suggestion that
induced fit might contribute to lesion base recognition. Under-
standing the structural determinants of lesion recognition by
MutM has been hampered by the fact that none of the available
high resolution structures contain a damaged base (11–13).

In general, obtaining crystals of complexes comprising a
DNA glycosylase bound to lesion-containing DNA is always
complicated by the fact that the wild-type enzyme processes its
substrate much faster than the time scale of crystallization and
data collection. In several cases, this problem has been solved
through introduction of amino acid changes that abrogate ca-
talysis while preserving lesion recognition, thus enabling the
preparation of homogeneous stalled glycosylase/DNA com-
plexes (14–16). Studies with Escherichia coli MutM have dem-
onstrated that conversion of a conserved active site glutamate
at position 3 to glutamine provides a mutant protein lacking
base excision (glycosylase) activity but retaining the ability to
catalyze DNA strand scission (lyase activity) (17). We reasoned
that an E3Q mutant version of MutM might allow the enzyme
to bind stably to oxoG-containing DNA, thus enabling us to
obtain a stalled oxoG recognition complex. Here we report the
crystallization of this complex and the determination of its
structure to 2.34-Å resolution. Furthermore, we have deter-
mined the 1.63-Å structure of a complex with DNA containing
an alternative substrate, dihydrouracil (DHU). These struc-
tures reveal the mode of lesion recognition and hint at a sub-
strate discrimination mechanism that couples substrate recog-
nition with catalysis.

EXPERIMENTAL PROCEDURES

DNA Synthesis—The DNA oligonucleotides 5�-AGGTAGACCTG-
GACGC-3� and 5�-TGCGTCCAXGTCTACC-3� (X � oxoG or DHU) were
synthesized on an ABI 392 DNA synthesizer utilizing standard phos-
phoramidite chemistry, using the four normal phosphoramidites plus
the 8-oxo-2�-deoxyguaninosine or 5,6-dihydro-2�-deoxyuridine phos-
phoramidites (Glen Research). Deprotection of the oxoG-containing ol-
igonucleotide was carried out in concentrated NH4OH supplemented
with 250 mM 2-mercaptoethanol for 18 h at 55 °C. Deprotection of the
DHU-containing oligonucleotide was carried out in concentrated
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NH4OH at room temperature for 2 h. After lyophilization, all oligonu-
cleotides were purified by urea-PAGE.

Mutagenesis and Protein Purification—An expression construct of
the E3Q mutant version of Bacillus stearothermophilus MutM was
created by subcloning (via introduction of a GAA to CAA mutation with
the oligonucleotide 5�-ggctaacatatcccgCAAttgccggaggtggaaacg-3� used
as an N-terminal primer) starting with the previously described expres-
sion construct for the wild-type protein (13). The B. stearothermophilus
E3Q MutM protein was overexpressed and purified as described (13),
except that an additional purification step employing a MonoS cation
exchange column (Amersham Biosciences) was included (gradient from
100 to 500 mM NaCl). Activity assays were performed essentially as
described for hOgg1 (18) to confirm that B. stearothermophilus MutM
cleaves DHU-containing DNA and that B. stearothermophilus E3Q
MutM does not cleave oxoG- or DHU-containing DNA. A native elec-
trophoretic mobility shift assay using a 7% native-PAGE gel run in 1�
Tris-borate-EDTA and stained with SYBR-GOLD (Molecular Probes)
was performed using 1 �M DNA and 1 �M protein to verify that
B. stearothermophilus MutM E3Q forms stable complexes with both
oxoG- and DHU-containing DNA.

Crystallization, Data Collection, and Structure Determination—
Crystallization and cryo-protection for data collection were carried out
as described (13). Data were collected at 100 K on a Rigaku R-axis IV2�

detector using a copper rotating anode x-ray source (oxoG-containing
DNA complex) or on an ADSC Q315 detector at the X25 beamline of the
National Synchrotron Light Source (DHU-containing DNA complex).
All data were processed with HKL2000 (19). The structure of the
oxoG-containing DNA complex was determined first, as follows: a mod-
ified model of the structure of B. stearothermophilus MutM bound to
DNA containing a reduced abasic site (Protein Data Bank accession
code 1L1T) in which the lesion nucleoside and all waters were com-
pletely omitted was used as a starting point for rigid body refinement
followed by simulated annealing torsion angle dynamics refinement in
CNS (20). Electron density maps calculated at this stage revealed clear
density for the oxoG nucleoside and the amino acid residues (221–234)
that were formerly disordered in the structure of the reduced abasic
site-containing DNA complex. A revised model was built to account for
all difference density, and several rounds of simulated annealing, en-
ergy minimization, and individual B-factor refinement, together with
model-corrections and the addition of water molecules, were carried out
while monitoring Rfree (21). The structure of the DHU-containing DNA
complex was determined and refined in a similar manner using the
oxoG-containing DNA complex as a starting point. Data collection,
refinement, and model statistics are presented in Table I.

RESULTS AND DISCUSSION

In the initial biochemical phase of this investigation, we
verified that a mutant version of B. stearothermophilus MutM
containing the E3Q modification (E3Q MutM) bound specifi-
cally to oxoG-containing DNA but failed to perform chemistry
on it (data not shown). Crystals of E3Q MutM in complex with
an oxoG-containing duplex 15-mer oligonucleotide were grown
under the previously reported conditions (13). X-ray diffraction
data were collected, and the structure of the lesion recognition
complex was determined by difference-Fourier analysis (Table
I). Not surprisingly, the overall structure of the oxoG recogni-
tion complex is very similar to those of previously reported
MutM co-complex structures lacking a cognate lesion, with a
protein backbone root mean square deviation of 0.37 Å for the
present structure versus that of MutM bound to DNA contain-
ing a reduced abasic site (13). The most significant difference is
the appearance of an ordered active site loop that was previ-
ously absent from the electron density maps of MutM/DNA
structures lacking a lesion nucleobase (Fig. 1, purple). We refer
to this segment, which resembles a “figure 8,” as the �F-�10
loop, owing to its location between �-sheet F and �-helix 10
(22).

Features of 8-Oxoguanine Recognition—The electron density
maps in the active site region of the lesion recognition complex
clearly reveal the presence of the entire oxo-dG lesion nucleo-
side (Fig. 2). The oxo-dG moiety is extruded from the DNA
duplex and inserted into the extrahelical MutM active site, as
anticipated from the oxoG-less structures (11–13) and in com-
mon with human Ogg1 (hOgg1) and other structurally charac-
terized DNA glycosylases that act on single-base lesions. Apart
from this point of similarity, the oxoG recognition mode of
MutM is quite distinct from that of hOgg1. Whereas hOgg1
bears a rigid, preformed pocket into which the oxoG base fits
snugly (15, 23–25), MutM possesses a relatively open, plastic
oxoG recognition motif that is fully assembled only upon clo-
sure of the �F-�10 loop over the oxoG nucleobase. In the MutM
active site, the oxo-dG nucleoside adopts a syn glycosidic tor-

TABLE I
Data collection and refinement statistics

OxoG-DNA complex Dihydrouracil-DNA complex

Data collection statistics
Radiation Source Rigaku laboratory source NSLS X25
Resolution (Å) 50–2.34 50–1.63
Unique reflections 18601 53944
Completeness (%)a 100.0 (100.0) 98.9 (93.9)
Redundancya 7.5 (7.4) 5.3 (4.8)
Rmerge

a,b 0.090 (0.395) 0.048 (0.357)
�I/��a 23.0 (4.8) 31.0 (4.0)

Refinement and model statistics
Protein Data Bank accession code 1R2Y 1R2Z
Resolution (Å) 50–2.34 50–1.63
Rwork

a,c (%) 21.1 (21.7) 20.8 (24.7)
Rfree

a,c (%) 25.7 (26.5) 23.3 (24.9)
Mean B-value, all atoms (Å2) 33.2 29.5
Root mean square deviation from ideality

Bond lengths (Å) 0.006 0.005
Bond angles (°) 1.2 1.2
Dihedral angles (°) 22.5 22.5

Ramachandran plotd (%)
Most favored 89.7 90.9
Additionally allowed 9.9 8.7
Generously allowed 0.4 0.4

Non-water atoms 2596 2590
Water atoms 135 318

a Values in parenthesis refer to the highest of ten resolution bins.
b Rmerge � � I � �I� /��I�, where I is the observed intensity.
c Rwork � � Fo � Fc /� Fo ; where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. Rfree was calculated based

on data randomly selected and omitted throughout structure refinement (21).
d Values were calculated using PROCHECK (43).
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sion angle (Fig. 2, a and b); conversely, the same lesion is
recognized by hOgg1 in the anti glycosidic configuration (15).
The syn configuration is thermodynamically favored over anti
for an isolated oxoG nucleoside (26), but both rotamers are
found in oxoG-containing duplex DNA, with syn being pre-
ferred for oxoG paired opposite A (27, 28) and anti being pre-
ferred for oxoG opposite C (29, 30).

The �F-�10 loop plays a key role in recognition of the oxoG
base. A discrete projection from the loop wraps itself around
the exocyclic O6 of oxoG (Fig. 2a), with four consecutive main-
chain amide protons (residues 222–225) making hydrogen
bonds to this one single atom of the nucleobase. None of these
four residues that contact O6 is strictly conserved, perhaps
unsurprisingly since lesion recognition involves only main-
chain amides, and only sparse interactions are observed be-
tween side chains of the �F-�10 loop and the main body of
MutM. The structure of the O6-binding projection appears to be
stabilized and anchored by a bridging hydrogen bond between
the side-chain hydroxyl group of Thr-221, which is conserved
(Thr or Ser), and the main-chain carbonyl oxygen of Tyr-225
(Fig. 2c). On the other hand, hOgg1 makes no direct contact to

FIG. 2. Close-up views of the 8-oxoguanine recognition com-
plex active site. Inferred hydrogen bonds are shown as dashed lines,
and coloring is the same as in Fig. 1. a, stereo view of the active site
region, with the final model superimposed on a �A-weighted Fo � Fc

(44) electron density map calculated to 2.34 Å using simulated anneal-
ing omit phases and contoured at 2.8 �. b, view from similar perspective
as A. c, view from above the active site, looking down through the
�F-�10 loop.

FIG. 1. The E3Q MutM-DNA interface. a, view of the protein-DNA
interface, with the DNA colored gold, the oxoG lesion base colored red,
and protein side chains colored in teal. The backbone trace of MutM is
shown as a gray ribbon, except for the �F-�10 loop, which is colored
purple. b, superposition of the unliganded T. thermophilus (T. Th.)
MutM structure (22), colored green, onto the structure of the E3Q B.
stearothermophilus MutM-DNA complex (present work), colored as in
A. The ribbon is drawn so as to trace through the positions of the
�-carbons; approximate locations of specific amino acids residues are
indicated. The location of the two-amino acid insertion in T. thermophi-
lus MutM is denoted. Note in a and b that the loop is roughly shaped
like a figure 8.
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O6 of oxoG, but instead has bridging contacts through the
intermediacy of two ordered water molecules (15). No water-
mediated contacts to oxoG are evident in the present structure.

MutM also recognizes the Watson-Crick face of oxoG through
hydrogen-bonding contacts to two residues, Thr-224 and Glu-
78. Specifically, the side-chain hydroxyl of Thr-224 is posi-
tioned suitably to interact simultaneously with both N1 and N2

of oxoG, whereas the side-chain carboxylate of Glu-78 is sepa-
rated by a somewhat shorter distance from N2 (Fig. 3a). In the
case of hOgg1, a single residue, Gln-315, makes a bifurcated
hydrogen-bonding interaction with both N1 and N2 (15), simi-
lar to Thr-224 of MutM.

MutM makes no significant interactions with the �-face of
oxoG, which results in the lesion recognition pocket having a
rather spacious interior. Again, this differs from hOgg1, in
which the oxoG is sandwiched between two residues (Cys-253

and Phe-319), each of which contacts one of the two �-faces of
the lesion nucleobase.

A central question of this study is the means by which MutM
distinguishes oxoG from undamaged DNA bases. The afore-
mentioned interactions involving O6, N1, N2, and the �-face of
oxoG provide an obvious basis for distinguishing oxoG from
adenine (A), cytosine (C), and thymine (T) because these nor-
mal bases bear distinct functionalities at the corresponding
positions. These contacts, however, do not provide a clear basis
for distinguishing oxoG from G because the two bear identical
functionalities at the indicated positions. The structural differ-
ences between G and oxoG are localized to their five-membered
heterocyclic rings, with C–H versus C�O at the 8-position and
N: versus N–H at the 7-position, respectively. MutM exploits
the difference in protonation state at N7 to distinguish oxoG
from G. Specifically, the main-chain carbonyl of Ser-220 lies in
close hydrogen-bonding contact with the N7 amide proton of
oxoG, an interaction that would be repulsed by the N7 lone
electron pair on G. Although the C�O group in oxoG does
appear to be hydrogen-bonded to the side-chain amide of Gln-3,
this contact may be an artifact of the E3Q mutation; the side-
chain carboxylate of Glu-3 would instead experience a repul-
sive interaction with the 8-carbonyl oxygen (see below). Taking
this into account, we conclude that the enzyme indirectly de-
tects the occurrence of oxidation at C8 by sensing the attendant
addition of a proton at N7. This strategy for oxoG/G discrimi-
nation is remarkably similar to that used by hOgg1, Namely,
the eukaryotic protein does not contact the C8 of oxoG but
rather uses the main-chain carbonyl of Gly-42 to recognize the
protonated N7 position (15).

In an effort to model the active form of the enzyme, we used
least-squares superposition to transplant Glu-3 into the E3Q
structure (Fig. 3b). Confidence in this model is strengthened by
the fact that the active site structure, including the position
and conformation of Glu-3, is nearly identical in several inde-
pendently determined x-ray co-crystal structures of MutM (11–
13) and EndoVIII (31) representing different stages of the
repair reaction. The only significant point of divergence among
all the DNA-bound structures, apart from the differences in
covalent structure of the bound lesion, is the degree of disorder
in the �F-�10 loop. In all these structures, Glu-3 serves as an
N-cap for helix �-E, with one carbonyl oxygen directed toward
the amide NHs of Gly-173 and Tyr-176 (or the corresponding
residue) and the other pointed toward the amide NHs of Asn-
174 and Ile-175 (Fig. 3b). In the present structure of the E3Q
mutant protein, the side-chain amide carbonyl of Gln-3 main-
tains a helix-capping interaction with Gly-173 and Tyr-176, but
the side chain is swiveled to avoid a repulsive interaction
between its amide –NH2 group and the backbone amides of
Asn-174 and Ile-176. This swiveling enables the Gly-3 amide to
hydrogen bond to O8 of oxoG. It is at least a formal possibility
that the carboxylate side chain of Glu-3 is actually protonated
when the wild-type enzyme binds oxoG and that the acidic –OH
group of the protonated carboxyl hydrogen bonds to O8 of oxoG
in a manner much like the amide –NH2 of Gln-3. An attraction
of this scenario is that it would obviously facilitate the glycosyl
transfer step by activating the oxoG leaving group; a difficulty
is that carboxylates involved in helix-capping interactions
have unusually high acidity and are therefore unlikely to be
protonated (32).

The glycosylase reaction proceeds via nucleophilic substitu-
tion at C1� by the �-amino group of Pro-2 (33, 34). The �-nitro-
gen atom of Pro-2 lies close to C1� but is not well aligned for an
in-line SN2-type displacement of oxoG. Alternatively, the reac-
tion could proceed by an SN1-type mechanism, in which the
base is excised first to yield a reactive oxocarbenium ion inter-

FIG. 3. a, interaction of the Watson-Crick face of oxoG with MutM. b,
close-up view of the oxoG recognition complex active site with Glu-3, as
determined in a previous study (13) shown in dark gray, superimposed
for purposes of comparison with Gln-3 (this study). The approximate
locations of main-chain amides involved in hydrogen bonds with Glu-3
are shown as labeled blue circles. Coloring is as in Fig. 1.
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mediate, which is subsequently attacked by the �-N of Pro-2
(Figs. 2B and 3B). Kinetic isotope effect studies (35) and com-
putational evidence (36) indicate a substrate-assisted SN1
mechanism for uracil DNA glycosylase, and it is not unreason-
able to expect that MutM performs catalysis by a similar mech-
anism. Additional support for a MutM-catalyzed SN1 mecha-
nism is found in the extensive array of hydrogen-bonding
interactions to O6 of oxoG, reminiscent of the oxyanion hole of
serine proteases, which would activate the oxoG base as a
leaving group; additional activation could possibly be gained
via protonation at C8 by Glu-3.

Recognition of an Alternative Substrate—In addition to oxoG,
MutM repairs a number of alternative substrates, most notably
formamidopyrimidine (37–39), 5-hydroxycytosine (40), and the
hydantoin lesions (41). We tested the activity of MutM on DNA
containing DHU, the product resulting from reduction of the
C5�C6 double bond in uridine to furnish the corresponding
singly bonded CH5–CH6 system. We determined that MutM
catalyzes excision and strand-nicking of DHU-containing DNA
and that E3Q MutM binds stably to this lesion without catal-
ysis (data not shown). We grew crystals of the E3Q MutM-
DHU-containing DNA complex and determined the structure
by difference-Fourier analysis (Table I). Electron density for
the DHU moiety is clearly visible in the active site, and the
density is distinct enough to observe the puckering of the
non-aromatic reduced pyrimidine ring (Fig. 4a).

The two carbonyl groups of DHU (O2 and O4) reside in
locations virtually identical to those of oxoG (O8 and O6, re-
spectively). Additionally, the protonated N3 atom of DHU is in
roughly the same location as the protonated N7 atom of oxoG
(Fig. 4b). Most active site residues are in essentially the same
conformations in both recognition complexes, preserving the
�F-�10 loop structure through interaction with O4 of DHU or
O6 of oxoG. One exception is the side chain of Thr-224, which is
disordered in the DHU recognition complex. Thus, the interac-
tions with N1 and N2 of oxoG described above are necessary for
ordering of this side chain. As a consequence of this disorder,
the loop is more flexible in the vicinity of Thr-224 in the DHU
recognition complex, judged by weaker electron density and
nearly 2-fold higher B-factors when compared with nearby
residues. Another difference between the two different recog-
nition complex structures is the positioning of the Glu-78 side
chain. This side chain is retracted from the DHU lesion base
when compared with the position it occupies when interacting
with N2 of oxoG.

Based on these two structures of recognition complexes with
different lesions, the primary structural requirements for
competent MutM substrates appear to be a hydrogen bond
donor and acceptor positioned approximately where N7 and
O6, respectively, are located in the oxoG recognition complex.
Formamidopyrimidine and the hydantoins also meet these
requirements. The determinants for specific recognition of
5-hydroxycytosine are less obvious; perhaps the N4–H2 and
5-OH groups are recognized in the same ways as the N7–H and
O6 of oxoG, respectively.

Consequences of �F-�10 Loop Flexibility—Despite being dis-
ordered in DNA-bound structures without lesion base (11–13),
the �F-�10 loop is ordered in the crystal structure of Thermus
thermophilus MutM determined in the absence of DNA (22).
Superimposing the T. thermophilus MutM structure on the
present structure indicates that the �F-�10 loop retains ap-
proximately the same folded structure in both (Fig. 1b). This
comparison is complicated by the presence of a two-residue
insertion in the T. thermophilus MutM sequence; however, this
insertion is articulated merely as an extension of the tip of the
loop in the T. thermophilus MutM structure.

The large body of structural data now available for MutM
(Refs. 11–13 and this work) suggest that the �F-�10 loop is
ordered prior to DNA binding and following oxoG insertion into
the active site but becomes disordered following base excision.
One way to rationalize this behavior is to hypothesize that the
loop is in a relaxed state in the unliganded protein. DNA
binding induces strain in the protein, perhaps by slight flexion
at the domain interface, thereby causing the loop to become
disordered. When oxoG is covalently linked to the DNA back-
bone and inserted into the lesion recognition pocket, the favor-
able enthalpy of loop/oxoG interactions provides conforma-
tional stability to the loop. An ordered �F-�10 loop may be
necessary for catalysis of base excision chemistry, bearing in
mind the wealth of main-chain amide protons employed by the
enzyme to recognize O6. These amide protons may act as Lewis
acids, similar to the oxyanion hole found in proteases, to accel-
erate base excision. The N7-discriminating Ser-220 residue
(see above) lies at the N terminus of the mobile loop, and
stabilization of Ser-220 via interaction with N7–H may be a
prerequisite for loop ordering. If the interactions of the �F-�10
loop with O6 are accordingly contingent upon hydrogen bonding
to the N7–H of oxoG, MutM would thereby couple oxoG recog-
nition to catalysis using the �F-�10 loop.

Once oxoG has been cleaved, it becomes entropically favored

FIG. 4. The dihydrouracil recognition complex. a, stereo view of
the active site region, with the final model superimposed on a �A-
weighted 2Fo � Fc electron density map calculated to 1.63 Å using
simulated annealing omit phases and contoured at 1.0 �. b, superposi-
tion of the oxoG and DHU recognition complexes. Coloring as in Fig. 1,
except that the dihydrouracil moiety is colored red, and the oxoG nu-
cleoside is dark gray.
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for the loop to become disordered, and the loop probably re-
mains disordered during 3�- and 5�-strand-nicking that occurs
via �- and �-elimination reactions, respectively (42), because it
is disordered in a borohydride-trapped reaction intermediate
and in a DNA-bound end product complex (13). The signifi-
cance of �F-�10 loop flexibility upon base release is not clear. It
is possible that the entropic advantage gained by disordering
drives lesion base excision in the forward direction. In this
scenario, the cost of ordering the loop is paid by the enthalpy of
interactions with oxo-dG, but the interactions between the loop
and the free oxoG base are not strong enough to balance the
entropic cost of holding onto the base and keeping the loop
ordered. Finally, disordering of the �F-�10 loop following base
excision provides a means for water to enter the active site;
water is thought to be the most likely candidate for a general
acid/base to catalyze the �- and �-elimination reactions (13).

Conclusions—We have determined structures of the catalyt-
ically inactive E3Q mutant MutM bound to an oxoG-containing
DNA duplex and to a DHU-containing duplex. These structures
reveal that the oxoG nucleoside is bound in the syn configura-
tion about the glycosidic bond. The �F-�10 loop, known to be
disordered in DNA-bound structures of MutM lacking a lesion
base, is primarily responsible for recognizing the oxoG base
through hydrogen bonds to main-chain atoms. Notably, the
prime determinant of oxoG versus G selectivity is the protona-
tion state of N7 on the nucleobase. MutM binds to the distinct
DHU lesion in a manner similar to oxoG, utilizing a few iden-
tical functionalities on the smaller base. The flexibility of the
�F-�10 loop suggests a possible functional role of loop ordering
and disordering in oxoG recognition and catalysis by MutM.

Acknowledgments—We are grateful to Yakov Korkhin of Enanta
Pharmaceuticals for assistance with data collection and processing. We
thank Enanta Pharmaceuticals for use of their x-ray generator and
detector system. We thank Anirban Banerjee for helpful discussions.
Some data for this study were measured at beamline X25 of the Na-
tional Synchrotron Light Source. Financial support for this beamline
comes principally from the National Institutes of Health, and from the
U. S. DOE.

REFERENCES

1. Michaels, M. L., and Miller, J. H. (1992) J. Bacteriol. 174, 6321–6325
2. Friedberg, E. C., Walker, G. C., and Siede, W. (1995) DNA Repair and Mu-

tagenesis, pp. 157–160, ASM Press, Washington, D. C.
3. Grollman, A. P., and Moriya, M. (1993) Trends Genet. 9, 246–249
4. Fowler, R. G., White, S. J., Koyama, C., Moore, S. C., Dunn, R. L., and

Schaaper, R. M. (2003) DNA Repair (Amst.) 2, 159–173
5. Nash, H. M., Bruner, S. D., Scharer, O. D., Kawate, T., Addona, T. A., Spooner,

E., Lane, W. S., and Verdine, G. L. (1996) Curr. Biol. 6, 968–980
6. van der Kemp, P. A., Thomas, D., Barbey, R., de Oliveira, R., and Boiteux, S.

(1996) Proc. Natl. Acad. Sci. U. S. A. 93, 5197–5202
7. Bandaru, V., Sunkara, S., Wallace, S. S., and Bond, J. P. (2002) DNA Repair

(Amst) 1, 517–529
8. Morland, I., Rolseth, V., Luna, L., Rognes, T., Bjoras, M., and Seeberg, E.

(2002) Nucleic Acids Res. 30, 4926–4936
9. Takao, M., Kanno, S., Kobayashi, K., Zhang, Q. M., Yonei, S., van der Horst,

G. T., and Yasui, A. (2002) J. Biol. Chem. 277, 42205–42213
10. Hazra, T. K., Izumi, T., Kow, Y. W., and Mitra, S. (2003) Carcinogenesis 24,

155–157
11. Serre, L., Pereira de Jesus, K., Boiteux, S., Zelwer, C., and Castaing, B. (2002)

EMBO J. 21, 2854–2865
12. Gilboa, R., Zharkov, D. O., Golan, G., Fernandes, A. S., Gerchman, S. E., Matz,

E., Kycia, J. H., Grollman, A. P., and Shoham, G. (2002) J. Biol. Chem. 277,
19811–19816

13. Fromme, J. C., and Verdine, G. L. (2002) Nat. Struct. Biol. 9, 544–552
14. Slupphaug, G., Mol, C. D., Kavli, B., Arvai, A. S., Krokan, H. E., and Tainer,

J. A. (1996) Nature 384, 87–92
15. Bruner, S. D., Norman, D. P., and Verdine, G. L. (2000) Nature 403, 859–866
16. Lau, A. Y., Wyatt, M. D., Glassner, B. J., Samson, L. D., and Ellenberger, T.

(2000) Proc. Natl. Acad. Sci. U. S. A. 97, 13573–13578
17. Lavrukhin, O. V., and Lloyd, R. S. (2000) Biochemistry 39, 15266–15271
18. Norman, D. P., Chung, S. J., and Verdine, G. L. (2003) Biochemistry 42,

1564–1572
19. Otwinowski Z., M. W. (1997) Methods Enzymol. 276, 307–326
20. Brunger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-

Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M., Pannu, N. S., Read,
R. J., Rice, L. M., Simonson, T., and Warren, G. L. (1998) Acta Crystallogr.
Sect. D Biol. Crystallogr. 54, 905–921

21. Brunger, A. (1993) Acta Crystallogr. Sect. D Biol. Crystallogr. 49, 24–36
22. Sugahara, M., Mikawa, T., Kumasaka, T., Yamamoto, M., Kato, R.,

Fukuyama, K., Inoue, Y., and Kuramitsu, S. (2000) EMBO J. 19, 3857–3869
23. Norman, D. P. G., Bruner, S. D., and Verdine, G. L. (2001) J. Am. Chem. Soc.

123, 359–360
24. Bjoras, M., Seeberg, E., Luna, L., Pearl, L. H., and Barrett, T. E. (2002) J. Mol.

Biol. 317, 171–177
25. Fromme, J. C., Bruner, S. D., Yang, W., Karplus, M., and Verdine, G. L. (2003)

Nat. Struct. Biol. 10, 204–211
26. Uesugi, S., and Ikehara, M. (1977) J. Am. Chem. Soc. 99, 3250–3253
27. Kouchakdjian, M., Bodepudi, V., Shibutani, S., Eisenberg, M., Johnson, F.,

Grollman, A. P., and Patel, D. J. (1991) Biochemistry 30, 1403–1412
28. McAuley-Hecht, K. E., Leonard, G. A., Gibson, N. J., Thomson, J. B., Watson,

W. P., Hunter, W. N., and Brown, T. (1994) Biochemistry 33, 10266–10270
29. Oda, Y., Uesugi, S., Ikehara, M., Nishimura, S., Kawase, Y., Ishikawa, H.,

Inoue, H., and Ohtsuka, E. (1991) Nucleic Acids Res. 19, 1407–1412
30. Lipscomb, L. A., Peek, M. E., Morningstar, M. L., Verghis, S. M., Miller, E. M.,

Rich, A., Essigmann, J. M., and Williams, L. D. (1995) Proc. Natl. Acad. Sci.
U. S. A. 92, 719–723

31. Zharkov, D. O., Golan, G., Gilboa, R., Fernandes, A. S., Gerchman, S. E., Kycia,
J. H., Rieger, R. A., Grollman, A. P., and Shoham, G. (2002) EMBO J. 21,
789–800

32. Forsyth, W. R., Antosiewicz, J. M., and Robertson, A. D. (2002) Proteins 48,
388–403

33. Tchou, J., and Grollman, A. P. (1995) J. Biol. Chem. 270, 11671–11677
34. Zharkov, D. O., Rieger, R. A., Iden, C. R., and Grollman, A. P. (1997) J. Biol.

Chem. 272, 5335–5341
35. Werner, R. M., and Stivers, J. T. (2000) Biochemistry 39, 14054–14064
36. Dinner, A. R., Blackburn, G. M., and Karplus, M. (2001) Nature 413, 752–755
37. Boiteux, S., O’Connor, T. R., Lederer, F., Gouyette, A., and Laval, J. (1990)

J. Biol. Chem. 265, 3916–3922
38. O’Connor, T. R., Boiteux, S., and Laval, J. (1989) Ann. Ist. Super. Sanita 25,

27–31
39. Tchou, J., Kasai, H., Shibutani, S., Chung, M. H., Laval, J., Grollman, A. P.,

and Nishimura, S. (1991) Proc. Natl. Acad. Sci. U. S. A. 88, 4690–4694
40. Hatahet, Z., Kow, Y. W., Purmal, A. A., Cunningham, R. P., and Wallace, S. S.

(1994) J. Biol. Chem. 269, 18814–18820
41. Leipold, M. D., Muller, J. G., Burrows, C. J., and David, S. S. (2000) Biochem-

istry 39, 14984–14992
42. Bhagwat, M., and Gerlt, J. A. (1996) Biochemistry 35, 659–665
43. Laskowski, R. J., Macarthur, M. W., Moss, D. S., and Thornton, J. M. (1993)

J. Appl. Crystallogr. 26, 283–290
44. Read, R. J. (1986) Acta Crystallogr. Sect. A 42, 140–149

DNA Lesion Recognition by MutM51548

 by guest on O
ctober 8, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


J. Christopher Fromme and Gregory L. Verdine
DNA Lesion Recognition by the Bacterial Repair Enzyme MutM

doi: 10.1074/jbc.M307768200 originally published online October 1, 2003
2003, 278:51543-51548.J. Biol. Chem. 

  
 10.1074/jbc.M307768200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/278/51/51543.full.html#ref-list-1

This article cites 43 references, 14 of which can be accessed free at

 by guest on O
ctober 8, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/lookup/doi/10.1074/jbc.M307768200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;278/51/51543&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/51/51543
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=278/51/51543&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/51/51543
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/278/51/51543.full.html#ref-list-1
http://www.jbc.org/

