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Adenine DNA glycosylase catalyzes the glycolytic removal of ad-
enine from the promutagenic A�oxoG base pair in DNA. The general
features of DNA recognition by an adenine DNA glycosylase,
Bacillus stearothermophilus MutY, have previously been revealed
via the X-ray structure of a catalytically inactive mutant protein
bound to an A:oxoG-containing DNA duplex. Although the struc-
ture revealed the substrate adenine to be, as expected, extruded
from the DNA helix and inserted into an extrahelical active site
pocket on the enzyme, the substrate adenine engaged in no direct
contacts with active site residues. This feature was paradoxical,
because other glycosylases have been observed to engage their
substrates primarily through direct contacts. The lack of direct
contacts in the case of MutY suggested that either MutY uses a
distinctive logic for substrate recognition or that the X-ray struc-
ture had captured a noncatalytically competent state in lesion
recognition. To gain further insight into this issue, we crystallized
wild-type MutY bound to DNA containing a catalytically inactive
analog of 2�-deoxyadenosine in which a single 2�-H atom was
replaced by fluorine. The structure of this fluorinated lesion-
recognition complex (FLRC) reveals the substrate adenine buried
more deeply into the active site pocket than in the prior structure
and now engaged in multiple direct hydrogen bonding and hy-
drophobic interactions. This structure appears to capture the cat-
alytically competent state of adenine DNA glycosylases, and it
suggests a catalytic mechanism for this class of enzymes, one in
which general acid-catalyzed protonation of the nucleobase pro-
motes glycosidic bond cleavage.

base-excision repair � general acid catalysis � substrate recognition

The genotoxic DNA lesion 8-oxoguanine (oxoG) arises chron-
ically in cells through the attack of endogenous electrophilic

oxidants on guanine residues (Fig. 1A). Left unrepaired, these
oxoG lesions mispair with A during DNA replication, thereby
giving rise to G�C to T�A transversion mutations. Most organisms
possess a repair system dedicated to countering the deleterious
effects of oxoG. The so-called GO system in eubacteria (1, 2)
(Fig. 1B), for example, consists of proteins that directly sanitize
the nucleotide precursor pool (MutT) and DNA (MutM or Fpg)
of oxoG residues. Proteins that serve functions equivalent to
those of MutT and MutM are found in all eukaryotic organisms
(3). Failure of this first round of defense results in replicative
production of oxoG:A pairs (4), which are particularly trouble-
some to repair, with neither nucleobase providing faithful in-
formation with which to direct correction of the other: oxoG
does not belong in DNA at all, and although A is a canonical
nucleobase, it is contextually aberrant in the oxoG:A pair
because it replaces what should be a C. The multistep repair of
oxoG:A is initiated by the highly evolutionarily conserved en-
zyme adenine DNA glycosylase (MutY in bacteria, hMYH in
humans), which catalyzes hydrolysis of the glycosidic linkage
between the oxoG-paired A and its sugar moiety (Fig. 1C) (5);
the enzyme does not cleave A paired appropriately opposite T
(6). The abasic site resulting from processing by MutY undergoes

multistep repair to give primarily oxoG:C, which is then inter-
cepted by MutM. The importance of the antimutagenic role
played by adenine DNA glycosylases has been convincingly
established upon the discovery that inherited loss-of-function
mutations in hMYH are strongly associated with colorectal and
gastric cancer, and in those cancers, with a dramatic increase in
the incidence of G:C to T:A transversion mutations (7–9). The
establishment of hMYH as a tumor suppressor protein has
fueled interest in understanding how the protein functions to
recognize and repair A residues paired opposite oxoG.

MutY, like hMYH, belongs to a large superfamily of struc-
turally related DNA glycosylases having a signature helix-
hairpin-helix motif followed by a Gly/Pro-rich loop and a key
catalytic aspartic acid residue (HhH-GPD superfamily) (10, 11);
members of this superfamily excise a wide variety of genotoxic
lesions. The domain bearing the HhH-GPD motif lies at the N
terminus of MutY and contains the active site pocket responsible
for recognition and glycolytic excision of the substrate adenine
(12, 13). MutY (and hMYH) also contains a C-terminal domain
that is responsible for oxoG recognition and hence for discrim-
ination in favor of oxoG:A and against T:A (14, 15). Mutation
of the key catalytic Asp-144 residue in the thermophilic Bacillus
stearothermophilus MutY to Asn (hereafter referred to as D144N
MutY) yielded a recognition-competent but catalytically incom-
petent version of the protein suitable for structural studies (13).
To stabilize the otherwise fleeting lesion-recognition complex
(LRC) comprising D144N MutY bound to an oxoG�A-
containing duplex, intermolecular disulfide cross-linking (DXL)
was used. The structure thus obtained of the D144N MutY LRC
revealed that, like nearly all DNA glycosylases, MutY completely
extrudes the substrate adenine nucleoside from the DNA helix
and inserts in into a deep extrahelical active site pocket on the
N-terminal domain of the enzyme (13). The oxoG lesion is, on
the other hand, fully intrahelical and makes extensive contacts to
both the C- and N-terminal domains of the enzyme; residues
from both domains also invade the DNA helix at the site left
vacant by the extruded A. Curiously, in the D144N MutY LRC,
no direct hydrogen bonding contacts were observed between the
substrate A and residues of the active site pocket; instead, only
water-mediated contacts were evident (see Fig. 3E). This was
unexpected, as DNA glycosylases that exhibit a narrow substrate
range, such as MutY, typically achieve their high specificity
through direct hydrogen bonding interactions with active site
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residues (16–23). The absence of such contacts in the case of
MutY suggested that either the protein employs a unique
lesion-recognition strategy, or alternatively, that the structure
captured in the D144N MutY LRC may not represent the final,
catalytically competent state in the MutY-mediated base-
extrusion pathway. We reasoned that a more definitive view of
lesion recognition might be gained by obtaining additional
structures of lesion recognition complexes. Rather than resort to
active site mutations other than D144N, we elected instead to
alter the DNA substrate so as to leave MutY with a fully
wild-type active site. The most conservative alteration possible
would consist of changing at most one atom in the substrate; such
a single-atom replacement was indeed possible, because as we
and others have shown, replacement of a single 2�-H in the
substrate with 2�-F can completely abrogate catalysis by DNA
glycosylases (24–29). As H is nearly isosteric with F, this
subversion of catalysis is believed to result from destabilization
of the O4�-C1� oxocarbenium ion intermediate owing to the
presence of the electron-withdrawing fluorine substituent at C2�,
(Fig. 2A) (30, 31) as opposed to resulting from some debilitating
structural perturbation; this made 2�-f lourination an especially
attractive option for the present purposes. We therefore set out
to crystallize and structurally characterize a complex (hereafter
designated the f luorinated lesion-recognition complex, or
FLRC) comprising MutY having a fully wild-type active site
bound to a DNA substrate rendered repair-incompetent by
substitution of a single H atom by F on the substrate A residue
(FdA residue). That structure, reported here, reveals the cata-
lytically competent binding mode for A in the active site pocket,
and suggests a catalytic mechanism featuring general acid ca-
talysis of base-excision.

Results and Discussion
Experimental System. Experimental procedures are well-
established for the synthesis of 2�-f luoro-2�-deoxynucleosides
(FdAs) having either the 2�-ribo (�) or -arabino (�) configura-
tion, and for their incorporation into DNA by standard phos-

phoramidite chemistry (16); we chose the �-epimer for the
present studies, as this particular configuration leaves unmodi-
fied the face of the ribose ring expected to lie nearest the
incoming nucleophilic water molecule. Nucleosides bearing a
2�-�-f luoro group are known to adopt the O4�-endo sugar
pucker in DNA instead of the usual C2�-endo pucker (28, 32),
but we felt it unlikely that this relatively minor difference in sugar
conformation would substantially perturb the structure. In pre-
liminary biochemical experiments, we found that wild-type Bst
MutY was incapable of catalyzing base-excision on a duplex
oligonucleotide containing a central FdA residue paired oppo-
site oxoG (shown in Fig. 2B), whereas the protein could cleave
the corresponding unfluorinated substrate having dA in place of
FdA (data not shown). We then attempted to co-crystallize
wild-type Bst MutY with the FdA�oxoG oligonucleotide, but
these efforts failed to produce crystals. This was reminiscent of
our experience with the original Bst MutY LRC, in which case
we found it necessary to stabilize the complex and render it more
homogeneous through intermolecular disulfide cross-linking
(DXLing) to obtain high-quality crystals. Therefore, a DXL was
introduced into the interface between MutY and the FdA:oxoG
oligonucleotide at a position remote from the DNA lesion and
the enzyme active site, so as to disturb neither (Fig. 2 B and C).
Diffraction-quality crystals of this DXLed FLRC were obtained,
and the structure was refined to 2.2 Å resolution using molecular
replacement followed by cycles of refinement (see Table S1).

General Features of the MutY FLRC. The overall architecture of the
FLRC is very similar to that of the LRC (Fig. 3A), with the target
A being extruded from the helical stack and inserted into the
active site pocket on MutY; the oxoG is fully intrahelical, and the
DNA duplex is sharply bent, with several amino acid residues

Fig. 1. Generation and repair of oxoG:C and oxoG:A lesions in DNA. (A)
Formation of the primary oxoG lesion by attack of reactive oxygen species
(ROS) on a guanine residue. (B) The GO system, adapted from ref. 2. (C)
Glycolytic reaction catalyzed by MutY.

Fig. 2. Strategy for crystallization of the fluorinated lesion-recognition
complex (FLRC). (A) Introduction of a fluorine atom into the substrate dA
residue destabilizes the transition state (bracketed) leading to the oxocarbe-
nium ion intermediate in glycolytic cleavage by MutY, thereby preventing the
cleavage from occurring. (B) Sequence of the duplex DNA used in this work.
For experiments that used intermolecular disulfide cross-linking (DXLing), the
adenine residue indicated by the arrow was modified as shown in panel C, and
this was cross-linked to a mutant form of Bst MutY containing a Cys residue
engineered at position-164. (C) Structure of the modified adenine used in
DXLing, and of the covalent linkage it forms with Cys-164 MutY.
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penetrating the DNA at the oxoG site and the neighboring space
left vacant upon departure of the substrate A (see below). The
protein components of the LRC and FLRC complexes are nearly
identical (heavy atom RMSD � 0.70 Å), with the only notewor-
thy divergence being at a small loop immediately adjacent to the
extrahelical target nucleoside (�G�H loop; Fig. 3 A and C, red �
FLRC, blue � LRC). The DNA in the FLRC also follows
roughly the same course as in the LRC, and furthermore the
features of oxoG recognition are essentially identical in the two
complexes, with Tyr-88 and Gln-48 intercalating into the duplex
on the 5�-side of the oxoG to create the DNA bend, and with
numerous residues directly contacting both the Watson-Crick
and Hoogsteen face of the oxoG nucleobase (Ser-308, Gln-48,
Thr-49, and Leu-86; see ref. 13 and Fig. S1). That said, the DNA
shows greater divergence than the protein component (heavy
atom RMSD � 1.0 Å), especially at the extrahelical target A and
5�-to the base. All of the divergences mentioned above in the
overall structure of the protein and DNA can be ascribed to a
significant difference in the interaction between the target A and
the MutY active site, with the extrahelical target base being
plunged more deeply into the active site pocket on MutY in the

FLRC than was evident in the LRC. These interactions are
described in detail below. We also compared the structure of the
FLRC with that of a product-like complex in which a free
adenine base had been soaked into crystals of MutY bound to
an abasic site analog (Fig. 3 B and D). Here, the protein and
DNA in the two structures overlay very well (heavy atom
RMSD � 0.53 Å), but the target A nucleobase still does not
interact identically with the active site pocket.

Adenine Recognition. As mentioned above, the extrahelical ad-
enine in the LRC had no direct contacts with residues of the
active site pocket, although two water-mediated contacts to N7
and 6-NH2 were evident (Fig. 3E). By contrast, in the FLRC,
the deeper penetration of the substrate adenine nucleobase
into the active site pocket enables it to make multiple hydrogen
bonding contacts and also to engage in hydrophobic interac-
tions with residues lining the pocket (Fig. 3F). Specifically, the
side-chains of Glu-43 and Tyr-126 coordinately contact N7 of
the substrate FdA, an interaction that would seem to indicate
that the Glu-43 side-chain exists in the protonated form, rather
than as the carboxylate anion. The side-chain guanidinium

Fig. 3. Structure of the FLRC. (A) Superposition of the FLRC (present work) and the LRC (PDB ID: 1RRQ). In the FLRC, the DNA is colored in gold, the substrate
adenine in red, 8-oxoguanine in magenta, the protein backbone in cyan, the �G�H loop containing Asp-144 and Asn-146 in red, and the iron-sulfur cluster in
yellow (sulfur) and red (iron) spheres. In the LRC, the coloring is the same except the DNA is yellow; substrate adenine, blue; protein backbone, gray; and the
�G�H loop, blue. (B) Superposition of the FLRC and the reduced abasic complex with adenine soaked into the crystal (PDB ID: 1VRL). The color scheme is the same
as in panel A, except for the reduced basic complex, for which the protein is green and the DNA and soaked adenine are pink. (C) A close-up view of the active
site superposition of the FLRC and the LRC. The coloring scheme is the same as in panel A. (D) A close-up view of the active site superposition of the FLRC and
the adenine-soaked complex. The coloring scheme is the same as in panel B; note the soaked adenine base in pink. (E) A view of the active site of the LRC. The
substrate adenine is colored in sky blue, the phosphate backbone of the adenosine in yellow, an ordered water molecule is depicted as a red sphere, and the
active site residues in gray. Hydrogen bonding interactions mediated by ordered water molecules are shown by a dotted line. (F) A view of the active site of
the FLRC. The substrate adenine is colored in magenta, the phosphate backbone in gold, the active site residues in cyan, and an ordered water in red sphere.
Direct hydrogen bonding interactions between the adenine and the active site residues are indicated by a dotted line with the distance on it. Numbers in panel
F indicate distances in Ångstroms (Å) for direct contacts between the protein and the substrate adenine nucleobase.
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group of Arg-31 hydrogen bonds to N1 of FdA; the Glu-188
side-chain hydrogen bonds to N6 and also forms a salt bridge
network with Arg-31, Glu-192, and Arg-26. These salt bridges
make the active site pocket solvent-inaccessible by blocking
the Watson-Crick face of the adenine; and Trp-30 pi-hydrogen
bonds to the adenine N6. One water-mediated contact is
observed, that being between the Arg-26 side-chain through an
ordered water to the adenine N3. Hydrophobic active site
side-chains, namely those of Ile-191, Leu-46, Val-51, Leu-28,
and Trp-30 envelop the extrahelical adenine, providing further
stabilization and exclusion of solvent water. In Escherichhia
coli MutY, mutation of the residue corresponding to Val-51
(Val-45 in E. coli MutY) to Asn has been reported to abolish
catalytic activity (12), implying that the hydrophobic interac-
tions contributed by Val-51 and other active site residues make
an important contribution to adenine recognition.

The Effect of the Asp144Asn Mutation. Can the differences in
substrate adenine recognition between the LRC and FLRC be
rationalized on the basis of the corresponding structures? In
terms of chemical constitution, these structures are nearly
identical, differing in just a few atoms out of some 8,000.
Nevertheless, two points of difference, namely (i) the CO-NH2
group of Asn-144 (LRC) versus COO- of Asp-144 (FLRC) and
(ii) the 2�-H of the substrate adenine (LRC) versus 2�-F
(FLRC), are obviously associated with a substantive difference
in structure. These amino acid residues are borne on the �G�H
loop, which as mentioned earlier undergoes a significant
positional shift in the FLRC versus the LRC. Our interpreta-
tion of the structures (Fig. 4) leads us to conclude that the key
factor driving the LRC to adopt a noncatalytically-competent
conformation for the substrate adenine is the presence of the

mutated Asn-144 residue in place of the wild-type Asp. In the
FLRC, Asp-144 hydrogen bonds to Asn-146 (Fig. 4B), which
in turn hydrogen bonds with the 5�-phosphate of the substrate
adenine residue (Fig. 4B). In the LRC, the hydrogen bonding
contacts between Asn-144 and Asn-146 are absent (Fig. 4A).
Instead, the amide group of Asn-144 hydrogen bonds with O4�
of the substrate adenine sugar moiety. To analyze how the
protein conformation observed in the FLRC might be ex-
pected to interact with the DNA conformation in the LRC, and
the protein conformation in the LRC with the DNA confor-
mation in the FLRC, we superimposed these elements of the
structures (Fig. 4C). Immediately evident in this superposition
is the severe electronic and steric clash that would be engen-
dered between the Asp-144/Asn-146 pair and the sugar and
5�-phosphate moiety of the substrate adenine, were the DNA
in the FLRC to adopt the disposition seen in the LRC. The
interaction modeled in Fig. 4C would undoubtedly be repulsive
enough to force the substrate adenine sugar to move away from
the conformation seen in the LRC, and this movement away
is precisely what is observed in the FLRC structure (Fig. 4D).
The same alternative side-chain conformation of residues 144
and 146 seen in the D144N mutant version of the Bst enzyme
was also observed in the structure of the corresponding
Asp-to-Asn mutant of E. coli MutY (D138N E. coli MutY, not
bound to DNA, PDB ID: 1MUN; see ref. 12), whereas
wild-type E. coli MutY (not bound to DNA, PDB ID: 1MUY)
was found to exhibit the same 144/146 conformation as in the
FLRC. These observations are consistent with the notion that
the identity of the residue at position-144 controls the local
conformation of the �G�H loop and the interaction between
the side-chains of residues 144 and 146, with Asp-144/Asn-146
(wild-type) adopting the wild-type conformation seen in the
FLRC, and Asn-144/Asn-146 adopting the alternative confor-
mation seen in the LRC. The alternative conformation disfa-
vors complete insertion of the adenine base into the active site
pocket, while the wild-type conformation favors full insertion.

A Mechanism for Catalysis of Glycolytic Cleavage by MutY. The tight
fit of the adenine base into the MutY lesion-recognition pocket
in the FLRC structure, and the positioning of an ordered water
molecule precisely positioned to intercept the oxocarbenium ion
intermediate (Fig. 5A) leads us to propose that the active site
structure in the FLRC is a close approximation of a catalytically
competent state for this system. The positioning and inferred
protonation states not only of the putative nucleophilic water
molecule, and also of several key active site residues, suggest to
a mechanistic proposal for catalysis of glycosidic bond scission by
MutY. Biochemical and computational studies on DNA glyco-
sylases favor a dissociative mechanism (33, 34), in which cleavage
of the N-glycosidic bond and nucleophilic attack of water on the
C1� occur in discrete reaction steps (Fig. 5B). Bearing this in
mind, we noted that in the FLRC, Glu-43 appears to make a
bifurcated hydrogen-bonding interaction with the substrate ad-
enine-N7, with the short distances observed between these two
being energetically attainable only when Glu-43 is protonated.
The proton on Glu-43 is expected to possess considerable
acidity, and consequently partial or even full bonding of this
proton to adenine-N7 would greatly facilitate glycosidic bond
scission as depicted in Fig. 5B, by stabilizing the nucleobase
leaving group in the reaction. Indeed, nonenzymatic cleavage of
adenine-containing nucleosides is powerfully catalyzed by acid,
and this is believed to proceed via protonation at N7 (35). In the
enzyme active site, the charge relay between Glu-43 and ade-
nine-N7 is further stabilized by interaction between the two and
the side-chain hydroxyl of Tyr-126. The protonated N7 is con-
sistent with an inverse 15N7 kinetic isotope effect seen with E.
coli MutY (36). The observations that a Glu43Gln mutation in
Bst MutY and a Glu37Ser mutation in E. coli MutY (equivalent

Fig. 4. Effect of Asn versus Asp at position-144 on the interactions with Asn
146 and with DNA. (A) LRC structure, with the mutated residue Asn-144; (B)
FLRC structure, with the wild-type active site Asp-144. Note the differences in
the conformation of the protein with Asn-144/Asn-146 (A) versus Asp-144/
Asn-146 (B); the former is referred to in the text as the alternative conforma-
tion. (C) Heavy atom superposition of the Asp-144/Asn-146-containing loop
from the FLRC and substrate adenosine from the LRC. Note the steric clash
indicated by a double-headed arrow. (D) Superposition of the substrate
adenosine and the loop from both structures. Orange arrows indicate major
positional shifts in the loop, and green arrows major shifts in DNA, upon
conversion from the LRC to the FLRC.
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to the Glu43Ser mutation in Bst MutY) abolish catalytic activity
(see SI Text and Fig. S2) (12), as does use of the nonbasic analog
7-deazaadenine with the wild-type protein (37), can be ratio-
nalized in terms of general acid catalysis involving Glu-43 and
adenine-N7. A transition-state analysis on E. coli MutY esti-
mates that N7 protonation can lower the activation energy by �7
kcal/mol (36), which corresponds to acceleration of the excision
rate by about 105 fold. The oxocarbenium ion intermediate
formed by the initial dissociation step can be stabilized by
Asp-144 (3.2 Å from C1�) located underneath C1� of the sugar
(33). The position of Asp-144 is physiologically relevant since, in
addition to its well-recognized role as a helix cap (38, 39),
Asp-144 is now optimally positioned to interact with the incipient
electron-deficient oxocarbenium ion. Asp-144 is in close contact
with the putative nucleophilic water (2.6 Å), which is further
stabilized via hydrogen bonding to Asn-146 (2.9 Å); Asn-146 is
buttressed via interactions with the 5�-phosphate (3.0 Å) and the
O4�-oxygen (3.5 Å). A second-ordered water molecule is ob-
served within hydrogen-bonding distance of the adenine-N3 (see
Fig. 3D, not shown in Fig. 5A), but we ruled out this second water
as the catalytic nucleophile, both because of its poor positioning
but also because E. coli MutY efficiently processes the substrate
analog 3-deazaadenine (40). The involvement of Glu-43 in
protonating the substrate adenine and Asp-144 in deprotonating
the catalytic water had been proposed earlier by Tainer and
colleagues on the basis of the structure of a mutant E. coli MutY
bound to adenine (corresponding residues Glu-37 and Asp-138)
(12). The present structure thus supports this mechanistic pro-
posal and clarifies the role of several other active site residues in
catalysis of the base-excision repair reaction.

Materials and Methods
B. stearothermophilus MutY Preparation. The Pro164Cys point mutation used
for disulfide cross-linking was introduced into the B. stearothermophilus

MutY gene by mega-primer mutagenesis using a parent construct wherein the
gene was cloned into the pET28 (Novagen) expression vector, resulting in an
ORF with an N-terminal His-tag and thrombin cleavage site (13). The protein
was overexpressed at 18 °C in BL21(DE3)pLysS cells (Novagen). Cells were lysed
by sonication after adding 1 mM PMSF, and the soluble lysates were subjected
to Ni2�-NTA chromatography (Qiagen) followed by MonoQ column chroma-
tography (Amersham Biosciences). After removing the His-tag by thrombin
cleavage, the protein was further purified on a Superdex 75 gel-fliltration
column (Amersham Pharmacia) using buffer containing 20 mM Tris, pH 7.4,
200 mM NaCl, and 5 mM �ME.

Syntheses of 2�-Fluoro-2�-Deoxyadenine Phosphoramidite and Functionalized
DNA. 2�-Fluoro-2�-deoxyadenine phosphoramidite was synthesized from 2�-
fluoro-2�-deoxyadenosine (41) via tritylation followed by phosphitylation
(24). DNA oligomers 5�-TGTCCC(FdA)GTCT-3� (FdA, 2�-fluoro-2�-deoxyade-
nosinephosphoramidite) and 5�-AAGAC(oxoG)GGGAC-3� (A, modified A with
a disulfide tether for cross-linking, O6-Ph-dI and oxoG phosphoramidite pur-
chased from Glen Research) were synthesized on an ABI 392 DNA synthesizer
using standard reagents. To prepare the tether-containing DNA, the O6-Ph-
dI-containing DNA was deprotected and cleaved off the resin using 1 mL
concentrated aqueous NH4OH containing 0.25 mM �-ME for 6 h at 25 °C. The
supernatant was collected and the resin washed with concentrated NH4OH.
After concentrating the combined washes using a rotary evaporator, the oligo
was treated with 1 mL 1 M aqueous cystamine containing 0.25 mM �-ME at
65 °C for 18 h. The solution was cooled to room temperature, neutralized by
the addition of glacial acetic acid, desalted by a NAP column chromatography
(Amersham Biosciences), and concentrated in a speed vac. The residue was
purified by urea PAGE, dissolved in 10 mM Tris, pH 8.5, buffer, and annealed
at 250 �M concentration.

Protein-DNA Cross-Linking Reactions and Crystallization. The protein-DNA
complex was formed by incubating 15 �M protein and 10 �M duplex DNA in
a buffer containing 10 mM Tris, pH 8.5, 100 mM NaCl at 4 °C for 24 h. The
complex was purified by monoQ column chromatography, and buffer ex-
changed into 20 mM Tris, pH 8.5, 50 mM NaCl and concentrated into 190 �M.
The complexes were crystallized by the hanging-drop vapor diffusion method
at room temperature using a buffer solution of 100 mM Tris, pH 8.5, 16%
(wt/vol) PEG 4000, 200 �M Ca(OAc)2, 50 �M �-ME. Crystals appeared after
several days and were allowed to grow for several weeks. Crystals were
transferred to a cryoprotectant solution containing 100 mM Tris, pH 8.5, 16%
(wt/vol) PEG 4000, 200 �M Ca(OAc)2, 50 �M �-ME, 25% glycerol and frozen in
liquid nitrogen for data collection.

Data Collection and Structure Refinement. Data were collected on beamline
24-ID at NE-CAT at the Advanced Photon Source at the Argonne National
Laboratory and processed using HKL2000 (42). Crystals belong to the orthor-
hombic space group P212121 with unit cell dimensions of a � 38 Å, b � 86 Å,
and c � 142 Å. Data collection statistics are summarized in Table S1 . The
coordinates of the protein from the structure of P164C/D144N B. stearother-
mophilus MutY bound to A�oxoG-containing duplex DNA (PDB ID: 1RRQ) were
used as the initial search model in refinement using CNS. The active site
residues and the duplex DNA were omitted from the initial search model. A
rigid body fit and subsequent simulated annealing and energy minimizations
performed in CNS provided a partial model. At this stage, electron density for
the omitted active site residues and the DNA were clearly evident in a
�A-weighed (43) Fo-Fc map. The model was improved by iterative rounds of
simulated-annealing, energy minimization, and grouped B factor refinement
in CNS (44) and model building in Coot (45) while monitoring Rfree (46).
Simulated-annealing omit maps were frequently used to reduce model bias.
Once the model was nearly complete, individual B-factor refinement was
performed. Water molecules were added to the model using both automated
methods (in CNS) and manual inspection of difference maps. Amino acid side
chains of some surface residues were truncated at the �-, �-, �-, and �-carbon
position if electron density was not visible for other atoms. The final model
consists of amino acid residues 9–360 (residues 231–233 and 288–291 are
missing), and 21 nucleotides of DNA, 1 calcium ion, and 44 water molecules.
Refinement and model statistics are shown in Table S1 . Figures were prepared
using Pymol (http://pymol.sourceforge.net).

ACKNOWLEDGMENTS. We thank the entire staff of beamlines 24-ID of the
Advanced Photon Source at Argonne National Laboratory for expert assis-
tance with X-ray data collection and processing. This work was supported by
National Institutes of Health Grant CA100742.

Fig. 5. Adenine excision catalyzed by MutY. (A) A close-up view of the
substrate adenosine interacting with catalytic residues in the FLRC. The same
color scheme as in Fig. 4A. Important hydrogen bonding contacts are illus-
trated by dotted lines. The nucleophilic water candidate is in red sphere.
Distance between C1� of the substrate base and the water molecule is denoted
by a double arrow. (B) A proposed glycolytic mechanism based on the struc-
tural information of the FLRC.
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