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The Escherichia coli AIKA protein is a base excision
repair glycosylase that removes a variety of alkylated
bases from DNA. The 2.5 A crystal structure of AIKA
complexed to DNA shows a large distortion in the
bound DNA. The enzyme flips a 1-azaribose abasic
nucleotide out of DNA and induces a 66° bend in the
DNA with a marked widening of the minor groove.
The position of the 1-azaribose in the enzyme active
site suggests an Sy1-type mechanism for the glycosylase
reaction, in which the essential catalytic Asp238 pro-
vides direct assistance for base removal. Catalytic
selectivity might result from the enhanced stacking of
positively charged, alkylated bases against the aromatic
side chain of Trp272 in conjunction with the relative
ease of cleaving the weakened glycosylic bond of these
modified nucleotides. The structure of the AIkA-DNA
complex offers the first glimpse of a helix-hairpin-
helix (HhH) glycosylase complexed to DNA. Modeling
studies suggest that other HhH glycosylases can bind
to DNA in a similar manner.
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Introduction

The chemical instability of DNA poses a challenge to the
long-term maintenance and inheritance of genetic material.
A variety of environmental toxins and cellular agents can
react with DNA and chemically alkylate the bases. These
added alkyl groups on the bases block replicative poly-
merases and/or interfere with the binding of regulatory
proteins to DNA (Friedberg et al., 1995), causing wide-
spread cellular responses (Jelinsky and Samson, 1999),
including the activation of cell cycle checkpoints and/or
programmed cell death (Engelward et al., 1998). Cells
have devised a number of DNA repair strategies to
restore the original DNA structure after a chemical insult,
including direct reversal, nucleotide excision repair and
base excision repair (BER). Most single base modifications
in DNA are corrected by BER. In the first step of
the BER pathway, a lesion-specific DNA N-glycosylase
removes the damaged base by cleaving the glycosylic
bond between the base and deoxyribose of the DNA
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backbone. The abasic DNA site produced by this reaction
is excised and a DNA polymerase fills the resulting gap
to restore the original sequence.

Base excision glycosylases locate damaged bases within
a vast excess of unmodified DNA, then expose a target
nucleotide for cleavage of the glycosylic bond by a
reaction that does not require a high energy cofactor. We
know little about how DNA glycosylases search for
DNA damage or about the mechanism and energetics
of distorting DNA structure to capture the modified
nucleotide in the active site of the glycosylase. Crystal
structures of uracil-specific glycosylases (Slupphaug et al.,
1996; Barrett et al., 1998), a thymine dimer glycosylase
(Vassylyev et al., 1995) and the human 3-methyladenine
DNA glycosylase (Lau et al., 1998) complexed to DNA
substrates or inhibitors have revealed different types of
DNA distortions that insert an unpaired nucleotide of the
DNA substrate into a pocket on the enzyme surface by
a process termed base flipping or nucleotide flipping
(Roberts and Cheng, 1998). Damaged bases might be
more susceptible than normal bases to being flipped out
of the DNA helix and into the glycosylase active site.
For example, a chemical modification could weaken the
[r]-electron stacking interactions between the modified
base and its neighbors in the DNA double helix, making
it easier to expose the modified base for enzymatic excision
from DNA. Alternatively, a DNA glycosylase might flip
nucleotides out of the DNA helix indiscriminately, but
only those damaged bases that fit precisely into the
substrate-binding site of the enzyme would be subject to
hydrolysis.

Escherichia coli expresses two BER glycosylases that
excise alkylation-damaged bases from DNA (Thomas
et al., 1982). The constitutively expressed E.coli Tag
protein (3-methyladenine DNA glycosylase I) is relatively
specific for the removal of 3-methyladenine (Thomas
et al., 1982), whereas the inducible AlkA protein
(3-methyladenine DNA glycosylase II) removes a structur-
ally diverse group of alkylated bases from DNA (Lindahl
et al., 1988). The crystal structure of AlkA revealed a
broad cleft located between two protein subdomains that
contains a catalytically essential aspartic acid residue
(Labahn et al., 1996; Yamagata et al., 1996). We previously
proposed that this wide active site cleft could accommodate
the differently shaped nucleotide substrates of the AlkA
protein in a flipped out conformation (Labahn et al., 1996).
The crystal structure of AlkA revealed an unexpected
structural homology with another DNA glycosylase,
endonuclease III (Endo IIT) (Kuo et al., 1994; Thayer et al.,
1995), providing the initial evidence for a superfamily of
BER glycosylases with very little sequence similarity yet
remarkably similar folds. The helix—hairpin-helix (HhH)
superfamily of DNA glycosylases (Nash et al., 1996) is
named for a short sequence motif that forms a compact
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a-helical structure located on the rim of the active site
pockets of Endo III (Thayer et al., 1995) and AlkA
(Labahn et al., 1996; Yamagata et al., 1996). The HhH
motif is also found in a large number of other proteins
that bind to DNA without specificity for the base sequence
(Doherty et al., 1996). It has been proposed that residues
within the HhH motif of the BER glycosylases might
have a role in base flipping by BER glycosylases, but
until now a structure of an HhH protein—-DNA complex
was lacking.

Here we report the 2.5 A resolution crystal structure of
the E.coli AlkA protein complexed to DNA containing
a modified abasic nucleotide, 1-azaribose, a possible
transition state mimic of the glycosylase reaction. In the
protein—-DNA complex, the 1-azaribose is flipped out of
the DNA helix and inserted into the active site cleft of
the enzyme. A leucine intercalates into the minor groove
of the DNA, where it wedges the neighboring base pairs
apart and severely distorts the DNA structure around the
flipped out abasic nucleotide. The position of the abasic
nucleotide within AlkA’s active site suggests an alternative
mechanism for the glycosylase reaction, in which the
catalytically essential residue Asp238 provides direct
nucleophilic assistance for an Syl-type reaction that
excises the damaged base. Structural modeling based on
the AlKA-DNA crystal structure and sequence com-
parisons with other members of the HhH DNA glycosylase
superfamily strongly suggest that these proteins bind to
DNA substrates in a similar manner.

Results and discussion

The AlkA protein was crystallized in complex with an
inhibitory DNA containing 1-azaribose, an abasic
deoxyribonucleotide analog with a nitrogen substituted at
the C1’ position and a carbon in place of O4' (Makino and
Ichikawa, 1998). The 1-azaribose inhibitor was designed as
a possible mimic of the transition state for glycosylic
bond cleavage, and it binds to AlkA with high affinity
(Kpna = ~100 pM). The crystal structure of AlkA com-
plexed to a DNA duplex containing 1-azaribose was
determined with phases obtained from molecular replace-
ment using a model of the unliganded AlkA protein
(Labahn et al., 1996). Two protein-DNA complexes
occupy the asymmetric unit of the crystals, and phases
calculated from two AIkA protomers correctly positioned
in the crystal showed clear density for the DNA bound to
each protein molecule (Figure 1). The DNA model was
fitted to the electron density and refined to a crystallo-
graphic R-factor of 0.25 (Rp.. = 0.29), using X-ray data
extending to a resolution limit of 2.5 A (Table ). The
two protein—-DNA complexes in the asymmetric unit are
essentially identical, with an r.m.s. deviation of 0.25 A
for the protein monomers (calculated for all atoms) and
0.39 A for the DNA monomers (all atoms).

DNA bending and nucleotide flipping

The structure of the AlkA protein-DNA complex reveals
aunique mode of binding to DNA that exposes a nucleotide
substrate to the enzyme active site. The bound DNA is
highly distorted (Figure 2), with a bend centered at the
site of the flipped out abasic nucleotide and an immensely
widened minor groove. The DNA is held in complex with

Crystal structure of E.coli AlkA-DNA complex

the AlkA protein by a combination of polar and non-polar
interactions, although there are remarkably few positively
charged residues on the protein’s DNA-binding surface
that could interact with the DNA backbone. One striking
feature of the structure is that the protein is able to exert
such a distortion on DNA with relatively few contacts
to the phosphodiester backbone. Except for the single
interaction of Lys170 with a DNA phosphate, all polar
interactions with the protein involve the DNA strand
containing the 1-azaribose (Figure 2B). This is similar
to the human uracil-DNA glycosylase (hUDG), which
predominantly contacts with the uracil-containing strand
of DNA (Parikh et al., 1998). In contrast to AlkA, UDG
is active against both single- and double-stranded DNA.
AIKA relies on van der Waals interactions with the minor
groove to bind to DNA substrates, and the protein makes
comparatively few hydrogen bonds to the DNA. These
minor groove interactions are the probable explanation
for AlkA’s strong preference for double-stranded DNA
substrates.

The predominantly non-polar DNA-binding surface of
AIKA consists of an active site cleft that is flanked by a
‘wedge’ comprising the loops between helices G and H
(0G—oH) and between helices D and E (aD-oE)
(Figure 3). The tip of the wedge is capped by Leul25 in
the aD-0E loop, which juts into the minor groove and
displaces the base targeted for excision. The structurally
homologous loop between helices a2 and o3 of the HhH
glycosylase MutY was previously suggested to be a minor
groove reading motif (Guan et al., 1998). At the base of
the wedge is Pro175 of the oG—oH loop. Pro175 is forced
into the minor groove, where it makes van der Waals
contacts with the deoxyribose sugar of position Al8
located opposite the 1-azaribose abasic nucleotide
(Figure 2), resulting in an ~2-fold expansion of the minor
groove width (~15.5 A wide). The intercalating leucine
(Leul25) creates a remarkable bend of ~66° in the bound
DNA (calculated with CURVES; Lavery and Sklenar,
1989) that causes the DNA to bend away from the protein
(Figures 2 and 3). The DNA bend disrupts base pair
stacking interactions on either side of the flipped out
nucleotide. The adenine base at position A18 opposite the
1-azaribose is pushed 1.4 A into the major groove, while
the base pairs flanking the abasic site (A7-T19 and T9-
A17; Figure 2B) are unstacked. The absence of specific
protein interactions with base A18 is consistent with
AlkA’s lack of specificity for the base opposite a substrate
base (Saparbaev et al., 1995). The large DNA distortion
is probably a consequence of the insertion of Leul25 into
the DNA helix and the anchoring of DNA with the HhH
motif. On the 3’ side of the flipped out nucleotide, the
DNA is held in place by interactions with the HhH motif
(Figure 2). The bend in the DNA relieves the torsional
strain caused by the dramatic widening of the minor
groove. A similar protein-induced bending of DNA has
been observed in complexes with high mobility group
(HMG) proteins. The relatively compact DNA-binding
domain of the HMG proteins binds to the minor groove
of sharply bent DNA, inserting a hydrophobic residue
between two base pairs (Love et al., 1995; Ohndorf et al.,
1999). Extensive bending of DNA is also seen in the
DNA complex of the base excision glycosylases UDG
and T4 endonuclease V. However, endonuclease V flips
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1—azaribose

1—azaribose

Fig. 1. Unbiased F, — F, difference electron density for the DNA. This electron density map was calculated with phases from the protein model after
two molecules of the AlkA dimer were positioned in the asymmetric unit by molecular replacement and rigid body refinement. The resulting electron
density for the bound DNA in the region of the active site clearly shows the flipped out 1-azaribose. The protein is shown in green and the fitted
DNA is shown in yellow. Figures 1, 2, 4 and 5 were created with the program SETOR (Evans, 1990).

Table I. Data collection and refinement statistics

Unique reflections 27 877
Completeness? 97.2 (100)
Resolution range A) 30.0-2.5
Riperge (%)° 8.5 (21.6)
Ryork” 25%
Rfrccc 29%
R.m.s. deviation from ideal geometry
bond lengths (A) 0.0126
bond angles (°) 1.45

*Values in parentheses are for the outermost shell of data (2.59-2.5 A).
ORumerge = Elops = <I>/Elps

Ryork= ZlF,| —IFI/ZIF,, R, is the same parameter calculated with
the reserved reflections.

out adenine on the strand opposite cis, syn-thymine dimers,
and the protein makes numerous contacts to both strands
of DNA (Vassylyev et al., 1995). Other DNA glycosylase
enzymes such as the human 3-methyladenine DNA
glycosylase (AAG) and the mismatch-specific uracil DNA
glycosylase (MUG) distort DNA comparatively little,
bending their DNA targets by <20° (Slupphaug et al.,
1996; Barrett et al., 1998; Lau et al., 1998).

The HhH motif and nucleotide flipping

Of the limited number of polar interactions between AlkA
and the DNA, most are contributed by the HhH motif
(Figure 2). Residues 202-227, which form the HhH motif
of AlkA, tightly anchor the DNA to the protein through
hydrogen bonds and a metal-mediated interaction. The
main chain amide nitrogens of residues 214, 216 and 219
donate hydrogen bonds to the phosphodiester backbone
of DNA at positions C10 and C11 (Figure 4). HhH binding
is strengthened further by a metal that contacts the
phosphate of nucleotide C11. The metal ion is coordinated
by the main chain carbonyl oxygens of residues 210, 212
and 215. Two of the three remaining metal coordination
sites are occupied by a phosphate oxygen of nucleotide
C11 and by a water molecule. The ligated metal was
modeled as a sodium atom because that is the dominant
cation in the crystallization conditions, and the 2.5 A
average distance between the metal and its oxygen ligands
is well suited for sodium and it rules out a water at
this position. Furthermore, the HhH motifs of DNA
polymerase B bind sodium and potassium in preference
to divalent metals (Pelletier and Sawaya, 1996). The DNA
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phosphate oxygen ligand is apparently required for the
stable binding of a metal to the HhH motif because the
metal is absent from crystal structures of AlkA (Labahn
et al., 1996; Yamagata et al., 1996), Endo III (Thayer
et al., 1995) and MutY (Guan et al., 1998), all determined
at high resolution in the absence of DNA. The crystal
structure of the AIKA-DNA complex shows that the HhH
motif is not directly responsible for flipping nucleotide
substrates out of DNA, but instead it serves as a stable
platform for the protein-induced distortion of DNA struc-
ture caused by the intercalating leucine side chain
(Figure 3).

The 1-azaribose is flipped out of the DNA and into the
enzyme active site by rotation about the P-O5' bond
(o0 angle) and about the O3'-P bond ( angle) of the
phosphodiester backbone. The nitrogen of the 1-azaribose
ring is situated 3.2 A from the carboxylate of Asp238,
a catalytically essential residue (Labahn er al., 1996;
Yamagata et al., 1996). The direct interaction of Asp238
with the 1-azaribose moiety probably contributes substan-
tially to the high affinity and specificity of binding to
DNA containing this modified abasic nucleotide, which
was designed to mimic the carbocation character of the
transition state of N-glycohydrolase reactions (Schramm
et al., 1994; Makino and Ichikawa, 1998). Leul25 of the
oD—0E loop is pushed into the minor groove where it
occupies the position vacated by the flipped out 1-azaribose
nucleotide (Figure 3). The geometry of this protein-
induced distortion of DNA is quite different from that
caused by hUDG (Slupphaug et al., 1996; Parikh et al.,
1998). UDG ‘pinches’ the DNA backbone at the site of
the flipped out uridine, compressing the interphosphate
distance and creating a zig-zag conformation in the
phosphodiester backbone. In contrast, the DNA backbone
is fully extended around the flipped out 1-azaribose sugar
in the AIkKA-DNA complex. Thus, UDG and AIkA induce
very different distortions in their DNA substrates. Bio-
chemical and structural evidence suggest that certain
alkylated bases cause little perturbation of DNA structure
(Ezaz-Nikpay and Verdine, 1994), supporting the notion
that AIkA must actively rotate nucleotides into the extra-
helical conformation observed in the crystal structure. The
extreme distortion of the bound DNA presumably lowers
the energetic cost of unstacking a substrate nucleotide and
disrupting its interactions with a base-pairing partner in
order to flip the nucleotide into the enzyme active site.
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Fig. 2. (A) AlkA-induced distortion of DNA. A 66° bend in the DNA results from the insertion of Leul25 and loops oD—-0oE and ooG—oH (shown in
green) into the minor groove. The DNA is anchored to the protein by the interactions with the HhH motif (shown in red). The local helical axis of
the DNA is shown by a red line. (B) Schematic diagram of the AIKA-DNA contacts. The 1-azaribose abasic nucleotide is in an extrahelical
conformation with N1’ of the sugar positioned 3.2 A from the carboxylate oxygen of Asp238 (inset). Except for Lys170, all hydrogen-bonding
contacts are made with the 1-azaribose-containing strand of the DNA. The HhH motif acts to anchor the DNA to the protein by providing several
hydrogen bonds as well as a metal-mediated interaction. Having relatively few polar interactions with the DNA, AlkA also relies on van der Waals
interactions for binding energy (see Figure 3). Residues with main chain atoms contacting the DNA are indicated by the prefix ‘mc’.

A model for base recognition and catalysis

We have modeled a nucleoside substrate in the AlkA-
binding pocket by superimposing a 3-methyladenine
nucleoside on the 1-azaribose in the crystal structure
(Figure 5). The modeled 3-methyladenine base stacks
against Trp272, and C1’ of its ribose ring is situated near
Asp238. The stacking of the electron-deficient, positively

charged 3-methyladenine base against the aromatic side
chain of Trp272 constitutes a m—cation interaction
(Gallivan and Dougherty, 1999) that would stabilize the
extrahelical conformation of the alkylated nucleotide, as
previously proposed (Labahn et al., 1996). The binding
site identified by modeling has an open architecture that
is consistent with AlkA’s ability to excise from DNA
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Fig. 3. (A) The binding surface of AlkA colored according to its
electrostatic potential (blue, positively charged; red, negatively
charged) shows a relatively uncharged surface contacting the DNA.
The intercalating Leul25 is indicated by an asterisk, and the catalytic
Asp238 is indicated by the small red patch above the asterisk and
adjacent to Leul25. (B) A rotated view of the AIkA-DNA complex
showing that the abasic 1-azaribose has been rotated out of the DNA
and into the aromatic active site cleft of the enzyme. Leul25 has been
inserted into the gap created by the flipped out nucleotide. The minor
groove has been widened substantially by the protein, contributing to
the significant distortion of the DNA. Figures 3 and 6 were generated
with the program GRASP (Nicholls et al., 1993).

many different and structurally diverse alkylated bases,
and the modeled substrate base makes no detectable
hydrogen bonds with residues of the AlkA active site.
Arg2?2 is the only polar amino acid in the vicinity of the
proposed binding site for the base, but it cannot be oriented
correctly for hydrogen-bonding interactions with 3-methyl-
adenine. The proposed binding site for 3-methyladenine
in the AlkA structure broadly overlaps the binding site
for an adenine base soaked into crystals of another HhH
superfamily glycosylase, MutY (Guan et al., 1998). The
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Fig. 4. The HhH motif serves to anchor the DNA to the protein
through hydrogen bonds with Thr219 and the main chain amides of
residues 216 and 214. The HhH motif is positioned adjacent to the
active site (cf. Figure 2B) but it does not participate directly in base
flipping or in catalysis. The hairpin turn of the HhH ligates a metal
that contacts the DNA phosphate backbone and serves to organize the
hairpin for additional hydrogen-bonding interactions with the DNA.
The sodium ion modeled here (light blue) is coordinated by the main
chain carbonyl oxygens of residues 215, 212 and 210, the phosphate
oxygen of the DNA and a water molecule. One remaining potential
site of metal coordination is unoccupied.

adenine base stacks against Met185 of MutY, the residue
that aligns with Trp272 of the AlkA structure (Figure 7).

Whereas most BER glycosylases are specific for a
particular type of damaged base, AIkA and the mammalian
3-methyladenine DNA glycosylases are unusual in that
they recognize and excise a structurally diverse group of
alkylated bases from DNA (Wyatt et al., 1999). Despite
this broad specificity for a variety of alkylated bases,
closely related base modifications such as 8-oxoguanine
are not substrates. The basis for the broad substrate range
of the alkylation-specific BER enzymes is not understood.
The modified bases that are processed efficiently by AlkA
have a delocalized positive charge (Lindahl, 1982) and
we have suggested previously that the enzyme binds
selectively to electron-deficient, alkylated bases through
strong [m]—cation interactions with electron-rich aromatic
side chains in the enzyme active site (Labahn et al., 1996).
The limited extent of AlkA’s DNA interaction surface,
comprising ~600 A2 of buried protein surface calculated
with a 1.4 A probe, and the lack of base-specific contacts
to DNA both favor the binding and distortion of double-
stranded DNA without regard to its sequence. AlkA
excises unmodified purine bases from DNA in vitro, albeit
at rates that are orders of magnitude slower than the
excision of alkylated bases (Berdal er al., 1998). This
finding confirms that unmodified purine bases can be
inserted into AlkA’s active site in a catalytically competent
orientation. Base stacking interactions with Trp272 and
edge-on contacts with Tyr222 might stabilize these normal
bases in the active site long enough for catalysis to occur.
The lack of any specific hydrogen-bonding interactions
between the modeled base and the enzyme active site
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Fig. 5. A 3-methyladenine substrate modeled in AlkA’s active site. 3-methyladenine (pink) was superimposed on the 1-azaribose moiety in the
crystal structure of the AlkA—-DNA complex. In the resulting model, the 3-methyladenine base stacks face-to-face against Trp272 and makes edge-on
contacts with Tyr222. The open architecture of AlkA’s substrate-binding pocket would accommodate many types of modified bases. Trp218 is
located behind the ribose of the flipped out nucleotide, leaving no room for a water nucleophile (cf. Figure 6).

(Figure 5) suggests that AlkA’s exceedingly low activity
towards non-alkylated substrates, and its correspondingly
high selectivity for certain alkylated nucleosides, might
result from factors other than its selectivity for binding
to substrates. AlkA’s preferred substrates are electron-
deficient purines with a weakened glycosylic bond that is
readily cleaved under acidic conditions (Lawley and
Brookes, 1963). As suggested by Seeberg and co-workers
(Berdal et al., 1998), AlkA’s enzymatic selectivity might
be explained by the chemical lability of the glycosylic
bond in these destabilized substrates, rather than the
selective recognition and binding of these modified bases
to the enzyme. These authors suggest that AlkKA can
bind to substrate and non-substrate bases alike, but only
nucleotides with a weakened glycosylic bond are cleaved
efficiently. Consistent with this hypothesis, alkylated bases
such as 3,N4-ethenocytosine and 1,N%-ethenoadenine,
which are not electron deficient and have stable glycosylic
bonds, are not excised readily from DNA by AIkA
(Saparbaev et al., 1995; Hang et al., 1997; Saparbaev and
Laval, 1998).

It was assumed previously that the conserved, cata-
lytically essential aspartic acid of HhH superfamily glyco-
sylases (Asp238 of AlkA) might activate a water
nucleophile for the attack on the back of C1’, causing
release of a damaged base from DNA by a bimolecular
nucleophilic displacement (Sy2) mechanism (Sun et al.,
1995; Labahn er al., 1996; Scharer et al., 1998). The Sy2
mechanism requires a water that is positioned for the
attack on the back of the deoxyribose C1' carbon, between
the substrate nucleoside and the general base, the con-
served aspartic acid. The crystal structure of the human
3-methyladenine DNA glycosylase complexed to a
pyrrolidine-containing DNA revealed a bound water in
the active site, located between a conserved glutamic acid
and the back of a flipped out nucleoside. This strongly
implies that an Sy2-type mechanism is used for glycosylic
bond cleavage (Lau et al., 1998). However, the crystal

Fig. 6. Mechanistic implications of the AIKA active site. The closely
interacting van der Waals surfaces of the protein (green) and the DNA
(yellow) leave no room between the deoxyribose of a flipped out
nucleotide and Trp218 to position a water molecule (red) for an attack
on the back of the glycosylic bond. This is strong evidence against a
direct displacement (Sy2) mechanism of glycosylic bond cleavage (see
text for details).

structure of AlkA complexed to the 1-azaribose DNA is
not consistent with an Sy2 direct displacement mechanism.
N1’ of the l-azaribose ring, corresponding to the C1’
position of a modeled substrate (Figure 5), is in direct
contact with the carboxylate of Asp238 (3.2 A O-N
distance), leaving no room for a water nucleophile
(Figure 6). Although it is possible that a substrate
nucleoside could bind in an orientation different from that
of the 1-azaribose abasic inhibitor, the extensive number
of contacts to the flipped out abasic nucleotide and the
surrounding positions of the DNA make this an unlikely
possibility. Alternatively, the AlkA-catalyzed reaction
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(1-86) —/HJ o€ } TR ]
AlkA NPQIVNGALCRLGAARPGL-RLPG----- CVDAFEQGVRAILGQLVSVAMA 131
Mut¥ - - -MOASQFSAQVLDWYDKYGRKTLPWQIDKTPYKVWLSEVMLOQTOVATV 48
Endo III MNKAKRLEILTRLRENNPH-PTTEL---NFSSPFELLIAVLLSAQATDVSV 47
ERER . D) 9 aF e
AlkA AKLTARVAQLYGERLDDFPEYICFPTPQRLARADPQALKAL----GMPLKR 178
MutY IPYFERFMARF-=-=====—-—=- PTVTDLANAPLDEVLHLWTGLGYY-AR 85
Endo III NKATAKLYPVA------------= NTPAAMLELGVEGVKTYIKTIGLYNSK 85
uH } T, i)
AlkA AEALTHLANAAL- - -EGTLPMTIPGDVEQAMKTLOTFPGIGRWIANYFALR 226
MutY ARNLHKAAQQVATLHGGKFP-———- -~ ETFEEVAALPGVGRSTAGAILSL 128
Endo III AENIIKTCRILLEQHNGEVP----—---- EDRAALEALPGVGRKTANVVLNT 128
€) ok ) 9! ol —
AlkA GWQAKDVFLPDDYLIKQRFP-—----— GMTPAQIRRYAER----- WKP-WR 264
MutyY SLGK-HFPIL-DGNVKRVLARCYAVSGWPGKKEVENKLWSLSEQVTPAVGY 177
Endo III AFGW-PTIAV-DTHIFRVCNR-TQFAPGKNVEQVEEKLLKV----VPAEFK 172
Alka SYALLHIWYT--EGWQPDEA 282
MutY ERFNQAMMDLGAMICTRSKP 197...225
Endo III VDCHHWLILHGRYTCIARKP 182...211

Fig. 7. Structure-based sequence alignment of HhH base excision glycosylases. The sequences of AlkA, MutY and Endo III are aligned based on the
best superposition of C,, atoms in the crystal structures, as determined by the program DALI (Holm and Sander, 1993). The secondary structure of
AIKA is shown above the sequence. Members of the HhH superfamily not only share a similar fold, but also have a common surface chemistry in
the region contacting DNA in the AIkA-DNA complex (cf. Figure 3). The areas shaded green are the residues in AlKA that are within van der
Waals contact distance of the minor groove of the DNA. The residues of the HhH motif that make contact with the DNA are shaded pink and the
catalytic aspartate is shaded blue. Residues lining the putative base-binding pocket are shaded orange (cf. Figure 5). It is likely that members of the
HhH glycosylase superfamily all bind to DNA and expose a substrate base in a similar fashion.

might proceed by a different mechanism. The observed
direct interaction of Asp238 with the anomeric position
of the sugar could offset the charge of a carbocation
intermediate in an Syl-type cleavage reaction. Double
displacement mechanisms have been characterized for a
number of glycosidases (Ford et al., 1974; Sinnott, 1990).
A general acid protonates the leaving group of the substrate
sugar and thereby facilitates glycosylic bond cleavage by
generating a resonance-stabilized oxonium ion. An ionized
carboxylate of an aspartic acid can stabilize the positive
oxonium ion either by forming a covalent glycosyl—
enzyme complex or by charge—charge interactions (Sinnott,
1990). In the case of lysozyme, no covalent intermediate
between the stabilizing carboxy oxygen and the oxonium
jon is suggested because of the ~3 A distance between
the two atoms. Following bond cleavage, a nearby water
is activated by the deprotonated general acid (now func-
tioning as a general base), and the resulting hydroxide ion
combines with the charged sugar to complete the reaction.

A similar mechanism might be applicable to AlkA.
However, AIKA lacks an obvious residue that could fulfill
the role of a general acid to protonate the leaving group
and later activate a water molecule. Neutral substrates
require this catalytic assistance to eject the leaving group.
However, AlkA’s positively charged, alkylated substrates
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are pre-protonated and might not require this type of
assistance. The properly positioned carboxylate group of
AlkA’s Asp238 could be all that is required to stabilize
a carbocation intermediate, by either ionic or covalent
interactions, thus promoting the release of an alkylated
base. The lack of a general acid in AlkA’s active site
provides a means of catalytic selectivity. Positively charged
bases, which do not require protonation and have a
weakened glycosylic bond, can be removed effectively,
and in turn it may function as a general base to activate
a nearby water molecule. Unmodified bases require pro-
tonation by a general acid prior to hydrolysis and therefore
are poor substrates. Other HhH glycosylases that catalyze
the removal of neutral bases from DNA are likely to
require assistance from a general acid located near the
leaving group. It has been proposed that Glu37 of MutY
serves this role (Guan et al., 1998).

DNA binding by other HhH superfamily
glycosylases

Crystal structures of AlkA (Labahn et al., 1996; Yamagata
et al., 1996), Endo III (Kuo et al., 1994; Thayer et al.,
1995) and MutY (Guan et al., 1998) have shown remark-
ably similar protein folds despite their dissimilar amino
acid sequences, aside from the HhH motif and catalytically



important aspartic acid. Other repair enzymes, such as
8-oxoguanine DNA glycosylase, have the HhH sequence
motif and a nearby conserved aspartic acid (Nash et al.,
1996) and they are therefore likely to have a similar
protein fold. The evolutionary conservation of the HhH
glycosylase fold implies that it is an effective scaffold for
DNA binding and base flipping. AIKA has an N-terminal
domain that is not present in the other recognized HhH
DNA glycosylases (Labahn et al., 1996; Yamagata et al.,
1996). However, the N-terminal domain is located away
from the DNA-binding surface of AIkA and its structure
is unchanged when AlkA binds to DNA, so it is unlikely to
influence DNA binding activity. We have modeled the
MutY-DNA and Endo III-DNA complexes by super-
imposing the unliganded proteins onto the structure of
AlkA complexed to DNA. This modeling exercise shows
that MutY and Endo III could bind to DNA targets with
a flipped out nucleotide in the same manner as AlkA. All
three enzymes have a predominantly non-polar surface
within the proposed region of DNA contact, and the DNA
from the AlkA structure fits the other enzymes without
any major steric clashes. The position of the minor groove
wedge is evident in all three structures. GIn42 of MutY
and GIn41 of Endo III align with Leul25 of AlkA, they
are in the proper position to bend the DNA and assist in
nucleotide flipping, and non-conservative substitutions at
these positions decrease base excision activity (Guan et al.,
1998). Catalytic aspartic acids of AIkA (Asp238), MutY
(Asp138) and Endo III (Asp138) are positioned similarly
and in close proximity to the flipped out abasic nucleotide.
Lys191 was previously shown to contribute to Endo III’s
DNA-binding activity (Thayer et al., 1995). The sharp
bend in the DNA from the AlkA structure, when super-
imposed on Endo III, brings the phosphodiester backbone
into close proximity with Lys191. A lesser bend in the
DNA would not permit this interaction.

Conclusions

Until now, the active site for members of the HhH
superfamily had been inferred from mutagenesis of AlkA
and Endo III to be located within the cleft at the subdomain
interface. Additionally, the structure of adenine bound to
MutY suggested a binding pocket for an extrahelical
base. The structure of the AIkA-DNA complex not only
confirms this location of the active site, but it reveals a
new mode of DNA binding and base flipping that involves
a sharp bend in the DNA with the unstacking of the base
pairs flanking the flipped out nucleotide. AlkA recognizes
DNA through non-specific van der Waals contacts and a
limited number of hydrogen bonds. The conserved HhH
motif participates in a metal ion-mediated interaction with
the phosphodiester backbone that positions the target
nucleotide to be flipped into the enzyme active site by the
minor groove intercalator, Leul25. These interactions
result in a strong distortion of the DNA in the form of a
66° bend and widening of the minor groove to >15 A.
Comparisons of the AIkA-DNA structure with other
members of the HhH glycosylase superfamily show that
these enzymes not only have a homologous fold but share
a common surface chemistry in the DNA-contacting
regions. It is likely that all members of the HhH super-
family bind to and distort DNA substrates in a similar
fashion.

Crystal structure of E.coli AlkA-DNA complex

Materials and methods

Crystallization and X-ray data collection

Oligonucleotides were synthesized on an Applied Biosystems 394 DNA
synthesizer and purified by anion-exchange HPLC (Poros HQ10 medium;
PerSeptive Biosystems). 1-Azaribose-containing DNA was prepared
from 1-azaribose (Makino and Ichikawa, 1998) by the procedure of
Deng et al. (1997). The sequence of the 1-azaribose-containing strand
is 5'-GACATGAZTGCC-3’, where Z represents the 1-azaribose. The
complementary strand is 5'-GGCAATCATGTCA-3'. The strands were
annealed (10 mM MES pH 6.5, 20 mM NaCl) and mixed with purified
AlKA protein (20 mM Tris—HCl pH 7.5, 100 mM NaCl, 2 mM
dithiothreitol, 0.1 mM EDTA) in a 1:1 molar ratio to yield a protein—
DNA complex of 8 mg/ml protein.

Crystals of the complex were obtained by the vapor diffusion method
in hanging drops. Equal volumes of the protein-DNA solution were
mixed with well solution containing 15% PEG 4K, 100 mM HEPES
pH 7.5, 100 mM NaCl, 50 mM MgCl, and 8% ethylene glycol. Crystals
do not grow under these conditions in the absence of DNA or protein.
Prior to data collection, the crystals were equilibrated for 24 h in 18%
PEG 4K, 100 mM HEPES pH 7.5, 100 mM NaCl, 50 mM MgCl, and
12% ethylene glycol and then for 1 h in the same solution with 20%
ethylene glycol. Crystals were then mounted in a nylon loop and flash
frozen in liquid nitrogen. The crystals belong to space group P3;21 with
unit cell dimensions a = b = 82.4 A and ¢ = 199.7 A. Two AIkA—-DNA
complexes occupy the asymmetric unit and they are related by 2-fold
rotation about a non-crystallographic symmetry axis oriented normal to
the c-axis of the unit cell. X-ray data were collected using a laboratory
Cu X-ray source as well as beamline X-25 of the National Synchrotron
Light Source (Upton, NY).

Phasing and refinement

X-ray data were processed with DENZO/SCALEPACK (Otwinowski
and Minor, 1997). Phases for the data were obtained by molecular
replacement using the unliganded AlkA protein (Labahn et al., 1996)
as a search model. Molecular replacement was performed using the
Crystallography and NMR System (CNS version 0.5; Briinger et al.,
1998), and the best solution after rigid body refinement had an R-factor
of 44%. The initial F,— F. density maps calculated with this model
showed clear density for the DNA. The DNA model was fitted to the
density and the structure was refined using CNS. The preferred torsion
angles of the 1-azaribose abasic nucleotide were determined empirically
by fitting the abasic nucleotide into the unbiased electron density phased
with the protein model and using the resulting torsion angles as targets
during refinement. The success of the model refinement at each stage
was gauged by the change in the free R-factor (Briinger, 1992) and
confirmed by simulated annealing—omit procedures (Briinger et al.,
1998). The DNA model was built into the electron density using the
graphics program O (Jones and Kjeldgaard, 1992). Coordinates of the
AlkA-DNA complex have been deposited in the Protein Data Bank
(pdbid# 1DIZ).
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