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Abstract

Escherichia coli AIkB and its human homologues ABH2 and ABH3 repair DNA/RNA base lesions
by using a direct oxidative dealkylation mechanism. ABH2 has the primary role of guarding
mammalian genomes against 1-meA damage by repairing this lesion in double-stranded DNA
(dsDNA), whereas AlkB and ABH3 preferentially repair single-stranded DNA (ssDNA) lesions and
can repair damaged bases in RNA. Here we show the first crystal structures of AIkB-dsDNA and
ABH2-dsDNA complexes, stabilized by a chemical cross-linking strategy. This study reveals that
AIKkB uses an unprecedented base-flipping mechanism to access the damaged base: it squeezes
together the two bases flanking the flipped-out one to maintain the base stack, explaining the
preference of AIkB for repairing sSDNA lesions over dsDNA ones. In addition, the first crystal
structure of ABH2, presented here, provides a structural basis for designing inhibitors of this human
DNA repair protein.

Cellular DNA is constantly subjected to modifications by environmental and endogenous
chemicals, which can result in covalent changesllz. Methylating (or alkylating) agents are a
common group of DNA modifiers that introduce damage primarily to the heterocyclic bases
of DNA, with mutagenic and/or cytotoxic consequences. Alkylating agents are also widely
used in cancer therapy and exert anticancer effects by creating cytotoxic DNA lesions in tumour
cells. Many of these alkylation DNA damages are detected and repaired by proteins that are
conserved across kingdoms.

The E. coli AIkB protein is a direct dealkylation DNA repair protein3‘5. It uses a mononuclear
iron(11) site and cofactors 2-ketoglutarate (2KG) and dioxygen to perform an unprecedented
oxidative demethylation of DNA base lesions 1-meA, 3-meC, 1-meG and 3-meT
(Supplementary Fig. 2)6‘11. AIkB also removes etheno DNA lesions by using a similar
oxidation mechanism2:13. There are nine potential human homologues of AlkB. Two of
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these, ABH2 and ABH3, can repair the same spectrum of base lesions as AIkB14-16_ A third
one, FTO, has been recently shown to repair 3-meT in DNA, and it affects obesity in mammals
through an unknown mechanism1/. ABH2 acts as the primary housekeeping enzyme in
mammals for repairing endogenously formed 1-meA lesions in duplex DNA18. The in vivo
function of ABH3 is still unclear but it has been shown to repair base Ie5|ons in RNA as well
as DNALS. Although the structures of AlkB (with dT-(1-medA)- dT) and ABH3 (in the
absence of DNA or RNA) were solved recently, the molecular mechanism underlying the
different substrate preferences of ABH2 and AlkB remains unknown. Furthermore, the
structure of ABH2 has, to our knowledge, never been reported.

Cross-linking to stabilize protein—-DNA complexes

We report here the first crystal structures of AIkB dsDNA and ABH2-dsDNA complexes.
The AIKB family grotems bind DNA weakly and form labile complexes with damage-
containing DNAZ , which makes crystallization of their protein-DNA complexes challenging.
To overcome this dlfflculty we used chemical cross-linking methods23.24; |n|t|all usrng an
active site disulphide cross-linking strategy that we developed previously (Flg la) 6 Base-
repair proteins flip damaged bases and insert them into the active site for processing. Therefore,
we reasoned, a cysteine residue engineered into the active site of AIkB may form a disulphide
cross-link, at equilibrium, with a disulphide-modified cytosine (C* ina C*: A base pair) flipped
into the active site of the repair protein (Fig. la)2 Of several mutations tested, AlkB D135C
and ABH2 E175C gave the best cross-linking yields with disulphide-modified DNA under
equilibrium conditions (Supplementary Fig. 3).

Structure determination

For crystallization, truncated but catalytically active AlkB-AN1119 and ABH2-ANS55 were
used (Supplementary Fig. 4). Of multiple DNA sequences screened, a 13-base-pair duplex
DNAL, with a central C*:A base pair (Fig. 1a), gave the best crystals of the active site cross-
linked AIkB-DNA complex. These crystals diffracted to 1.65 A and the structure was solved
by molecular replacement using the previously reported AlkB structure as the search
model1®. Two crystal forms of active site cross-linked ABH2-DNA complexes were grown
using different 13-base-pair dsDNAs containing central C*:A pairs. The first, with DNA2,
diffracted to 2.0 A, and was solved by multi-wavelength anomalous dispersion (MAD) phasing
using bromine-labelled (5-Br dU) DNA. The second form, with DNA3, diffracted to 3.0 A and
was solved by molecular replacement using the first as a search model. Both the AlkB and the
ABH2 truncations used in this study still efficiently repair 1-meA in dsSDNA with the sequences
shown in the crystal structures (Supplementary Figs 5 and 6).

General features of the protein—DNA interactions

AlkB and ABH2 have similar folds (a common jelly-roll fold that is shared by all iron(11)/2-
KG-dependent oxygenase528 ) and both flip the damaged base into a deep active site
pocket. However, their interactions with dsDNA are very different (Fig. 1b—e). First, AIkB
interacts almost exclusively with the damaged strand, whereas ABH2 makes significant
contacts with both DNA strands (Supplementary Fig. 7). Second, the two enzymes use very
different mechanisms to flip the damaged base. ABH2 uses an aromatic finger residue, Phe
102, which resembles the intercalating hairpin motif observed with DNA glycosylases3lv3
to intercalate into the duplex stack and fill the DNA gap resulting from the base flipping. AlkB
lacks this finger residue; instead it manipulates the DNA backbone near the flipped base such
that the bases flanking it stack with one another. Two slightly different DNA conformations
were observed in the AIkB-DNAU1 structure, but in both cases a similar distortion of the lesion-
containing strand was observed (Fig. 1b, d, and Supplementary Fig. 8).
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Cross-linking AlkB to dsDNA away from the active site

The protein portion of the AIkB-DNAL structure overlaps almost perfectly with the previously
published AIkB structure (Supplementary Fig. 9a). However, to confirm that the DNA
distortions observed are not due to cross-linking to the active site of the protein, we also
engineered a disulphide cross-link away from the active site, to AIkB S129C (Fig. 2a)32'33.
Two such AlkB-dsDNA complexes were crystallized: one with DNA4, a 13-base-pair dSDNA
containing C10*, 1-meA and an abasic site (Fig. 2b); and one with DNAS5, containing C10*
two base pairs away from the 1-meA (Fig. 2c). These were solved at 1.68 A and 1.90 A,
respectively, by molecular replacement.

Unique binding of duplex DNA by AlkB

All three structures of the AIkB—dsDNA complexes show a base-flipping feature distinct from
all known structures of base-flipping proteins bound to DNA. The two bases that flank the
flipped 1-meA, A7 and A9, are ‘squeezed’ such that they stack on one another, about 3.4 A
apart (Fig. 3a and Supplementary Fig. 10c). The sugar rings of these two nucleosides adopt
unusual conformations. One (A9) is C3'-endo, standard in A-form DNA (Supplementary Fig.
10a). The other (A7) shows the most surprising feature: with its base, it is twisted by about
180°, resulting in an inverted sugar (O4’ points towards the 3’ end of the DNA strand) while
the base stacks with A9:T9’ (Fig. 3a). The inversion of this sugar ring is locally enforced by
residues 51-53 (Thr-Pro-Gly), which form a rigid hydrogen bonding network with the
phosphate group between A7 and A6 (Fig. 3a and Supplementary Fig. 10b), and through
multiple protein~-DNA interactions anchoring the two phosphate groups flanking the 1-meA
(Supplementary Figi. 7a). These features were not observed in the AIKB structure containing a
short T-(1-meA)-T 9 most likely because the ssDNA trimer is too short to reach much of the
DNA-binding surface of AlkB. As a result, the positions of the two bases that flank the 1-meA
are different in the previous AlkB structure and the current AlkB—dsDNA structures
(Supplementary Fig. 9c). It remains to be seen how a long sSDNA interacts with AIkB.

In all three AlkB—dsDNA structures, the protein stabilizes only the distorted conformation of
the DNA immediately flanking the 1-meA,; the complementary strand appears to accommodate
this through spontaneous conformational rearrangements. The base opposite the 1-meA (T8’
in DNA4 or A8’ in DNAL and DNADb) intercalates between A7 and A6 to generate a one-base-
wide stack containing bases from both strands, which maintains the length of the normal duplex
DNA (Fig. 3a and Supplementary Fig. 10c). The base at the 7’ position is forced out of the
helix and is disordered in our structures (in DNA4 it is replaced with an abasic site) (Figs 1b
and 2b, ¢). To support the observation that the complementary strand distorts to accommodate
base flipping in AlkB—-dsDNA complexes, we measured the context dependence of AlkB-
mediated 1-meA repair (Supplementary Fig. 11). AIKB can catalytically repair this lesion in
the dsDNA sequence used in our crystals (replacing C8*:A8' with 1-meA:T in DNAL), which
has two A:T base pairs flanking 1-meA:T. When the two flanking base pairs (7:7’ and 9:9")
were replaced with G:C, repair activity dropped approximately threefold. The activity of this
substrate was restored to the original level by incorporating an abasic site at position 7', which
destabilizes the base pair containing the base that is forced out of the double helix in our
structures. The highest catalytic repair activity was observed with the ssSDNA strand containing
1-meA, as expected.

ABH2 binding to duplex DNA

The structure of ABH2 differs from AIkB in having extra DNA-binding motifs that grasp the
complementary strand of the duplex DNA (Fig. 1). ABH2 uses a short loop with a positively
charged RKK sequence (Arg 241-Lys 243) and an additional long, flexible loop carrying DNA-
binding residues Arg 198, Gly 204 and Lys 205 to bind the opposite DNA strand (Fig. 1c, e
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and Supplementary Fig. 7b). The two bases that flank the flipped out C7*, A8 and T6, are
approximately the same distance from each other as they would be in canonical duplex DNA
(Fig. 3b). The orphaned base A7’ is flexible and poorly ordered. Because the normal duplex
DNA length is maintained by the intercalating finger Phe 102, no further distortion of the DNA
duplex is induced by ABH2.

To capture the structure of ABH2 with an intact active site, we engineered a disulphide cross-
link away from the active site, to ABH2 G169C32:33, The cross-linked complex with a new
13-base-pair duplex probe containing C9* (DNAG; Fig. 4a and Supplementary Fig. 12) was
crystallized and the structure was solved at 2.35 A by molecular replacement. A cofactor-
containing structure was also determined (at 2.6 A) by soaking these crystals in 2KG and
Mn2* (which occupies Fe2*-binding site but does not support catalysis). The cofactors are
bound by ABH2 in a standard conformation resembling that seen in AIkB and other iron(I1)/
2KG-based oxygenase519’28. The metal ion is ligated by His 171, Asp 173 and His 236, a
bidentate 2KG and a water molecule in an octahedral geometry (Fig. 4b, and Supplementary
Figs 13 and 14).

Recognition of 1-meA by ABH2

The ABH2-dsDNAG structure provides an undistorted view of the active site (Fig. 4b). A total
of five active site residues are engaged in the recognition of 1-meA. Phe 124 and His 171 stack
against the 1-meA,; an analogous stacking interaction is also observed for 1-meA recognition
by Trp 69 and His 131 in AlkB (Supplementary Fig. 9c). Three residues, Tyr 122, Glu 175 and
Asp 174, together with a water molecule, form an extensive hydrogen-bonding network that
contacts the N6 and N7 nitrogen atoms of 1-meA in ABH2. This tight recognition of 1-meA
is not observed in the AlkB structure, as only two residues, Asp 135 and Glu 136 (mediated
through a water molecule), were involved in the recognition of the N6 nitrogen of 1-meA by
AIkBLO. The positively charged 1-meA may be favourably recognized through electrostatic
interaction with the nearby carboxylate of Glu 175 (Asp 135 of AlkB) and stacking with the
n system of Phe 124 (Trp 69 of AIkB). These features may help ABH2 and AlkB discriminate
against the neutral base A.

Discussion

The AIkB family oxygenases represent a novel class of DNA base-repair enzymes that use an
oxidative dealkylation mechanism. Certain members of this family, AIkB and ABH3, exhibit
adistinct preference to repair ssDNA and RNA. We present the first structures of AlkB—dsDNA
and ABH2-dsDNA complexes stabilized by chemical cross-linking, showing how AIkB and
ABH2 bind and repair damage in dsDNA. The AIkB protein, lacking a finger residue, facilitates
base flipping by squeezing together the two bases flanking the flipped-out one such that they
stack on one another. This AlkB-mediated DNA distortion, together with the fact that AlkB
mostly binds to the lesion-containing strand of DNA, explains the preference of AlIkB for
ssDNA substrates. The presence of the complementary strand in dsDNA rigidifies the duplex
structure and serves as a ‘non-competitive’ inhibitor. The binding energy of complex formation
must be used to pay an energetic penalty to flip 1-meA from a duplex DNA. A much lower
energetic penalty would be associated with AIkB binding to the same base lesion in flexible
SSDNA.

The ABH2-DNA structures clearly show ABH2 as a dsSDNA repair protein, as the protein
interacts extensively with both strands of dSDNA and uses a finger residue to intercalate in the
DNA duplex to maintain continuous stacking. It has been commonly observed that sin%le—base
DNA glycosylases tend to contact only the lesion-containing strand of duplex DNA31,34,35,
The extra capacity to interact with the other strand of DNA allows ABH2 to repair dSDNA
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lesions preferentially, which correlates well with its primary role as an enzyme that repairs 1-
meA damage in mammalian genomes. Our structures also reveal a more complex arrangement
of protein-(1-meA) interactions in the active site of ABH2 than AIkB, which provides a
structural basis for designing small molecules that may shut down the ABH2-based repair
activity potentially to improve efficacy of alkylation anticancer treatments.

Now with structures of AlkB-dsDNA, ABH2-dsDNA and ABH3 available, comparisons can
be made (Fig. 5 and Supplementary Fig. 15). Surprisingly, ABH3, which shows substrate
preferences similar to AIkB, shares some of the DNA-binding motifs of ABH2 in an overlay
of these three structures. The long loop that binds the second DNA strand in ABH2 (between
B11 and B12) is present in the sequence though disordered in the structure of ABH3 (between
10 and B11), but is much shorter in AIkB. Both ABH2 and ABH3 also contain a b-sheet
hairpin motif (B3—p4 and B4—B5, respectively) that is absent in AlkB. In ABH2 this hairpin
contains the aromatic finger residue, Phe 102, which is not conserved in ABH3. ABH3 also
lacks the RKK motif used by ABH2 to contact the complementary strand of double-stranded
DNA. How ABH3 may use these motifs to bind ssDNA or RNA preferentially remains to be
seen in future structures of ABH3-DNA complexes.

Both AlkB and ABH2 are weak DNA-binding proteins. They likely interact with other DNA-
binding proteins to stay close to DNA. ABH2, with a finger residue, may search for DNA
damage by similar mechanisms proposed for DNA repair glycosylases3 36 AIkB, using a
very different base-flipping mechanism, may impose a strain to the backbone of duplex DNA
to facilitate identification of weakened base pairs, as suggested by the structures presented
here. However, how does it locate damaged bases in flexible sSSDNA? Further studies are
required to answer these intriguing questions.

Lastly, the active site cross-linking strategy to trap labile protein~-DNA complexes could be
powerful for structurally characterizing other base-flipping proteins such as FTO and ABH3.
As demonstrated here, once detailed protein~-DNA interactions are revealed, a cross-link away
from the active site can be readily engineered to provide native-like structures of the protein—
DNA complexes.

Methods Summary

The disulphide cross-linked protein—-DNA complexes were purified using Mono-Q anion
exchange chromatography, and crystals were grown by hanging-drop vapour diffusion.
Diffraction data were collected from cryo-preserved crystals at beamlines 19BM and 14BM
at the Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois. The
structures of AIkB—dsDNA complexes were solved by molecular replacement, and the ABH2-
dsDNA structure was solved by MAD phasing with a bromine-labelled DNA. Data collection
and refinement parameters for all structures are given in Supplementary Tables 1 and 2.
Detailed procedures are presented in Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crystal structures of the active site cross-linked AIkB-DNA1 and ABH2-DNA2
complexes

a, The active site cross-linking strategy. A disulphide-modified cytosine C* (n=1or2) ina
mismatched C*: A base pair can be flipped into the active site of AIkB or ABH2. A covalent
disulphide bond can form between C* and an engineered Cys in the active site of the repair
protein under equilibrium conditions. b, Cartoon of the AIkB-DNAZ1 complex. Two slightly
different DNA conformations are observed in this structure; one is shown here, the other in
Supplementary Fig. 8. The protein is shown in green (the cross-linking residue Cys 135 is
labelled), manganese(ll) in orange, 2KG in blue, DNA in yellow—orange, the flipped base C8*
and the two bases flanking C8* in light magenta, the disulphide bond in red and the orphaned
base A8’ in cyan. The approximate location of the disordered base T7' is shown as a dotted
line. ¢, Cartoon trace of the ABH2-DNAZ2 complex. The same colour coding as in b is used.
The finger residue Phe 102 and the cross-linking residue Cys 175 are green, and the orphaned
base A7'is cyan. The location of a DNA-binding loop containing a RKK sequence is indicated.
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d, e, Same structure as in b and c, rotated 90° to the right. A DNA-binding flexible long loop
is labelled. See Supplementary Fig. 15 for a topological diagram of ABH2.
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Figure 2. Crystal structures of AIkB-DNA4 and AIkB-DNAS5 complexes with 1-meA recognized
by an intact active site

a, A strategy to set up a disulphide cross-link away from the active site of AIkB. b, Cartoon
of the AlkB-DNA4 complex with 1-meA (light magenta) recognized in the active site of AIkB.
The complex was stabilized by a disulphide link between an engineered Cys 129 (green) and
C10* that is two base pairs away from 1-meA. The colour coding is the same as in Fig. 1b.
DNAA4 has an abasic site ‘<’ (position 7) 3’ to T8’ of the 1-meA:T base pair. ¢, Cartoon trace
of the AIkB-DNAS complex; DNAS has a central 1-meA:A base pair replacing a C*:A in
DNA1 and a C10* cross-linking site two base pairs away from 1-meA.
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The inverted
sugar ring

Thr 51

Figure 3. Close views of the base-flipping regions

a, AlkB-DNA4 complex, with the same colouring as in Fig. 1b. A7 stacks with the A9:T9’
base pair. Thr 51 and Gly 53 are hydrogen bonded to the phosphate linking A7 and A6
(Supplementary Fig. 10b). The sugar ring of A9 adopts the 3'-endo conformation whereas the
sugar ring of A7 is forced to be inverted by about 180° by the protein. T8’ from the
complementary strand intercalates between A7 and A6, forming a one-base-wide stack
containing bases from both strands. b, ABH2-DNA2 complex, with the same colour coding
as in Fig. 1b. Phe 102 inserts into the DNA duplex with A7’ as the orphaned base.
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Figure 4. Crystal structure of the ABH2-DNAG6 complex with 1-meA recognized by an intact active
site

a, Cartoon trace of the ABH2-DNAG6 complex with 1-meA recognized in the active site of
ABH2 and a disulphide cross-link (Cys 169 to C9*) installed two base pairs away from the
flipped base. The same colour scheme is used as in Fig. 1b. b, View of the active site of ABH2
with manganese(Il) (orange), 2KG (blue) and 1-meA (light magenta). N6 of 1-meA is within
hydrogen-bond distance to Tyr 122 (3.3 A) and Glu 175 (2.8 A). N7 forms a hydrogen bond
to a water (3.0 A) which also interacts with Asp 174 (2.6 A) and Glu 175 (2.6 A).
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Figure 5. Structural comparison of AlkB, ABH2 and ABH3 (stereo view)

Least-squares superposition of structures of AIkB (in magenta, from AlkB—-DNA1 without
showing DNA1), ABH2-DNAZ2 (protein in green and DNA backbone in orange) and ABH3
(in blue, from Protein Data Bank 2IUW). The hairpin and flexible long-loop motifs are shaded,
and the finger residue Phe 102 from ABH2 is labelled in green.
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