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Abstract

ALKBH2 is a direct DNA repair dioxygenase guarding mammalian genome against N1-

methyladenine, N3-methylcytosine, and 1,N6-ethenoadenine damage. A prerequisite for repair is 

to identify these lesions in the genome. Here we present crystal structures of ALKBH2 bound to 

different duplex DNAs. Together with computational and biochemical analyses, our results 

suggest that DNA interrogation by ALKBH2 displays two novel features: i) ALKBH2 probes 

base-pair stability and detects base pairs with reduced stability; ii) ALKBH2 does not have nor 

need a “damage-checking site”, which is critical for preventing spurious base-cleavage for several 

glycosylases. The demethylation mechanism of ALKBH2 insures that only cognate lesions are 

oxidized and reversed to normal bases, and that a flipped, non-substrate base remains intact in the 

active site. Overall, the combination of duplex interrogation and oxidation chemistry allows 

ALKBH2 to detect and process diverse lesions efficiently and correctly.
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Genomic DNA can be damaged by alkylating agents from both endogenous and exogenous 

sources, leading to cytotoxicity and carcinogenic mutations1. Three mechanisms exist to 

battle cellular methylation/alkylation damage: DNA glycosylases, the suicidal O6-

methylguanine-DNA methyltransferases, and direct oxidative repair mediated by the 

ALKBH2 type iron(II)/2-ketoglutarate(2KG)-dependent dioxygenases2–3. ALKBH2 is one 

of the first human homologues identified within the AlkB family of DNA/RNA repair 

dioxygenases to exhibit demethylation activity against the cytotoxic N1-methyladenine (1-

meA) and N3-methylcytosine (3-meC) DNA adducts4–5; knockout experiments in mice have 

further established mALKBH2 as the house-keeping enzyme guarding the mammalian 

genome against such lesions6–7. Consistent with these observations, ALKBH2 has been 

shown to play an efficient role in pediatric brain tumors during chemotherapy treatment, and 

the combination of ALKBH2 knockdown and cisplatin chemotherapy could potentially 

improve the efficacy of treatment of H1299 lung cancer cells8–9. Mechanistically, ALKBH2 

has been reported to interact with proliferating cell nuclear antigen through its N-terminal 

sequence10; and previous crystal structures of ALKBH2/dsDNA complexes have provided 

the molecular basis for 1-meA recognition by ALKBH211.

Regardless of the differences in repair mechanisms of the aforementioned DNA repair 

proteins, a major challenge that all repair proteins face is how to single out their cognate 

damage in the vast background of normal DNA bases12–13. Human N3-methyladenine DNA 

glycosylase AAG gains selective recognition of its substrates through combination of the 

shape, aromaticity and hydrogen-bonding characteristics of the damaged bases14, and kinetic 

experiments have also revealed a two-step lesion-binding process of AAG, including an 

initial recognition step and a stable extrahelical-complex stage15–16; E. coli glycosylase 

AlkA invasively interrogates the minor groove of DNA while probing for damage and 

induces a sharp DNA bend upon nucleotide-flipping17–18; bacterial 8-oxoguanine (oxoG) 

DNA glycosylase MutM can interrogate undamaged DNA in an intrahelical fashion and also 

detect the presence of oxoG even at a very early stage of encounter19–20; the human oxoG 

repair protein, hOGG1, discriminates guanine from oxoG (which is bound in the active site) 

in an alternative damage-checking site, thus representing a “gate-keeping” strategy to 

prevent incorrect cleavage of normal bases21; and uracil DNA glycosylase (UDG) utilizes 

the spontaneous thermal opening of U:A pairs as the initial step of its “passive” base-

flipping process22–24. Despite different strategies employed by these base-excision 

glycosylases, an invariant goal is to efficiently discriminate cognate substrates from their 

undamaged counterparts and prevent entry of normal DNA bases to the active site so that 

they will not be mistakenly cleaved25–26. In contrast, little is known about how most direct 

repair proteins, for example ALKBH24–7, search for the structurally diverse base lesions in 

the genome and whether or not ALKBH2 also uses a gate-keeping strategy for efficient 

lesion discrimination.

RESULTS

Duplex interrogation by ALKBH2 to differentiate base pair stability

Using a previously developed disulfide cross-linking method11,27, we first solved complex 

structures of ALKBH2-dsDNA containing a central C:G or A:T pair (referred to hereafter as 
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the CG and AT structures, respectively) (Fig. 1; Table 1). One prominent feature of the CG 

structure is that the central C:G pair is severely distorted by ALKBH2 while remaining fully 

intrahelical (Fig. 1a). The side chain of Val101 wedges into C8 and A9, disrupting the 

stacking of C8 to A9 and significantly buckling the C8 base; the finger residue Phe102 

intercalates between G8′ and T9′, leading to a continuous four base-pair-wide stack in the 

complementary strand from A7′ to T9′ (Fig. 1b). As a result, while the flanking pairs of 

T7:A7′ and A9:T9′ remain hydrogen-bonded with the duplex structure outside of this area 

not much affected, the central target pair C8:G8′ is weakened and the stacking of C8 with 

neighboring bases is essentially abolished. Activity assays confirmed the important roles of 

the Val101 and Phe102 residues (which are in the β3-β4 hairpin): both ALKBH2 Val101Ala 

and Phe102Ala mutations cause reduced repair activity towards 1-meA and 3-meC; 

introducing a Val101Gly Phe102Ala double mutation to the protein almost eliminated its 

enzymatic activity (Supplementary Fig. 1a–c)28–29. Since the active site of ALKBH2 in the 

CG structure is not occupied by a DNA base, the substrate recognition lid comprised of the 

β6–β7 hairpin motif adopts an “open” conformation (Supplementary Fig. 2a).

To our surprise, the AT structure revealed that the central A:T pair is broken and A7 is 

flipped into the active site of ALKBH2 (Fig. 1c). It is unlikely that ALKBH2 disrupts every 

normal base pair it encounters in order to target a lesion; however, this cross-linking-

stabilized structure implies that base pairs with different stabilities are discernible by 

ALKBH2 when it binds duplex DNA. To make a fair comparison to the CG structure, we 

crystallized an ALKBH2-dsDNA complex containing a central C:I (inosine) pair (CI 

structure), which resembles C:G but possesses one fewer hydrogen bond. In the resulting 

structure, instead of remaining intrahelical as observed in the CG structure, C7 is flipped by 

ALKBH2 (Fig. 2a).

Contribution of ALKBH2 β3–β4 hairpin in stability interrogation

To evaluate the relative free energies for the protein to flip a cytosine base out of C:G and 

C:I pairs, we performed “alchemical” molecular dynamics simulations as described in the 

Supplementary Information30. Two hypothetical states—one with an intra-helical C:I pair 

being interrogated and the other with a broken C:G pair—were constructed by 

computationally mutating the CG and CI crystal structures (Supplementary Fig. 3). The 

simulation indicates that it is ~ 2.4 kcalmol−1 less favorable to flip a cytosine from a C:G 

than a C:I pair (Fig. 2b). This calculated value can be further decomposed to understand its 

physical basis (Supplementary Table 1). The solvation energy of the 2-amino group of 

guanine (~ −3.6 kcalmol−1) and the penalty of decreased hydrogen bonding capacity (~ 3.3 

kcalmol−1) almost balance. As a result, the net contribution comes mainly from the protein 

(~ 2.1 kcalmol−1). More specifically, both Gln100 and Phe102 prefer the intra-helical C:G 

pair to an intra-helical C:I state through either electrostatic or van der Waals interactions 

(Supplementary Fig. 3e,f). Thus, our computational analysis suggests that ALKBH2 applies 

a moderate mean force to DNA, which can be used to distinguish the stability of different 

base pairs.

We next performed fluorescence studies using 2-amino purine (2AP) to further investigate 

how ALKBH2 senses base pair stability in duplex DNA. When 2AP:T was incorporated into 
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the flanking base pairs of the central 1-meA:T pair, the addition of ALKBH2 enhanced 

fluorescence of 2AP, suggesting significant conformational change of DNA upon formation 

of the specific ALKBH2/1-meA complex (Supplementary Fig. 1d). Furthermore, a dsDNA 

probe with a 2AP:T pair adjacent to an A:C pair also showed increased fluorescence upon 

protein binding. Thus, a non-cognate mismatched base pair could also be readily detected by 

ALKBH2 to trigger a substantial conformational change. With the Phe102Ala mutant 

protein, reduced fluorescence increases were observed to both 1-meA:T- and A:C-

containing DNAs, and no fluorescence enhancement took place with the Val101Gly 

Phe102Ala double mutant ALKBH2, as expected (Supplementary Fig. 1e).

ALKBH2 detect weakened base pairs to locate its substrates

ALKBH2 is a promiscuous repair protein whose substrates include both purines (1-meA and 

1,N6-ethenoadenine [or εA]) and pyrimidines (3-meC and 3-meT). While structurally 

diverse, a common feature shared by these N-alkylated lesions is the disrupted Watson-

Crick interface, which leads to significantly weakened base pairs compared to their 

undamaged Watson-Crick counterparts31–32. A superposition of the CG structure with the 1-

meA structure (PDB code 3BTY) (or any other ALKBH2/dsDNA structure with a flipped 

base) reveals how the interrogation mechanism of ALKBH2 could facilitate detection of 

these lesions hidden in different contexts. The β3–β4 hairpin motif inserts itself much deeper 

into the duplex in the 1-meA structure (Fig. 3). This motif also shifts up significantly 

towards the lesion-containing strand in the 1-meA structure as compared to the CG structure 

(Fig. 3b), which allows the finger residue Phe102 to fully occupy the vacant space created 

by base-flipping in the lesion-specific complex. On the other hand, prior to the location of a 

damaged base, the shallow insertion of the hairpin tip, observed in the CG interrogation 

complex, would exert force on the target base pair. In the case of a weakened base pair that 

often harbors DNA damage, interrogation by the hydrophobic hairpin tip enables ALKBH2 

to readily detect the lesioned base and initiate base-flipping. The exact identity of the 

lesioned base does not affect the probing mechanism used by ALKBH2. In contrast, the 

class of glycosylases that have been suggested to use active interrogation (for instance AlkA 

and MutM) recognizes unique characteristics of their cognate lesions17,20; whether or not 

such indiscriminate stability-interrogation can also be utilized by other DNA glycosylases to 

directly probe an intra-helical base pair remains to be determined.

Unlike many glycosylases, ALKBH2 does not bend or induce significant global distortion to 

duplex DNA, in the process of both base interrogation and damaged base recognition in the 

active site. It utilizes several structural motifs, especially the finger bearing β3-β4 hairpin 

and the long loop (between β11 and β12), to clamp a dsDNA from two sides (Fig. 3a), which 

also represent the major elements involved in DNA duplex interrogation. A few other base-

modification enzymes do not cause significant disruption to the duplex structure either33. In 

fact, these duplex-interacting elements are unique for ALKBH2 among the other human 

homologue proteins: swapping the hairpin sequence of ALKBH2 with the corresponding 

sequence from ABH3, a single-stranded nucleic acid demethylase, leads to switched 

preference of ALKBH2 towards ssDNA28–29.
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Crystal structures of ALKBH2 bound to εA- and 3-meC-containing DNA

Once ALKBH2 locates a weakened base pair in the genome, it then needs to recognize the 

potential base lesion. To investigate how ALKBH2 accommodates various bases, we also 

crystallized ALKBH2-dsDNA complexes containing εA and 3-meC, respectively (εA and 3-

meC structure) (Supplementary Fig. 2b). ALKBH2 was shown to use at least five active site 

residues for 1-meA recognition11, but base recognition for εA or 3-meC is less tight 

(Supplementary Fig. 2c). ALKBH2, like its E. coli homologue protein AlkB, can well 

accommodate the flipped lesion, despite differing in hydrogen-bonding capacities and base-

dimensions, in its active site to allow efficient catalysis (Supplementary Fig. 2d,e)11,34–36.

εA was previously found to form base pairs with thymine and guanine in B-form DNA32,37, 

while 3-meC is not able to pair with an opposite guanine base31. Because the stability of 

εA:T was thus expected to be much closer to C:G, we focused our quantitative analysis on 

the εA:T case. To evaluate the energetics for ALKBH2 to flip an εA lesion out of a weak 

εA:T pair, we again used alchemical molecular dynamics simulations (Supplementary Fig. 

4). These simulations were based on the εA and the CG structures as discussed in the 

Supplementary Information. According to the calculations, flipping an εA lesion from the 

εA:T pair is ~3.5 kcalmol−1 more favorable than flipping a cytosine from a C:G pair 

(Supplementary Table 1); therefore, the εA:T pair is calculated to be ~1.1 kcalmol−1 weaker 

than the C:I pair discussed above. Overall, the contributions of individual parts of the system 

are larger in magnitude than in the CI to CG case, and the difference in stability arises from 

a balance of many compensating interactions.

ALKBH2 does not have nor need a “damage-checking” site

Having the complex structures with each of the five bases (1-meA, εA, adenine, 3-meC and 

cytosine) flipped by ALKBH2, the location of an undamaged base versus its derived damage 

can be compared. An overlay using 1-meA, εA, and AT structures reveals that all these 

bases reside at a similar position in the active site of ALKBH2 (Fig. 4a); moreover, 3-meC 

and cytosine are also found to be located at the identical spot (Figs. 4b,c). Such observations 

are in sharp contrast to the previous knowledge with regard to DNA glycosylases: to prevent 

accidental glycosidic bond cleavages that generate potential DNA breaks, DNA glycosylases 

employ different and strict strategies to insure that a normal base cannot be flipped into the 

catalytic site to initiate glycosylation25–26; ALKBH2 must accommodate and accurately 

position the aberrant alkyl group on different base lesions in the active site in order to 

perform the oxidative dealkylation. Even if bases from weakened pairs (substrates or not) 

are flipped to the same position in the active site, only the damaged bases possessing the 

alkyl adduct can be oxidatively modified due to the proximity of the extra alkyl portion to 

the catalytic metal site (Fig. 4d). Therefore, flipping a non-substrate base into the enzymatic 

pocket of ALKBH2 does not run a risk of unwanted modification to the base 

(Supplementary Fig. 5a,b), and a damage checking site, which has been shown to be critical 

for DNA glycosylases to function properly, is not necessary for ALKBH2. Similarly, the 

recently discovered TET family proteins, which use the same oxidation mechanism to 

convert 5-methyl cytosine (5-meC) to 5-hydroxymethyl cytosine in genomic DNA38, should 

oxidatively modify only 5-meC but not cytosine even if a cytosine base is accidently flipped, 

assuming the TET family proteins also flip 5-meC out of the duplex for oxidation.
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DISCUSSION

DNA damage constitutes only a very small percentage of human genome, yet the lesions 

must be promptly repaired to avoid cytotoxic and/or mutagenic consequences. To search for 

these sporadic sites, repair proteins have evolved different strategies to assure their 

efficiencies in damage location. We report here that the direct repair dioxygenase ALKBH2 

interrogates DNA using mainly a hydrophobic hairpin motif, which is partially inserted into 

the DNA duplex. This interrogation mechanism enables ALKBH2 to probe base pair 

stability irrespective of the base pair identity, thus narrowing down its structurally-diverse 

cognate lesions to be within the weakened base pairs (Supplementary Fig. 5c).

Invasive interrogation of undamaged DNA has previously been shown in the case of 

MutM19. hOGG1 could also break a G:C base pair when it is bound to undamaged DNA21. 

Although results reported in this study suggest that ALKBH2 can discern base pairs with 

different stabilities, we do not think that ALKBH2 flips every base it encounters during the 

damage-searching process. Both sliding (in which protein diffuses along DNA and makes 

continuous contact) and hopping (in which protein undergoes microscopic dissociation and 

re-association) have been suggested to be effective mechanisms for DNA repair proteins to 

locate lesions in the genome26,39–42; for example, the time scale of hopping and sliding of 

UDG has been established and studied43. Recent kinetic experiments have shown that 

lesion-searching is a multistep process which could involve a nonspecific “search complex”, 

an “interrogation complex” capable of base discrimination, and eventually a “substrate-

recognition complex” featuring a fully flipped base15–16,23,44. As for ALKBH2, duplex 

distortion occurs locally in both the CG structure and structures with a flipped substrate (Fig. 

1a and Supplementary Fig. 2c). It is tempting to speculate that such minimal disturbance 

would reduce the energetic cost for short-range sliding. Further biophysical and biochemical 

studies can help to provide mechanistic insights and kinetic characteristics of the nature of 

ALKBH2-mediated damage-searching process. It is interesting to note that ALKBH3, a 

homologue of ALKBH2, relies on partner proteins to open DNA duplex for damage-

searching, presenting an intriguing example of DNA damage-searching and repair.45–46

An immediate consequence of the non-selective lesion-detection process is that ALKBH2 

may flip into its active site a non-cognate lesion, or even a normal base from a mismatched 

base pair. Our structures show that ALKBH2 does not have nor need a damage-checking 

site, which is demonstrated to be critical for assuring correct enzymatic activity in the cases 

of the MutM and UDG DNA glycosylases. Whether or not other DNA glycosylases also 

possess such a damage-checking site requires further investigation. For ALKBH2, a flipped 

base is always at the same position in the active site; then the oxidative demethylation 

chemistry of ALKBH2 must ensure that a non-cognate base does not get modified in its 

active site. Previous studies on both model compounds and iron(II)/2KG dioxygenases 

(including a density functional theory study of AlkB) have yielded rich knowledge on 

dioxygen activation in the context of the conserved 2-His-1-Asp/Glu motif (metal-chelating 

ligand of AlkB and ALKBH2)47–50. The spatial relationship of the modified base to the 

putative, catalytic iron(IV)-oxo species has been shown to be essential to allow efficient 

catalysis50. Thus, when a non-cognate base is flipped into the active site, due to the absence 
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of a geometrically optimal chemical group, the flipped base should not be oxidized by 

ALKBH2 (Supplementary Fig. 5a,b).

On the other hand, when ALKBH2 detects weakened base pairs that does not contain 

cognate lesions (for example base pairs with other types of lesions or mismatched pairs), it 

remains to be seen if ALKBH2 carries signaling functions, as demonstrated by the ATL 

protein, and perhaps the AlkD protein (Supplementary Fig. 5c)51–52. Overall, the 

combination of DNA interrogation, non-discriminative base-flipping, and oxidation 

chemistry by the dioxygenase ALKBH2 can improve the efficiency of DNA repair by 

increasing the odds of finding hot spots with structurally diverse base lesions while not 

endangering the integrity of the genome by accidental and unwanted DNA modification.

ONLINE METHODS

Expression and purification of ALKBH2-ΔN55

The ALKBH2-ΔN55 gene was cloned between the NdeI and HindIII sites of a pET28a+ 

vector (Novagen). This plasmid was transformed into BL21 (DE3) E. coli cells (Stratagene) 

for protein over-expression. The protein was purified using Ni-NTA chromatography (GE 

Healthcare) with a binding buffer of 50 mM sodium phosphate (pH 8.0), 300 mM NaCl and 

50 mM imidazole and an elution buffer of 50 mM sodium phosphate (pH 8.0), 300 mM 

NaCl and 400 mM imidazole. The N-terminal His-tag was removed by an overnight 

thrombin digestion at 4 °C. About 4–6 mg of protein can be obtained from 1 L of bacterial 

cells.

Oligonucleotide synthesis

Oligonucleotides containing modified bases were prepared using solid-phase synthesis53. 

Phosphoramidites were all purchased from Glen Research Corporation and ChemGenes 

Corporation. All synthetic oligonucleotides were purified with denaturing PAGE and 

verified with MALDI-TOF mass spectrometry.

Cross-linking and crystallization of the ALKBH2-dsDNA complexes

Cross-linking reactions between ALKBH2 and dsDNA were performed as the decribed 

below: to set up distal cross-linking, a G169C mutation was introduced as determined 

previously; to avoid non-specific disulfide cross-linking, three additional mutations, C67S, 

C165S and C192S, were introduced into ALKBH2-ΔN55 G169C. This mutant protein was 

used to cross-link with different synthetic oligonucleotides: 5′-CTGTCATCAC*TGCG -3′ 

paired with 5′-TCGCAGTGATGACA -3′ for the CG structure, 5′-ATGTATAAC*TGCG 

-3′ with 5′-TCGCAGTTATACA -3′ for the AT structure, 5′-ATGTATCAC*TGCG -3′ 

paired with 5′-TCGCAGTIATACA -3′ for the CI structure, 5′-CTGTCT(3-meC)AC*TGCG 

-3′ paired with 5′-TCGCAGTGAGACA -3′ for the 3-meC structure and 5′-

CTGTCA(εA)ACTGCG -3′ paired with 5′-TCGCAGTTAGACA –3′ for the εA structure. 

The cross-linking reactions were performed at 4 °C for 16 h and the covalently-linked 

ALKBH2-dsDNA complexes were purified using Mono-Q anion exchange chromatography, 

which were then buffer-exchanged to 100 mM NaCl, 10 mM Tris-HCl (pH 8.0). The 

complexes were then concentrated to 5 mg/mL for crystallization trials. Rod-shaped crystals 
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grew in 1–4 weeks at 4 °C, in hanging drops containing 1 μL of complex solution and 1 μL 

of reservoir solution of 100 mM NaCl, 50 mM MgCl2 and 100 mM cacodylate (pH 6.5) and 

8% 8K PEG. Cofactor-containing ALKBH2-DNA structures were obtained by soaking apo-

crystals in well solutions containing MnCl2 (~2.5 mM) and 2-KG (~5 mM) for 2–4 h to give 

(Mn/2KG)ALKBH2-DNA structures.

Experimental details of activity assays

A 100 μL reaction mixture containing 50 mM Tris (pH 8.0), 2 mM ascorbic acid, 1 mM 2-

ketoglutarate, 0.28 mM (NH4)2Fe(SO4)2 and 1 nmol dsDNA or ssDNA substrate was 

incubated at 4 °C for ~60 min in the presence of 0.5 nmol wild type ALKBH2 protein and 

different ALKBH2 mutants (F102A and V101G F102A double mutant protein). The 

reaction was terminated by adding EDTA to 5 mM to quench the enzymatic activity. The 

reaction mixture was run on a DNAPac PA200 analytical column (4×250 mm, Dionex) 

connected to a Dionex HPLC system, with a flow rate of 1 ml/min at room temperature. 

Buffer A contains 50 mM sodium citrate (pH = ~5.3) and buffer B contains 50 mM sodium 

citrate (pH = ~5.3), 1 M NaCl. The red lines in Supplementary Fig. 1a–b represent the exact 

gradient of the HPLC program. Each experiment was performed in triplicate.

Experimental details of the 2AP fluorescence studies

For a typical fluorescence study, 1 μM 2AP-containg dsDNA was prepared in a buffer 

containing 50 mM NaCl, 10 mM Tris-HCl (pH = 8.0) and 1 mM DTT. ALKBH2 stock 

(~0.12 mM) was also prepared in the same buffer, and the appropriate amount (from 0.25 

equiv to up to 1.25 equiv of dsDNA) was added to the same dsDNA solution (~120 μL). 

Fluorescence traces (fluorescence from ALKBH2 has been subtracted) when increasing 

amount of stock ALKBH2 protein was added to the dsDNA-containing solution were shown 

in Supplementary Fig. 1d–f. Fold of fluorescence change (the fluorescence when 1 equiv of 

ALKBH2 was added to DNA divided by that of free DNA) is plotted. Emission spectra 

(340–420 nm) were recorded at an excitation wavelength λex = 320 nm with excitation and 

emission bandwidths of 5 nm. All fluorescence measurements (performed at least in 

triplicate) were acquired at 4 °C, using a Varian Cary Bio 300 UV-Vis Spectrophotometer.

Structure determination and refinement

All X-ray data were integrated and scaled using HKL2000 program suite54, and converted to 

structure factors with the CCP4 program. The ALKBH2-DNA complex structure was 

phased by molecular replacement (with Phaser)55, using the previously published ALKBH2 

structure as a search model. The model was built by using COOT56, and refinement was 

carried out with the program REFMAC5 from the CCP4 suite57. Data collection and 

refinement parameters for all structures are given in Table 1. Molecular graphics figures 

were prepared with PyMOL58.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Base pairs with different stability are discernible by ALKBH2. (a) Cartoon of the CG 

structure. (b) Local view showing the interrogation of the target C8:G8′ pair by ALKBH2, 

with residues Val101 and Phe102 highlighted. (c) Overall view of the AT structure. 

ALKBH2 is shown in green, DNA in yellow-orange, DNA bases from the upper strand in 

light magenta and those from the bottom strand in cyan.
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Figure 2. 
Contributions of ALKBH2 to base-flipping in duplex DNA. (a) Cartoon view of the CI 

structure. The same color coding in Fig. 1 is used. (b) Computational analysis of free energy 

difference for ALKBH2 to break a C:G or C:I pair. States observed in crystal structures are 

in the orange boxes and contributions to the free energy difference ΔΔG are plotted.
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Figure 3. 
ALKBH2 probes the stability of a base pair to detect DNA damages. (a) Side view of the 

CG structure. The approximate location of a flipped base is indicated with a magenta box 

and that of the orphaned base (which could have multiple conformations) is indicated with a 

dashed cyan box. (b) Overlay of the 1-meA structure (3BTY) and the CG structure. A clear 

shift of the hairpin loop is highlighted. The protein portion of 3BTY is shown in cyan and 

the DNA part is omitted for clarity purpose.
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Figure 4. 
ALKBH2 does not have nor need a damage-checking site; its oxidation chemistry insures 

that non-substrate bases are not modified. (a) Superposition of the AT structure, εA 

structure, and 3BTY to show that the three flipped bases, damaged or not, are bound to the 

same site of ALKBH2. The view on the left panel is of the same angle as in Fig. 3; a 90° 

clockwise rotation of the left panel gives the view on the right. (b) Overlay of the CI and 3-

meC structures using the protein part of the complex. A zoom-in view on the right shows the 

four active site residues that interact with the 3-meC base (Tyr122 and Glu175 form 

hydrogen-bonds to N4 of 3-meC; Phe124 and His171 stack against 3-meC). (c) Final 

positions of 3-meC (light magenta) and cytosine (pale cyan) in the active site of ALKBH2 

are the same. The identical view as in b is shown, and all protein residues are omitted for 

clarity purpose. (d) Stereo view (which is a 90° clockwise rotation of c) of the metal site of 

the 3-meC structure. The aberrant methyl group (highlighted with yellow background color) 

is precisely positioned by ALKBH2 for efficient oxidation. The approximate location of the 

putative iron(IV)-oxo species, after 2-ketoglutarate is converted to succinate, is colored in 

blue.
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