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Abstract

E. coli AlkB and human ALKBH2 belong to the AlkB family enzymes, which contain several α-

ketoglutarate (α-KG)/Fe(II)-dependent dioxygenases that repair alkylated DNA. Specifically, the 

AlkB enzymes catalyze decarboxylation of α-KG to generate a high-valent Fe(IV)-oxo species 

that oxidizes alkyl groups on DNA adducts. AlkB and ALKBH2 have been reported to 

differentially repair select etheno adducts, with preferences for 1,N6-ethenoadenine (1,N6-εA) and 

3,N4-ethenocytosine (3,N4-εC) over 1,N2-ethenoguanine (1,N2-εG). However, N2,3-

ethenoguanine (N2,3-εG), the most common etheno adduct, is not repaired by the AlkB enzymes. 

Unfortunately, a structural understanding of the differential activity of E. coli AlkB and human 

ALKBH2 is lacking due to challenges acquiring atomistic details for a range of substrates using 

experiments. This study uses both molecular dynamics (MD) simulations and ONIOM(QM:MM) 

calculations to determine how the active site changes upon binding each etheno adduct and 
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characterizes the corresponding catalytic impacts. Our data reveal that the preferred etheno 

substrates (1,N6-εA and 3,N4-εC) form favorable interactions with catalytic residues that situate 

the lesion near the Fe(IV)-oxo species and permit efficient oxidation. In contrast, although the 

damage remains correctly aligned with respect to the Fe(IV)-oxo moiety, repair of 1,N2-εG is 

mitigated by increased solvation of the active site and a larger distance between Fe(IV)-oxo and 

the aberrant carbons. Binding of non-substrate N2,3-εG in the active site disrupts key DNA–

enzyme interactions, and positions the aberrant carbon atoms even further from the Fe(IV)-oxo 

species, leading to prohibitively high barriers for oxidative catalysis. Overall, our calculations 

provide the first structural insight required to rationalize the experimentally-reported substrate 

specificities of AlkB and ALKBH2 and thereby highlight the roles of several active site residues in 

the repair of etheno adducts that directly correlates with available experimental data. These 

proposed catalytic strategies can likely be generalized to other α-KG/Fe(II)-dependent 

dioxygenases that play similar critical biological roles, including epigenetic and post-translational 

regulation.
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INTRODUCTION

DNA is often modified by endogenous and exogenous agents that alkylate nucleobases and 

threaten the fidelity of the genome.1–3 For example, etheno adducts can form when DNA 

reacts with metabolites of vinyl chloride or the unsaturated products of lipid peroxidation.4, 5 

To date, four etheno adducts have been characterized: 1,N6-ethenoadenine (1,N6-εA), 3,N4-

ethenocytosine (3,N4-εC), 1,N2-ethenoguanine (1,N2-εG), and N2,3-ethenoguanine (N2,3-

εG; Figure 1). These lesions are replication blocks for standard DNA polymerases,6, 7 and 

successful bypass by translesion synthesis polymerases sometimes results in mutagenic 

consequences in vivo.6, 8 Specifically, A→T and A→G substitution mutations occur upon 

replication of DNA-containing 1,N6-εA,6, 8 while C→A and C→T mutations arise when 

3,N4-εC-containing DNA is copied.6 Both frameshift and substitution (G→A and G→T) 

mutations result when 1,N2-εG or 2′-F-N2,3-εG is replicated, with the 2′-F-N2,3-εG 

analogue studied due to the highly labile glycosidic bond of the free N2,3-εG nucleotide and 

the anticipated minimal effect of the 2′ fluoro substituent.7, 9

Since the accumulation of mutations destabilizes the genome, leading to carcinogenesis,10 

successful repair of mutagenic adducts such as the etheno lesions is paramount.1 Indeed, 

deficiencies in the repair of 1,N6-εA and 3,N4-εC have been associated with 

adenocarcinoma lung tumours11, 12 and colorectal carcinoma.13 Furthermore, ineffective 

repair of N2,3-εG has been implicated as a cause of vinyl chloride-induced carcinogenesis.7 

Several DNA repair pathways act on etheno adducts,14 including base excision repair. 

Specifically, AAG initiates removal of 1,N6-εA and 1,N2-εG from DNA as part of the base 

excision repair (BER) pathway,15, 16 while repair of 3,N4-εC can be initiated by DNA 

glycosylases TDG,17 SMUG1,18 and MBD4,19 and N2,3-εG is a substrate of 3-

methyladenine DNA glycosylase II.20 Transription-coupled nucleotide excision repair has 

Lenz et al. Page 2

DNA Repair (Amst). Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also been reported to act on 3,N4-εC-containing DNA.21 In E. coli and humans, the AlkB 

family enzymes catalyzes oxidative dealkylation of 1,N6-εA6, 22 and 3,N4-εC,6 which 

expands the substrate scope of AlkB beyond methylated DNA.23–29 In fact, despite 

numerous pathways that process alkylated DNA,14 Delaney and coworkers revealed that 

only AlkB proficient cells mitigate the mutagenicity and replication block of 1,N6-εA and 

3,N4-εC.6

E. coli AlkB and other members of the AlkB family enzymes are part of the nonheme α-

ketoglutarate (α-KG)/Fe(II)-dependent dioxygenase superfamily that utilizes molecular 

oxygen and decarboxylation of α-KG to drive the oxidation of organic molecules (Figure 2).
30 Members of this superfamily catalyze oxidative transformations and thereby play critical 

roles within biological pathways.31–36 Indeed, the AlkB enzymes are present in prokaryotes 

and eukaryotes, including 9 human homologues (ALKBH1–8 and FTO), although only 

ALKBH2 and ALKBH3 have been reported to repair alkylated DNA.30, 37–39 Among the 

four etheno lesions, 1,N6-εA and 3,N4-εC are generally efficiently dealkylated by the AlkB 

proteins,6, 22, 40 while N2,3-εG is not repaired by E. coli AlkB7 or other AlkB enzymes 

including ALKBH2 and ALKBH3.7, 41 Furthermore, 1,N2-εG damage is reversed slower 

than 1,N6-εA or 3,N4-εC by AlkB, ALKBH2, and ALKBH3.40, 41

In addition to adduct specificity, the AlkB enzymes exhibit different strand preferences when 

targeting etheno lesions. Specifically, both E. coli AlkB and ALKBH3 have higher repair 

efficiencies for etheno adducts in single-stranded DNA (ssDNA) compared to double-

stranded DNA (dsDNA),40 which correlates with a ssDNA preference for the repair of 

methyl lesions.23–28, 39 In contrast, ALKBH2 preferentially repairs both methyl and etheno 

adducts in dsDNA over ssDNA.2, 27, 40, 42 Crystal structures of E. coli AlkB and ALKBH2 

bound to DNA explain the strand specificity by suggesting unique base flipping strategies 

for each enzyme.43 While ALKBH2 uses an aromatic finger residue (Phe102) to facilitate 

base flipping,43 E. coli AlkB bends and compresses the DNA backbone to flip the lesion into 

the active site and stabilizes the extrahelical conformation by forcing the flanking 

nucleobases into a stacked arrangement.43 Despite conservation of several DNA-binding 

motifs, the Phe102 finger residue of ALKBH2 is not conserved in ALKBH3,39, 43 and an 

DNA–ALKBH3 complex has yet to be crystallized to provide structural clues for the base-

flipping mechanism. Despite differential strand preferences for the AlkB enzymes, crystal 

structures of E. coli AlkB in complex with ssDNA and dsDNA reveal a remarkably similar 

active site conformation (rmsd = 0.912 Å),44 indicating that the base flipping step is likely 

responsible for the strand specificity. Furthermore, the AlkB enzymes prefer 1,N6-εA and 

3,N4-εC over 1,N2-εG regardless of the ssDNA versus dsDNA context,27, 40, 42 providing 

evidence that the substrate specificity of the AlkB enzymes is affected by the steps following 

base flipping.

Crystal structures of E. coli AlkB43–47 and ALKBH243, 46–48 bound to cofactors and lesion-

containing DNA reveal that these enzymes utilize similar active site architectures to bind 

substrates (Figure 3). Specifically, a 2-His-1-carboxylate (Asp) facial triad binds Fe(II) and 

α-KG, which facilitates generation of a high-valent iron-oxo intermediate (Figures 2 and 3).
39, 43–48 Several crystal structures have been solved in the presence of the cofactors and 

Mn(II), which is anticipated to bind to the facial triad in a similar geometry as Fe(II). In E. 
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coli AlkB (ALKBH2 numbering in brackets), a hydrogen bond exists between the 5′-

phosphate of the lesion and Tyr76 (Ser125), and π−π interactions are present between the 

nucleobase and His131 (His171) and Trp69 (Phe124). For 1-methyladenine (1MeA) or 3-

methylcytosine (3MeC), Asp135 (Glu175) hydrogen bonds with the exocyclic amino group, 

which likely contributes to the substrate preference for A and C lesions over G and T 

lesions.25, 27, 43 However, direct hydrogen bonds are not present between the nucleobase and 

active site residues when AlkB (ALKBH2) is in complex with 1,N6-εA-containing DNA, 

although Asp135 (Glu175), Glu136, and Tyr78 (Tyr122) are positioned to interact with the 

nucleobase through water-mediated hydrogen-bonding networks.43–48 Unfortunately, crystal 

structures of AlkB or ALKBH2 bound to 3,N4-εC, 1,N2-εG or N2,3-εG have yet to be 

solved and therefore the active site conformation upon binding these lesions is currently 

unknown.

Computational studies have provided valuable insight into the function of AlkB. 

Specifically, DFT and QM/MM studies have been used to examine E. coli AlkB-catalyzed 

decarboxylation of α-KG to yield succinate and the Fe(IV)–oxo intermediate (Figure 2), 

which confirm a favored quintet spin state for the Fe(IV)-oxo species.49–52 Furthermore, 

molecular dynamics (MD) simulations suggest that changes in discrete interactions between 

methyl lesions and the active sites of AlkB, ALKBH2, and FTO have a significant effect on 

relative repair efficiencies.53–55 QM/MM calculations of the E. coli AlkB-mediated repair of 

1,N6-εA predicted a catalytic mechanism involving oxidation of the ethene bridge by the 

oxo ligand via oxy zwitterion and glyoxide intermediates.56 This contrasts the proposed 

epoxide and glycol intermediates (Figure 2),6, 7, 22, 45, 57, 58 based on mass spectrometry 

detection of intermediate species with corresponding masses,6, 22, 57, 58 and in crystallo 
trapping of the glycol intermediate.45 Nevertheless, the QM/MM predicted glyoxide 

intermediate56 is indistinguishable from the glycol intermediate in crystallo and the 

aldehyde byproduct has an equivalent molecular mass to the glycol intermediate.

While previous mechanistic and structural studies have provided important insights 

regarding AlkB- and ALKBH2-mediated repair of 1,N6-εA, the structural basis for the 

relative activity of the AlkB enzymes toward other etheno lesions is poorly understood. 

Indeed, to the best of our knowledge, no theoretical study has examined the activity of AlkB 

on an etheno lesion other than 1,N6-εA or the activity of ALKBH2 on any etheno adduct. 

Nevertheless, when 3,N4-εC, 1,N2-εG, and N2,3-εG are superimposed onto a crystal 

structure of 1,N6-εA-containing DNA bound to AlkB,45 N2,3-εG falls the furthest from the 

metal center (by ~0.5 Å compared to 1,N6-εA), which was proposed to mitigate repair.7 

However, structural studies of nonheme Fe(II) and α-KG-dependent enzymes reveal that the 

distance between the substrate and metal atoms can vary significantly.59 It is therefore 

unclear whether a longer distance between N2,3-εG and Fe(II) entirely mitigates catalysis or 

whether other factors contribute to the inability of AlkB to oxidize N2,3-εG. Moreover, 

NMR studies suggest that AlkB is highly dynamic and that decarboxylation of α-KG to 

succinate leads to an enhanced dynamic state,60, 61 suggesting significant changes could 

occur in the position of the lesion relative to the Fe(IV)-oxo moiety and other catalytic active 

site residues. Thus, it is critical to obtain information about the dynamics of the active site 

conformation when the AlkB enzymes are bound to different etheno lesions to understand 

the reported differential rates of repair.
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The current study combines MD simulations and QM/MM calculations to probe how AlkB 

or ALKBH2 bind the four etheno lesions (1,N6-εA, 3,N4-εC, 1,N2-εG, and N2,3-εG). Our 

work provides the first structural evidence of an AlkB enzyme bound to the 3,N4-εC and 

1,N2-εG substrates and the N2,3-εG non-substrate, which reveals how each lesion affects the 

position of catalytic residues and active site water molecules. As a result, new proposals can 

be made regarding the catalytic roles of active site residues that directly correlate with and 

thereby rationalize available experimental data. To understand the impact of these structural 

changes on the oxidation mechanism, we characterize the ONIOM(QM:MM) reaction 

pathway for the first step of AlkB-mediated repair of representative etheno lesions. Overall, 

our data provide a structural explanation for the experimentally-determined preference of the 

AlkB enzymes for 1,N6-εA and 3,N4-εC over 1,N2-εG, and explain why N2,3-εG is not an 

AlkB or ALKBH2 substrate. More broadly, our data sheds light on the catalytic strategies 

used by the AlkB enzymes to repair alkylated DNA, which can be extended to other α-KG/

Fe(II)-dependent dioxygenases that play pivotal roles in numerous pathways,31 including 

transcription,32, 33 epigenetic regulation,34 biosynthesis of base J in parasitic trypanosomes,
35 and tRNA modification pathways.36

COMPUTATIONAL METHODS

In total, 8 unique complexes were considered that contain AlkB or ALKBH2 bound to DNA 

containing one of four etheno lesions (namely 1,N6-εA, 3,N4-εC, 1,N2-εG, and N2,3-εG, 

Figure 1). X-ray crystal structures of AlkB (PDB IDs: 3O1U and 3O1S)45 and ALKBH2 

(PDB IDs: 3RZK and 3RZJ)48 bound to lesion-containing DNA were used to build all 

models. In these crystal structures, AlkB is in complex with succinate, Fe(II), and oxidized 

1,N6-εA or 3MeC, while ALKBH2 is in complex with α-KG, Mn(II), and 1,N6-εA or 

3MeC. Starting from the structure of AlkB bound to oxidized 1,N6-εA (PDB ID: 3O1U), the 

coordination distance between Fe(II) and the oxygen attached to the nucleobase was 

shortened to generate the Fe(IV)–oxo AlkB complex. The iron-binding site was then 

optimized with B3LYP/6–31G(d,p) (H, C, N, and O) and B3LYP/LANL2DZ (Fe(IV)) using 

Gaussian 16 (revision B.01).62 Subsequently, the iron-binding site was superimposed onto 

the metal-binding site of the three other X-ray crystal structures. For the ALKBH2 models, 

α-KG was replaced with succinate. Starting structures for 3,N4-εC bound by AlkB or 

ALKBH2 were generated from the 3MeC-containing crystal structures since these 

pyrimidine lesions differ by only a single heavy atom. Models of AlkB or ALKBH2 bound 

to the εG lesions were generated from the X-ray crystal structures of 1,N6-εA bound by the 

corresponding enzyme. The nucleotide chi (χ) angle was adjusted to minimize steric clashes 

within the active site and increase the distance between the nucleobase and the oxo ligand 

for the 3O1U-derived complexes (±30° for AlkB bound to 1,N6-εA, 1,N2-εG, and N2,3-εG; 

±5° for other complexes). Protonation states were initially assigned using H++,63 and 

adjusted to preserve local hydrogen-bonding networks. All crosslinking mutations necessary 

for crystallization were reverted to the wild-type phenotype, while the overhanging 5′ and 

3′ termini of the bound DNA were truncated.

The Amber ff14SB forcefield64 was used to model each complex, with the parameter set 

assigned to non-standard etheno lesions being supplemented with GAFF parameters.65 Each 

etheno adduct was assigned restrained electrostatic potential (RESP) charges calculated 
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based on B3LYP/6–31G(d) optimized geometries (Gaussian 16, revision B.01).62 The Metal 

Center Parameter Builder (MCPB.py)66 was utilized to assign bonding, angle, dihedral, and 

non-bonding parameters based on B3LYP (6–31G(d,p) for H, C, N, and O, and LANL2DZ 

for Fe(IV)) optimized structures of the iron-binding site according to the Seminaro method.
67 Each complex was neutralized with Na+ counterions and placed in an octahedral TIP3P 

water box, ensuring that at least 10 Å exists between the DNA–protein complex and the 

water box boundary.

The Amber 16 GPU-accelerated and the MPI version of PMEMD68, 69 was used for all 

equilibration and production steps, while the CPU version of PMEMD was utilized for 

minimization steps.70 A 10 Å electrostatic cutoff was implemented using the particle mesh 

Ewald method. Prior to unrestrained simulation, the system was subjected to several rounds 

of minimization, heating, and equilibration. Representative structures (clustering 

methodology described below) were chosen from these simulations as starting structures for 

three 500 ns MD replica simulations for each system, which differ in the initial velocity. Due 

to small differences between the replicas (active site rmsds range between 0.7 and 1.4 Å; 

Tables S1–S2), one replica for each system was extended to 1 μs MD, which yielded data in 

good agreement with that from the shorter simulations. Therefore, the main text focuses on 

the results from the 1 μs MD production simulations. The CPPTRAJ module71 implemented 

in Amber 16 was used to analyze the geometric data obtained from trajectories.

To determine the structural impact of differing active site configurations isolated from MD 

simulations on the first step in the catalytic pathway, representative MD structures for select 

etheno lesions were used as ONIOM(QM:MM) starting points. The ONIOM(QM:MM) 

models were minimized using the MD force field described above and a 100.0 kcal mol−1 Å
−2 restraint to fix excluded atoms. Subsequently, all water molecules greater than 5 Å from 

the DNA or protein were removed. The system was separated into two layers according to 

the ONIOM formulism: 1) the QM region was treated with B3LYP/6–31G(d,p) for H, C, N, 

and O atoms and B3LYP/LANL2DZ for Fe, and 2) the MM region was treated with Amber 

ff14SB supplemented with GAFF, and MCPB.py-derived parameters for the bound lesion 

and iron-ligating site. The QM layer for AlkB contains the sidechains (truncated at the Cα
−Cβ bond) of Trp69, His131, Asp133, His187, and Asp135, succinate, Fe(IV), the oxo 

ligand, the iron-ligated water, the bound nucleotide (truncated at the N9–C1′ bond), and 

water molecules (typically 4–5) within 5 Å of the aberrant carbon atoms of the bound lesion. 

Water molecules more than 9 Å from the bound nucleotide were held fixed. Each reactant 

complex (RC) was ONIOM(QM:MM) optimized using electrostatic embedding (Gaussian 

16, revision B.01).62 Subsequently, a relaxed potential energy surface scan was performed 

from the optimized RC by fixing and reducing the reaction coordinate (e.g., distance 

between the oxo ligand and C10) to ~1.3 Å, initially in 0.100 Å increments and subsequently 

in 0.05 Å increments in the TS region. Stationary points were identified from the scans, 

optimized without constraints, and characterized using frequency calculations. Approximate 

Gibbs energies with scaled (0.9813) zero-point corrections and unscaled thermal corrections 

are reported in the figures and tables. Reported Gibbs energies neglect entropic and 

enthalpic contributions from the MM environment due to the harmonic approximation 

applied to QM atoms.
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Full computational methods are provided in the Supporting Information.

RESULTS AND DISCUSSION

Average Dynamic Distance Between the Bound Lesion and Fe(IV)-oxo Group Correlates 
with Relative AlkB and ALKBH2 Repair Efficiencies.

As discussed in the Introduction, the 3,N4-εC, 1,N2-εG, and N2,3-εG nucleotides have been 

superimposed onto DNA containing 1,N6-εA in complex with AlkB, which revealed that the 

etheno substrates (i.e., 1,N6-εA, 3,N4-εC, and 1,N2-εG) are in close proximity to the 

Fe(IV)-oxo group, while N2,3-εG is far from this group.7 Although this static prediction 

correlates with kinetic and mass spectrometry data reflecting the relative repair rates,6, 7, 40 

this approach does not account for the reported highly dynamic AlkB complex.60, 61 To 

more accurately assess how the series of etheno lesions is positioned with respect to the 

Fe(IV)-oxo moiety, MD simulations were performed on the corresponding DNA-AlkB and 

ALKBH2 complexes.

In all DNA-protein structures, the preferred octahedral coordination geometry of iron is 

maintained, with average distances to Fe(IV) of ~2.2 Å for His residues, ~1.9 Å for 

succinate, Asp, and water, and ~1.6 Å for the oxo ligand (Tables S3–S4). Furthermore, the 

positions of His131, His187, and Asp133 deviate by only ~0.1 Å for the AlkB complex with 

1,N6-εA compared to the corresponding X-ray crystal structure (Figure S1 and Table S3),45 

while the oxo coordination distance (1.6 Å) is equivalent to that in a previously reported 

QM/MM structure.56 These features provide confidence that the modelled Fe(IV)-oxo 

species permits accurate geometries of the active site.

For AlkB bound to 1,N6-εA, 3,N4-εC, or 1,N2-εG, the distance between the Fe(IV)-oxo 

group and closest carbon atom (C10 or C11) in the etheno bridge is 3.3–3.4 Å (Figure 1 and 

Figure 4a–c). In contrast, the distance between N2,3-εG and the Fe(IV)-oxo moiety is longer 

(4.0 Å; Figure 4d and Table S3). A similar trend occurs for the ALKBH2 complexes, where 

substrates are positioned near the oxo ligand (3.4–3.8 Å; Figure 4e–h), while N2,3-εG is 

significantly further away (5.2 Å, Figures 4e–h and Table S4). Although the substrates are 

slightly further from the Fe(IV)-oxo moiety in ALKBH2 compared to AlkB, the standard 

deviation in this distance is also greater for ALKBH2 (±0.4–0.7 Å) compared to AlkB (±0.3 

Å). The greater flexibility of the bound substrate in AlkBH2 arises since there are fewer π-

interactions between the nucleobase and active site residues (Figure 3).

The distance between the Fe(IV)-oxo group and closest nucleobase heavy atom predicted in 

the present work by MD simulations for 1,N6-εA, 3,N4-εC, and 1,N2-εG match the 

equivalent distance reported for a QM/MM reactant of AlkB bound to 1,N6-εA (3.2 Å).56 

Furthermore, for both the AlkB and ALKBH2 complexes, the distance between the oxo 

ligand and 1,N6-εA, 3,N4-εC, or 1,N2-εG matches the predicted and equivalent distance for 

AlkB or ALKBH2 bound to 3-methylcytosine (3MeC), which is among the best substrates 

for each enzyme.54 Since Fe(IV)-oxo intermediates are highly reactive and not possible to 

trap in crystallo, the distance between the metal ion and aberrant carbon atoms must be 

compared. Our calculations predict that 1,N6-εA and 3,N4-εC are positioned ~4.5 Å from 

the metal center of AlkB or ALKBH2, which matches the corresponding distances (4.3–4.5 
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Å) in X-ray crystal structures of either enzyme in complex with 1,N6-εA.45, 48 In contrast, 

1,N2-εG falls 5.0 Å from the metal center (Tables S3–S4), while the corresponding distance 

for N2,3-εG is even longer (5.3–6.1 Å; Tables S3–S4). Moreover, these distances are 

consistent across all replicates of the same DNA-protein complex (distances within 0.5 Å; 

Tables S5–S6). These comparisons provide confidence in the accuracy of our MD predicted 

structural information for the DNA-AlkB and ALKBH2 complexes.

Our predicted structural data correlates with the relative AlkB and ALKBH2 repair 

efficiencies of the etheno lesions,7, 27, 40, 42 with the shortest distance between Fe(IV)-oxo 

and the aberrant carbon atoms arising for the strong substrates 1,N6-εA and 3,N4-εC, a 

longer distance for the weaker substrate 1,N2-εG, and the longest distance for the non-

substrate N2,3-εG. Nevertheless, the proximity of N2,3-εG to Fe(IV) is comparable to X-ray 

crystal structures of other α-KG/Fe(II)-dependent dioxygenases, including JmjC-methyl 

lysyl demethylases that positions substrates up to 5.8 Å away from the metal ion.32, 59 While 

our data suggests that the proximity of the lesion to the Fe(IV)-oxo group may be one factor 

that influences catalysis, other factors likely also play significant roles in dictating whether 

the DNA-enzyme complex is biologically active.

π-interactions Stabilize Etheno Adducts within the Active Sites of AlkB and ALKBH2.

Crystal structures of AlkB or ALKBH2 bound to 1,N6-εA suggest no direct hydrogen bonds 

occur between the nucleobase and active site residues (Figure 3).43–48 However, π−π 
stacking interactions are formed between the nucleobase and His131/Trp69 in AlkB, and 

His171/Phe124 in ALKBH2. Tyr76 in AlkB is also in proximity to form π-stacking 

interactions with the bound 1,N6-εA substrate nucleobase. Such π-interactions are 

ubiquitous throughout biology,72 and have been shown to play a critical role in positioning 

alkylated DNA adducts in AAG-mediated repair.73–75 Therefore, such interactions may also 

be critical components in substrate binding and catalysis for the repair of etheno lesions by 

the AlkB family enzymes.

Across MD simulations on DNA-AlkB complexes, all alkylated nucleobases maintain a π-

stacking interaction with the sidechain of His131 in AlkB (His171 in ALKBH2), with a 

distance between the rings of ~3.5–4.5 Å (Tables S3–S4 and Figure 5). In AlkB, a T-shaped 

π-interaction also occurs between Tyr76 and each nucleobase (distance = 4.5–5.4 Å, Table 

S3), which matches the crystallographic orientation of Tyr76 with respect to AlkB for 1,N6-

εA (Figure 3).45, 47 Interestingly, Tyr76 also forms a direct or water-bridged hydrogen bond 

with the 5′-phosphate (Table S7 and Figures 5 and S2), while Ser125 forms a direct 

hydrogen-bonding interaction for all ALKBH2 substrates (Table S8 and Figure 5). X-ray 

crystal structures of AlkB and ALKBH2 bound to 1,N6-εA have led to the proposal that 

these interactions are important for stabilizing a closed and catalytically-conducive active 

site configuration.43, 44

Although the average stacking distance between the nucleobase and Trp69 is ~5.1–5.8 Å 

when AlkB is bound to the etheno substrates (1,N6-εA, 3,N4-εC, or 1,N2-εG), the distance 

increases to 6.6 Å when AlkB is bound to a non-substrate (N2,3-εG; Table S3). Indeed, the 

nucleobases of the substrates significantly overlap with Trp69, which contrasts the poor 

alignment of N2,3-εG and Trp69 (Figures 5 and S3). Similarly, a π−π interaction exists 
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between Phe124 and the nucleobase for ALKBH2 bound to 1,N6-εA, 3,N4-εC, or 1,N2-εG 

(distance = ~4.0–4.9 Å), but is generally not present for N2,3-εG (distance = 8.3 Å; Table S4 

and Figures 5 and S3–S4). In fact, the N2,3-εG nucleotide π-contact with Phe124 is 

replaced with hydrogen-bonding interactions with Asn169 (occupancy = 70.4%, distance = 

3.0 Å , angle = 145°) and Arg254 (occupancy = 74.0%, distance = 2.9 Å, angle = 144°, 

Table S8). Furthermore, there is disruption of the hydrogen bond between the 5′-phosphate 

and Ser125 for bound N2,3-εG (occupancy = 16.2%, distance = 2.7 Å, angle = 164°; Figures 

S3 and S4 and Table S8). When compared to the consistent location of the three substrates in 

the active site (Figures 5 and S3), this altered positioning of N2,3-εG may contribute to the 

lack of AlkB and ALKBH2 repair activity. The altered positioning of N2,3-εG relative to the 

substrates is also consistent in all replicate simulations (distance = ~6.5 Å for AlkB and 

distance = ~7.6–9.4 Å for ALKBH2; Tables S5 and S6). Furthermore, when the AlkB and 

ALKBH2 active sites are compared when bound to the same etheno substrate, similar 

orientations of the nucleobase with respect to Trp69 in AlkB and Phe124 in ALKBH2 

suggest these residues fulfill similar roles in alkylated DNA repair (Figure S5).

Overall, we propose that π-interactions play key roles in the AlkB and ALKBH2-mediated 

repair of alkylated DNA, including positioning substrates in catalytically-conducive 

conformations. This suggestion correlates with the critical binding and catalytic roles that π-

interactions have been shown to play in AAG-mediated repair of damaged DNA (including 

1,N6-εA),73–75 with disruption of these interactions mitigating AAG activity.74, 75 

Interestingly, a π-contact is present between an active site tyrosine (Tyr1902) and a bound 

substrate (5-methylcytosine) in ten-eleven translocation enzyme 2 (TET2), another α-KG/

Fe(II)-dependent dioxygenase that oxidizes DNA (distance = 4.1 Å).34 Our data suggest this 

π-contact may stabilize the position of the 5-methyl group in the vicinity of the Fe(II) center 

in TET2 and thereby facilitate oxidation. Thus, π-interactions are likely not only important 

for the repair of alkylated DNA, but rather may also play a catalytic role in the active sites of 

other α-KG/Fe(II)-dependent dioxygenases.

Other Catalytic Residues and Water are Aligned for AlkB- or ALKBH2-mediated Oxidation 
of 1,N6-εA and 3,N4-εC, but Disrupted for 1,N2-εG and N2,3-εG.

In the literature, Asp135 or Glu136 in AlkB (Glu175 in ALKBH2) have been implicated in 

the substrate preference of A and C lesions over T and G lesions (Figure 3).25, 27, 43 

Moreover, Asp135, Glu136, and Tyr78 were proposed to play an active role in AlkB-

catalyzed repair of 1,N6-εA, including activation of water to assist the formation of the 

glycol57 or glyoxide56 repair intermediate. Indeed, crystal structures of AlkB or ALKBH2 in 

complex with 1,N6-εA suggest these residues may interact with the nucleobase through 

water-mediated hydrogen-bonding networks. Moreover, the placement of Tyr78 (Tyr122 in 

ALKB2) suggests possible (direct or water-mediated) interactions with the bound substrate. 

Therefore, these residues may also be important for binding and repair.

Our simulations of AlkB and ALKBH2 bound to DNA containing 1,N6-εA reveal that the 

position of Asp135/Glu136 or Glu175, and Tyr78 or Tyr122 with respect to the lesion is 

similar to the matches the corresponding AlkB or ALKBH2 X-ray crystal structure (Figures 

6, S6–S9).45, 48 Specifically, the distance between the C10–C11 bond midpoint and Asp135 
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or Glu136 in AlkB falls between 6.1 and 7.1 Å (Table S3 and Figure S7, while Glu175 is 

generally < 6 Å from the lesion for ALKBH2 (Figure S8). Although the nucleobase-active 

site residue relative orientations are similar when either enzyme is bound to 3,N4-εC (Figure 

6a and d), there are slight differences, likely due to the smaller nucleobase. These slight 

changes permit increased solvation of the oxo ligand for AlkB or ALKBH2 and may not be 

favorable for the first step of repair (occupancy = 76–83%; Table S7–S8 and Figure S10). 

Nevertheless, a persistent solvent bridge exists between N6 of 1,N6-εA or N4 of 3,N4-εC 

and the carboxylate groups of Asp135 and/or Glu136 in AlkB (Glu175 in ALKBH2) 

(occupancy = 100%; Tables S7–S8 and Figure S11). Furthermore, a solvent-mediated 

hydrogen bond stabilizes the position of Tyr78 (Tyr122 in ALKBH2) and Glu136 (Glu175 in 

ALKBH2). Thus, the solvent-bridged interactions between the active site residues and N6 of 

1,N6-εA or N4 of 3,N4-εC likely plays an important role in substrate binding. Thus, our 

simulations suggest that Asp135, Glu136, Tyr78 and active site water are in position to 

facilitate AlkB repair of 1,N6-εA and 3,N4-εC, while Glu175 and Tyr122 may play 

equivalent roles for ALKBH2. Nevertheless, the position of the residues could change 

during repair due to the highly dynamic nature of the active site of both enzymes.60, 61

For 1,N2-εG or N2,3-εG bound by AlkB or ALKBH2, the distances between the lesion and 

Asp135, Glu136, and Tyr78 in AlkB (Glu175 and Tyr122 in ALKBH2) increase 

significantly (by ~2–8 Å) compared to either enzyme bound to 1,N6-εA or 3,N4-εC (Tables 

S3–S4, Figures 6 and S6–S8). These changes occur in part due to electrostatic repulsion 

between O6 of the guanine nucleobase and the carboxylate group of Asp135 or Glu175 

(Figure 6). For 1,N2-εG, the oxo ligand is highly solvated, such that a water-bridged 

interaction exists between the oxo ligand and N2H of the nucleobase, which may mitigate 

lesion oxidation (Figure S10c and g). In contrast, water hydrogen bonds with N1H of N2,3-

εG and the oxo ligand is minimally solvated (occupancy < 32%, Figure S10d and h and 

Tables S7–S8). Nevertheless, solvent bridges occur between O6 of the εG lesions and the 

carboxylate groups of Asp135/Glu136 in AlkB or Glu175 in ALKBH2 (occupancy 83–

100%; Tables S7–S8 and Figure S11). Furthermore, water is generally > 3.5 Å away from 

the aberrant carbon atoms (Figure S11), which indicates that water is not readily available 

for the formation of the glycol or glyoxide intermediate, although the position of the 

residues could change during repair.54,55 Interestingly, the aberrant atoms of N2,3-εG are 

situated in a hydrophobic region of the AlkB active site , while N2,3-εG forms a cation-π 
interaction with Arg100 when bound by ALKBH2 (distance = 6.5 Å, Table S4 and Figure 

S12). These interactions are likely anti-catalytic due to the anticipated poor stabilization of 

polar and charged repair intermediates, including the positive charge forming in the oxy 

zwitterion intermediate previously predicted by QM/MM studies for AlkB-catalyzed repair 

of 1,N6-εA.56 Thus, the nonoptimal position of active site residues and water for oxidative 

repair may be additional factors for the weak activity of the AlkB enzymes toward 1,N2-εG 

and the lack of activity toward N2,3-εG.7, 40

The Lesion-Dependent Active Site Conformation Enhances AlkB-catalyzed Oxidation of 
1,N6-εA, but Significantly Impedes Oxidation of N2,3-εG.

QM/MM mechanistic studies have proven to be a valuable tool for assessing the impact of 

changes in the active site conformations on the catalytic activity.73, 75 Since MD simulations 
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reveal similar active site conformations for AlkB and ALKBH2 bound to the same lesion 

(Figures S5–S6) and there is more experimental data for AlkB than ALKBH2 to validate our 

predictions, we focus on AlkB-catalyzed DNA repair. Furthermore, due to the previous 

computational work on 1,N6-εA repair and the differential activity of the AlkB repair 

enzymes toward N2,3-εG, these adducts were chosen for further examination as 

representative examples of the extremes in activity. Specifically, ONIOM(QM:MM) models 

were built from representative MD structures to model RC of the first reaction step for 1,N6-

εA and N2,3-εG repair, namely the oxidation of the ethylene bridge of the lesion by the oxo 

ligand coordinated to Fe(IV). The ONIOM(QM:MM) reactant complex for this first reaction 

step closely match the MD representative structures for both lesions (rmsd ~0.3–0.4 Å, 

Figure S13), and further highlight the unique lesion-specific active site conformation 

discussed based on the MD simulations.

For 1,N6-εA, the lesion is positioned close to the Fe(IV)-oxo moiety (~3.0 Å), which is 

likely critical for oxidative catalysis (Figure 7a). A solvent bridge is present between N6 of 

1,N6-εA and Asp135, which stabilizes the position of the substrate in the active site. As the 

reaction proceeds from the RC to the transition state complexes (TS), the 1,N6-εA 

nucleobase approaches the oxo ligand (oxo···C10 distance = 2.4 Å), while the oxo 

coordination distance increases slightly (by ~0.06 Å). The TS is stabilized by tightening of 

the π-interactions between the nucleobase and His131 (~0.15 Å decrease from the RC). 

Despite the nucleobase approaching the Fe(IV)-oxo group, the stacking distance between the 

nucleobase and Trp69 is essentially unchanged compared to the RC, indicating that Trp69 

remains closely associated with the nucleobase (Figure 7a). This supports our previous 

suggestion that His131 and Trp69 play catalytic roles in addition to facilitating substrate 

binding. In the resulting intermediate complexes (IC), a bond is formed between the oxo 

ligand and the substrate (oxo···C10 distance = ~1.3 Å), while the oxo ligand remains 

coordinated to iron (distance = ~2.1 Å). The overall Gibbs reaction barrier (~1.4 kcal mol−1) 

is low due to the high reactivity of the oxyferryl intermediate and the optimal position of the 

substrate with respect to the oxo ligand, His131, and Trp69. Although our QM/MM 

predicted barrier for 1,N6-εA oxidation is smaller than that previously reported (~5.3 kcal 

mol−1),56 our model differs by the inclusion of Trp69 in the high-level layer, which may 

lower the barrier by stabilizing the charge developing on the nucleobase throughout the 

reaction. Indeed, the interactions between the nucleobase and His131/Trp69 are present in 

all (MD or QM/MM) DNA-enzyme complexes considered in the present work regardless of 

the bound substrate, which emphasizes the potential key mechanistic roles of these residues.

Unlike for 1,N6-εA, the bound N2,3-εG nucleotide is located far from the oxo ligand in the 

reactant complex corresponding to AlkB repair (3.506 Å; Figure 7b). Furthermore, although 

a π-contact is formed between the nucleobase and His131 (4.3 Å), the distance between the 

nucleobase and Trp69 is much longer for N2,3-εG than 1,N6-εA (by approximately 1.1 Å; 

Figure 7). Along with these differences in the RC, the N2,3-εG TS is later compared to that 

of the strong etheno substrate 1,N6-εA (oxo···C11 distance = 1.754 Å compared to 1.683 Å), 

which likely arises due to the lack of stabilization afforded to the nucleobase by the 

elongated π-contacts and the positioning of the aberrant atoms in a hydrophobic region. 

Indeed, although the His131···nucleobase distance decreases by ~0.2 Å, the 

Trp69···nucleobase distance increases by 0.4 Å in the TS compared to the RC, which 
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suggests that Trp69 is unable to stabilize the nucleobase in the TS. These structural features 

result in a high barrier for N2,3-εG oxidation (~14.7 kcal mol−1). However, the first step of 

AlkB-mediated repair is expected to occur rapidly since Fe(IV)-oxo intermediates are highly 

reactive. Indeed, kinetic data indicates that the overall barrier for AlkB-catalyzed repair of 

1,N6-εA is ~22 kcal mol−1,6, 22 while QM/MM calculations predict that the rate-determining 

step is one of the final steps of the reaction,56 which has an associated barrier (~18.6 kcal 

mol−1) much larger than the first oxidation (~5.3 kcal mol−1) for 1,N6-εA repair. Therefore, 

the high barrier for the first reaction step for N2,3-εG oxidation predicted by our 

ONIOM(QM:MM) models supports the proposal from our MD simulations that the DNA-

enzyme complex for this etheno lesion does not adopt a catalytically-conducive 

conformation.

CONCLUSIONS

By providing the first structural insight into key active site features of repair enzymes bound 

to an etheno lesion other than 1,N6-εA, the present combined MD and ONIOM(QM:MM) 

study sheds light on previously reported experimental data that highlights the differential 

activity of AlkB and ALKBH2 toward four etheno adducts.7, 40 MD simulations reveal that 

π-interactions position the good substrates (1,N6-εA and 3,N4-εC) in close proximity to the 

Fe(IV)-oxo moiety. Furthermore, solvent bridges exist between catalytic Asp or Glu residues 

and N6 of 1,N6-εA or N4 of 3,N4-εC, which facilitate repair. In contrast, electrostatic 

repulsion occurs between the O6 carbonyl of the εG adducts and these active site residues. 

Indeed, the spatial separation between 1,N2-εG and Asp/Glu residues increases solvation of 

the oxo ligand and increases the distance between the aberrant carbons and the Fe(IV)-oxo 

species. This likely mitigates oxidative catalysis and provides a structural rationale for the 

observed reduced activity of the AlkB repair enzymes toward this substrate. However, the 

biggest difference in binding for the G etheno lesions arises in the case of N2,3-εG for which 

key active site π-interactions with the substrate are disrupted and the lesion is positioned 

very far from the Fe(IV)-oxo group. ONIOM(QM:MM) calculations reveal that changes in 

the position of the etheno adduct in the AlkB active site can have significant consequences 

on the first chemical step of etheno lesion repair. Indeed, ONIOM(QM:MM) predict a low 

barrier for 1,N6-εA oxidation due to optimal binding of the substrate, while the binding 

configuration of N2,3-εG significantly increases the barrier of an otherwise very low energy 

process. The large predicted oxidation barrier explains why N2,3-εG lesion escapes AlkB-

mediated repair. Overall, our data provide structural and energetic explanations for the 

experimentally-observed relative activity of the AlkB enzymes toward different etheno 

lesions, and suggest a complex interplay of several factors is critical for successful 

oxidation, including the placement of the substrate near the Fe(IV)-oxo moiety, maintenance 

of π-interactions between the nucleobase and aromatic residues, and limited solvation of the 

oxo ligand. As a result, our findings contribute to the growing body of literature clarifying 

the catalytic strategies used by α-KG/Fe(II)-dependent dioxygenases, which have diverse 

biological roles, including epigenetic regulation and post-translational modifications.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

1MeA 1-methyladenine

3MeC 3-methylcytosine

AAG alkyladenine DNA glycosylase

AlkA 3-methyladenine DNA glycosylase II

BER base excision repair

CG conjugate gradient

COM center-of-mass

dsDNA double-stranded DNA

IC intermediate complex

MBD4 methyl-CpG binding domain protein 4

MCPB Metal Center Parameter Builder

MD molecular dynamics

MM molecular mechanics

endonuclease VIII-like 1

ONIOM Our own N-layered Integrated Molecular Orbital and 

Molecular Mechanics

QM quantum mechanics

RC reactant complex

RESP restrained electrostatic potential

rmsd root-mean-square-deviation

SD steepest descent
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SMUG1 single-strand selective monofunctional uracil DNA 

glycosylase

ssDNA single-stranded DNA

TDG thymine-DNA glycosylase

TS transition-state complex

1,N2-ethenoguanine 1,N2-εG

1,N6-ethenoadenine 1,N6-εA

3,N4-ethenocytosine 3,N4-εC

N2,3-ethenoguanine N2,3-εG

α-KG α-ketoglutarate
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Highlights

• π−π interactions play key roles in positioning AlkB and ALKBH2 substrates 

for repair

• π−π interactions are disrupted when AlkB or ALKBH2 bind N2,3-εG

• Calculations predict small oxidation barriers for optimally placed substrates

• A large oxidation barrier is predicted for N2,3-εG repair

• The large barrier explains why N2,3-εG escapes AlkB-mediated repair
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Figure 1. 
Structures and chemical numbering of etheno adducts.
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Figure 2. 
Proposed mechanism for the repair of 1,N6-εA catalyzed by the AlkB enzymes.6
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Figure 3. 
X-ray crystal structures of the a) AlkB complex bound to 1,N6-εA (PDB ID: 3O1P)45 and b) 

ALKBH2 complex bound to 1,N6-εA (PDB ID: 3RZK).48
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Figure 4. 
Representative MD structures of the AlkB (a-d, blue) or ALKBH2 (e-h, red) complex bound 

to 1,N6-εA (a,e), 3,N4-εC (b,f), 1,N2-εG (c,g), or N2,3-εG (d,h) containing DNA, 

highlighting the average distances between the Fe(IV)-oxo group and the aberrant carbon 

atoms of the nucleobase.
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Figure 5. 
Representative MD structures of the AlkB (a-d, blue) or ALKBH2 (e-h, red) complex bound 

to 1,N6-εA (a,e), 3,N4-εC (b,f), 1,N2-εG (c,g), or N2,3-εG (d,h) containing DNA, 

highlighting the hydrogen-bonding interactions between the 5′-phosphate and active site 

residues, and the π-interactions between the nucleobase and aromatic residues.
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Figure 6. 
Overlays of representative MD structures of the AlkB (a-c blue) or ALKBH2 (d-f red) 

complex bound to 1,N6-εA and 3,N4-εC (a,b), 1,N2-εG (c,d), or N2,3-εG (e,f) containing 

DNA, highlighting the lesion-dependent positions of Asp135, Glu136, and Tyr78 for AlkB, 

and Glu175 and Tyr122 for ALKBH2.
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Figure 7. 
ONIOM(QM:MM) stationary points (QM layer in tubes, MM layer in transparent sticks or 

cartoon) corresponding to the first step of the AlkB-catalyzed oxidation of a) 1,N6-εA or b) 

N2,3-εG. Relative approximate Gibbs energies (kcal mol−1) are displayed in square brackets. 

Center-of-mass of the nucleobase, Trp69, and His131 are represented as purple spheres.
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