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Computational studies of DNA base repair mechanisms by
nonheme iron dioxygenases: Selective epoxidation and
hydroxylation pathways

Reza Latifi,*? Jennifer L. Minnick,® Matthew G. Quesne,*" Sam P. de Visser*? and Laleh Tahsini*?

DNA base repair mechanisms of alkylated DNA bases is an important reaction in chemical biology and in the human body it
is typically catalyzed by an a-ketoglutarate-dependent nonheme iron dioxygenase named the AIkB repair enzyme. In this
work we report a detailed computational study into the structure and reactivity of AIkB repair enzymes with alkylated DNA
bases. In particular, we investigate the aliphatic hydroxylation and C=C epoxidation mechanisms of alkylated DNA bases by
a high-valent iron(IV)-oxo intermediate. Our computational studies use quantum mechanics/molecular mechanics methods
on full enzymatic structures as well as cluster models on active site systems. The work shows that the iron(IV)-oxo species is
rapidly formed after dioxygen binding to an iron(ll) center and passes a bicyclic ring structure as intermediate. Subsequent,
cluster models explore the mechanism of substrate hydroxylation and epoxidation of alkylated DNA bases. The work shows
low energy barriers for substrate activation and consequently energetically feasible pathways are predicted. Overall, the
work shows that a high-valent iron(1V)-oxo species can efficiently dealkylate alkylated DNA bases and return them into their

original form.

Introduction

DNA base repair enzymes have important functions in biology
to fix damaged bases and return their structure and function to
their natural form.! DNA bases can be damaged through
unnatural effects such as X-ray radiation or chemical agents.
However, the body in some cases modifies DNA bases
temporarily as a defence mechanism. Thus, during DNA
replication, the DNA bases of the mother strand are typically
methylated to protect it from damage by DNA polymerase
activities. However, after the replication is complete these
methyl groups need to be removed again to make the DNA
functional. The enzymes involved in this process are the AlkB
repair enzymes that typically oxidize the alkylated bases.?2 For
instance, N3-methyl cytosine (3-meC) is believed to be
hydroxylated at the methyl group by a nonheme iron
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dioxygenase and released as formaldehyde. Experimental work
showed these enzymes to utilize a-ketoglutarate and dioxygen
on a nonheme iron centre and as such they were classified
within the class of nonheme iron/a-ketoglutarate-dependent
dioxygenases.3 These nonheme iron dioxygenases are versatile
enzymes in biology with functions varying from the biosynthesis
of natural products, including hormones such as flavonols in
plants and antibiotics, but also react through the
biodegradation of toxic compounds.*

In general, the nonheme iron/a-ketoglutarate-dependent
dioxygenases have a mononuclear iron centre that binds the
protein through a typical 2-His/1-carboxylate facial ligand
system whereby the carboxylate is typically the side chain of a
Glu or Asp residue.> The active site of a representative AlkB
repair enzyme is given in Fig. 1 as taken from the 3120 protein
databank (pdb) file.7 The active site has a central iron(ll) atom
that binds the protein via the side chains of Hisi31, Aspi3s and
Hisigz and in addition binds a-ketoglutarate (oKG), the co-
substrate. The position trans to Hisi3; (the axial ligand) is the
proposed binding site of molecular oxygen,® which binds as
iron(lll)-superoxo and reacts with aKG to form succinate and an
iron(lV)-oxo species. For several nonheme iron/a-
ketoglutarate-dependent dioxygenases this iron(IV)-oxo species
has been characterized with UV-Vis, Raman and Madssbauer
spectroscopy studies.?
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Fig. 1. Active site structure of AIkB repair enzymes as taken from the 3120 pdb file and typical repair reactions of alkylated cytosine by AlkB repair enzymes.

Moreover, computational modelling showed this process to be
stepwise with an initial electrophilic attack on the a-keto-
position of aKG to form a bicyclic ring structure followed by
decarboxylation to form persuccinate. In a final dioxygen bond
cleavage step an iron(IV)-oxo and succinate is formed, which is
the active species of the enzyme.10Overall, AIkB repair enzymes
have been shown to activate a range of alkylated DNA bases
including the exocyclic adducts 1,N¢-etheno adenine (gA), 3,N*-
etheno cytosine (eC) and 1,N2-etheno guanine (¢G). In addition,
there are methylated DNA bases: N3-methyl thymine (3-meT),
N1-methyl adenine (1-meA) and N3-methyl cytosine (3-meC).®
Thus, the exocyclic alkylated DNA bases are expected to be
epoxidized by the active species of AlkB, while the methylated
DNA bases have been suggested to be hydroxylated prior to a
demethylation reaction (Fig. 1).

Previous computational studies on AlkB repair enzymes mainly
focused on methylated DNA bases, such as 3-meC and 1-meA.
The work established a stepwise mechanism starting with a
hydrogen atom abstraction by an iron(IV)-oxo species prior to
radical rebound to form alcohol.’? In addition, detailed
molecular mechanics (MM) and molecular dynamics (MD)
studies established the flexibility of the protein and it was found
that after iron, cofactor and substrate binding the system is
relatively stable.2 Finally, a QM/MM study on the

This journal is © The Royal Society of Chemistry 2020

hydroxylation of Nl-methyl adenine (1-meA) by AIkB repair
enzymes proposed a mechanism where dioxygen is converted
into an iron(IV)-oxo species, which undergoes an isomerization
gated by Argzio followed by hydrogen atom abstraction from
substrate.®

To gain further insight into the mechanistic details of alkylated
DNA bases and particularly, those that contain exocyclic
structures and hence react through epoxidation, we decided to
do a further combined MD, QM/MM and DFT study. The work
shows that a high-valent iron(lV)-oxo species will be highly
efficient for converting these alkylated DNA bases back into
their original forms as low reaction barriers are found for all
substrates.

Methods

QM/MM calculations

Our calculations utilized a well-established set of QM/MM
protocols!3 and started from the crystal structure coordinates
of the substrate and aKG bound iron(ll) resting state of AlkB.14
The pdb2pqr software package was initially used to add protons
to the model,*> using PROPKA at pH 7, followed by a careful
visual analysis of the protonation states of all titratable
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residues. The iron(ll) bound resting state was manually
converted into an iron(lll)-superoxo species using the oxygen
atom of crystal water 601 that occupies the sixth coordination
site as the proximal oxygen atom of O,. An iterative solvation
procedure was performed in a sphere with radius of 35A to give
a total system of 21,611 atoms. Thereafter, the Charmm force
field,’® was adopted in a 800 ps molecular dynamics (MD)
simulation, where no geometric restraints were placed on the
protein components, of the system. Subsequently, snapshots
along the MD trajectory were taken at 300, 400 and 500 ps:
Sn3oo, Sn4oo and Snsoo.

Two sets of calculations with different QM regions were
performed with both including the iron(lll)-superoxo group,
methylimidazole groups for Hisis1 and Hisig;, acetate for aKG
and Aspiszs, methylguanidinium for Argzio, and the NI-
methyladenine part of the substrate. This QM region (model A)
was comparable to that used in previous QM/MM work on
AlkB.8 In addition, a system with a larger QM region (model B)
was explored that contained the two closest water molecules to
the iron-oxygen centre in order to rule out any critical effects of
the explicitly solvent molecules.

The QM region was described with the hybrid density
functional method B3LYP and the full mechanism was
calculated for three different snapshots Snsgo, Snaoo, Snseo. Test
calculation were run with the pure density functional method
BP86 and showed the same trends.!” Spin state ordering and
reactivity trends were conserved across all methods and QM
regions. Therefore, unless otherwise indicated, we focus here
on QM region A as calculated at UB3LYP level of theory with all
data being available in supporting information.’® For all
calculations the triplet-{ basis set TZVP (basis set BS3) was
added to all atoms of the QM-region, whilst the CHARMM force
field'® was applied to all groups in the MM-region via the DL-
Poly software.1?
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QM/MM calculations focused on the dioxygen activation by
AlkB repair enzymes and studied the mechanism displayed in
Scheme 1. The studies started from an iron(lll)-superoxo
complex (FeOO) and explored the attack of oxygen on aKG to
form a bicyclic ring structure (Ring) via a transition state TSa.
Thereafter, O-O bond cleavage leads to an iron(IV)-oxo species
(FeO) and splits off CO; via transition state TSs.

Cluster model calculations

Alongside the QM/MM calculations also cluster models were
investigated that started from an iron(lV)-oxo species and
focused on the mechanisms of substrate activation of alkylated
DNA bases.
coordination sphere of ligands to iron, whereby Hisi31 and Hisig7
were abbreviated to imidazole and Aspisz and succinate to
acetate. The cluster model is schematically depicted in Scheme
2 alongside the mechanisms for substrate hydroxylation and
epoxidation we studied. The set of alkylated DNA bases of
cytosine, guanine and adenine with their nomenclature is given
at the bottom of Scheme 2 and focused on €C, €A, €G, 3-meC, 1-
meA and 1-meG. Substrate epoxidation was investigated as a
stepwise process starting from a reactant complex (Re) through
electrophilic attack of the oxo on one of the carbon atoms of
the double bond via transition state TSe to form a radical
intermediate IMg. A subsequent ring-closure via transition state
TS, leads to epoxide products (Pg). For methylated DNA bases a
mechanism starting with a hydrogen atom abstraction (via
transition state TSu) leads to an iron(lll)-hydroxo radical
complex IMy that after radical rebound (via transition state
TSreb) gives alcohol product complexes (Pu). Full details of the
optimized geometries for all landscapes are given in the

These contained small models of the first-

Electronic Supporting Information.
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Scheme 1. Reaction mechanism of dioxygen activation by AlkB enzymes and the formation of a high-valent iron(IV)-oxo species.
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Scheme 2. Reaction mechanisms of substrate epoxidation and hydroxylation of alkylated DNA bases by iron(IV)-oxo as calculated with DFT.

All calculations follow well established procedures in our groups
and have been extensively benchmarked and validated.2® We
use the unrestricted hybrid density functional method
UB3LYP,® for geometry optimizations, constraint geometry
scans and frequency calculations in combination with a double—
€ quality LACVP basis set on iron that contains a core potential
and 6—31G on all other atoms: basis set B1.2! Full optimizations
were done in Gaussian 0.9 without constraints and followed by
an analytical frequency calculation.?2 Subsequent single point
calculations with a triple—C quality LACV3P+ basis set on iron
that contains a core potential and 6—311+G* on the rest of the
atoms were done, basis set B2.

All local minima described here had real frequencies only, while
the transition states were characterized by a single imaginary
mode for the correct vibration.

This journal is © The Royal Society of Chemistry 2020

Results and discussion

Our work on the mechanistic features of AlkB repair enzymes
started with a detailed solvation and molecular dynamical
equilibration setup protocol as a precursor to QM/MM
calculations. Fig. 2 demonstrates that the solvation and
equilibration steps were continued until almost no additional
water molecules were able to migrate into the system and there
was a saturation point reached with a steady equilibrium. All
snapshots were taken after the RMSD had plateaued to sample
a representative set of equilibrated starting structures. Whilst
these different snapshots gave slightly different reaction
energies they all led to the same basic reactivity trends and
therefore we will be focusing mostly on the Snsgo snapshot here,
with a detailed breakdown of all the reaction energetics
available in the Electronic Supporting Information.
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Fig. 2. a) Solvation procedure used to iteratively solvate the system Calculations
performed with the CHARMM force field as implemented in the CHARMM software
package b) Molecular dynamics simulation of the full model system with the RMSD value
as a function of time for a period of 500 ps.

There is still a large amount of speculation concerning the
critical oxygen activation step performed by this superfamily of
biocatalysts, with independent groups undertaking many in
silico studies into the formation of the active ferryl-oxo
species.?324 However, the dominant potential energy surfaces
(PES) observed, varied wildly depending on the choice of system
and exact functional used, with no consensus as yet been
reached. The reaction pathways of the four most prominent
theories from the literature are represented in Scheme 3. The
first of the four dominant theories was put forward by Borowski
et al,> who found by using a cluster model of the active site
region of clavaminic acid synthase, in conjunction with the
B3LYP hybrid DFT method, that O, activation proceeded on a
dominant quintet potential energy surface, whereby the attack

This journal is © The Royal Society of Chemistry 2020
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of an iron(lll)-superoxo radical on the B-carbon of aKG leads to
a rate limiting decarboxylation of the coenzyme. The resulting
Fe(ll)-peracid intermediate was subsequently cleaved to form
the ferryl-oxo. In the same year Borowski et al.232 also published
a DFT/B3LYP study into O; activation using a model of the first
coordination sphere of 4-hydroxyphenylpyruvate dioxygenase.
However, whilst this new study did not exclude the possibility
of mechanism 1 (Scheme 3), the accessibility of a second high-
spin septet potential energy surface was also investigated. In
this mechanism (mechanism 2 in Scheme 3) the now
antiferromagnetic coupled Fe(lll)-superoxo radical attacks the
a-keto carbon leading to O—0 heterolysis and decarboxylation
steps in a consecutive manner, with no stable peracid
intermediate predicted. Subsequent work by Borowski and co-
workers has shown varying accessibility of these two pathways
by different aKG dependent oxygenase models.10e.26

The third mechanism in Scheme 3 is the one proposed by Topol
et al., 23t which emerged from a DFT/B3LYP study of an
asparaginyl hydroxylase active site model. As with mechanism 1
a low-lying quintet potential energy surface was reported;
however, this time the rate limiting step was found to involve
the attack of the superoxo on the co-enzyme, which resulted in
a new intermediate bicyclic species. Subsequent work by one of
us added further credibility to mechanism 3.23¢ In this study a
DFT/B3LYP model of the active region of TauD was used and the
same rate limiting step and bicyclic superoxo intermediate was
found. The final mechanism (4) was proposed in 2011 by
Diebold et al.23® and involved modelling the active region of the
enzyme with a modified BP86 density functional that included a
10% Hartree-Fock component. The authors found that the
oxygen bound to both the iron and aKG forming a triplet ground
state Fe(IV)-alkyl peroxo bridged intermediate. Subsequent
decarboxylation of the coenzyme leads to the same quintet
Fe(ll)-peracid observed in both mechanisms 1 and 3.

Scheme 3. Four proposed mechanisms for Oz activation determined by different
DFT cluster models.
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Fig. 3. QM/MM (Turbomole:Charmm) calculated potential energy landscape for the conversion of the iron(lll)-superoxo into an iron(IV)-oxo species. Relative energies obtained with
basis set BS3. are QM/MM energies in kcal mol~!, while optimized geometries give bond lengths in angstroms. Date presented are for snapshots Snago, Snago and Snsgo.

In order to access which one of these hypotheses were most
reasonable for AIkB, we calculated the conversion of the
iron(lll)-superoxo complex into an iron(IV)-oxo complex with
QM/MM using snapshots Snsgo, Snaoo and Snseo (see Fig. 3). In
the reactant structure, we find close-lying quintet and septet
spin state structures. Thus, the quintet and septet spin state
have the same electronic configuration, namely *,,! n*,,! 7*,;*
G* ;51 0% T*00,xt. However, the m*go,x, is occupied with an
up-spin electron in the septet spin state, while there is a down-
spin electron in the quintet spin state. These close-lying spin
states would imply a multistate reactivity patterns with reaction
mechanisms on various spin state surfaces.?” The triplet spin
state is well higher in energy by at least 7 kcal mol in all
snapshots. In general, the reaction mechanisms on the lowest
energy spin state surface is found for the quintet spin state;
hence we will focus on this state in Fig. 3. The septet spin
barriers are well higher in energy due to the lack of available 3d
orbitals for the transfer of one electron. The spin-state ordering

This journal is © The Royal Society of Chemistry 2020

matches previous DFT calculations using small model complexes
we||'10a,10b

The geometry of the >FeO0O complex as optimized in snapshots
Sn3p0, SNago and Snsge and the results are given in Fig 3. As can
be seen the structures are very similar with Fe—O distances of
2.14, 2.14 and 2.13A in Snso, Shaco and Snsoo, respectively.
Similar small deviations are seen for the O—O and C—C distances,
while the intermolecular distance O-C shows a bit more
fluctuation as would be expected from different protein
structures. Nevertheless, the different snapshots give similar
structures and electronic configurations.

Subsequently, we ran constraint geometry scans for the attack
of the terminal oxygen atom of the iron(lll)-superoxo on the o-
keto position of aKG and located transition states for all three
snapshots (°TSa). Barriers of 7.7, 8.8 and 2.5 kcal mol-! are
obtained in snapshots Snspo, Snaoo and Snsgp, respectively.

Dalton Trans., 2020, 00, 1-3 | 6
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Crucially, this reaction step was inaccessible with the septet
species because the transfer of a B-electron from the n*oo,x.* to
the singly occupied w*,,! orbital is spin-forbidden. Therefore,
whilst our calculations point to an equilibrium between S = 2
and S = 3 states, only the quintet superoxo could be considered
as active for aKG decarboxylation. Previously, using gas-phase
DFT cluster models a barrier of 10.4 kcal mol! was
reported.10210b,28 As sych, the QM/MM approach gives only
minor differences in the oxygen activation barriers and
consequently the second-coordination sphere effect and the
long-range interactions of the protein contribute little to the
energies of this reaction step.

After 3TSa the structure relaxes to persuccinate structure
through release of CO,; hence no stable bicyclic ring structure
was observed in the QM/MM calculations. This structure is
considerably lower in energy than the iron(lll)-superoxo
reactant and hence, passing TSa will be an irreversible process.
The optimized geometries of the ring-structures are given in Fig.
3 and show elongation of the 0—-0 bond from about 1.31A in the
5Fe0O0 structure to 1.46A. As such the peroxo bond changes

This journal is © The Royal Society of Chemistry 2020

from formally a double bond to a single bond. Interestingly,
formation of the ring-structure strengthens the Fe-O bond and
it is shortened by about 0.1A. The QM/MM optimized
geometries match those previously reported with DFT cluster
methods well.10.23-26

The persuccinate structure is followed by a small barrier (°TSg)
of 3.6 and 5.2 kcal mol~1 for snapshots Snspo and Snago, While for
Snsoo @ bit larger barrier of 14.7 kcal molt is found.
Nevertheless, the pathways all lead to an iron(IV)-oxo species
with high exothermicity. Indeed, experimental studies
characterized the iron(IV)-oxo species using resonance Raman,
Madssbauer and UV-Vis spectroscopy methods.8 Therefore, in
agreement with the energy landscape, the iron(IV)-oxo species
is the most stable structure.

Optimized geometries of the FeO complexes as obtained with
QM/MM and DFT cluster models are shown in Fig. 4. The
structures match previously calculated iron(IV)-oxo species
calculated with QM/MM or DFT well and give the same
electronic configuration.

Dalton Trans., 2020, 00, 1-3 | 7
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are given in kcal mol=t. The optimized geometry of 5TS ¢ gives bond lengths in angstroms and the imaginary frequency in cm.

Subsequently, we decided to calculate dealkylation of alkylated
DNA bases using small gas-phase DFT cluster models. In
particular, we calculated substrate activation and particularly
dealkylation by an iron(1V)-oxo model of AlkB. Fig 5 displays the
potential energy landscape of oxygen atom transfer to the
double bond of €C by an iron(IV)-oxo complex. The reactant
complex is in a quintet spin ground state with the triplet, septet
and singlet spin states higher lying by AG =12.3, 11.5 and 43.3
kcal mol-1, respectively. The ordering of the spin states of the
iron(1V)-oxo species matches experimental EPR and M&ssbauer
measurements of analogous nonheme iron dioxygenases that
characterized these species as quintet spin ground states.>?°
Computational studies on analogous nonheme iron enzymes
and biomimetic model complexes also found a quintet spin
state ground state for pentacoordinated iron(lV)-oxo
complexes.23:27,30

The quintet pathway has the lowest barriers and we find a free
energy of activation of oxygen attack on one of the carbon
atoms of &C of 7.3 kcal mol™! to obtain a radical intermediate.
The radical intermediate is more stable than the reactant
complex by AG = 13.3 kcal mol™* and through a small ring-
closure barrier leads to epoxide products. The obtained

This journal is © The Royal Society of Chemistry 2020

stepwise mechanism is similar to that seen before by
biomimetic iron(lV)-oxo complexes and enzymatic reaction
mechanisms such as by cytochrome P450 Compound 1.31.32

The optimized geometry of 5TSgec is given in Fig 5 and is
characterized by a long C-O distance of 2.14A and a relatively
short Fe—0O distance of 1.71A. As such the structure is reactant-
like or “early” on the potential energy surface. The transition
state has an imaginary frequency of i255.3 cm~1, which is typical
for substrate epoxidation barriers by nonheme iron(IV)-oxo
oxidants.

Thereafter, we calculated the epoxidation reaction of €A and €G
by the iron(lV)-oxo model of AlkB and the same reaction
mechanism as that obtained by €C was found. The rate-
determining transition states for activation of €A and &G are
depicted in Fig. 6, namely >TSgea and 5TSgec. The free energies
of activation of €A and &G are 8.3 and 9.5 kcal mol?,
respectively. The barriers for activation of €A, €¢G and &C;
therefore, range from 7.3 to 9.5 kcal mol~%, which are small
barriers in compared to typical olefin epoxidation by iron(IV)-
oxo species.3233 Consequently, the epoxidation of exocyclic
DNA bases by AIkB repair enzymes is expected to proceed fast
and will lead to epoxide products rapidly.

Dalton Trans., 2020, 00, 1-3 | 8
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The structures are very similar to the 5TSgec shown in Fig. 5, with
a long C-0 distance of 2.02 and 2.06A for 5TSges and STSgea,
respectively. Both structures have a short Fe—O distance of

ARTICLE

1.72A and, hence, are both “early” on the potential energy
landscape.

Next, we investigated the hydroxylation of methylated DNA
bases by AlIkB and particularly focused on the activation of 3-
meC, 1-meA and 5-meG bases by an iron(IV)-oxo model
complex of AIkB. All reactions are stepwise with an initial
hydrogen atom abstraction to form an iron(lll)-hydroxo
intermediate and are completed with a radical rebound step to
form alcohol products. In all cases the rebound barriers are
small and the initial hydrogen atom abstraction step is rate-
determining. This matches previous studies on heme and
nonheme iron(lV)-oxo reactivities.34

Optimized geometries of the hydrogen atom abstraction
transition states of 3-meC, 1-meA and 5-meG activation by the
iron(IV)-oxo species of AlkB are shown in Fig. 7. Energetically,
the methylated cytosine group incurs a small hydrogen atom
abstraction barrier of 6.5 kcal mol-1, while for methylated
adenine and guanine barriers of 19.3 and 10.6 kcal mol-! are
obtained, respectively. As such these processes will happen
with dramatically different rate constants; although the size and
shape of the protein pocket that binds substrate will play a role
too.

1.23 5 ;

1.29

i1366 cm™!

5
TSH,3-meC

i1078 cm™!

5
TSH,1-meA

AG* = 6.5 kcal mol"

; 1.48

AGt = 19.3 kcal mol-"

i1456 cm™!

5TSH,S-meG

AG* = 10.6 kcal mol-"

Fig. 7. Hydrogen atom abstraction barriers from methylated DNA bases 3-meC, 1-meA and 5-meG as calculated in Gaussian-09. Transition states have bond lengths in angstroms and
the imaginary frequency in cm™. Free energies of activation (in kcal mol~?) include zero-point, thermal (298K), solvent and entropic corrections.
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Geometrically, in all transition states have similar Fe-O
distances as the epoxidation barriers described in Figs. 5 and 6.
The C-H and O-H distances of the transferring hydrogen atom;
however, large fluctuation between the various
structures. In 5TSu3zmec the transferring hydrogen atom is
almost midway in between the donor and acceptor groups and
C-H and O-H distances of 1.23 and 1.29A, respectively are
obtained. In 5TSk,5-meG, by contrast, the transferring hydrogen is
also almost midway in between donor and acceptor group but
slightly closer to the oxo: C-H distance of 1.29A and O-H
distance of 1.25A are found. Interestingly, the S5TSu1.mea
structure is product like with a very short O-H distance of 1.08A
and a relatively long C—H distance of 1.48A.

All three hydrogen atom abstraction transition states are
characterized with a large imaginary frequency for the C-H-0O
stretch vibration with values well over i1000 cm~2. This implies
that the reaction will have a large kinetic isotope effect for the
replacement of hydrogen by deuterium atom.

shows

Conclusions

We present a systematic QM/MM and cluster model DFT study
on the mechanistic features of AlkB repair enzyme. Our results
show that the stepwise conversion of iron(iii)—superoxo to
iron(iv)—oxo initiates with the rate determining attack of the
terminal oxygen atom of 5Fe(1l1)O0 on the a-keto position of
aKG. The reaction proceeds through relatively small barrier on
the quintet spin state surface, 5TSa. Subsequent relaxation of
the transition state geometry yields >Ring, persuccinate
structure with an elongated O—O bond to 1.46 A, that is
followed by releases of a CO; molecule through a very small
barrier generating the iron(iv)—oxo species. We have also
investigated the dealkylation of DNA bases through both
epoxidation and hydroxylation reactions by small DFT cluster
models. Electrophilic addition of oxygen atom of Fe=0 group
to the double bond in epoxidation and hydrogen abstraction
by Fe= in hydroxylation are the initial and rate determining
steps that generates radical intermediates. Our calculations
show that the iron(iv)—oxo model of AlkB can dealkylate and
repair DNA bases more efficiently than biomimetic models.
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