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Abstract

The ability to repair DNA is important for the conservation of genetic information of living
organisms. Cells have a humber of ways to restore a damaged DNA, such as direct DNA repair,
base excision repair, and nucleotide excision repair. One of the proteins that can perform direct
repair of DNA bases is Escherichia coli AIkB. In humans, there are 9 identified AlkB homologs,
including AlkB homolog 1 (ALKBH1). Many of these proteins catalyze the direct oxidative
dealkylation of DNA and RNA bases and, as such, have an important role in repairing DNA from
damage induced by alkylating agents. In addition to the dealkylase activity, ALKBH1 can also
function as an apyrimidinic/apurinic lyase and was proposed to have a distinct lyase active site. To
our knowledge, no crystal structure or complete homology model of ALKBH1 protein is available.
In this study, we have used homology modeling to predict the structure of ALKBH1 based on
AlkB and Duffy-binding-like domain crystal structures as templates. Molecular dynamics
simulations were subsequently performed on the predicted structure of ALKBHZ1. The positions of
two disulfide bonds or a zinc-finger motif and a disulfide bond were predicted and the importance
of these features was tested by mutagenesis. Possible locations for the lyase active site are
proposed based on the analysis of our predicted structures and previous experimental results.

1. Introduction

Living cells depend on the conservation of genetic information stored in DNA. However,
DNA is subject to various chemical reactions that can modify its structure and result in loss
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of its function. To ensure that genetic information is preserved and correctly propagated,
cells have various pathways to protect the genetic code. For this purpose, cells can directly
repair modified DNA bases, respond by regulating DNA transcription, stop their growth
cycle, or undergo apoptosis [1].

Alkylation of DNA bases is an example of modifications that can result in DNA damage and
mutations. There are various endogenous and exogenous factors that can induce alkylation
[2], [3] and [4]. Eukaryotic cells can repair alkylation damage by a number of ways: direct
de-alkylation of DNA bases, base excision repair, and nucleotide excision repair [5]. Direct
dealkylation can be performed by such Escherichia coli proteins as Ada and AIkB [6], [7]
and [8].

AIlkB repairs DNA bases by catalyzing an oxidative dealkylation reaction. In humans, there
are 9 identified AIkB homologs: ALKBH1 through ALKBHS (alternatively named ABH1-
ABHB) and FTO. The crystal structures of AlkB, ALKBHZ2, and ALKBH3 revealed an
interesting mechanism: these enzymes flip out a nucleotide into the active site, which
contains the Fe(ll) cation coordinated by two histidines, an aspartate, and a-ketoglutarate
[9], [10] and [11]. It has been shown that enzymes in this family vary in the base eversion
mechanism [12]. The reaction also requires molecular oxygen. In the course of the reaction
the damaged DNA base is restored, a-ketoglutarate is transformed into succinate plus
carbon dioxide, and formaldehyde is released [9]. AIkB and its homologs share a
characteristic double-stranded beta-helix or “jelly-roll” fold [9], [10] and [11]. The residues
in the active site of known structures of AIkB and its homologs are strictly conserved [10],
[11] and [13]. Analysis of a crystal structure of AlkB suggested that the molecular oxygen
necessary for the reaction diffuses to the active site of the enzyme through a putative oxygen
tunnel [13]. QM/MM calculations and energy decomposition analysis performed for AIkB
revealed a total of 9 residues around its active site that are important for the catalytic activity
of the enzyme [14]. AIKB is a dynamic protein and when it has no bound cofactors it is
mobile and can have different conformations [15].

AIkB and its homologs differ in their affinity to DNA and RNA substrates and act on
different nucleotides [16]. AIkB can repair 1-methyladenine and 3-methylcytosine and can
act on both single- and double-stranded DNA [7] and [17]. ALKBH3 was shown to have a
preference for single-stranded DNA, and ALKBH2 for double-stranded DNA [18] and [19].
AlkB and ALKBH3 can also repair 1-methyladenine and 3-methylcytosine in RNA [20].
AlkB, ALKBH2, and ALKBH3 repair 3-methylthymine and 1-ethyladenine in DNA [21],
[22] and [23]. 3-Ethylcytidine in DNA and 1-methylguanine in RNA also can be substrates
for AIkB [22] and [24]. ALKBH1 catalyzes demethylation of single-stranded DNA and
RNA and repairs 3-methylcytosine, but it does not act on 1-methyladenine [25].

In addition to having the DNA repair function, AlkB and its homologs could be involved in
the regulation of DNA methylation and DNA expression [26]. Advances in understanding
the cellular functions of dealkylases could result in the development of new medications.
Alkylating agents have been used as chemotherapeutic drugs to treat cancer. Interfering with
the ability of cancer cells to remove alkyl groups from DNA bases could increase the
potency of the drugs used in chemotherapy [27] and [28].
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ALKBH1 has unique structural and functional characteristics. Phylogenetic analysis
revealed that evolutionarily ALKBHL1 is closer to AIkB than to other AIkB homologs [29].
However, ALKBH1 is almost two times larger than AlkB. In addition to the dealkylase
function, ALKBHL1 also has an apyrimidinic/apurinic (AP) lyase activity, and the lyase
active site has been proposed to be distinct from the dealkylase active site [30], [31] and
[32]. Upon performing the lyase catalysis, ALKBH1 covalently binds to the 5" DNA product
[31]. In addition, it has been proposed that ALKBHL1 is implicated in the regulation of
methylation patterns of histone H2A and is necessary for cell differentiation and neural
development [33]. According to experimental studies by Miiller et al., ALKBH1 is not
involved in the base excision repair pathway [34].

A complete structure of ALKBH1 could provide insights into the mechanism and functions
of the enzyme. To our knowledge, there is currently no complete folded model of ALKBH1.
Vidyarthy et al. used a homology model approach to predict the structure of a region of
ALKBHL1 that has high sequence identity with AIkB [35]. Because ALKBH1 is substantially
larger than AIKB, almost half of its sequence is not covered by the AIKB template. In this
study we searched for proteins with known structures that could be used as additional
templates along with AIkB. The complete tertiary structure of ALKBH1 was then predicted
using the Rosetta suite of programs and molecular dynamics simulations were performed
with the AMBER software. Specific residues were predicted to participate in disulfide or
zinc-finger domains, and site-directed mutagenesis was carried out to assess the importance
of these features. In addition, the structure was analysed and a search for a possible lyase
active site was performed.

2. Methods

2.1. Template Search

With 389 residues, the ALKBH1 protein is too large for ab initio structure prediction, and
thus a homology modeling approach was applied to predict its structure. AlkB and its
homologs with known structures can serve as templates for the structure prediction of
ALKBHL1. Phylogenetic analysis revealed a close evolutionary relationship between AlkB
and ALKBH1[29]. Based on these findings, AIkB (PDB ID: 313Q) was selected as a
template. A search for additional templates was performed since ALKBHL1 is larger than
AIkB and has sections in its sequence that are not covered by the AlkB template. A BLAST
search for sequences similar to ALKBHL1 did not provide peptides with known structures
that could be used as templates. A further search was performed in MODBASE, a database
of annotated protein structures [36]. The search resulted in 11 structures with various
degrees of sequence identity to ALKBH1. These structures were used as leads for further
sequence alignment analysis. In particular, the structure of a Duffy-binding-like domain
(DBL) from Plasmodium knowlesi (PDB ID: 2C6J) was found to have 29% sequence
identity with ALKBH1. Sequence alignments were performed with the T-Coffee server [37].
As shown in Figure 1, DBL aligns to areas in the ALKBH1 sequence that are different from
those that align to AIKB. There are also regions in ALKBHL1 that align to both the DBL and
the AIkB templates. DBL and AIkB together cover 88% of the sequence of ALKBH1. These
two proteins were selected to serve as templates for the ALKBH1 structure prediction.
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2.2. Homology Modeling

Comparative modeling application of the Rosseta 3.4 suite of programs was used to predict
the structure of ALKBHL1 [38]. This program was chosen as it has shown successful results
in protein structure prediction [39]. Based on the model of ALKBH1 developed by
Vidyarthy et al. [35] and our sequence alignment analysis, the sequence of ALKBH1 was
divided into 5 consecutive sections. The 15t (residues 1-74), 3" (residues 187-293) and 5
(residues 369-389) sections align with the AIkB sequence, while the 2" (residues 75-186)
and 41 (residues 294-368) sections align with the sequence of DBL. Two structures were
modeled: one based on the AIKB template (AlkB part) and the other based on the DBL
template (DBL part).

To run Rosetta, the DBL and AlkB sections of the ALKBH1 sequence were aligned to the
sequences of the respective templates (See supplementary Figure S1). Three residues were
introduced into the sequence of the AIkB part of ALKBH1 to compensate for the excluded
DBL sections: threonine and asparagine in place of the 2" sections and alanine in place of
the 41 section. These residues were selected to match those in the aligned regions of the
AIlkB template. Also, there was a region in the ALKBH1 sequence that aligned to both the
AlkB and DBL templates and thus was included in both modeled structural units. Introduced
residues and overlapping regions were subsequently removed from the modeled structures
with preference given to the AIkB model as it had overall higher alignment scores.

Ten thousand structures were generated for each of the two parts. The generated models
were grouped in clusters according to structure deviations and ranked by energy score. For
each of the two parts of ALKBH1, models from the largest cluster with the lowest energy
were selected to ensure that the predicted structures are more energetically favorable and are
consistent with the entropic effect of protein folding. For the AIkB part, there was only one
cluster, indicating high target template sequence identity. For the DBL part, the largest
cluster contained 78% of the generated structures and included the lowest energy structure.
The selected structures of the DBL and AIkB parts of ALKBH1 were spliced together and
oriented to form a tertiary ALKBH1 structure by forming 4 connections in Chimera (Figure
2)[40].

2.3. Energy Minimization and Molecular Dynamics in AMBER

The loops that link the two modeled parts of ALKBH1 were minimized in vacuum. 1000
cycles of the minimization were run with the sander program in AMBER12 [41] with the
first 700 cycles using the steepest decent method. The ibelly option was set to allow only
atoms in the linking loops to move. Subsequently, gas minimization for the whole structure
was run for 1000 cycles. The resulting structure was solvated using TIP3P water [42], and
neutralized by adding 28,644 water molecules and one sodium ion with the tleap tool
resulting in a total of 92,039 atoms in the final system. Molecular dynamics (MD)
simulation was first run with the ALKBH1 structure restrained under constant pressure
conditions until the density of water reached 1g cm™=3. Subsequently, the MD simulation was
run under constant volume conditions with the restraints on ALKBH1 being gradually
released. The unrestrained simulation was run for 100 ns using the ff99SB force field at 300
K temperature with the Langevin thermostat, a cut-off for non-bonded interactions of 8 A
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and the sSPME method for long-range electrostatics, and a time step of 1 fs. MD simulations
were performed with the pmemd program in AMBER12 [41]. Two simulations were run:
one with two pairs of cysteines specified as disulfide bridge forming residues, and another
without such specification. Disulfide bonds were predicted based on our analysis of
ALKBHT1 structure and reports obtained from the Dipro server developed by Cheng et al.
[43].

2.4. Site-Directed Mutagenesis

Mutants were created according to the QuickChange site directed mutagenesis protocol
(Qiagen) using the respective plasmids and appropriate primers (Supplementary table S1).
Plasmids were isolated with the Qiagen miniprep kit according to the manufacturer’s
instructions and the introduction of the mutations was confirmed by sequencing of the DNA.

2.5. Cell Growth and Protein Purification

Plasmids were transformed into E. coli CodonPlus RIPL cells and the wild-type and variant
proteins were expressed and purified as previously described [30]. Fractions were examined
by sodium dodecy! sulfate polyacrylamide gel electrophoresis for their protein content and
purity. The desired samples were pooled and subjected to buffer exchange into 20 mM Tris,
pH 8, containing 1 mM EDTA (TE) by using a disposable G25 column (GE Healthcare)
according to the manufacturer’s instructions.

2.6. Apurinic/Apyrimidinic (AP)-Site Lyase Activity Assays

AP lyase activity assays were essentially performed as described previously [31]. Briefly,
single-stranded oligonucleotide 5-AACTTCGTGCAGGCATGGTAG(dU)TTGTCTACT-3
(10 uM) was incubated with uracil DNA glycosylase (UDG) in UDG buffer for 30 min at
37°C to create the AP site. For double-stranded DNA substrates, the complementary
oligonucleotide 5-AGTAGACAAG(dU)GACCATGCCTGCACGAAGTT-3’ was annealed
prior to the UDG treatment by placing the sample in a boiling water bath and cooling it to
room temperature.

Standard activity assays were performed with 5 uM protein and 1 UM DNA in TE buffer.
The reactions were incubated for 1 h at 37°C. When appropriate, methoxyamine was then
added to the sample to a final concentration of 10 mM to reduce unspecific cleavage of the
AP site and the samples were subjected to proteinase K treatment (2 U/sample) for 30 min at
65°C. DNA products were analyzed by native or denaturing PAGE and the oligonucleotides
were visualized either by staining with ethidium bromide or by using a 5'- or 3’-FAM
labeled substrate and detecting the fluorescence using a phosphorimager.

3. Results and Discussion

3.1. Overall Predicted Structure

The obtained structures of each of the two parts of ALKBH1 were analyzed in regard to
differences from and similarities to their respective templates. Superposition of the AlkB
template (PDB ID: 313Q) with the predicted structure of the respective part of ALKBH1
revealed that the alkylase active site residues, two histidines and an aspartate (H231, D233,
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and H287), are structurally conserved (Figure 3a). When the predicted AlkB part of
ALKBH1 was superposed onto AlkB with cofactors (PDB ID: 3BI13), ALKBHL1 residues
Y222, 1228, S245, F254, and N220 located in proximity to the active site were found to be
also structurally conserved.

Residues that were not conserved were also analyzed. In the place of AIKB residues T208,
N206, and R204, the predicted ALKBH1 structure had R382, V380, and S378, respectively.
The arginine residue in the ALKBH1 structure in the place of T208 of AlkB overlaps with
the a-ketoglutarate cofactor of AlkB when the two structures are superposed (Figure 3b). A
mirror difference in the location of AIkB residue R204, with the ALKBH1 structure having
a serine there, does bring a guanidine group close to the active site in AlkB, but from a
different side. Such structural variation could result in a different orientation of cofactors in
AlkB and ALKBHL1 proteins and could modulate substrate selectivity.

Superposition of the DBL template (PDB ID: 2C6J) with the respective predicted part of
ALKBH1 and analysis of the residues that were shown to be necessary for recognition of
cell surface receptors by DBL as described by Singh et al. [44], revealed that only one
residue was conserved: K75 of DBL superposed with K87 of ALKBH1.

3.2. Analysis of Cysteine Residues

The ALKBH1 sequence has 7 cysteines, which could have structural and functional roles.
Using Dlpro, a disulfide bond predictor server [43], three possible disulfide bonds were
identified from the sequence of ALKBH1: C118-C129, C330-C371, and C304-C322, listed
in the order of decreasing probability. Analysis of the predicted structures of ALKBH1
revealed that the disulfide bond C118-C129 is possible without significant modifications of
the tertiary structure of ALKBH1. However, C330-C371 and C304-C322 disulfide bridges
would require substantial changes to the structure and thus are less feasible. The DBL
protein, which was used as a template to predict the structure of a respective part of
ALKBH1, has a total of 12 cysteines that form 6 disulfide bonds. Superposition of the DBL
template and the DBL part of ALKBH1 revealed that the ALKBH1 residues C304 and C371
correspond to two disulfide bridge-forming cysteines in the DBL structure. Formation of a
disulfide bridge between these residues requires a small change to the predicted tertiary
structure of ALKBH1. Thus, we propose that ALKBH1 has two disulfide bridges: C118-
C129 and C304-C371 (Figure 4).

3.3. MD simulations

Two MD simulations were performed: with and without the two proposed disulfide bridges,
each for 100 ns. With the disulfide bonds specified, the RMSD of the ALKBH1 structure
stabilizes after 60 ns and overall is lower than the RMSD of the simulation without the
disulfide bonds (Figure 5a). All RMSD plots were calculated for the backbone atoms with
the first structures after gas minimization as reference points. RMSD analysis of each of the
two parts of ALKBH1 showed that the AIkB part has a stable RMSD of around 5 A for both
systems. It can be seen in Figure 5b that the presence of the disulfide bridges has a strong
stabilizing effect on the DBL part. Higher stability of the structure with the disulfide bonds
is the result of lower degrees of freedom in comparison to the structure that did not have
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such constraint and could indicate that the ALKBHL1 protein requires the formation of
disulfide bonds in order to fold correctly and maintain its structural stability and function.

The high RMSD observed can be partly explained by a hinge movement of the DBL part
around the AIkB part that can be seen in the superposition of the starting structure onto
snapshots throughout the simulation (Figure 6). Loop reorganization and partial unfolding
close to the flexible loops, particularly in the DBL part, also contributes to the high RMSD
level. Here, we point out that the predicted AlkB and DBL parts to form the full ALKBH1
homology model were obtained separately and were spliced together without any structural
information (as explained in subsection 2.2). Thus, the relaxation of the overall structure
observed as a rigid body rotation of the DBL part with respect to the AIkB part during the
MD simulation is not unexpected. Indeed, it is observed that both systems (with and without
disulfide bonds) show a rapid decrease in potential energy in the first 5 ns (see Figure S2).
This shows that the initial spliced structure is in a high energy conformation and the hinge
motion results in a more stable structure.

3.4. Site-directed mutagenesis studies

Residues in proximity to the proposed disulfide bonds were further analyzed. For the C118-
C129 bond, it was noticed that there is a histidine located 4 residues away from each of the
two cysteines (H113 and H134, respectively) (Figure 4b). It was also found that there are
four prolines (P126, P103, P105, P108), three of which are between these two cysteines. The
disulfide bond forms a closed loop containing residues 118 through 129. Given the location
of C118, C129, H113, and H134, as well as the flexibility of adjacent regions, these four
residues could alternatively form a 2Cys2His zinc finger domain that could potentially play
a role in DNA sequence recognition. Interestingly, cysteines that may form the second
proposed disulfide bridge, C371 and C304, have contiguous histidine residues, H372 and
H303 (Figure 4c).

Site-directed mutagenesis studies were carried out to test the importance of the two
predicted disulfide bonds and the proposed zinc-finger motif. Thus, eight variant proteins
(H113A, C118A, C129A, H134A, H303A, C304A, C371A, and H372A forms of ALKBH1)
were produced in recombinant E. coli cells and purified. The AP lyase activity of these
proteins was indistinguishable from the wild-type protein, thus ruling out the need for an
intact disulfide or zinc finger for DNA binding or cleavage at the AP site. These studies do
not, however, rule out the existence of the predicted disulfides or the presence of a zinc-
finger domain in the native protein. In addition to the single-site variants, seven double-site
substitutions (H113A/C118A, H113A/C129A, C118A/C129A, C129A/H134A, H303A/
C304A, C304A/C371A and C371A/H372A) were examined. Most of these variants were
unaffected in their AP lyase activity with the exception of the H113A/C118A and C129A/
H134A proteins. The former showed 83+12.6%, the latter 65+9.5% of wild-type ALKBH1
activity using our standard assay conditions. A quadruple variant (H113A/C118A/C129A/
H134A) was also created and analyzed, but showed no further reduction in its DNA cleaving
activity than the double variant C129A/H134A (69+8% of wild-type ALKBH1). Taken
together, these data suggest that the residues in this region of the protein are important for
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AP lyase activity, which is in agreement with the previous findings that K133 is the most
critical active site lysine (see below).

3.5. Analysis of Lysine Residues

There are 21 lysines in the sequence of ALKBH1. Experimental studies have shown that
ALKBH1 can function as an AP lyase, with lysine residues likely to act as nucleophiles in
catalysis [31]. Also, it has been shown that residues in the N-terminus of ALKBH1, possibly
lysines, can covalently bind to a cleaved DNA product [31]. Mutagenesis and activity assays
studies have revealed that the lyase function of ALKBHL1 is lowest in the K133A and K25A
variants and is further decreased in a double mutant K133A/K154A [31]. It was proposed
that K133 could function as a primary lyase nucleophile, with other lysines, such as K154,
being able to substitute for it in the K133A variant [31]. The K182A variant also has
reduced activity, though to a lesser extent than does K133A ALKBH1 [31].

Our analysis of the snapshot of the predicted structure of ALKBH1with disulfide bridges at
the 100t ns of the MD simulation revealed that K133, K154, and K182 are located within 5
A of serine residues S136, S147, and S181, respectively (see Figure 7). The distances
between the residues were identified as the distances between the oxygen atoms of the
hydroxyl groups of serines and the nitrogen atoms of the amino groups of lysines as these
atoms could have electrostatic interactions. K133 and K182 adopt conformations where they
could be activated by proximate serines for a significant amount of time during the
simulation. Conversely, K154 exhibits a relatively long distance to S147 for most of the
simulation time, and only gets closer at the end of the simulation. Serine residues having
higher pKgs could act as nucleophiles or increase the nucleophilicity of nearby lysines
enabling them to perform the lyase catalytic function. In addition, it has been shown that
serines can form a covalent bond with DNA cleavage products [45]. Serines could also
facilitate cleavage by forming a hydrogen bond with the phosphate group of DNA, thus
directing lysines to the right location for the nucleophilic attack [46].

Proposed compensation of the lyase activity in the K133A variant by K154 could be
explained by the proximity of the two lysines to each other (see Figure 8) [31]. Substituting
K133 could result in a change of the orientation of K154 and S147, which could result in an
increase in their catalytic ability. Alternatively, K133 and K154 could play a role in DNA
recognition and non-covalent binding prior to the cleavage of the DNA molecule. When the
positively charged lysines are mutated to alanines, the affinity of ALKBH1 to the negatively
charged DNA backbone could be lowered as a result of decreased electrostatic interactions
between the two molecules. If the C118, C129, H113, and H134 residues form a zinc finger
domain that has a DNA binding function, other residues in this region of the ALKBH1
structure, such as K133 and K154, could also play a role in binding to DNA.

The amino group of K25 is close to a carboxylate oxygen of D21 throughout the course of
the simulation (Figure 9) and the resulting structure revealed that K25 is located in a
hydrophobic region formed by F23, Y189, F192, and H188. Such an environment could
significantly increase the reactivity of K25 as a nucleophile, thus making K25 a possible
candidate to form and maintain a covalent bond with DNA. The K25 and D21 pair
resembles the active site of Endonuclease 111, which has active lysine and aspartate residues
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located by a hydrophobic pocket [47]. Analysis of distances from the nitrogen of the amino
group of K25 to the nearby residues revealed that the distance to F192 was on average the
shortest (6.6 A), and was more stable than distances to the other residues in the region
(Figure 9).

4. Conclusions

We have developed a homology model of ALKBH1 based on two templates with known
structures: AlkB (PDB ID: 313Q) and DBL (PDB ID: 2C6J). Two structural units of
ALKBH1, each corresponding to one of the templates, were calculated separately and
subsequently combined to form the tertiary structure of ALKBH1. The Rosetta suite of
programs was used to predict possible structures and to select the most feasible of them.
Subsequently, MD simulations were run on the full structure using the AMBER software.
Based on our final model, we propose two disulfide bridges exist in the structure of
ALKBH1: C118-C129, and C304-C371. Alternatively, residues C118 and C129 together
with H113 and H134 could form a zinc finger domain that could play a role in DNA
recognition and binding. While site-directed mutagenesis studies could not distinguish
between these interpretations, the importance of these residues was confirmed by the
reduced AP lyase activity of the double and quadruple variants. The environments of lysine
residues that were experimentally shown by Miiller et al. [31] to be implicated in the lyase
activity of ALKBH1 were analysed. Residues K133, K154, K182 are located in proximity to
serines S136, S147, S181, respectively. These serines could act as nucleophiles or enhance
the nucleophilicity of the nearby lysines, they could form covalent or hydrogen bonds with
DNA, they could play a role of directing lysines for a nucleophilic attack. K25 is located in
proximity to D21 in a hydrophobic pocket formed by F192, F23, and Y189. We propose
K25 as a possible nucleophile that forms a covalent bond with the DNA product.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Sequence alignments of AIkB and DBL with ALKBH1. Alignments with average and high
scores as per T-coffee reports are color coded: orange for AIkB and cyan for DBL.
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Figure 2.
Reconstituted ALKBH1 structure. The part colored in orange corresponds to the AlkB

template, in cyan — to the DBL template.
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w// Dealkylase
active site

Figure 3.
Superposed structures of ALKBH1 (orange) and the AIKB template (cyan). (a) Dealkylase

active site residues. (b) Non-conserved residues in proximity to the active site. Metal ion and
a-ketoglutarate of the AIkB structure are shown in red.
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Figure 4.
(a) Location of the two proposed disulfide bridges in the structure of ALKBH1; cysteines

are shown in orange. (b) C118-C129 disulfide bridge with nearby histidines and prolines (c)
C304-C371 disulfide bridge with contiguous histidines.
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Figure 5.
RMSD plots for (a) ALKBH1 with and without disulfide bridges (DB); (b) AlkB and DBL

parts of ALKBH1 with and without DB.
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Figure 6.
Superposition of ALKBHL1 at the beginning (cyan) of the unrestrained simulation and the

final structure (orange) after 100 ns of MD simulation.
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Figure 7.
Serines in proximity to active lysine residues. Snapshots at the 100t ns of the simulation are

shown for the three pairs: (a) K133 and S136 (b) K154 and S147 (c) K182 and S181. See
supplementary Figure S3 for the dynamics of the distances throughout the simulation.
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Figure 8.
Region between residues K154 and K133.
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Figure 9.
Residues in proximity to K25. Shown is a snapshot at the 100t ns of the simulation with

disulfide bridges. See supplementary Figure 4 for the dynamics of distances.
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