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Abstract

The AIKB protein is a repair enzyme that uses an a-ketoglutarate/Fe(l1)-dependent mechanism to
repair alkyl DNA adducts. AlkB has been reported to repair highly susceptible substrates, such as
1-methyladenine and 3-methylcytosine, more efficiently in ss-DNA than in ds-DNA. Here, we
tested the repair of weaker AIKB substrates 1-methylguanine and 3-methylthymine, and found that
AIlkB prefers to repair them in ds-DNA. We also discovered AlkB and its human homologs, ABH2
and ABH3, are able to repair the aforementioned adducts when the adduct is present in a
mismatched base pair. These observations demonstrate the strong adaptability of AIkB on
repairing various adducts in different environments.
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INTRODUCTION

Nuclear DNA is constantly exposed to damage from exogenous and endogenous processes,
generating a variety of DNA adducts in the genome.1=3 If those adducts occur in a single
stranded (ss) DNA region, such as at a replication fork, they may cause mutations or
replication blocks during DNA synthesis. If the lesions occur in a double stranded (ds)
context, they may additionally change local DNA architecture, leading to an unstable DNA
duplex, or possibly disrupt the proper recognition of specific sites by sequence-specific
DNA binding proteins, such as transcription factors.1-2 To avoid these adverse effects from
DNA adducts, organisms have developed an array of DNA repair pathways that are able to
protect cells against lesions in both ss- and ds-DNA. One of these enzymes, the adaptive
response protein AlkB of £. coli, has been reported to repair alkyl DNA adducts, such as 1-
methyladenine (m1A) and 3-methylcytosine (m3C), in both ss- and ds-contexts, although it
prefers repairing lesions in single stranded substrates.*2

The AIKB protein was discovered to be a dioxygenase that uses an a-ketoglutarate/Fe(I1)-
dependent mechanism to oxidize the aberrant alkyl groups, ultimately restoring the
undamaged DNA bases (Figure 1a).*° Different homologs of the £. coli AIKB protein exist
in prokaryotic and eukaryotic species; nine such homologs exist in human cells (ABH1-8
and FTO).#® Among the nine AIkB homologs, ABH1 functions as an apyrimidinic/apurinic
lyase and nucleic acid demethylase.6.” ABH48.9 and ABH71911 modify protein substrates
and ABH812-16 js a tRNA methyltransferase and hydroxylase. ABH517-21 and FTQ22-25
have been demonstrated to work on N6-methyladenine (m6A) in RNA or DNA.
ABH22:26-30 and ABH331-34 are DNA repair enzymes; and the function of ABH6 remains
to be established. Since the discovery of this class of enzymes, a variety of DNA adducts
have been identified as substrates for AIkB and its mammalian homologs, ABH2 and ABH3,
both in vitroand in vivo.119-13 The adducts include all of the seven N-methyl lesions
occurring at the Watson-Crick (W-C) base-pairing face of the four nucleobases.!® The seven
adducts include m1A, m3C, m6A, N4-methylcytosine (m4C), 1-methylguanine (m1G), N2-
methylguanine (m2G), and 3-methylthymine (m3T). Among these lesions, m6A, m4C and
m2G are exocyclic adducts whose structures afford the opportunity to avoid disruption of W-
C base-pairing by allowing the methyl group to swivel away from the H-bond interface. By
contrast, m1A/m3C/m1G/m3T have the methyl group on the nucleobase ring, which
unavoidably will interfere with hydrogen-bond pairing if left unrepaired. AIkB has also been
reported to repair other DNA adducts, such as 3-ethylcytosine (e3C), N2-ethylguanine,
1,N6-ethenoadenine (eA), 3,N4-ethenocytosine (eC), 1,N2-ethenoguanine (1,N2-eG), 1,N6-
ethanoadenine (EA), 3,N4-a-hydroxyethanocytosine (HEC), 3,N4-a.-
hydroxypropanocytosine (HPC), N2-furan-2-yl-methylguanine, N2-tetrahydrofuran-2-yl-
methylguanine, a-hydroxypropanoguanine, y-hydroxypropanoguanine, and
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malondialdehydeguanine.35-43 The substrate scope and repair efficiency of the AIkB family
enzymes have been reviewed by several papers.1:>44:45

EXPERIMENTAL PROCEDURES

Oligonucleotide synthesis

Sixteen-mer oligonucleotides (oligos) with the sequence 5'-GAAGACCTXGGCGTCC-3’
containing the lesions at X position were made by using solid-phase phosphoramidite
chemistry36:37:40-42 on 3 MerMade-4 Oligonucleotide Synthesizer. The complementary
17mer oligos were synthesized with the sequence of 5"-TGGACGCCYAGGTCTTC-3’,
where Y represents the position incorporating the regular bases A, C, G and T. For the
ss-23mer unrelated DNA, the sequence was 5 -AAAGCTTCTGCAATCAGGTTCAG-3’.
The oligos were purified by reverse-phase HPLC with two solvents. Solvent A was 100 mM
1:1 triethylamine-acetic acid (TEAA) in water and solvent B was 100% acetonitrile. The
column was Phenomenex DNAPac PA-100 Semi-Preparative (9 x 250 mm, 5um). The
concentration of DNA was determined by UV absorbance at 260nm. The extinction
coefficient (e) of a certain adduct is calculated as its unmodified counterpart due to the
negligible variation between the values in the context of a 16-mer DNA. The oligos were
characterized by HPLC-electrospray ionization (ESI) triple quadrupole-TOF mass
spectrometry (MS) (AB Sciex). Solvent A was 10mM ammonium acetate in water and
solvent B was 100% acetonitrile. The column was Phenomenex Luna C 18 column (4.6 x
100 mm; 5um). The calculated and observed monoisotopic MW and m/z value of the oligos
are shown in Table S1.

Expression and purification of the AIkB, ABH2 and ABH3 proteins

The AIkB gene was cloned into a pET28a+ vector (EMD Millipore) and then transformed
into £, coli Rosetta2(DE3)pLysS (EMD Millipore) cells for expression.4941 The expressed
protein was purified by affinity column chromatography, HisTrap HP (GE Healthcare Life
Sciences). Thrombin (Sigma-Aldrich, 0.005U/10ug protein) was used to digest His-tag
containing AIkB protein overnight. Cation-exchange column chromatography, HiTrap SP
HP (GE Healthcare Life Sciences) was used for further purification. The final purified
protein was concentrated by Amicon® Ultra Centrifugal Filters (EMD Millipore) and stored
in the AIkB storage buffer (10 mM Tris, 100 mM NaCl, 1 mM 2-mercaptoethanol, 10%
glycerol, pH 8.0). The ABH2 and ABH3 proteins were purified using the same procedure,
with the exception that the £. coli cell used for expression was BL21(DE3)pLysS (EMD
Millipore) instead of Rosetta2(DE3)pLysS. The ABH2 and ABH3 proteins were stored in
the ABH storage buffer (50 mM N-[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic
acid, 300 mM NacCl, 10% glycerol, and 1 mM 2-mercaptoethanol, pH 8.0). Protein standard
was purchased from Bio-Rad.

Enzymatic reaction

All reactions were performed at 37 “C for 1h in a reaction buffer containing 70 uM
Fe(NH4)2(S0O4),-6H,0, 0.93 mM a-ketoglutarate, 1.86 mM ascorbic acid, and 46.5 mM
HEPES (pH 8.0).37:39.40 The reactions were quenched by adding 10 mM EDTA followed by
heating at 95 °C for 5 min. Samples were then analyzed by HPLC or HPLC-electrospray
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ionization triple quadrupole-TOF MS (AB Sciex). Typically, the purified AlkB, ABH2 and
ABH3 proteins were incubated with 5 uM DNA oligos in the presence of all cofactors in a
20 L reaction volume. The amount for these enzymes were variable on different substrates
as shown in Table S3-5. For the double-stranded DNA substrates, 1.5 equivalents (7.5 uM)
of the 17mer complementary oligo containing A/C/G/T opposite to the adduct was annealed
by heating the mixture at 80 °C for 10 min and then cooled down slowly to room
temperature; the rest of the reaction was under similar conditions to ss-DNA repair reaction.
For the initial velocity measurements, the reactions were stopped at 0, 0.5, 1, 4, and 10min
for m1A and m3C and at 0, 4, 8, and 12 min for m1G and m3T. For the reactions with
excessive amount of unrelated DNA, each reaction was carried out with 5uM substrate and
additional 15uM ss-23mer DNA. The corresponding concentrations of the enzymes were
listed in Table S5. Each reaction was carried out in triplicate.

LC-MS analyses

Oligonucleotide analyses were performed on AB Sciex triple quadrupole-TOF mass
spectrometer. ESI was conducted using a needle voltage on 4.0 kV. Nitrogen gas was used
with a setting of drying 40 L/min and a heated capillary at 600 °C. Liquid chromatographic
separation was performed using a Phenomenex Luna C 18 column (4.6 x 100 mm; 5um) at a
flow rate 0.4 mL/min. Solvent A was 10mM ammonium acetate in water and solvent B was
100% acetonitrile.4%41 A linear gradient was carried out under the following conditions:
2.0% of B for 0.5 min, 2.0 to 17.4% of B over 11 min, 17.4 to 60.0% of B over 0.1 min,
60.0% of B for 2 min, 60.0 to 2.0% of B over 0.1 min, then 2.0 % B over 3.3 min. The LC
analyses were carried out with the temperature of the column oven set at 40 °C. Data
analyses were performed with the AB Sciex Analyst TF software 1.7. The relative amount of
the starting material and product was quantified by integrating the peak areas of the
corresponding oligos in the mass spectrum. In each reaction, we treated 16mer oligo
containing the starting material had the same ionization efficiency as the 16mer product due
to the negligible variation between the structures in the context of a 16-mer DNA.

Statistical analyses

All statistical analyses were carried out by IBM SPSS Statistics 23 and Microsoft Excel
2013. Statistical significance for data between two groups were performed with Student’s
two-tailed ¢test. P-value <0.05 was considered as statistically significant.

RESULTS

AIKkB has been reported to repair strong substrates, such as m1A and m3C, more efficiently
in ss-DNA than in ds-DNA.4-9 However, the strand preference of AlkB for some of its weak
substrates, such as m1G and m3T, remained unanswered. In this work, we selected four
lesions to investigate the repair efficiency of AlkB in both ss- and ds-DNA (Figure 1b).
Because these adducts are mutagenic to varying degrees, causing misincorporation of non-
authentic pairing bases during replication, we also tested the ds-DNA conditions with all
four DNA bases opposite to each adduct in the complementary strand to demonstrate AlkB’s
repair capacity under mismatch conditions. ABH2 and ABH3 have been reported to prefer
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repairing DNA adducts in ds- and ss-DNA, respectively, and were also tested on those
lesions.

The ability of AIkB family enzymes to repair the four methylated bases was tested /n vitro
using a previously reported experimental procedure.12:13 AIkB and its human homologs
were purified from E. coli cells (Figure S3-5). Oligos containing the four adducts were
synthesized by incorporating each adduct into a 16mer oligo in a site-specific manner and
their purity and identity were characterized by LC-MS (Figure S6 and S8-11).11 For each
lesion, experiments were conducted both in the presence and absence of the repair enzyme
with all necessary cofactors, and the reaction products were analyzed by high resolution
triple quadrupole-TOF MS (Figure 2). To test repair efficiency in ds-DNA, each adduct was
first annealed to 17mer complementary oligos (Figure S7 and S12-15) with all four DNA
bases opposite the lesion. To avoid the interference of the complementary oligo with the
16mer starting material in the MS spectra, a 17mer complementary oligo was chosen
because it has ~300 Daltons difference in MW than the 16mer oligo. The 16mer lesion-
bearing oligos demonstrated a good signal in the —4 charge envelope of the MS spectra
(Figure 2). To illustrate the MS analysis, the MW of the 16mer containing an m1G lesion is
calculated as 4918.87 Daltons (Table S1); its monoisotopic peak (all 12C, 14N, 160, etc.) in
the —4 charge state has a calculated mass/charge (m/z) of 1228.71. Experimentally, we
observed a peak at an m/z of 1228.70 (Figure 2c). The area underneath the peak envelopes of
the starting material and product were used to quantify the conversion of the reaction (Figure
2).

For each lesion-containing oligo, 5uM starting material was used in the repair reaction. To
accurately compare the efficiency of repair for each lesion, the concentration of each
enzyme was optimized to ensure no reaction proceeded to 100% conversion (Table S3).
Acting upon an m1A lesion in ss-DNA, AIkB converted 53% of the starting material to a
16mer product containing A at the lesion site (Figure 2a and 3a). When m1A was annealed
to the 17mer oligo containing complementary base T, the theoretical perfect match in a
repaired state, only 22% of m1A was repaired. For m1A paired with mismatched bases, such
as A/G/C, the reactions also showed lower repair ratios than in ss-DNA (Figure 3a and Table
S2). Similarly, AIkB was demonstrated to repair m3C better in ss-DNA than ds-DNA with
the exception that m3C:A mismatched pair provided a slightly higher repair efficiency
(Figure 3b and Table S2). These results were consistent with the previous observations of
AIKB’s repair of m1A and m3C in ss- and ds-DNA.4-°

After testing the strong substrates of AIkB (m1A and m3C), the two weak substrates m1G
and m3T were investigated. For m1G, 48% of the adduct was repaired in ss-DNA, but 69%
was repaired when m1G was put opposite to C (Figure 2c, 2d, 3c, and Table S2). For the
mismatch reactions, complementary base A (50%) and T (56%) also showed higher repair
ratios than the single-stranded reaction. For m3T repair, the ss-DNA condition (12%)
provided the least efficient repair among all conditions (Table S2). The perfect match of
m3T with A was repaired 21% and the mismatch with C yielded 28% conversion. Because
m1A and m3C are the strong substrates of the three enzymes and m1G and m3T are the
weak substrates of the proteins, the concentrations of the enzymes for different reactions
varied significantly from 0.08-5.0 UM in the steady state studies (Table S3). The
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concentrations were optimized to make sure that the repair ratios were significantly different
between ss- and ds-repair. The results from m1G and m3T reactions demonstrated AlkB
repairs them more efficiently in ds-perfect match conditions than in ss-DNA in the steady
state studies. To further support this conclusion, we also measured the initial velocity of the
repair reactions on the adducts in ss-DNA and in the perfect match ds-DNA (Table 1). The
results confirmed the preferential repair of m1G and m3T in ds-DNA, and the differences of
repair efficiency between ss- and ds-conditions were statistically significant. On the other
hand, the initial rates of repair on m1A and m3C were higher in ss-DNA than ds-DNA
(Table 1).

The current studies on AIkB’s repair of the four DNA ad-ducts were carried out in a 16mer
sequence context, which is different from the situation in cell where adducts are more likely
to be present in parts per thousand or less. To study the repair of AIKB with an excessive
amount of non-damaged DNA, the repair reactions were performed by adding of an extra 15
UM unrelated ss-23mer DNA oligos. This condition allowed us to decrease the lesion:normal
base ratio from 1:15 to 1:84. The repair efficiency also supported the previous conclusions
that AIKB prefers to repair m1G and m3T in ds-DNA and m1A and m3C in ss-DNA with the
repair ratio differences statistically significant (Figure S16 and Table S5).

We also tested the repair of these four adducts by AlkB’s human homologs ABH2 and
ABH3. For the repair ratios of the four lesions with ABH2, the double stranded condition for
the perfect match base pairs and most of the mismatch base pairs were better repaired than
ss-DNA, except the m3C:T mismatched pair (54%), which demonstrated a slightly lower
repair efficiency than m3C in ss-DNA (60%, Figure S1 and Table S2). For the repair of m1A
and m3C by ABH3, ss-DNA repair was consistently more effective than in ds-DNA (Figure
S2 and Table S2). However, we were not able to detect the reaction products of m1G and
m3T because they showed very little repair susceptibility, even when ABH3 was present at a
very high concentration (5 uM, Table S3). These results were consistent with previous
observations that ABH2 prefers ds repair and ABH3 prefers ss repair.28:29.46-50

DISCUSSION

In the above section, we demonstrated that AlkB is able to repair DNA adducts in both ss-
and ds-DNA. AlkB repairs m1A and m3C better in ss-DNA than in ds-DNA for most strand
conditions. However, the preference of repairing m1G and m3T is the opposite: AlkB prefers
to repair these lesions in perfect match and most of the mismatch ds-DNA. AIkB has been
reported to repair those four DNA adducts both Jin vitroand in vivo.36:39 It has been
demonstrated that m1A and m3C are strong substrates for AlkB because both are positively
charged under physiological pH conditions.336 In AIkB deficient cells, m1A and m3C
behave as strong replication blocks: only ~12% of them could be bypassed by the replication
polymerase.3® m1A is not mutagenic and m3C is ~ 30% mutagenic with the predominant
mutations being C to T and C to A. The existence of AIkB could completely repair m1A and
m3C in cell, thus fully alleviating their toxicity and mutagenicity. AIkB can also efficiently
repair e3C, eA and EA both 7 vitroand in vivo.36-3840 On the other hand, m1G, m3T,
1,N2-eG and eC are weak substrates for AIkB with substantial cytotoxic and mutagenic
signatures in both AIKB positive and negative cells.36:37.43 For example, m1G and m3T are
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only bypassed less than 10% of the replications in the absence of the AIKB protein. The
presence of AlkB only slightly increases the bypass of these two adducts. For mutagenicity,
m1G is ~80% mutagenic with G to T, G to A and G to C mutations without the repair of
AIkB. Similarly, m3T is ~60% mutagenic with T to A and T to C mutations. The
mutagenicity of m1G and m3T decreases with the presence of AlkB. The cellular results of
AIlkB’s repair on those four adducts support the current observation that m1A and m3C are
strong substrates of AIkB, and m1G and m3T are weak substrates. If these two weak
substrates are left unrepaired in cell, they will not only strongly block replication but also
cause a significant increment in the percentage and type of mutations. Based on these
observations, we hypothesize that AIkB could efficiently repair strong substrates, such as
m1A and m3C, in ss-DNA before they encounter a polymerase. In contrast, AIkB cannot
efficiently repair weak substrates, such as m1G and m3T, when they exist in ss-DNA. AlkB
may have evolved to repair the weak substrates better in a ds-DNA context. This preference
would avoid mutations to a certain degree, or in combination with mismatch repair, could
potentially prevent mutations pre- and post-replication.

Previously, Zhu et al. identified an active site region and key amino acid residues that are
responsible for the repair of m1A by AIKB and the repair of m6A by FTO and ABH5.5! By
swapping the active site sequences between the two types of demethylases, they found the
enhanced activity of not only AIkB on repairing m6A but also FTO and ABH5 on m1A.
Similarly, Chen et al. achieved preferential ss-repair by ABH2 and ds-repair by ABH3 (the
opposite strand preference for both of the enzymes) by swapping the recognition residues in
their structures.2” AIkB has been reported to repair different DNA adducts in both ss- and
ds-DNA. Further structural analysis should provide valuable information on AlkB’s strand
preference of m1A/m3C and m1G/m3T. Besides the strand preference, we also
demonstrated that all three enzymes can repair lesions in ds-DNA under mismatch
conditions; some of the mismatches are even better repaired than the perfect match. These
observations demonstrate the strong adaptability of AIkB on repairing various adducts under
different strand and sequence contexts. The current studies utilized pH 8.0 and an iron
concentration that would provide a steady state measurement. However, Maciejewska et. al
have shown that AIkB’s repair efficiency depends on the pKa of substrates as well as
optimal Fe(l1) ion concentration.3® They demonstrated the optimal repair of m3C and HPC
was achieved at pH 7.5, and the optimal repair of HEC was achieved at pH 5.8.
Correspondingly, the adducts would be positively charged under the above pH conditions.
The preference to positively charged adducts is possibly due to the interaction with the
negatively charged aspartate residue (Asp135) in the catalytic center of AIkB. On the other
hand, the poor repair efficiency on m1G and m3T could be explained, at least partially, that
the methylated nitrogen atoms in those two adducts do not exist in cationic form under any
pH condition (not limited to physiologically relevant pH range).3242 The molecular and
structural mechanisms of AIkB’s preference on ss- or ds-DNA warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
milA 1-methyladenine
m3C 3-methylcytosine
mlG 1-methylguanine
m3T 3-methylthymine
m6A AB-methyladenine
e3C 3-ethylcytosine
eA 1,N6-ethenoadenine
eC 3,N4-ethenocytosine
1 N2-¢G, 1,N2-ethenoguanine
EA 1,N6-ethanoadenine
HEC 3,N4-a-hydroxyethanocytosine
HPC 3,N4-a-hydroxypropanocytosine
ESI electrospray ionization
TOF time-of-flight, MS, mass spectrometry
SS single stranded
ds double stranded
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Figure 1.
a) Repair mechanism of the AIkB family enzymes on alkyl DNA lesions. Adducts m1A and

m1G are used here as examples to represent strong and weak substrates of AIkB,
respectively. b) The four DNA adducts studied in this work and their strand preference (ss-
vs ds-DNA) for AIkB to act on them.
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High resolution triple quadrupole -TOF MS analyses of AIkB repairing different alkyl
adducts in ss- and ds-DNA. Data represent the starting material and product in their -4
charge envelopes, with the observed m/z values of their monoisotopic (all 12C, 14N, 160,
etc.) peaks labeled above each envelope. The percentage of the starting material and product
in each reaction is also labeled above the corresponding peak envelopes. The peak near m/z
1228.20 in panel ¢ and d is from a non-DNA impurity. a) AIkB + ss-m1A,; b) AlkB + ds-
m1A:T; ¢) AIkB + ss-m1G; and d) AIkB + ds-m1G:C.
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Repair efficiency of AIkB on different 16mer adducts in ss- and ds-DNA. For each lesion,
the extent of repair in ss-DNA is colored in red, the extent of repair in ds-DNA with non-
mutagenic pairing is colored in yellow, and the extent of repair in ds-DNA with mismatch
bases is colored in green. Detailed information of enzyme concentrations is listed in Table
S3. The error bars represent the standard deviation from triplicate experiments. The
significance of the difference between ss-DNA and ds-DNA with non-mutagenic pairing was
tested using the Student’s two-tailed ftest. ** indicates p-value <0.01. a) m1A; b) m3C; c)

m1G; and d) m3T.
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Initial velocity measurements of AIkB on the four DNA substrates in ss- and perfect match ds-DNA. Each
reaction was carried out in triplicate. The significance of the difference between ss- and ds-DNA reactions was

tested using the Student’s two-tailed #test. The p-values are statistically significant.

ss-DNA ds-DNA

[UM-min~]  [uM-min7Y p-value

milA
m3C
m1G
m3T

117+0.05 1.03+0.02 0.012
113+0.01 0.84+0.02 <0.001
0.57+0.03 0.88+0.02 <0.001
0.03+£0.01 0.10%0.01 0.001
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