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Abstract

The hyperthermophilic and radioresistant euryarchacon Thermococcus
gammatolerans encodes a putative 3-methlyadenine DNA glycosylase II (Tg-AlkA).
Herein, we report biochemical characterization and catalytic mechanism of Tg-AlkA.
The recombinant Tg-AlkA can excise hypoxanthine (Hx) and 1-methlyadenine
(1-meA) from dsDNA with varied efficiencies at high temperature. Notably, Tg-AlkA
is a bi-functional glycosylase, which is sharply distinct from all the reported AlkAs.
Biochemical data show that the optimal temperature and pH of Tg-AlkA for removing
Hx from dsDNA are ca.70°C and ca.7.0-8.0, respectively. Furthermore, the Tg-AlkA
activity is independent of a divalent metal ion, and Mg®>" stimulates the Tg-AlkA
activity whereas other divalent ions inhibit the enzyme activity with varied degrees.
Mutational studies show that the Tg-AlkA W204A and D223A mutants abolish
completely the excision activity, thereby suggesting that residues W204 and D223 are
involved in catalysis. Surprisingly, the mutations of W204, D223, Y139 and W256 to
alanine in Tg-AlkA lead to the increased affinity for binding DNA substrate with
varied degrees, suggesting that these residues are flexible for conformational change
of the enzyme. Therefore, Tg-AlkA is a novel AlkA that can remove Hx and 1-meA
from dsDNA, thus providing insights into repair of deaminated and alkylated bases in
DNA from hyperthermophilic Thermococcus.
Keywords: Thermococcus gammatolerans, DNA glycosylase, deaminated DNA,

alkylated DNA, base excision repair



Introduction

A variety of endogenous and exogenous DNA damaging agents can lead to a
chemically diverse spectrum of alkylated nucleobases, including 7-methylguanine
(7-meG), 3-methyladenine (3-meA), 3-methylguanine (3-meG), O°-methylguanine
(0%meG) and 1-methyladenine (1-meA) [1]. It has been estimated that 7-meG and
3-meA represent 6,000 and 1,200 lesions per mammalian cell per day, respectively [2].
The exposure to various alkylating agents and carcinogens can cause a marked
increase in the level of spontaneous and non-enzymatic methylations in human cells
[3]. Such damages can disturb DNA replication and transcription [4], and pose a
severe threat for the cell since they may be mutagenic or cytotoxic. Fortunately, cells
have evolved a number of DNA repair strategies to remove these damages to maintain
the integrity of DNA in all organisms, which includes base excision repair (BER)
triggered by a DNA glycosylase or the direct reversal of the damage mediated by a
methyltransferase.

BER is thought to be an important repair pathway for excising 3-meA and other
N-alkylated purines from DNA [5]. DNA glycosylase is the first BER enzyme that
can hydrolyze the N-glycosylic bond of the alkylated base, thus removing the
damaged base and forming an abasic (AP) site in the DNA. The AP site is further
repaired by the subsequent action of an AP specific endonuclease, a 5'-deoxyribose
phosphate lyase, a DNA repair polymerase, and a DNA ligase to restore the correct
DNA sequence by using the intact strand as a template. Besides BER, the direct
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dependent AlkB protein can be used to repair O®-meG and 1-meA [6-7].

The involvement of a DNA glycosylase in the removal of alkylated bases was
first identified in Escherichia coli [8]. Since 3-meA is a major substrate for alkylated
DNA glycosylases, these enzymes are generally designated as 3-meA DNA
glycosylases. Currently, 3-meA DNA glycosylases have been divided into four types:
3-meA DNA glycosylase I, 3-meA DNA glycosylase II, AIkC and AIkD [9]. While E.
coli 3-meA DNA glycosylase I (Tag) is a constitutively expressed DNA glycosylase
[10], E.coli 3-meA DNA glycosylase II (AlkA) is induced upon exposure to
alkylating agents [11]. Biochemical data suggest that Tag can only remove 3-meA
and 3-meG from DNA, displaying narrow substrate specificity [12]. In contrast, AlkA
has much wider substrate specificity, capable of excising methylated bases (3-meA,
3-meG, 7-meG, and O>-methylpyrimidines), the deaminated adenine hypoxanthine
(Hx), the oxidized guanine (80x0G) and thymine from DNA [13-17]. Although both
Tag and AlkA can excise 3-meA from alkylated DNA, they have very low amino acid
sequence homology. Recently, AlIkC and AlkD have been identified as two novel
3-methyladenine DNA glycosylases from Bacillus cereus, specifically removing
N-alkylated bases rather than oxidized or deaminated base lesions in DNA [1].

Besides E. coli, AIKA is also distributed in archaea and eukaryotes, highlighting
its importance for the removal of alkylated bases from DNA [18]. Saccharomyces
cerevisiae methyadenine DNA glycosylase (Mag) and human alkyladenine DNA
glycosylase (AAG) are homologous to E. coli AIKA [19]. Interestingly, E. coli AlkA
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cerevisiae MAG and human AAG can only excise normal guanine from DNA [20].
Human AAG is a well-characterized mono-functional glycosylase which can remove
alkylated purine bases, such as 1,N°-ethenoadenine (¢A), 3-meA and 7-meG [21-23].
In addition to alkylated bases, human AAG recognizes and removes efficiently
deaminated purines such as Hx, oxanine and xanthine (16, 24-25). Like other
glycosylases, human AAG employs the canonical nucleotide flipping mechanism to
cleave the N-glycosidic bond [26].

The biochemical characterization and catalytic mechanisms of the eukaryotic and
bacterial AlkAs have been elucidated, demonstrating the importance of AlkA in the
protection against the mutagenic and toxic effects of alkylating agents. Although
archaeal genomes harbor the AlkA gene, only a few archaeal AlkA have been
reported so far. Currently, only one arcaheal AlkA has been characterized from the
hyperthermophilic euryarchaeon Archaeoglobus fulgidus AlkA [27-30]. Thus, our
understanding of the role and biochemical function of archaeal AlkA remains
incomplete.

Thermococcus gammatolerans, which was isolated from samples obtained in a
hydrothermal vent located in the Gulf of California [31], is a hyperthermophilic
archaeon with an optimal growth temperature of 88°C, and is the most radioresistant
archaeon to date, fully withstanding a 5.0 kGy dose of gamma irradiation without loss
of wviability [32]. The genome of 7. gammatolerans encodes a putative
DNA-3-methyladenine glycosylase II (Tg-AlkA, ACS33694) [32], belonging to

HhH-GPD superfamily. In this work, we show that Tg-AlkA is a novel AlkA with



bi-functional activity that can excise Hx and 1-meA from dsDNA at high temperature,
thereby providing an alternative pathway for the repair of Hx and 1-meA in DNA in
hyperthermophilic Archaea.
Materials and methods

Cloning, expression, and purification of Tg-AlkA

The genome of 7. gammatolerans EJ3, which has been deposited as DSM 15229,
encodes a putative 3-methyladenine DNA glycosylase II (Tg-AlkA) (GenBank
accession number ACS33694). The Tg-AlkA gene was amplified with the Phusion
DNA polymerase (Thermo Scientific, Waltham, MA, USA) with two primers
containing Ndel and Hindlll restriction sites (Tg-AlkA F and Tg-AlkA R, Table 1)
using the genomic DNA of T. gammatolerans as a template. The amplified PCR
reaction was performed by denaturing DNA at 95°C for 3 min and followed by 34
cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension step
at 72°C for 5 min. The amplified DNA product was cleaved and ligated into the
vector pET-30a (+) (Novagen, Merck, Darmstadt, Germany), thus forming a
recombinant Tg-AlkA gene with a 6 x His-tag at the C-terminus. The recombinant
gene was verified by sequencing. The verified plasmid was then transformed by heat
shock into E. coli BL21 (DE3) pLysS cells (Transgene, Beijing, China) for protein
expression.

The expression strain E. coli harboring the Tg-AlkA gene was inoculated into
LB medium with 100 pg/mL kanamycin and cultured at 37°C. The Tg-AlkA gene was

expressed by adding isopropyl thiogalactoside (IPTG) at a final concentration of 0.1



mM when the ODsoo of the culture reached 0.6. The culture was further incubated for
about 10 hrs.

Cells were collected by centrifugation (6,000xg for 15 min at 25°C) and were
resuspended in Ni column buffer A (20 mM Tris-HCI pH 8.0, 1 mM dithiothreitol
(DTT), 500 mM NaCl, 50 mM imidazole, and 10% glycerol). After the cells were
disrupted by sonication on ice, the supernatant was collected into a 50-mL tube by
centrifugation (16,000xg for 30 min at 4°C). The collected supernatant was heated at
70°C for 20 min to remove non-thermostable E. coli proteins and then centrifuged at
16,000xg for 30 min at 4°C. The cleared heated supernatant was applied onto a
HisTrap FF column (GE Healthcare, Uppsala, Sweden) and then the Tg-AlkA protein
was purified with NCG™ Chromatography System (Bio-Rad, Hercules, CA, USA) by
elution in a linear gradient of 50-500 mM imidazole. The Tg-AlkA protein fractions
were collected and their purity was verified by 12% SDS-PAGE. The gel was stained
with Coomassie blue. Finally, the purified Tg-AlkA protein was stored at —80°C after
dialysis in a storage buffer containing 20 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM
DTT, and 50% glycerol. The Tg-AlkA protein concentration was determined by
measuring the absorbance at 280 nm. The molar extinction coefficient of the Tg-AlkA
protein is theoretically predicted to be 55,350 M~! em ™.

Construction, overexpression, and purification of the Tg-AlkA mutants

By using the wild-type plasmid harboring Tg-AlkA gene, the Tg-AlkA Y139A,

D223A, W204A and W256A mutants were constructed by site-directed mutagenesis

as a template using a kit from Transgene (China) following the manufacturer’s



instructions. The sequences of the mutagenic primers are listed in Table 1. The
Tg-AlkA mutant plasmids were verified by sequencing. The Tg-AlkA mutant proteins
were overexpressed, purified and quantified as described above for the wild-type
Tg-AlKA.
DNA substrates

Normal and damaged oligonucleotides containing Hx, 1-meA, 80xoG-, AP-, and
U (uracil) were synthesized by Sangon Biotech Company, China. The sequences of
these oligonucleotides are summarized in Table 1. The Cy3-labeled oligonucleotides
were annealed with the complementary oligonucleotides in buffer (20 mM Tris—CI pH
8.0 and 100 mM NacCl) to prepare the Cy3-labeled DNA substrates. The annealing
reactions were performed at 100°C for 3 min, and cooled down slowly to room
temperature.
DNA glycosylase assays

Unless stated otherwise, the standard DNA glycosylase assays of the Tg-AlkA
activity were performed in reactions (10 pL) containing 20 mM Tris—HCI pH 8.0, 1
mM DTT, 8% glycerol, 100 nM Cy3-labeled DNA and 600 nM Tg-AlkA at 70°C for
30 min. The reactions were stopped with 10 puL of stop solution containing 98%
formamide and 20 mM EDTA. The reaction products were denatured at 95°C for 5
min and chilled rapidly on ice for 5 min. The cleaved product was separated by
running a denaturing 15% polyacrylamide gel containing 8 M urea. The gels were
scanned and visualized with a molecular image analyzer (PharosFx System, BioRad)

after electrophoresis. The quantitative analysis was performed with ImageQuant



software. All glycosylase assays were replicated three times.
Biochemical characterization assays

Using 100 nM Hx-containing dsDNA as substrate, we investigated the optimal
temperature of the Tg-AlkA activity in reactions (10 puL) containing 600 nM enzyme
The reactions were carried out at 30, 40, 50, 60, 70, 80 and 90°C for 30 min, and
stopped and treated as described above.

To evaluate the thermostability of the enzyme, we heated the Tg-AlkA protein at
80, 85, 90, and 95°C for 20 min, respectively. The heated Tg-AlkA protein was
employed to perform the glycosylase assays under the same conditions.

The optimal pH of Tg-AlkA activity was examined by performing the DNA
glycosylase reactions under varied pHs ranging from 6.0 to 11.0. The desired pHs
were prepared with five different buffers (all at 20 mM concentrations): sodium
phosphate-NaOH (pH 6.0 and pH 7.0), Tris—HCI (pH 8.0), and Gly-NaOH (pH 9.0,
pH 10.0 and pH 11.0). The reactions were stopped and treated as described above.

The effects of divalent metal ions on Tg-AlkA activity were determined by
performing the glycosylase reactions in the presence of 5 mM of Mg**, Mn?*, Ca*',
Zn>*, Co**, Ni**, or Cu**. The reactions were stopped and treated as described above.

The effect of salinity on Tg-AlkA activity was examined by performing the
glycosylase reactions with varied NaCl concentrations ranging from 50 to 1,000 mM.
The reactions were stopped and treated as described above.

Kinetic analysis

The DNA glycosylase assays were performed under single-turnover conditions



where 600 nM wild-type Tg-AlkA and 200 nM Hx-containing dSDNA were present at
varying temperatures for various times. Data from the concentrations of the remaining
substrate after DNA cleavage by Tg-AlkA were plotted to a single exponential decay
equation using the program KaleidaGraph (Synergy Software):
[Remaining substrate] = A exp(—kendo?)

where A and kendo are the reaction amplitude and the cleavage rate, respectively.
Substrate specificity assays

To investigate substrate specificity of Tg-AlkA activity, various damaged DNA
substrates were employed at 100 nM each to perform the DNA glycosylase assays of
the enzyme at 70°C for 30 min. Samples were treated as described above.
DNA-binding assays

Electrophoresis mobility shift assays (EMSA) were employed to examine
Tg-AlkA binding to Hx- and 1-meA-containing DNA. Binding assays were
performed at 25°C for 10 min in buffer (10 pL) including 100 nM Cy3-labeled DNA,
20 mM Tris-HCI pH 8.0, 1 mM DTT, 8% glycerol, and Tg-AlkA with various protein
concentrations. Samples were loaded into a 4% native polyacrylamide gel in 0.1 x
TBE (Tris—Borate—-EDTA) buffer for electrophoresis. The Cy3-labeled DNA was
visualized with a molecular image analyzer (Bio-Rad) and quantitated with
ImageQuant software. The DNA binding assays were also repeated three times.

Results

The genome of 7. gammatolerans encodes a putative AIkA

The gene TGAM 1192 in the genome of 7. gammatolerans encodes a putative
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3-methlyadenine DNA glycosylase II (Tg-AlkA) with an accession number
ACS33694, which is a base excision repair protein belonging to HhH-GPD
superfamily. Sequence alignment of Tg-AlkA to other bacterial and eukaryotic AlkAs
showed that Tg-AlkA displays 67%, 75%, 62%, 64%, 64%, 29%, 21%, 20%, and 19%
similarity with the AlIkA homologues from Thermococcus barophilus, Thermococcus
kodakarensis, Thermococcus sibiricus, Pyrococcus furiosus, Palaeococcus pacificus,
A. fulgidus, S. cerevisiae, E. coli, and Homo sapiens, respectively. Furthermore,
Tg-AlkA possesses several conserved amino acids residues in the conserved motifs
present in the AlkA homologues from other archaea, bacteria and eukaryotes (Fig.
1A). Thus, Tg-AlkA resembles other AlkA homologues, which are capable of
excising methylated and other damaged bases from DNA.

In this work, we cloned the Tg-AlkA gene into the pET-30a (+) expression
vector and expressed this gene in the E. coli BL21(DE3) pLysS cells. The
recombinant Tg-AlkA protein with a 6 x His-tag at its C-terminus was successfully
expressed as a ~ 32 kDa protein (Fig. 1B). Following the sonication, heat treatment
(70°C for 20 min), and affinity chromatography with a Ni column, the recombinant
Tg-AlkA protein was finally purified to homogeneity (Fig. 1B).

Cleavage of Hx- and 1-meA-containing DNA by Tg-AlkA

We investigated whether Tg-AlkA is able to excise Hx and 1-meA from DNA by
performing the DNA cleavage reactions in the presence of these two substrates. Note
that 3-meA-containing DNA and other methylated DNA were not available in our lab.

As shown in Fig. 2A, the Hx-containing dsDNA was gradually degraded with



increasing Tg-AlkA protein concentrations at 70°C. At 600 nM, 93% cleavage was
observed, suggesting that Tg-AlkA can effectively excise Hx from dsDNA at high
temperature. In contrast, no cleaved product was seen when using the Hx-containing
ssDNA as substrate at 70°C. Furthermore, no cleaved product was formed by
Tg-AlkA when using normal dsDNA or ssDNA as substrate (Figs. 2C and 2D). Thus,
Tg-AlkA can effectively remove Hx from dsDNA at high temperature.

Bedsides, we employed 1-meA-containing dsDNA as a substrate to determine
whether Tg-AlkA can excise it from dsDNA at high temperature. As shown in Fig. 1E,
the 1-meA-containing dsDNA substrate was gradually degraded by Tg-AlkA with
increasing protein concentrations. However, Tg-AlkA exhibited lower cleavage
efficiencies for 1-meA-containing dsSDNA than for Hx-containing dsDNA at all tested
protein concentrations. Similar to Hx-containing ssDNA cleavage, no cleaved product
was generated by Tg-AlkA when using 1-meA-containing ssDNA as substrate. Thus,
Tg-AlkA can excise 1-meA from dsDNA with lower efficiencies than Hx from
dsDNA.

Biochemical characterization of Tg-AlkA

Since Tg-AlkA displays a higher efficiency for removing Hx from dsDNA than
I-meA from dsDNA, we employed Hx-containing dsDNA as a substrate to
investigate the biochemical characterization of the enzyme, including optimal
temperature, thermostability, optimal pH, metal ion requirement, and salt adaptation.
As shown in Fig. 3A, we found that Tg-AlkA exhibits varied Hx excision efficiencies
over the range of temperatures tested (30 to 90°C). Under our experimental conditions,
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the optimal temperature for Tg-AlkA activity was observed at 70°C, which is ten
degrees lower than the optimal growth temperature of 7. gammatolerans. Furthermore,
we demonstrated that the heated Tg-AlkA retained 87%, 68%, and 71% cleavage
activity after a 20 min treatment at 80°C, 85°C, and 90°C (Fig. 3B), respectively. In
contrast, 20 min at 95°C completely abolished Tg-AlkA activity. Therefore, Tg-AlkA
is a thermostable thermophilic glycosylase.

We show that Tg-AlkA is able to excise Hx from dsDNA in a pH range from 6.0
to 9.0 with varied efficiencies (Fig. 3C), displaying optimal activity at pH 7.0-8.0. No
cleaved product was observed when the cleavage reactions were performed at pH 10
and pH 11.

Next, we also investigated the requirement for a divalent metal ion by Tg-AlkA.
Control reactions performed with EDTA showed that Tg-AlkA possessed 63%
cleavage activity (Fig. 3D). This is because EDTA chelates the divalent ions that can
be co-purified with the protein, which might affect the enzyme conformation, and thus
lead to the reduced cleavage efficiency. In fact in the reaction without the addition of
a divalent ion and without EDTA, Tg-AlkA exhibited 80% activity. With the addition
of a divalent ion, Mg®" stimulated the activity of Tg-AlkA whereas Zn*" and Cu*"
almost completely inhibited the enzyme. In the presence of Ca®’, Tg-AlkA retained
similar activity as observed for the control reaction without a divalent ion, suggesting
that this ion does not interact at all with the Tg-AlkA protein. In the presence of Mn?",
Ni?" or Co*", Tg-AlKA retained only 30~40% activity, suggesting that the Tg-AlkA
activity can be partially inhibited by these ions. Overall, Tg-AlkA activity is
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essentially independent of a divalent ion, but it can be enhanced by Mg?*.

Last, we determined the effect of NaCl on Tg-AlkA activity. As shown in Fig.
3E, the Tg-AlkA activity was gradually inhibited by increasing NaCl concentrations.
At 200 mM NaCl, Tg-AlkA retained only 41% cleavage activity. No cleavage activity
was observed in the presence NaCl concentrations above 400 mM. Thus, these
observations suggest that NaCl is not essential for Tg-AlkA activity and that high
NaCl concentrations could inhibit the enzyme activity.

Substrate specificity of Tg-AlkA

As mentioned above, we demonstrated that Tg-AlkA is able to excise Hx and
l1-meA from dsDNA at high temperature. Next, we investigated the substrate
specificity of Tg-AlkA by employing various DNA substrates containing a Hx:N (N is
A, T, C or G). As shown in Fig. 4A, Tg-AlkA displayed 60%, 53%, and 63%
cleavage percentage when using dsDNA substrates with Hx:C, Hx:G and Hx:A,
respectively. In contrast, Tg-AlkA displayed 95% cleavage when using the dsDNA
substrate with Hx:T, suggesting that Hx:T is the preferred substrate of Tg-AlkA.
Since Hx:T in dsDNA is commonly formed by the deamination of adenine of an A:T
pair in dsDNA, the highly effective cleavage of Hx:T-containing dsDNA by Tg-AlkA
suggests that this enzyme might be responsible for removing Hx from dsDNA formed
by adenine deamination.

Last, we tested whether Tg-AlkA can act on the dsSDNA substrates containing
U:G, 80x0G:C, or AP:T. No cleaved product was formed by Tg-AlkA when using any
of these dsDNA substrates (Fig. 4B). Thus, Tg-AlkA is active to remove Hx and
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I-meA, but inactive on other damaged bases (U, 80xoG or AP) in dsDNA.
Mutational studies of Tg-AlkA

To reveal the key amino acid residues in Tg-AlkA for catalysis, we mutated four
residues in the enzyme that are located in the conserved motifs present in AIkA. We
constructed the mutants Y139A, W204A, D223A, and W256A of Tg-AlkA by
site-directed mutagenesis, and expressed and purified these mutant proteins as
described for the wild-type protein (Fig. S1).

We used the Hx-containing dsDNA as substrate to determine the cleavage
efficiencies of the Y139A, W204A, D223A, and W256A Tg-AlkA mutants.
Compared to the wild-type protein, the Tg-AlkA Y139A mutant had reduced cleavage
efficiency at all protein concentrations. However, no cleaved product was observed
with the Tg-AlkA W204A and D223A mutants, suggesting that the mutations of
W204 and D233 to alanine completely abolished the enzyme activity. In contrast, the
Tg-AlkA W256A mutant displayed wild-type efficiency at protein concentrations of
400 nM and 600 nM, thereby indicating that the mutation of W256 to alanine has only
a marginal impact on enzyme activity. Therefore, our observations suggest that
residues D233 and W204 in Tg-AlkA are essential for protein activity and that as
proposed for other protein they are involved in the catalytic site for the removal of Hx
from dsDNA.

DNA-binding studies of the wild-type and mutant Tg-AlkAs

To probe whether Tg-AlkA can bind Hx- and 1-meA-containing dsDNA, we

performed EMSA by incubating the wild-type enzyme with Hx-containing or
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I-meA-containing dsDNA. As shown in Fig. 6A, the Hx-containing dsDNA substrate
was gradually bound with increasing Tg-AlkA protein concentrations. At 10 uM,
almost all the free Hx-containing dsDNA was bound by Tg-AlkA. Interestingly,
Tg-AlkA displayed similar binding efficiencies for normal dsDNA and Hx-containing
dsDNA (Fig. 6B). At 2.5 uM and 5.0 uM, the binding of 1-meA-containing dsDNA
was measured to be 44% and 87% (Fig. 6C), which is significantly higher than those
measured for Hx-containing dsDNA. At 10 uM, Tg-AlkA showed similar binding
efficiencies for Hx-containing dsSDNA and 1-meA-containing dsSDNA at 10 uM. Thus,
Tg-AlkA exhibits effective DNA binding ability, no matter whether damaged or
undamaged dsDNA is present.

Next, we investigated the dsDNA binding by the Tg-AlkA mutants. Surprisingly,
almost all Hx-containing dsDNA was bound by the Tg-AlkA mutant W204A at 2.0
puM (Fig. 6E), suggesting that the mutation of W204 to alanine enables the enzyme to
have extremely high affinity for Hx-containing dsDNA binding. Furthermore, the
Tg-AlkA Y139A, D223A, and W256A mutants displayed higher than wild-type
efficiencies for Hx-containing dsDNA binding at 2.5 uM and 5.0 uM (Figs. 6D, 6F,
and 6G), thereby indicating that the mutations of Y139, D223, and W256 to alanine
also increase the binding to Hx-containing dsDNA. At 10 uM, the mutants Tg-AlkA
Y139A, D223A, and W256A displayed binding efficiencies similar to the wild-type
protein. Altogether, these observations suggest that the four residues W204, Y139,
D223, and W256 in Tg-AlkA might play roles in maintaining the flexible
conformation which is helpful for DNA binding.
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Kinetic analysis of DNA cleavage by Tg-AlkA

Under the single turnover condition where the enzyme concentration was
three-fold higher than DNA concentration, we performed a time course experiment of
DNA cleavage activity of Tg-AlkA at 70°C. As shown in Fig. 7A, the Hx-containing
dsDNA substrate was gradually cleaved as reaction time increased. Almost all the
Hx-containing dsDNA substrate was degraded by Tg-AlkA after 20 min, thereby
indicating that the enzyme has a strong activity for cleaving Hx-containing dsDNA.

The molar amount of the remaining DNA substrate in the DNA cleavage
reactions catalyzed by Tg-AlkA was calculated at all the tested protein concentrations
and plotted against reaction time. The kendo and A values were obtained by fitting a
single-exponential decay equation (Fig. 7B). The kendo and A values for the wild-type
protein were determined to be 0.19 = 0.013 min ™! and 206 + 4.2 nM, respectively.

Discussion

Genomic analysis has shown that 3-methlyadine DNA glycosylase II is
widespread in bacteria, eukaryotes, and archaea, capable of excising Hx, 3-meA and
other damaged bases from dsDNA. In this work, we provide for the first time
biochemical data of one archaeal 3-methyladeine DNA glycosylase II from a
Thermococcus species, demonstrating that Tg-AlkA is capable of excising Hx and
I-meA from dsDNA at high temperature. Further biochemical analysis suggests that
Tg-AlkA displays higher efficiencies for removing Hx than 1-meA from dsDNA.
Importantly, Tg-AlkA displays several distinct biochemical characteristics with the

other reported AlkAs.



Currently, all the reported 3-methyladenine DNA glycosylase II from bacteria,
archaea and eukaryotes are mono-functional, which can only excise various types of
alkylated DNA base or other deaminated base, thus leaving an AP site. Interestingly,
we revealed that Tg-AlkA is a bi-functional DNA glycosylase since it can not only
excise Hx and 1-meA from dsDNA, but also cleave the generated AP site in a
B-elimination or y-elimination reaction manner [33]. Thus, Tg-AlkA is sharply
distinct from all the reported mono-functional AlkAs.

Furthermore, our data demonstrate that Tg-AlkA can remove Hx and 1-meA
from dsDNA but not from ssDNA, suggesting that the enzyme might be involved in
repairing Hx and 1-meA in genomic DNA. In contrast, the E. coli AIKA can remove
alkylated base from ssDNA [34]. Therefore, Tg-AlkA and E. coli AIKA vary greatly
in the removal of alkylated bases or deaminated bases from ssDNA.

Hypoxanthine in DNA is mutagenic in cells since it has a strong ability to form
mismatches. Replication of hypoxanthine in DNA before repaired would lead to AT
to GC transition mutations [35]. Hypoxanthine in DNA can be removed by
endonuclease V, which is a highly conserved protein in all three domain organisms
[36]. Besides endonuclease V, the AlkAs from human, rat, S. cerevisiae and E. coli
can effectively excise hypoxanthine from DNA [16, 25, 37-38]. In this work, we
demonstrate that Tg-AlkA has higher efficiencies for removing Hx than 1-meA from
dsDNA, thereby indicating that the enzyme might be involved in repairing Hx in
Theromoccus cells.

Thermostablilty is a common characteristic of proteins and enzymes of
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hyperthermophilies. As expected, the optimal temperature measured for Tg-AlkA to
excise Hx from dsDNA is 70°C, which is however ca. 10 degrees lower than the
growth temperature of the protein host. Nevertheless, the optimal temperature of
Tg-AlkA is 10 degrees higher than that of A. fulgidus AlkA [28], which growth
temperature is similar to that of 7. gammatolerans. In addition, Tg-AlkA still retains a
significant activity after 20 min heating at 90°C, indicating that the Tg-AlkA protein
is thermostable, resembling other proteins or enzymes from Thermococcus species.

AlkAs display varied pH requirements for their activity. For Tg-AlkA the
optimal activity is observed over a broad pH range from 7.0 to 8.0. No activity is
detected for Tg-AlkA at highest pH of 10.0 and 11.0. This might be because DNA
duplexes can be denatured under strong alkaline conditions, and that Tg-AlkA cannot
act on Hx-containing ssDNA. In contrast, the A. fulgidus AlkA has an optimal pH of
5.0 for the removal of Hx from dsDNA [28].

The Tg-AlkA activity is independent of a divalent ion, which is consistent with
what was observed for the A. fulgidus AIKA activity [28]. However, Mg?* stimulates
the Tg-AlkA activity, which was also observed for the A. fulgidus AlKA. In contrast to
the A. fulgidus AIKA, Zn*" inhibits the Tg-AlkA activity when it was shown to
stimulate that of A. fulgidus AlkA. Ca*" was shown to have no impact on the activity
of Tg-AlkA similar to what was observed for the A. fulgidus AlkA. While, Mn** has
no effect on the A. fulgidus AlkA activity, it inhibited Tg-AlkA activity. Thus, the
metal requirement of Tg-AlkA and the A. fulgidus AlKA show similarities and

divergences.



In contrast to the A. fulgidus AlkA, the Tg-AlkA activity is significantly
inhibited by NaCl with above 200 mM, while the former still retains approximately 90%
cleavage activity at 200 mM [28]. Even at 400 mM NaCl, the A. fulgidus AlkA still
retains ca. 20% cleavage activity while the Tg-AlkA only possesses 3.5% cleavage
activity. These observations suggest that the Tg-AlkA is less salt-tolerant than the A.
fulgidus AlKA.

Tg-AlkA can remove Hx from dsDNA with a strong preference for dsDNA
substrates with Hx: T, over ones with Hx:C, Hx:A and Hx:G. In contrast, E. coli AIKA
excises Hx from dsDNA with Hx:A with the highest efficiencies, followed by I:T >
I:C> I:G [16]. The A. fulgidus AlkA exhibits a substrate specificity in the order:
Hx:G > Hx:T > Hx:C > Hx:A, which contrasts sharply with that of Tg-AlkA [28].
Thus, it is likely that Tg-AlkA is responsible for the excision of Hx from dsDNA
within Hx:T pairs. Last, Tg-AlkA cannot eliminate normal bases, 8oxoG, U and AP
from dsDNA, thereby indicating that the enzyme can specifically remove Hx and
alkylated bases from dsDNA.

Similar to 3-meC, the highly toxic 1-meA is also a major product in DNA [39].
Fortunately, 1-meA in DNA can be repaired by oxidative demethylation, which is
catalyzed by the AlkB protein and homologues in E. coli and mammals [29, 40-42].
However, no AlkB homologue has been identified in Archaea, thereby addressing a
question how archaea repair 1-meA in DNA. Leiros et al revealed that A. fulgidus
AlkA can remove effectively 1-meA from DNA [30], thus providing a pathway for
the repair of 1-meA in DNA in archaeal cells. In this work, our data demonstrate that
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Tg-AlkA is also able to excise 1-meA from dsDNA, thus further confirming the role
of archaeal AlkA in repair of 1-meA in DNA.

Biochemical and structural data on E. coli AlKA provide insights into its
alkylated base recognition and removal [43-48], suggesting that E. coli AIKA is a
well-characterized alkylated DNA glycosylase. Structural data show that AIkA is a
structural homolog of endonuclease III [49], possessing a signature DNA-binding
motif that comprises a helix-hairpin-helix (HhH) with the consensus sequence
Leu/Phe-Pro-Gly-Val/lle-Gly, followed by an invariant Asp ~20 residues later [50].
Thus, AIKA is classified in the HhH-GPD superfamily. Biochemical data show that a
mutation of D238 to alanine in E. coli AlkA abolishes totally the activity, suggesting
that residue D238 is a catalytic residue of the enzyme [45]. Furthermore, residue
D240 of A. fulgidus AlkA, which is analogous to residue D238 of E. coli AlkA, has
been verified to be a key catalytic residue [30]. Similarly, Helicobacter pylori AlkA
D150N mutant retains 4% activity [51]. This residue corresponds to D203 in Tg-AIkA.
In this work, our mutational study showed that a mutation of residue D203 to alanine
totally abolishes the activty of Tg-AlkA, thereby confirming that the conserved Asp
residue in the HhH-GPD motif is a catalytic residue also in Tg-AlkA.

In addition to residue D238, residue W218 in E. coli AlkA is thought to be
located behind the ribose of the flipped out nucleotide [26], leaving no room for a
water nucleophile. Interestingly, we demonstrate that residue W204 in Tg-AlkA,
which is analogous to the residue W218, is a key residue for catalysis since the
mutation of W204 to alanine leads to loss of the enzyme activity, without loss of
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DNA binding efficiency.

Besides clarifying the function of residues D223 and W204 of Tg-AlkA, we also
deciphered the function of residues Y139 and W256 of the enzyme. Our data show
that residues Y139 and W256 are not catalytic residues, but are important for the
flexibility of the protein and for conformational changes since these mutants display
increased affinities for Hx-containing dsDNA. In addition, the D233A and W204A
mutants have higher efficiencies for binding to Hx-containing dsDNA than the
wild-type protein, which also suggests that residues D233 and W204 may also be in
conformational change, and not only in catalysis.

In conclusion, we investigated biochemical characteristics of the 3-methyladeine
DNA glycosylase II from the hyperthermophilic and radioresistant euryarchaeon 7.
gammatolerans and probed the function of four residues of the enzyme. Interestingly,
Tg-AlkA is a bi-functional glycosylase that can remove Hx and 1-meA from dsDNA
at high temperature. The optimal temperature and optimal pH of Tg-AlkA are 70°C
and 7.0-8.0, respectively. Furthermore, Tg-AlkA is independent of a divalent metal
ion for its activity but is stimulated by Mg?". The enzyme prefers the duplex
substrates in the order: Hx:T > Hx:C > Hx:A > Hx:G. Mutational studies suggest that
residues D223 and W204 are involved in catalysis, and residues D223, Y139A, W204
and W256 are flexible for conformational change.
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Figure legends

Fig. 1. The genome of 7. gammatolerans encodes a putative 3-methyladenine
DNA glycosylase II. A. Sequence alignment of 3-methyladenine DNA glycosylase 11
from archaea, bacteria and eukaryotes. Tga: Thermococcus gammatolerans (NCBI
reference sequence: ACS33694); Tba: Thermococcus barophilus (NCBI reference
sequence: WP 056933861); Tko: Thermococcus kodakarensis (UniProtKB reference
sequence: Q5JG19); Tsi: Thermococcus sibiricus (UniProtKB reference sequence:
C6A294); Pfu: Pyrococcus furiosus (UniProtKB reference sequence: Q8U3F7); Ppa:
Palaeococcus pacificus (UniProtKB reference sequence: AOA(075LXP7); Afu:
Archaeoglobus  fulgidus  (UniProtKB reference sequence: 028163); Sce:
Saccharomyces cerevisiae (NCBI reference sequence: GAX71061); Eco: Escherichia
coli (NCBI reference sequence: AAA23430); Hsa: Homo sapiens (NCBI reference
sequence: AAA58627). Similar or conserved amino acid residues are colored and
boxed. B. Expression and purification of Tg-AlkA. The Tg-AlkA protein was
over-expressed with IPTG and purified by sonication, heat treatment (70°C for 20 min)
and Ni column affinity purification.

Fig. 2. DNA cleavage by Tg-AlkA. DNA cleavage reactions were performed with
200, 400 and 600 nM Tg-AlkA at 70°C for 30 min using various DNA substrates. The
cleaved products were analyzed by a SDS-PAGE. CK: reaction without the enzyme.
A. Cleavage of Hx-containing dsDNA. B. Cleavage of Hx-containing ssDNA. C.
Cleavage of normal dsDNA. D. Cleavage of normal ssDNA. E. Cleavage of
I-meA-containing dsDNA. F. Cleavage of 1-meA-containing ssDNA.
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Fig. 3. Biochemical properties of Tg-AlkA. The Hx-containing dsDNA cleavage
reactions were performed under various conditions. The cleaved products were
analyzed by a SDS-PAGE. CK: reaction without the enzyme; CKI1 in panel B:
reaction with unheated enzyme; CK1 in panel D: the reaction without a divalent
cation. A. The optimal temperature of the enzyme activity; B. The thermo-tolerance
of the enzyme; C. The optimal pH of the enzyme activity; D. The effects of divalent
cations on the enzyme activity; E. The effect of NaCl on the enzyme activity.

Fig. 4. Substrate specificity of Tg-AlkA. A. The Hx-containing dsDNA (Hx:T, Hx:A,
Hx:G and Hx:C) cleavage reactions of 600 nM Tg-AlkA were performed at 70°C for
30 min. B. The 8ox0G-, U-, and AP-containing dsDNA cleavage reactions of 600 nM
Tg-AlkA were performed at 70°C for 30 min. The cleaved products were analyzed by
running a denaturing polyacrylamide gel. CK: the reaction without the enzyme.

Fig. 5. Cleavage of Hx-containing dsDNA by the Tg-AlkA mutants. One hundred
nanomolars Hx-containing dsDNA was used as the substrate to determine the
wild-type and mutant Tg-AlkAs activities at 70°C for 10 min. Reaction products were
detected by electrophoresis. A. The Y139A mutant. B. The W204A mutant. C. The
D223A mutant. D. The W256A mutant. CK: the reaction without the enzyme.

Fig. 6. DNA-binding of the wild-type and mutant Tg-AlkAs. Various dsDNA
substrates were incubated with the wild-type and mutant Tg-AlkAs with varied
concentrations at 25°C for 10 min. The bound product was run by electrophoresis. A.
Hx-containing dsDNA binding of the wild-type protein. B. Normal dsDNA binding of
the wild-type protein. C. 1-meA-containing dsDNA binding of the wild-type protein.
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D. Hx-containing dsDNA binding of the Y139A mutant. E. Hx-containing dsDNA
binding of the W204A mutant. F. Hx-containing dsDNA binding of the D223A
mutant. G. Hx-containing dsDNA binding of the W256A mutant. CK: the binding
assay without the enzyme.

Fig. 7. Kinetic analysis of DNA cleavage by Tg-AlkA at 70°C. DNA cleavage
reactions by Tg-AlkA were performed under the single turnover condition for various
times (10 s - 30 min) at 70°C. A. Hx-containing dsDNA cleavage by Tg-AlkA. B.
Determination of the reaction rate of DNA cleavage by Tg-AlkA. The amount of
remaining substrate was plotted as a function of time by the single exponential decay

equation to yield the best fit. CK: the reaction without the enzyme.
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Table 1 Oligonucleotides used in this study

Name Sequence (5'-3")

Tg-AlkKAF  GGGAATTCCATATGTTGATAGACCTTGAAAAAACG
Tg-AlkKAR  CCCAAGCTTTCTCTTCCTCCTCTCCATCTC

YI139AF AACCCGTTGGCGAGCTCGCCGCCTTTCCCACC
YI39A R GCGAGCTCGCCAACGGGTTCTCCGGCGAGTTT
W204A F TCCGCGGGATAGGGAAGGCGACGGCGGAGCTG
W204A R GCCTTCCCTATCCCGCGGAACTTCGTGAGGTA
D223AF CGTCTATCCAGCGGGAGCCCTGGGCCTGAGA
D233AR GCTCCCGCTGGATAGACGTTTTTCCTCAGGC
W256A F TCGAGCCCTATGGGAAGGCGAAGGGTTTGCTG
W256A F GCCTTCCCATAGGGCTCGATGATTTCCCTAAC

p45 Cy3CGAACTGCCTGGAATCCTGACGACXTGTAGCGAACGATCACCTCA

t45 TGAGGTGATCGTTCGCTACYTGTCGTCAGGATTCCAGGCGTTCG

The underlined nucleotides are restriction sites.
The italic nucleotides represent the mutagenic base.
X: Hx, 1-meA, U, 80xo0G or AP site.

Y:G, T,CorA.
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