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Abstract

Genomes of hyperthermophiles are facing a severe challenge due to increased
deamination rates of cytosine induced by high-temperature, which could be
counteracted by base excision repair mediated by uracil DNA glycosylase (UDG) or
other repair pathways. Our previous work has shown that the two UDGs (Tba UDG247
and Tba UDG194) encoded by the genome of the hyperthermophilic euryarchaeon
Thermococcus barophilus ChS can remove uracil from DNA at high temperature.
Herein, we provide evidence that Tba UDG247 is a novel bifunctional glycosylase
which can excise uracil from DNA and further cleave the phosphodiester bond of the
generated apurinic/apyrimidinic (AP) site, which has never been described to date. In
addition to cleaving uracil-containing DNA, Tba UDG247 can also cleave AP-
containing ssDNA although at lower efficiency, thereby suggesting that the enzyme
might be involved in the repair of AP site in DNA. Kinetic analyses showed that Tba
UDG247 displays a faster rate for uracil excision than for AP cleavage, thus suggesting
that cleaving AP site by the enzyme is a rate-limiting step for its bifunctionality. The
phylogenetic analysis showed that Tba UDG247 is clustered on a separate branch
distant from all the reported UDGs. Overall, we designated Tba UDG247 as the
prototype of a novel family of bifunctional UDGs.

Keywords: Uracil DNA glycosylase; Hyperthermophilic Archaea; Bifunctional

glycosylase



Introduction

As the most frequent deamination event that damages DNA in cells, the hydrolytic
deamination of cytosine to uracil is a major source of spontaneously induced G:C —
A:T transition mutation (Lindahl 1993). Furthermore, the rates of cytosine deamination
can be accelerated by elevated temperatures (Lindahl and Nyberg 1974). Quite
strikingly, genetic data suggest that hyperthermophilic Archaea thriving in high-
temperature environments have spontaneous mutation rates similar to that of
Escherichia coli (Grogan et al. 2001; Jacobs and Grogan 1997), and thus they are
expected to have more efficient DNA repair systems to cope with uracil in DNA that
arise from the deamination of cytosine. The replicative family B DNA polymerase from
hyperthermophilic Archaea could be stopped by uracil in DNA template, and then the
corresponding DNA repair enzymes could be recruited for uracil repair, which is called
the “read-ahead” mechanism (Connolly 2009; Shuttleworth et al. 2004). Uracil DNA
glycosylase (UDG) is a typical enzyme for uracil repair in DNA. Besides UDG,
endonuclease Q from hyperthermophilic Archaea is capable of cleaving DNA strands
containing uracil, suggesting that this endonuclease might also participate in uracil
repair in DNA (Shiraishi et al. 2015). Recently, the NucS endonuclease from
hyperthermophilic Archaea was also shown to act on DNA containing uracil by
cleaving both strands, thus providing an alternative pathway for uracil repair (Zhang et
al. 2020). Therefore, uracils in genomic DNA of hyperthermophilic Archaea could be
repaired by a combination of pathways mediated by UDG, endonuclease Q, and the

NucS endonuclease, which would thus be able to counteract the increased uracil levels



in DNA resulting from the elevated temperatures, which could help the cell reduce the
mutation ratyes and maintain their genomic DNA stability.

Base excision repair (BER) is a well-characterized pathway for restoring damaged
base(s) to normal one(s) in DNA. For uracil repair, a BER pathway is generally initiated
by a uracil DNA glycosylase (UDG). UDGs are highly conserved in bacteria, archaea,
or eukaryotes, and even some viruses. Based on their sequence similarities, UDGs have
been currently classified into six families (Schormann et al. 2014). Archaeal UDGs
belong to families IV, V and VI. Archaea often possess several UDGs belonging to
different UDG families. For example, the hyperthermophilic crenarchaeon
Pyrobaculum aerophilum possesses two UDGs, which are the members of families [V
and V (Sartori et al. 2001; Sartori et al. 2002). Family IV UDGs possess a 4Fe-4S
cluster and are exclusively found in hyperthermophiles (Hinks et al. 2002; Hoseki et al.
2003; Starkuviene and Fritz 2002). Mutational studies showed that the 4Fe-4S cluster
in archaeal family IV UDGs plays an important role in the recognition and removal of
uracil from DNA (Chung et al. 2003; Kawai et al. 2015). Family V UDGs display broad
substrate specificity (Sartori et al. 2002; Kosaka et al. 2007). Family VI UDG clusters
UDGs which exclusively cleave hypoxanthine-containing DNA (Lee et al. 2011).

Currently, all reported UDGs are mono-functional DNA glycosylases, e.g. they
harbor only a single activity which is responsible for the excision of the damaged base
in DNA which leaves an apurinic/apyrimidinic (AP) site in the target DNA. In contrast,
a bi-functional DNA glycosylase, such as the 8-oxoguanine (80xoG) DNA glycosylase

which is responsible for the repair of oxidized guanine bases in DNA, is not only



capable of excising the damaged base to generate an AP site, but also to further cleave
the formed AP site by B-elimination or y-elimination (Faucher et al. 2012). To date,
similar to their bacterial and eukaryotic homologs, the known UDGs from
hyperthermophilic Archaea have been shown to be mono-functional and to cleave uracil
in DNA at high temperature, creating an AP site (Sartori et al. 2001; Chung et al.
2003; Kawai et al. 2015; Sandigursky and Franklin 2000; Lin et al. 2012; Liu and Liu
2011; Dionne and Bell 2005; Yi et al. 2017; Moen et al. 2011). Interestingly, the UDG
from the hyperthermophilic euryarchacon Methanocaldococcus jannaschii, which
belongs to family IV, and is also active to excise 80xoG from DNA in addition to uracil
despite displaying much lower efficiency (Chung et al. 2003), suggesting that archaeal
UDGs may have characteristics distinct from UDG homologs from bacteria and
eukaryotes.

Recently, we have characterized the two UDGs (Tba UDG247 and Tba UDG194)
from the hyperthermophilic euryarchaecon Thermococcus barophilus ChS, which was
isolated from a deep-sea hydrothermal field of the Mid-Atlantic Ridge (Logachev field
chimney, 3,020 m depth) (Oger et al. 2016). ChS is both hyperthermophilic (an optimal
temperature of 85°C) and piezophilic (an optimal pressure of 40 MPa) (Marteinsson et
al. 1999). Our results have shown that both enzymes can remove uracil from DNA at
high temperature (Shi et al. 2019; Gan et al. 2020). Tba UDG194 is a classical family
IV UDG member, possessing the conserved motifs present in other family IV members
(Gan et al. 2020). In contrast, Tba UDG247 lacks the conserved motifs found in family

IV and family V UDG members, although being most closely related to family V UDGs



(Shi et al. 2019). Herein, we provide evidence that Tba UDG247 defines a novel family
of bi-functional UDGs, which differs from all other reported UDGs.

Materials and methods
DNA substrates and enzymes

Normal, uracil (U)-, hypoxanthine (Hx)-, tetrahydrofuran (THF)- and 8oxoG-
containing oligonucleotides were synthesized at Sangon Biotech Company, China.
Sequences of the oligonucleotides are 5'-Cy3- CGA ACT GCC TGG AAT CCT GAC
GAC XTG TAG CGA ACG ATC ACC TCA -3’ (X: U, Hx, THF or 80oxoG). The
sequences of complementary strand are 5'-TGA GGT GAT CGT TCG CTA CAY GTC
GTC AGG ATT CCA GGC AGT TCG -3" (Y: T, C or G). The Cy3-labeled
oligonucleotide duplex was prepared as described previously (Shi et al. 2019). Briefly,
the Cy3 labeled deoxyoligonucleotides were annealed to the complementary
deoxyoligonucleotides to prepare dsDNA in an annealing buffer (20 mM Tris-CI pH
8.0 and 1 M NaCl). The annealing reactions were performed at 100 °C for 5 min and
cooled slowly to room temperature at least 4 h.

Tba UDG247 and an archaeal GO (8-oxoG) DNA glycosylase from the
hyperthermophilic euryarchacon Thermococcus gammatolerans (Tg-AGOG) were
obtained as described previously (Shi et al. 2019a; Zhang et al. 2019). E. coli UDG was
purchased from Thermo Scientific Company, USA.

Glycosylase assay
The glycosylase assays of Tba UDG247 and Tg-AGOG were performed as

described previously (Shi et al. 2019a; Zhang et al. 2019). Briefly, the Cy3-labeled



DNA was incubated with Tba UDG247 at 70°C for 30 min for ssDNA cleavage and at
65°C for 30 min for dsDNA cleavage. The Cy3-labeled 8oxoG-containing ssDNA
substrate was incubated with 400 nM Tg-AGOG at 85°C for 30 min. The E. coli UDG
activity was assayed following the manual instructions. Briefly, DNA cleavage
reactions were performed in the reaction system (10 puL) containing 200 mM Tris-HCI
pH 8.0, 1 uL 10 mM DTT, 100 nM uracil-containing ssDNA , 0.5 uL E. coli UDG at
37°C for 15 min. The cleaved products of E. coli UDG were heated with 0.5 M NaOH
at 95°C for 5 min and chilled rapidly on ice for 3 min. The cleaved products were
separated by electrophoresis in a denaturing 15% polyacrylamide gel with 8 M urea
after heating at 95°C for 5 min. The gels were scanned with a Molecular Image analyzer
(PharosFx System, Bio-Rad) and the Cy3-labeled DNA was quantitated with the
ImageQuant software. All experiments of the glycosylase assays were replicated three
times.
AP lyase activity assay

We employed the E. coli UDG to excise uracil from DNA to prepare the AP-
containing DNA substrate. Using the created AP-containing ssDNA or the synthesized
THF-containing ssDNA as substrate, DNA cleavage reactions of Tba UDG247 were
performed at 70°C for ssDNA cleavage for 30 min. The cleaved products were separated
by electrophoresis in a denaturing 15% polyacrylamide gel with 8 M urea. The gels
were scanned with a molecular image analyzer (PharosFx System, Bio-Rad) and the
Cy3-labeled DNA was quantitated with the ImageQuant software. All experiments of

the AP lyase assays were replicated three times.



Kinetic assays of glycosylase and AP lyase

DNA cleavage assays were performed at various temperatures for various times
under the single-turnover conditions where Tba UDG247 (800 nM) was 4-fold higher
than U-containing ssDNA (200 nM) or AP-containing ssDNA (200 nM). After DNA
cleavage by Tba UDG247, the concentrations of the remaining substrate were
calculated and plotted against the reaction time by a single exponential decay equation
to yield the reaction rate (k) with the KaleidaGraph program (Synergy Software):

[Remaining substrate] = A exp(—kt)

where A and £ are the reaction amplitude and the cleavage rate, respectively.
DNA-binding assays

DNA binding assays were performed by incubating Tba UDG247 with various
protein concentrations with 100 nM U-containing ssDNA and normal ssDNA at 25°C
for 10 min in buffer (10 uL) including 100 nM Cy3-labeled DNA, 20 mM Tris-HCI pH
8.0, 1 mM DTT, and 8% glycerol. The free and bound DNA substrates 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 the ImageQuant software. The DNA binding assays
were repeated three times.
Phylogenetic analyses

The genes coding for the two Tba UDGs were used to identify their orthologs in
all Thermococcales species which genomes are sequenced. Five or six representative

members of all described UDG families (6 families) and all UDG-like families (3



families) were collected from the databases to represent the largest diversity between
and within each family. UDG sequences were aligned in Seaview with Muscle (Gouy
et al. 2010). Conserved sites were selected with GBlocks. Maximum likelihood
unrooted phylogenetic trees were built with PhyML v3.696. Bootstrapping was
performed with 1000 replicates.

Results
Tha UDG247 is a bifunctional glycosylase

In our previous work (Shi et al. 2019), we have characterized biochemically Tba
UDG247, demonstrating that this enzyme can excise uracil from ssDNA and dsDNA
at high temperature with similar efficiency. Sequence alignments of Tba UDG247 have
shown that this glycosylase lacks several conserved motifs that are ubiquitous in the
UDG homologs in family V and family IV UDGs (Shi et al. 2019), suggesting that this
enzyme might possess unique and unknown characteristics distinct from other UDGs.
The lack of the conserved UDG motifs in Tba UDG247 prompted us to further
investigate whether this UDG could be a bifunctional DNA glycosylase, capabable to
cleave DNA substrates besides uracil-containing DNA.

To our surprise, we observed that the U-containing ssDNA substrate was gradually
cleaved by Tba UDG247 with increasing protein concentrations (Fig. 1A), even though
the cleavage reactions were not treated with hot NaOH. At 400 nM Tba UDG247, the
cleavage percentage even reached 96%, demonstrating that this UDG can not only
effectively excise uracil from ssDNA, but also cleave the phosphodiester bond of the

generated AP-site. Furthermore, Tba UDG247 can also cleave effectively U-containing



dsDNA (U:G), displaying cleavage efficiencies similar to those observed for the
cleavage of U-containing ssDNA (Fig. 1B). Overall, these observations demonstrate
that Tba UDG247 is a bifunctional DNA glycosylase. To our knowledge, it is the first
report of a UDG with bifunctional activity.

Tha UDG247 possesses an AP lyase activity

E. coli UDG is a mono-functional glycosylase. Thus, we used this enzyme to
prepare AP-containing DNA by incubating the enzyme with U-containing ssDNA at
37°C for 30 min, and used this substrate to determine whether Tba UDG247 harbors an
AP lyase activity. At the same time, we used Tg-AGOG, a bifunctional glycosylase
from 7. gammatolerans responsible for the removal of 80xoG, to perform the AP-
containing ssDNA cleavage reaction as a positive control.

In a first control reaction, the AP-containing ssDNA created by E. coli UDG was
incubated at 70°C for 15 min in absence of Tba UDG247. We observed 17%
spontaneous cleavage of the AP-containing ssDNA (Fig. 2A), which is most probably
due to the instability of the AP-containing ssDNA at 70°C. However, 64% cleavage
was observed in presence of 200 nM Tba UDG247 (Fig. 2A), which is significantly
higher than the control without the enzyme, demonstrating that Tba UDG247 possesses
an AP lyase activity that can cleave AP-sites in DNA. In the second control reaction,
the AP-containing ssDNA was incubated at 85°C for 15 min in absence of Tg-AGOG
(Fig. 2A), which leaded to a spontaneous cleavage of the DNA of 47%, e.g.
significantly higher than that of the control reaction performed at 70°C, confirming the
role of temperature on cleavage and the instability of the AP-containing ssDNA at
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elevated temperatures. However, the cleavage of the AP-containing ssDNA reached 93%
in presence of the bi-functional glycosylase Tg-AGOG (Fig. 2A), illustrating its AP
lyase activity. Thus, similar to the bifunctional Tg-AGOG, the Tba UDG247 is able to
cleave AP sites and is thus distinct from monofunctional UDGs.

Note that the two substrates used for Tba UDG247 and Tg-AGOG activity assays
are identical to the exception of the uracil or 80xoG modification which has been
introduced at the same position of the oligonucleotide as described in Materials and
methods. The cleaved product of the U-containing ssDNA by Tba UDG247 ran to the
same position in the gel as that generated by Tg-AGOG when cleaving the 8oxoG-
containing ssDNA (Fig. 2B). Thus, our observations further confirm that Tba UDG247
resembles Tga AGOG, possessing both glycosylase activity and AP lyase activity. The
size of the cleaved products of Tg-AGOG and Tba UDG27 is between 24mer and
26mer. The cleaved products of Tba UDG247, Tga AGOG and E. coli UDG treated
with hot NaOH run to the same position, but they ran to different positions when not
treated with hot NaOH (Fig. 2B). Since Tg-AGOG utilizes a beta-elimination to leave
a 3' alpha-beta unsaturated aldehyde (Zhang et al. 2019; Barbier et al. 2006), we
proposed that the bifunctional Tba UDG247 excises uracil from DNA and cleaves the
generated AP site also via a beta-elimination to yield a 3' alpha-beta unsaturated
aldehyde.

Tha UDG247 is inactive on THF-, 80x0G- or hypoxanthine-containing DNA

Next, we determined the cleavage efficiency of AP lyase activity of Tba UDG247
at varied enzyme concentrations. As shown in Fig. 3A, the AP-containing ssDNA
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substrate created by E. coli UDG was gradually cleaved with increasing Tba UDG247
concentrations, thereby further confirming that Tba UDG247 harbors an AP lyase
activity. At 400 nM, Tba UDG247 harbored 75% cleavage (Fig. 3A). Compared with
the reactions with the U-containing ssDNA as substrate, Tba UDG247 displayed a
lower efficiency to cleave AP sites than for the removal of uracil from DNA at all tested
concentrations, suggesting that U-containing ssDNA is a preferred substrate for the
enzyme over AP-containing ssDNA.

Since THF is structurally similar to AP, we investigated whether Tba UDG247 is
able to cleave THF in DNA, using synthetic THF-containing ssDNA as substrate. As
shown in Fig. 3B, no cleaved product was observed no matter the concentrations of Tba
UDG247 used, suggesting that this UDG is inactive on THF-containing ssDNA.

Besides uracil, both 80xoG and hypoxanthine are also common damaged bases in
DNA that arise from guanine oxidation and adenine deamination, respectively. Since
the hyperthermophilic M. jannaschii UDG can excise 8oxoG from DNA in addition to
removing uracil from DNA (Chung et al. 2003), we investigated the possiblity that Tba
UDG247 could act on 8oxoG-containing DNA. As shown in Figure 3C, no cleaved
product was seen regrdless of Tba UDG247 concentration, demonstrating that Tba
UDG247 is inactive on 8oxoG-containining DNA.

Since family VI UDG excise hypoxanthine from DNA (Lee at al. 2011), we also
tested this activity in Tba UDG247. Again, no cleaved product was formed using Hx-
containing DNA as a substrate whatever the Tba UDG247 concentration (Fig. 3D),

demonstrating that the enzyme is inactive on Hx-containing DNA. Taken together,
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these results demonstrate that the bi-functional Tba UDG247 excises exclusively uracil
from DNA and AP site in DNA.
Kinetic rates for base excision and AP cleavage of Tha UDG247

Since the enzyme harbors both glycosylase activity and AP lyase activity, we
investigated the rates of Tba UDG247 for base excision and AP cleavage under the
single turnover conditions. As shown in Fig. 4A, U-containing ssDNA was gradually
cleaved as the reaction time extended. Since the cleaved product was not treated with
hot NaOH, the estimated rate was designated as base excision/B-lyase (ks+r). The molar
amount of the remaining DNA substrate in the DNA cleavage reactions catalyzed by
Tba UDG247 was quantitated and plotted against the reaction time to yield the £ and A
values by fitting a single-exponential decay equation (Fig. 4D). The kg+1. and A values
were determined to be 0.07 + 0.002 min ™! and 197 + 2 nM (Table 1), respectively.

Furthermore, we treated the cleaved product of Tba UDG247 with the NaOH and
defined the rate as base excision (k). Compared with the reaction without the hot
NaOH treatment, we found that the enzyme exhibited higher efficiencies at all tested
reaction times (Fig. 4B). Following the approach described above (Fig. 4D), the kg
value for Tba UDG247 was estimated to be 0.20 + 0.002 min!, which is close to the
value reported in our previous work (Shi et al. 2019a). Thus, the ks value is about 3-
fold higher than the s+ value, suggesting that Tba UDG247 has a relatively fast rate
for base excision and a relative slow rate for the cleavage of the generated AP site.

Besides, we also determined the single turnover rate of Tba UDG247 for cleaving

an AP site using the AP-containing ssDNA as substrate. As shown in Fig. 4C, Tba
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UDG247 displayed cleavage efficiencies similar to those observed for the cleavage
reaction without the hot NaOH treatment (Fig. 4A). The rate (k.) and A values of Tba
UDG247 for cleaving the AP-containing ssDNA were estimated by the approach
described above to be 0.01 + 0.003 min' and 198 + 1 nM, which is close to the values
obtained for ks+L. Thus, these results further confirmed that the cleavage of the AP site
is a rate-limiting step for the bi-functionality of Tba UDG247.

As shown in Fig. 4A & 4C, the total signal of the bands (substrate and product)
seems to decrease with the increase in reaction time. Since the cleaved product shown
in Fig. 4A & 4C was not treated with hot NaOH, it is reasonnable to assume that the
cleaved product might stay bound to the Tba UDG247 protein. A similar observation
can be made in Fig. 2B. In contrast, no decrease in signal was observed after the hot
NaOH treatment (Fig. 4B), confirming our above hypothesis that the the cleaved
product might be bound to the enzyme and released upon hot NaOH treatment.

DNA binding by Tba UDG247

In our previous publication, we demonstrated that Tba UDG247 can bind U-
containing DNA (Shi et al. 2019). Here, we investigated whether Tba UDG247 exhibits
a preference for U-containing DNA over normal DNA. 31% and 68% binding were
observed with 200 nM Tba UDG247 when using normal and U-containing ssDNA
(Figs. 5A and 5B) respectively. At 400 nM, Tba UDG247 still had higher binding
efficiencies for U-containing ssDNA over normal DNA. However, at 800 nM, Tba
UDG247 displayed similar binding (>90%) for both substrates. Thus, Tba UDG247
displays a strong preference for U-containing DNA binding over normal ssDNA.
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Considering that Tba UDG247 is able to cleave the phosphodiester bond of the
generated apurinic/apyrimidinic site, we also determined whether the enzyme can bind
to AP-containing ssDNA. As shown in Fig. 5C, Tba UDG247 displayed similar affinity
for AP-containing ssDNA and normal ssDNA at all tested concentrations. Similarly,
the binding efficiencies of the enzyme for AP-containing ssDNA were lower than those
for the uracil-containing ssDNA at 200 nM and at 400 nM, which is congruent with our
observations that the enzyme has a relatively faster uracil excision rate than AP
cleavage rate.

Phylogenetic relationship of Tha UDG247 and Tha UDG194

Considering its specific bi-functionality, we hypothesized that Tba UDG247 may
define a novel family of UDGs. To support this claim, we constructed phylogenetic
trees of all UDGs and a focus on UDGs from the order Thermococcales.

As mentioned above, there are two genes in Thermococcus barophilus Ch5 that
encode an UDG: one is encoded by gene TbCh5v1 2287 (Tba UDG194) and the other
is encoded by the gene TbCh5v1 0629 (Tba UDG247). As shown in Fig. 6, the two
Tba UDGs cluster with other UDGs from the order Thermococcales. Both Tba UDGs
are found on well supported branches of the phylogenetic tree (Fig. 6A, bootstrap values
of 89 and 100 respectively), but not within the known branches for the archaeal UDGs,
e.g. families IV, V and VI. Tba UDG194 is closely related to UDG family IV UDGs,
while Tba UDG247 is more distantly related to the cluster regrouping family V
members. Interestingly, Tba UDG194 can be found in all the genomes available to date

for this order (Fig. 6B), which includes members of the genera Thermococcus,
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Palaeococcus and Pyrococcus, from which a close homologue has been characterized
previously (Lin et al. 2012). In contrast, Tba UDG247 is only present in a few species
of the Thermococcus genus, and is absent from the Pyrococcus genus (Fig. 6B),
suggesting a more recent origin for this gene in this order. Furthermore, we did not see
closely related homologues of the UDGs in other Archaea, which supports a possible
origin by horizontal gene transfer. The similarity between both Tba UDGs or between
Tba UDG247 and other glycosylases is very low, which somewhat excludes an origin
by gene duplication inside the Thermococcales and further divergent selection from
mono-functional glycosylase to bi-functional glycosylase during the course of
evolution.

Our biochemical data show that Tba UDG247 is a bi-functional UDG that can
removes uracil from DNA and cleave the generated AP site, which differs from all the
known UDGs. The phylogenetic analysis clearly shows that Tba UDG247 clusters in a
well-supported branch of the tree outside the known and defined families of UDGs,
most closely related to UDG family V. Thus, we propose that Tba UDG247 be
recognized as the prototype of a new family of UDGs, which could be referred to as
UDG family VII, and as bi-functional UDGs with glycosylase activity exclusively
towards uracil and AP lyase activity.

Discussion

The genome of the hyperthermophilic euryarchacon Thermococcus barophilus

Ch5 encodes two UDGs that might be potentially involved in excising uracil from DNA,

among which Tba UDG247 lacks several conserved motif present in families IV and V.
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In this work, we presented evidence that Tba UDG247 is a bifunctional DNA
glycosylase that possesses both glycosylase activity and AP lyase activity, which
contrasts sharply with all the reported UDG homologs that are all mono-functional.

In addition to possessing a bifunctional activity that can remove uracil from DNA,
Tba UDG also harbors an activity to cleave AP-containing DNA. It is estimated that
the hyperthermophilic euryarchaeon Pyrococcus abyssi harbors about 10-fold higher
AP-site levels than E. coli (Palud et al. 2008), suggesting that AP-site is a common
lesion in genomic DNA of hyperthermophiles. Generally, the AP-site could be cleaved
by an AP lyase or an AP endonuclease, and further repaired by a combination of DNA
polymerase, Flap endonuclease 1 and DNA ligase in the long patch repair or a
combination of drp lyase, DNA polymerase, and DNA ligase in the short patch repair.
Both T. barophilus and P. abyssi belong to the Thermococcales and live in very similar
settings, e.g. high temperature deep-sea hydrothermal vent systems, thus we expect 7.
barophilus to harbor similar high AP-site levels as observed for P. abyssi. Xxx are
encoded in the genome of 7. barophilus ChS5, thereby suggesting that they might be
involved in AP-site repair. Despite displaying lower efficiencies for the cleavage of AP
sites than for the excision of uracil from DNA, cleavage of AP sites by Tba UDG247
might provide an alternative pathway for their in Thermococcus cells.

The archaeal GO DNA glycosylase from P. aerophilum (Pa-AGOG) is a well
characterized bifunctional DNA glycosylase that can remove 8oxoG from DNA
(Sartori et al. 2004). The single turnover kinetic analysis demonstrates that Pa-AGOG
displays kg+1, kg and ki values in the following order: kg > ki > kg+L (Lingaraju et al.
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2009). Similar results are observed for the human OGG1 (Norman et al. 2003). Our
kinetic results demonstrate that Tba UDG247 has a relative fast rate for uracil excision
from DNA but a relative slow rate for the cleavage of the generated AP site. Overall,
these findings suggest that cleaving AP site might be a rate-limiting step for a
bifunctional DNA glycosylase.

The genome of Thermococcus barophilus ChS5 encodes a putative AP
endonuclease (NCBI accession number: ALM76103.1, gene TBCHS5v1 2204) that
might act on AP site cleavage. However, T. barophilus Ch5 thrives optimally at 88°C,
which could potentially accelerate base depuration rate. The increased AP-site levels
have been confirmed in hyperthermophilic euryarchaeon Pyrococcus abyssi, which
might excess the repair capacity of the sole AP endonuclease. Thus, the AP site
cleavage activity of Tba UDG247 could provide an alternative pathway for AP-site
repair in hyperthermophilic Archaea.

In general, bifunctional DNA glycosylases, such as endonuclease III (Shiraishi et al.
2020) and 80xoG DNA glycosylase (Faucher and Doublie 2012), belong to HhH-GPD
superfamily 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
(Kuznetsov and Fedorova 2020). The highly conserved lysine residue in the conserved
HhH motif of bi-functional DNA glycosylases is thought to be responsible for its
activity. Although it is a monofunctional glycosylase, the M. jannaschii UDG harbors
the HhH motif. However, residue E132 in the M. jannaschii UDG corresponds to the
highly conserved lysine in bifunctional glycosylases. Surprisingly, the mutation of
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E132 in the M. jannaschii UDG to the lysine residue converts the enzyme to be a
bifunctional one (Im et al. 2008). In contrast, the conversion of the same residue in the
human ortholog (residue K212 in human Endolll) decouples the glycosylase and AP
lyase activities (Liu and Roy 2001). However, Tba UDG247 does not have the
conserved HhH motif, thereby suggesting that the enzyme might employ a distinct
mechanism for its bifunctionality. We are currently trying to solve the crystal structure
of Tba UDG247 and constructing mutants to investigate the structure and function
relationship of this enzyme.

BER is ubiquitous in bacteria, eukarya and archaea. Although it has extensively
been studied in bacteria and eukarya, BER has thus far only been investigated in three
archaea: the aerobic crenarchaeon P. aerophilum (Sartori et al. 2001), the anaerobic
euryarchaeon Archaeoglobus fulgidus (Knaevelsrud et al. 2010) and the anaerobic
euryarchaeon Thermococcus kodakarensis (Gehring et al. 2020). Here, we present the
first evidence that Tba UDG247 is able to remove uracil from DNA and further cleave
the phosphodiester bond of the generated AP site, and may thus participate actively in
the BER pathway in 7. barophilus.

Based on this novel bi-functional activity, we propose a model for U-containing
DNA by Tba UDG247-mediated BER (Fig. 7). In the first step, Tba UDG247
recognizes uracil in DNA and excises it from DNA via its glycosylase activity,
generating an AP site. The generated AP site is further cleaved by the AP lyase activity
of Tba UDG247 to produce modified a deoxyribose residue, which is confirmed by our

biochemical data. In the third step, the cleaved product of the enzyme is processed by
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the Tba 3'-phosphodiesterase, to remove the modified deoxyribose residue, leaving a
free 3'-OH and a nucleotide gap. This phosphodiesterase could be encoded by genes
TBCH5v1 0294 or TBCHS5v1 2724 although this would need to be confirmed since
they have not been biochemically characterized yet. In the next steps, the gap is filled
by a DNA polymerase such as Tba DNA Polf} encoded by the PolB gene (Kwon et al.
2006) or PolD encoded by the TBCH5v1 2165 gene, with the use of the free 3'-OH to
incorporate dCMP opposite of the template G to produce a nick that can be then ligated
by the Tba DNA ligase (Shi et al. 2009b).

In summary, we present the prototype of a novel bifunctional uracil DNA
glycosylase from the hyperthermophilic euryarchaeon 7. barophilus ChS that possesses
both a glycosylase activity and an AP lyase activity, capable of excising exclusively
uracil from DNA and further cleaving the generated AP site at high temperature.
Furthermore, Tba UDG displays a relative faster rate for base excision than for AP site
cleavage. This bi-functional UDG defines a new family of UDGs as UDG family VII
with bi-functional activity, which is up to now restricted in distribution to a few species
of the order Thermococcales.
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Figure legends

Fig. 1 U-containing DNA cleavage reactions of Tba UDG247. DNA cleavage reactions
were performed using the U-containing DNA as substrate in the presence of 100 nM,
200 nM and 400 nM Tba UDG247, respectively. A. U-containing ssDNA cleavage
reactions of Tba UDG247. B. U-containing dsDNA (U:G) cleavage reactions of Tba
UDG247. CK: the reaction without enzyme.

Fig. 2 Tba UDG247 possesses a bifunctional activity, resembling that of Tg-AGOG. A.
DNA cleavage reactions of Tba UDG247 and Tg-AGOG. Using the E. coli UDG
generated AP-containing DNA as substrate, DNA cleavage reactions of 200 nM Tba
UDG247 and 200 nM Tg-AGOG were performed at 70°C for 15 min and at 85°C for
15 min, respectively. CK: the reaction without enzyme. B. Cleavage sites of E. coli
UDG, Tba UDG247 and Tg-AGOG. Lane 1: the control reaction without E. coli UDG;
lane 2: U-containing ssDNA cleavage reaction of E. coli UDG without hot NaOH
treatment; lane 3: U-containing ssDNA cleavage reaction of E. coli UDG with hot
NaOH treatment; lane 4: the control reaction without Tha UDG247; lane 5: U-
containing ssDNA cleavage reaction of Tba UDG247 without hot NaOH treatment; lane
6: U-containing ssDNA cleavage reaction of Tba UDG247 with hot NaOH treatment;
lane 7: the control reaction without Tg-AGOG:; lane 8: U-containing ssDNA cleavage
reaction of Tg-AGOG without hot NaOH treatment; lane 9: U-containing ssDNA
cleavage reaction of Tg-AGOG with hot NaOH treatment. M: Cy3-labeled 26mer and
24mer ssDNA.

Fig. 3 Tba UDG247 is active on AP-containing DNA, but inactive on THF-, 80oxoG-
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and Hx-containing DNA. DNA cleavage reactions were performed using AP-, THF-,
80x0G- or Hx- containing DNA as the substrates in the presence of 100 nM, 200 nM
and 400 nM Tba UDG247, respectively. A. AP-containing DNA cleavage reactions of
Tba UDG247. B. THF-containing DNA cleavage reactions of Tba UDG247. C. 80xoG-
containing DNA cleavage reactions of Tba UDG247. D. Hx-containing DNA cleavage
reactions of Tba UDG247. CK: the reaction without enzyme.

Fig. 4 Kinetic analysis of Tba UDG247. DNA cleavage reactions of Tba UDG247 were
performed using 200 nM U-containing ssDNA (A and B) or AP-containing ssDNA (C)
as substrate in the presence of 800 nM enzyme at 70°C for various times (10 s - 20 min).
A. U-containing ssDNA cleavage reaction of Tba UDG247 without hot NaOH
treatment. B. U-containing ssDNA cleavage reaction of Tba UDG247 with hot NaOH
treatment. C. AP-containing ssDNA cleavage reaction of Tba UDG247. D. The
corresponding fitting curves of the cleaved products of Tba UDG247 against reaction
time. The amount of remaining substrate was plotted as a function of time by the single
exponential decay equation to yield a reaction rate (k). Void circle ( © ) and solid circle
( @) represent the fitting curves of the cleaved products of U-containing ssDNA without
and with hot NaOH treatment, respectively. Solid square ( m ) represents the fitting
curve of the cleaved products of AP-containing ssDNA. CK: the reaction without
enzyme.

Fig. 5 DNA binding by Tba UDG247. A. Normal ssDNA binding by Tba UDG247. B.
U-containing ssDNA binding by Tba UDG247. CK: DNA binding assay without

enzyme.
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Fig. 6 Phylogenetic trees of Tba UDG247 and Tba UDG194. A. Phylogenetic tree of
reference sequences from all families of UDGs and UDG-like proteins. Un-rooted ML
phylogeny of UDGs was inferred from the aligned protein sequences reference
sequences from all the UDG families as well as UDG-like families as defined in the
Conserved Domain Database. The different canonical UDG families as well as the
candidate UDG-like families are highlighted on the right side of the tree. The two T.
barophilus Ch5 UDGs define two novel UDG-like families in the tree, named Th UDG
family 1 and Th UDG family 2. B. Phylogenetic tree of Th UDG Family 1 and 2
proteins from the Thermococcales. Unrooted ML phylogeny of UDGs was inferred
from the aligned protein sequences reference sequences from all the UDG proteins as
well as UDG-like proteins extracted from the available complete Thermococcales
genomes. The sequence accession numbers for each individual protein are shown in the
tree. The tree was inferred with PhyML (LG 4 rate classes, 368 sites). The scale bar
represents the average number of substitutions per site. Numbers at branches represent
bootstrap values (1000 replicates, values > 50% are shown).

Fig. 7 The proposed BER pathway for the repair of uracil in DNA triggered by Tba
UDG247. The details of the BER pathway mediated by Tba UDG247 are described in
the text. The activities of Tba DNA PolB and Tba DNA ligase were verified [39].
Currently, the activities of Tba 3’-phosphodiesterase, Polf and PolD have not been
confirmed. The genes encoding the proteins are as follows: UDG247 (NCBI:
WP _013468232), 3'-phosphodiesterase (GenBank: ALM74271.1), Polf (NCBI:

WP _013467353), PolB (GenBank: AMR71157.1), PolD (GenBank: ALM76065.1 and
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ALM76068.1), and DNA ligase (NCBI: WP _056934612). dR, deoxyribose residue;
dR’, modified deoxyribose residue (i.e., a, f-unsaturated aldehyde); dRP, deoxyribose

phosphate; Lig: ligase; P, phosphate group; Pol: polymerase; U: uracil.
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Table 1 Single turnover rate constants of Tba UDG247 for base excision and AP

cleavage
Single turnover rate constants k (min™1) A (nM)
Base excision 0.20 £ 0.002 176 £5
Base excision/p-lyase 0.07 = 0.002 197 +2
B-lyase 0.10 £ 0.0003 198+ 1
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