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ABSTRACT

Endonuclease Il (Endolll) is a bifunctional DNA glycosylase that removes oxidized pyrimidines from
DNA. The genome of Deinococcus radiodurans encodes for an unusually high number of DNA
glycosylases, including three Endolll enzymes (drEndolll1-3). Here, we compare the properties of
these enzymes to those of their well-studied homologues from E. coli and human. Our biochemical
and mutational data, reinforced by MD simulations of Endolll-DNA complexes, reveal that drEndollI2
exhibits a broad substrate specificity and a catalytic efficiency surpassing that of its counterparts. In
contrast, drEndolll1 has much weaker and uncoupled DNA glycosylase and AP-lyase activities, a
characteristic feature of eukaryotic DNA glycosylases, and was found to present a relatively robust
activity on single-stranded DNA substrates. To our knowledge, this is the first report of such an
activity for an Endolll. In the case of drEndollI3, no catalytic activity could be detected, but its ability to
specifically recognize lesion-containing DNA using a largely rearranged substrate binding pocket

suggests that it may play an alternative role in genome maintenance. Overall, these findings reveal
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that D. radiodurans possesses a unique set of DNA repair enzymes, including three non-redundant
Endolll variants with distinct properties and complementary activities, which together contribute to

genome maintenance in this bacterium.
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INTRODUCTION

DNA damage is a common occurrence that compromises the functional integrity of DNA. It is
estimated that more than 10,000 bases are damaged daily in every human cell [1]. The causative
agents of these damages are mainly free radicals (superoxide, hydroxyl radicals and hydrogen
peroxide), which are normally produced as natural by-products of food metabolism. If damaged DNA
is left unrepaired, it can generate mutations, replication errors, persistent DNA damage and genomic

instability, which are ultimately associated with diseases, like cancer and premature aging.

The C5-C6 double bond of pyrimidines is vulnerable to attack by reactive oxygen species (ROS). The
most ubiquitous lesions are 5-hydroxycytosine (50HC) and 5-hydroxyuracil (50OHU) formed by
oxidation of cytosine, and thymine glycol (Tg) formed by either oxidation of thymine or by oxidation
and deamination of 5-methylcytosine [2,3]. Under anoxic conditions, dihydrothymine (DHT) and
dihydrouracil (DHU) result from ionizing radiation damage to, respectively, thymine and cytosine [4,5].
DHU, 50HU, and 50HC can pair with adenine or cytosine during DNA synthesis and are therefore
potentially mutagenic [6,7]. Of these lesions, Tg is the only one which is cytotoxic rather than
mutagenic, having been shown to block DNA polymerases [8—10]. The reason is believed to be the

relatively bulky perturbation it causes to the DNA structure.

Oxidized nucleobases are recognized and repaired by bifunctional DNA glycosylases belonging to the
Base Excision Repair (BER) pathway. In humans, these lesions are excised by the hNeill, hNeil2,
hNeil3, hOgg1 and hNTH, while in E. colithe corresponding enzymes are Fpg, EndoVIll (Nei) and
Endonuclease Ill (Endolll). Endolll enzymes have broad substrate specificity and remove a range of

oxidized bases from DNA, but have Tg and 50HC as their main substrates [11]. They belong to the
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Helix-hairpin-Helix (HhH) family of DNA glycosylases, which also includes the bacterial 3-
methyladenine DNA glycosylase (AlkA), A/G mismatch DNA glycosylase (MutY) and human 8-
oxoguanine DNA glycosylase (Ogg1). The crystal structures of Endollls from E. coli (ecEndolll) [12],
D. radiodurans (drEndolll1 and drEndollI3) [13] and B. stearothermophilus (bstEndolll) [14] have
been determined in either their apo- or DNA-bound form. They consist of a two domain helical bundle
structure, separated by a positively charged DNA binding cleft. The cleft contains the highly
conserved DNA-binding HhH maotif, three less conserved DNA-interacting loops (FCL, DIL1 and DIL2),
and the active site [12—14]. A superimposition of all HhH DNA glycosylases shows that the structure
of Endolll is very similar to the core structure of other members of this family, however only Endolll
and MutY enzymes possess a [4Fe-4S] cluster in domain A. The role of this cluster is still unclear. It
was initially suggested to play only a structural or regulatory role [15]. Lately it has been shown to be

redox activated upon binding to both DNA [16] and other positively charged entities [17].

The bifunctional activity of Endolll enzymes, illustrated in Fig. 1, includes removal of the damaged
base through scission of the glycosidic bond between the base and the ribose (DNA glycosylase
activity) followed by cleavage of the DNA backbone (AP-lyase activity) on the 3' side of the abasic site,
leaving a 3'-unsaturated aldehyde and a 5'-phosphate group at the ends of the DNA [18,19].
Thereafter the unsaturated aldehyde is processed by an AP-endonuclease in bacteria in order to
prepare the ends for incorporation of the correct base by a DNA polymerase followed by ligation by a
DNA ligase. While monofunctional DNA glycosylases depend on a highly conserved aspartate for
hydrolysis of the N-glycosidic bond, an additional highly conserved lysine is important for activity of
the Endolll enzymes [12,20]. This lysine is proposed to be the main catalytic residue responsible for
cleavage of the N-glycosidic bond by nucleophilic attack on the anomeric carbon, thereby forming a
transient enzyme-DNA Schiff base complex that has been trapped covalently in numerous studies
[14,21,22]. Formation of the complex facilitates proton abstraction at C2' of the ribose, leading to
subsequent nicking of the DNA by beta-elimination of the C3' phosphate bond. The proton abstraction
is believed to be important for this step [23], and Fromme et al[14] have suggested that a second

conserved aspartate (D45 in bstEndolll) is responsible for this activity.



Most studied Endolll enzymes display concerted bifunctional activity; however, the human Endolll
(hNTH) has in several studies displayed a higher DNA glycosylase activity than AP-lyase activity [24—
26]. Such uncoupling of activities is also observed in two other eukaryotic DNA glycosylases that
repair ROS induced damage, hOgg1 [27,28] and hNeil3 [29]. In these bifunctional DNA glycosylases,
the individual reaction steps take place in a non-concerted manner, thereby creating two separate
sub-pathways, as illustrated in the kinetic scheme in Fig. 1. Marenstein et al [25] explain the
uncoupling as a consequence of hNTH’s poor affinity towards the intermediate, the abasic or Ap site,

leading to dissociation of the enzyme-Ap-DNA complex before the beta-elimination.

The genome of the extreme radiation- and desiccation-resistant bacterium, D. radiodurans, encodes
an unusually high number of DNA glycosylases including three Endolll-like enzyme variants: DR2438
(drEndolll1), DR0289 (drEndolll2) and DR0982 (drEndolll3) [30,31]. Interestingly, D. radiodurans
does not possess a homologue of E. coli Nei/EndoVIII DNA glycosylase. Previously, we had
determined the crystal structures of drEndolll1 and drEndollI3, and generated a homology model of
drEndollI2 [13], which we have further validated using molecular dynamics (MD) simulations in the
present study (Fig. S1). Our structure-function analysis of these enzymes revealed that the structures
of the three drEndollls are very similar to those of ecEndolll and bstEndolll [12,14], but only
drEndolll2, and to a lesser extent drEndolll1, possess bifunctional activity towards Tg and AP-lyase
activity on Ap-DNA. DrEndolll3, despite its preserved fold and conserved catalytic residues, displayed
no activity on such substrates. We hypothesized at the time that the differences in activity may be
attributed to altered electrostatic surface potentials, modified substrate binding pockets and amino

acid substitutions in the DNA binding loops [13].

Here, we present an in-depth analysis of the activity and substrate specificities of the three drEndolll
enzymes and have compared them to those of their well-studied homologues from E. coli (ecEndolll)
and human (hNTH). We demonstrate that drEndollI2 is a highly efficient Endolll enzyme with catalytic
properties that surpass those of ecEndolll and hNTH, and with broad substrate specificity. DrEndolll1,
in contrast, displays only weak activity on classical Endolll substrates, with a clear uncoupling of its
DNA glycosylase and AP-lyase activities, a feature of eukaryotic DNA glycosylases. Interestingly it

was also found to process single stranded DNA (ssDNA) substrates. The third variant, drEndolll3
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shows no detectable enzymatic activity on oxidized bases, but, surprisingly, possesses the highest
affinity for damaged DNA of the three enzymes, indicating that it may play an alternative role in the

DNA repair process.

MATERIALS AND METHODS

Expression and purification of Endolll and Fpg enzymes

Wild-type and mutant genes encoding Deinococcus radiodurans Endolll enzymes were cloned,
expressed and purified as described previously [13,32]. In the present study, drEndollI3 corresponds
to the N-terminally truncated form of the (mis)annotated drEndollI3 (DR0982) described previously
[18,32], and residue numbering assumes that V76 in DR0982 is an alternative start codon and is thus
numbered 1. The conserved catalytic residues discussed in this study (K156, D174 and R64) thus
correspond respectively to K231, D249 and R139 in the original annotated protein sequence. Mutants
were constructed using Stratagene QuickChange Mutagenesis Kit on the pDest14 plasmid containing
wild type genes. The mutants were expressed and purified as described for the wild-type enzymes
[13,32]. E. coli Endolll was also cloned into the pDest14 expression vector and expressed and
purified following the same protocol as used for drEndolll2 [13,32]. A synthetic gene optimized for E.
coli expression (Shinegene) and coding for human NTH was cloned into pET21a for expression as an
N-terminally His-tagged protein in E. coli BL21 cells. hNTH expression was induced with 1 mM IPTG
at 20°C for 16 hours. Cell pellets were lysed in buffer A composed of 50 mM Tris pH 8.0, 500 mM
NaCl, 0.5 mM EDTA, 0.02 % Triton X-100 and 5 % glycerol, supplemented with protease inhibitor
tablets (Roche), DNase | (Roche) and lysozyme (Roche). The cleared supernatant was purified on a
HisTrap FF column (GE Healthcare) and eluted with buffer A supplemented with 250 mM imidazole.
hNTH was then dialysed against 20 mM Tris pH 8.0, 300 mM NacCl, 0.5 mM EDTA, 0.01 % Triton X-
100, 10 % glycerol and 1 mM B-mercaptoethanol (BME), and further purified on a HiTrap S column
(GE Healthcare). hNTH was eluted with a NaCl gradient, concentrated and separated on a Superdex
200 (GE Healthcare) size-exclusion column equilibrated in 20 mM Tris pH 8.0, 300 mM NacCl, 0.5 mM
EDTA, 0.005 % Triton X-100, 1 mM BME, 10% glycerol. The gene encoding D. radiodurans Fpg/MutM

(DR0493) was amplified by PCR and sub-cloned into pET21a for expression in BL21 (DE3) Star cells



with a cleavable C-terminal His-tag. DrFpg expression was induced with 1 mM IPTG at 37°C for 4
hours. Cell pellets were lysed in buffer B composed of 50 mM Na-Phosphate pH 7.0 and 300 mM
NaCl, supplemented with protease inhibitor tablets (Roche), DNase | (Roche) and lysozyme (Roche).
The cleared supernatant was purified on a HisTrap FF column (GE Healthcare) and eluted with buffer
B supplemented with 250 mM imidazole. DrFpg was then incubated with TEV protease to remove the
His-tag and dialysed against 50 mM Na-Phosphate pH 7.0 and 100 mM NaCl overnight. The cleaved
protein was further purified on a second Ni-NTA column and subsequently loaded onto a 1 ml MonoS
column (GE Healthcare). Finally, DrFpg was eluted with a NaCl gradient, concentrated and separated
on a Superdex 75 (GE Healthcare) size-exclusion column equilibrated in 50 mM Tris pH 7.0 and 150
mM NacCl). All enzymes were concentrated to 5-10 mg/ml and stored at -80°C for the activity

measurements.

Molecular Beacon

The sequences of the molecular beacon DNA used in this study are given in Table S1. The molecular
beacon assay was performed at 37°C with 1 nM to 1.5 pM beacon DNA and 10 nM drEndollI2 or 100
nM drEndolll1, hNTH and ecEndolll in a buffer composed of 20 mM Tris pH 7.5, 150 mM NaCl, 2 mM
BME, 0.01% Triton X-100, 0.5 mM EDTA and 0.1 mg/ml BSA. Reactions were performed in black
NBS (no binding surface) 384-well plates (Corning) in reaction volumes of 80 pl and were started by
the addition of enzyme. Upon cleavage of the phosphate backbone, fluorescence emission at 520 nm
(excitation at 485 nm) was recorded on a Clariostar (BMG Labtech) microplate reader in kinetics
mode (measurements were made every 15 sec over a period of 75 min). Fluorescence values in
response units were converted to DNA concentrations using a standard curve obtained by measuring
the fluorescence emission of 10, 50, 150, 500, 750, 1000 and 1500 nM beacon DNA heated to 100°C
for 5 min in the presence of 5 pM target DNA. All measurements were performed at least in triplicate.
For each beacon concentration, initial velocities were determined by fitting a linear regression curve to
the linear region of the kinetic curves. The average rates from three independent experiments were
plotted against the beacon concentration and the curves were fitted to a classical Michaelis-Menten

model using GraphPad Prism6 to determine values for the Michaelis constant, Km, and the maximum



velocity, Vmax. The catalytic kinetic constant (Kcat) was calculated by dividing Vmax by the enzyme

concentration.

Activity assays

Gel-based activity measurements were performed using 5'-FAM labeled 35nt dsDNA oligonucleotides
(oligos) with a modified nucleobase in position 14 (Table S1). Oligos containing oxidized bases (Tg,
50HC, 50HU, DHT, DHU, U) were synthesized by Midland Certified Reagent Co. and complementary
strands were purchased from MWG Eurofins. All oligos were dissolved in 10 mM Tris pH 8.0 and 45
mM NaCl and double-stranded substrates were obtained by annealing the FAM-labeled lesion-
containing strands with each of the four possible complementary oligos containing either adenine,
cytosine, guanine or thymine opposite the damage with a slight surplus of the non-labeled reverse
strand to a final concentration of 50 pM. Abasic site (Ap) containing DNA substrate was prepared by
treating the uracil containing 5'-FAM tagged 35-nt oligo with D. radiodurans Uracil DNA-glycosylase
(drUNG) [33]. The complementary strand had a guanine in the position opposite the uracil. The
enzyme was diluted to 1 uM in 50 mM Tris pH 7.5 and 150 mM NacCl. In a 20 pl reaction volume, 1
UM 35nt-dU-eG was mixed with 0.1 uM drUNG and the reaction was incubated for 30 min at 37 °C.

After incubation, the reaction was stopped by heat-inactivation (95°C for 2 min) of the enzyme.

Initial substrate specificity assays were performed in 15 pl reactions containing 1 uM DNA and either

1 or 10 pM enzyme in 50 mM Tris pH 7.5 and 150 mM NaCl. Reactions were incubated at 37°C for
either 30 or 60 min. Control samples were incubated without enzyme. In end point assays the native
and/or mutant enzyme-DNA mixes were incubated at 37°C in a master mix with 50 mM Tris pH 7.5,
150 mM NaCl and 0.1 mg/ml BSA, for 30 or 60 min, with 75 nM of DNA (dsDNA or ssDNA) and 75 nM
enzyme. In the time course assays, enzyme-DNA mixes were incubated at 37°C in a master mix with
50 mM Tris pH7.5, 150 mM NaCl and 0.1 mg/ml BSA (supplemented with 2 mM BME and 0.01%
Triton X-100 in the case of hNTH). The DNA substrate concentration was kept constant at 75 nM and
enzyme concentrations were varied between 3 nM to 750 nM for each assay. All reactions were
stopped by adding 2X denaturing buffer (2X TBE, 8M urea, 0.025% bromophenol blue, 0.025% SDS

buffer), heating at 95°C for 2 min, followed by NaOH (0.1M) treatment of half of the reactions in order



to analyze the DNA glycosylase activity. The other half was used to analyze AP-lyase activity.
Samples were then loaded on 20% 8M Urea PAGE gels that had been prerun for 30 min at 5W per
gel. Gels were run for 30 min at 5W per gel, and DNA bands were visualized using a ChemiDoc MP
imager (Biorad) and analyzed using ImagelLab (Biorad). Lanes and bands were fitted manually and
quantified with the lane profile tool. To determine initial velocities, the early time points were fitted to a
linear regression and the derived slopes correspond to the initial rates. Significance of uncoupling of
DNA glycosylase and AP-lyase activities was determined by a paired t-test, significant processing
was determined by one-sample t-test and significant differences among samples were determined by

1-way ANOVA tests.

HPLC-MS-MS analysis of 8-ox0-G processing

8-ox0-guanine (8-oxo-G) lesions were introduced into pUC19 plasmid using the photosensitization
method relying on riboflavin [34]. 400ug pUC19 was oxygenized continuously for 15 min before
addition of 177 uM riboflavin. The DNA was then exposed to a halogen lamp for 2 min at a distance of
20 cm. After irradiation, the plasmid was precipitated with 0.4 M NaCl and ice-cold 100% ethanol and
resuspended in H20. 240 ng of 8-oxo-G containing plasmid DNA was incubated with 100 nM or 1 uM
enzyme (drEndollls, ecEndolll or drFpg) in 50 mM Tris pH 7.5, 150 mM NaCl and 0.1 mg/ml BSA at
37°C for 30 min. Part of the reactions (80 ng plasmid) were separated on 1% TBE agarose gel and
stained with Gel Red. The rest was used for HPLC-MS-MS analysis of 8-oxo-G subsequently to DNA

hydrolysis as described previously [35].

DNA binding assays

Equilibrium fluorescence anisotropy DNA binding assays were performed on a Clariostar (BMG
Labtech) microplate reader, fitted with polarization filters to measure fluorescence anisotropy. The
binding assays were conducted in 384-well plates at room temperature in 40 pl reaction volumes in a
buffer composed of 10 mM Tris pH 7.5, 150 mM NaCl and 0.05% Tween. A fixed concentration (10
nM) of a 5-FAM labeled 16mer dsDNA containing a tetrahydrofuran (THF) Ap site in position 9 (Table
S1) was mixed with increasing concentrations of each enzyme. After subtracting the polarization

values obtained for DNA alone, the mean data from three independent experiments were fitted to a
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standard binding equation (Y=Bmax*X"/(Kd"+X")) assuming a single binding site with Hill slope (h)
using GraphPad Prism6, where Y is the difference between the anisotropy of completely bound and
completely free oligo, X is the enzyme concentration and Kd is the equilibrium dissociation constant

[36]. The fits were very good, with R2 values all above 0.98.

DNA bandshift assays were performed as described previously [13]. For the opposite base preference
and substrate affinity experiment a 5'-FAM labeled 20 mer DNA duplexes containing either an intact
base, a THF or a natural Ap site opposite A, G, C or T were used (Table S1). The natural Ap site was
prepared as follows: 6 pmol 20 mer-dU dsDNA was mixed with 0.2 pmol cod UNG in 50 mM Tris pH
7.5 and 150 mM NaCl, and the reaction was incubated for 90 min at 37°C. The reaction was stopped
by heat-inactivation (95°C for 2 min) of the enzyme. To evaluate the binding of drEndolll1 to the
product of the bifunctional activity (the nicked AP-DNA), 1 uM 5'-FAM labeled 35 mer DNA substrate
containing Tg opposite G (Table S1) was incubated with 0.5 uM drEndollI2 in a 20 ul reaction volume
at 37 °C for 60 min. 0.1 pM nicked AP-DNA was then incubated at 4°C for 30 min in a 10 pl reaction
containing 0, 0.125, 0.5, 2.0 and 8.0 uM drEndolll1 prior to gel electrophoresis as described

previously [13].

MD simulations

The initial structures of drEndolll1 and drEndollI3 were those determined in our previous investigation
(pdb 4UNF and 4UOB pdb, respectively) [13]. For drEndolll2, a homology model was built based on
the crystal structure of ecEndolll (pdb 2ABK) [13]. MD simulations were performed on the apo-
drEndolll structures to verify the stability of the models (Fig. S1). The starting models of drEndolll-
DNA complexes were prepared by overlaying drEndolll structures on Domain B (helices aB to aG) of
bstEndolll bound to an 11mer THF-Ap-DNA with guanine as the estranged base (PDB 1P59). No
reliable starting model for drEndolll1 bound to DNA could be prepared due to a large number of steric
clashes (Fig. S2), consequently, no MD simulations of DNA complexes using drEndolll1 were
performed. The DNA containing Tg model was prepared by replacing the THF Ap site in the DNA
duplex with Tg extracted from the structure of hNeil in complex with Tg-DNA (pdb 3VK8). In these
starting models (Fig. S2), the Tg moiety was positioned in the center of the substrate binding pocket

while preventing steric clashes. Following a similar procedure, drEndolll2- and drEndollI3-DNA
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complexes with adenine as the estranged base were further constructed. All the molecular systems
were explicitly hydrated in boxes of ~ 42,000 water molecules containing 22 sodium ions to ensure

the overall electrical neutrality of the unit cells.

Water was represented by means of the TIP3P water model [37], whereas protein, DNA and ions
were described using the amberf99 force field [38] including the bsc1 corrections for DNA [39]. The
[4Fe-48S] clusters of drEndollls were modeled using the set of parameters designed specifically by
Carvalho and Swart for the AMBER force field [40,41]. Parameters for nucleotides containing Tg were
extracted from the amberf99 force field, point charges were fitted against the quantum chemical
electrostatic potential computed at the HF/6-31G level. Parameters for the Ap lesions were taken from
our previous work [42,43]. All setups were generated using the tleap facility of Amber Tools [44,45] .
Molecular rendering and analyses were done using VMD [46]. MD simulations were performed using
the massively parallel code NAMD [47]. All trajectories were generated in the isobaric-isothermal
ensemble, at 300 K under 1 atm using Langevin dynamics [48] (damping coefficient 1 ps™) and the
Langevin piston method [49], respectively. Long-range electrostatic interactions were accounted for
by means of the Particle Mesh Ewald (PME) algorithm [50]. The rattle algorithm was used to constrain
lengths of covalent bonds involving hydrogen atoms to their equilibrium value [51]. The classical
equations of motion were integrated through a multiple time-step algorithm with a time step of 2 and 4
fs for short- and long-range interactions, respectively [52]. Each molecular assay was thermalized
during 15 ns, followed by 500 ns of data acquisition. For the 11 molecular systems studied here, the

total aggregated simulation time amounts to ~5.5 pus.

RESULTS

Substrate specificity

We have previously confirmed that two of the D. radiodurans Endolll enzymes, drEndolll1 and
drEndolll2, possess activity towards Tg [13]. To further investigate variations in the substrate
specificities of the drEndolll enzymes, we performed gel-based activity assays with a diverse set of

fluorescently labeled DNA substrates containing one of the following oxidized pyrimidine bases: Tg,
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50HC, 50HU, DHT, DHU or U, paired with each of the four normal bases. The screen was performed
under single-turnover (STO) conditions (with a 10-fold excess of enzyme). Both the DNA glycosylase
and the bifunctional activities of the Endollls were assessed after 1 hour. Under these STO conditions,
however, the extent of DNA glycosylase and AP-lyase processing were indistinguishable and only the

results of the bifunctional processing are presented in Table 1.

The results show that both drEndolll1 and drEndolll2 are bifunctional DNA glycosylases with broad
and overlapping substrate specificities, while drEndolll3 showed no activity towards any of the tested
substrates. drEndollI2 displayed stronger activity and broader specificity than drEndolll1, completely
processing all substrates, except for uracil, for which it had a clear preference for guanine as the
paired base. DrEndolll1 performed complete cutting of the three ring-saturated substrates (Tg, DHT,
and DHU), but showed reduced activity towards 50HU and very little activity against 50HC. It
displayed no detectable activity on uracil-containing substrates. Interestingly, for 5OHU, DHT or DHU,

drEndolll1’s activity was drastically reduced when paired with adenine.

8-Oxoguanine (8-ox0-G) is one of the most common DNA lesions resulting from reactive oxygen
species and is known to be efficiently repaired by Fpg/MutM enzymes [53]. To investigate whether 8-
0x0-G could possibly be a substrate of drEndolll3, we incubated 8-oxo-G containing plasmid DNA
with each of the three drEndolll enzymes and D. radiodurans Fpg (drFpg). HPLC coupled to tandem
mass spectrometry was used to determine the levels of 8-0x0-G in each of the samples. These data
clearly demonstrated that none of the Endolll enzymes processed 8-oxo-G in contrast to drFpg which
recognized and released 8-0xo0-G in a concentration-dependent manner (Fig. S3). Also, the analysis
of the 8-oxo0-G plasmid reactions by gel electrophoresis revealed that drEndolll2 and to a lesser
extent drEndolll1, were able to nick the plasmid in a concentration-dependent manner (Fig. S3),
indicating that additional lesions (other than 8-oxo-G) were introduced into the plasmid DNA during
the photosensitization reaction, that could be processed by Endolll enzymes. These lesions are most
likely further oxidation products of 8-0x0-G, such as hydantoin derivative, which have previously been

reported to be processed by Endollls [54]. Here again, drEndolll3 showed no activity on such lesions.

Catalytic efficiency towards common oxidized pyrimidines
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The DNA glycosylase and AP-lyase activities of drEndolll1 and drEndolll2 on oxidized pyrimidines
paired with either adenine or guanine were then compared to those of their well-studied homologues:
ecEndolll and human NTH (Fig. 2). These measurements confirm that drEndolll2 possesses a very
broad substrate specificity and is a highly active enzyme, with a bifunctional activity on all substrates
tested that is equivalent to, or surpassing, that of ecEndolll and hNTH. On all substrates tested, it
exhibited the highest processing efficiency. It fully excised 50HU, whereas hNTH only processed 55%
of this substrate, and it fully processed DHT:A, while ecEndolll only cleaved ~50% of this substrate.
This similarity between drEndolll2 and its homologues in terms of activity was also confirmed at the
structural level when preparing drEndolll2-DNA models for MD simulations using the bstEndolll
homologue bound to DNA. A reliable model could be prepared without any structural rearrangements
(Fig. S2), indicating that drEndollI2 is also structurally the most similar to previously studied Endolll

enzymes.

Although drEndolll1 recognized the same substrates, it displayed considerably lower activities,
typically 5-40% of drEndolll2’s activity under these conditions, with Tg paired with guanine being its
preferred substrate. Also, while the two enzymatic activities of drEndolll2, hNTH and ecEndolll at a
1:1 enzyme:DNA ratio appear to be fully coupled (i.e. the DNA glycosylase and bifunctional activities
are very similar), the monofunctional DNA glycosylase activity of drEndolll1 appears to be higher than
its bifunctional activity. This uncoupling effect is particularly clear on Tg-containing DNA substrates
(Fig. 2A and B) and suggests that the AP-lyase activity of drEndolll1 is less efficient than its

glycosylase activity.

To further compare the kinetic parameters of the two active drEndolll enzymes to that of their
homologues, we performed a molecular beacon assay (Fig. S4). The molecular beacon contained
either a Tg paired with adenine or a 50HC paired with guanine (Table S1), and the assay measured
bifunctional processing of these substrates at various substrate concentrations. The kinetic
parameters derived from this data are presented in Table 2. With the 5OHC containing beacon, the
data recorded for drEndolll1 did not reach a plateau and as a result no reliable kinetic parameters
could be extracted from this data, thereby confirming our earlier findings that 50HC is a poor

substrate for drEndolll1 (Table 1 and Fig. 2). DrEndolll2 proved to be the enzyme with the highest
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catalytic efficiency (Keat/Km) towards both substrates and exhibits the characteristics of a highly
efficient bacterial Endolll enzyme, while drEndolll1 displayed the lowest efficiency of all four
homologues, confirming our results from gel-based assays (Fig. 2). The catalytic efficiencies of
drEndolll2 towards 50OHC:G and Tg:A were determined to be respectively, two and three times that of
ecEndolll, and nine and six times higher than that of hNTH. The marked difference in catalytic
efficiency that we observed between ecEndolll and hNTH is in agreement with earlier studies [55-58]
and has been proposed to result from slow release of the product in the case of hNTH [59]. The
remarkable enzymatic efficiency of drEndolll2 is primarily due to its higher turnover rates (Kcat) on
both DNA substrates. DrEndolll2 displays a relatively poor apparent affinity for the two lesions with Kn

values, which are similar to that of ecEndolll, but 5-10 times higher than for hANTH.

DrEndolll1 stands out among the four enzymes as having the poorest catalytic efficiency on Tg, with
values 200 times lower than that of drEndolll2, and 30 times lower than hNTH. Its turnover rate is
comparable to that of hNTH, being 80-100 times slower than the two bacterial homologues. The main
reason for its poor activity is its exceptionally low apparent affinity for the Tg substrate. Its Km value for
Tg-DNA was determined to be 500 times higher than that of hNTH and 4 times higher than that of
drEndolll2 and ecEndolll. Our equimolar gel-based activity assays (Fig. 2), however, indicated that
the AP-lyase activity of drEndolll1 is weaker than its glycosylase activity. Since the molecular beacon
assay only allows us to determine the overall kinetic parameters of the complete bifunctional reaction,
the kinetic constants for the glycosylase reaction on Tg substrate may be significantly better for

drEndolll1 than those measured in our assay.

DrEndolll2’s preference for guanine as the opposite base

DrEndollI2 appears to be a highly efficient bacterial Endolll. To investigate the effect of the opposite
base on the processing of the oxidized base, we performed time course assays under multiple-
turnover (MTO) conditions using a DNA substrate in which Tg was paired to either adenine or guanine
(Fig. 3 and Table S2). These data demonstrate that drEndolll2 exhibits the same opposite base
preference as hNTH and ecEndolll, in that all three process Tg more efficiently when paired with
guanine than with adenine. As drEndollI2 is highly efficient, we used a low enzyme concentration of 3

nM for these assays with 75 nM of substrate. Interestingly, under these MTO conditions, no product
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could be detected for ecEndolll on the adenine-paired substrate, even though its activity towards

Tg:G in these conditions was relatively high (30% lower than that of drEndolll2; Table S2). This is in
agreement with our molecular beacon data (Table 2), which revealed that drEndolll2 processes Tg:A
substrate more efficiently than ecEndolll (higher turnover rate). Compared with the human homologue,
drEndollI2 displayed an approximately four-fold faster initial bifunctional activity rate on both Tg:G and
Tg:A substrates. Our molecular beacon assay had also identified drEndolll2 as the most efficient
enzyme on Tg:A, but these progress curves additionally reveal that there is an uncoupling of the
enzymatic activities of hNTH on Tg paired with adenine, which is not seen for drEndolll2. This
uncoupling of hNTH’s activity has been previously reported [24]. The initial rate of hNTH’s glycosylase
activity towards Tg:A is higher than its bifunctional activity and close to half of drEndolll2’s

glycosylase activity (Table S2).

DNA binding specificity

To further investigate substrate recognition by the drEndolll enzymes and the effect of the opposite
base, we performed DNA binding studies using electrophoretic mobility shift assays (EMSA) and
fluorescence polarization measurements to quantify the binding affinities towards either intact DNA or
DNA containing an inert Ap site analogue, THF, that mimics the natural Ap site formed after the
glycosylase reaction [60]. The Ap site analogue was introduced into a FAM-labeled 16nt duplex DNA
and was paired with either adenine or guanine (Table S1). Affinity for this substrate would provide
insight into the interaction of the enzymes with the opposite base independently of the strength of the
base pairing interaction. Intact, control DNA was identical except for the THF being replaced with the
intact nucleoside (Table S1). Measurements were made on all three drEndolll enzymes, as well as on

hNTH for comparison and the derived dissociation constants, Ka, are presented in Table 3 and Fig. S5.

Strikingly, the affinities of all three drEndolll enzymes towards this Ap site analogue are drastically
lower than that of the human homologue and other enzymes studied previously [61-64]. The affinities
of the drEndolll enzymes for THF-containing DNA range between 30 and 660 nM, while hNTH binds
with a Kq of less than 5 nM. However, both drEndolll2 and drEndolll3 do exhibit a clear binding
specificity for the Ap site analogue compared to undamaged DNA. drEndolll2 shows up to a 10-fold

preference for THF-DNA compared to intact DNA and drEndollI3 displays a clear preference for THF
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paired with guanine, with a Kq for this substrate that is at least 500 times lower than that obtained with
intact DNA. Interestingly, drEndollI3 showed a similar preference for guanine as the opposite base in
EMSA binding assays with Tg or Ap site containing DNA substrates (Fig. S6). This suggests that
drEndollI3, despite being inactive on classical Endolll substrates, can discriminate between intact and
lesion containing DNA and is selective for a specific opposite base. This preference for guanine in the
opposite position is also observed for drEndolll2 (Table 3 and Fig. S6), and is in agreement with our
activity measurements, which had revealed that drEndolll2 processes guanine-paired Tg more
efficiently than adenine-paired Tg. MD simulations also confirm that drEndolll2 and drEndolll3 both
engage in conserved interactions with the estranged base via a conserved glutamine residue (Q53 in
drEndolll2 and Q61 in drEndollI3; Fig. S7). Together these findings suggest that the more efficient
excision of Tg paired with guanine is largely due to a more optimal interaction with the opposite base,

and not due to slower product dissociation from the adenine-containing product.

DrEndolll1, in contrast with the other Endolll enzymes, displayed no selective binding to the THF
containing DNA. The estimated Kq values for both undamaged and abasic DNA are very similar, in the
300 to 500nM range. The Kq values of the other enzymes towards undamaged DNA were typically
higher, in the micromolar range. DrEndolll1 thus binds intact DNA more tightly than its homologues
and is unable to discriminate between intact and abasic site containing DNA, suggesting once again
that its mode of DNA binding may be different. Our failed attempts to build reliable drEndolll1-DNA
models for MD simulations (see Methods) confirmed that indeed drEndolll1 differs greatly from its
homologues in terms of DNA binding. In the DNA binding assays, the THF lesion used is not identical
to the natural abasic site formed during the glycosylase reaction, since it lacks the C1' hydroxyl, which
makes it resistant to cleavage by bifunctional glycosylases. As a result, its recognition by repair
enzymes can be impaired. To verify this, we also performed EMSA assays to compare the binding of
drEndolll1 to DNA containing Tg, THF or the natural Ap site (produced by uracil DNA glycosylase).
These assays (Fig. S6), unlike our polarization data (Table 3), reveal that drEndolll1 does actually
exhibit a preferential binding to Tg and the natural Ap site compared to THF-containing DNA. These
EMSA assays also confirm our earlier observation (Table 1) that drEndolll1 clearly discriminates

against adenine in the opposite base position.
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Uncoupling of drEndolll1’s enzymatic activities

The substrate screening performed at equimolar concentrations (Fig. 2) revealed an uncoupling of the
two enzymatic activities of drEndolll1, similar to that of hNTH processing of Tg:A (Fig. 3C). This effect
was not observed in the initial substrate screen performed under STO conditions (Table 1). To
investigate to what degree uncoupling of drEndolll1’s enzymatic activities is dependent on the

enzyme concentration, we produced progress curves at varying enzyme concentrations (3, 15, 75 and
750 nM) and constant substrate concentration (75 nM). Since drEndolll1 displays the strongest
activity towards Tg paired with guanine, characterization of the uncoupling phenomenon was
performed using this substrate. The full progress curves representing the DNA glycosylase activity
alone and the bifunctional DNA glycosylase and AP-lyase activities, respectively, are presented in Fig.

4.

The four reaction conditions produced progress curves with distinct profiles, displaying varying
degrees of bifunctional and monofunctional processing. In the condition with the least enzyme (3 nM),
only glycosylase activity could be detected, while in the condition with the most enzyme (750 nM)
complete bifunctional processing of the substrate was observed. The assays also reveal that both
enzymatic activities of drEndolll1 are affected by the enzyme concentration. The AP-lyase activity
increases with enzyme concentration, but more intriguingly, the glycosylase activity was most efficient
at the lowest enzyme concentration. Under both of the MTO conditions (Fig. 4A and 4B), the
glycosylase reaction curves show fast initial growth, followed by rapid convergence to plateaus. The
condition with 15 nM enzyme reaches a plateau at ~30% processing and the 3 nM condition at ~50%
processing. Thus, the reaction with more enzyme appears to be more severely inhibited. Data
analysis reveals that the initial glycosylase turnover rate under these conditions is inversely
proportional to the enzyme concentration. The turnover of the 3 nM reaction is estimated to be 4-fold
that of the 15 nM reaction and 9 times that of the 75 nM reaction. This observation becomes clear in
the Selwyn plot presented in Fig. 4E. Such a plot reveals that drEndolll1 is most efficient in the
reaction condition with the least enzyme and strongly indicates that drEndolll1 processing of Tg:G is
not a steady state system. In the case of uncoupling, the dissociation of abasic DNA from the enzyme

leads to a reaction mixture with free abasic site containing DNA, competing with the Tg substrate for
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enzyme binding (Fig. 1). In such a situation, the capacity of the enzyme is therefore divided between
performing either the DNA glycosylase reaction or the AP-lyase reaction, and the relative engagement
of the pathways depends on the concentrations of all species in the reaction mixture. Since no
premature arrests were seen under STO and equimolar conditions (Fig. 4C and D), this suggests that
strong product binding is most likely causing inhibition of the MTO reactions. Product inhibition has
been reported previously for several DNA glycosylases, and the high affinity towards the toxic abasic
site product is a critical feature of these enzymes and a means to protect the cell [25,26,28,65,66]. It
is therefore not surprising that drEndolll1 displays such a property. However, in the case of drEndolll1,
the inhibition occurs abruptly after several turnovers at a steady state rate (Fig. 4A and 4B). The
inhibitor is therefore not likely to be the products of the glycosylase reaction (i.e. the abasic site or the
free nucleobase) as is observed for other DNA glycosylases [65,67—71]. This is also supported by our
binding assays (Table 3), which demonstrate that drEndolll1 binds poorly to abasic site containing
DNA. The product of the AP-lyase reaction acting as the inhibitor, however, could explain our data,
and indeed, binding of drEndolll1 to nicked abasic AP-lyase product was confirmed by EMSA (Fig.
S8). The onset of inhibition coincides with the appearance of the final nicked product, which could

explain why the MTO reactions with more enzyme are more severely inhibited.

Our assays thus indicate that the starting enzyme concentration dictates which of the two reaction
sub-pathways will be favored. Since the AP-lyase reaction would be a second order reaction
dependent on both the concentrations of abasic site DNA and enzyme, an increased enzyme
concentration from start would lead to an earlier engagement of this sub-pathway. This would in turn
lead to accumulation of AP-lyase product and therefore an earlier enzyme inhibition, as observed in
our 15 nM reaction (Fig. 4B). Other factors may also be at play, such as inhibition by the free
nucleobase or dimerization of the enzyme. Interestingly, our EMSA binding assays, suggest that
drEndolll1, unlike drEndolll2 and drEndollI3, tends to dimerize at higher enzyme concentrations upon
binding to THF-containing substrates (Fig. S8). The increased AP-lyase turnover of hNTH observed at
higher enzyme concentration has been proposed to be regulated by the dimerization state of the
enzyme [24]. If the AP-lyase activity of drEndolll1 is indeed dependent on dimerization, this could also
explain the observed lag in AP-lyase activity seen in our 15 and 75 nM reactions (Fig. 4B and 4C),

which could correspond to the delay required for dimerization to take place.
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ssDNA activity

UNG and Neil3 (homologue of bacterial EndoVIIl), both of which are members of expanded DNA
glycosylase families, have been shown to have evolved to also remove modified bases from ssDNA
[29,72,73]. We therefore wondered whether one of the three Endolll variants from D. radiodurans may
also have specialized to process ssDNA substrates, especially as no homologues of EndoVIII have so
far been identified in the D. radiodurans genome. Moreover, our observations that drEndolll1 exhibits
only weak activity on dsDNA substrates and appears to bind DNA in a different way, suggested that it
may be a good candidate for such an activity. We thus assessed the putative activities of drEndolll
enzymes on ssDNA containing the various oxidative lesions that were tested previously in dsDNA
oligonucleotides: Tg, 50HC, 50OHU, DHT and DHU. The assay was performed with equal amounts of

enzyme and substrate and both glycosylase and AP-lyase activities were assessed.

The results show that drEndolll1 and to a lesser extent drEndolll2, but not drEndolll3, possess
glycosylase and AP lyase activity on ssDNA substrates (Fig. 5). DrEndolll1 excises Tg, DHU and
DHT, and has weak activity on 50HU and 50HC substrates, which suggests it may exhibit a
preference for ring-saturated substrates. As for dsDNA substrates, we observe a clear uncoupling of
the glycosylase and AP lyase activities of drEndolll1, confirming that drEndolll1 is mostly a
monofunctional enzyme capable of processing both dsDNA and ssDNA substrates. DrEndollI2 is also
able to excise oxidized pyrimidines from ssDNA with fully coupled glycosylase and AP-lyase activities,
but in contrast to its high activity on dsDNA substrates (Fig. 2), this additional activity is much weaker
with only 40% of the DNA being processed at best under these conditions. Its substrate specificity is
also quite different from that of drEndolll1: for both enzymes Tg is processed quite efficiently, but
DHU and DHT, which are good substrates for drEndolll1, are only poorly processed by drEndolll2.
Thus drEndolll1 appears to possess more robust activity and broader substrate specificity than

drEndolll2 on ssDNA.

Mutational and MD studies of drEndollls

We have previously established the importance of the canonical lysine and aspartate residues for Tg

processing by drEndolll1 and drEndolll2 [13]. Mutants with either of the catalytic residues replaced by
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alanine (drEndolll1 K148A and D166A, drEndolll2 K132A and D150A) were incapable of forming a

trapped Schiff base complex, as previously described for this functional class of enzymes [14]. Since
the observed uncoupling of the DNA glycosylase and AP-lyase activities of drEndolll1 and its distinct
DNA binding mode indicate that drEndolll1 and drEndolll2 may utilize discrete catalytic mechanisms
to process oxidized pyrimidines, these mutants were further tested on substrates containing either Tg
or an Ap site paired with guanine generated by treatment of a uracil containing substrate with UNG.

For this, equimolar enzyme:DNA reactions were performed and for the Tg-containing substrate, both

the DNA glycosylase and the bifunctional activities were evaluated (Fig. 6).

Our results do indeed suggest that drEndolll1 and drEndolll2 may use different reaction mechanisms
to process damaged DNA (Fig. 6). For both enzymes, mutations of either of the canonical catalytic
residues, aspartate or lysine, completely abolished the DNA glycosylase and consequently the
bifunctional activities towards the Tg substrate, in agreement with the observations from our earlier
trapping assays [13]. To our surprise, however, there was a notable difference between the two
enzymes regarding their AP-lyase activities. For drEndolll2, the D150A mutant displayed fully
functional AP-lyase activity, while the corresponding mutation in drEndolll1, D166A, significantly
reduces the activity towards the Ap site substrate. In addition, the drEndolll2 K132A mutant, unlike its
drEndolll1 counterpart (K148A) seems also to have retained weak AP-lyase activity. This suggests
that D150, and perhaps also to a lesser extent K132, are dispensable for the AP-lyase reaction
catalyzed by drEndollI2, while the corresponding residues in drEndolll1, in contrast, are needed for
both the glycosylase and the AP-lyase reactions. The weak AP-lyase activity detected for the
drEndolll1 D166A mutant suggests that the aspartate may be more critical for the glycosylase step
than for the AP-lyase step. Our MD simulations of drEndolll2 on Tg and Ap site containing DNA
substrates support these experimental findings and reveal that the catalytic aspartate is much more
dynamic than the catalytic lysine (Fig. S9). With the Tg DNA and regardless of the opposite base, the
two catalytic residues remain close to the damaged base and engage in stable interactions with Tg
throughout the MD simulations, while with Ap DNA, these two residues adopt a wider distribution of

positions during the course of the MD run (Fig. S9 and S10).
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A third active site residue was mutated in the drEndolll enzymes, based on a study by Watanabe et al
that indicated that D44 of ecEndolll may be important for the beta-elimination step of the reaction, but
not for the glycosylase activity [74]. This aspartate is highly conserved across Endolll enzymes, but is
not conserved in drEndolll1 and drEndollI3. Instead these enzymes have, respectively, a histidine
and arginine, in the corresponding position (Table S3). Back-to-function mutations were therefore
prepared by mutating H64 of drEndolll1 and R64 of drEndolll3 to aspartates to investigate whether
these residues could be the cause of the weak AP-lyase activity of drEndolll1 and the missing AP-
lyase activity of drEndollI3. The conserved aspartate in the corresponding position in drEndolll2, D56,
was also mutated to alanine to study its possible involvement in the catalytic process. The activity of
these mutants was again tested on both the Tg and Ap containing DNA substrates (Fig. 6). The back-
to-function mutation had no effect in drEndolll3, and in drEndolll1, the activities of the H64D mutant
were actually reduced towards both Tg and Ap-DNA substrates, indicating that both the glycosylase
and the AP-lyase reactions were affected by this mutation. H64 thus appears to be an important
residue for drEndolll1’s catalytic activity. The reduction of drEndolll1-H64D’s glycosylase activity
towards Tg DNA is comparable to the reduction of its AP-lyase activity towards the abasic site DNA,
at about 45%. The bifunctional activity towards Tg appears to have been more severely affected, as
this activity shows an 85% reduction for the H64D mutant. This may result from the uncoupling of its

glycosylase and lyase activities and its weak lyase activity at low enzyme concentration.

In the case of drEndolll2, mutating D56 to alanine also reduced its activity towards both Tg and Ap
site DNA. As with the drEndolll1 mutant, both the AP-lyase and glycosylase activities were reduced in
drEndolll2 D56A. Although this aspartate has been shown to be dispensable for the DNA glycosylase
activity of ecEndolll [74], the equivalent mutation mostly affects the DNA glycosylase activity of hNTH
[75]. Interestingly, our MD simulations of drEndolll2 with Tg-DNA indicate that D56 may be directly
involved in the recognition and stabilization of the oxidized base in the substrate binding pocket, since
it is seen to form stable hydrogen-bonds with the two OH groups in Tg that differentiate it from
thymine (Fig. 7). With Ap-DNA, D56 no longer interacts with the substrate, but remains nonetheless
close to the abasic site throughout the simulation, which supports its possible involvement in the AP-
lyase activity as well (Fig. S11). Under conditions where wild-type ecEndolll processed Ap site

substrate, Watanabe et al. observed that the ecEndolll D44V mutant was also found to form a tight
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enzyme-DNA complex, which could be seen as a slow migrating band during gel electrophoresis [74].
A similar complex was observed for drEndolll2 D56A in our assays (Fig. S12). The persistence of this
complex in the denaturing gels indicates that the complex may be covalently bound, but vulnerable to
the NaOH and heat treatment used to assess DNA glycosylase activity. In the absence of efficient
beta-elimination, the covalently linked Schiff base complex could possibly persist for a longer period.
Such a slow migrating band was never observed with drEndolll1 samples, which suggests either that
it does not form a Schiff base intermediate in performing its glycosylase activity or that the covalent

Schiff base bond is efficiently hydrolyzed before beta-elimination takes place.

With the drEndolll2-D56A and D150A mutants, we also noticed the appearance of an additional faster
migrating band (Fig. S12), which most likely corresponds to the product of a delta-elimination reaction.
Such a band is occasionally seen in our gels using wild-type drEndolll2, but represents only a minor
fraction of the products of the reaction. The increased fraction of delta-elimination product for the
drEndolll2 aspartate mutants is interesting and may result from inefficient hydrolysis of the Schiff

base complex, allowing for delta-elimination to take place. This would be in agreement with the

catalytic reaction mechanisms proposed by Dodson et al [76)].

Finally, in order to gain insight into the lack of catalytic activity of drEndolll3 on oxidized bases, we
performed MD simulations of drEndollI3 on Tg- and Ap-DNA and examined the positions and
dynamics of the conserved catalytic residues and the architecture of the substrate binding pocket.
These simulations clearly showed that the catalytic residues (Lys and Asp) are highly dynamic and
never engage in stable interactions with Tg in the binding pocket (Fig. 7 and Fig. S9-S11). This most
likely results from the configuration of the binding pocket which differs remarkably in terms of shape,
size and nature of residues lining the pocket, from that of drEndollI2 (Fig. 7). In drEndollI3, the Tg
moiety remains at the periphery of the substrate binding pocket and never comes close to the putative

catalytic residues.

DISCUSSION
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We had previously demonstrated that both drEndolll1 and drEndollI2 possess activity towards the
archetypal Endolll substrates Tg and Ap sites, while drEndolll3 shows no activity towards these
substrates [13]. In this study, we now show that drEndolll2 has a very broad substrate specificity
towards damaged pyrimidines and displays a highly efficient bifunctional activity, which relies on a
high turnover rate and moderate affinity for the substrate, that is similar to, and even surpassing, that

of its well-studied bacterial and human homologues: ecEndolll and hNTH.

In contrast, drEndolll1 appears to be an unusual Endolll enzyme, with modified DNA binding
properties. It differs greatly from drEndolll2 in terms of catalytic activity and substrate specificity. Most
noteworthy are drEndolll1’s preference for ssDNA substrates and the uncoupling of its two enzymatic
activities. Uncoupling of the glycosylase and lyase activities has only previously been reported for
eukaryotic DNA glycosylases: human NTH, the structurally related human Ogg1 [65,77] and the
structurally non-related human Neil3 [29]. All three of these enzymes repair ROS induced base
damage. The uncoupling of the two catalytic activities of DNA-glycosylases has been proposed to
represent a biologically significant point of activity regulation, which can be modulated by interaction
partners [25,65]. It is therefore interesting to see that this mechanism might also be applicable in
bacterial DNA repair. Studies of mammalian NTH or Ogg1 suggest that these enzymes primarily
perform as monofunctional DNA-glycosylases when the downstream AP-endonuclease enzyme is
present [25,78] and, interestingly, human Neil3 has also been shown to process oxidized bases in
ssDNA and here again mostly as a monofunctional enzyme [29]. As in eukaryotes, drEndolll1 may
thus play a complementary role to that of the robust drEndolll2 enzyme and may function mostly as a
monofunctional DNA glycosylase responsible for removal of oxidized bases in ssDNA in D.

radiodurans.

Our mutational assays on drEndolll1 and 2, supported by our MD simulations on drEndolll2, reveal
that the two well-established catalytic residues, K148 and D166 in drEndolll1 and K132 and D150 in
drEndolll2, are needed for activity towards Tg and are absolutely essential for the initial DNA
glycosylase activity. Regarding the AP-lyase activity, only the catalytic lysine appears to be playing a
critical role. This is in agreement with the study by Dalhus et a/ [79] in which they propose that the

catalytic aspartate of the structurally related hOgg1 is primarily responsible for base removal during
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the DNA glycosylase step, while the catalytic lysine is critical for both substrate recognition during
base hydrolysis and for the nucleophilic attack during the AP-lyase reaction. Mutating the aspartate
residue to alanine had a contrasted effect on the AP-lyase activity of drEndolll1 compared to
drEndolll2. In the first case, the mutation caused a severe reduction in the AP-lyase activity, while in
drEndollI2 the equivalent mutation did not seem to affect the AP-lyase activity on abasic site
substrate. The exact role of this aspartate residue in the catalysis of the bifunctional reaction is
unclear. Crystal structures have shown that it is structurally important as a helix capper and has been
proposed to stabilize the positive charge that develops on O4' during the dissociation of the
nucleobase [13,14,22]. In our various MD simulations of drEndolll2-DNA complexes, the catalytic
aspartate iappears to be more dynamic than the catalytic lysine residue. Our mutational studies
indicate that the involvement of the catalytic aspartate in the AP-lyase step may not be conserved
throughout all Endolll enzymes and may depend on the local architecture and orientation of the
different residues composing the catalytic binding pockets of each enzyme. In drEndollI2, structural
rearrangements in the active site may compensate for the lack of D150 in the D150A mutant. The role
of the aspartate in Ap site processing has also been addressed in another study of hOgg1. Norman et
al [22] suggest that this aspartate is needed for the beta-elimination step and functions by orienting
the ribose for proper interaction with the proton abstractor [22,80]. In the drEndolll2-D150A mutant,
other DNA-binding residues located in the lesion-binding pocket may compensate for the absence of
D150 and contribute to the correct placement of the ribose. The conserved aspartate located at the N-
terminus of helix aC (D56 in drEndolll2) has previously been suggested to act as the proton
abstractor during B-elimination [14,74]. Unlike D150, this residue proved to be important for AP-lyase
activity. This observation thus supports earlier studies, which proposed that D44 from ecEndolll was
needed for the beta-elimination step. However, in processing Tg containing substrate, the D56A
mutation also affected the glycosylase activity, suggesting this residue is also important for
recognition/discrimination during the initial flipping of the nucleotide. This effect has previously been
observed in hNTH [75]; drEndollI2 is thus more similar to hNTH than ecEndolll in this respect. In our
MD simulation of drEndolll2 bound to Tg-DNA, D56 is indeed seen to engage in specific contacts with

the hydroxyl groups of Tg (Fig. 7).
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Interestingly, the same was observed in drEndolll1, when we mutated the equivalent residue at this
position (H64) to aspartate, which we expected would enhance the AP-lyase activity. Instead, both the
glycosylase and the AP-lyase activities of drEndolll1 were reduced. So even though drEndolll1 and
drEndolll2 do not have the same residue at this position (histidine vs. aspartate), its involvement in
both steps of the catalytic reaction appears to be conserved and H64 could also act as the proton
abstractor during the beta-elimination step. The closest homologues of drEndolll1 in the
Deinococcus-Thermus phylum have either a histidine or a tryptophan in this position, indicating that
the aromatic nature of this residue may also be important and may contribute to stabilizing

nucleobases in the early stages of base flipping or discriminating against undamaged bases.

DrEndollI2 displays a very broad substrate specificity, with a clear preference for guanine in the
position opposite the lesion. The stronger affinity for the Ap site analogue, THF, when paired with
guanine, that we observed in our DNA binding assays (Table 3), indicates that the preference for
guanine is due, in part at least, to a difference in the association with the damaged DNA substrate.
The base pairing of Tg with guanine is known to be less stable than with adenine [81-83], but this is
not the case for uracil [84], thus the guanine preference is not merely a result of lower energetic
barrier for the base flipping step. The higher affinity for guanine in the position opposite the lesion is
typical of Endolll enzymes and has been explained by the stabilizing interaction formed between the
guanine and a highly conserved glutamine in the DNA intercalating loop 1 [14] as evidenced by MD

simulations (Fig. S7).

Tg paired with guanine results mainly from the oxidation and deamination of 5-methylcytosine.
Cytosine methylation has recently been reported in D. radiodurans [85]. DrEndolll2’s preference for
guanine in the opposite base position may also reflect its role in the excision of other oxidative stress-
induced cytosine lesions paired with guanine, as demonstrated in our initial substrate screen (Table 1).
As the D. radiodurans genome has five genes potentially encoding uracil DNA glycosylases
[31,86,33,87], one can assume that the observed low-level uracil excision by drEndollI2 is a side
effect of its broad DNA-glycosylase activity and does not represent a major activity of drEndollI2 in

Vivo.
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Unlike drEndolll2, drEndolll1 did not exhibit a clear preference for guanine opposite the damaged
bases. Instead, drEndolll1 was able to process oxidized pyrimidines base-paired with guanine,
thymine or cytosine, but showed significantly reduced activity on oxidized bases paired with adenine.
Three of the tested substrates (Tg, DHT, DHU) have intact base pairing with adenine, which could
suggest that drEndolll1 may have a weaker ability to enforce structural perturbations and
consequently flipping of the lesion [55]. However, 50HU engages in a more stable interaction with
guanine than with adenine [88,89], and yet is processed more efficiently by drEndolll1 when paired
with any base other than adenine. These observations imply that drEndolll1 specifically selects
against adenine. Unlike drEndolll2, drEndolll1 does not have the glutamine nucleotide flipper typical
of Endolll enzymes; instead, it has an arginine in the corresponding position, which is also found in
the thymine mismatch glycosylases (MBD4, TDG, and MIG), which remove thymine from T:G

mismatches and thus depend on discriminating against adenine in the opposite position [90-92].

DrEndollI3 did not show any activity towards the oxidized pyrimidines or abasic sites tested in this
study (Table 1) nor towards the most common oxidized base, 8-0xo0-G, thus the substrate for this
enzyme remains unknown. However, it was interesting to observe that drEndollI3 is nonetheless
capable of binding to an Ap site with guanine in the opposite position (THF:G). Remarkably,
drEndollI3 displayed a higher affinity for this substrate than drEndolll2 (Table 3). The reason for the
absence of AP-lyase activity towards Ap sites remains to be determined, but our MD data provide us
with some clues. Earlier studies have shown that AP-lyase scission can be quite promiscuous in
proximity of nucleophilic amines [93]. Our MD simulations reveal that the entire substrate binding
pocket is reorganized in drEndolll3 compared to that of previously studied Endolll enzymes (Fig. 7).
DrEndollI3 is able to specifically bind to DNA substrates with modified bases paired to guanine in a
similar manner to drEndolll2, but its catalytic residues are highly dynamic and the stabilizing residues
involved in binding to Tg in drEndolll2 models are largely missing in drEndollI3 (Fig. S9-S11). As a
result, the oxidized base fails to fully enter the substrate binding pocket for processing by the enzyme
and instead remains at the periphery of the binding pocket, close to the solvent. So although we
cannot rule out that drEndollI3 may have a yet unidentified substrate, a possible role for this enzyme
could therefore be to prevent the processing of oxidized bases or Ap sites in conditions of high

oxidative stress and thereby protect the cell from genotoxic single-strand breaks. Moreover,
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drEndollI3 may also be involved in crosstalk between different DNA repair systems. For example, it

may serve to recruit other DNA repair enzymes, such as proteins from the nucleotide excision repair
pathway, which has been proposed to possibly function as a backup system for the repair of oxidized
bases when the BER pathway is inactivated [94-96]. A similar role has been attributed to the inactive

alkyltransferase-like protein, ATL, in the protection against DNA alkylation [97].

CONCLUSIONS

In E. coliand mammals, the repair of Tg has been shown to rely on the involvement of at least two
enzymes [56]. One enzyme acts as the workhorse for Tg removal, while the second, backup enzyme,
also excises Tg, but with lesser efficiency. In D. radiodurans, drEndolll1 has been shown to be more
abundant than drEndolll2 and 3 (2:1:1 ratio) under normal growth conditions [95]. In view of the
remarkable catalytic activity and broad substrate specificity of drEndolll2, we propose that it
nonetheless acts as the workhorse for the repair of oxidized pyrimidines in D. radiodurans (Fig. 8). In
contrast, drEndolll1, acting mostly as a monofunctional DNA glycosylase, may serve as a backup for
the repair of oxidized pyrimidines as well as being responsible for removal of base lesions occurring in
ssDNA during transcription and/or replication. A mutational study by Hua et al, revealed that the three
drEndolll enzyme variants are non-redundant, with each one of them contributing to the repair of
spontaneous DNA damage in D. radiodurans [95]. Thus, despite its lack of activity, drEndollI3 may
play an alternative role in either DNA damage protection or damage sensing. Following exposure to
ionizing radiation, drEndolll1 has been shown to be down-regulated [98], in agreement with its
putative role as a replication/transcription coupled ssDNA repair enzyme. These cellular functions are
indeed arrested during the hours following irradiation of D. radiodurans [99]. Under these conditions, it
is likely that the highly efficient bifunctional drEndolll2, possibly with the support of drEndolll3,

protects the cells against the damaging effects of high intracellular ROS concentrations (Fig. 8).
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TABLES

Table 1. Substrate specificity screen of drEndolll enzymes under STO conditions (1 uM DNA and 10
UM Endolll) on DNA lesions: Tg, 50HC, 50HU, DHU, DHT and U base-paired with either G, A, C or T.

The bifunctional activity was assessed by gel electrophoresis. -: no detected activity, +: <25% excised,

++: between 25 and 50% excised, +++: between 50 and 75% excised, ++++: >75% excised.

Lesion | Estranged | drEndolll1 | drEndolll2 | drEndolll3
base
Tg G +4+++ ++++ -
A ++++ ++++ -
C +4+++ +4+++ -
T ++++ ++++ -
50HC G + +++ -
A + +++ -
C + +++ -
T + +++ -
50HU G +++ ++++ -
A + ++++ -
C +++ +4+++ -
T +++ ++++ -
DHU G +4+++ ++++ -
A ++ ++++ -
C ++++ ++++ -
T ++++ ++++ -
DHT G ++++ ++++ -
A + ++ -
C +4+++ +4+++ -
T ++++ ++++ -
du G - +++ -
A - - -
C - - -
T - - -
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Table 2. Catalytic parameters derived from our molecular beacon assay of thymine glycol and 5-

hydroxycytosine processing by drEndolll1, drEndolll2, ecEndolll and hNTH.

Kcat (5-1) X 10-3

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 2.77 £ 0.37 ND
drEndolll2 157.50 + 13.50 292.80 + 32.43
ecEndolll 41.85+3.10 215.50 £ 13.35
hNTH 1.74 £ 0.05 8.29 £ 0.42

Kwm (uM)

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 2.30 £ 0.49 ND
drEndolll2 0.57 £0.11 0.97 £0.16
ecEndolll 0.49 £ 0.05 1.44 +0.12
hNTH 0.04 £ 0.01 0.25 +£0.02
Keat/Km (M1 s7) x 103

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 1.20 £ 0.30 ND
drEndolll2 | 276.32 + 58.35 301.86 £ 59.97
ecEndolll 85.41 £10.77 149.65 + 15.54
hNTH 43.50 + 3.49 33.16 £ 3.14

Kcat (5-1) X 10-3

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 2.77 £ 0.37 ND
drEndolll2 157.50 + 13.50 292.80 + 32.43
ecEndolll 41.85+3.10 215.50 + 13.35
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hNTH 1.74 £ 0.05 8.29 £ 0.42

Kwm (uM)

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 2.30 £ 0.49 ND
drEndolll2 0.57 £ 0.11 0.97 £0.16
ecEndolll 0.49 £ 0.05 1.44 +0.12
hNTH 0.04 £ 0.01 0.25 +0.02
Keat/Ku (M s7') x 103

Protein Thymine glycol 5-hydroxycytosine
drEndolll1 1.20 £ 0.30 ND
drEndolll2 | 276.32 + 58.35 301.86 £ 59.97
ecEndolll 85.41 £10.77 149.65 + 15.54
hNTH 43.50 £ 3.49 33.16 £ 3.14

Table 3. DNA binding constants (Kd) derived from fluorescence polarization measurements of

drEndolll and hNTH binding to 5'-FAM-labeled 16 nt DNA containing either an intact base or a THF in

central position paired with either adenine or guanine.

Kd (nM) drEndolll1 drEndolll2 drEndolll3 hNTH
Intact T:A | 313.6 £27.2 997.3 +57.5 20401 £7500 | 2430 + 144
Intact C:G | 481.4 £80.7 1568 + 167 15780 £4980 | 3112 +198
THF:A 548.0 + 83.7 662.4 + 163.1 332.8 £+15.8 41+0.3
THF:G 4171 £51.3 112.7 £13.0 27.6+12 1.3+0.1
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FIGURE LEGENDS

Figure 1. Schematic representation of the bifunctional reaction mechanism catalyzed by Endolll
enzymes. In the case of coupled bifunctional activities, the enzyme and the substrate (E+DNAox)
generate an enzyme-substrate complex (E*DNAox), which leads to the removal of the oxidized base
and the formation of a covalent enzyme-abasic site complex (E*DNAap). In turn, this complex is
further processed by the AP-lyase activity to an enzyme-nicked DNA complex (E*bnan) and finally, the

fully processed DNA product is released from the enzyme (E+DNA.). In case the two reaction steps
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are uncoupled, the enzyme dissociates from the abasic site DNA (E+DNAap) after the glycosylase
reaction. The enzyme can then engage in either one of the two sub-pathways: (i) a new round of DNA
glycosylase activity on DNAox or (ii) AP-lyase activity on DNAap. The relative engagement into one or
the other pathway depends on the concentrations of the various species (E, DNAox, DNAap and DNA)

in the reaction.

Figure 2. Processing of oxidized bases by drEndolll1 (red), drEndolll2 (blue), ecEndolll (orange) and
hNTH (grey). Reactions contained 1 pM enzyme and 1 uM DNA substrate: (A) Tg:A, (B) Tg:G, (C)
50HC:G, (D) 50HU:G, (E) DHT:A and (F) DHU:G and were stopped after 30 min. The DNA
glycosylase (plain bars) and bifunctional (striped bars) activities of drEndolll2, which were identical
under these experimental conditions, were set to 1 and the graphs thus present the relative activities
of the four Endolll enzymes. Histograms represent means and standard deviations of at least three

independent experiments.

Figure 3. Time course experiments of Tg-DNA processing by (A) drEndollI2 (blue), (B) ecEndolll
(orange) and (C) hNTH (grey). Reactions contained 3 nM enzyme and 75 nM DNA substrate: Tg
paired with adenine (dark lines) and Tg paired with guanine (pale lines). For each experiment, both
the DNA glycosylase (dashed line) and the bifunctional activities (full line) were measured. Plotted
values represent means and standard deviations of at least three independent experiments. Initial

velocities derived from these progress curves are presented in Table S2.

Figure 4. Time course experiments of Tg-DNA processing by drEndolll1. Reactions contained 75 nM
Tg:G DNA and increasing amounts of drEndolll1: (A) 3 nM, (B) 15 nM, (C) 75 nM and (D) 750 nM
enzyme. For each experiment, both the DNA glycosylase (red line) and the bifunctional activities
(black line) were measured. (E) Selwyn plot comparing the DNA glycosylase activity of drEndolll1 in
the reactions containing 3 nM (red), 15 nM (orange) and 75 nM (dark red) enzyme. Plotted values

represent means and standard deviations of at least three independent experiments.

Figure 5. ssDNA repair activities of drEndolll enzymes. (A) DNA glycosylase activity of drEndolll1,
drEndolll2 and drEndollI3 on Tg (black), 50HU (green), DHU (blue), 50HC (yellow) or DHT (red)-

containing ssDNA substrates. (B)-(C) The glycosylase (red) and bifunctional (black) activities of
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drEndolll1 (B) and drEndolll2 (C) on ssDNA substrates. The activities were assessed by gel
electrophoresis after 30 min incubation of equimolar concentrations of DNA and enzyme (75 nM).

Plotted values represent means and standard deviations of at least three independent experiments.

Figure 6. Mutational study of drEndolll1 (A) and drEndolll2 (B) activities on Tg- and Ap site DNA. The
glycosylase and bifunctional activities of wild-type (WT) and mutant enzymes were assessed using
Tg:A DNA, while the AP-lyase activities were measured on Ap site containing DNA. In all reactions,
equimolar concentrations of DNA and enzyme (75 nM) were incubated for 60min and the activities of
the mutants were compared to those of the WT for each enzyme-substrate condition. The WT activity
was set to 1 in each case. Plotted values represent means and standard deviations of at least three

independent experiments.

Figure 7. Close-up view of a representative snapshot of the substrate binding pockets of drEndollI2
(A) and drEndollI3 (B) interacting with DNA carrying Tg paired with guanine as the estranged
nucleotide. The snapshots were selected from stable regions of the MD simulations (Fig. S10). Left:
The protein (grey) and DNA (blue) backbones are represented in ribbons with the two conserved
catalytic residues (Asp and Lys) represented in sticks. The additional Asp residue (D56 in drEndolll2)
and its equivalent residue in drEndolll3 (R64) are also shown in sticks. The ribose moiety of the Tg
lesion is not represented for clarity. Dotted lines represent the long-lived hydrogen bonds between the
hydroxyl groups of Tg and D56, which are observed throughout all MD trajectories. Right: The cavity
forming the substrate binding pocket is highlighted in grey with the protein and DNA backbones
coloured respectively in blue and orange. The Tg is depicted in sticks. The longest dimension of the
binding pocket is indicated with a double arrow. In drEndolll3, the Tg base is located at the periphery
of the binding pocket, which is solvent accessible. In contrast, in drEndolll2, the Tg moiety enters

deep into the substrate binding pocket engaging in multiple interactions with the surrounding residues.

Figure 8. Model of the respective roles and implications of drEndolll1, drEndolll2 and drEndollI3 in
the recognition and processing of oxidized pyrimidines in D. radiodurans. DrEndollI2 represents the
major Endolll enzyme activity in cells, responsible for the efficient repair of a broad range of oxidized
bases, even though drEndolll1 has been shown to be the most abundant Endolll enzyme in D.

radiodurans cells under normal growth conditions. Despite its weak activity, drEndolll1 may contribute
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to the repair and processing of a fraction of the oxidized bases, including damaged bases in ssDNA,
but we expect this to be mainly as a monofunctional DNA glycosylase in conjunction with the AP-
endonuclease enzyme (Exonuclease Il or Exolll). DrEndollI3 may be playing an alternative role in
genome maintenance, either as a protective protein or in the recruitment of additional DNA repair

proteins from other pathways, such as the nucleotide excision repair (NER).
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Figure 5
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