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Abstract

Endonuclease VIII (Nei), which recognizes and repairs oxidized pyrimidines in the Base Excision
Repair (BER) pathway, is sparsely distributed among both the prokaryotes and eukaryotes. Recently,
we and others identified three homologs of E. coli endonuclease VI1I-like (NEIL) proteins in humans.
Here, we report identification of human NEIL homologs in Mimivirus, a giant DNA virus that infects
Acanthamoeba. Characterization of the two mimiviral homologs, MvNeil and MvNei2, showed that
they share not only sequence homology but also substrate specificity to the human NEIL proteins,
that is, they recognize oxidized pyrimidines in duplex DNA and in bubble substrates and as well
show 5'2-deoxyribose-5-phosphate lyase (dRP lyase) activity. However, unlike MvNeil and the
human NEIL proteins, MvNei2 preferentially cleaves oxidized pyrimidines in single stranded DNA
forming products with a different end chemistry. Interestingly, opposite base specificity of MvNeil
resembles human NEIL proteins for pyrimidine base damages whereas it resembles E. coli
formamidopyrimidine DNA glycosylase (Fpg) for guanidinohydantoin (Gh), an oxidation product
of 8-oxoguanine. Finally, a conserved arginine residue in the “zincless finger” motif, previously
identified in human NEIL1, is required for the DNA glycosylase activity of MvNeil. Thus, Mimivirus
represents the first example of a virus to carry oxidative DNA glycosylases with substrate specificities
that resemble human NEIL proteins. Based on the sequence homology to the human NEIL homologs
and novel bacterial NEIL homologs identified here, we predict that Mimivirus may have acquired
the DNA glycosylases through the host-mediated lateral transfer from either a bacterium or from
vertebrates.
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1. Introduction

All organisms are equipped with DNA glycosylases to repair oxidative DNA damage caused
by reactive oxygen species (ROS) generated during endogenous metabolism and from exposure
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to ionizing radiation. In Escherichia coli, three different DNA glycosylases namely
formamidopyrimidine DNA glycosylase (EcoFpg), endonuclease VIII (EcoNei) and
endonuclease 111 (EcoNth) recognize and excise various oxidative lesions (for reviews see
[1-3]). Both endonucleases 111 and V111 show broad specificity for pyrimidine base damages
such as urea, thymine glycol (Tg), 5-hydroxycytosine (5OHC), 5-hydroxyuracil (5OHU) and
ring saturation products of thymine and uracil [5, 6-dihydrothymine (DHT) and 5, 6-
dihydrouracil (DHU)] [1-3]. On the other hand formamidopyrimidine DNA glycosylase
(EcoFpg) recognizes mainly 8-oxoguanine (8-o0xoG) and formamidopyrimidine derivatives of
‘A’ (FapyA) and ‘G’ (FapyG) [4]. More recently it has been shown that due to its low redox
potential, 8-0xoG can undergo further oxidation to yield ring-opened products,
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) [5-8]. These lesions are highly
mutagenic and result in G—T and G—C transversion mutations [9,10]. All three E. coli DNA
glycosylases recognize and cleave Sp and Gh lesions in duplex DNA [11,12]. Although E.
coli Fpg and Nei differ in their primary substrate specificities, they both share common DNA
binding structural motifs, the helix-two-turns-helix (H2TH) and the zinc finger motif [13,14].

Among the three aforementioned DNA glycosylases in E. coli, endonuclease 11 (Nth) is the
most widely distributed across all three domains i.e. bacteria, eukaryotes and archaea with
multiple paralogs in some actinobacteria, Deinococcus and Entamoeba histolytica
(unpublished observations). Homologs of E. coli Fpg are restricted mainly to bacteria and have
not been identified in eukaryotes and archaea with the exception of plants, some filamentous
fungi and an uncultured methanogenic archaeon. Instead, 8-oxoguanine DNA glycosylase
(Ogg), a functional homolog of E. coli Fpg is the primary DNA glycosylase that removes 8-
oxoguanine in eukaryotes and in archaea. In contrast, endonuclease V111 (Nei) is less commonly
found in bacteria and in eukaryotes and until recently, the only Nei protein characterized was
endonuclease VIII from E. coli [15]. The first eukaryotic homologs of E. coli Nei designated
NEIL1, NEIL2 and NEIL3 (Nei-Like) were recently identified in humans and NEIL1 and
NEIL2 extensively characterized [16-20]. All three NEIL paralogs have been identified in the
sequenced genomes of other eukaryotic vertebrates.

Unlike cellular organisms, DNA repair proteins are not very well conserved in viruses
presumably due to their small genomes. An exception to this rule is the recently discovered
Mimivirus, a double stranded DNA virus that infects Acanthamoeba polyphaga. First isolated
from the cooling tower water suspected of causing a pneumonia outbreak in Bradford, UK, the
Mimivirus (short for “Mimicking microbe™) is the largest known virus to date with a particle
diameter of at least 400 nm and a genomic size of 1.2 megabases [21]. Sequencing of the
mimiviral genome revealed some interesting features not previously identified in other viruses.
Of the 1262 putative ORF’s identified, 911 encode proteins and 36 genes are unique to the
Mimivirus [21]. Six of these unique genes were annotated as involved in the repair of alkylated
DNA damage, mismatch repair, UV damage and oxidative DNA damage. In this paper, we
report cloning of two of the mimiviral DNA repair genes (L315, L720) and detailed
characterization of their encoded proteins (MvNeil, MvNei2) predicted to repair oxidized
purines.

2. Materials and Methods

2.1 Cloning and purification of Mimiviral Nei proteins

Mimiviral genomic DNA, obtained from Dr. Didier Raoult (Unité des Ricketssies, Marseille,
France), was used as template to amplify MvNeil (L315) and MvNei2 (L720A43) by
polymerase chain reaction. Both mimiviral genes were cloned into Ndel- Xhol sites of the
PET22b expression vector (Novagen) to give C-terminal hexa-his tagged proteins. MvNeil
mutants (P2G and R277A), modifications of an internal Ndel restriction site and tandem repeats
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of rare codons in MvNei2 were made using the QuickChange XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA).

Expression and purification of MvNeil and MvNei2 were essentially the same as described
for human NEIL1 [22]. Briefly, pET22b carrying MvNeil or MvNei2 was induced in Rosetta
(DE3) pLys (Novagen) with 1 mM IPTG at an ODggg of ~0.5 for 12-16 hr at 16°C. Cleared
cell lysates were first loaded onto HiTrap Chelating HP column and later onto HiTrap SP FF
using AKTA prime plus (Amersham Biosciences, Piscataway, NJ). After eluting from the
second column, proteins were dialyzed into the storage buffer (20 mM Hepes 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT and 50 % glycerol), enzyme concentrations were determined
by the Bradford assay and the enzymes stored at —20°C. The active fraction of the enzyme
preparations was determined using the Schiff base assay [22].

All other DNA glycosylases used as controls in this paper were from our lab stocks prepared
as described previously [22]. Human AP endonculease (APEX) was purchased from Trevigen
(Gaithersburg, MD).

2.2 DNA Glycosylase/lyase Assay

Oligonucleotides (35-mers) carrying various oxidative base damages, except Sp and Gh, were
in the sequence 5-TGTCAATAGCAAGXGGAGAAGTCAATCGTGAGTCT-3' and were
purchased from The Midland Certified Reagent Company, Midland, Texas.
Spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) were synthesized in a 30-mer (5'-
TGTTCATCATGCGTCYTCGGTATATCCCAT-3' and a 14—-mer (5'-
GCGTCCAZGTCTAC -3') oligonucleotides respectively as described previously [23]. All
oligonucleotides were purified either on a PAGE gel or by HPLC prior to use.

For the assays, 1 pmole of damage-containing oligonucleotide was 5’-end labeled with T4
polynucleotide kinase and [a-32P] dATP, stopped with 50 mM EDTA and ethanol precipitated
to remove unincorporated radionucleotide. To minimize errors due to loss from ethanol
precipitation, the labeled oligonucleotide was diluted 10-fold with the corresponding unlabeled
damaged oligonucleotide and used directly as single stranded DNA or annealed with 10 pmoles
of complementary oligonucleotide in a 40 pl reaction containing 10 mM Tris (pH 8.0) and 50
mM NaCl. For making substrates containing an AP site, single or double stranded 35-mer
oligonucleotides containing uracil (U) were prepared as described above, treated with 2 U of
E. coli uracil DNA glycosylase (New England Biolabs, Beverly, MA) at 37°C for 30 min,
ethanol precipitated and resupended in 40 pl of 10 mM Tris pH 8.0 and 50 mM NaCl. All DNA
glycosylase/lyase activity assays were setup as described below unless otherwise noted. In a
10 ul reaction, various double stranded substrates were incubated with either control enzymes
(EcoNth, EcoNei, hNEIL1, hOGG1, EcoFpg) or increasing concentrations of MvNeil or
MvNei2 in their respective assay buffers at 37°C for 30 min. The assay buffer for EcoNei,
EcoFpg and EcoNth was 10 mM Tris pH 7.6, 100 mM NaCl, 1 mM EDTA,; for hOGG1, 20
mM Tris pH 7.4, 100 mM NaCl, 0.15 mg/ml BSA, for NEIL1, 20 mM Ches-KOH pH 9.5, 100
mM NaCl, 1 mM EDTA, for MvNeiZl, 20 mM Hepes-KOH pH 7.8, 75 mM KCI, 1 mM EDTA,
1mM MgCl,, 0.1 mg/ml BSA; for MvNei2, 20 mM Tris pH 8, 100 mM NaCl. Since all enzymes
were diluted in their respective storage buffers containing 50 % glycerol, the final glycosylase
reactions also contained 5% glycerol. Reactions were terminated with equal volumes of
formamide dye, heated and loaded onto 12 % denaturing polyacrylamide gel. Wherever
necessary, the load volumes were normalized to radioactive counts for qualitative comparisons.

For kinetic analysis with MvNeil, 0.3 nM active enzyme was incubated with 1-10 nM Tg:A
substrate in a 100 pl reaction and 5-15 nM of Gh:C or Gh:A in 50 pl reaction containing

MvNeil assay buffer at 37°C. At various time intervals (30 s to 80 min), aliquots of the reaction
were terminated with equal volumes of formamide dye, heated, loaded onto a 12% denaturing
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polyacrylamide gel and quantified using Quantity-One (Bio-Rad). Dynafit was used to
calculate Kinetic parameters by least square regression globally of experimental data plotted
as time versus product formed.

2.3 dRP Lyase Assay

The substrate for the dRP lyase assay was prepared essentially as described by Garcia-Diaz et
al. [24]. A uracil-containing oligonucleotide (35-mer) with the same sequence context used
for DNA glycosylase assays described above was employed to make a 22-mer substrate with
a5’ 2 deoxyribose-5-phosphate (5’-dRP) moiety opposite ‘G’. A 10 ul reaction containing 50
mM Hepes pH 7.5, 20 mM KCI, 2 mM DTT, 10 mM MgCl, and 100 fmoles of human AP
endonuclease (APEX)-treated AP:G substrate was incubated with DNA glycosylases or human
DNA polymerase B (Trevigen, Gaithersburg, MD) as indicated in the Fig. 3 Legend. Following
incubation at 37°C for 30 min, the reactions were chilled on ice and treated with 340 mM
sodium borohydride (NaBH,) for 20 minutes on ice. Subsequently, the reactions were ethanol
precipitated, resuspended in 10 ul formamide dye and loaded onto 20 % denaturing
polyacrylamide gel.

2.4 Assays with bubble substrates

The oligonucleotides and the procedure used to make duplex substrates containing various size
bubbles were same as described by Dou et al. [25]. Annealing Reactions (40 pl) containing
oligonucleotides in 10 mM Tris (pH 8.0) and 50 mM NaCl were heated in boiling water for 3
min and slow cooled for ~ 1 hr. Glycosylase reactions with MvNeil and different bubble
substrates were performed as described above.

3. Results

3.1 Identification of Fpg/Nei family members in Mimivirus

The sequence of the giant DNA Mimivirus was recently completed and fully annotated by
Raoult et al. [21]. They compared the mimiviral putative open reading frames (ORF’s) with
the Cluster of Orthologous Groups (COG’s) database and reported L315 and L720, as DNA
repair proteins involved in hydrolysis of DNA containing ring-opened N7-methylguanine
(Fapy-7-MeGua), a substrate for E. coli formamidopyrimidine DNA glycosylase (EcoFpg).
Also, a PSI-BLAST search with human NEIL1 identified, albeit with low E-values, the two
mimiviral L315 and L720 proteins showing similarity to the human NEIL1 protein. Further, a
BLAST search of all sequenced microbial genomes with mimiviral L720 identified two
homologs in Psychroflexus torquis (PtoNei) and

3.2 Zymomonas mobilis

(ZmoNei) with ~30 % identity to the L720 sequence. We aligned the L315, L720, PtoNei and
ZmoNei sequences with representative members of Fpg/Nei family including homologs from
an archaeon, Candida albicans and Arabidopsis thaliana (Fig. 1). Initial attempts to align the
reported L720 sequence were unsuccessful however visual inspection of the protein sequence
showed an N-terminal extension of 43 amino acids from an internal methionine next to the
catalytic residues important for the DNA glycosylase/lyase activity of Fpg/Nei family
members. We surmised that the authentic N-terminus of the second mimiviral Fpg/Nei
homolog should start 43 amino acids away from the predicted N-terminus in the reported L720
sequence. Therefore, L720 with the N-terminal extension of 43 residues deleted (L720A43)
was used for sequence alignments and for the biochemical characterization described below.
At the N-terminus, mimiviral L315, PtoNei and ZmoNei carry the catalytic proline residue
whereas in L720A43 the proline is replaced by a valine (Fig. 1). Also the third glutamic acid
residue important for the DNA glycosylase activity is present in all four sequences. The DNA
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binding helix-two-turns-helix (H2TH) motif is conserved with the exception of a glycine
insertion in L315. At the C-terminus, the cysteines that coordinate zinc to form a -hairpin
loop of the zinc finger domain are present in L720A43 and ZmoNei but are missing in L315
and PtoNei sequences. Furthermore, the mimiviral L720A43 and ZmoNei carry the CHCC
type zinc finger and a glycine residue is inserted between the cysteine and histidine residues
in the zinc finger (Fig. 1). Finally, an arginine residue conserved in the zinc finger domain of
all Fpg/Nei family members is also found in L315, L720, PtoNei and ZmoNei sequences.

3.3. Cloning and Purification of mimiviral L315 and L720A43

The Fpg/Nei family members utilize proline at the amino terminus to initiate the removal of
the damaged base i.e. DNA glycosylase activity, by cleaving the N-glycosylic bond between
the sugar and the damaged base. This would necessitate correct processing of the N-terminal
formyl-methionine (f-Met) and the use of C-terminal tags only. The full length L315 and
L720A43 were cloned into a pET vector, expressed and purified essentially as described for
human NEIL1 [16]. Both C-terminal hexa-his tagged L315 (34.5 kDa) and L720A43 (33.5
kDa) were purified to homogeneity and the N-terminal sequence was verified by Edmund
degradation. These results showed that the N-terminal methionine was completely processed
in L315 preparation whereas approximately half of the L720A43 protein retained the initiator
methionine (data not shown). The extent of N-terminal methionine excision by E. coli
methionine aminopeptidase (MetAP) is determined by the penultimate residue and a valine at
the second position results in partial or incomplete processing of the initiator methionine in the
proteins expressed in E. coli [26,27]. In this case, L720A43 has a valine in the second position
(Fig. 1) and hence showed incomplete removal of N-terminal methionine in the protein
preparation. Nevertheless, we used purified L720A43 protein for a qualitative comparison of
the substrate specificities with mimiviral L315 protein.

3.4 Specificity of L315 and L720A43 for duplex substrates

To test the DNA glycosylase/lyase activities, purified L315 and L720A43 proteins were
incubated in equimolar ratios with substrates carrying different purine and pyrimidine lesions.
These initial experiments showed that the mimiviral L315 and L720A43 proteins recognize
and cleave pyrimidine lesions (data not shown). Since oxidized pyrimidines and not 8-
oxoguanine are the primary substrates for both the proteins, we designated Mimiviral L315 as
MvNeil and L720A43 as MvNei2. Optimal DNA glycosylase assay conditions were
determined for MvNeil and MvNei2 using duplex substrates containing thymine glycol (Tg)
and 5-hydroxyuracil (50OHU), respectively. Both MvNeil and 2 showed activities over a broad
pH range with optima at pH 7.8 and 8.0 respectively (data not shown). Also maximal activities
of MvNeil and MvNei2 were observed in 75 mM KCI and 100 mM NaCl respectively.
Addition of BSA or Mg?* did not influence the activity of MvNei2 but slightly improved the
activity of MvNeil (data not shown).

Under optimized reaction conditions, purified MvNeil and 2 were assayed for their preference
for various purine and pyrimidine base damages in duplex DNA. Excess enzyme over substrate
was used in order to rule out dissociation constant (Kg) as a determinant for the substrate
specificity. Also a double stranded substrate with an abasic site (AP) was used to test the lyase
activity i.e. ability to cleave the phosphodiester backbone. Bifunctional human 8-oxoguanine
DNA glycosylase (hOGG1), EcoNth, EcoFpg and EcoNei were used as controls to ascertain
the end chemistry of products formed in the glycosylase reactions with MvNeil and MvNei2.
Specifically, hOGG1 and EcoNth cleave the phosphodiester backbone via -elimination
mechanism to give products with a 3'a, B-unsaturated aldehyde whereas EcoNei and EcoFpg
leave a terminal 3'phosphate via B, 6-elimination mechanism. As shown in Fig. 2A & B, both
MvNeil and 2 recognize pyrimidine lesions especially thymine glycol, 5-hydroxyuracil
(50HU), and to a lesser extent, 5-hydroxycytosine (50HC) while both showed weak activity
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on 8-0xo0G even at 10-fold excess enzyme over substrate. A notable difference between
MvNeil and human NEIL1, and MvNei2 is that MvNei2 cleaved the DNA backbone primarily
via B-elimination although products resulting from B, 5-elimination were observed to a lesser
extent (Fig. 2B). MvNeil and 2 also showed efficient lyase activity when incubated with an
abasic site in duplex DNA (Fig. 2C). At lower concentrations of MvNei2, the lyase reaction
on an AP substrate yielded mainly B-elimination products whereas B, -elimination products
were observed with 10-fold excess MvNei2 over substrate (Fig. 2C). Finally, MvNeil and 2
showed no detectable activity on single stranded DNA with a uracil and double stranded DNA
with mismatches (U:C, T:G) even in enzyme excess over substrate (data not shown).

Although 8-oxoguanine (8-0x0G) is a poor substrate for NEIL1 and EcoNei, they both
recognize and cleave spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) damages
[12,28]. Therefore, we tested the activities of MvNeil and MvNei2 on Gh and Sp damages in
duplex DNA. MvNei2 showed only weak activity on double stranded Sp:C and Gh:C whereas
these are good substrates for MvNeil and human NEIL1 (Fig. 2D).

3.5 dRP lyase activity of MvNeil and MvNei2

A characteristic feature of Fpg/Nei family members is their ability to remove the 5’-dRP moiety
generated from incision at abasic sites by human AP endonuclease (APEX) [15,29]. To
demonstrate this activity in the mimivirus homologs, a 5’'dRP-containing 22-mer substrate was
incubated with human NEIL1, MvNeil and MvNei2. Human DNA polymerase  (hPolp)
which possesses dRP lyase activity also served as a control for the assay. As shown in Fig. 3,
both MvNeil and MvNei2 processed the 5’-dRP moiety to give a 22-mer product.

3.6 Activities of MvNeil and MvNei2 on damage-containing single stranded and bubble

substrates

Human NEIL1 and NEIL2 cleave 5-formyluracil (5-foU), 5-hydroxyuracil (50OHU), 5-
hydroxymethyl uracil (ShmU) when present in single stranded DNA [30]. Also mouse Neill
recognizes thymine glycol, spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) in single
stranded oligonucleotides [28]. To test the specificities of MvNeil and MvNei2 for single
stranded oligonucleotides carrying Sp and Gh, we used equimolar ratios of enzyme to substrate.
Human NEIL1, MvNeil and MvNei2 cleaved abasic sites (AP) and pyrimidine base damages
but showed only weak activity on 8-0xoG in single stranded DNA (Fig. 4A). As we observed
with duplex substrates, MvNei2 cleaved pyrimidine base damages in single stranded DNA by
B-elimination (Fig. 4A). On the other hand, Gh and Sp lesions in single stranded DNA were
poor substrates for hNEIL1 and MvNeil whereas MvNei2 cleaved both damages although Sp
was cleaved better than Gh in single stranded DNA (Fig. 4B).

In addition to cleaving damaged bases by a different mechanism i.e. primarily B-elimination,
MvNei2 prefers base damages in single stranded DNA more than in double stranded DNA.
This inference was based on the observation that MvNei2 cleaved oxidative lesions in single
stranded DNA more readily at equimolar ratios than in duplex DNA with excess enzyme over
substrate (compare Fig. 2B and Fig. 4). To test this hypothesis, we incubated Sp lesions in
single and double stranded DNA with 2 to 10-fold excess MvNei2 over substrate (Fig. 5). At
higher concentrations of MvNei2, a double strand-specific exonuclease appeared to remove
the 5’ radioactive label on both the substrate and product bands. Nevertheless, comparing the
amount of cleaved substrate at lower enzyme concentrations, it is evident that MvNei2 prefers
the Sp damage in single stranded DNA compared to duplex DNA (Fig. 5).

As mentioned earlier, incomplete processing of the N-terminal methionine gave partially active
MvNei2 and hence it could not be used for the quantitative comparisons described below.
Although MvNeil and human NEIL1 recognize all the pyrimidine base damages in duplex
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DNA, both enzymes prefer Tg, 50HC and 50HU damages in single stranded DNA (Fig. 4).
To determine the preferred single stranded substrate for MvNeil, human NEIL1 and MvNeil
were incubated with varying amounts of lesion-containing single stranded substrates (Fig. 6).
These experiments showed that under multiple turnover conditions, 50HU in single stranded
DNA is the best substrate for both human NEIL1 and MvNeil.

Human NEIL1 and NEIL2 were previously shown to recognize oxidative base damages,
specifically 50HU and 8-0xoG in bubble substrates [25]. Since MvNeil recognizes base
damages in single stranded DNA and shares sequence homology to human NEIL1, we tested
the activity of MvNeil on 50HU-containing bubble substrates. Duplex substrates (51-mer)
with 50HU placed in the middle of the bubbles were made as described by Dou et al [25] and
the secondary structure was verified by their mobility on a 10% native PAGE gel. Single
stranded DNA migrated faster than the duplex DNA while the bubble substrates migrated more
slowly than duplex DNA and this shift in mobility increased as a function of the bubble size
from 5-19 nucleotides (Fig. 7A). Next, we incubated bubble substrates (B5, B11 and B19),
single stranded and duplex DNA with MvNeil in order to determine the specificity under
conditions of excess substrate. As shown in Fig. 7B, MvNeil cleaved 50HU in all three bubble
substrates but showed ~ 4 to 6 fold higher activity on 50HU-B5 and single stranded DNA
compared to 50HU in a 11 or 19 nucleotide bubble substrate. Nonetheless, MvNeil preferred
50HU in double stranded DNA rather than in single stranded DNA or in bubble substrates
(Fig. 7B).

All pyrimidine base damages as well as Sp and Gh are substrates for MvNeil (Fig. 2A and D)
especially when present in duplex DNA (Fig. 7B). To determine the relative rates of incision,
MvNeil was incubated with Sp, Gh and pyrimidine damage-containing duplex DNA molecules
under multiple turnover conditions. As shown in Fig. 8, oxidation products of 8-oxoguanine
especially Sp opposite a ‘C’ are the preferred substrates for MvNeil. Among pyrimidine
lesions, thymine glycol is the best substrate whereas the ring-saturated DHU and DHT are
relatively poor substrates for MvNeil (Fig. 8).

During DNA replication, DNA polymerases incorporate an ‘A’ or a ‘C’ opposite 8-oxoguanine
and invitro, E. coli exonuclease deficient Klenow fragment incorporatesan ‘A’ or ‘G’ opposite
Sp or Gh damages [9,23]. Since 8-0x0G oxidation products are good substrates for MvNeil
and the intercalation loop of MvNeil that interacts with the estranged base resembles that of
EcoFpg and not EcoNei [13,31], we checked the opposite base specificity of MvNeil for Gh
and Sp when paired with A, T, G and C in duplex DNA. Also for comparison, we tested the
MvNeil base specificity opposite Tg, 50HU and 50HC damages. As shown in Fig. 9A,
MvNeil cleaved Tg efficiently with little or no preference for the opposite base in the
complementary strand. Similar results of weak opposite base specificity were also observed
with other pyrimidine damages, 50HU and 50HC (data not shown). MvNeil also cleaved Sp
efficiently opposite all 4 bases, although the cleavage rate was faster with a *‘C’ compared to
an ‘A’ in the complementary strand (data not shown). On the other hand, MvNeil showed
strong opposite base specificity for Gh in duplex DNA. Specifically, MvNeil cleaved Gh:C
substrate readily whereas slow cleavage of Gh was observed when paired with an ‘A’ in double
stranded DNA (Fig. 9B). This is a biological anomaly given that MutY does not remove A
opposite Gh [11].

Next, we determined kinetic parameters of MvNeil for Gh opposite a ‘C’ or an ‘A’ as well as
with Tg:A substrates (Table 1). The active enzyme fraction in the MvNeil preparation was
estimated by Schiff base assay and was found to be 30% active (data not shown). The substrate
concentrations used to determine the kinetic parameters were within the linear range of enzyme
activity. As shown in Table 1, although the Km’s are comparable, the catalytic turnover of
MvNeil was ~ 13-fold higher for Gh:C than for Tg:A under steady state conditions. On the

DNA Repair (Amst). Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bandaru et al. Page 8

other hand, MvNeil showed specificity for the opposite base mainly due to the K, for the
substrate. Specifically, MvNeil showed a ~1000-fold higher K, for Gh when paired with an
‘A’ compared to a ‘C’ opposite the lesion.

3.7 Activity of MvNeil mutants

The conserved proline and arginine residues at positions 2 and 277 respectively were mutated
to demonstrate the role for these residues in the DNA glycosylase/lyase activity of MvNeil.
The P2G and R277A MvNeil mutants were constructed, expressed and purified as described
for wild type MvNeil. Purified enzymes were incubated with Tg:A substrate and an abasic site
in duplex DNA to test the bifunctional DNA glycosylase/lyase and the lyase activities of
MvNeil mutants. As shown in Fig. 10A, mutation in the N-terminal raline residue of MvNeil
abolished the DNA glycosylase activity on Tg:A but showed reduced lyase activity onan AP:G
substrate. On the other hand, a R277A mutation in MvNeil resulted in decreased bifunctional
activity on Tg:A substrate (Fig. 10B) but did not affect the lyase activity of the mutant (data
not shown).

4. Discussion

4.1 Mimivirus and DNA Repair

In this paper, we report characterization of two DNA repair enzymes in the giant DNA
Mimivirus as DNA glycosylases that recognize and repair oxidized pyrimidines. Although
DNA glycosylases, namely the T4 pyrimidine dimer (T4-Pdg) and uracil DNA glycosylases
(Udg), have previously been identified in DNA viruses that belong to Myoviridae (T4, RB69),
Phycodnaviridae (chlorella), Herpesviridae (simplex) and poxviridae (vaccinia) families, the
mimiviral MvNeil and MvNei2 represent the first examples of oxidative DNA glycosylases
in a virus [32,33]. Additionally, Mimivirus also encodes uracil DNA glycosylase (Udg),
endonuclease IV (Nfo), O8-methylguanine-DNA-methyltransferase (Mgmt), 1-
methyladenine-DNA-dioxygenase (AlIkB), UV endonuclease (UvdE) and DNA mismatch
repair (MutS) proteins [21].

Mimivirus is a nucleocytoplasmic DNA virus (NCLDV) and a two stage life cycle has been
proposed that involves early replication in the nucleus where viral DNA is synthesized and late
replication in the cytoplasm of the host Acanthamoeba polyphaga [34]. Recent analysis of the
non-coding region of the mimiviral genomic DNA identified a conserved promoter sequence
motif, AAAATTGA upstream of ~50 % of the mimiviral genes [35]. Except for the AIkB and
Mgmt homologs, all other mimiviral DNA repair genes, including MvNeil and MvNei2, lack
this octamer sequence in the upstream promoter region. It has been suggested that genes with
this TATA-box like octamer motif could be transcribed in host cytoplasm whereas genes
missing this sequence motif may be expressed in the host nucleus presumably from different
viral promoter sequences [35]. Also, proteomic analysis identified 114 proteins in the mimiviral
particles[36]. Of the various DNA repair proteins in Mimivirus, UV endonuclease (UvdE) but
not the two oxidative DNA glycosylases is packaged in the virions [36]. Taken together, the
data suggest that MvNeil and MvNei2 may be required for repairing base damages during
viral DNA synthesis in the nucleus of the amoeba.

4.2 Origin of the oxidative DNA glycosylases in Mimivirus

Itis unlikely that the mimiviral oxidative DNA glycosylases were horizontally transferred from
its host Acanthamoeba polyphaga for several reasons. First, 40% of the mimiviral proteins
including the MvNei proteins show sequence similarity to homologs from other organisms
whereas they show less than 1% match to a related protist, Entamoeba histolytica and to the
EST database of Acanthamoeba castellanii, a close relative of mimiviral host [37]. Genes with
the upstream octamer motif flank MvNeil and MvNei2 in the mimiviral genome and a search
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for the octamer motif in the partially sequenced A. castellanii genomic DNA revealed that this
promoter-like sequence is less prevalent in the amoeba [35]. Further, Mimivirus preferentially
uses A+T rich codons in contrast to its host relative A. castellanii, which uses mostly G+C rich
codons [21].

Free-living Acanthamoebae feed on bacteria, fungi and algae by phagocytosis. Some of these
ingested microorganisms are resistant to digestion and are capable of colonizing as symbionts
in the host cytoplasm [38]. Pathogenic and non-pathogenic bacteria have been identified that
can survive in Acanthamoeba and include Actinobacteria (Mycobacterium avium,
Mycobacterium leprae), Bacteroidetes (Flavobacterium sp), Chlamydiae (Chlamydophila
pneumoniae), Bacilli (Listeria moncytogenes) and Proteobacteria [Bradyrhizobium
japonicum (a), Burkholderia cepacia (B), Vibrio cholerae (y) and Helicobacter pylori (g)]
[38]. Mimivirus can infect all Acanthameoba species and enters the host cytoplasm after
internalization by phagocytosis [34,39]. Therefore, it is possible that coexistence of Mimivirus
and a bacterium in the cytoplasm of Acanthamoeba could provide a venue for gene transfer
between them. In this regard, 15 % of mimiviral ORF’s including MvNeil and MvNei2 showed
sequence matches to the genomic database of microbial environmental samples from the
Sargasso Sea [40]. Also we identified Nei homologs in Psychroflexus torquis (PtoNei) and
Zymomonas mobilis (ZmoNei) that belong to bacteroidetes and a-proteobacteria respectively.
Although survival of these bacteria as endosymbionts in Acanthameoba is presently unknown,
PtoNei and ZmoNei show sequence similarity to the mimiviral Nei proteins (Fig. 1).
Alternatively, itis also plausible that the oxidative DNA glycosylases in Mimivirus were either
acquired from or transferred to a higher eukaryote since the mimiviral host, Acanthamoeba, is
an opportunistic pathogen in vertebrates including humans [41,42] and the mimiviral Nei
proteins share sequence homology to the NEIL proteins in vertebrates (Fig. 1).

4.3 Similarities between Mimiviral Nei and human NEIL proteins

Sequence alignments of mimiviral Nei proteins with the representative Fpg/Nei homologs from
bacteria, plants, fungi, archaea and humans identified a number of similarities between the
human NEIL and mimiviral Nei proteins. At the C-terminus, all Fpg/Nei DNA glycosylase
family members except human NEIL1 and its homologs carry four cysteines that coordinate a
zinc atom to form B-hairpin motif observed in the crystal structures of liganded E. coli Nei and
Fpg proteins [13,14,43]. Human NEIL1 and its homologs including MvNeil instead carry an
anti-parallel B-hairpin “zincless finger” motif first reported in the crystal structure of human
NEIL1 [44]. A conserved arginine residue important for the DNA glycosylase activity (see
below) and a threonine next to the arginine residue in the “zincless finger” motif are present
in human NEIL1 and MvNeil (Fig. 1). Similar “zincless finger” motifs with the conserved
arginine and threonine residues are also found in bacteria (PtoNei), plants (AtFpgl) and fungi
(CalNei).

On the other hand, it is remarkable that MvNei2 resembles human NEIL3 at the N-terminus
and NEIL2 at the C-terminus. In fact a BLAST search with MvNei2 showed 23% identity to
the N-terminus of the NEIL3 homolog in Danio rerio (Zebra fish) and 36% identity to the zinc
finger region of the NEIL2 homolog in Gallus gallus (chicken). It is interesting that the N-
terminal 43 amino acid extension in MvNei2 is annotated as a transmembrane region since the
N-terminal residue is the nucleophile and requires a free amino terminus in all Fpg/Nei proteins.
A similar N-terminal extension in front of the catalytic residues is also found in the Canis
familiaris (dog) homolog of human NEIL3. The zinc finger in most Fpg/Nei proteins is of the
C4 type whereas human NEIL2, ZmoNei and MvNei2 carry CHCC type zinc finger motif.
This zinc finger motif was shown to coordinate a zinc atom and mutating the cysteines or
histidine in human NEIL2 abolished DNA binding and enzymatic activity [45]. Finally, a
glycine insertion between the cysteine and histidine residues in the zinc finger motif is present
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in MvNei2, ZmoNei2 and human NEIL2 proteins demonstrating the conservation of the CHCC
type zinc finger motif between viral, bacterial and human homologs respectively.

Besides sequence similarity, MvNeil and MvNei2 also resemble NEIL family proteins in their
substrate specificity for oxidized pyrimidines and further oxidation products of 8-oxoguanine.
MvNeil prefers Tg and 50HU damages like human NEIL1 and cleaves them in duplex DNA
with little or no opposite base specificity. The 8-oxoG oxidation products, Gh and Sp lesions
are also substrates for mouse Neill [28] and human NEILI (unpublished observations). We
show that human NEIL1 and MvNeil recognize Gh and Sp when paired with a ‘C” in duplex
DNA. Unlike mouse NEIL1 which incises Gh and Sp efficiently when paired with all four
bases, MvNeil showed only weak specificity for the base across from the Sp lesion while the
opposite base specificity for Gh resembles that of E. coli Fpg. Both EcoFpg and MvNeil cleave
Gh efficiently when paired with a ‘C” and poorly when present across from an ‘A’ in the
complementary strand. It is interesting that the best substrates for MvNeil in double stranded
DNA are Gh and Sp lesions but not 8-0xoG. Homologs of Fpg or Ogg have not been identified
in a related protist, E. histolytica and therefore it is possible that Fpg/Ogg enzymes from
endosymbiont bacteria repair 8-0xoG in Acanthamoeba and mimiviral genomes.

Like human NEIL2 [25], MvNei2 recognizes 50HU in duplex DNA although oxidative lesions
in single stranded DNA are the best substrates for MvNei2. All oxidative DNA glycosylases
prefer base damages in double stranded DNA with the exception of human NEIL1 and NEIL2,
which also recognize lesions in single stranded DNA and bubble substrates. It has been
suggested that human NEIL proteins may be involved in repairing base damages in the DNA
bubbles formed during transcription, replication or during remodeling of the chromatin DNA
[25]. However, in the absence of the complementary strand, creation of strand breaks during
removal of damaged bases in single stranded DNA could have deleterious consequences for
the virus. It is possible that MvNei2 recognizes some other base damages in duplex DNA that
are yet to be identified.

4.4 MvNei2 preferentially undergoes B-elimination

In the Fpg/Nei family members, the secondary amine of the N-terminal proline residue initiates
a nucleophilic attack at the C1’ position of the nucleoside to cleave damaged substrates by a
B, d-elimination mechanism. Substituting the catalytic proline affects the bifunctional activities
of all Fpg/Nei proteins as shown with MvNeil (Fig. 10A). Based on this observation, it is
reasonable to assume that MvNei2 should have diminished lyase activity and no DNA
glycosylase activity since the N-terminal residue is a valine instead of a proline. However in
the bacteriophage T4 pyrimidine dimer glycosylase (T4-Pdg), which is structurally unrelated
to Fpg/Nei proteins, the primary amine (o-NH,) of the N-terminal threonine residue is the
nucleophile and cleaves the damaged substrate via a Schiff base intermediate [32]. Further, an
internal glutamic acid residue in the T4-Pdg is required for stabilizing the imino intermediate
(Schiff base) and for the formation of B-elimination products (Manuel et al 1995). Therefore,
we predicted that the a-NH> of the N-terminal valine might serve as the nucleophile for the
DNA glycosylase/lyase activity of MvNei2 on oxidized DNA damage-containing substrates.
In support of this suggestion, a methionine substitution for proline reduced but did not eliminate
the DNA glycosylase activity of Candida albicans Nei protein (unpublished observation). As
noted with T4-Pdg, MvNei2 cleaved substrates carrying pyrimidine base damages and abasic
sites in both duplex and single strand DNA via B-elimination (Fig. 4). The N-terminal valine
residue may serve as the nucleophile but it is unlikely that the reaction mechanism of MvNei2
is similar to T4-Pdg mechanism since the a-NH, as the nucleophile can also cleave damaged
substrates via B, 6-elimination as observed with the activities of MvNeil P2G mutant on an
AP:A substrate (Fig. 10A) and CalNei P2M mutant on DHU:G substrate (unpublished
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observation). Hence the residue(s) responsible for the B-elimination mechanism of MvNei2
remains to be investigated.

4.5 The “zincless finger” in MvNeil

In addition to the H2TH motif, Fpg/Nei proteins use a zinc finger domain to bind in the minor
groove of the DNA. A conserved arginine residue in the B-hairpin motifs of the human NEIL1
zincless finger and E. coli Nei zinc finger interacts with oxygens in the phosphate groups
flanking the damage site. Substitutions of the arginine residue in human NEIL1 and E. coli Nei
severely impair the DNA glycosylase but not the lyase activity of the enzymes [14] [44]. In
the absence of a crystal structure and based on the sequence alignment, MvNeil also carries a
“zincless finger” motif similar to human NEIL1 since mutating the conserved arginine residue
greatly reduced the DNA glycosylase but not the lyase activity of MvNeil (Fig. 10B). Based
on these observations, the archaeal Fpg with all four cysteines but missing the arginine residue
in the zinc finger domain (Fig. 1) is expected to show weak DNA glycosylase activity on
damage-containing substrates.

4.6 BER in viruses

The multi-step BER pathway in bacteria, archaea and eukaryotes includes DNA glycosylases,
an apurinic/apyrimidinic (AP) endonuclease (APEX, endolV), DNA polymerase (Pol I,
PolB) and a DNA ligase that are involved in the short-patch repair of oxidative DNA damages.
Homologs of all BER proteins except the oxidative DNA glycosylases have been identified
and characterized in African Swine Fever Virus (AFSV) [46,47]. The giant Mimivirus also
carries all BER proteins including a recently characterized DNA ligase [48] and the two
oxidative DNA glycosylases, MvNeil and MvNei2 described in this paper.

A rate-limiting step in the BER pathway is the removal of 5’-dRP moiety resulting from incison
of abasic sites by AP endonuclease [49]. The 5’-dRP moiety is processed by the associated
dRP lyase activity of Fpg/Nei proteins in E. coli [15,29] whereas in eukaryotes, the 8 kDa N-
terminal domain of the DNA polymerase  (pol B) removes the 5-dRP moiety to leave a
ligatable end [50]. Additionally, human NEIL proteins possess dRP lyase activity and may
serve as back up for the pol B in human cells [51]. Like human NEIL proteins, MvNeil and
MvNei2 also showed dRP lyase activity (Fig. 3) suggesting a role in the viral BER pathway.
Homologs of human Polp have been identified in both ASFV and Mimivirus [21,46]. The
ASFV polX missing the N-terminal 8-kDa domain is unlikely to exhibit dRP lyase activity
whereas the mimiviral PolX carries the putative dRP lyase domain. The activities of other the
mimiviral BER proteins remain to be investigated.

In summary, we have characterized two Fpg/Nei family homologs in a virus and shown them
to have similar properties to the human NEIL proteins. Mimivirus is the first example of a virus
encoding an oxidative base excision repair system from glycosylase to ligase and thus
represents an excellent model system for further studies.
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Fig. 1. Sequence alignment of endonuclease VIlI-like proteins (NEIL) with the representative
members of Fpg/Nei family

Numbers in parenthesis represent residues not shown between the regions. For MvNei2, the
N-terminal 43 aa extension is not shown. The conserved proline and arginine residues important
for the DNA glycosylase activity of Fpg/Nei members are denoted by an asterix. Positions
where residues are inserted in MvNeil, MvNei2, ZmoNei and NEIL2 are shown by a filled
triangle (A). The DNA binding helix-two turns-helix (H2TH) motif and the B-hairpin loop of
the zinc finger motif are boxed in green and orange respectively. The “zincless finger” motif
in human NEIL1 is highlighted in blue. The four cysteines that coordinate the zinc atom are
shown in cyan except for ZmoNei, MvNei2 and human NEIL2 where the second cysteine is
replaced by a histidine colored purple. Dashed redline demarcates “zincless finger” from zinc
finger-containing proteins. AtFpgl: Arabidopsis thaliana MMH-1 (gi|18404050); CalNei:
Candida albicans Nei (gi|3850130); PtoNei: Psychroflexus torquis Nei (gi|91215880); human
NEIL1 (gi|13375817); MvNeil: Mimivirus Neil (gi|55819191); Archaeal Fpg (gi|56295548);
E. coli Fpg (gi|16131506); E. coli Nei (gi|16128689); ZmoNei: Zymomonas mobilis Nei (gi|
56552083); human NEIL2 (gi|21450800); MvNei2: Mimivirus Nei2 (gi|55819586) and human
NEIL3 (gi|19684059).
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Fig. 2. DNA glycosylase/lyase activities of mimiviral Nei proteins

Aand B, Substrate specificity of MvNeil and MvNei2 for oxidative DNA damages. C, Activity
of MvNeil and 2 on guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp) substrates. D,
Lyase activity of MvNeil and 2 on an AP substrate. For panels A, C and D, 32P-labeled
substrates (25 nM) were incubated with 50 nM of EcoNth, EcoNei, human NEIL1, CalNei,
EcoFpg, hOGG1 and increasing concentrations of (50 nM, 125 nM and 250 nM) of MvNeil
and MvNei2 in their respective assay buffers as described in “Experimental Procedures”. In
Panel B, 25 nM labeled substrate was incubated with 50 nM MvNeil and varying
concentrations (100 nM, 250 nM and 1.25 pM) of MvNei2. The reaction volumes were
normalized to radioactive counts before loading onto a denaturing PAGE gel.
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Fig. 3. dRPase activity of MvNeil and 2

A 22-mer substrate containing a 5’-dRP moiety was prepared as described under “Experimental
Procedures”. Substrate (10 nM) was treated with 100 nM of EcoNei, human NEIL1, MvNeil
and MvNei2 or 1 unit of human DNA polymerase B. Unreacted 22-mer containing 5’-dRP was
stabilized by reducing with NaBH, and analyzed on a denaturing PAGE gel.
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Fig. 4. Specificities of MvNeil and 2 for oxidized DNA damages in single stranded DNA
Radioactivly labeled single stranded damage-containing oligonucleotides (25 nM) were
incubated at 37°C with 25 nM human NEIL1, MvNeil and MvNei2 in their respective assay
buffers as described in “Experimental Procedures”
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Fig. 5. Differential activity of MvNei2 on single and double stranded DNA substrates
MvNei2 (50 nM, 125 nM and 250 nM) was incubated with 25 nM of 5’end labeled single
stranded spiroiminodihydantoin (Sp) oligonucleotide and 25 nM of double stranded Sp:C
substrate at 37°C for 30 min.
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Fig. 6. Activities of human NEIL1 and MvNeil on single stranded oligonucleotides containing
oxidative lesions

10 nM human NEIL1 (empty) or MvNeil (filled) was incubated with 10 nM, 50 nM and 100
nM single stranded substrates at 37°C for 30 min. Error bars represent standard error of the
mean from 3 separate experiments.
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Fig. 7. Activity of MvNeil on damage-containing bubble substrates

A, Substrates with 50HU in single stranded DNA (ss50HU), duplex DNA (ds50HU) or in
various size bubbles (B5, B11, B19) were prepared as described under “Experimental
Procedures” and analyzed on a 10% native PAGE gel to verify the secondary structure in the
substrates. B, 10 nM (filled), 50 nM (gray) or 100 nM (empty) single stranded, double stranded
or bubble substrates containing the 50HU damage were incubated with 10 nM enzyme as
described under “Experimental Procedures”. Error bars represent standard error of the mean
from 3 separate experiments.
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Fig. 8. Substrate specificity of MvNeil under steady state conditions

10 nM (black), 50 nM (gray) and 100 nM (empty) of radiolabeled double stranded substrates
containing various base damages were incubated with 10 nM MvNeil at 37°C for 30 min.
Error bars represent standard error of the mean from 3 separate experiments.
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Fig. 9. Opposite base specificity of MvNeil

10 nM MvNeil was incubated with 50 nM substrate with A (), T (m), G(A), C (e) bases
opposite A, thymine glycol (Tg) and B, guanidinohydantoin (Gh) damages at 37°C for various
times. Error bars represent standard error of the mean from 3 separate experiments.
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Fig. 10. DNA glycosylase/lyase activities of wild type and mutant MvNeil

Page 27

A, Radiolabeled Tg:A and AP:G substrates (25 nM) were incubated with 25 nM, 125 nM and
250 nM wild type and mutant MvNeil enzymes as described under “Experimental Procedures”.
B, Effect of R277A mutation on the DNA glycosylase/lyase activity on a Tg:A substrate. 10
nM radiolabeled substrate was incubated with different concentrations of wild type (o) and
R277A mutant (A) as described under “Experimental Procedures”. Error bars represent

standard error of the mean from 3 separate experiments.
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Table 1

Kinetic parameters of MvNeil for duplex DNA substrates.

Substrate K, (NM) Kgy (sec™) Kea/Kpp (sec” nM ™
Tg:A 2.33 142 0.6
Gh-C 1.3 19 14.6
Gh-A 1100 194 0.02
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