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Endonuclease VIII (Nei) is aDNAglycosylase of the base exci-
sion repair pathway that recognizes and excises oxidized pyrim-
idines. We determined the crystal structures of a NEIL1
ortholog from the giant Mimivirus (MvNei1) unliganded and
bound to DNA containing tetrahydrofuran (THF), which is the
first structure of anyNei with an abasic site analog. TheMvNei1
structures exhibit the same overall architecture as other
enzymes of the Fpg/Nei family, which consists of two globular
domains joined by a linker region. MvNei1 harbors a zincless
finger, first described in human NEIL1, rather than the signa-
ture zinc finger generally found in the Fpg/Nei family. In con-
trast to Escherichia coli Nei, where a dramatic conformational
change was observed upon binding DNA, the structure of
MvNei1 bound to DNA does not reveal any substantial move-
ment comparedwith theunliganded enzyme.Aprotein segment
encompassing residues 217–245 in MvNei1 corresponds to the
“missing loop” in E. coli Nei and the “�F–�10 loop” in E. coli
Fpg, which has been reported to be involved in lesion recogni-
tion. Interestingly, the corresponding loop inMvNei1 is ordered
in both the unliganded and furan-bound structures, unlike
other Fpg/Nei enzymes where the loop is generally ordered in
the unliganded enzyme or in complexes with a lesion, and dis-
ordered otherwise. In the MvNei1�tetrahydrofuran complex a
tyrosine located at the tip of the putative lesion recognition loop
stacks against the furan ring; the tyrosine is predicted to adopt a
different conformation to accommodate a modified base.

All organisms must cope with the generation of potentially
lethal or mutagenic oxidative DNA base damage produced by
endogenous free radicals. The enzymes that recognize and ini-

tiate the repair of these lesions are theDNA glycosylases, which
are found ubiquitously in all three kingdoms of life (for reviews
see Refs. 1–4). Some of these enzymes are bifunctional, i.e. they
catalyze the hydrolysis of the N-glycosyl bond linking a base to
a deoxyribose (glycosylase activity) and subsequently cleave the
DNA 3� to the apurinic/apyrimidinic site (lyase activity),
whereas others are monofunctional and only carry out the gly-
cosylase reaction, generating abasic sites as products. Struc-
tural studies indicate that the DNA glycosylases that recognize
oxidative DNA damages fall into two family groups: the helix-
hairpin-helix superfamily and the Fpg/Nei family (for reviews
see Refs. 1, 5, 6). The helix-hairpin-helix superfamily includes a
diverse group of enzymes with varying substrate specificities
which nonetheless share a helix-hairpin-helix motif that con-
sists of two �-helices connected by a hairpin loop, followed by a
Gly/Pro-rich loop and a conserved catalytic aspartate residue
(7). Glycosylase members of the second family, the Fpg/Nei
family, share a two-domain architecture: The N-terminal
domain consists of a two-layered �-sandwich with two �-heli-
ces, whereas the C-terminal domain contains four �-helices, of
which two are involved in a conserved helix-two-turn-helix
(H2TH)3 motif, and two �-strands that make up the zinc finger
motif (2, 6). Both these motifs are involved in DNA binding.
Escherichia coli formamidopyrimidine DNA glycosylase (Fpg)
was the first identified member of this family and was charac-
terized by its ability to recognize and remove formamidopyrim-
idines (8); however, the principal biological substrate for Fpg is
8-oxoguanine (8-oxoG) (9, 10).
More than a decade ago a second DNA glycosylase, which

recognizes oxidized pyrimidines, Nei (endonuclease VIII), was
identified in E. coli and found to be similar in sequence to Fpg
(11, 12). In contrast to Fpg, Nei is only sparsely distributed
among prokaryotes (2). Several years ago homologs of this
enzyme were identified and characterized in vertebrates, the
so-called Nei-like or Neil proteins (13–17). The evolutionary
origin of the Neil proteins in vertebrates is unclear (2), and this
issue was further confounded several years ago when two Nei-
like proteins were identified in the giantMimivirus (mimicking
microbe) (18). This is the largest virus characterized to date
with a genomic size of 1.2 Mb, larger than many bacteria (19)
and withmore than 900 protein coding genes (20). The host for
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Mimivirus is Acanthamoeba polyphaga, a soil and freshwater
protozoan (18).
We have recently cloned and characterized the two Nei gly-

cosylases from Mimivirus, MvNei1 (L315) and MvNei2 (L720)
(21). Sequence analysis suggests that Mimivirus Nei1 possesses
a zincless finger �-hairpin motif first described in human
NEIL1, rather than the signature zinc finger (22–24) character-
istic of the Fpg/Nei family. Furthermore, we have shown that
MvNei1 andMvNei2 have enzymatic properties very similar to
their human homologs, NEIL1 and NEIL2 (21). MvNei1 and
NEIL1 share substrate preferences for oxidized pyrimidines in
duplex DNA. Although MvNei1 and NEIL1 do not recognize
8-oxoguanine, both enzymes cleave its further oxidation prod-
ucts (25, 26), guanidinohydantoin (Gh) and spiroiminodihy-
dantoin,whenpairedwithC (21, 27). Single strandedDNAwith
the same base lesions, as well as bubble structures, are also
substrates for both enzymes (15, 21, 28).
Here we report the crystal structures of MvNei1 unliganded

and in complex withDNA containing tetrahydrofuran (THF), a
structural analog of the cyclic hemiacetal form of an abasic site.
Human NEIL1 and MvNei1 bind DNA containing THF but do
not cleave the DNA backbone. The MvNei1�THF complex is
the first structure of an Nei with an abasic site analog. MvNei1
shares significant structural similarity with human NEIL1 (29).
In contrast to E. coli Nei where a dramatic conformational
change was observed upon binding DNA (30), the structure of
MvNei1 bound to furan containing DNA does not reveal any
substantial conformational change compared with the unligan-
ded protein. The MvNei1 loop corresponding to the �F-�9/10
lesion recognition loop of Fpg is ordered in both the unliganded
and furan-bound structures, unlikewhatwas reported for other
Fpg/Nei enzymes where the loop is generally ordered when the
enzyme is unliganded or bound to a lesion, and disordered oth-
erwise. In the MvNei1�THF complex a tyrosine located at the
tip of the putative lesion recognition loop stacks against the
furan ring; the tyrosine and/or the tip of the loop are predicted
to adopt a different conformation in the presence of a modified
base.

EXPERIMENTAL PROCEDURES

Cloning, Overexpression, and Purification—Cloning, expres-
sion, and purification of MvNei1 have been described previ-
ously (21). After purification,MvNei1was dialyzed into crystal-
lization buffer (20 mMHEPES, pH 7.5, 300 mMNaCl, 10% (v/v)
glycerol, and 1 mM dithiothreitol) and concentrated to 10
mg/ml. For the determination of the apparent dissociation con-
stants, MvNei1 and EcoFpg were prepared as described previ-
ously (21, 31). The active fraction of each enzyme was deter-
mined as reported previously (32) and found to be 15.8% and
21.7% for MvNei1 and EcoFpg, respectively.
DNA Preparation and Complex Formation—The DNA oli-

gonucleotide containing THF was purchased from Midland
Certified Reagent Co. The 13-mer oligonucleotides 5�-CGTC-
CAXGTCTAC-3� (X � THF) and 5�-GTAGACCTGGACG-3�
were annealed in a 1:1.2 ratio after PAGE purification. The
protein�DNA complex was prepared by adding 1.2 M excess of
DNA to MvNei1 at 5 mg/ml in the crystallization buffer. After
buffer exchange into 20 mM HEPES, pH 7.5, 50 mM NaCl, 10%

glycerol, and 5 mM �-mercaptoethanol, the protein�DNA com-
plex was concentrated to 5.5–6 mg/ml as measured by Brad-
ford assay. For the determination of the apparent dissociation
constants, a 23-mer 5�-CTCTCCCTTCXTCCTTTCCTCT-3�
(X�THF) oligonucleotide and its complementary strand were
used (33). The modified strand was labeled at the 5�-end using
[�-32P]ATP with T4 polynucleotide kinase (New England Bio-
labs, Ipswich, MA) and annealed to the complementary strand
in a 1:2 ratio.
Determination of the Apparent Dissociation Constants—

Electrophoretic mobility shift assays were performed to
determine the apparent dissociation constant ofMvNei1 and
EcoFpg bound to THF-containing DNA. Reaction volumes
contained 30 pM of 32P-labeled oligonucleotide duplex, 20
mM Hepes-KOH, pH 7.8, 75 mM KCl, 1 mM EDTA, 1 mM

MgCl2, 0.1 mg/ml bovine serum albumin, 1 mM dithiothrei-
tol, 5% (v/v) glycerol, and varying amounts of MvNei1. All
reaction samples of the protein�DNA mixture were incu-
bated at 18 °C for 5 min. For the EcoFpg experiments we
followed the protocol described by Grollman and co-work-
ers (33). The protein�DNA mixture samples were loaded
onto a 6% non-denaturing polyacrylamide gel (29:1 acrylam-
ide/Bis) and run at 4 °C in 0.5� Tris borate EDTA buffer at
10 mA for 2 h. The gel was pre-run at 4 °C at 10 mA for 2 h
before loading the samples. Gels were dried and exposed to
an Imaging screen K (Bio-Rad) overnight. Binding constants
were obtained from three independent experiments and fit-
ted using Prism (GraphPad Software, La Jolla, CA).
Crystallization and Data Collection—Crystals of unliganded

MvNei1 were obtained in two different space groups under
similar crystallization conditions. Hexagonal (P61 or P65) crys-
tals (Form I) were obtained at 12 °C by the hanging drop, vapor-
diffusion method by mixing 1 �l of protein solution in a 1:1
ratio with a reservoir solution comprising 0.25 M ammonium
sulfate, 23–25% (w/v) polyethylene glycol 2000 monomethyl
ether, and 0.1 M Bis-Tris-HCl, pH 6.3, then transferred into a
solution consisting of the mother liquor supplemented with
25% (v/v) glycerol. Triclinic (P1) crystals (Form II) of MvNei1
were obtained at 12 °C by the hanging drop, vapor-diffusion
method by mixing 1 �l of protein solution in a 1:1 ratio with a
reservoir solution containing 0.2 M ammonium sulfate, 23%
(w/v) polyethylene glycol 4000, and 0.1 M Bis-Tris-HCl, pH 6.0.
Crystals were mounted in a cryo-loop and flash cooled directly
into liquid nitrogen. The crystals in complex with THF-con-
taining DNA were obtained at 12 °C by the hanging drop,
vapor-diffusion method by mixing 0.5 �l of DNA�protein solu-
tion in a 1:1 ratio with a reservoir solution made of 0.15 M

magnesium nitrate, 10% polyethylene glycol 3350 (w/v), and
100 mM Bis-Tris-HCl, pH 6.0–6.3. The crystals of MvNei1 in
complex with THF were transferred to a solution of mother
liquor supplemented with 30% (v/v) glycerol, followed by flash
cooling. The hexagonal and triclinic unliganded MvNei1 crys-
tals diffract to a resolution of 2.6 and 2.3 Å, respectively, by
using a rotating anode x-ray generator and MAR image plate
detector (MarResearch, Hamburg, Germany). The hexagonal
data set was processed with Denzo and Scalepack (34), whereas
the triclinic data set was processed with Mosflm (35) and
reduced with SCALA (36). A 2.2-Å data set of MvNei1 in com-
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plex with THFwas collected at a wavelength of 1.08 Å at beam-
line X29 (National Synchrotron Light Source) and processed
with Mosflm (35). The data were reduced with SCALA (36).
Data collection statistics are summarized in Table 1.
Structure Determination and Refinement—The structure of

MvNei1 in hexagonal space group (P61 or P65) was solved by
multiple isomorphous replacement by using a native and
three derivative data sets (sodium iodide, trimethyl lead ace-
tate, and platinum chloride). The absence of cysteine resi-
dues in the MvNei1 sequence prompted us to use heavy
atoms other than mercury or gold. Crystals were soaked in
200 mM NaI for 5 min, 20 mM trimethyl lead acetate for 1
week or 0.1 mM K2PtCl4 for 12 h. Two iodide sites were
located by SHELXD (37) and one lead site with a difference
Patterson map. The initial phases calculated using the iodide
and lead sites were used to locate one platinum site by iso-
morphous difference Fourier methods. The heavy atom sites
were refined by SOLVE (38), and the initial model was built
by RESOLVE (39). The Z-score of the initial phase calcula-
tion by SOLVE (38) indicated that the hexagonal space group
was P65. Phase improvement was performed using SHARP
(40), which confirmed the choice of the P65 enantiomorph.
About 35% of themodel was built by RESOLVE (39). The rest
of the model was built into the electron density map using O
(41) and Coot (42) and refined to 2.6-Å resolution, using
simulated annealing, bulk solvent correction, and grouped
B-factor and B-individual refinement with CNS (43). Water

molecules were picked automatically from residual electron
density maps using CNS (43) and manually checked.
The structure of MvNei1 in the triclinic space group was

solved by Phaser (44) using the hexagonal crystal structure as
the starting model. The model was refined to 2.3-Å resolu-
tion, using rigid body minimization, simulated annealing,
and grouped B-factor and B-individual refinement as imple-
mented in CNS (43). Final rounds of refinement using the
TLS option were performed using REFMAC5 (45). Water
molecules were picked automatically from Fo � Fcmap using
CNS (43) and manually checked.
The structure of the complex with furan containing DNA

was solved by molecular replacement with MolRep (46) using
the triclinic structure as a starting model. All refinement was
performed byCNS (43) in a fashion similar to that described for
the triclinic crystal structure. The final models for all three
structures were found to exhibit good geometry, as determined
using Procheck (47). There are no residues in the disallowed
region of the Ramachandran plot. Refinement statistics are
shown in Table 1. All structure figures were prepared using
PyMOL (DeLano Scientific).
Protein Data Bank Accession Codes—Atomic coordinates

and structure factor amplitudes have been deposited with the
Protein Data Bank and are available under the following acces-
sion codes: 3A42 (form I) and 3A45 (form II) for unliganded
MvNei1 and 3A46 for MvNei1 in complex THF containing
DNA (form III).

TABLE 1
Data collection, phasing, and refinement statistics for MvNei1
Rmerge � ��I� �I��/�I, where �I� is the average intensity frommultiple observations of symmetry-related reflections. Phasing power� �hklFH/��FPH� FPH, calc�. Rwork and
Rfree � ��Fo� � �Fc�/��Fo�, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. Rfree was calculated with 10% of the reflections not used
in refinement. MIR, multiple isomorphous replacement.

Form-I Form-II Form-III
Native Iodide Lead Platinum Native MvNei1�THF complex

X-rays Home source Home source NSLS X29
Space group P65 P1 P21
Unit-cell parameters (Å, °) a � b � 123.24, c � 44.85 a � 38.67, b � 54.42,

c � 87.31
a � 39.51, b � 121.46,

c � 80.51
� � � � 90, � � 120 � � 107.00, � � 99.86,

� � 93.42
� � 95.54

Molecules per asymmetric unit 1 2 2
Data collection statistics
Resolution (Å) 15-2.60 (2.69-2.60) 15-2.70 (2.70-2.60) 15-2.70 (2.70-2.60) 15-3.20 (2.70-2.60) 15-2.30 (2.42-2.30) 35-2.2 (2.32-2.20)
Unique reflections 12,173 (1,209) 10,804 (1,085) 10,703 (1,048) 6,513 (654) 27,932 (4,034) 38,069 (5461)
Redundancy 11.8 11.0 11.1 5.4 2.0 3.9
Rmerge

a 0.059 (0.270) 0.088 (0.436) 0.066 (0.406) 0.183 (0.557) 0.043 (0.146) 0.080 (0.652)
Completenessa (%) 100 (100) 100 (100) 98.5 (95.5) 99.5 (100) 94.4 ( 93.2) 99.4 (97.9)
Overall I/�(I)a 44.4 (4.8) 30.8 (5.0) 45.0 (5.9) 9.72 (2.22) 17.1 ( 8.1) 14.6 (2.2)

MIR phasing statistics
No. of sites 2 1 1
Figure of merit (solve) 0.359
Figure of merit (resolve) 0.619

Refinement statistics
Rwork (%) 20.9 20.3 21.3
Rfree (%) 26.8 26.5 26.0
r.m.s.d. values
Bond length (Å) 0.0071 0.0057 0.0058
Bond angles (°) 1.33 1.22 1.24

B-factor (Å2)
Protein 55 27 28
Water 53 29 36
DNA 43

Ramachandran plot
Most favored (%) 85.7 86.6 87.9
Additional allowed (%) 14.3 13.4 12.1

Generously allowed (%) 0.0 0.0 0.0
Disallowed (%) 0.0 0.0 0.0

r.m.s.d. versus native (Form-I) (Å) 0.6 (A)/0.8 (B) 0.7 (A)/0.8 (B)
a Values for the highest resolution shell are shown in parentheses.
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RESULTS

Structure Determination—The unliganded MvNei1 protein
was crystallized in two forms (forms I and II). Form I crystals
belong to hexagonal space group P65, and form II crystals to
triclinic P1. MvNei1 in complex with DNA containing an AP
site analog, THF, was co-crystallized in a third form, which
belongs to monoclinic space group P21 (Form III). We deter-
mined the MvNei1 structure at 2.6-Å resolution by multiple
isomorphous replacement method using form I crystals with
three different heavy atom derivatives. The model of unligan-
ded form I crystal was refined to an R-factor of 20.9% and an
Rfree of 26.8% (Table 1). The form I crystals contain oneMvNei1
monomer including residues 2–270 and 277–289per asymmet-
ric unit (residues 271–276 of the zincless finger tip are missing
in the finalmodel).We then determined the structure of form II
crystals by molecular replacement method using the form I
structure as a starting model. Form II crystals contain two
MvNei1 monomers (residues 2–289) per asymmetric unit. The
structure of form III crystals was determined by molecular
replacement method using the form II structure as a starting
model. Form III crystals contain two MvNei1 monomers (resi-
dues 2–289) each bound to a 13-mer THF DNA duplex per
asymmetric unit. Themodels of forms II and III were refined to
an R-factor of 20.3% and Rfree of 26.5% at 2.3-Å resolution and
R-factor of 21.3% and Rfree of 26.0% at 2.2-Å resolution, respec-
tively (Table 1).
MvNei1 Protein Structure—The current study provides three

independent structures of unliganded MvNei1 protein
observed in twodifferent space groups (forms I and II). All three
protein models are nearly identical: the root mean square devi-
ation values calculated for the polypeptide chain C� atoms are
0.6 and 0.8 Å (Table 1). The approximate dimensions of the
MvNei1monomer are 30� 65� 35 Å.MvNei1 is composed of
two globular domains connected by a linker (Fig. 1A). The
N-terminal domain comprises three �-helices and seven
�-strands, which form a two-layer�-sandwich. TheC-terminal
domain contains four �-helices, of which two form the helix-
two turn-helix (H2TH) motif, and two �-strands that form a
structural motif mimicking an antiparallel �-hairpin zinc fin-
ger, amotif first described in the humanNEIL1 (hNEIL1) struc-
ture (29).
Although MvNei1 shares substantial structure similarity

with EcoNei, there is one significant difference. EcoNei has
been reported to adopt two different conformations: an elon-
gated “open” conformation in unliganded EcoNei (30) and a
more compact “closed” conformation in a DNA-bound com-
plex (23). A superposition of the unliganded MvNei1 structure
onto the two EcoNei structures (unliganded and in complex
with DNA) shows that MvNei1 is in a closed conformation,
even in the absence of a DNA substrate (Fig. 1B). In the unli-
gandedEcoNei structure, the conformational change occurs via
the flexible hinge region (Leu-122 to Pro-127), which connects
the two Nei domains. The open conformation is stabilized via
hydrogen bonds between the hinge region residues Leu-122
and Gln-123 and residues Arg-50 and Arg-147 (30). These
interactions are lost in the EcoNei�DNAcomplex (23). A similar
situation is observed in MvNei1: The residue corresponding to

EcoNei Arg-147 is Lys-151 inMvNei1 (supplemental Fig. 1). In
the unliganded MvNei1 structures this lysine residue does not
interact with the hinge region; it participates instead in a salt
bridge with Asp-196, a residue found in helix �F of the C-ter-

FIGURE 1. A, ribbon diagram of unliganded MvNei1. The model from form II
crystals comprises residues 2–289. The secondary structure elements were
defined by DSSP (59) and are as follows: �A (4 –18), �1 (22–27), �B (41– 45), �2
(50 –58), �3 (61– 67), �4 (75– 81), �5 (87– 89), �6 (96 –102), �7 (107–111), �8
(118 –122), �C (125–133), �D (157–162), �E (173–183), �F (196 –215), �G
(226 –229), �9 (265–267), and �10 (279 –281). Helices are shown in light green
and �-strands in magenta. The putative lesion binding loop is highlighted in
a darker shade of green. B, comparison of MvNei1 with E. coli Nei (EcoNei).
Superposition of MvNei1 (pink) with unliganded EcoNei (gray; PDB code 1Q3B
(30) and the EcoNei trapped DNA complex (black; PDB code 1K3W (23)).
C, close-up of the zinc-finger motif. Shown are residues 230 –262 for EcoNei,
263–290 for hNEIL1, and 253–289 for MvNei1. The asterisks indicate the posi-
tion of the C� of the conserved arginine (Arg-252 in EcoNei and Arg-277 in
hNEIL1 and MvNei1).
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minal domain. MvNei1 adopts a closed conformation in the
absence of DNA, and this conformation is independent of crys-
tal packing, because the same closed conformation was
observed in three independent molecules obtained from two
crystals (two molecules per asymmetric unit in P1 crystals, and
one molecule in P65 crystals). A closed conformation was sim-
ilarly observed in the unliganded structure of hNEIL1 (29).
Because there are no cysteine residues in the MvNei1 amino

acid sequence, MvNei1 was predicted to lack the C-terminal
zinc finger motif (21). Our structure showed that indeed
MvNei1 contains a motif mimicking an antiparallel �-hairpin
zinc finger that follows the H2TH motif (29). The zincless fin-
ger motif superimposes quite well onto the corresponding seg-
ment in EcoNei and hNEIL1, including the conserved Arg-277
(Arg-252 in EcoNei andArg-277 in hNEIL1), which is known to
interactwithDNA (23) (Fig. 1C). The superposition reveals that
the loop connecting the two �-strands of the zincless finger in

MvNei1 is longer than in its bacte-
rial and human counterparts (Fig.
1C). In addition the two loops
immediately preceding � strand 9
(residues 254–264) and following �
strand 10 (residues 282–289) are
not truncated as in hNEIL1: they are
similar in length to the loops in Eco-
Nei, with the difference that in
MvNei1 the loops lack the four cys-
teines and therefore do not coordi-
nate a zinc ion. What, then, stabi-
lizes the loops in the absence of a
metal ion? There are four main-
chain H-bond interactions in the
loop preceding � strand 9 involving
residues 256, 258, 260–262, and
264. The C-terminal loop is stabi-
lized by an H-bond involving main-
chain atoms from residues 282 and
286.
A crystal structure of an Nei in

complex with lesion-containing
DNA is not yet available. On the
other hand, the crystal structures of
Bacillus stearothermophilus Fpg
(BstFpg) and Lactobacillus lactis
Fpg (LlaFpg) in complex with DNA
oxidative damage were published
recently (48–50). The segment
encompassing residues 217–245 in
MvNei1 corresponds to the “miss-
ing loop” in the borohydride
trapped covalent complex of
EcoNei�DNA (23) and the “�F–
�9/10 loop” in Fpg structures (22,
51, 52). This loop was recently
shown to play a part in the recogni-
tion of the lesion in Fpg complexes
with 8-oxoG and 5,6-dihydrouracil
(DHU) (48) and carbocyclic FapydG

(cFapydG) (50). In trapped Fpg�DNA complexes (22, 51) and
Fpg complexes with DNA containing an AP site (51–53) the
lesion binding loop was observed to be disordered. In contrast,
this region is ordered in unligandedThermus thermophilus Fpg
(TthFpg) (24), EcoNei (30), and hNEIL1 (29). It is also ordered
in complexes with DNA containing a lesion (48). Unexpectedly
the corresponding loop is ordered in all of the MvNei1 struc-
tures, unliganded, and in the complex with furan-containing
DNA (Figs. 1A and 2A).
Overall Structure of the MvNei1�THF Complex—The

MvNei1 complex crystallized in a P21 space group with two
protein�DNA complexes per asymmetric unit. The two com-
plexes are nearly identical, and we describe below the structure
of complex A. The 13-mer duplex is bound, as expected, in the
DNA binding cleft between the two domains and lies perpen-
dicularly to the long axis ofMvNei1 (Fig. 2A). The overall DNA
axis bend measured by CURVES (54) is �40°, a number com-

FIGURE 2. A, MvNei1�THF complex structure. The zincless finger, H2TH, catalytic proline and glutamic acid, and
conserved arginine are highlighted in pink. The DNA is shown in gray. The putative lesion binding loop is shown
in dark green. B, schematics of MvNei1�DNA interactions. Nucleotides are numbered beginning from THF0, with
positive numbers toward the 5�-end. Hydrogen bonds are represented with black arrows pointing toward the
acceptors. Tyr-221 stacks with THF.
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parable to that reported for EcoNei (45°) (23). Although the
DNA is distorted in the vicinity of the abasic site analog, it is
essentially a B-form away from the lesion (54).
As mentioned earlier, a significant conformational change

was reported in EcoNei between the free and liganded forms of
the enzyme, which adopted an open and closed conformation
(30). In contrast, superposition of the MvNei1�THF complex
structure onto unliganded MvNei1 structures (Form II crystal)
showed that the protein structures are identical except the
zincless finger tip region and a few amino acid side chains (root
mean square deviation of C� atoms are 0.7 and 0.8 Å, see Table
1). The orientation of Pro-2 differs from that seen in unliganded
MvNei1: The amino group of Pro-2moves by�1.0 Å to accom-
modate the DNA, and the zincless finger tip moves by �4 Å
upon bindingDNA.A conformational change of the samemag-
nitude was observed in the EcoNei zinc finger (55). The forma-
tion of aMvNei1 complex, however, is not accompanied by any
hinge movement between two domains, which makes this Nei
enzyme more similar to an Fpg, because no conformational
change was observed in Fpg upon binding its substrate (51).
The H2TH and zincless finger motifs in the C-terminal

domain play a key role in DNA binding. These DNA binding
motifs are mostly conserved within the Fpg/Nei family (23, 53).
Asn-173 in the H2TH motif hydrogen bonds to the backbone
phosphates P0 and P�1 via main-chain and side-chain interac-
tions (Fig. 2B). Asn-173 is conserved within the Fpg/Nei family,
and residues in its vicinity are also involved in binding DNA in
the EcoNei�DNA and Fpg�DNA complexes (22, 23, 51, 53).
Adjacent to the H2TH motif, the conserved Lys-60 interacts
with P�2 and P�1 (Fig. 2B). Lys-60 is known to play a critical
role in the excision of both 8-oxoG by EcoFpg (56) and 5-OHU
byNEIL1 (28). The zincless fingermotif is also involved in bind-
ing DNA, especially the conserved Arg-277 (Figs. 1C and 2B).
Mutating this arginine in EcoNei and hNEIL1 results in a pro-
tein variant with a marked decrease in glycosylase activity; the
lyase activity, on the other hand, is mostly unaffected (23, 29).
The side chain of Arg-277 hydrogen bonds to phosphates P0
and P�1, and neighboring residues Thr-278 and Tyr-280 inter-
act with phosphate P1. As mentioned earlier, the loop connect-
ing the two �-strands of the zincless finger inMvNei1 is longer
(11 residues) than the corresponding loops in EcoNei (2 resi-
dues) or hNEIL1 (5 residues). A direct consequence is that the
DNA is pushed further from the H2TH motif, and fewer resi-
dues in that motif partake in the interaction with the DNA:
Asn-173 is the only residue in the H2TH motif to take part in
binding DNA. In contrast, two amino acid residues (Gln-160
and Asn-168) interact with DNA directly in EcoNei�DNA (23).
Another consequence of the loop being longer is that residues
located at the tip of the loop interact with the strand opposite
the lesion (Fig. 2B). As a result, there are more interactions to
the complementary strand in MvNei1 than in EcoNei or
EcoFpg (22, 23).
Interactions with THF andOpposite Base—MvNei1 interacts

with the THF strand via several hydrogen bonding interactions
to phosphates P�2, P�1, P0, and P1. THF is extruded from the
DNA and lies in a pocket that is mostly hydrophobic. The furan
moiety is surrounded by four aromatic residues, Tyr-174, Tyr-
221, Phe-250, and Tyr-253, and two catalytic residues, Glu-3

and Pro-2. Tyr-174 and Tyr-253 are within van der Waals dis-
tance of THF, and Tyr-221 stacks on the furanmoiety (Fig. 3A).
A molecular dynamic simulation of EcoNei predicted that its
binding pocket for thymine glycol would be built by Tyr-169,
Phe-227, and Phe-230, three aromatic residues that correspond
toMvNei1 Tyr-174, Phe-250, and Tyr-253 (23). More recently,
homology modeling and molecular dynamics simulations were
also used to generate a model of hNEIL1 bound to thymine
glycol or spiroiminodihydantoin; in the resulting model Pro-2,
Glu-3, Glu-6, Tyr-177, and Tyr-263 are predicted to participate
in binding the non-planar oxidative DNA lesions (57). In this
case again, the two tyrosines correspond to the tyrosines in
MvNei1 (Tyr-174 and Tyr-253) that are within van der Waals
distance of THF.
The distance between the �-nitrogen atom of the catalytic

residue Pro-2 and the C1� atom of THF is 3.7 Å. Although the
�-amino group of theN-terminal proline seemswell aligned for
a nucleophilic attack at C1� (if furan were replaced by a dam-
aged nucleoside), we note that it is still unclear whether Fpg/
Nei enzymes employ an SN2- or SN1-typemechanism (48). The

FIGURE 3. A, close-up view of THF and interacting residues with overlaid sim-
ulated annealing omit map contoured at 5 � (lime green). MvNei1 is shown in
green and DNA in gray. Hydrogen bonds are represented by black dashed
lines. B, superposition of the MvNei1�THF complex onto LlaFpg�AP site com-
plexes (THF and Pr). The MvNei1�THF complex is shown in green, LlaFpg/Pr
complex (PDB code 1PJI (52)) in beige, and the LlaFpg�THF complex (PDB code
1PM5 (52)) in orange. The hydrogen bond is shown as a black dashed line. The
blue dashed line indicates the distance between the amino group of Pro-2 and
C1� of THF.
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distance between the carboxyl group of Glu-3 and O4� of THF
is 3.1 Å: too short for a van der Waals interaction but compat-
ible with a hydrogen bond, which would imply that this glu-
tamic acid is protonated. The possibility that Glu-3 may be
protonated has been suggested by others (23, 48). Glu-3 also
engages in H-bond interactions with the backbone amides of
three residues of the H2TH motif (Gly-172, Tyr-174, and Leu-
175), which could help orient the glutamate’s carboxylate group
for protonation of O4� (23).

The only other available structure of an Fpg/Nei enzymewith
furan is that of LlaFpg (52). In comparison, the distances
between THF and the residues described above are longer than
in MvNei1: The C1�-�-N distance is 4.3 Å in the LlaFpg�THF
complex, and the distance between the carboxyl group of Glu-3
and O4� of THF is 3.7 Å. In addition the �F–�9 loop is partly
disordered in the LlaFpg�THF complex, and the tyrosine corre-
sponding to Tyr-221 (LlaFpg Tyr-222) is not seen in the struc-
ture.Moreover the�F–�9 loop is in the open conformation and
would have to adopt the closed conformation to interact with
the lesion (see below) (50). Theweaker interactions observed in
the LlaFpg structure are consistent with the weaker binding
affinity of this enzyme for furan, as compared with MvNei1.
A comparison of theMvNei1�THF complex with unliganded

MvNei1 shows that the side chains of several amino acid resi-
dues, Pro-2, Arg-114, Phe-116, and Arg-227, had to shift to
accommodate the DNA. Leu-84 (located in the loop between
�4 and �5), Arg-114, and Phe-116 (in the loop joining �6 and
�7) are the residues that fill the void created by the eversion of
the damaged base (supplemental Fig. 2). These residues corre-
spond to the consecutive residues Gln-69, Leu-70, and Tyr-71
in EcoNei (23) and Met-75, Arg-109, and Phe-111 in LlaFpg
(53). The non-contiguous arrangement and the nature (Leu,
Arg, and Phe) of these residues suggest that MvNei1 may be
closer to Fpg than Nei when it comes to opposite base recogni-
tion. Leu-84 takes the place of the excised damaged base, and
Phe-116 is wedged between the orphaned base (cytosine) and
its 5� neighbor. Arg-114 interacts with the orphaned cytosine
via two hydrogen bonds, as described in the BstFpg�DNA (51)
and LlFpg�DNA complexes (53). This arginine was shown to
contribute to the observed specificity of Fpg for the base oppo-
site the lesion (51, 52). We showed that MvNei1 prefers thy-
mine glycol and 5-hydroxyuracil and cleaves these lesions with
little or no specificity for the base opposite the damage. In
the case of guanidinohydantoin, however, MvNei1 cleaves the
damage with a marked preference for C opposite the lesion
(Km � 1.3 nM for C and 1.1�M for A) (21). A similar disparity in
the preference for the opposite base depending on the nature of
the oxidative lesion was also reported for EcoNei (55).
MvNei1 Exhibits a High Affinity for DNA Containing THF—

In the MvNei1�DNA complex, the DNA is kinked at the THF

site, and the abasic site analog is flipped out of the DNA helix.
Although several structures of Fpg and Nei in complex with
DNA have been reported (22, 23, 48, 50–53) only one structure
in complex with DNA containing THF is available for com-
parison, that of L. lactis Fpg (52). The superposition of
MvNei1�THF complex onto LlaFpg�THF revealed two signifi-
cant differences: First, the DNA backbone torsion angles of the
MvNei1�THF complex indicate that the conformation at the
THF site is more extrahelical than in the LlaFpg�THF complex.
The MvNei1�THF complex is in fact more similar to the com-
plex of LlaFpg with propanediol (52) (Table 2). The difference
in theDNAbackbone conformationmight explain the different
orientation of Pro-2 in theMvNei1�THF and LlaFpg�THF com-
plexes (Fig. 3B). The differences observed in the phosphodi-
ester backbone in the structures of LlaFpg in complex with
various abasic site analogs were found to be consistent with the
measured binding affinity of this enzyme to the AP site analogs
(58), that is, THF was the least extrahelical and the least effi-
ciently recognized by LlaFpg among the AP site analogues
tested (52).Measurements of dissociation constants using elec-
trophoretic mobility shift assay of EcoNei with THF (55)
showed that EcoNei exhibits a high affinity for THF (KDapp �
0.21- 0.47 nM) (55) compared with EcoFpg (9.5–90 nM) (33, 58).
These differences led us to measure the KDapp of MvNei1
bound to THF-containing DNA. A representative electro-
phoretic mobility shift assay plot is shown in Fig. 4. The appar-
ent dissociation constant of MvNei1 for THF is 0.047 nM, com-
parable to theKD of EcoNei for THF opposite C (KD � 0.21 nM)
and much tighter than that of Fpg in the same DNA sequence
context (KD � 5.3–9.0 nM) (Table 3).

DISCUSSION

Lesion Accommodation and Recognition—After solving the
unliganded crystal structure of an active C-terminal deletion
variant of hNEIL1,we attempted to capture the enzyme in com-
plex with DNA (29). Despite multiple attempts we were unable
to crystallize a complex. We then searched for a suitable hom-
olog of hNEIL1 and chose to focus on one of the two NEIL
orthologs from the giant Mimivirus, MvNei1. MvNei1 harbors

TABLE 2
Backbone torsion angles �, �, and � of DNA in MvNei1 and LlaFpg DNA complexes containing the AP site analogs THF and Pr

Backbone torsion angles (°)
PDB ID code Ref.

� � �

MvNei1�THFa �64.86/�53.34 �55.47/�56.99 �71.69/�62.42 3A46 This work
LlaFpg�Pr �66.66 �49.59 �68.15 1PJI 52
LlaFpg�THF 63.71 �174.63 �56.76 1PM5 52

a Each number is given for molecules A and B.

TABLE 3
Dissociation constants of MvNei1, EcoNei, and EcoFpg bound to
furan-containing DNA
These experiments were performed in triplicate with the same 23-mer THF:C oli-
gomer under similar conditions.

KDapp Reference

nM
MvNei1 0.047 	 0.003 This work
EcoNei 0.21 	 0.09 Kropachev et al. (55)
EcoFpg 5.3 	 0.9 This work
EcoFpg 9 	 3 Tchou et al. (33)
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a zincless finger in the C-terminal domain similar to that of
hNEIL1, as predicted by sequence alignments. Although the
MvNei1 structure revealed some Fpg-like traits, such as the
nature and non-contiguous location of the void filling residues

and the absence of conformational change upon binding DNA,
MvNei1 exhibits a substrate preference that is similar to that of
EcoNei and hNEIL1: MvNei1 prefers oxidized pyrimidines and
the further oxidation products of 8-oxoG, Gh, or spiroiminodi-
hydantoin, whereas 8-oxoG is removed very inefficiently (21).
As mentioned above, recent crystal structures of BstFpg in

complex withDNA containing either 8-oxoG orDHU (48), and
LlaFpg in complex with cFapydG and N7-benzyl-FapydG (49,
50) revealed that the oxidative lesion is recognized by residues
located in the �F–�9/10 loop. A structural comparison of
LlaFpg bound to cFapydG or THF showed that the �F–�9 loop
can adopt two conformations, open and closed (50, 52). The
closed loop conformation appears to play a key role in the lesion
recognition by assembling the substrate binding pocket. The
same loop was also described as being flexible in the structures
of BstFpg in complex with a reduced abasic site (51) and
8-oxoG (48). Interestingly, the corresponding loop in the
unliganded and MvNei1�THF complex structures adopts
what appears to be a closed loop conformation. Castaing and
coworkers reported that in the closed conformation the tip
of the loop contacts cFapydG and observed that the con-
served aromatic residue Tyr-222 wraps over the damaged base

(50). Tyr-221, the corresponding
residue in MvNei1, stacks against
the THF moiety (Fig. 3A).
How Nei enzymes recognize a

vast repertoire of DNA lesions re-
mains an open question. The �F–
�9/10 loop of Fpgwas shown to play
a part in lesion recognition (48, 50).
The �F–�9/10 loops of bacterial
Fpgs have very similar size and
shape (root mean square deviation
is 0.4–0.6Å for a segment of the
loop in the closed conformation
comprising �27 residues: residues
200–228 in TthFpg (PDB ID code
1EE8), 213–239 in BstFpg (PDB ID
code 1R2Y), and 210–235 in LlaFpg
(1XC8)). In contrast, the loop in Nei
enzymes varies in length and sec-
ondary structure elements (Fig. 5A).
The Nei loop is generally shorter
than in Fpg, with the notable excep-
tion of plant and fungal Fpgs, which
harbor a truncated loop (supple-
mental Fig. 1). Plant and fungal Fpg
have in common with Nei that they
excise oxidized pyrimidines and
recognize 8-oxoguanine very poorly
or not at all. One hypothesis is that
the long �F–�10 loop of bacterial
Fpg is designed to recognize
8-oxoG; Nei, plant, and fungal Fpg
do not and their loop has evolved a
shorter segment able to recognize
oxidized pyrimidines. In the Bst-
Fpg-8-oxoG complex four consecu-

FIGURE 4. Determination of the apparent dissociation constant of
MvNei1 bound to DNA containing THF. Plot of percent MvNei1 bound to a
23-mer 5�-32P-labeled duplex containing THF as a function of enzyme con-
centration. Error bars represent the standard error on the average of three
separate experiments.

FIGURE 5. A, superposition of the loop region of the three Nei enzymes with known structures: MvNei1 (pink),
EcoNei (gray; PDB code 1Q3B (30)), and hNEIL1 (cyan; PDB code 1TDH (29)). Two asterisks indicate the start and
end of the putative lesion binding loop in MvNei1. B, superposition of the MvNei1 loop (pink) with the �F–�10
loop of the BstFpg�8-oxoG complex (blue; PDB code 1R2Y (48)). C, superposition of the MvNei1�THF complex
with the BstFpg�DHU complex (PDB code 1R2Z (48)). The MvNei1 complex is shown in green and the BstFpg
complex in blue.
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tivemain-chain amides (residues 222–225) at the tip of the loop
contact the exocyclic O6 of the oxidized guanine (48). Four
consecutive residues (219–222) at the tip of the LlaFpg loop
also interact with the O6 position of another damaged guanine,
cFapydG (50). The first three of these residues are missing in
the Nei loop (supplemental Fig. 1 and Fig. 5B).
In the absence of a structure of MvNei1 with an oxidatively

damaged pyrimidine we have modeled DHU in the binding site
of MvNei1 based on the structure of the BstFpg�DHU complex
(48). The superposition indicates that DHU, or any damaged
base in the same conformation, would clash with the aromatic
ring of Tyr-221 (Fig. 5C), indicating that the loopwould have to
adopt a different conformation in the presence of a damaged
base. The corresponding loop in Fpg has been shown to
undergo different conformations depending on the nature of
theAP site analog or lesion at the center of theDNAduplex (48,
50, 52). A model for how the loop of Nei interacts with a dam-
aged base will have to await the structure of an Nei in complex
with DNA containing an oxidized pyrimidine.
In conclusion, we present here two new crystal structures of

a viral NEIL1 ortholog, MvNei1, unliganded and in complex
with furan containing DNA. The study illustrates that (i) the
protein conformation does not change upon binding DNA, (ii)
the putative lesion binding loop is well ordered in the free and
DNA-bound states, (iii) MvNei1 has a higher affinity for THF
than bacterial Fpg, and (iv) the flexible segment of the tip of
the putative lesion binding loop in MvNei1 would have to
adopt a different conformation to accommodate a damaged
base.
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