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Dyshomeostasis of transition metals iron and copper as well
as accumulation of oxidative DNA damage have been implicated
in multitude of human neurodegenerative diseases, including
Alzheimer disease and Parkinson disease. These metals oxidize
DNA bases by generating reactive oxygen species. Most oxidized
bases in mammalian genomes are repaired via the base excision
repair pathway, initiated with one of four major DNA glyco-
sylases: NTH1 or OGG1 (of the Nth family) or NEIL1 or NEIL2
(of the Nei family). Here we show that Fe(II/III) and Cu(II) at
physiological levels bind to NEIL1 and NEIL2 to alter their sec-
ondary structure and strongly inhibit repair of mutagenic
5-hydroxyuracil, a common cytosine oxidation product, both in
vitro and in neuroblastoma (SH-SY5Y) cell extract by affecting
the base excision and AP lyase activities of NEILs. The specific-
ity of iron/copper inhibition of NEILs is indicated by a lack of
similar inhibition of OGG1, which also indicated that the inhi-
bition is due to metal binding to the enzymes and not DNA.
Fluorescence and surface plasmon resonance studies show sub-
micromolar binding of copper/iron to NEILs but not OGGI.
Furthermore, Fe(II) inhibits the interaction of NEIL1 with
downstream base excision repair proteins DNA polymerase 3
and flap endonuclease-1 by 4—6-fold. These results indicate
that iron/copper overload in the neurodegenerative diseases
could act as a double-edged sword by both increasing oxidative
genome damage and preventing their repair. Interestingly, spe-
cific chelators, including the natural chemopreventive com-
pound curcumin, reverse the inhibition of NEILs both in vitro
and in cells, suggesting their therapeutic potential.

Excessive accumulation of transition metals, particularly
copper and iron, have been implicated in various human
neurodegenerative diseases and aging (1-4). In the brain,
dysregulation of metal homeostasis may occur in stroke and
other neurodegenerative disorders, including Alzheimer
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disease (AD),> Parkinson disease (PD), Huntington disease
(HD), hereditary ferritinopathy, and Wilson disease (2, 3). Tox-
icity due to transition metals has a complex basis because of
their essentiality as micronutrients under normal physiological
conditions and tight regulation of their levels. These metals are
typically sequestered in catalytically inactive form by metal
storage proteins in vivo, such as ferritin, transferrin, or cerrulo-
plasmin (5). Their bioavailable forms bound to low affinity
ligands are chelatable. According to one estimate, the chelat-
able iron is present at 1-10 uM in normal mammalian cells (6).
In PD brains, increased iron is often accompanied with
decreased ferritin synthesis, resulting in free iron overload (7).
Several studies have implicated copper, aluminum, and iron in
AD as well (3, 8). Further, Lewy bodies in PD and amyloid
deposits or neurofibrillary tangles in AD are enriched in tran-
sition metals (9, 10).

Metal accumulation has also been implicated in cancer; cop-
per and iron along with other heavy metals are 5-10 times more
abundant in human lung, breast, and prostate tumors than the
respective normal tissues (11, 12). However, the levels of these
metals were shown to be lower in liver tumors than in the nor-
mal tissue (11). Thus, an imbalance in metal homeostasis is
associated with various cancers, although the causal link has
not been established.

Accumulation of oxidative genome damage is a unifying fea-
ture of most pathologies associated with metal toxicity (13—15).
Redox-cycling iron and copper could generate O, free radicals
(ROS) via a Fenton reaction, which oxidizes cellular compo-
nents, including DNA. Furthermore, accumulation of oxidative
DNA damage may be accompanied by a decrease in the DNA
repair capacity for many neurodegenerative disorders, includ-
ing PD (16). However, the precise mechanism of how metals
affect DNA repair is not understood. Few studies have been
reported on the genotoxicity of these metals on DNA repair,
particularly BER, the major pathway for repairing oxidized
bases in mammalian neuronal cells (17-19). Repair of oxidized
bases in mammalian genomes is initiated with one of four DNA

2 The abbreviations used are: AD, Alzheimer disease; BER, base excision repair;
PD, Parkinson disease; Pol3, DNA polymerase 3; FEN-1, flap endonuclease
1; Ligllle, DNA ligase llle, ss, single-stranded; ITC, isothermal titration calo-
rimetry; SPR, surface plasmon resonance; 5-OHU, 5-hydroxyuracil; HD,
Huntington disease; PNK, polynucleotide kinase; TCEP, tris-(2-carboxy-
ethyl)-phosphine; NE, nuclear extract(s); nt, nucleotide(s); 8-oxoG,
8-oxoguanine.
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glycosylases that excise the base lesion (19). These glycosylases
with overlapping substrate range belong to two families, OGG1
and NTHI, in the Nth family and NEIL1 and NEIL2, more
recently discovered by us and others, in the Nei family (20 —24).
All of these glycosylases have intrinsic base excision and AP
lyase activities, such that after removing the base, these
enzymes cleave the DNA strand at the AP site, resulting in a
single-stranded break with blocked ends (19). The NEILs,
unlike OGG1/NTHI1, excise base lesion from single-stranded
(ss) or bubble DNA substrates, and hence their activity could be
selectively analyzed (25). Furthermore, OGG1 and NTH1 carry
out f-elimination, generating 3’-deoxyribose phosphate,
which is subsequently removed by AP-endonuclease (APE1),
whereas NEIL1 and NEIL2 with B6-elimination lyase activity
generate 3'-P, which is then removed by polynucleotide kinase
(PNK). The resulting 1-nucleotide gap in the damaged strand is
then filled by a DNA polymerase, typically DNA polymerase 3
(Polp) in the nucleus, and the final nick sealing is carried out by
DNA ligase Illa (Ligllla) for single-nucleotide repair (19). In
addition, PolB could collaborate with FEN-1 to carry out long-
patch repair synthesis (26).

The genomes of neurons and their progenitor cells are par-
ticularly susceptible to oxidative damage because of the abun-
dance of ROS generated due to high O, consumption. Whereas
the levels of a subset of BER enzymes decrease during brain
ontogeny (proliferative to postmitotic transition), the levels of
NEIL1 and NEIL2 were shown to be higher during brain devel-
opment (27), suggesting a role for the NEIL glycosylases in
maintaining genome integrity in brain cells. Recently, few stud-
ies have documented inhibition of BER enzymes by heavy met-
als. Cadmium was shown to irreversibly inhibit OGG1 activity
and its substrate affinity (18). More recently, iron was found to
inhibit FEN-1 and DNA ligase (28). Inhibition of Fpg (formami-
dopyrimidine-DNA glycosylase) family DNA glycosylases,
including NEIL1, by heavy metals has been recently reported
(29). However, most of these studies attributed the inhibition to
the metal binding of DNA. In contrast, we show in this study for
the first time that subtoxic levels of iron and copper directly
bind to NEIL1 and NEIL2 with high affinity and abrogate their
activities both in vitro and in cells. We also show further inhi-
bition of overall repair due to inhibition of the interaction of
NEILL1 in the presence of Fe(II) with downstream BER proteins.
Interestingly, chelators, including the natural compound cur-
cumin, restored NEIL activities, suggesting their therapeutic
potential in reversing metal toxicity.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—NaEDTA, CaEDTA, desferriox-
amine, FeSO,, FeCl;, CuCl,, AlCl;, ZnCl,, tris-(2-carboxy-
ethyl)-phosphine (TCEP), sodium borohydride (NaBH,), and
curcumin were purchased from Sigma. Freshly dissolved metal
solutions were used for each experiment. NEIL1 antibody was
described earlier (21). Anti-His antibody was obtained from
Sigma.

Preparation of Single-oxidized Base Lesion-containing Oligo-
nucleotide and Plasmid Substrates—A 51-mer oligonucleotide
containing 5-OHU or 8-oxoG at position 26 and undamaged
complementary oligonucleotides containing G or C opposite
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the lesion, respectively, and other oligonucleotides for ligase or
polymerase assays (supplemental Fig. S1) were purchased from
Midlands Inc. Duplex oligonucleotides were prepared by
annealing complementary oligonucleotides after heating at
94 °C for 3-5 min, followed by slow cooling to room tempera-
ture. To produce 5'-3*P-labeled substrates, the ss oligonucleo-
tides were labeled at the 5’ terminus with [y->*P]ATP and T4
PNK before annealing. The unincorporated label was removed
by gel filtration on a Sephadex G25 column (30).

The repair substrate pUC19CPD plasmid containing a single
5-OHU was generated as described previously (31, 32). Briefly,
the parent plasmid containing two ss nicking sites on the same
strand, 32 nt apart, was digested with N.BstNB1 (New England
Biolabs) and heated at 65 °C for 10 min to dissociate the 32-nt ss
oligonucleotide (5'-GCG GAT ATT AAT GTG ACG GTA
GCG AGT CGC TC-3'), which was then annealed with excess
biotinylated complementary 32-nt oligonucleotide and re-
moved from the solution by binding to streptavidin-agarose
Dynabeads (Sigma). The gapped plasmid was extracted with
phenol/chloroform followed by ethanol precipitation and then
annealed with 5-OHU-containing 5'-phosphorylated 32-nt oli-
gonucleotide (5'-pGCG GAT ATT AAT GTG ACG G 5-OHU
A GCG AGT CGC TC-3') at 45 °C in TE buffer containing 50
mM NaCl. 5-OHU-containing form I plasmid generated by seal-
ing the nick with T4 DNA ligase was purified by equilibrium
ultracentrifugation in CsCl/ethidium bromide. The presence of
5-OHU was verified by treating the plasmid with NEIL1, which
converted the form I plasmid into nicked form II.

Expression and Purification of Proteins—The human recom-
binant enzymes, including NEIL1, NEIL2, OGG1, PNK, Polp,
FEN-1, and Ligllla, were purified as described previously (20,
21, 30, 33, 34). Specifically, untagged NEIL1 and NEIL2 cDNA
were subcloned in pET 22(b) vector with Ndel and Xhol restric-
tion sites and purified from the extract of plasmid-bearing
Escherichia coli by sequential anion exchange and cation
exchange chromatography. The purity of these enzymes was
confirmed by SDS-PAGE analysis (Fig. 14).

Cell Culture and Treatments—The human neuroblastoma
SH-SY5Y cells were grown in 1:1 DMEM and F-12 medium
containing 10% FBS, 4 mM L-glutamate. The undifferentiated
cells (40% confluence) were treated twice in succession with
1-100 um FeSO, or CuCl, for 24 h. At 12 h after the first treat-
ment, the medium was replaced with a freshly prepared metal
solution-containing medium for another 12 h. In some cases,
the cells were treated with 1-10 um curcumin (Sigma) at 1 h
after metal addition. The curcumin stock solution (0.5 M) in
DMSO was serially diluted in PBS so that the final DMSO con-
centration in the culture medium was less than 0.5%. The cells
were harvested, and nuclear extracts (NE) were prepared as
described previously (33). Briefly, cells were lysed in EB buffer
(20 mm Tris-HCI, pH 8.0, 1.5 mm MgCl,, 10 mm KCl, 10% glyc-
erol, and protease inhibitors), centrifuged at 13,000 X g for 1
min. The nuclear pellet was then lysed in NE buffer (20 mm
Tris-HCL, pH 8.0, 1.5 mm MgCl,, 420 mm NaCl, and 20% glyc-
erol) and centrifuged at 14,000 X g for 5 min. The supernatant
was diluted 4 times with EB buffer to reduce the NaCl concen-
tration to 100 mm before using in repair assays. EDTA and DTT
were deliberately excluded from the extraction buffers.
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NEIL1 activity with 5-OHU-duplex substrate. Lane 1, substrate alone; lane 6, substrate plus 10 um FeSO,. D,
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Analysis of DNA Glycosylase Activity—DNA strand scission
activity of NEIL1, NEIL2, or OGG]1 after lesion base excision
was analyzed using the 51-mer duplex oligonucleotide contain-
ing 5-OHU or 8-0x0G, as described previously (30). The 5'-**P-
labeled oligonucleotide (2 pmol) was incubated with the
enzymes (0.2 pmol) alone or in the presence of indicated
amount of metals, at 37 °C for 15 min in a 10-ul reaction mix-
ture containing BER buffer (40 mm Hepes, pH 7.5, 50 mm KCl,
100 pg/ml bovine serum albumin (BSA), and 5% glycerol). Lin-
ear reaction rate was maintained during incubation. After stop-
ping the reaction with formamide dye (80% formamide, 20 mm
NaOH, 20 mm EDTA, 0.05% bromphenol blue, and 0.05%
xylene cyanol), the products were separated by 20% polyacryl-
amide gel containing 8 M urea in Tris borate-EDTA buffer, pH
8.4 (35), and the radioactivity in the substrate and product was
quantitated in a PhosphorImager (Amersham Biosciences)
with ImageQuant software.

Measurement of AP Lyase Activity—We generated an AP
site-containing duplex oligonucleotide substrate starting with
the 51-nt oligonucleotide as described earlier, except for incor-
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FIGURE 1. Inhibition of NEILs by iron and copper salts. A, Coomassie-stained 10% SDS-PAGE of the BER
protein preparations used in this study. B-D, inhibition of NEIL1 glycosylase activity by iron/copper. B, NEIL1

the presence of 100 mwm freshly pre-
pared NaBH,, and incubated for 30
min at 37°C. The trapped com-
plexes were separated in 12% SDS-
PAGE, and the radioactivity was
analyzed as before.

Affinity Measurements of Metal
Binding to DNA Glycosylases Using
Fluorescence and Surface Plasmon
Resonance (SPR)—Interaction of
NEIL1 and NEIL2 with metals was
monitored by the increase in the
intrinsic tyrosine/tryptophan fluo-
rescence of NEILs (A,, = 280 nm,
Aem = 290—400 nm) upon titration with increasing amounts of
FeSO, and CuCl, (1 nM-10 um), in a FluoroMax, SPEX spec-
trofluorometer (Horiba Scientific). For binding studies, the
enzymes were incubated with iron and copper salts in 25 mm
Tris buffer, pH 7.4, containing 50 mm NaCl, at 25 °C for 5 min.
The binding constant, Kj,, was calculated by plotting AF
(change in fluorescence maximum) versus ligand (metal) con-
centrations according to the equation AF = AF, X [ligand]/
K, + [ligand], as described previously (30).

Interaction between NEILs and CuCl, was also analyzed by
SPR using Biacore T100 (GE Healthcare). Full-length NEIL1
(ligand, 20 ug/ml) was immobilized to a CM5 sensor chip via
amine coupling (30). CuCl, (1 nm to 10 um in 25 mm Tris, pH
7.5, 0.1 m NaCl, 1 mm MgCl,) in analyte was injected at 30
pl/min for 2 min. The response units were corrected for the
blank obtained from the reference flow cell, and the data were
analyzed using a 1:1 (Langmuir) binding model (BIAevaluation
Software, GE Healthcare).

Isothermal Titration Calorimetry (ITC)—The enthalpy of
binding of Cu(Il) with NEIL1 was quantitated by ITC in a

* *

r presence of 1, 100, or 500 nm

S, substrate; P, product; Error
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analyzed by blue native PAGE (40).
Briefly, NEIL1, NEIL2, or OGG1
(100 pmol each) in the presence or
absence of 1 um CuCl, or 10 um
FeSO, was separated in a 4-16%
polyacrylamide gel under non-re-
ducing/non-denaturing conditions,
using a blue native PAGE kit
(Invitrogen) and the manufacturer’s
protocol, and then stained with
Coomassie Brilliant Blue.

His Affinity Pull-down Assay—
Histidine affinity pull-down assays
were carried out as described previ-
ously (30, 41). NEIL1 (20 pmol) in
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No
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FIGURE 2. Lack of OGG1 inhibition by iron/copper. A, effect of CuCl, and FeSO, on OGG1 (25 fmol) and
NEIL1 (50 fmol) activity with 8-oxoG-containing duplex substrate (40 fmol). B, effect of 500 nm each of
Mg(ll), Zn(1l), Cu(ll), Fe(ll), Fe(lll), and Al(lll) on the activities of NEIL1, NEIL2, or OGG1. 5-OHU-containing
bubble substrate for NEILs and 8-oxoG-containing duplex for OGG1 were used. The activity in the absence
of metals was set at 100 to compare relative activity in the presence of metals. *, p < 0.01. S, substrate; P,

product; Error bars, S.E.

VP-ITC (MicroCal, Amherst, MA) as described elsewhere (37).
The ITC cell was filled with 0.5 uM NEIL1 in 20 mm HEPES, pH
7.4, 50 mMm NaCl, and the syringe was filled with CuCl, solution
in the same buffer. The HEPES was shown to have negligible
interference with Cu(Il) (37). In a control experiment, the cell
was filled with NEIL1, and the syringe was filled with buffer
without Cu(Il). The titration involved 30 serial injections of 10
wl with an initial delay of 60 s, duration of 20 s, and spacing of
180 s. Background titration consisting of identical copper
amounts in the syringe with blank buffer in the cell was sub-
tracted from each titration to account for the heat of dilution
(38). From the non-constrained curve fitting to plot the heat
evolved/mol of Cu(Il) ions versus the molar ratio of copper to
NEIL1, the binding stoichiometry (XN), binding affinity (K}),
enthalpy (AH), and entropy (AS) were determined using Micro-
Cal ORIGIN 6.0 software.

SEPTEMBER 10, 2010+VOLUME 285<NUMBER 37

FeSO, FeCl,

T the presence or absence of FeSO,
AICI, or CuCl, (0.5 and 1 um) was mixed
with His-tagged PolB, FEN-1, or
Ligllla (40 pmol each), prebound
to His-select magnetic nickel
beads (Ni*"-NTA; Invitrogen),
and incubated for 1 h at 4 °C with
constant rotation in a buffer con-
taining TBS (20 mm Tris, pH 7.4,
100 mMm NaCl), 5% BSA, 10% glycerol. After washing the beads
with TBS containing 0.1% Triton X-100 and 400 mMm NaCl, the
bound proteins were eluted with SDS sample dye mix and
tested for the presence of NEIL1 and -2 by immunoblotting.
Complete Repair Assay—NEIL1-initiated repair of a plasmid
or oligonucleotide substrate was carried out in a reconstituted
system containing recombinant proteins (PNK, PolB, and
Ligllle, 50 fmol each) in the presence or absence of metals
and chelators as described previously (30). Briefly, the enzymes
and transition metals were incubated with 2 pmol of damage-
containing duplex oligonucleotide in a 20-pul reaction mixture
containing 1 mmol of ATP, 25 pumol of dNTPs, and one
10-umol [a-**P]dNTP (the concentration of the corresponding
unlabeled ANTP was lowered to 5 um unless otherwise speci-
fied) in BER buffer and incubated for 30 min at 37 °C. Appro-
priate controls minus the enzymes were simultaneously ana-
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FIGURE 3. Iron/copper-induced inhibition of both base excision and AP lyase activities for NEILs. A, AP
lyase activity in the presence of iron and copper. g, the AP site substrate was generated by treating U-contain-
ing 51-nt duplex with Udg (E. coli). The effect of CuCl, (0.1 or 0.5 um), FeSO, (1 or 10 um) and FeCl; (1 or 10 um)
on the AP lyase activity of NEIL1 (b), NEIL2 (c), and OGG1 (d) was analyzed as described under “Experimental
Procedures.” Lower panels, relative activity as in Fig. 1. B, analysis of trapped complexes. 50 fmol each of NEIL1
(a), NEIL2 (b), or OGG1 (c) was incubated with the substrate (upper panel) and metals (copper, 0.1 or 0.5 uMm; iron,
1 or 10 um) in the presence of 100 mm NaBH, at 37 °C for 45 min and analyzed by 12% SDS-PAGE. Lane 1,

substrate alone. S, substrate; P, product; Error bars, S.E.

lyzed, and the products were analyzed as described before.
OGG1-initiated repair was similarly performed using
8-oxoG-containing substrate, and APE1 was substituted
with PNK.

DNA Polymerase Assay—A partial duplex oligonucleotide
substrate with 3’-OH-containing primer for DNA polymerase
assay was generated by annealing the 25-nt complementary oli-
gonucleotide (pol 25; supplemental Fig. S1) with the 51-nt
strand of the same sequence as used for repair studies but lack-
ing the oxidized base lesion. The assay was based on a single nt
(position 26, [a-**P]dTMP) incorporation reaction by Polp.
The reaction was carried out by incubating 100 fmol of Polf
with 2 pmol of substrate and 1 mCi of [a-*>?P]dTTP in the pres-
ence or absence of either iron or copper. After incubation for 15
min at 37 °C and stopping the reaction with an equal volume of
formamide/dye, the products were separated on 20% polyacryl-
amide, urea gel as described before.

DNA Ligase Assay—The DNA substrate for the LiglIla reac-
tion was prepared by 5’-labeling a 26-nt oligonucleotide (lig 26)
with [y->’P]JATP and annealed with the 51-nt complementary
oligonucleotide and pol 25 oligonucleotide, the same sequences
as used for repair studies (supplemental Fig. S1). This oligonu-
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the effect of CuCl, (1 nm to 500 nm),
FeCl;, and FeSO, (100 nm to 10 um)
on base excision and AP lyase activ-
ities of NEIL1 (20 fmol), using
5-OHU-containing 5'-*?P-labeled
oligonucleotide duplex (200 fmol)
as described under “Experimental
Procedures” (Fig. 1B). CuCl, strongly
inhibited the strand scission activity
of NEIL1, with 30 and 70% inhibition
at 1 and 100 nm CuCl,, respectively
(Fig. 1B), whereas 500 nm CuCl, abol-
ished the activity nearly completely
(>90% inhibition; Fig. 1B, lanes 4 and 5). As expected, CuCl,
(500 nm) by itself did not cleave the substrate (Fig. 1B, lane 6).
Similarly, both FeCl, (Fig. 1B, lanes 7-10) and FeSO,, (Fig. 1C)
strongly inhibited NEIL1, albeit at a higher concentration than
copper but still at physiologically relevant levels. 10 um iron
completely abolished the activity of NEIL1 without direct effect
on the DNA (Fig. 1, Band C).

We then showed that CuCl, and FeSO, reduced NEIL2
activity with 5-OHU-containing bubble substrate to a simi-
lar extent for NEIL1 (Fig. 1D). FeCl, (0.1-10 uMm) also inhib-
ited NEIL2 (data not shown). Because both NEIL1 and
NEIL2 have higher activity with ss DNA than with duplex
substrates (25), we tested the effect of Cu(II) and Fe(III) on
NEIL1 with 5-OHU bubble substrate and observed similar
inhibition (supplemental Fig. S2).

To investigate whether the metal inhibition of NEILs is
specific, we carried out similar experiments with OGG1
using 8-oxoG-containing duplex substrate of the same
sequence (Fig. 2A4). Whereas 8-0x0G in a duplex is the pre-
ferred substrate of OGG], it is also a weak substrate for
NEIL1 (21, 25). It is clear that CuCl, (1-500 nm) or FeSO,
(0.1-10 um) did not affect OGG1 (20 fmol) activity (Fig. 24,
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NEILs could involve their direct
binding to the metals rather than
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to the DNA.
o To further address the issue of
electrostatic effects via metal bind-
ing to DNA, we tested the effect of
MgCl, (1, 2, and 5 mm), which did
not affect NEIL1 activity (supple-
0 05 10 15 20 25 mental Fig S3A). We also show sim-
ilar iron/copper-mediated inhibi-
290 310 330 350 370 390 [CuCk] uM tion of NEIL1 in the background of
Wavelength (nm) 1 mm MgCl, as in its absence
. (supplemental Fig S3B).

Kop:=6.6+2nM We also tested the effect of other
metals, namely, MgCl,, ZnCl,, and
Kas AICl,, on the activities of NEILs and
OGG1 (Fig. 2B). These metals are
essential for humans and other
] mammals (3, 42). AICL, (500 nm)
1 my also inhibited NEIL1 and NEIL2,
0 a2 | in the order, CuCl, > FeCl; >
00.0001 001 01 1 10 FeSO, > AICl;, at equimolar level,
200 310 330 350 370 390 [FeSO.]um V\;}flerea}? MgCl, arxl ZhnCl2 did not
WAy Kpo= 746 £ 76 nM affect the activity. At the same time,
Wavelength () ° I OGG1 was not significantly affected
by any of these metals at similar
<«— NEIL2 Ky=374 £18nM concentrations. Taken together,
S these studies showed selective inhi-
q bition of NEIL1 and NEIL1 but not
of OGG1 by physiological levels of

iron, copper, and aluminum.
Copper and Iron Affect both Base
Excision and AP Lyase Activities of
200 310 330 350 370 390 o0 e NE‘IL.S‘—Base ex?ision and AP lyase
) activities are tightly coupled for
Wavelength (nm) [CuCl2] nM | NEILs (33, 43), whereas for some
| DNA glycosylases, particularly
Ky=1251% 109nM OGG]1, these activities could be
uncoupled (35, 43). To test whether
3 base excision and AP lyase activity
are similarly inhibited by copper
27 and iron, we examined the effect of
] these metals on the AP lyase activity
L using an AP site-containing oligo-
O; ‘ ' ' | nucleotide (Fig. 34, a). CuCl, (0.1—
290 310 330 350 370 390 0 oo 200 3000 4m0 05 IU«Mé Fig. 1A, b, lanes 5 ar;d 6),
. Y FeSO, (1-10 uM; lanes 7 and 8), and
Wavelength (nm) [FeS O] nM FeCl:(l—IO uM; lanes 9 and 10)
strongly inhibited the AP lyase

FIGURE 4. Fluorescence analysis of Cu(ll) and Fe(ll) binding with NEILs. NEIL1 or NEIL2 (2 um) in 25 mm Tris ..
buffer, pH 7.4, 50 mm NaCl, were titrated with CuCl, or FeSO, (1 nmto 10 um), the solution was excited at 280 nm, ~ activity of NEIL1, whereas NEIL1 by
and emission of intrinsic Tyr/Trp fluorescence was measured at 290-400 nm. A, NEIL1 plus Cu(ll); B, NEIL1 plus  itself did not cleave the U-contain-
Fe(ll); G, NEIL2 plus Cu(ll); D, NEIL2 plus Fe(ll). AU, arbitrary units. ing substrate, as expected (lanes 1
and 2). AP lyase function of NEIL2
lanes 1-8), whereas NEIL1 inhibition was confirmed (lanes was likewise affected by these metals (Fig. 34, ¢). In contrast,
9-24). The histogram shows comparative inhibition of OGGI activity was unaffected (Fig. 34, d).

OGG1 and NEIL1 by Cu(II) and Fe(II). FeCl; also showed We also examined iron/copper inhibition of trapped com-
similar inhibition of NEILs but not of OGGI1 (data not plex formation as a measure of AP lyase activity. CuCl, (100 -

shown). These results strongly suggest that inhibition of 500 nm), FeSO, (1-10 um), and FeCl; (1-10 um) reduced
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A Surface plasmon resonance (Biacore)
(@) NEIL1 plus CuCl,

B Isothermal titration calorimetry
(@) NEIL1 plus CuCl,
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FIGURE 5. Kinetic and thermodynamic parameters of copper binding to NEILs. A, SPR analysis of NEIL1 (a) and NEIL2 (b) binding to CuCl, (1 nmto 10 um) and
calculated binding parameters (c). B, ITC analysis of NEIL1 binding to CuCl,. The binding isotherms (a) indicate ITC measurements for Cu(ll) binding to NEIL1
(upper panel). The binding constant (K),), enthalpy (AH), and entropy (AS) were calculated from the plot of heat evolved/mol of Cu(ll) versus the molar ratio of

Cu(ll) to NEIL1 using MicroCal ORIGIN 6.0 software (b).

trapped complex formation for both NEIL1 and NEIL2 up to
6 —8-fold in a dose-dependent fashion (Fig. 3B, a and b) but not
for OGG1 (Fig. 3B, ¢). These results further confirm that both
the base excision and AP lyase activities of NEILs but not of
OGG]1 are inhibited by Cu(II) and Fe(II/III).

Fluorescence Analysis of Cu(Il) and Fe(Il) Binding to NEILs—
We tested the effect of copper and iron binding on the second-
ary structures of NEILs by measuring their intrinsic fluores-
cence. The protein in 25 mm Tris buffer, pH 7.4, containing 50
mM NaCl was excited at 280 nm, and the emission was meas-
ured at 290 —400 nm. The emission maximum of NEIL1 at 307
nm was observed previously (30, 44), whereas the emission
maximum of NEIL2 is at 340 nm. Titration with CuCl, (1
nM-2.5 uMm) or FeSO, (1 nm-4 um) decreased the fluorescence
of NEIL1 and NEIL2 (Fig. 4). Cu(II) showed monophasic bind-
ing with K, of 40 nMm (Fig. 4A4), whereas Fe(II) showed biphasic
binding to NEIL1 with K, of 6.6 nm and K, of 746 nm (Fig.
4B). The K, values calculated for Cu(II) and Fe(II) binding with
NEIL2 were 374 nm and 1.2 um, respectively (Fig. 4, C and D).
We also tested the effect of iron/copper on OGG1 fluorescence
and did not observe specific interaction at a similar metal con-
centration (data not shown).

Surface Plasmon Resonance Analysis—Using CuCl, in the
analyte with NEIL1 or NEIL2 immobilized on a CM5 sensor-
chip, we measured the kinetics of copper binding to NEIL1 and
NEIL2 in Biacore sensorgrams. Using a 1:1 (Langmuir) binding
model, we calculated the binding parameters of NEIL1 and
NEIL2 with copper (Fig. 54). The K}, values for copper binding
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for NEIL1 and NEIL2 were 430 and 930 nwm, respectively. The
small discrepancy in the affinity values from those measured by
fluorescence could be ascribed to difference in the buffer con-
ditions used in the two methods. In any case, both methods
showed strong affinity of NEILs for Cu(II).

Thermodynamic Parameters of NEIL1 Binding to Cu(Il)—
ITC studies with 10 um NEIL1 bound CuCl, at 25 °C showed
stable binding, as indicated by the enthalpy change as a function
of molar ratios of Cu(II) to NEIL1 (Fig. 5B). The binding con-
stant, K, suggested one-site binding (K, = 360 nm). The cal-
culated stoichiometry (N) of 0.84. This indicates 1:1 binding,
assuming that 84% of NEIL1 was active and competent for
binding. The binding enthalpy (AH) and entropy (AS) were cal-
culated to be —2.1 X 10* cal/mol and —37.2 cal/mol K, respec-
tively (Fig. 5B, b). The large negative enthalpy indicates a strong
exothermic process (45). Taken together, these data indicate
stable, enthalpically driven Cu(II) binding to NEIL1.

Cu(ll) and Fe(Il) Alter Secondary Structure of NEIL1—We
analyzed CD spectra to assess copper/iron-induced change in
the NEIL1 secondary structure. A small but clear change in the
secondary conformation of NEIL1 was observed in the pres-
ence of CuCl, or FeSO, (Fig. 6, A and B). A deep negative CD
signal of NEIL1 at 205 nm and a smaller negative signal around
220 nm indicate mixed secondary conformation with about
39% helix, 33% sheet, and 19 -25% random coil conformation.
Both Cu(II) and Fe(II) shifted the negative signal at 205 nm and
increased the 220 nm signal, indicating an increase in folding.
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FEN-1 (about 2-fold) but did not

affect interaction with Liglll« (Fig.

7A, b and c). Cu(Il) did not affect any
of these interactions. Western blot-
ting with anti-His antibody showed
a similar level of His-tagged pro-
teins in the reactions (Fig. 64, a,
bottom).

We next tested whether copper
and iron affect Polf activity using a
primer-template substrate and meas-
uring single-nucleotide ([**P]JdTMP)
incorporation (Fig. 7B). FeCl; (10
uM) decreased the polymerase
activity about 3-fold, whereas Cu(II)
and Fe(II) did not have any signifi-

cant effect. This further suggested
that the mechanism of inhibition of

A B

N 2 2

o

g5

2E 27

oS¢

2541

= O

(O _6 E

§ o

§ -8 T T T T T T -8 T T T T T T
195 205 215 225 235 245 255 195 205 215 225 235 245 255

Wavelength (nm) Wavelength (nm)

—— NEIL1 —— NEIL1
------ NEIL1 plus 100 nM CuCl, ------ NEIL1 plus 500 nM FeSO,
—-—-. NEIL1 plus 500 nM CuCl, —-—-. NEIL1 plus 1uM FeSO,

C

N

o

x5

e}

>E

R

2 0

°

E o

e}

=

NEIL1-PolB interaction at least by
Fe(Il) involves Fe(II) binding to
NEIL1 rather than its binding to
Polp.

Effect of Cu(ll) and Fe(ll) on

195 205 215 225 235 245 255
Wavelength (nm)
—— NEIL1

NEIL1 plus 1uM MgCl,
NEIL1 plus 100pM MgCl, =

protein complex spectra.

On the other hand, MgCl, used as control did not affect NEIL1
activity or NEIL1 conformation (Fig. 6C).

Interestingly, unlike for NEIL1, the secondary structure of
NEIL2 was not affected by copper (Fig. 6D) and iron (data not
shown). Itis possible that zinc in the zinc finger motif present in
NEIL2 but absent in NEIL1 (46), could be replaced with Cu(II)
or Fe(II) (17) without a major change in its conformation.

Finally, copper and iron binding did not induce oligomeriza-
tion of NEIL1 and OGG], as analyzed by blue native PAGE at
the levels of CuCl, and FeSO, used in earlier studies
(supplemental Fig. S4). However, a small amount of NEIL2
dimer was observed in the presence of both Cu(II) and Fe(II).

Cu(1l) Disrupts the Interaction of NEIL1 with PolB and FEN-1
—We have previously shown that NEIL1 stably interacts with
the downstream BER proteins PolB, FEN-1, and Ligllle and
that these interactions are required for efficient, overall repair
(30, 33). We used affinity co-elution analysis to test whether
iron and copper affect the interaction of NEIL1 with these pro-
teins. His-tagged Polp, Ligllle, or FEN-1 (50 pmol) was bound
to Ni*"-NTA beads and then incubated with untagged NEIL1
(25 pmol), following its interaction with metals. After extensive
washing, the bound NEIL1 was analyzed by 10% SDS-PAGE
and immunoblotting. We observed ~6-fold reduction in the
interaction of NEIL1 with Polf in the presence of 10 um Fe(1I)
(Fig. 7A, a). Fe(II) also reduced the interaction of NEIL1 with
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Wavelength (nm)
—— NEIL2
NEIL2 plus 100 nM CuCl,
NEIL2 plus 500 nM CuCl,

FIGURE 6. Effect of copper/iron on the secondary structure of NEILs. A, NEIL1 plus CuCl, (0.1 or 0.5 um). B,
NEIL1 plus FeSO, (0.5 or T um). C, NEIL1T plus MgCl, (0.1 or T um). D, NEIL2 plus CuCl, (0.1 or 0.5 um). The CD
spectra were recorded at 195-260 nm, and CD contribution from metal alone was subtracted from metal-

NEILI-initiated Total Repair—We
recently characterized point mu-
tants of NEIL1 and FEN-1 that
disrupt their interaction without
affecting individual activity but
leading to significant reduction in
total repair (30). Here we show that
both Cu(II) and Fe(II) inhibited
total repair of 5-OHU-containing
duplex oligonucleotide by up to 80%
at 10 um FeSO, and 0.5 um CuCl, (Fig. 7C, a). Interestingly, an
increase in the fraction of unligated repair intermediate in the
presence of FeSO,, (Fig. 7C, a, lanes 4 and 5), suggests that Fe(II)
could independently affect LiglII« activity. We similarly exam-
ined the effect of these metals on OGG1-initiated total repair
using the same proteins except for substituting PNK with
APE1. Cu(Il) did not affect OGG1-initiated total repair, which
was expected because OGGL itself is not inhibited by Cu(Il).
However, as with NEIL1, Fe(II) increased the formation of unli-
gated intermediate in OGGl1-initiated repair (Fig. 7C, b).
Because metal ions could interfere with protein binding par-
ticularly to short oligonucleotides, we used plasmid substrate
containing 5-OHU for repair, as described under “Experimen-
tal Procedures” (Fig. 7C, ¢, left). We used the reconstituted sys-
tem with NEIL1, PNK, Polg, and Liglll« for repair, and incor-
poration of [**P]dTMP at the site of 5-OHU was monitored.
Similar to their effect with oligonucleotide substrate, 0.5 um
Cu(II) and 10 um Fe(II) reduced total BER by about 80%, and
furthermore, Fe(II) affected the ligation step (Fig. 7C, c, right).
In view of the previous observation suggesting inhibition of
Ligllle by iron, we directly tested this with a 5'->’P-labeled
nicked duplex substrate, where ligation converts the 26-nt sub-
strate to a 51-nt product (Fig. 7D, top). FeSO, inhibited LiglIlc
activity by 60% at 1 um and 85% at 10 um, whereas copper
(0.1-0.5 um) had no effect (Fig. 7D, bottom). A recent report
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FIGURE 7. A, effect of Fe(ll)/Cu(ll) on NEIL1 interactions with PolB (a and b) and FEN-1 (c). Affinity of NEIL1 for His-tagged Polp, Ligllle, or FEN-1 was analyzed in
the presence of Fe(ll) or Cu(ll). After appropriate washing, the bound proteins were eluted for Western analysis with NEIL1 antibody (upper panel) or anti-His
antibody (lower panel). B, effect of Cu(ll) and Fe(ll/1ll) on PolB activity with a primer-template substrate (upper panel). The single nucleotide incorporation by
PolB was measured by the incorporation of [*2PIdTMP in the absence or presence of iron/copper. **, p < 0.05. C, effect of Cu(ll)/Fe(ll) on NEIL1-initiated total
BER with 5-OHU-containing oligonucleotide duplex (a) or plasmid substrate (c) and OGG1-initiated BER with 8-oxoG-containing duplex substrate (b). The 20-ul
reaction contained 50 fmol of the indicated proteins, 2 pmol of substrate, 1 mmol of ATP, 25 umol of unlabeled dNTPs, and 10 wmol of [a->?PIdNTP and the
indicated amounts of CuCl, (+, 0.1 um; ++, 0.5 um) or FeSO, (+, 1 um; ++, 10 um). Product quantitation is shown in a histogram (lower panel). D, effect of
Cu(ll)/Fe(ll) on DNA Ligllle activity. The 5'-32P-labeled nicked duplex with 3'-OH and 5'-P ends at the nick was used for Ligllla assay (upper panel). Quantitation
is shown in the lower panel; *, p < 0.01. Error bars, S.E.

indicating that ZnCl, strongly inhibited ligase activity (28) is NaEDTA restored repair activity by ~75-85% to reverse
consistent with our finding that accumulation of unligated Fe(Il)-induced inhibition (Fig. 84, lanes 2-6, p < 0.01).
repair products results from Ligllla inhibition by Fe(II). CaEDTA, a strong chelator of Cu(Il), only partially reversed

Metal Chelators and Curcumin Reverse Repair Inhibition by ~ NEIL1 inhibition due to 0.5 mm copper (Fig. 84, lane 8, about
Copper/Iron—We then investigated the ability of various metal  30-40% at p < 0.01). However, the addition of both CaEDTA
chelators to reverse the inhibition of NEIL1 due to iron/copper. and TCEP, a reducing agent, restored NEIL1 activity to about
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Cu(II)- and Fe(II)-mediated inhibi-

e tion of NEIL1 in vitro by curcumin
e & = = imk (Fig. 8C), which by itself did not
e affect the activity of NEIL1 (Fig. 8C,
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4 56 7 8 NEIL1-initiated total BER was
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80% (Fig. 84, lane 9). DTT was as effective as TCEP for revers-
ing inhibition by cadmium as well as copper (data not shown).
These results suggest that Cu(Il)-induced inhibition partly
results from oxidation of Cys residues. Previous studies have
shown the ability of copper and cadmium to oxidize Cys resi-
dues in proteins (47, 48). To further test whether oxidation
inhibits the activity of NEIL1, we treated NEIL1 with hydrogen
peroxide (H,0,, 0.1-100 um). Dose-dependent reduction in
the glycosylase activity of NEIL1 was reversed by DTT or TCEP,
indicating reversibility of Cys oxidation in NEIL1 (Fig. 8B).
We also tested the ability of curcumin to reverse iron/copper
inhibition of NEIL1. Curcumin, a spice predominantly used in
South Asia, has multiple beneficial effects (49, 50). Recently,
curcumin was shown to have a strong metal chelating ability in
addition to its antioxidant properties, as when two curcumin
molecules bind to one Cu(Il) (8, 51). We observed prevention of
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1 2 3 45

FIGURE 8. Prevention of iron/copper-induced inhibition of NEIL1 by chelators and curcumin. A, NEIL1 (50
fmol) was mixed with copper (0.5 um) or iron (10 um) and/or EDTA, CaEDTA, or TCEP (1 mwm), and the NEIL1
activity was measured with 5-OHU duplex substrate as before. Constituents in each reaction are indicated. Lane
1, substrate alone; lane 2, substrate plus EDTA/CaEDTA; lane 10, substrate plus Fe(ll)/Cu(ll). B, effect of H,0,
(0.1-100 um) on NEIL1 activity and reversal of inhibition by DTT or TCEP (1 mm) with 5’-*?P-labeled 5-OHU
duplex substrate. C, prevention of CuCl, (0.5 um)-induced and FeSO, (1 um)-induced inhibition of NEIL1 by
curcumin (1 um). Lane 1, substrate alone; lane 2, NEIL1 alone; lane 7, NEIL1 plus curcumin alone. D, prevention
of CuCl, (0.5 um)-mediated inhibition of NEIL1-initiated total repair by curcumin (1 um). ¥, p < 0.01; **,p < 0.05.

single dose of copper (50 um) or iron
(100 um) for 12 h also reduced the
activity by about 30% (data not
shown); however, about 60% reduc-
tion occurred with double dose for
24 h, which presumably overcame
the threshold for cellular transition
metal load, with accumulation of
free metal ions. The ability of NE to
excise 8-0xoG from duplex substrates, predominantly cata-
lyzed by OGG1, was not affected by copper/iron (Fig. 9B), con-
firming that these metal ions inhibit NEILs exclusively. To
test the presence of metals in the NE from SH-SY5Y cells (treated
with FeSO,), we treated the NE with metal chelators EDTA or
desferrioxamine (1 mm) and then measured strand cleavage with
5'-labeled 5-OHU-containing bubble substrate (supplemental
Fig. S5). Both EDTA and desferrioxamine increased glycosylase
activity by 2—3-fold, suggesting reversal of metal-mediated inhibi-
tion by chelation. This further confirmed that the decreased base
excision activity of NE was primarily due to reversible inhibition of
NEILs by iron/copper ions.

Curcumin Protects SH-SYSY Cells from Iron/Copper-induced
Inhibition of BER—We finally tested the protective effect of
curcumin against copper/iron-mediated inhibition of NEIL
activities in cells. Curcumin is non-toxic even at 50 uM, and its
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FIGURE 9. Interference of Fe(ll)/Cu(ll) with NEIL-initiated repair in SH-SY5Y cells. A, after exposing cells to
CuCl, (1-50 um) or FeSO, (1-100 wm) as described under “Experimental Procedures,” repair was measured from
the NE with 5’'-*2P-labeled 5-OHU-bubble (4) or 5'-*?P-labeled 8-0xoG duplex substrate (B), which predomi-
nantly represent activity of NEILs and OGG1, respectively. C and D, prevention of copper/iron-mediated inhi-
bition of repair by curcumin. Curcumin was added to cells after 1 h of treatment with CuCl, (C) or FeSO,, (D). *,

p < 0.01;**, p < 0.05. S, substrate; P, product; Error bars, S.E.

neuroprotective properties are well documented (52). After
treating the SH-SY5Y cells with Cu(II) or Fe(Il) for 1 h, curcu-
min (1-10 M) was added to the medium. The NEIL activity
was measured in NE isolated from these cells with 5-OHU-
containing bubble substrate oligonucleotide as before. Curcu-
min (1 uMm) completely protected (p < 0.05) the cells from the
inhibitory effect of 10 um copper (Fig. 9C, lanes 2—4), and 10
M curcumin partially protected the cells even at 50 uMm copper
(Fig. 9C, lanes 5 and 6). Curcumin alone did not affect the
5-OHU repair activity in the NE (Fig. 9C, lanes 7 and 8). Simi-
larly, curcumin was also able to protect the cells from the inhib-
itory effect of FeSO, (Fig. 9D, p < 0.05).

DISCUSSION

The mechanisms involving neurotoxicity of essential transi-
tion metals are complex. In the normal tissue, the metal content
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regions in comparison with healthy
brain (70 uM copper and 350 um
zinc) (58, 59). Progressive accumu-
lation of metals in AD brain during
disease progression from moderate
to severe AD was also observed (3).
Remarkably, the levels of Cu(II), Fe(II), and Zn(II) were shown
to increase in the early phase of AD, whereas the increased
levels of trivalent Fe(III) and Al(III) occurred in the later phase
of AD, mainly in the frontal cortex and hippocampus. In gen-
eral, a common trait of neurodegeneration appears to be (direct
or indirect) perturbation in the homeostasis of copper, zinc,
iron, aluminum, etc., leading to an increase in free metal ions in
the affected cells. Moreover, increased iron level in the PD brain
was not found to be associated with an increase in ferritin syn-
thesis. On the contrary, decreased ferritin levels may lead to
accumulation of excess free iron in PD (7).

The metal toxicity disorders could severely affect genomic
integrity in brain cells with accumulation of oxidative DNA
damage (60—62). Redox metals have been implicated in ROS
generation and other free radicals, causing DNA damage (63).
Although few earlier studies suggested inhibition of DNA

VOLUME 285+NUMBER 37+-SEPTEMBER 10, 2010



Metal-induced Inhibition of NEILs for Oxidized Base Repair

repair activities by heavy metals (18, 64), the effect of physio-
logically normal or pathologically relevant levels of copper and
iron ions on the repair of oxidized DNA bases in mammalian
cells has not been characterized. Some recent studies showed
that these metals could bind to DNA and interfere with damage
scanning and detection by BER proteins and consequently
reduce the efficiency of repair (28, 29). In the present study, we
investigated the effect of copper and iron on the human DNA
glycosylases, NEIL1, NEIL2, and OGG1. We showed that Fe(II/
IIT) in micromolar and Cu(II) in submicromolar concentrations
specifically inhibit the NEILs and not OGG1. We also showed
for the first time that Cu(II) and Fe(II) stably bind to NEILs with
high affinity. Earlier studies have shown that Cu(II) binding to
proteins probably occurs through hydrophobic interactions,
electrostatic interactions, or both (65). Our ITC data showed
that the formation of Cu(II)-NEIL1 complex is enthalpically
driven, which is unlikely to be due to hydrophobic interactions.
Metal binding caused the conformational change of NEILI, as
indicated by CD and fluorescence analysis. In contrast, NEIL2
conformation was not significantly affected, although the
intrinsic Trp fluorescence of NEIL2 was quenched. Addition-
ally, partial reversal of copper-induced inhibition of NEIL1 by
reducing agents suggested that the mechanism could involve
oxidation of cysteine residues by copper. Previous studies have
shown oxidation of cysteines in proteins by copper and cad-
mium (48).

We made an interesting observation that Fe(II) also inhibited
the interaction of NEIL1 with PolB and FEN-1. Further, both
Cu(II) and Fe(II) inhibited NEIL1-initiated total repair but not
of OGG1-initiated repair. We confirmed earlier reports (18, 66)
that Cu(II) and Cd(II) at high concentration (>5 mm) inhibited
OGG]1 activity (data not shown). However, we have clearly
shown that at physiologically relevant concentration, OGG1 is
not affected by copper/iron.

Although both NEIL1 and NEIL2 were affected to similar
extents by iron and copper, the mechanism(s) involved could be
somewhat different. Inhibition of NEIL2 could at least partially
involve displacement of the intrinsic Zn>" in the zinc finger
with Fe** or Cu®". Earlier studies have shown the sensitivity of
zinc finger proteins, such as bacterial Fpg and the mammalian
XPA protein, to heavy metals that could compete for the zinc
finger (67—-69). However, NEIL1 lacks the zinc finger motif in
its sequence, although it contains a motif named the zincless
finger (70). This could explain why copper/iron-induced con-
formational change in NEIL1 is more pronounced than in
NEIL2. It was previously shown that N-methylpurine-DNA gly-
cosylase is inhibited by heavy metals, cadmium, nickel, and zinc
at 50-1000 uMm (71). Using a molecular dynamics simulation,
the authors suggested that these metals bind to the N-meth-
ylpurine-DNA glycosylase active site, which has a potential
zinc-binding site.

Our results showing that the NEIL-initiated BER is preferen-
tially compromised in neuronal precursor SH-SY5Y cells by
Fe(II) and Cu(II) raises the possibility that a similar situation
could occur in the early phase of neurodegenerative disorders,
with increased levels of divalent metals in the brain (3, 8). The
higher metal concentration required to cause a similar level of
inhibition in cell versus in vitro may be due to metal absorption
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FIGURE 10. Genome damage in neurodegenerative diseases due to ele-
vated iron/copper level, a case of double jeopardy. Iron/copper cause oxi-
dative genome damage due to ROS production. Iron/copper also inhibit NEIL-
mediated repair of oxidized base damage. Reversal of inhibition by chelating
agents, including curcumin, could provide neuroprotection.

efficiency of the cells as well as their sequestering by cellular
proteins. We showed earlier that NEIL1 down-regulation in
mammalian cells results in elevated oxidative damage in the
genome and increased spontaneous mutations (72). Further,
NEILs play a vital role in repair of oxidized bases in brain cells
(27). Thus, if accumulation of metals is responsible for neuronal
death, it is possible that oxidative genome damage is a proximal
cause. Our results show that the excessive iron/copper not only
cause DNA damage but could also inhibit repair of such dam-
age in early neurodegenerative conditions (Fig. 10).

Our observation that metal chelators, including curcumin,
could reverse the iron/copper-mediated inhibition of NEIL-ini-
tiated repair both in vitro and in cells suggested the potential of
a chelation approach for restoring repair after metal toxicity.
Curcumin (1,7-bis(4-hydroxy 3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione) is a common dietary pigment abundantly used
in cuisines of several Asian countries and in traditional Indian
medicine (49, 50). Curcumin is one of the three curcuminoids
in turmeric (8). The phenolic and the enolic hydroxyls in cur-
cumin could form metal complexes (51). Curcumin protects
PC12 cells against apoptosis induced by a lethal dose of H,O,
and 1-methyl-4-phenylpiriinium ion (MPP")-induced apopto-
sis (73). Recent studies have suggested that curcumin signifi-
cantly reduces metal-induced neurotoxicity in rat hippocampal
neurons (74, 75). It was proposed that the ability of curcumin to
bind toxic metals and to form tight and inactive complexes
could be a plausible pathway by which curcumin offers protec-
tion to the brain (76). In fact, the ability of curcumin to bind to
several metals (51, 74, 77) and thereby potentially reduce their
toxicity is well documented. The interaction of curcumin with
copper and iron reaches half-maximum at ~3-12 and 2.5-5
uM levels, respectively (77). Additionally, the antioxidant and
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anti-inflammatory properties of curcumin suggest its potential
neuroprotective role (78).

In conclusion, prevailing studies show that elevated transi-
tion metals in neurodegenerative brain could cause genomic
instability and DNA damage by direct metal toxicity on DNA or
via oxidative DNA damage induced by metal-mediated excess
free radical generation. These multiple toxic mechanisms of
metal-mediated DNA damage have been schematically illus-
trated in Fig. 10. Our studies showed a new mode of transition
metal toxicity of inhibition of NEIL1 and NEIL2 and other BER
proteins via formation of metal-protein complexes that could
play an important role in the accumulation of DNA damage in
the early neurodegenerative conditions and highlight the
potential for metal-targeted therapeutic approaches.
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