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Abstract
Although DNA in eukaryotes is packaged in nucleosomes, it remains vulnerable to oxidative damage
that can result from normal cellular metabolism, ionizing radiation, and various chemical agents.
Oxidatively damaged DNA is repaired in a stepwise fashion via the base excision repair (BER)
pathway, which begins with the excision of damaged bases by DNA glycosylases. We reported
recently that the human DNA glycosylase hNTH1 (human Endonuclease III), a member of the HhH
GpG superfamily of glycosylases, can excise thymine glycol lesions from nucleosomes without
requiring or inducing nucleosome disruption; optimally oriented lesions are excised with an
efficiency approaching that seen for naked DNA [1]. To determine if this property is shared by human
DNA glycoylases in the Fpg/Nei family, we investigated the activity of NEIL1 on defined
nucleosome substrates. We report here that the cellular concentrations and apparent kcat/KM ratios
for hNTH1 and NEIL1 are similar. Additionally, after adjustment for non-specific DNA binding,
hNTH1 and NEIL1 proved to have similar intrinsic activities towards nucleosome substrates.
However, NEIL1 and hNTH1 differ in that NEIL1 binds undamaged DNA far more avidly than
hNTH1. As a result, hNTH1 is able to excise both accessible and sterically occluded lesions from
nucleosomes at physiological concentrations, while the high non-specific DNA affinity of NEIL1
would likely hinder its ability to process sterically occluded lesions in cells. These results suggest
that, in vivo, NEIL1 functions either at nucleosome-free regions (such as those near replication forks)
or with cofactors that limit its non-specific binding to DNA.
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1. INTRODUCTION
Oxidative damage to DNA occurs as a consequence of normal cellular metabolism, ionizing
radiation such as that used in cancer therapy, and various chemical agents [2–5]. Some of the
resulting lesions are mutagenic, while others are cytotoxic. Most oxidative lesions are repaired
via the base excision repair (BER) pathway which, in its simplest form (known as “short patch
BER”), consists of four enzymatic steps (for reviews see [6–10]). The first step is the
recognition and excision of a damaged base by either a mono- or bi-functional DNA
glycosylase. This is followed by cleavage of the DNA backbone at the resulting apurinic site,
either by the lyase activity associated with bifunctional DNA glycosylases or by AP
Endonuclease (APE). Then, either APE or polynucleotide kinase (PNK) removes inhibitory
moieties at the incision site, leaving a single base gap that is filled by Polymerase β and sealed
by Ligase IIIα.

BER enzymes have been extensively characterized (for structure reviews, see [11,12], see also
[13]), and the entire BER pathway reconstituted in vitro with naked DNA substrates (e.g.
[14,15]). However, much less is known about how BER enzymes function in the context of
the chromatin that packages DNA in eukaryotes. The basic subunit of chromatin is the
nucleosome, which consists of 147 base pairs of DNA, wrapped in a left-handed toroidal helix
around a histone octamer [16]. Histone octamers create a steric impediment to many of the
factors and enzymes that act on DNA. The binding of such factors may also be influenced by
the bending of DNA around the octamer, which alternately compresses and expands its major
and minor grooves. Several groups have reported considerable variation in the capacity of
selected BER enzymes to act on lesions in nucleosomes reconstituted in vitro [1,17–19]. Some
of this variation can be attributed to the position of the lesion relative to the underlying histone
octamer. For example, the efficiency with which the human, bifunctional DNA glycosylase
hNTH1 excises lesions from nucleosomes varies with the helical orientation of the lesion and
its distance from the dyad axis (i.e. center) of the nucleosome [1]. The extent to which these
structural variables affect lesion processing depends as well on enzyme concentration.
Specifically, at high concentrations, hNTH1 is able to capture and process sterically-occluded
lesions during episodes of transient, partial unwrapping of lesion-containing DNA from the
histone octamer [1].

To further elucidate determinants that influence BER of oxidative lesions in chromatin, we
have extended our studies to include the human DNA glycosylase NEIL1, a member of the
Fpg/Nei family (hNTH1 is a member of the HhH GpG superfamily of glycosylases). While
both NEIL1 and hNTH1 recognize and excise thymine glycol (Tg) from double-stranded DNA,
several observations suggest that the two enzymes act in different cellular contexts. First, only
NEIL1 is able to process lesions in single strand DNA and bubble substrates [20], a property
that might make NEIL1 especially suited to removal of DNA polymerase blocking lesions
(such as Tg) at replication forks [21–24]. Second, the inhibitory moiety left by hNTH1 is
removed by APE1 while that left by NEIL1 is removed by PNK [15], and
coimmunoprecipitation experiments indicate that NEIL1 interacts with PCNA and FEN1,
factors that act in both DNA replication and long-patch BER [25,26]. Thus, the two
glycosylases channel their substrates into different BER sub-pathways. Third, the abundance
of hNTH1 does not change during the cell cycle, while that of NEIL1 increases during S phase
[27]. Taken together, these observations led to the hypothesis that NEIL1 acts on lesions at
replication forks while hNTH1 acts more globally and independently of DNA replication
[28].

The possibility that NEIL1 functions at replication forks, and with a different set of protein
partners than does hNTH1, led us to ask if NEIL1 and hNTH1 differ in their capacity to process
lesions in nucleosomes. We report here that cellular concentrations of hNTH1 and NEIL1 are
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similar, as are their catalytic rate constants. Additionally, the two enzymes exhibit similar
intrinsic activity towards Tg lesions in nucleosomes and are similarly sensitive to the helical
orientation of the lesion. However, the two enzymes differ in that NEIL1 binds undamaged
double-stranded DNA far more tightly than does hNTH1. Our measurements of the in vivo
abundance of NEIL1 and its relatively high affinity for lesion-free DNA suggest that NEIL1
would be severely restricted in its capacity to recognize and act on lesions in chromatin without
the aid of protein partners that either recruit NEIL1 to sites of damage or reduce its non-specific
interactions with DNA. By contrast, hNTH1 is more likely to be able to recognize lesions in
chromatin without the aid of accessory factors.

2. EXPERIMENTAL PROCEDURES
2.1 In vivo concentrations of hNTH1 and NEIL1

The human mesothelial cell line LP9, and the human mesothelioma cell lines Gates, Mills, and
Mont were seeded at 50,000 cells/ml in 60-mM dishes and grown overnight in CMRL 1066
medium with 10% fetal bovine serum (FBS; HyClone), 100 U of penicillin/ml, and 100 µg of
streptomycin/ml at 37°C and in 5% CO2. At harvest, the cells were washed once with cold
PBS, pH 7.4, and lysed by the addition of 100 µl lysis buffer (Laemmli buffer containing 100
mM DTT instead of β-mercaptoethanol, plus Roche Protease Inhibitor Cocktail) per plate.
Lysates were collected by scraping with a rubber policeman, and the insoluble fraction was
removed by centrifugation in a microfuge for 5 min. The protein concentration of the soluble
fraction was determined using a Lowry protein assay [29]. Cell extracts and recombinant
hNTH1 and NEIL1 were fractionated by 10% SDS polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred onto polyvinylidene fluoride (PVDF) membranes with the aid of a
semi-dry electroblotting system (The WEP Company). Membranes were blocked with 1%
bovine serum albumin (BSA) in TBS containing 0.1% Tween prior to addition of antibodies
to either hNTH1 (Novus Biologicals NB100-302SS), NEIL1 (Abcam ab21337) or Actin
(Chemicon MAB1501). Immunoreactive bands were visualized by using the appropriate
secondary antibodies and an ECL detection kit (USB Rodeo ECL).

2.2 DNA and nucleosome substrates
For enzyme kinetic and non-specific DNA binding studies, a 35 nt DNA oligomer containing
a single thymine glycol (Tg) residue (5′ -
TGTCAATAGCAAGTgGGAGAAGTCAATCGTGAGTCT-3′), and a complementary
oligomer containing dA opposite the Tg position, were purchased from Midland Certified
Reagent Co. (Midland, Texas) and gel purified. Appropriate amounts of the lesion containing
oligomer were end-labeled using [γ-32P]-ATP and T4 polynucleotide kinase (New England
Biolabs), and annealed to equimolar amounts of the complementary oligomer in 10 mM Tris-
HCl, pH 8.0, 50 mM NaCl and 1 mM EDTA. A 14 nt DNA oligomer containing a single
guanidinohydantoin (Gh) residue (5′-GCGTCCAGhGTCTAC-3′, kindly provided by Cynthia
Burrows (Univ. Utah; [30]), was end-labeled and annealed to a complementary oligomer
containing dC opposite the Gh position in the same fashion. Tg-containing 184 bp DNA
substrates and nucleosomes were prepared as previously described [1]. Briefly, DNA oligomers
containing discretely positioned Tg residues (either 30 or 35 nucleotides from the 5′ end, for
“Tg-out” and “Tg-in” containing nucleosomes, respectively), were end-labeled with [γ-32P]
ATP, annealed to a single strand DNA template containing the Lytechinus variegatus 5S
ribosomal DNA (rDNA) nucleosome positioning sequence, and extended with (exo-) Klenow
enzyme (New England Biolabs). The resulting double-stranded 184 bp DNA was gel purified,
quantified, and assembled into nucleosomes, using high salt mediated transfer of histone
octamers from chicken erythrocyte donor chromatin prepared as described [1]. The efficiency
of reconstitution (typically 85–95%) was assessed by electrophoresis of nucleosomes through
a 5% polyacrylamide gel in 50 mM Tris base, 50 mM borate, and 1 mM H4EDTA.
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2.3 Expression and purification of NEIL1 and hNTH1
To prepare NEIL1, BL21 cells were co-transformed with pRARE2 plasmid (Novagen) and a
pET30a vector containing a C-terminal, His-tagged version of NEIL1. Cells were grown to
saturation at 20°C for 48–60 hours in 1.5 L Terrific Broth (Fisher Scientific) containing 0.5%
glycerol, 0.05% glucose, and 0.2% α-lactose monohydrate, to induce transcription by auto-
induction [31]. Cells were harvested and lysed in buffer A (50 mM sodium phosphate buffer,
pH 8.0, 10 mM imidazole, 300 mM NaCl, and 5 mM β-mercaptoethanol) containing freshly
added 1 mM PMSF and 10 mM benzamidine. Cell debris was removed by centrifugation at
26,000 g for 15 min at 4°C. The supernatant was brought to 30% (NH4)2SO4 and centrifuged
at 26,000 g for 20 min at 4°C. The supernatant was transferred to a clean tube, brought to 45%
(NH4)2SO4 and centrifuged once again. The resulting NEIL1-containing pellet was suspended
in buffer A containing fresh PMSF and benzamidine as before, and dialyzed against two
changes of buffer A. The dialysate was loaded onto a 5 mL HiTrap Chelating HP column (GE
Lifesciences) that had been charged with 2.5 mL of 100 mM NiSO4, and NEIL1 was eluted
using a 100 mL linear gradient of 10 to 500 mM imidazole, pH 8.0 in buffer A. Fractions
containing NEIL1 were identified by SDS-PAGE, pooled and dialyzed against buffer B (25
mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% glycerol, and 5 mM β-mercaptoethanol). The
dialysate was loaded onto a 1 mL HiTrap Heparin HP column (GE Lifesciences), and NEIL1
was eluted using a 20 mL linear gradient from 0.3 to 2 M NaCl in buffer B. Fractions containing
NEIL1 were identified by SDS-PAGE, pooled, dialyzed back to 300 mM NaCl in buffer B,
divided into aliquots, flash frozen in liquid nitrogen, and stored at −80° C until use. The 56
amino acid C-terminal NEIL1 truncation mutant was expressed and purified as previously
described [32,33].

To prepare hNTH1, an N-terminal GST-fusion construct was expressed in BL21 Star (DE3)
cells using an auto-induction protocol identical to that described for NEIL1. Cells were lysed
in buffer C500 (50 mM Tris-HCl, pH 8.0, and 5 mM β-mercaptoethanol containing 500 mM
NaCl) containing freshly added 1 mM PMSF. Cell debris was removed by centrifugation at
26,000 g for 15 min, and the supernatant was loaded onto a 5 mL GSTrap FF column (GE
Lifesciences), pre-equilibrated with buffer C500. Protein was eluted with a linear gradient of
0–10 mM reduced glutathione in buffer C500. Fractions containing hNTH1 were identified by
SDS-PAGE, pooled and dialyzed against buffer C200. The GST moiety was then removed by
the addition of 5 units Precision Protease (Amersham Pharmacia Biotech) for every mg of
recombinant hNTH1. After an overnight incubation at 4° C, protein was loaded onto a second
5 mL GSTrap FF column (GE Lifesciences) as above, in order to separate the cleaved and
uncleaved protein fractions. Flow-through fractions containing hNTH1 were pooled, dialyzed
against buffer D (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10% glycerol, and 5 mM β-
mercaptoethanol), loaded onto a 5 mL SPFF column (GE Lifesciences) equilibrated in buffer
D, and eluted using a linear gradient of 100–800 mM NaCl in buffer D. Fractions containing
hNTH1 were identified by SDS-PAGE, pooled, dialyzed against 50 mM Tris-HCl, pH 8.0, 150
mM NaCl, 1 mM DTT, 0.005% Triton-X, and 50% glycerol, and stored at −20°C. The 55
amino acid N-terminal hNTH1 truncation mutant was expressed and purified in the same
manner.

2.4 Enzyme assays
All enzyme concentrations reported in the text and figures refer to active enzyme
concentrations, determined as described by Blaisdell and Wallace (2007) [34]. Enzyme stocks
were diluted into ice cold reaction buffer (25 mM NaHEPES NaOH, pH 8.0, 1 mM EDTA, 1
mM DTT, 100 mM NaCl) containing 0.1 mg/mL BSA (New England Biolabs) immediately
prior to use. Nucleosome and nucleosome length DNA control reactions were conducted in
reaction buffer containing 0.05% NP-40 and 0.02 mg/mL donor chromatin. Reactions were
stopped by the addition of one volume formamide containing 0.1% bromophenol blue and
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0.1% xylene cyanol. Samples were subsequently made 0.1 N in NaOH by addition of 1/10
volume 1 N NaOH, boiled for 3 min, and fractionated on 8% sequencing gels; reaction products
from reactions with 14 and 35 bp substrates were fractionated on 12% sequencing gels. In all
cases, reaction products were visualized and quantified by phosphorimagery. Glycosylase
activity toward nucleosomes was determined as described in Prasad et al [1], which adjusts for
small amounts of contaminating naked DNA substrate present in the nucleosome preparation.

2.5 Determination of non-specific binding affinity
To compare NEIL1 and hNTH1 under conditions that were equivalent with respect to fraction
of lesion bound by each enzyme, it was necessary to compensate for differences between the
two enzymes in their affinity for Tg lesions and for non-specific binding to DNA. As
diagrammed in Scheme 1 and Scheme 2, these DNA binding events can be represented as
simple association reactions (where [S] and [NS] are the concentrations of specific and non-
specific binding sites in DNA). In pseudo-steady-state conditions, the distribution of enzyme
between specific and non-specific substrates will be dominated by k1 and k−1, allowing us to
ignore kcat, and model both the specific and non-specific DNA binding of the two enzymes as
one would for DNA sequence specific binding proteins [35], [36]. This enabled us to derive
Equation 1, which describes the effect of both specific and non-specific binding constants
(KD and KNS, respectively) on fraction of lesion in an enzyme-lesion complex (i.e. ES/ST)
under a specified set of reaction conditions.

(1)

To solve Equation 1 for NEIL1, we first measured its affinity for Tg (KD) through a series of
single-turnover reactions containing a fixed amount of a 32P end-labeled, Tg-containing DNA
substrate (42 pM) and varying amounts of NEIL1. Reaction rates were determined by fitting
data to a one-phase association using GraphPad Prism 5.0. The reaction rates thus obtained
were plotted against the NEIL1 concentration and fitted to a one site binding (hyperbola)
equation. kcat and KM values were obtained from the resulting curves as described [37]. To
measure the non-specific DNA binding affinity of NEIL1 (KNS) we conducted a series of
reactions in which a fixed amount of Tg- or Gh-containing oligomeric substrate (25 nM) was
added to a fixed amount of enzyme (25 nM NEIL1, 17 nM hNTH1) that had been pre-incubated
with varying amounts of non-specific competitor (either donor chromatin or DNA purified
from the donor chromatin). The fraction of specific complexes formed in each reaction was
inferred from the relative fraction of Tg-containing DNA cleaved in 45 seconds. The data were
fit using a one-site competitive inhibition model on GraphPad Prism 5.0, which enabled us to
extract KNS. Parallel measurements indicated that the non-specific DNA binding constant
KNS for hNTH1 is much greater than the concentration of non-specific binding sites in our
standard assay (~61 µM). Under these conditions, Equation 1 simplifies to Equation 2, which
allowed us to estimate ES/ST for hNTH1 knowing just its KD for Tg.

(2)

hNTH1 undergoes a monomer to dimer transition that affects its activity [38], making it
difficult to obtain kinetic constants as precise as those for NEIL1. Therefore, in separate studies,
we measured approximate KD values for interactions between selected lesions and a hNTH1
N-terminal truncation mutant. This mutation does not detectably affect the DNA binding or
catalytic activity of hNTH1 but reduced dimer formation enough for us to estimate the KD for
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hNTH1 binding to Tg as 6.7 +/− 2.1 nM (Table 1; Prasad, Barbour, Wallace and Pederson,
submitted).

3. RESULTS
3.1 Cellular abundance of NEIL1 and hNTH1

To compare NEIL1 and hNTH1 at physiologically meaningful concentrations, we first
measured the amount of each enzyme in a mesothelial cell line (LP9) that is normal in most
respects except for having been immortalized by constitutive expression of the telomerase
catalytic subunit, hTERT [39]. Lanes 1–3 in Figure 1A show the antibody signal from serially
diluted, recombinant full-length hNTH1 as well as that from a serially diluted, recombinant
hNTH1 truncation mutant. The intensity of the antibody signal from hNTH1 in 40 µg of whole
cell extract (lane 4 in Figure 1A) is similar to that generated by 0.5 ng of the full-length
recombinant protein. In lanes 5–7, serial dilutions of the recombinant hNTH1 truncation protein
were mixed with whole cell extract prior to electrophoresis. The intensity of the antibody
signals from the full-length endogenous protein lies between those corresponding to 0.5 and
1.5 ng of the truncated enzymes. Since the antibody signal generated by full-length enzyme is
2–3 fold higher than the signal from the truncated enzyme (c.f. lanes 1–3), these results also
indicate that cells contain about 0.5 ng of hNTH1 per 40 µg total protein, or roughly 0.5 fg per
cell. Virtually all of the cellular hNTH1 is confined to the nucleus [40], which we estimated
has a volume between one and three fl. Knowing that hNTH1 has a molecular weight of 34
kDa, we calculated that the nuclear concentration of hNTH1 lies between 250 and 800 nM.

The hNTH1 concentration calculated above is far lower than that reported earlier, in a study
using HeLa cell nuclei [38]. This led us to ask if the abundance of hNTH1 in oncogenically
transformed cells is higher than normal. Figure 1B shows that the hNTH1 abundance in three
independently derived mesothelioma cell lines is similar to those in the relatively normal LP9
cell line.

To measure the cellular concentration of NEIL1, we conducted western blot studies similar to
those described above for hNTH1. Lanes 1–3 of Figure 1C show the antibody signal from
serially diluted, recombinant full-length NEIL1 as well as a serially diluted, recombinant
NEIL1 truncation mutant. The intensity of the antibody signal from 40 µg of whole cell extract
(lane 4 in Figure 1C) lies between the signals from 0.5 and 1.5 ng of the full-length recombinant
protein. In lanes 5–7, serial dilutions of the recombinant NEIL1 truncation protein were mixed
with 40 µg whole cell extract as described for hNTH1. The antibody signal from the full-length
endogenous protein lies between that of 0.5 and 1.5 ng of the truncated enzyme. These results
indicated that cells contain about 0.7 ng NEIL1 per 40 µg total protein, or 0.7 fg per cell. In
situ localization studies and the phenotype of the NEIL1 knockout mouse suggest that NEIL1
is present in mitochondria as well as nuclei [41, 42]. However, given that most of the DNA in
cells is nuclear, we expect that most of the NEIL1 enzyme is nuclear. Given this assumption,
and that NEIL1 has a molecular weight of 44 kDa, we estimate that its nuclear concentrations
ranges between 250 and 800 nM, approximately the same as that measured for hNTH1.

3.2 Impact of non-specific DNA binding on the capacity of hNTH1 and NEIL1 to excise
oxidative lesions from naked DNA

Based on the cellular abundance of hNTH1 and NEIL1, we decided initially to compare the
activity of hNTH1 on selected substrates with that of 25 nM NEIL1. To compensate for kcat/
KM differences between the two enzymes, we first determined (empirically) the hNTH1
concentration that would give an initial reaction velocity on naked DNA equivalent to that
produced by 25 nM NEIL1. Figure 2A shows initial reaction velocities for 25 nM NEIL1 and
an array of hNTH1 concentrations. Inspection of these data indicated that, for Tg-containing
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substrates, 17 nM hNTH1 best matched that of 25 nM NEIL1. Thus, hNTH1 and NEIL1 are
not only similar in cellular abundance but they also exhibit similar activity toward Tg lesions
in naked double-stranded DNA.

The concentration of undamaged DNA in our standard chromatin repair assay is approximately
61 µM, about 35-fold higher than in the above-described reactions with double-stranded DNA
oligomers. This made it important to determine if non-specific binding of NEIL1 and hNTH1
to DNA or chromatin would affect their relative activity. We therefore conducted a series of
reactions with the same amount of enzyme as before (i.e. 25 nM NEIL1 and 17 nM hNTH1)
but in the presence of increasing amounts of either soluble, lesion-free chromatin or naked
DNA isolated from the same preparation of chromatin. Apart from the non-specific competitor,
reaction conditions were identical to those in Figure 2A, where the rate of product formation
by either hNTH1 or NEIL1 was approximately constant during the first 60 sec. Therefore, we
reasoned that the amount of product generated during the first 45 sec in the competition
reactions would appropriately reflect the fraction of total substrate bound by enzyme. Lanes
1–7 in Figure 2B show that the activity of hNTH1 was relatively unaffected by addition of
either a ~30, ~300, or ~3000 fold molar excess of undamaged DNA or chromatin. Subsequent
experiments revealed moderate inhibition of hNTH1 when the fold-excess of non-specific
competitor DNA was increased to ~10,000 (Figure 2D and data not shown).

In stark contrast, inhibition of the activity of NEIL1 toward Tg was evident in reactions with
as little as a ~100-fold molar excess of non-specific DNA competitor (Figure 2D and lanes 8–
14 in Figure 2B). Although NEIL1 excises Tg lesions with reasonably high efficiency, it is far
more active toward hydantoin lesions that form as oxidation products of 7,8-dihydro-8-
oxoguanine (8-oxoG) [43]. If the higher activity of NEIL1 toward lesions such as Gh
(guanidinohydantoin) were due to more avid binding, we would expect that a non-specific
DNA competitor would not have as great an impact as it did in reactions with Tg substrates.
On the other hand, if the higher activity of NEIL1 toward Gh were due to a higher rate of
catalysis, we would expect that a non-specific DNA competitor would suppress the activity of
NEIL1 toward Gh to the same degree as it did for Tg. To test these predictions, we conducted
competition experiments with Gh-containing substrates. The results in Figure 2C support the
latter prediction, and are consistent with the recent finding that the catalytic constants for
NEIL1 acting on hydantoin lesions are far higher than for Tg lesions [43]. The results in Figure
2C also support a qualitative observation by the same authors, that addition of a small quantity
of lesion-free DNA (25 nM) helped stabilize hNEIL1 during stopped-flow reaction conditions
but that larger amounts suppressed the activity of hNEIL1.

The median length of the DNA competitor used in these studies was no more than ~400 bp,
making it important to rule out the possible inhibition of NEIL1 due to non-specific binding
to DNA ends. We therefore repeated the above study using full-length phage lambda DNA as
a non-specific DNA competitor. At equivalent concentrations, the ~48,000 bp phage DNA
proved to be an equally or slightly more effective competitor than DNA isolated from soluble
chromatin, despite a >100-fold lower concentration of DNA ends (data not shown). Thus,
binding to DNA ends has little or no impact on the non-specific affinity of NEIL1 for DNA.
These results collectively indicated that the specific-to-nonspecific DNA binding ratio for
hNTH1 is far higher than that for NEIL1, and that it would be necessary to further adjust the
relative concentrations of hNTH1 and NEIL1 to ensure equivalent amounts of free enzyme in
reactions with chromatin substrates.

To estimate the relative amounts of NEIL1 and hNTH1 needed to mitigate the differential
impact of non-specific DNA binding, we first quantified the non-specific DNA binding data,
as shown in Figure 2D. We next determined the equilibrium dissociation constants (KD) for
NEIL1 and hNTH1 binding to Tg, as outlined in the Methods and tabulated in Table 1. We
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then were able to calculate non-specific DNA binding affinities (KNS) of approximately 29 nM
for NEIL1 and 30 µM for hNTH1. The non-specific affinity of NEIL1 for lambda DNA was
slightly higher (KNS ~9 nM), although the likelihood that this difference is statistically
significant is only about ~85%. As a non-specific competitor, undamaged chromatin was not
as effective as DNA isolated from the chromatin (KNS ~930 nM). Indeed, the difference
between the naked DNA and chromatin competitors is statistically significant and consistent
with the idea that, through steric occlusion, nucleosomes reduce the impact of non-specific
DNA binding on the activity of certain enzymes in chromatin.

Having measured the non-specific affinity of NEIL1 for DNA, we were able to calculate (using
the equations described in the Methods) that 100 nM NEIL1 in our standard chromatin assay
would exhibit about the same activity on naked DNA as would hNTH1 in the range of 1–5
nM. To further refine this estimate, we compared the activity of 100 nM NEIL1 in a reaction
with a Tg-containing naked DNA substrate and 61 µM non-lesion containing chromatin to
results from a series of parallel reactions containing 0.5 to 5.0 nM hNTH1. Figure 2E shows
the rate of Tg excision by 100 nM NEIL1 was similar to that exhibited in reactions with 1 to
2 nM hNTH1.

3.3 Comparison of hNTH1 and NEIL1 on nucleosome substrates
Having determined conditions that would compensate for differences between hNTH1 and
NEIL1 in their non-specific DNA binding, we next measured the relative activity of the two
enzymes toward Tg-containing nucleosomes. Both hNTH1 and NEIL1 require the oxidized
base to flip out of the DNA helix via the minor groove [44,45]. Hence, a Tg positioned such
that the minor groove faces away from the histone octamer (Tg-out) is more accessible than a
Tg residue at which the minor groove faces toward the histone octamer (Tg-in), as illustrated
in Figure 3A [1,19]. As shown in Figure 3B, both 2 nM hNTH1 and 100 nM NEIL1 were able
to excise lesions from Tg-out nucleosomes with a relatively high efficiency. For hNTH1, this
result is in accord with earlier studies [1] and indicates that hNTH1 can efficiently process
sterically accessible lesions in nucleosomes at enzyme concentrations equivalent to or below
those in cells (though somewhat higher than those required for naked DNA substrates). For
NEIL1, efficient excision of thymine glycol residues occurred only when NEIL1 was used at
concentrations equal to or higher than those in cells.

Previous studies had indicated that hNTH1 forms a ternary complex with lesion-containing
nucleosomes and can remove damaged bases without inducing or requiring nucleosome
disruption [1]. To determine if this was the case for NEIL1 as well, and to rule out the possibility
that NEIL1 disrupts lesion-containing nucleosomes, we gel-fractionated Tg-out nucleosomes
in the absence and presence of hNTH1 and NEIL1. Lanes 1–3 in Figure 4 show that both
hNTH1 and NEIL1 alter the migration of naked, nucleosome-length Tg-containing DNA.
Lanes 5–8 in Figure 4 show the effect of both low and high concentrations of hNTH1 and
NEIL1 on the mobility of lesion-containing nucleosomes. The failure of hNTH1 and NEIL to
increase the amount of naked DNA in lanes 5–8 indicated that neither enzyme disrupted
nucleosomes. Lanes 5–8 in Figure 4 also show that both enzymes form ternary complexes with
Tg-containing nucleosomes.

The above described mobility gel shift study indicated that NEIL1 can excise lesions from Tg-
out nucleosomes without inducing nucleosome disruption, but it was necessary as well to rule
out the possibility that NEIL1 had altered the translational position of DNA relative to the
underlying octamer, thereby moving the Tg lesion into a nucleosome-free segment of DNA.
To map the predominant translational position of Tg-out nucleosomes, we conducted
quantitative restriction enzyme cleavage analyses in the absence and presence of hNTH1 and
NEIL1. Nucleosomes and naked DNA controls were incubated with either Bam HI or Eco RV,
which cleave at sites immediately adjacent to either edge of the nucleosome in its dominant
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translational position, or with Psi I or Dra I, whose cognate sites lie within the nucleosome (c.f.
Figure 5A). Figures 5A and 5B show patterns of restriction site exposure and protection for
lesion-containing nucleosomes identical to those described previously [1], indicating that most
of the histone octamers resided at a single common position. Minor positional variants do exist
but, as described previously [1], do not appear to expose the Tg lesion. Figures 5A and 5B also
show that neither NEIL1 nor hNTH1 altered the restriction enzyme cleavage pattern. Thus, as
with hNTH1, NEIL1 can excise sterically accessible lesions from nucleosomes without altering
nucleosome positions.

Earlier studies indicated that the histone octamer substantially blocks access to Tg lesions at
sites where the minor groove of the lesion faces toward the histone octamer. However, at high
concentrations hNTH1 was able to process such lesions in a relatively efficient manner,
probably because spontaneous, transient partial unwrapping of DNA from the histone octamer
enables hNTH1 to capture lesions in the unwrapped DNA population [1]. Figure 3C shows
that at an active enzyme concentration of 100 nM, NEIL1 was unable to excise more than 10%
of the lesions from Tg-in nucleosomes in a 10 min interval. At an active enzyme concentration
of 2 nM, the activity of hNTH1 on Tg-in nucleosomes was equally poor. The key difference,
however, is that 100 nM NEIL1 equals or slightly exceeds our estimate of its concentration in
vivo while the 2 nM hNTH1 used for comparative purposes is far below its in vivo
concentration. In reactions conducted with hNTH1 amounts comparable to those in vivo, the
efficiency with which hNTH1 excises occluded lesions rises dramatically, as shown in Figure
3C. (Because of aggregation of NEIL1 at high concentrations it was not possible to examine
its activity at very high concentrations.) In summary, hNTH1 is able to function efficiently
towards both accessible and occluded lesions in chromatin due to its high substrate specificity
and low non-specific DNA binding. On the other hand, NEIL1 (which has an even higher
affinity toward Tg lesions in naked DNA) may be unable to efficiently process lesions in
canonical nucleosomes without the aid other proteins that either suppress its non-specific DNA
binding or actively recruit it to sites of oxidative damage.

4. DISCUSSION
In this study we have determined that the in vivo concentrations of the DNA glycosylases
hNTH1 and NEIL1 are similar to one another, and that both enzymes are able to excise thymine
glycol lesions from nucleosomes without inducing nucleosome movement or disruption.
Previous studies that compared the capacity of selected DNA glycosylases to function on
chromatin substrates have not (explicitly) accounted for enzymatic variables that could
influence results, such as differences in kcat or KM or in non-specific DNA binding affinity.
By adjusting enzyme concentrations to compensate for such variables, this study provides a
standard template for future comparisons of enzyme action on chromatin substrates.

The key difference between NEIL1 and hNTH1, which bears on their likely roles in vivo, is
that NEIL1 has a much higher affinity for undamaged DNA than hNTH1. The likely in vivo
concentration of hNTH1 (~250 to ~800 nM) is sufficiently high to imagine that the enzyme
finds oxidative lesions in two steps, beginning with a diffusion-driven, three-dimensional
search for DNA, that results in non-specific DNA binding. Once bound to DNA the enzyme
would engage in a highly efficient ‘one-dimensional’ search along the DNA for oxidative
lesions. This model is predicated on classic studies of lac repressor (notably by Riggs and von
Hippell and their colleagues [35,46]). In the case of hNTH1, the efficiency of lesion discovery
may be further enhanced through a charge-transport mechanism proposed by Barton and
colleagues [47,48]. Specifically, hNTH1, like its prokaryotic counterpart, contains an iron-
sulfur cluster that may become oxidized upon DNA binding [49]. If hNTH1 binds more avidly
to DNA in its oxidized [4Fe4S]+3 state, its dissociation rate would be enhanced by reduction
of the iron-sulfur cluster, which could occur by electron transport from an electron donor

Odell et al. Page 9

DNA Repair (Amst). Author manuscript; available in PMC 2011 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



through the DNA base pair stack. DNA lesions that interfere with base stacking would likely
interfere with this charge transport and thereby increase the dwell-time of hNTH1 near sites
of DNA damage. Thus, a combination of diffusion-driven and electron transport mediated
search mechanisms may permit highly efficient lesion discovery.

In sharp contrast to hNTH1, NEIL1 exhibited a relatively high non-specific DNA binding
affinity. This would make it virtually impossible for NEIL1 to efficiently discover oxidative
lesions in nuclear DNA via the mechanism suggested for hNTH1 (assuming that NEIL1 is
homogenously distributed within the nucleus at a concentration ranging between ~250 to ~800
nM). There are several potential evolutionary solutions to this conundrum that are consistent
with known properties of NEIL1. Specifically, NEIL1 is found in both mitochondria and nuclei,
and its abundance increases during S phase [27,41,50,51]. Given the relatively small size of
the mitochondrial genome, NEIL1 might be able to discover oxidative lesions in mitochondria
via the simple diffusion-driven search mechanism like that described for hNTH1. In nuclei, an
increase in the concentration of NEIL1 during S phase would increase the efficiency of lesion
discovery. Additionally, our non-specific competition studies indicate that NEIL1 has a higher
affinity towards undamaged naked DNA than nucleosomal DNA. Thus, the packaging of DNA
into chromatin likely reduces the fraction of NEIL1 that is lost to non-specific interactions with
DNA. It is unlikely, however, that these factors, even in combination, would enable NEIL1 to
discover lesions at an adequate rate without the additional involvement of proteins that either
recruit NEIL1 to sites of oxidative damage or bind NEIL1 in such a way as to reduce its non-
specific DNA affinity. Relevant to this point, Mitra and colleagues have reported that NEIL1
interacts with such DNA replication and repair factors as PCNA and FEN-1, which prompted
them to hypothesize that the primary role of NEIL1 is in replication associated repair [20,25,
26,28]. It remains to be determined if these or other NEIL1-interacting proteins influence its
non-specific interactions with DNA.

ABBREVIATIONS

APE AP endonuclease

BER base excision repair

BSA bovine serum albumin

FBS fetal bovine serum

Fpg formamidopyrimidine DNA glycosylase

Gh guanidinohydantoin

Nei endonuclease VIII

PBS phosphate buffered saline

PNK Polynucleotide kinase

PVDF polyvinylidene fluoride

rDNA ribosomal DNA

SDS-PAGE SDS polyacrylamide gel electrophoresis

Tg thymine glycol
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Figure 1. In vivo concentrations of hNTH1 and NEIL1
(A) Upper panel: hNTH1 western blot showing, in lanes 1–3, serially diluted, full length,
recombinant hNTH1 (“wt”) and a 55 amino acid N-terminal truncation mutant (hNTH1Δ55).
In lanes 4–7, 0, 5, 1.5, and 0.5 ng of hNTH1Δ55 were added to 40 µg of LP9 whole cell extract
prior to electrophoresis. Lower panel: hNTH1 blots were stripped and incubated with an anti-
actin antibody as a loading control. (B) Upper panel: western blot of hNTH1 amounts in LP9
whole cell extracts compared to those in three mesothelioma cell lines (Gates, Mills, and Mont).
Extracts were mixed with 1.5 or 0.5 ng of hNTH1Δ55 prior to electrophoresis, to facilitate
quantification. Lower panel: actin control as above. (C) Upper panel: NEIL1 western blot
showing, in lanes 1–3, serially diluted, recombinant full length NEIL1 (“wt”) and a 56 amino
acid C-terminal truncation mutant of NEIL1 (NEIL1Δ56). In lanes 4–7, 0, 5, 1.5, and 0.5 ng
of NEIL1Δ56 were added to 40 µg LP9 whole cell extract prior to electrophoresis. Lower panel:
actin control as above.
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Figure 2. Adjustment of hNTH1 and NEIL1 concentrations to compensate for differences in enzyme
efficiency and non-specific DNA binding affinity
(A) Graph showing initial rates of excision of Tg lesions by 25 nM NEIL1 (■, solid line) and
varying concentrations of hNTH1 (▲, dotted lines for reactions containing 10, 11, 13, 15, 17
and 19 nM hNTH1), assayed as described in the Methods. Data from the single-turnover portion
of each reaction curve were fit by linear regression. Note that the rate of excision by 17 nM
hNTH1 closely matches that observed with 25 nM NEIL1. (B) Non-specific DNA binding
assay. A 35 bp, end-labeled, Tg-containing DNA substrate was added to reaction tubes
containing varying amounts of undamaged competitor DNA or chromatin and either 17 nM
hNTH1 (Lanes 1–7) or 25 nM NEIL1 (lanes 8–14). Reaction extents were determined after 45
seconds at 37°C. Lanes 1 and 8, 2 and 9, 3 and 10 and 4 and 11 contained, respectively, 0, 0.76,
7.6 and 76 µM DNA. Lanes 5 and 12, 6 and 13, and 7 and 14 contained, respectively, 0.76,
7.6 and 76 µM chromatin. (C) 25 nM NEIL1 was incubated with a 14 bp double-stranded
oligomer containing Gh. Lanes 1, 2, 3, and 4 contained, respectively, 0, 2.4, 24, and 240 µM
undamaged DNA and lanes 5, 6, and 7 contained, respectively, 2.4, 24, and 240 µM chromatin.
(D) The amounts of substrate cleaved in the reactions shown in figures 2B and 2C, were
quantified by phosphorimagery. These and data from additional, independent competition
experiments were plotted against the logarithm of the concentration of lesion-free DNA. The
upper panel depicts the activities of NEIL1 (■) and hNTH1 (▲) towards Tg when incubated
with 25 nM substrate alone, or together with the indicated amounts of lesion-free DNA. The
lower panel depicts the activity of NEIL1 (●) towards Gh when incubated with the same
concentrations of lesion-free DNA competitor. The vertical dashed line in the upper panel
indicates the concentration of lesion-free chromatin in our standard chromatin assay (61 µM).
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(E) Graph showing reaction curves for 100 nM NEIL1 in the presence of 61 µM chromatin
(■, solid line) and varying concentrations of hNTH1 (▲, dotted lines for reactions containing
0.5, 1, 2 and 5 nM hNTH1). Note that, in the presence of 61 µM chromatin, the rate of excision
by 2 nM hNTH1 most closely matches that observed with 100 nM NEIL1.
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Figure 3. NEIL1 and hNTH1 exhibit similar intrinsic activities toward nucleosomes with ‘outward-
facing’ Tg lesions but the capacity of NEIL1 to excise lesions from sterically occluded sites in
nucleosomes is limited by its high non-specific DNA binding
(A) Depiction of the helical orientation of thymine glycol lesions in Tg-in and Tg-out
nucleosomes, based on a 1.9 Å resolution nucleosome crystal structure (PDB 1KX5 [52]).
Arrows indicate direction of Tg flipping needed to enter the active site of either hNTH1 or
NEIL1. (B) Reaction curves for 100 nM NEIL1 and 2 nM hNTH1 with Tg-out containing
nucleosomes (solid lines) and naked DNA (dashed lines). (C) Reaction curves obtained with
100 nM NEIL1 and varying concentrations of hNTH1 with Tg-in containing nucleosomes
(solid lines) and naked DNA controls (dotted lines). Note that 100 nM NEIL1 matches or
slightly exceeds its estimated concentration in vivo. The activity of NEIL1 at concentrations
above 100 nM (active enzyme) was similar or only slightly higher than the activity shown for
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100 nM (not shown). Note that while the histone octamer substantially inhibits hNTH1 at low
concentrations, hNTH1 is increasingly able to process the sterically occluded lesion in Tg-in
nucleosomes when its concentration is increased from 2 nM to 17, 68, and 272 nM hNTH1.
The 68 nM reaction curve closely matches the estimated in vivo concentration of hNTH1.
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Figure 4. Both hNTH1 and NEIL1 remove sterically accessible lesions from nucleosomes without
requiring or inducing nucleosome disruption
Electrophoretic mobility shift assay of hNTH1 and NEIL1 bound to Tg-containing naked DNA
and Tg-out nucleosomes. Note that both hNTH1 and NEIL1 form ternary complexes with
nucleosomes, indicated by rectangles in lanes 5 and 6 and 7 and 8. Note that neither enzyme
increases the amount of material that co-migrates with naked DNA, indicating that neither
enzyme irreversibly disrupts the nucleosome during lesion processing.
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Figure 5. Both hNTH1 and NEIL1 remove sterically accessible lesions from nucleosomes without
detectably altering nucleosome position
(A) Diagram that depicts the predominant translational setting of the model, Tg-containing
nucleosomes used in this study, and the restriction enzyme sites used to monitor nucleosome
position. The extent of cleavage of restriction sites in nucleosomes, assessed as described below
in Figure 5B, is expressed in the histogram as a fraction of the cleavage obtained at the
corresponding sites in naked DNA. The open, solid, and grey bars indicate, respectively, the
relative double-stranded DNA cleavage by the indicated restriction enzyme when incubated
alone, with 100 nM NEIL1, and with 17 nM hNTH1. Note that both the Bam H1 and Eco RV
sites, located immediately adjacent to either side of the nucleosome, remain accessible
following the addition of either hNTH1 or NEIL1, suggesting that neither enzyme alters the
dominant translational position of the nucleosome. (B) Restriction enzyme cleavage analyses
of Tg-containing nucleosomes in the absence and presence of either 100 nM NEIL1 or 17 nM
hNTH1. Naked DNA (“D”) and nucleosomes (“N”) were incubated with a 50-fold unit excess
of the indicated restriction enzyme for 10 min at 37°C. The resulting DNA products were
separated on non-denaturing gels, and quantified by phosphorimagery to assess the extent of
cleavage at selected restriction sites. Note that single strand DNA cleavage by either
glycosylase slightly retards the migration of the double-stranded DNA, which accounts for the
minor bands, such as those seen in lanes 13 and 14. Lanes 1 and 10 contain uncleaved naked
DNA controls.
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Scheme 1.
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Scheme 2.
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Table 1

kcat (sec−1) KM (nM) kcat/KM (sec−1 nM−1) KNS (µM)

NEIL1 0.13 0.25 0.52 0.029

hNTH1 0.073 6.7 0.01 30
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