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Abstract

The DNA glycosylase hNEIL1 initiates the base excision repair (BER) of a diverse array of lesions,
including ring-opened purines and saturated pyrimidines. Of these, the hydantoin lesions,
guanidinohydantoin (Gh) and the two diastereomers of spiroiminodihydantoin (Sp1 and Sp2) have
garnered much recent attention due to their unusual structures, high mutagenic potential and detection
in cells. In order to provide insight into the role of repair, the excision efficiency by hNEIL1 of these
hydantoin lesions relative to other known substrates was determined. Most notably, quantitative
examination of the substrate specificity with hNEIL1 revealed that the hydantoin lesions are excised
much more efficiently (> 100-fold faster) than the reported standard substrates thymine glycol (Tg)
and 5-hydroxycytosine (5-OHC). Importantly, the glycosylase and B,3-lyase reactions are tightly
coupled such that the rate of the lyase activity does not influence the observed substrate specificity.
The activity of hNEIL1 is also influenced by the base pair partner of the lesion, with both Gh and
Sp removal being more efficient when paired with T, G or C than when paired with A. Notably, the
most efficient removal is observed with the Gh or Sp paired in the unlikely physiological context
with T; indeed, this may be a consequence of the unstable nature of base pairs with T. However, the
facile removal via BER in promutagenic base pairs that are reasonably formed after replication (such
as Gh:G) may be a factor that modulates the mutagenic profile of these lesions. In addition, hNEIL1
excises Spl faster than Sp2 indicating the enzyme can discriminate between the two diastereomers.
This is the first time that a BER glycosylase has been shown to be able to preferentially excise one
diastereomer of Sp. This may be a consequence of the architecture of the active site of hNEIL1 and
the structural uniqueness of the Sp lesion. These results indicate that the hydantoin lesions are the
best substrates identified thus far for hANEIL1, and suggest that repair of these lesions may be a critical
function of the hNEIL1 enzyme in vivo.

Cells experiencing oxidative stress have an overabundance of reactive oxygen species (ROS)
such as superoxide, hydrogen peroxide, and hydroxyl radicals (1,2). ROS are present in cells
as byproducts of endogenous metabolic reactions or as a result of external sources such as
ionizing radiation. The reactions mediated by ROS can lead to various types of DNA damage
including strand breaks, DNA-protein cross-links, abasic sites, and base lesions, which are
potentially detrimental to cells (3-6). Oxidative DNA damage is mitigated by a variety of DNA
repair pathways (7-9). The importance of repairing DNA damage has been highlighted by the
correlation between defects in DNA repair pathways and cancer (7,10-12).
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Although a variety of guanine oxidation products have been identified (13), most studies have
focused on the oxidized lesion, 7,8-dihydro-8-oxo-guanine (OG)ll2 (7,14). Two oxidized
guanine lesions that have recently been attracting attention are the hydantoin lesions,
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) (Figure 1) due to their interesting
structures and high mutagenic potential (7,13). These lesions can be formed from G or OG
under a variety of conditions with a plethora of oxidants, such as singlet oxygen, peroxynitrite,
and high-valent metal compounds (13,15-19). Their facile formation is highly suggestive of
the presence of such lesions in cells. Moreover, Hailer et al. detected Sp by ESI-MS in E.
coli cells deficient in the base excision repair glycosylase Nei after treatment with chromate
(20). In vitro, these lesions can be produced conveniently by oxidation of OG with the one-
electron oxidant sodium hexachloroiridate (1V) (21-24). This has allowed detailed examination
of the unique structural properties of these lesions, their mutagenic effects in vivo, and their
processing by DNA polymerases and repair enzymes in vitro (7,13,21). Single nucleotide
insertion and primer extension experiments using Escherichia coli (E. coli) Klenow fragment
exonuclease | (KF exo™) DNA polymerase indicate that dAMP and dGMP are inserted opposite
these oxidized lesions (25,26). Moreover, in E. coli based mutagenesis assays with single-
stranded lesion-containing viral DNA, Gh and Sp are potently mutagenic causing both G— T
and G— C transversion mutations (27,28).

Oxidative damage to individual DNA bases may be repaired via the base excision repair (BER)
pathway that is initiated by damage-specific glycosylases that excise damaged DNA bases
(7). Other enzymes in the BER pathway remove the remaining sugar fragment and incorporate
an undamaged nucleotide at the site of the original damaged base. In E. coli, the prevention of
mutations associated with OG formed within duplex DNA requires two base excision repair
(BER) glycosylases, MutM and MutY (7,29,30). MutM, also known as Fpg, removes OG from
OG:C mispairs in the DNA duplex while MutY removes A from an OG:A mismatch to prevent
propagation of this inappropriate base pair and provide an opportunity to recreate a proper
substrate for Fpg/MutM. Two well-characterized mammalian repair enzymes, OGG1 and the
endonuclease 111 homolog 1 (NTH1), are known to be responsible for repairing oxidatively
damaged purines and pyrimidines, respectively (8). Recently, a new set of BER enzymes has
been identified that are structural homologues of the Fpg/Endonuclease V111 (Nei) family.
These mammalian homologs are designated as the Nei-like or ‘“NEIL’ family of enzymes
(NEIL1,2,3) (31-34).

The human NEIL1 (hNEIL1) enzyme is the best characterized of the hNEIL enzymes and is
structurally similar to Nei and Fpg (35). A distinct feature of hNEIL1 is the presence of a
“zincless finger DNA binding motif that effectively mimics the zinc finger motif found in Fpg
and Nei (35). Like Fpg and Nei, hNEIL1 is a bifunctional glycosylase/lyase that utilizes the
N-terminal proline residue to catalyze - and 3-elimination reactions leading to strand scission
(31,32,34). Damaged bases that have been shown to be removed by hNEIL1 include thymine
glycol (Tg), 5-hydroxycytosine (5-OHC), dihydrothymine (DHT), 5-hydroxyuracil (5-OHU),
the ring-opened formamidopyrimidines (FapyG and FapyA) and oxanine (31,34,36,37)
Notably, the activity of NEIL enzymes towards OG-containing duplexes has been a source of
debate (31,32,34,38).

The hydantoin lesions, Gh and Sp have been shown to be substrates for the E. coli enzymes
Fpg (24,39) and Nei (40), and the murine enzymes NEIL1 and NEIL2 (38). In order to elucidate

1Abbreviations: BER, base excision repair; bp, base pair; EDTA, ethylenediaminetetraacetic acid; Fpg/MutM; bacterial
formamidopyrimidine glycosylase; Gh, guanidinohydantoin; hNEIL1, human Nei-like glycosylase 1; Nei; endonuclease VIII; NTH1,
endonuclease 111 homologue 1; OG, 7,8-dihydro-8-oxoguanine; 5-OHC, 5-hydroxycytosine; PAGE, polyacrylamide gel electrophoresis;
ROS, reactive oxygen species, Sp, spiroiminodihydantoin; Tg, thymine glycol.

For the sake of simplicity, we are using the one or two letter abbreviation to refer to both the base and the nucleotide. This should be
evident by the context with which the abbreviation is used.
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the processing of the hydantoin lesions relative to OG, Tg and 5-OHC, we have performed
detailed Kinetic analysis of duplexes containing these embedded lesions with hNEIL1. These
studies reveal that hNEIL1 catalyzes the removal of the hydantoin lesions opposite all four
DNA bases, while there is minimal OG removal activity. Interestingly, quantitative
examination of the substrate specificity with hNEIL1 reveals that the hydantoin lesions are
excised very efficiently, considerably more so (< 100-fold) than the well-established substrate
Tg (Figure 1). Indeed, our data suggests that the hydantoin lesions are the best substrates
identified for the enzyme so far. In addition, the opposite base influences the removal of Gh,
Spland Sp2 by hNEILL. The efficient activity of hNEIL of the hydantoin lesions opposite G
suggests that similarly robust activity in vivo may potentially enhance, rather than reduce
mutagenesis mediated by these lesions. We also observed that hNEIL1 can differentiate
between the two diastereoisomers of spiroiminodihydantoin and catalyzes the removal of Sp1
at a much faster rate than Sp2 in all base pair contexts. This work provides insight into the role
of hNEIL1 in the recognition of the Gh and Sp lesions and suggests that these lesions are likely
important in vivo substrates for these enzymes.

Materials and methods

General materials and instrumentation

Rosetta (DE3) pLysS cells strains (Novagen) were used for the purification of hNEIL1 using
a pET30a plasmid containing the hNEIL1 gene (31). 7,8-Dihydro-8-0x0-2'-deoxyguanosine
phosphoramidite was purchased from Glen Research. DNA oligonucleotides were synthesized
at the core facility at the University of Utah Medical School. These samples were purified via
HPLC on a Beckman Gold Nouveau system with a Protein-Pak DEAE 8HR column. The
oligonucleotide containing 5-hydroxy cytosine (5-OHC) or thymine glycol (Tg) was purchased
from Midland Reagents. Radiolabeling was done using [y-32P]-ATP purchased from ICN with
T4 polynucleotide kinase obtained from New England BioLabs. Labeled oligonucleotides were
purified using ProbeQuant G-50 spin columns from Amersham Pharmacia according to the
manufacturer’s protocol. A Milli-Q PF system was used to purify distilled, deionized water
that was used to make all the buffers. All buffers were passed through a 0.45 um filter before
use. Storage phosphor autoradiography was performed on either a Typhoon 9400
phosphorimager or a Molecular Dynamics Storm 840 phosphorimager system. Data analysis
was performed using ImageQuaNT software (version 5.2) and the rate constants were
determined using GraFit 5.0 software. All other chemicals used for these experiments were
purchased from Fisher Scientific, VWR, or Sigma.

Substrate DNA preparation

Gh- and Sp- containing oligonucleotides were synthesized from the OG-containing
oligonucleotide as previously described (41). The identity of lesion-containing oligomers was
confirmed by ESI-MS analysis. The two diastereomers of Sp were separated and purified by
HPLC using a Dionex DNAPac PA-100 column. Separation of the Sp diastereomers was
achieved with buffer systems consisting of 35% solvent A and 65% B at the beginning and
gradually changed to 100% solvent B. (Solvent A was 10% acetonitrile and 90% H»,0, while
solvent B was 10% acetonitrile and 90% 1.5 M ammonium acetate (pH 7). The 30-nucleotide
(nt) sequence that was used is listed below: d(5'-
TGTTCATCATGGGTCXTCGGTATATCCCAT-3") inwhich X=0G, Gh, Sp1, Sp2, 5-OHC
or Tg; and the complementary strand d(3'-
ACAAGTAGTACCCAGYAGCCATATAGGGTA-5") inwhichY =C, A, T or G. For all
experiments, 2.5 pmoles of the X-containing strand was radiolabeled on the 5’ end using
[y-32P]-ATP by T4 kinase at 37 °C. Excess [y-32P]-ATP was removed using a Pharmacia
Microspin G-50 spin column, according to the manufacturer’s protocol. Additional
nonradioactive X-containing DNA was added to the labeled strand to allow 5 % labeled DNA,
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which was then annealed to the complement (added at 20 % excess) by heating to 90 °C for 5
min and allowing to cool overnight in annealing buffer (20 mM Tris-HCI (pH 7.6), 10 mM
EDTA, and 150 mM NacCl).

Purification of hNEIL1

Purification of recombinant C-terminally His-tagged hNEIL1 was as reported previously
(31,42) with the slight modification that the cells were grown overnight at 30 ° C instead of 16
°C. The purified protein was dialyzed as reported and stored in liquid nitrogen. Total
concentration of the protein was determined by the Bradford assay using BSA as the standard.
Active site titrations (43,44) were performed using a Sp1:G duplex and all concentrations are
listed as active concentrations.

Glycosylase Assays

Single-turnover experiments, where [Enz] > [DNA], were performed using the 30 base pair
duplexes to evaluate the glycosylase activity of the enzymes. In each case, the total reaction
volume was 60 pL with a final duplex DNA concentration of 20 nM. The duplex was incubated
with 200 nM active hNEIL1 in an assay buffer (20 mM Tris-HCI, pH 7.6, 10 mM EDTA, 0.1
mg/mL BSA, and 150 mM NaCl) at 37 °C. For measurement of lyase activity, aliquots were
removed at various times (15 s to 60 min) and quenched by the addition of 5 uL of formamide
denaturing dye (80% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue in TBE
buffer). In order to measure the glycosylase activity of the enzyme, aliquots were removed at
various times and the reactions were quenched by the addition of 5 uL of 0.5 N NaOH, heated
to 90 °C for two minutes and then placed on dry ice. Control experiments without enzyme also
established that all the lesions were cleaved minimally by the buffer conditions and NaOH
quenching (< 5%). The extent of background cleavage in the control reactions (no enzyme)
was subtracted during quantification of the storage phosphor autoradiograms.

For experiments under single-turnover conditions in which the glycosylase reaction was too
fast to measure manually, a Rapid Quench Flow instrument (RQF-3) from Kintek was used.
The reaction buffer and conditions and overall analysis are similar to the manual experiments.
However, addition of a nonspecific duplex (25 nM) to the hNEIL1 (400 nM) while in the
injection loop was found to be necessary to stabilize the enzyme. The enzyme was mixed with
the DNA duplex (20 nM final), and samples were removed at various time points between 0.1
s and 5 min, quenched with 0.5 M NaOH, heated to 90 °C for two minutes and placed on dry
ice. The aliquots were treated with 5uL of formamide denaturing dye (80 % formamide, 0.025
% xylene cyanol, 0.025 % bromophenol blue in TBE buffer) and were then run on a 15 %
denaturing polyacrylamide gel in 1X TBE at 1600 V for 2 hours. The separation of the 15-
nucleotide DNA fragment arising from the product and the 30-nucleotide fragment originating
from the substrate was visualized using autoradiography by exposure to a storage phosphor
screen overnight.

Multiple-turnover experiments were performed using the same buffer conditions as the single-
turnover assays, except the active enzyme concentration was lower than the concentration of
the substrate. Active-site concentration was determined using 20 nM Sp1:G-containing duplex,
incubated with 2-12 nM total protein in an assay buffer as in the case of the single-turnover
assays. Aliquots were removed at various times (15 s to 40 min) and quenched by the addition
of 5 uL of formamide denaturing dye (80 % formamide, 0.025 % xylene cyanol, 0.025 %
bromophenol blue in TBE buffer). As a control, the multiple-turnover experiments were also
quenched with a NaOH/heat treatment to measure the glycosylase activity. The samples were
then run on a 15 % denaturing polyacrylamide gel in 1X TBE at 1600 V for 2 hours. Stability
assay experiments were performed similarly to the active site determination with the
modification of pre-incubating the enzyme at 37 °C in the glycosylase buffer for times ranging
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from 0 to 40 min, prior to addition of labeled substrate. Based on the amplitude of the burst
phase, those conditions were chosen for the active site concentration determination. In addition,
the concentration of the non-specific duplex was varied from 0 to 100 nM in order to determine
the optimal concentration of non-specific duplex to stabilize hNEIL1.

Fitting of the data was performed with GraFit 5.0 software with the appropriate equations in a
manner analogous to that reported previously by our laboratory with Fpg and MutY (24,44).
Data from multiple —turnover experiments were fitted with equation 1, to determine the
amplitude of the burst (Ag), kqps (rate constant for the burst) and kg (rate of the linear phase).
Under conditions where [E] > Kq (44), Ag = [active hNEIL1].

[Pli=Ao[ 1 — exp(—kqpst) 1 +kgt (1)

Data from single-turnover experiments were used to determine the observed rate of product
formation (kqps) from fitting of the data using eqg. 2.

[Pli=Ao[ 1 — exp(—kgpst)] (2)

Under conditions of single-turnover where [E] > Ky, kops = k2 (Scheme 1). In all cases, the data
are reported as the average of at least four separate experiments, and the error is reported as
the standard deviation of the sample set.

Glycosylase Activity of hNEIL1

The glycosylase activity of hANEIL1 was analyzed using a 30-bp duplex containing OG, 5-
OHC, Tg, Gh, Sp1 or Sp2. The general method involved end-labeling the lesion-containing
strand with y-32P-ATP, and determining the extent of strand scission at the lesion site as a
function of time. To ensure observance of strand scission at all abasic sites produced by the
glycosylase reaction, the initial test reactions were quenched with NaOH and heat, rather than
relying on the lyase activity of hNEIL to provide strand scission. With the OG duplex, hNEIL1
mediated minimal strand cleavage (< 5 % after 60 minutes) irrespective of the base opposite
the lesion (Figure 2A). Even with the duplex containing the reported “good” substrate, 5-OHC
base paired with G (31, 32), only 13 % of the substrate was converted to product in the same
time frame (Figure 2B). With the Tg-containing duplexes, the reaction was observed to go to
completion within the 60 minute incubation time period (Figure 3A). However, the most
striking feature of the initial substrate evaluation was the extremely efficient removal of the
hydantoin lesions (Gh, Sp1 and Sp2) by hNEIL1, with complete conversion to the product
being observed by the first acquired time point of 30 sec (Figure 3B). Since the initial evaluation
of a variety of substrates indicated that Sp1:G was an excellent substrate, this base pair duplex
was used for detailed characterization of the features of the base excision reaction mediated
by hNEIL1 and optimization of the assay conditions.

Analysis of hNEIL1 activity under multiple-turnover conditions

Under multiple-turnover conditions, in which the enzyme concentration is less than the
substrate, the reaction of Sp1:G with hNEIL1 was characterized by an exponential burst of
product formation, followed by a slower steady-state phase (Figure 4A). This biphasic kinetic
behavior of hNEIL1 is similar to that previously observed with hOGG1 (45) and the adenine
glycosylase, MutY (44). Since hNEIL1 catalyzes an associated 3 and &-lyase activity, it is
important to determine if these steps may be influencing the observed reaction profile. The
combined glycosylase/lyase activity of the enzyme was evaluated by quenching the reactions
with a formamide dye while the glycosylase activity alone was analyzed by quenching with a
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NaOH/heat treatment. The nature of the quench did not seem to alter the biphasic profile or
alter the rate of the overall reaction establishing that the glycosylase and lyase steps of the
enzyme are tightly coupled (Figure 4A).

In cases where there is a “burst” of product formed due to a slow step following chemistry, the
amplitude of the burst phase may be used to determine the amount of active enzyme (43). The
amplitude of the burst phase increased proportionally to the amount of hNEIL1 enzyme,
indicating that the burst is related to the amount of active enzyme. The burst amplitude observed
with the Sp1:G duplex was also used to determine the stability of hNEIL1 during the time
course of these experiments. Based on this analysis, hNEIL1 loses activity over the time course
of the experiment of 60 minutes. The steady loss of enzyme activity may contribute to
incomplete conversion of substrate to product observed in other studies with NEIL enzymes
(38). Various concentrations of non-specific DNA were added during the enzyme incubation
period to potentially provide stability to hNEIL1. Aliquots were removed at regular intervals
and the amplitude of the burst was determined. Interestingly, the presence of 25 nM non-
specific DNA duplex stabilized the enzyme to the greatest extent (Figure 4B). However, a
further increase in the concentration of the non-specific duplex led to a decrease in burst
amplitude, presumably due to competition between the specific and non-specific DNA duplex.
Importantly, the burst amplitude did not diminish with pre-incubation in the reaction conditions
until after several minutes (~ 5 min). Importantly, the burst phase is complete within the first
minute of the reaction, and therefore reports accurately on the concentration of active sites in
hNEIL1. The active-site titration performed under conditions determined for optimal enzyme
stability with the Sp1:G substrate (Figure 4C) indicated that the active hNEIL1 enzyme
concentration was 28 % relative to the total protein concentration determined by Bradford
assays (46) in the preparation of the enzyme used herein.

Determination of rate constants for the glycosylase activity of hNEIL1

Since hNEIL1 displays biphasic behavior similar to the OG glycosylase hOGG1 and MutY,
we have analyzed the glycosylase activity using a similar minimal kinetic scheme (Scheme 1)
(45). The data from experiments performed under single-turnover conditions, where the
enzyme concentration is in excess to the substrate, were fitted with the appropriate rate
equations to isolate the rate constant ky. The rate of product formation mediated by hNEIL1 is
not influenced by base-quenching indicating that k, = kg. Rate constants (kp) from single-
turnover experiments for the base removal reaction of hNEIL1 with duplexes containing site-
specific lesions in various-base pairing contexts are listed in Table 1. In the excision of OG by
hNEIL1 from the OG:C-, OG:G- and OG:A-containing 30 bp duplex, the reaction does not go
to completion, and therefore only an upper limit on the rate constant ( e.g. k, < 0.02 min~ with
OG:C) could be obtained. The incomplete reaction and very slow rate establish the poor activity
of hNEIL1 for removal of OG. Interestingly, the reaction of hNEIL1 for removal of Tg from
within the same duplex context proceeds to completion with a respectable rate (Table 1). The
rate constants for Tg removal by hNEIL1 are influenced by the opposite base, with activity for
Tg removal from Tg:G base pairs (ky = 2.6 + 0.2 min~1) that is 2-fold greater than from Tg:A
base pairs (ky =1.3 + 0.1 min™1).

The most striking values in the series of rate constants measured listed in Table 1 are those for
the reaction of hNEIL1 with the hydantoin lesions (Gh, Spl and Sp2). Indeed, these rate
constants reveal that these lesions are removed at least a 100-fold faster than Tg in the same
base pair contexts. Moreover, the hydantoin lesions are excised very efficiently opposite all
four bases. Measurable differences in rates of excision were observed depending on the identity
of the base opposite the lesion. The quantitative data reveals that in all cases, the lesion was
removed the fastest when paired with T and least efficiently when paired with A. The Gh:T
substrate (356 + 36 min~1) is processed at least three fold faster than the Gh:A substrate (98 +
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10 min~1). Also, hNEIL1 catalyzed removal of the biologically relevant Gh:G base pair at a
rate constant of 189 + 18 min~1, a value that is nearly two-fold higher than that observed for
lesion removal from Gh:A. Overall, the rates of excision of the Gh lesion followed the pattern
T >G> C~ A. Similar to the Gh lesion, the Sp lesions are excised with a clear dependence
on the identity of the opposite base. The Sp1:T lesion is processed at such a high rate (> 500
min~1) that it is only possible to estimate a lower limit. Also, hNEIL1 excises Sp1:G (356
13 min™1) fourfold and Sp1:C (177 + 11 min1) at least two-fold more efficiently than it does
Sp1:A (82 = 7 min~1). The effect of opposite base on removal of the Sp2 lesions is similar,
with rate constants for hNEIL1 mediated removal from Sp2:G (152 + 11 min~1) and Sp2:C
(139 + 8 min™1) that are two-fold larger than from Sp2:A (63 + 8 min™1). Like the Gh lesions,
both of the Sp lesions are removed most efficiently when when paired with T, with the
preference of the base opposite the lesionof T>G > C > A,

Interestingly, hNEIL1 has a preference for one Sp isomer over the other. As is evident from
Table 1, in all base pair contexts, the Sp1 diastereomer is removed more efficiently than the
Sp2 diastereomer. For example, excision of Sp1 opposite G by hNEIL1 is 356 + 13 min%, a
value that is at least two-fold higher than the excision of Sp2 opposite G (152 + 11 min™1).
Also, the rate of base removal with Sp1:A (82 = 7 min~1) is higher than Sp2:A (63 + 8
min~1). Indeed, this is the first time that significant differences in relative removal of the two
diastereomers of Sp by a glycosylase have been revealed.

Discussion

Excision of oxidized bases by BER glycosylases provides a mechanism to prevent mutagenesis
and toxicity resulting from oxidative DNA damage. This work represents the first quantitative
measurements under single-turnover conditions of the glycosylase activity of the newly
discovered mammalian glycosylase, hNEIL1 with the hydantoin lesions, Gh and the two
diastereomers of Sp (Spl and Sp2). To elucidate the processing of these hydantoin lesions
relative to other known substrates such as OG, Tg and 5-OHC, we have performed detailed
kinetic analysis of the processing of hNEIL1 with 30 bp duplexes containing these embedded
lesions in various base-pairing contexts with hNEIL1.

In contrast to some literature reports (33,47), quantitative analysis of the activity of hNEIL1
with an OG-containing duplex reveals that irrespective of the base opposite OG, the enzyme
does not catalyze the removal of the lesion effectively (Table 1) (Figure 2A). Recent simulation
studies of hNEIL1 by Broyde and co-workers with a modeled DNA substrate in the crystal
structure of hNEIL1 are completely consistent with this data (48). The simulations indicated
that the planar structure of OG does not permit the base to be fully accommodated within the
recognition pocket of hNEIL1, and this may account for its inefficient removal. The study also
indicated that the inserted portion of OG would have few hydrogen-bonding interactions, and
moreover that the six-membered ring portion of OG would be solvent exposed. While OG is
a poor substrate, Tq is effectively removed by hNEIL 1. Indeed, the molecular simulations data
suggested that the hNEIL1 lesion-specific pocket would be able to form favorable interactions
with the endocyclic imide portion of the pyrimidine ring of Tg (48).

The quantitative determinations of the rates of lesion removal reveal the extremely robust
activity for removal of the hydantoin lesions by hNEIL1. Rate constants indicate that both Gh
and the two diastereomers of Sp (Sp1 and Sp2) are excised efficiently by hNEIL1, with values
that are two orders of magnitude greater than Tg. Though derived from guanine, both Gh and
Sp effectively mimic “T” and possess an endocyclic imide functionality. Moreover, Gh and
Sp have the imide functionality localized in a smaller ring that may be more effectively docked
within the hNEIL1 active site. Indeed, the modeling and dynamics studies with hNEIL1 by
Broyde and coworkers (48) suggested that the nonplanar structure of Sp allows the A-ring of
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Sp to be docked within the enzyme, while the B ring may make other contacts (Figure 5).
Previous analysis of the activity of mNEIL1 with high molecular weight DNA containing
multiple lesions indicated that FapyG and FapyA lesions are more efficiently removed than
Tg (49). The Fapy lesions also possess a smaller ring than OG with a more flexible amide
linkage that may be more effectively docked within the hNEIL1 active site like Sp and Gh.
Additional quantitative kinetic studies with hNEIL1 with FapyG and FapyA embedded in the
same duplex context as Gh and Sp may reveal the relative activity of these two types of lesions.
Recent quantitative kinetic studies of the activity of Fpg with FapyG- and FapyA-containing
substrates indicated many similarities to the activity with the hydantoin lesions (50).

An important feature of the activity of hNEIL1 with the hydantoin lesions, is the superior
activity toward one of the two diastereomers of Sp; this is the first study to reveal significant
differential processing of the two diastereomers of Sp. In fact, the removal of Sp1 from both
Sp1:G and Sp1:T base pairs is at least two-fold faster than the corresponding rates for Sp2
removal. This suggests that the enzyme can differentiate between the two diastereomers,
leading to different rates of removal. The previous dynamics and modeling studies (48) had
predicted that the distinct structural properties of the two diastereomers of Sp would result in
differential processing by hNEIL1. Specifically, these studies showed that one stereoisomer
(S) would have more favorable electrostatic interactions within the hNEIL enzyme than the
other isomer (R). The superior recognition of the S isomer may translate to more efficient
removal than the R isomer. From our data and the modeling studies, it is tempting to suggest
that the R diastereomer is Sp2, while S is the Sp1 diastereomer. (Figure 5) However, we note
that naming of Sp1 and Sp2 is based on elution order of Sp-containing oligonucleotides on an
ion exchange column which may not correlate to the same Sp1 and Sp2 assignments of
nucleosides on a Hypercarb (graphite) HPLC column (51,52). Further work is necessary to
confirm the R and S designations of the monomer and oligomers. Of note, Gh also exists as a
mixture of diastereomers, but these interconvert on a time scale that is too rapid to allow
isolation and independent study (53).

Thermal denaturation experiments have found that the thermodynamic stability of Sp-
containing oligonucleotides is significantly reduced (AAG3” ~ 6 kcal/mol) compared to OG or
G counterparts (25,26,54). Molecular dynamics simulations also indicated that the Sp
nucleotide would be destabilizing to the DNA duplex and that the R isomer of Sp would be
less destabilizing than the S isomer within a DNA duplex (55). Local destabilization of the
duplex may aid in recognition and extrusion of the damaged base lesion by DNA glycosylases
and therefore may be an important feature leading to the more facile removal of some lesions
by hNEIL1. Indeed, we have previously observed that base pair stability is an important feature
in the recognition and removal process with other BER glycosylases (39,50,56,57). Facile
disruption of the base pair coupled with more suitable contacts within the base pocket by
hNEIL1 may lead to the superior activity toward Sp over Gh, and Sp1l over Sp2.

In all cases, the single-turnover rate constants (Table 1) indicate that the base opposite the
lesion influences the efficiency of the lesion removal; in fact, the lesion (Gh, Spl and Sp2) is
always excised more efficiently when paired opposite T, than opposite G, C and A. Gh:T is
removed nearly four-fold faster than Gh:A and two-fold faster than Gh:G. The Sp diastereomers
also exhibit similar trends with the lesions removed the most efficiently when paired with T
than with G or A. Previous work by Hafalla et al. showed similar trends in the influence of the
base opposite in hNEIL1 cleavage of Tg (58). Though there is a modulation depending on the
opposite base, the lesions are removed efficiently in all contexts and the extent of discrimination
is not as great as other glycosylases. For example, hOGG1 removes OG approximately 3000-
fold more efficiently opposite C than A, showing a large degree of specificity for the opposite
base(45,50). Structural studies of hOGGL1 have also revealed that recognition of “C” is a major
component in the recognition and “finding” of OG (59). With hNEIL1, the opposite base pair
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dependence may be more indirect and due to the stability of the bp and susceptibility to
deformation by the enzyme. In fact both Gh and the Sp diastereomers can mimic “T” and thus
Ghgyn Or Spsyn can base pair with G in the same fashion as a Taptj:Ganti Wobble pair or with A
as a normal Tapnti:Aang base pair (39,41). Less stable base pairing of the hydantoin lesions with
T, relative to G and A may translate into more ready disruption of the Gh/Sp:T bp and more
facile recognition and excision by hNEIL1 (26). Though the Gh/Sp: T containing duplexes are
the best substrates, they are unlikely to be present in a cellular context since the hydantoins
direct for incorporation of G or A (25,26), or are formed initially from G in normal G:C bps.

The mutational spectra associated with oxidative damage to guanine results from the large
number of lesions formed as well as the possibility of multiple base insertions opposite a
specific lesion by DNA polymerases (13,60). In general, the predominant types of mutations
observed are G — T and G — C transversion mutations. The observation of G — T
transversions is usually thought to arise from misinsertion of A opposite OG (60). Other lesions,
such as FapyG, Gh and Sp, are also likely to contribute to this type of mutation (13,28,61,
62). Fewer lesions can lead to G — C transversion mutations and the hydantoin lesions, in
particular Gh, are reasonable candidates for these mutations. Capture of Gh and Sp lesions by
repair enzymes prior to replication would be expected to prevent mutagenesis. However, the
high miscoding properties of Gh and Sp lesions may be worsened by attempts to repair these
lesions in the inappropriate base pairing context. In fact, these lesions are removed efficiently
when opposite the non-mutagenic partner C and the mutagenic partner G. This is particularly
interesting in light of the in vivo mutagenesis studies since formation of Gh:G and Sp:G base
pairs would be intermediates leading to G — C transversion mutations. Removal of the lesion
from such base pairing contexts would therefore enhance mutagenesis mediated by these
lesions. Thus, repair may have an interesting role in altering the mutagenic profile of a given
lesion. This modulation may also be a factor influencing the mutagenic outcome of the two
diasteromers of Sp; in fact, the in vivo mutagenesis studies provided a mixture of bothG — T
and G — C transversion mutations, the ratio being dependent on the diastereomer involved
(27,28).

We also observe that under multiple turnover conditions with hNEIL1, an exponential burst
phase of product formation is observed, followed by a slower linear phase. This biphasic
behavior has been observed previously with many other glycosylases (63). In the reaction with
human OG glycosylase hOGGL, this type of behavior is only observed when monitoring the
reaction where the enzyme provides strand scission due to the slow p-lyase reaction(50,64,
65). This is in contrast to hNEIL1, where the glycosylase and ,5-lyase functions are tightly
coupled. In both enzymes, it is the product of the p— or B,6-lyase reaction that remains tightly
bound to glycosylase rather than the intact abasic site-duplex. Generally the abasic site or its
cleaved product is more toxic than the lesion itself; so many glycosylases remain associated
with the product duplex. Interestingly, hNEIL1 is capable of excision of 3’ end proximal lesions
(66) and has been shown to remove 5-OHU and OG within single-stranded DNA and bubble
structures containing DNA (67). These studies indicate catalytic behavior for hANEIL1 distinct
from other human glycosylases, such as hOGG1 and NTH1.

The catalytic turnover of many glycosylases can be stimulated by APE1, the major AP
endonuclease in humans (63,64,68,69). Indeed, APE1 plays an essential role in NTH1 and
hOGG1-initiated BER (8). In contrast, NEIL1-initiated BER does not require APE1, and
instead relies on polynucleotide kinase to remove the 3'-phosphate left after the .5 lyase
reaction of NEIL1 (70). The glycosylase activity of NEIL1 is also stimulated by a variety of
proteins, including the 9-1-1 complex (71-73) and Werner Syndrome protein (74). In addition,
hNEIL1 also stimulates the activity of OGG1 on substrate DNA containing OG (75). These
various results indicate that hNEIL interacts with a variety of different proteins, and that
excision of oxidized bases may be correlated with other processes in the cell. These results
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also imply that hNEIL1 does not merely serve as a backup for hOGG1 or NTH1, but has a
unique and significant function in vivo.

Previous studies with hOGG1 have shown that this human OG glycosylase does not catalyze
the removal of the hydantoin lesions (45). Thus, the potent activity of hNEIL for the hydantoin
substrates prompts the question: are these lesions the relevant substrates for these enzymes in
vivo? Indeed, although hydantoin lesions may not be present at as high levels as OG, their
strong miscoding ability, and potentially increased mutagenicity due to inappropriate repair
may make them much more mutagenic and toxic than OG in cells. Of note, neill knockout
mice (neil1-/-) exhibit symptoms consistent with metabolic malfunction similar to metabolic
syndrome in humans (76,77). This is in contrast to oggl (/) knockout mice that were shown
to have only a minimal phenotype though the accumulation of OG lesions was observed (78,
79). This suggests that ineffective repair of oxidized bases may have some unusual
consequences. Could the very strong phenotype due to the absence of hNEIL1 be related to its
importance in removing highly oxidized and mutagenic lesions, like Gh and Sp?? This is a
provocative question that will require innovative chemical and biological approaches to
answer.
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Figure 1. Structures of various lesions used in this study

DNA duplexes containing the lesion base OG, the hydantoin products, guanidinohydantoin
(Gh) and the two diastereomers of spiroiminodihydantoin (Sp) derived from oxidation of OG,
thymine glycol (Tg) and 5-hydroxycytosine (5-OHC) were used as substrates to evaluate the

relative processing of these lesions by hNEIL1.
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5“TGTT CATCATGGGTC XTCGGTATATCCCAT-3'
3'-ACAAGTAGTACCCAGYAGCCATATAGGGTA-5'

where X=0G or 5-OHCand Y =G

Figure 2. Figure 2A and B: Storage phosphor autoradiogram of hNEIL1 with a 30-bp OG:G and
5-OHC:G duplexes over a 60 min. time course

Representative autoradiograms of product formation as a function of time, under single-
turnover conditions with hNEIL1 on a OG:G (A) and 5-OHC:G (B) 30- bp duplexes (C) at 37
°C. Quantification of the storage phosphor autoradiogram reveals that the OG:G substrate is
minimally cleaved by hNEIL1 (< 5%), while the 5-OHC:G is cleaved ~ 13%.
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Figure 3. Figure 3A and B: Storage phosphor autoradiogram of hNEIL1 with a 30-bp Tg:G and
Spl:G duplexes over a 60 min. time course

Representative autoradiograms of product formation as a function of time, under single-
turnover conditions with hNEIL1 on a Tg:G (A) and Spl:G (B) 30 bp duplexes (C) at 37 °C.
Quantification of the storage phosphor autoradiogram reveals that both the Tg:G and the Sp1:G
substrates are completely cleaved by hNEIL1. However, the rate of excision with Sp1:G
substrate is complete within the first time point acquired (30 sec).
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Figure 4. Characterization of the Activity and Stability of hANEIL1

(A) Representative plots of product formation as a function of time, under multiple-turnover
conditions with hNEIL1 on a Sp1:G containing DNA duplex at 37 °C quenched with either a
formamide dye (red circles) or a NaOH/heat treatment (green triangles). The graph illustrates
a biphasic behavior for hNEIL1 with an initial burst of product formation followed by a slower
steady-state phase. The formamide dye quench determines the glycosylase/lyase activity while
the glycosylase activity alone is analyzed by NaOH/heat quench.

(B) Bars show the burst amplitude of hNEIL1 after incubation with 0 nM (red), 25 nM (green),
and 50 nM nonspecific DNA (blue)
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(C) Active site titration of hNEIL1 with 20 nM duplex, and 6 (red circles), 8 (green triangles),
12 nM (blue squares) enzyme (total)
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R isomer

Schematic based on simulation studies (48) and X-ray of hNEIL1(35) illustrating potential
interaction of the two diastereomers of Sp within the active site pocket of hNEIL1 (A). Based
on the simulation studies with Sp, we also propose the manner in which Gh may be

accommodated in the hNEIL active site (B).
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Scheme 1.
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Rate constants Determined at 37 °C Under Single Turnover Conditions for hNEIL1

with oxidized lesions

ky(min™)
Base opposite G A C T
Lesion
oG <0.01 <0.01 <0.02 N.D
Tg 26+0.2 1.3+0.1 N.D N.D
Gh 189 +18 98+ 10 104 £ 14 356 + 36
Spl 356 + 13 82+7 177+11 > 500
Sp2 152 +11 638 139+8 224 + 27

N.D. = Not determined. Duplex and conditions of the assays are outlined in the methods section.
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