
Transient-State Kinetics of Apurinic/Apyrimidinic (AP) Endonuclease
1 Acting on an Authentic AP Site and Commonly Used Substrate
Analogs: The Effect of Diverse Metal Ions and Base Mismatches
Kelly M. Schermerhorn and Sarah Delaney*

Department of Chemistry, Brown University, 324 Brook Street, Providence, Rhode Island 02912, United States

*S Supporting Information

ABSTRACT: Apurinic/apyrimidinic endonuclease 1 (APE1) is an
Mg2+-dependent enzyme responsible for incising the DNA back-
bone 5′ to an apurinic/apyrimidinic (AP) site. Here, we use rapid
quench flow (RQF) techniques to provide a comprehensive kinetic
analysis of the strand-incision activity (kchemistry) of APE1 acting on
an authentic AP site along with two widely used analogs, a reduced
AP site and a tetrahydrofuran (THF) site. In the presence of
biologically relevant Mg2+, APE1 incises all three substrates at a rate
faster than the resolution of the RQF, ≥700 s−1. To obtain
quantitative values of kchemistry and to facilitate a comparison of the authentic substrate versus the substrate analogs, we replaced
Mg2+ with Mn2+ or Ni2+ or introduced a mismatch 5′ to the lesion site. Both strategies were sufficient to slow kchemistry and
resulted in rates within the resolution of the RQF. In all cases where quantitative rates were obtained, kchemistry for the reduced AP
site is indistinguishable from the authentic AP site. Notably, there is a small decrease, ∼1.5-fold, in kchemistry for the THF site
relative to the authentic AP site. These results highlight a role in strand incision for the C1′ oxygen of the AP site and warrant
consideration when designing experiments using substrate analogs.

Apurinic/apyrimidinic (AP) sites are generated by the
repair activity of DNA glycosylases, by damaging chemical

agents, and by spontaneous hydrolysis of the purine N-
glycosidic bond.1,2 If left unrepaired, AP sites are both cytotoxic
and mutagenic to a cell and therefore the repair of these sites is
essential to maintaining genomic integrity.3,4

Apurinic/apyrimidinic endonuclease 1 (APE1), a Mg2+-
dependent base excision repair (BER) enzyme, is the major
human AP endonuclease responsible for incising the DNA
phosphodiester backbone 5′ to AP sites, generating a nick with
3′-hydroxyl and 5′-deoxyribose phosphate (dRP) termini
(Figure 1).5 Repair of the resulting nick is completed by
DNA polymerase and DNA ligase. In addition to its
endonuclease activity, APE1 is known to have 3′-phosphodies-
terase and 3′-phosphatase activity and 3′ to 5′ exonuclease
activity as well as a role in regulating the redox state of several
transcription factors.6−8 APE1 also stimulates the rate of
product release for many DNA glycosylases, where the action of
a glycosylase precedes APE1 in the BER cascade.9−13 Finally,
APE1 has been shown to stimulate the dRPase activity as well
as the strand-displacement synthesis activity of DNA polymer-
ase β.14,15

An important consideration for DNA containing an AP site is
that the lesion exists as an equilibrium between the ring-closed
hemiacetal (Figure 1A) and ring-opened aldehyde (Figure 1B)
forms. Furthermore, the ring-opened aldehyde is known to
undergo β-elimination, resulting in a strand break with 3′-α,β-
unsaturated aldehyde and 5′-phosphate termini.16 Because of
the instability of the authentic AP site, analogs that do not

undergo β-elimination are often used. Two commonly used
analogs are the reduced AP site, which is generated by
reduction of an authentic AP site with NaBH4, and the
tetrahydrofuran (THF) site. To date, all X-ray crystal structures
of APE1 bound to DNA utilize the THF AP site analog.17,18

Several previous studies examined the kinetics of APE1
endonuclease activity. Steady-state rates for APE1 acting on an
authentic AP site,19−21 a THF site,20−24 and a reduced AP
site16,25 are the same within error, ∼2−10 s−1. More recently,
the first transient-state characterization of APE1 strand incision
was reported.24 Using rapid quench flow (RQF) techniques and
a THF-containing substrate, it was reported that the steady-
state rate of APE1 is limited by a slow step that follows strand-
incision chemistry, likely product release, and that the rate of
strand incision (kchemistry) is at least 850 s

−1. With respect to the
authentic AP site, to date all transient-state kinetics have been
performed using stop-flow fluorescence (SFF) techniques,
which monitor conformational changes within APE1.20,21,38

One notable SFF study compared APE1 processing the
authentic AP and THF sites; interestingly, for the THF
substrate, an additional conformational change in the APE1/
DNA complex was observed prior to the chemistry step.21

In this work, we use RQF techniques and report the first
experiments to monitor directly the strand-incision activity of
APE1 on the biologically relevant authentic AP site. The rate of
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APE1 strand incision for authentic, reduced, and THF AP sites
was determined in the presence of Mg2+, Mn2+, or Ni2+.
Furthermore, we also investigated APE1 strand-incision
chemistry on substrates with mismatches 5′ to the lesion.
These varied experimental conditions allow for a comprehen-
sive comparison of the strand-incision activity of APE1 acting
on an authentic AP site and the substrate analogs. The results
highlight the destabilizing effects of different metal ions and
mismatches located 5′ to the AP site. Furthermore, these results
merit consideration when designing experiments using
substrate analogs.

■ EXPERIMENTAL PROCEDURES
Oligonucleotide Synthesis and Purification. DNA

oligonucleotides used in this work are listed in Table 1 and
were synthesized using standard phosphoramidite chemistry on
a BioAutomation DNA/RNA synthesizer. The modified
phosphoramidites deoxyuridine (5′-dimethoxytrityl-5-O-acetyl-
2′-deoxyuridine, 3′-[(2-cyanoethyl)-(N,N-diisopropyl)]-phos-
phoramidite) and tetrahydrofuran (5′-O-dimethoxytrityl-1′,
2′-dideoxyribose-3′-[(2-cyanothyl)-(N,N-diisopropyl)]-phos-
phoramidite) were used in the synthesis of lesion-containing
strands (denoted LS in Table 1) and were obtained from Glen
Research. During synthesis, the 5′-DMT was retained to aid in
HPLC purification. Two rounds of HPLC purification were
performed on each oligonucleotide as previously described.26

The 5′-DMT group was removed, and the quantification of
each oligonucleotide was performed using the ε260 values

estimated for single-stranded DNA 27 and a Beckman Coulter
DU800 UV−vis spectrophotometer.

DNA Duplex Assembly and Characterization. Oligonu-
cleotides containing THF or uracil were 5′-32P end-labeled
using T4 polynucleotide kinase (New England Biolabs)
following the manufacturer’s protocol. Assembly of the 30-
mer duplex substrate was achieved by annealing 30 pmol (for
transient-state experiments) or 300 pmol (for steady-state
experiments) of the 5′-radiolabeled lesion-containing strand in
the presence of a 1.5-fold excess of the desired complement
[either well matched (WM) or containing a mismatch (MM1,
MM2, MM3, or MM4)] in 300 μL of 50 mM HEPES-KOH,
100 mM KCl, pH 7.5.
To generate a duplex containing the reduced AP site, the

uracil-containing duplex was incubated with 1.5 units of uracil

Figure 1. Structures of AP, AP-Red, and THF. The authentic AP site exists as an equilibrium between the ring-closed hemiacetal (A) and ring-
opened aldehyde (B). The ring-opened aldehyde is subject to β-elimination and can be further converted to the β,δ-elimination product under basic
conditions. The ring-opened aldehyde can be reduced by NaBH4 to generate the AP-Red substrate. APE1 incises the AP site to create a nick with a
3′-OH and 5′-dRP group.

Table 1. DNA Oligonucleotides Used in this Study

name sequence

LSa 5′-CGTTCAACGTGCACTXACAGCACGTCCCAT-3′
WM 3′-GCAAGTTGCACGTGACTGTCGTGCAGGGTA-5′
MM1b 3′-GCAAGTTGCACGTGTCTGTCGTGCAGGGTA-5′
MM2b 3′-GCAAGTTGCACGTCACTGTCGTGCAGGGTA-5′
MM3b 3′-GCAAGTTGCACGAGACTGTCGTGCAGGGTA-5′
MM4b 3′-GCAAGTTGCACCTGACTGTCGTGCAGGGTA-5′

aLS indicates the lesion-containing strand where X denotes location of
the AP, AP-Red, THF, or uracil site. bThe mismatched nucleotide is
underlined.
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DNA glycosylase (UDG; New England Biolabs) and freshly
prepared NaBH4 (the final concentration of NaBH4 was 0.1 M)
overnight at 37 °C. The DNA was desalted using a 0.5 mL,
3000 MW Amicon centrifugal filter. To generate a duplex
containing the authentic AP site, the uracil-containing duplex
was incubated with 1.5 units of UDG for 30 min at 37 °C.
Because of the lability of the authentic AP substrate, UDG was
not removed from the authentic AP site samples; therefore,
THF DNA was also incubated with 1.5 units of UDG for 30
min at 37 °C.
The stability of the duplex substrates formed using the WM

complement was assessed immediately following the incubation
with UDG. For each substrate, three 15 μL aliquots of the
lesion-containing duplexes were prepared, and 15 μL of Buffer
A (50 mM HEPES-KOH, 100 mM KCl, 10 mM MgCl2, and
0.24 mg/mL BSA, pH 7.5) was added. The first aliquot was
then quenched with 50 μL of 100 mM EDTA followed by 40
μL of denaturing dye (80% formamide, 10 mM EDTA, 1 mg/
mL xylene cyanol). The second aliquot was quenched with 50
μL of 0.1 M NaOH followed by 40 μL of denaturing dye. The
first and second aliquots were placed on dry ice until gel
electrophoresis. A third aliquot was quenched with 50 μL of
100 mM EDTA and immediately dried in vacuo, resuspended
in 105 μL of denaturing dye, and heated at 90 °C for 3 min
prior to gel loading. A separate 15 μL aliquot of each duplex
was incubated with 15 μL of APE1 (final concentration of 500
nM APE1) diluted in Buffer A for 5 min at 37 °C and quenched
with 50 μL of 100 mM EDTA followed by 40 μL of denaturing
dye and placed on dry ice. All reactions were also carried out on
a uracil-containing duplex not treated with UDG as a control.
All samples were loaded onto an 18% denaturing PAGE gel (33
× 42 cm2, 0.4 mm thick) and electrophoresed for ∼3 h at 80 W,
and the results were visualized using phosphorimaging.
Expression and Purification of Human APE1. Escher-

ichia coli BL21(DE3) pLysS cells were transformed via heat
shock with the pXC53 plasmid carrying the APE1 gene.16 The
transformed cells were grown at 37 °C in 2 L of LB media
containing 100 μg/mL of ampicillin to an OD600 of 0.6−0.7, at
which time the cells were induced with isopropyl β-D-1-
thiogalactopyranoside to a final concentration of 1 mM. After 2
h of growth at 37 °C, the cells were pelleted by centrifugation
(3000g, 30 min, 4 °C). The supernatant was discarded, and the
cells were frozen with liquid nitrogen and stored at −80 °C
until purification of APE1. Upon thawing, the cells were
resuspended in lysozyme buffer (10 mM Tris-HCl, pH 8.0, 1
mM EDTA, 1 mM PMSF, 1 μg/mL pepstatin, and 1 μg/mL
leupeptin) at room temperature for 30 min. The incubation
continued for another 20 min after the addition of NaCl to a
final concentration of 1 M. Cells were then lysed using a french
press. Lysates were clarified by centrifugation (24 336g, 20 min,
4 °C). Purification of the protein was completed using both
HiTrap SP HP and Heparin HP columns (GE Healthcare) as
previously described.21 The purity of APE1 was >90% as
assessed by SDS-PAGE. The total concentration of APE1 was
determined by the Bradford method using bovine γ-globulin as
a standard. The APE1 preparation was >80% active as
determined by steady-state kinetic experiments, and all APE1
concentrations given below or in figure captions are active
enzyme concentrations.
It is noteworthy that the purified APE1 contained trace

amounts of Mg2+. For transient-state kinetics experiments using
different metal ions, it was important to ensure that this trace
Mg2+ is removed. Therefore, we performed an EDTA chelation

experiment (Figure S1). The authentic AP site-WM duplex was
prepared as described above. Two 40 μL APE1 aliquots (1000
nM) were prepared in either Buffer A or Buffer B (50 mM
HEPES-KOH, 100 mM KCl and 0.24 mg/mL BSA, pH 7.5). A
5 μL aliquot of AP-WM DNA was mixed with 5 μL of Buffer A.
A second 5 μL DNA aliquot was mixed with 5 μL of APE1 in
Buffer A. Seven 5 μL aliquots of APE1 in Buffer B were initially
mixed with EDTA to a concentration of 0−40 mM followed by
the addition of 5 μL of AP-WM DNA, which created samples
with a final concentration of 0−20 mM EDTA. All samples
were incubated at 37 °C for 3 min followed by the addition of
10 μL of denaturing dye and placed on dry ice. All samples
were loaded onto an 18% denaturing PAGE gel (33 × 42 cm2,
0.4 mm thick) and electrophoresed for ∼3 h at 80 W, and the
results were visualized using phosphorimaging. We found that a
final reaction concentration of 0.25 mM EDTA was sufficient to
chelate the trace amount of Mg2+ present following the
expression and purification of APE1 (Figure S1).

APE1 Transient-State Kinetic Assays. APE1 transient-
state kinetic assays were performed using a rapid quench flow
instrument (RQF-3, KinTek Corp.). DNA duplex and enzyme
aliquots were prepared freshly for each time course. To limit β-
elimination in the authentic AP site DNA, a separate UDG
reaction was performed prior to each time course.
For metal-ion-dependence kinetics, the lesion-containing

strand was annealed to the WM complement. For each time
course, a 300 μL aliquot of 1000 nM APE1 in Buffer B
containing EDTA to chelate Mg2+ (50 mM HEPES-KOH, 100
mM KCl, 500 nM EDTA, and 0.24 mg/mL BSA, pH 7.5) was
prepared. For each time course, two controls were performed.
In the first control, used to demonstrate inactivity of the APE1
aliquot in the absence of additional metal ions, a 15 μL aliquot
of DNA was manually mixed with 15 μL of the prepared APE1
aliquot and incubated for 3 min at 37 °C followed by the
addition of 50 μL of 100 mM EDTA to quench the reaction
and 40 μL of denaturing dye, then the samples were placed on
dry ice. The second control, performed at the end of the RQF
time course, was used to demonstrate the stability of the DNA
throughout the time course; DNA and Buffer B, in the absence
of enzyme, were mixed in the RQF instrument followed by
quenching with 100 mM EDTA by the RQF and manual
addition of 40 μL of denaturing dye, and the samples were
placed on dry ice until electrophoresis. Following the initial
chelation reaction and immediately prior to RQF reactions,
MgCl2, MnCl2 or NiCl2, to a concentration of 10 mM, was
added to the APE1 aliquot. It is important to note that by
mixing an equal volume of enzyme and DNA by the RQF, the
final concentration of DNA and enzyme was 50 and 500 nM,
respectively, and the final concentration of EDTA and divalent
metal ions was 250 nM and 5 mM, respectively. RQF reactions
were allowed to proceed for 2−15 000 ms at 37 °C prior to
quenching by the addition of 50 μL of 100 mM EDTA by the
RQF. Once the sample was expelled from the RQF, 40 μL of
denaturing dye was added, and the samples were placed on dry
ice until separation on a 18% denaturing PAGE gel (33 × 42
cm2, 0.4 mm thick). The samples were run for ∼2 h at 80 W.
The products were visualized by phosphorimaging. Sample
autoradiograms can be found in the Supporting Information
(Figure S2). Additionally, a transient-state kinetic time course
was run, as described above, for each lesion in the presence of
MgCl2 but lacking EDTA to ensure addition of EDTA did not
affect strand-incision chemistry rates. Kinetic experiments were
also performed using authentic AP DNA annealed to the WM
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complement as described above in the presence of 0.5, 1, 2.5,
and 5 mM MgCl2; such experiments allowed us to determine
the Mg2+ concentration that provided maximal strand incision,
5 mM, which was used in subsequent experiments (Figure S3).
For 5′ mismatch kinetics, the lesion-containing strand was

annealed to either MM1, MM2, MM3, or MM4. For each time
course, a 300 μL aliquot of 1000 nM APE1 in Buffer A was
prepared. RQF reactions and gel electrophoresis proceeded as
described above.
For all kinetic time courses, 100 mM EDTA was used to

quench each time point. A control was performed to ensure a
concentration of 100 mM EDTA was sufficient to quench the
reaction (data not shown). A 15 μL aliquot of prepared APE1,
after addition of either Mg2+, Mn2+, or Ni2+, was mixed with 50
μL of 100 mM EDTA followed by 15 μL of DNA and
incubated for 3 min at 37 °C followed by the addition of 40 μL
of denaturing dye, and the samples were placed on dry ice until
gel electrophoresis. The results were visualized by phosphor-
imaging.
For all transient-state kinetic experiments, Kaleidagraph was

used to fit data from the full time course, as previously
described, to obtain the rate of strand-incision chemistry
(kchemistry).

28 Importantly, the fastest reaction time that can be
performed on the RQF instrument is 2 ms, which provides an
upper limit to the rate that can be determined of 700 s−1. This
rate is calculated by assuming that two half-lives have passed or
that at least 75% of the substrate has been converted to product
at the 2 ms time point. This 75% substrate turnover was chosen
as the cutoff point because rates obtained from burst kinetic
plots are determined by the slope of the burst; 75% product
formation is a point reliably on the burst portion and not the
plateau. It is of note that this methodology provides a
conservative estimate of the capability of the RQF instrument.
Two-tailed student’s t test was performed to obtain the p values
for transient-state rates for THF-containing DNA compared to
authentic AP DNA.
APE1 Steady-State Kinetic Assays. DNA substrates,

annealed to WM complement, were created as described above.
For each time course, a 300 μL aliquot of 100 nM APE1 in
Buffer A was prepared. RQF instrumentation was used to

rapidly mix and quench DNA and APE1 to a final
concentration of 500 nM DNA and 50 nM APE1. RQF
reactions were allowed to proceed for 2−100 ms and were
quenched and gel electrophoresed as described above. The
products were visualized by phosphorimaging. Both a burst
phase and a linear phase are observed with the slope of the
linear phase equal to kss × [active enzyme].28 It is important to
note that we have defined the steady-state rate as kss, whereas
this reference defines the steady-state rate as k3. The active
enzyme concentration of >80% was determined by extrapolat-
ing the linear-phase line through the y axis. The reported
steady-state rates are from a single data set, and the reported
error is the error associated with the fit. Two additional steady-
state kinetic assays were performed with varying substrate
concentrations (250 and 1000 nM), and rates comparable to
those reported here were obtained.

■ RESULTS

Characterization of DNA Substrates. DNA duplexes
containing an authentic AP site (AP DNA), a reduced AP site
(AP-Red DNA), or a THF site (THF DNA) were used to
obtain the kinetic parameters of human APE1. Prior to
performing kinetic experiments, we confirmed the lability of
the authentic AP site and observed the formation of the β-
elimination product during gel electrophoresis, as seen in
Figure 2 as a smear in the gel (AP lane 1). This smear, which
was also observed in our kinetic time-course experiments with
AP DNA, was included as substrate during quantitation and is
likely due to the increased temperature incurred during
electrophoresis. The β-elimination product is formed prior to
electrophoresis when the AP DNA is dried in vacuo and heated
at 90 °C prior to loading (AP lane 2). Furthermore, we can
convert the AP site to the β,δ-elimination product in the
presence of 0.1 M NaOH (AP lane 3). Finally, reaction of AP
DNA with APE1 leads to complete conversion to the APE1
product (AP lane 4). Important for the experiments conducted
here, β-elimination of the AP site can be avoided by not heating
the samples above 37 °C and by not drying the samples.

Figure 2. Susceptibility of DNA substrates to β- and β,δ-elimination. Autoradiogram revealing β-elimination of the authentic AP site before and
during gel electrophoresis. Samples contained 30 pmol of uracil or THF-containing duplex (annealed to WM complement) in 300 μL of 50 mM
HEPES-KOH, 100 mM KCl, pH 7.5 and were incubated with 1.5 units of UDG for 30 min at 37 °C. For AP-Red, uracil-containing DNA and
NaBH4 (final concentration of 0.1M) were incubated overnight with 1.5 units of UDG at 37 °C. Following incubation, the samples were mixed with
an equal volume of Buffer A and subjected to the following: quenching by addition of EDTA and denaturing dye (lanes 1); addition of EDTA
followed by in vacuo drying, resuspension in denaturing dye, and heating at 90 °C for 3 min (lanes 2); or quenching with 0.1 M NaOH and
denaturing dye (lanes 3). All substrates were also allowed to react with APE1, to a final concentration of 500 nM, for 3 min at 37 °C (lane 4). Uracil-
containing duplex in the absence of UDG was also used as a control.
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As anticipated, the AP-Red and THF DNA are not
susceptible to β-elimination, and no strand cleavage is observed
when the DNA is dried, heated, treated with NaOH, or
electrophoresed (Figure 2; AP-Red and THF lanes 1−3).
Treatment of both the AP-Red and THF DNA with APE1
leads to conversion to the APE1 product (Figure 2; AP-Red
and THF lanes 4).
Transient-State Kinetics of APE1: Dependence on

Metal Ion. To determine kchemistry for APE1 incising the AP,
AP-Red, and THF DNA, transient-state kinetic time courses
were performed in which the concentration of APE1 was 10-
fold greater than the concentration of DNA. Mixing of the
enzyme with each DNA substrate and the rapid quenching of
the reaction was achieved using an RQF instrument. Experi-
ments were performed in the presence of 5 mM Mg2+, Mn2+, or
Ni2+. This concentration of Mg2+ is biologically relevant, and
we also observed maximal strand incision at this concentration
(Figure S3). For all three DNA substrates in the presence of
Mg2+, Mn2+, or Ni2+, we observe a rapid burst in product
formation followed by a product plateau (Figure 3A−C). In the
presence of the biologically relevant ion Mg2+, APE1 incises all
three DNA substrates very rapidly and is faster than the
resolution of the RQF with kchemistry ≥ 700 s−1 (Table 2). Initial
attempts to slow strand incision by performing experiments at 4
°C instead of 37 °C were unsuccessful because kchemistry was still
faster than the resolution of the RQF (data not shown).

However, in the presence of Mn2+ or Ni2+, kchemistry is slowed for
all three substrates and is within the resolution of the
instrument; this decrease in kchemistry can be observed
qualitatively in Figure 3 (inset) as more points in the burst
region of the graph for Mn2+ or Ni2+ relative to Mg2+.
Furthermore, in the presence of Mn2+ or Ni2+, kchemistry for the
THF DNA is ∼1.5 times slower than AP DNA and AP-Red
DNA.

Transient-State Kinetics of APE1: Dependence on 5′
Mismatch. We also determined the influence on kchemistry of
mismatches placed 1, 2, 3, or 4 base pairs (bp) from the 5′ side
of the AP, AP-Red, or THF site (Table 1). These experiments
were performed in the presence of 5 mM Mg2+. In all cases, we
observe a rapid burst in product formation followed by a
product plateau (Figure 4A−D). We observed the slowest value
of kchemistry when the mismatch is adjacent to the lesion, and we
observe a recovery in kchemistry as the mismatch is moved away
from the lesion site (Table 3). Indeed, for AP DNA and AP-
Red DNA when the mismatch is 3 bp away, kchemistry is ≥700 s−1
and is again faster than the resolution of the RQF. For THF
DNA, the mismatch must be 4 bp away before the resolution of
the RQF is exceeded. Furthermore, in the presence of a 5′
mismatch 1 or 2 bp away from the lesion, kchemistry for the THF
DNA is ∼1.5 times slower than AP DNA and AP-Red DNA.
Experiments were also performed in which an A•A mismatch
was placed immediately to the 3′ side of each lesion; kchemistry
was faster than the resolution of the RQF for all three lesions
(Figure S4).

Steady-State Kinetics of APE1. To compare the steady-
state rate (kss) of APE1 acting on authentic AP, AP-Red, and
THF DNA, we performed steady-state kinetic time courses in
which the concentration of DNA was 10 times greater than the
concentration of APE1. As with the transient-state experiments,
we used the RQF instrument to rapidly mix and quench each
reaction. As seen in Figure 5, for each time course we observe
an initial burst of product formation followed by a linear
accumulation of product. The initial burst represents the fast
chemistry step that leads to the initial turnover of product. The
linear phase signifies a slow step that occurs after chemistry,
likely product release, and defines the steady-state rate. The
steady-state rates for each lesion, 2.2 ± 0.3, 2.4 ± 0.3, and 2.4 ±

Figure 3. Transient-state kinetic time courses of strand-incision activity of APE1 acting on AP (blue), AP-Red (green), or THF (red) DNA in the
presence of 5 mM (A) Mg2+, (B) Mn2+, (C) or Ni2+. The inset depicts the full time course. Experimental conditions were 50 nM DNA, 500 nM
APE1, 50 mM HEPES-KOH, 100 mM KCl, 0.12 mg/mL BSA, 0.25 mM EDTA, and 5 mM MgCl2, MnCl2, or NiCl2, pH 7.5. Reactions were
performed at 37 °C using a RQF instrument and were quenched with 100 mM EDTA.

Table 2. Dependence on Metal Ions: Strand Incision Rates
of APE1 Acting on AP, AP-Red, or THF DNAa,b

kchemistry (s
−1)

substrate Mg2+ Mn2+ Ni2+

AP ≥700 329 ± 16 155 ± 17
AP-Red ≥700 325 ± 30 167 ± 11
THF ≥700 234 ± 46c 111 ± 18d

aMeasured at 37 °C under transient-state conditions using RQF
instrumentation. bThe error represents the standard deviation from at
least four experiments. cp = 0.008 when compared to AP DNA using
student’s t test. dp = 0.01 when compared to AP DNA using student’s t
test.
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0.2 s−1, for AP, AP-Red, and THF, respectively, are the same
within error.

■ DISCUSSION
Steady-State and Transient-State Kinetics of APE1 in

the Presence of Mg2+. We report the first RQF-derived value
of kchemistry for APE1 incising an authentic AP site, ≥ 700 s−1,

making APE1 one of the fastest BER enzymes known to date.
Indeed, in the presence of Mg2+, strand incision by APE1 is
very rapid and kchemistry is faster than the resolution of the RQF
for AP, AP-Red, and THF DNA. Our results are consistent with
the only other APE1 transient-state experiments performed
using RQF instrumentation in which kchemistry for THF DNA is
limited by the resolution of the instrument.24 Also consistent
with literature reports, our steady-state rates for APE1 acting on
AP-Red and THF analogs are indistinguishable from the
authentic AP DNA.16,19−25 It has previously been suggested
that the high copy number of APE1 (350 000−7 000 000 per
cell) may serve to counteract the slow steady-state rate.7

In other experiments performed using SFF, kchemistry values of
68 and 97 s−1 have been reported for APE1 processing a THF
and authentic AP site, respectively.20 Notably, at ≥700 s−1, the
rates we obtained are significantly faster; however, SFF
experiments do not directly measure strand incision, but rather
they monitor conformational changes of the enzyme during
processing of the DNA substrate and may underestimate the
rate.

Transient-State Kinetics of APE1 in the Presence of
Mn2+ or Ni2+. A divalent metal ion is required for APE1 strand
incision.29−32 Examination of X-ray crystal structures of APE1
bound to the incised product of THF-containing DNA as well
as the results of several site-directed mutagenesis studies has led
to the proposal that the divalent metal ion coordinates to an
oxygen of the electrophilic phosphate as well as residues in the
APE1 active-site pocket, such as E96.29−32 Via these
interactions, the metal ion is thought to stabilize and correctly
orient the DNA backbone for strand incision as well as polarize
the P−O bond to facilitate nucleophilic attack of an activated
water molecule. A previous study reported a qualitative
comparison of APE1 activity in the presence of several metal
ions, including Mg2+, Mn2+, and Ni2+;29 activity was greatest
with Mg2+ and was reduced with Mn2+ or Ni2+. Indeed,
depending on the lesion, kchemistry was reduced at least 2−3-fold
in the presence of Mn2+ and at least 4−6.5-fold in the presence
of Ni2+. This reduction of strand-incision chemistry is likely due
to slightly altered positioning of the larger Mn2+ or Ni2+ ions in
the active site and an altered orientation of the DNA backbone.
However, we cannot rule out the possibility that different metal
ions may change the mechanism of strand incision all together.
Nevertheless, by slowing strand incision and obtaining
quantitative values, we reveal that in the presence of Mn2+ or

Figure 4. Transient-state kinetic time courses of strand-incision activity of APE1 acting on AP (blue), AP-Red (green), or THF (red) DNA
containing a mismatch (A) 1, (B) 2, (C) 3, or (D) 4 bp on the 5′ side of the lesion. The inset depicts the full time course. Experimental conditions
were 50 nM DNA, 500 nM APE1, 50 mM HEPES-KOH, 100 mM KCl, 0.12 mg/mL BSA, 0.25 mM EDTA, and 5 mM MgCl2, pH 7.5. Reactions
were performed at 37 °C using a RQF instrument and were quenched with 100 mM EDTA.

Table 3. Dependence on 5′ Mismatches: Strand Incision
Rates of APE1 Acting on AP, AP-Red, or THF DNAa,b

kchemistry (s
−1)

substrate MM-1 MM-2 MM-3 MM-4

AP 156 ± 29 312 ± 29 ≥700 ≥700
AP-Red 163 ± 21 307 ± 24 ≥700 ≥700
THF 116 ± 29c 194 ± 32d 575 ± 65 ≥700

aMeasured at 37 °C under transient-state conditions using RQF
instrumentation. bThe error represents the standard deviation from at
least four experiments. cp = 0.04 when compared to AP DNA using
student’s t test. dp = 0.008 when compared to AP DNA using student’s
t test.

Figure 5. Steady-state kinetic time courses of APE1 acting on an AP
(blue), AP-Red (green), or THF (red) site in the presence of 5 mM
MgCl2. Experimental conditions were 500 nM DNA and 50 nM APE1
in 50 mM HEPES-KOH, 100 mM KCl, 0.24 mg/mL BSA, 0.25 mM
EDTA 5 mM MgCl2, pH 7.5. Reactions were performed at 37 °C
using a RQF instrument and were quenched with 100 mM EDTA.
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Ni2+, kchemistry for AP DNA and AP-Red DNA are
indistinguishable. Furthermore, albeit a small difference, the
rate of strand incision is statistically different for THF DNA
where kchemistry is ∼1.5 times slower than the authentic AP
DNA.
Transient-State Kinetics of APE1 in the Presence of 5′

Mismatches. Although varying the metal ion allowed us to
obtain quantitative values for kchemistry and to compare directly
APE1 strand incision on the authentic AP site versus the
substrate analogs, we considered the possibility that changing
the metal ion also changed the mechanism of APE1. If this were
the case, then the observed difference between THF and the
authentic AP site may not be biologically relevant. Thus, we
sought an alternate method to slow strand incision. Previous
work has shown that the activity of APE1 on THF or AP-
containing DNA is reduced when a mismatch is directly 5′ or 3′
to the lesion site, with the 5′ mismatch having a more dramatic
effect.22,38 Similar results were also observed for the removal of
an 8-oxo-7,8-dihydroguanine lesion by oxoguanine glycosylase
1, another BER enzyme; the presence of a 5′ mismatch was
more detrimental to activity than a 3′ mismatch.33 Not
surprisingly, when we positioned a mismatch 1, 2, 3, or 4 bp
from the lesion, we saw the greatest reduction in kchemistry, at
least ∼5-fold, when the mismatch was immediately adjacent to
the lesion. As the mismatch moved away from the lesion,
kchemistry recovered to values comparable to those obtained for
the well-matched substrates. The decreased rate of strand
incision in the presence of the 5′ mismatches is likely due to
distortion of the DNA backbone within the APE1 active site, in
particular, the distortion of the electrophilic phosphate 5′ to the
lesion site; as the mismatch is moved further from the lesion,
the effect is diminished. Interestingly, similar results have been
established for the repair of bistranded authentic AP sites by
APE1. Duplex substrates contained two AP sites on opposite
strands, positioned 1, 3, or 5 bp apart, and strand incision was
monitored at one of the AP sites. A reduction in incision by
APE1 was observed when the second AP site was 1 or 3 bp
away; conversely, when the second AP site was 5 bp away, no
reduction in incision was observed.34 Although the identity of
the mismatch varies in different locations (i.e., MM-1 contains a
T•T mismatch, whereas MM-2 has a C•C mismatch), the
purpose of these experiments is not to compare the effect of
mismatches at different locations, but rather to compare
kchemistry values obtained for AP, AP-Red, and THF when the
mismatch is the same distance from the lesion. Indeed,
consistent with the results obtained in the presence of Mn2+

or Ni2+, a ∼1.5-fold reduction in kchemistry is observed for THF
DNA relative to AP and AP-Red DNA when the mismatch is 1
or 2 bp away.
Importance and Function of C1′ Oxygen. Transient-

state kinetic experiments revealed a small yet significant
decrease in kchemistry for APE1 incising THF DNA compared
to substrates containing an authentic AP or reduced AP site.
This decrease was apparent when experiments were conducted
in the presence of Mn2+ or Ni2+ or when a 5′ mismatch was 1
or 2 bp from the lesion. It is important to note that for
experiments performed in the presence of Mg2+ the differences
in the way that APE1 may process the THF lesion are likely
masked by the limitation of the RQF instrument. A feature
distinguishing the THF site from the authentic and reduced AP
site is the lack of a C1′ oxygen. Because strand incision is
observed for THF DNA, this oxygen is not required for
catalytic activity; however, its presence (or the presence of a

C1′-OH) may play a role in stabilizing and optimally orienting
the authentic AP and AP-Red substrates in the APE1 active-site
pocket. An extensive hydrogen bonding network is present in
the active site and contributes to the formation of the activated
water molecule that serves as the nucleophile for the strand-
incision chemistry.35,36 Interestingly, examination of several X-
ray crystal structures of APE1 bound to THF DNA reveal that
the primary amine of N212 would be within hydrogen-bonding
distance of a C1′ oxygen.17 However, we cannot be certain that
the APE1 binding pocket would be the same when an authentic
AP substrate is bound. Although the role of N212 remains
unclear, site-directed mutagenesis studies using authentic AP
DNA suggest this residue is important for substrate
recognition; the role of N212 on THF-containing DNA has
not been explored.37 A THF lesion would lack the ability to
form a hydrogen bond at the C1′ position and may be oriented
slightly differently within the active site, explaining the small
reduction in kchemistry. It is noteworthy that previous APE1
kinetic studies also observed differences in the processing of
THF DNA compared to authentic AP DNA; such studies used
SFF techniques that detected conformational changes in
APE1.21 When directly observing strand incision, we obtain
similar results, indicating that the C1′ oxygen directly
influences strand incision.
Because of the wide spectrum of APE1 activity as well as its

cellular importance, it is not surprising that APE1 is a widely
studied enzyme. Herein, by examining the kinetics of APE1 on
an authentic AP site and commonly used analogs, we highlight
the destabilizing effects of different metal ions and 5′
mismatches on APE1 stand-incision chemistry. These kinetic-
based experiments suggest a role for the C1′ oxygen of the AP
site for optimal strand incision, and they reveal that with
respect to strand incision the AP-Red analog cannot be
distinguished from the authentic substrates, whereas the THF
analog is processed slightly differently. This work calls to
attention the importance of choosing substrate analogs as well
as understanding the implications that such analogs can have on
experimental results.
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