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The mammalian AP-endonuclease (APE1) repairs apurinic/apyrimidinic
(AP) sites and strand breaks with 3′ blocks in the genome that are formed
both endogenously and as intermediates during base excision repair. APE1
has an unrelated activity as a redox activator (and named Ref-1) for several
trans-acting factors. In order to identify whether any of the seven cysteine
residues in human APE1 affects its enzymatic function, we substituted these
singly or multiply with serine. The repair activity is not affected in any of the
mutants except those with C99S mutation. The Ser99-containing mutant lost
affinity for DNA and its activity was inhibited by 10 mM Mg2+. However,
the Ser99 mutant has normal activity in 2 mMMg2+. Using crystallographic
data and molecular dynamics simulation, we have provided a mechanistic
basis for the altered properties of the C99S mutant. We earlier predicted that
Mg2+, with potential binding sites A and B, binds at the B site of wild-type
APE1–substrate complex and moves to the A site after cleavage occurs, as
observed in the crystal structure. The APE1–substrate complex is stabilized
by a H bond between His309 and the AP site. We now show that this bond is
broken to destabilize the complex in the absence of the Mg2+. This effect due
to the mutation of Cys99, ∼16 Å from the active site, on the DNA binding
and activity is surprising. Mg2+ at the B site promotes stabilization of the
C99S mutant complex. At higher Mg2+ concentration the A site is also filled,
causing the B-site Mg2+ to shift together with the AP site. At the same time,
the H bond between His309 and the AP site shifts toward the 5′ site of DNA.
These shifts could explain the lower activity of the C99S mutant at higher
[Mg2+]. The unexpected involvement of Cys99 in APE1's substrate binding
and catalysis provides an example of involvement of a residue far from the
active site.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

The genomes of all organisms are being continu-
ously damaged due to both spontaneous chemical
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reactions and exposure to endogenous genotoxic
agents, in particular, reactive oxygen species that are
generated as by-products of respiration. A total of
103 to 105 DNA lesions are estimated to be induced in
a genome per day including oxidized bases, apuri-
nic/apyrimidinic (AP) sites and DNA single-strand
breaks.1,2 Unrepaired AP sites and their cleavage
products are cytotoxic and mutagenic.3 AP-endonu-
cleases (APEs), responsible for repair of the AP sites
and 3′ end cleaning at single-strand breaks, are
highly conserved among various species. APEs
belong to two families, Xth and Nfo, whose proto-
types are exonuclease III (Xth) and endonuclease IV
(Nfo) in Escherichia coli.4–6 Mammalian cells express
d.
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Fig. 1. Purification of WT and mutant (Cys→Ser)
APE1 proteins. Coomassie Blue staining of purified WT
APE1 and Ser mutants (0.5 μg protein) after SDS-PAGE
(10% polyacrylamide). Lane 1, protein marker; lane 2, WT
APE1; lane 3, C65S; lane 4, C93S; lane 5, C99S; lane 6,
C138S; lane 7, C208S; lane 8, C296S; and lane 9, C310S.
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only one active APE, APE1, an ortholog of E. coli Xth
with an unconserved N-terminal extension.4,7 All
APEs have two intrinsic activities in DNA repair.
They act as an endonuclease in cleaving AP sites to
generate 3′ OH and 5′ phosphodeoxyribose termini.
They also act as a 3′ phosphodiesterase/exonuclease
to remove 3′ blocking phosphodeoxyribose or its
fragments generated during strand breaks, and by
reactive oxygen species or DNA glycosylases that
excise oxidized bases in the first step of base excision
repair (BER).4 Thus, APE's key function is to
produce a 3′ OH terminus that serves as a primer
for repair synthesis.8

The mammalian APE1 was independently discov-
ered as redox factor 1 (Ref-1), involved in activation
shown to many critical trans-acting proteins includ-
ing C-Jun and p53.9–12 Cys65 (Cys64 in mouse
APE1), initially identified as the reductant for such
activation, was subsequently shown to be dispen-
sable for this function.13,14 APE1/Ref-1 was also
identified as a component of the nCaRE-bound
protein complexes.15,16 We have recently shown
that Lys6 or Lys7 of APE1 is acetylated by the
histone acetyltransferase p300 that enhances APE1's
binding to nCaREs.17 APE1 was earlier shown to be
essential for embryo development and no APE1-null
mammalian cell could be established.13 Our subse-
quent studies established the essentiality of APE1 in
somatic cells, which is due to both acetylation-
dependent functions and DNA repair activity.9

The X-ray crystallographic structure of mamma-
lian/human APE1 (hAPE1) has provided significant
insight into the molecular mechanism of AP-site
recognition and cleavage by APE1.18,19 The phos-
phodiester bond cleavage by APE1 requires Mg2+,
similar to other DNase I family members. We
proposed earlier that this divalent metal ion shuttles
between two metal-binding sites, A and B, in
hAPE1.20 Kinetic and binding studies of wild-type
(WT) and mutant APE1 show that product dissocia-
tion is dependent on Mg2+ concentration.21 Arg156
and Tyr128 are the predominant residues bound to
the minor groove of AP-site-containing DNA for
stabilizing the enzyme–DNA complex.22 Several
amino acid residues in hAPE1 have been identified
by biochemical and structural studies that are
required for phosphodiester cleavage at the AP
site.4,18,21,23–26 The critical residues required for
phosphodiester bond cleavage and Mg2+ coordina-
tion are Glu96, Asp210 and His309, all of which are
conserved in the Xth family members. His309 forms
anH bondwith the AP phosphate and is thus critical
for substrate/product binding.20,21,24,27 APE1 con-
tains several highly conserved sequence motifs,
including 94LQETK98, in which Glu96 is involved
in coordinating Mg2+.23,28,35

Redox regulation by APE1 via one or more of
seven Cys residues has been investigated for more
than a decade. Cys65, Cys93 and Cys310 have been
implicated in its redox activity.13,29 Interestingly,
some Cys residues are located close to the catalytic
core domain for APE activity. These include C93 and
C99, which are adjacent to the metal-coordinating
domain, and C310, which is adjacent to the active-
site H309. However, there have been no systematic
studies to elucidate the possible role of the Cys
residues in catalysis. This study is an effort to
identify the active site for redox activation; we
individually mutated all seven Cys residues in
hAPE1 to Ser and tested for a possible linkage
between the redox function and AP-site cleavage
activity. Our results indicate that all Cys residues are
dispensable for the AP-endonuclease or phospho-
diesterase activity. However, unexpectedly, the C99S
mutant lost intrinsic affinity for the AP-DNA
substrate in the absence of Mg2+, and its AP-
endonuclease activity, comparable to that of the
WT APE1 at low Mg2+ concentration, is strongly
inhibited at high Mg2+ concentration. This unusual
behaviour of the Cys99 mutant can be explained
by molecular dynamics (MD) simulation analysis
based on our previously proposed moving-metal
mechanism.20
Results

Cys residues in APE1 are dispensable for
AP-endonuclease activity

WTAPE1 and its Cys mutants were expressed as
His-tag fusion polypeptides as described in Materi-
als and Methods. After affinity purification and
cleavage of the His-tag, we purified the untagged
proteins to near homogeneity by fast protein liquid
chromatography using heparin–Sepharose (Fig. 1).
To test whether the mutation affected APE1 activity,



Fig. 2. Mg2+-dependent AP-
endonuclease activity of the WT
and mutant (Cys→Ser, Ala and
Thr) APE1 proteins. The 43-mer,
THF-containing oligonucleotide
was incubated with 33 pM APEs
for 3 min at 37 °C. AP-endonuclease
activity was measured using a
buffer containing 10 mM Mg2+. (a)
Lane 1, no protein; lane 2, WT
APE1; lanes 3–5, three different
batches of C99S mutant; lane 6,
C99A mutant; lane 7, C99T mutant;
lane 8, C99S/C138S double mutant;

lane 9, C99S/C65S/C138S triple mutant. (b) Lane 1, WTAPE1; lane 2, C65S mutant; lane 3, C93S mutant; lanes 4–6, three
different batches of C99S mutant; lane 7, C138S mutant; lane 8, C208S mutant; lane 9, C296S mutant; lane 10, C310S
mutant.
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we used a 43-mer duplex oligo containing the stable
AP-site analog tetrahydrofuran (THF) at position
31.30 Our standard assay buffer contained 10 mM
Mg2+, and we ensured a linear dependence of
activity with respect to the amount of enzyme and
time. We observed that all Cys mutants except those
with C99S mutation were at least as active as theWT
APE1 (Fig. 2b). We concluded that the Cys residues,
including those reported to be involved in Ref-1
function, are dispensable for APE1 repair activity.
However, the AP-endonuclease activity of the C99S
mutant as well as of the double mutants C138S/
C99S and C65S/C99S was strongly inhibited in the
presence of 10 mM Mg2+. Furthermore, the loss of
activity due to Cys99 mutation was independent of
Cys substitution with Ser, Ala or Thr (Fig. 2a).
Finally, in order to confirm that the activity loss due
to Cys99 was not an artefact, we produced several
independent batches of the C99S mutant, all of
which behaved identically.

The Cys99 APE1 mutant is inhibited by high
Mg2+

Further studies revealed that the C99Smutant was
active in the presence of low Mg2+ concentration. In
fact, the activity of Cys99 mutants was comparable
to that of the WT and other Cys mutants in 0.5 or
2 mMMg2+ (Supplementary Fig. 1), while only these
Cys99 mutants were strongly inhibited at 5 mM and
higher Mg2+ concentration.

Loss of substrate DNA binding due to C99S
mutation

APE1 has significant affinity for the AP-DNA
substrate in the absence ofMg2+, and the structure of
APE1–substrate oligo complex without a divalent
metal ion was solved earlier by X-ray crystallo-
graphy.19 We used electrophoretic mobility shift
analysis (EMSA) to confirm binding of WT APE1 to
the AP site in the absence of Mg2+ (to prevent
cleavage of the bound substrate). However, unlike
WT and other Ser mutant polypeptides, the C99S
mutant did not bind to the AP site (Fig. 3). This
suggested that, unlike other Cys residues, Cys99 in
hAPE1 is directly or indirectly involved in contact
with the substrate AP site.

Fluorescence emission spectra of WT and C99S
mutant APE1

Intrinsic tryptophan (Trp) fluorescence emission
spectra were generated for the WT and C99S APE1.
The fluorescence output for the mutant was less
than that of the WT protein without any change in
the emission spectra (Supplementary Fig. 2). Similar
decrease in emission intensity without a change in
Fig. 3. EMSA of THF–DNA
binding by WT APE1 and mutants.
Lane 1, no protein; lane 2, WT
APE1; lane 3, C65S mutant; lane 4,
C93S mutant; lane 5, C99S mutant;
lane 6, C138S mutant; lane 7, C208S
mutant; lane 8, C296S mutant; and
lane 9, C310S mutant. The experi-
ments were repeated at least four
times. Other details are given in
Materials and Methods.
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the spectra was earlier observed for the K98R
mutant APE1, which we had interpreted to be due
to an increase in collisional quenching.23

Kinetic parameters for WT versus C99S APE1

To further probe the effect of the C99Smutation on
APE1 enzymatic activity, we determined the kinetic
parameters of purified WT and mutant enzymes.
Increasing Mg2+ concentration to 10 mM inhibited
product formation by 5.4-fold in the mutant as
compared to theWTAPE1 (Fig. 4c). At 20 mMMg2+,
the product formation with WTAPE1 was inhibited
4.2-fold and with the C99S mutant ∼14-fold relative
to the activity of the WT protein in 5 mM Mg2+ (Fig.
4c). Figure 5 shows that the Km of the C99S mutant
in 2 mM Mg2+ was slightly higher (53.6 nM) than
that of the WT enzyme (36.8 nM), which is
comparable to the published values.23,31 However,
the kcat values of the mutant and WT proteins in
2 mM Mg2+ were comparable (Table 1).

Molecular dynamics simulation

The impact of the C99S mutation on the DNA
binding and endonuclease activity of APE1 was
quite surprising in view of the fact that Cys99 is
∼16 Å away from the active site. We then performed
Fig. 4. Effect of Mg2+ on AP-endonuclease activity of
(a) WT and (b) C99S mutant APE1. Lane 1, control; lanes
2–11, 0, 0.1, 0.5, 1, 2, 3, 5, 10, 20, and 40 mM Mg2+,
respectively. Lane 2 also contains 0.1 mM EDTA. (c) Effect
of Mg2+ on the activity of WT and Ser99 mutants.

Fig. 5. Reaction kinetics of WT and C99S mutant
APE1 (33 pM) in .the presence of 2 mM [Mg2+]. (a) WT
APE1 and (b) C99S mutant proteins were incubated with
0–160 nM of THF-containing oligonucleotide at 37 °C for
3 min. Other details are described in Materials and
Methods. Data represent mean values of four indepen-
dent experiments.
MD simulation analysis to examine the effect of this
mutation on the structure and dynamics of hAPE1,
as our previous work on simulation for WT hAPE1
led us to postulate a “moving-ion mechanism”.20

We predicted that in the precleavage complex of
APE1 and DNA, the divalent metal ion is present at
the buried B site, where it is coordinated by Asp210,
Glu96, Asn212 and AP phosphate. We also showed
that two H bonds are stably formed between Asp283
and His309 and between His309 and the AP
phosphate oxygen. Here we compare the presence
of the H bond between His309 and the AP site in the
Table 1. Kinetic parameters for AP-endonuclease activity
of wild-type and C99S mutant APE1 proteins in the
presence of 2 mM Mg2+

Km (nM) kcat (s
−1) kcat/Km (nM−1 s−1)

WT APE1 36.8±7.6 3.36±0.23 0.091
C99S APE1 53.6±13.1 2.91±0.28 0.054



Fig. 7. Time course of the distance between atoms NE2
on the His309 and P on the AP site for (a) WTAPE1, C99S
and C99S+Mg2+ simulations and (b) C99S APE1 mutant
simulation.
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WT and C99S APE1 during a 2-ns dynamics
simulation. Figure 6 shows whether this H bond is
formed (1) or broken (0), while Fig. 7 shows the
distances between the atoms NE2 of His309 and P of
the AP site. The H bond in the WT enzyme is stable
and independent of the presence of Mg2+ (Figs. 6a
and 7a). For the C99S mutant this H bond between
His309 and AP site is metastable in the presence of
Mg2+ (Fig. 6b), and in the absence of Mg2+ this bond
is completely broken at ∼1800 ps (Figs. 6c and 7a
and b). At this time, the AP site moves away,
increasing the distance from∼4.2 to 8 Å between the
atoms at NE2 of His309 and the P on the AP site (Fig.
7). At the same time, the binding to DNAweakens as
the distance to the CA atom of Asp210 increases
(Fig. 8b). Adding Mg2+ to the C99S mutant changes
the dynamics of the AP site along with the rest of the
DNA. As shown in Fig. 8a, Mg2+ pulls the AP site
down by ∼1 Å into the active-site pocket towards
Asp210.
Cys99 in WTAPE1 does not interact with DNA at

all, as we had shown earlier in several independent
simulations.20 The shortest H bonds to the compli-
mentary strand in DNA are formed with the Arg73
side chain. However, in several independent simu-
lations with C99S mutation, Arg73 forms more H
bonds to DNA phosphate compared to WT APE1,
and Ser99 directly forms an H bond to the DNA or to
Arg73. These additional H bonds pull the comple-
mentary strand closer to Arg73 and Ser99. The
change in the relative position of the complimentary
strand is transmitted via the DNA backbone and
weakens the H bond between the AP site and
His309. Figure 9 shows two snapshots of simulation
Fig. 6. Kinetics of H-bond formation/breakage between N
APE1, (b) C99S mutant with Mg2+ at the B site, and (c) C99S A
when not formed.
with the C99S mutant at 1 ps and at 22 ns. At the
beginning, there are seven H bonds between Arg73
and the DNA, and one H bond is also formed
between Arg73 and Ser99; towards the end, only
E2 of H309 and O1P of the AP-site phosphate for (a) WT
PE1 mutant. The value is 1 when a H bond is formed and 0



Fig. 8. Typical time course for the distance between
atoms CA of Asp210 and P of the AP site for (a) WTAPE1,
C99S and C99S+Mg2+ simulations and (b) C99S APE1
mutant simulation.
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three H bonds are formed between Arg73 and DNA,
which is similar to the situation with WT APE1.
Our earlier studywithWTAPE1 showed thatMg2+

located at the A or B site in WT APE1 were 5.7 Å
apart.20 However, at higher [Mg2+] when both sites
are filled, twoMg2+ ions move apart and the distance
increases to 7.7 Å after 500 ps. Analogous simulation
with the C99S mutant shows further increase of the
intermetal distance to 9.6 Å (Fig. 10). The final
Fig. 9. Snapshots of the C99S mutant simulation at the beg
the DNA and key residues that are important for this study in t
DNA strand is shown in cyan and the complementary strand
mutant are shown in yellow. Dotted green and blue lines rep
positions of Mg2+ are shown by red spheres, and the
unperturbed single ion positions of the A and B sites
are shown by blue spheres. In this study and our
previous simulations, Mg2+ at the B site was
coordinated by the phosphate oxygen of the AP site
and Asp210. Accordingly, the AP site and the P are
also displaced by 2.6 Å in the C99S simulation with 2
Mg2+ ions. The AP site is still bound at the active site
as indicated by its distance of 5.7 Å from the CA atom
ofAsp210. However, the substrate-stabilizingH bond
is now between His309 and O3′. It is shifted towards
the 5′ end of the DNA. At the end of the simulation,
the relative positions of the active-site constituents
were significantly disturbed.
Taken together, our simulations show that the

Ser99 mutation introduces stronger interaction
between the DNA, Arg73 and Ser99 sites. This
tension propagates via H bonds between the DNA
strands along the backbone to the AP site. In the
absence of Mg2+, this weakens and finally breaks the
AP-site-stabilizing H bond between the H309 to an
AP-site phosphate oxygen. The Cys99Ser mutation
thus has a similar effect, as the His309 to Asn309
mutation also breaks the H bond to the phosphate
oxygen and releases the substrate at a higher rate
than the WT enzyme.21 In the presence of Mg2+, the
tension, which originates from the pull of the Arg73
and Ser99 site, is partially compensated for by the
interaction with Mg2+. Thus, the H bond between
His309 and an AP-site phosphate oxygen is wea-
kened; consequently, the internuclear distance fluc-
tuates. Nevertheless, at higher Mg2+ concentration,
when both metal-binding sites are expected to be
filled, the enzymatic activity decreases. This is
consistent with our earlier finding that having two
metal ions in the active site caused the metal at the B
site to move about 2.6 Å and the internuclear
distance to increase from 5.7 Å (unperturbed A to
B site distance) to 7.7 Å in WTAPE1.20 In simulation
with the Ser99 mutant and two Mg2+ ions at the
inning after 1 ps (a) and at the end after 22,500 ps (b). Only
he C99S mutant protein are shown. The AP-site-containing
in magenta. The side chains of key residues of the C99S

resent H bonds and the distance is indicated.



Fig. 10. Snapshots of simulation of the C99S mutant
after 500 ps with two Mg2+ ions in the active site. The
positions of key DNA residues and Mg2+ are shown. The
final Mg2+ positions are shown in red; for comparison the
starting positions, which are identical to the unperturbed
precleavage A and B site, are shown in blue. Important H
bonds are shown as dotted green lines.
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active site, this distance increased even further to
9.6 Å. This alters the active-site geometry to the
point where the phosphodiester bond cleavage
activity is strongly suppressed while the substrate
is still bound in the active site.
Discussion

The mammalian APE1 is an extremely unusual
DNA repair protein because of its second unrelated
activity in transcriptional regulation. The situation
turned out to be more complex with the discovery of
two regulatory activities in APE1/Ref-1, one in
reductive activation of some transcription factors11,32

and the other in acetylation-dependentmodulation of
other trans-acting factors.17 We have shown that the
second regulatory function, in addition to the DNA
repair activity, is essential for survival.9 However,
essentiality of the repair activity was unexpected
because the lack of APEs includingAPE1 orthologs in
E. coli and yeast does not cause cell death.33,34

The Cys residues in mammalian APE1 became
important after the discovery of the redox activation
(Ref-1) function of this protein. It is interesting to
note that among the seven Cys residues in hAPE1,
Cys208 and Cys310 are completely conserved
among all APEs, while Cys99, Cys93 and Cys296
are conserved only among metazoan APEs. It is also
intriguing that Cys208, Cys310 and Cys99 are close
to the key residues Asp210, His309 and Glu96,
respectively, which are involved in catalysis and
metal binding for the AP-endonuclease activity.
Furthermore, an earlier study suggested direct
involvement of Cys310 in the reaction chemistry of
hAPE1.29 Although Cys residues have not been
implicated in the catalytic steps of other APEs, we
decided to directly assess their role in hAPE1 by
characterizing site-specific mutations. Our results
clearly show that at low [Mg2+], substitution of
individual Cys with Ser for all seven Cys residues
did not affect enzyme turnover in regard to either
endonuclease or phosphodiesterase activity. In fact,
Ser138 and Ser208 mutants may have slightly higher
specific activity than the WT enzyme. However, the
aberrant behaviour of the Ser99 mutant in regard to
its affinity loss for the substrate in the absence of
Mg2+ was surprising. A small reduction in quantum
yield without a change in the emission spectra of
intrinsic Trp fluorescence suggested only a subtle
change in the tertiary structure of hAPE1 due to the
C99S mutation. To gain more definitive insight into
the structural perturbation that caused this unusual
behaviour,we exploitedMDmodeling and extended
our previous simulation studies.
Earlier we have shown that APE1's binding to the

substrate/product DNAvia H bonds is necessary for
efficient functioning of the BER pathway.35 The
present study shows the importance of the AP-site-
stabilizing H bond from His309 to the AP-site
phosphate oxygen. Weakening of this H bond in the
C99S mutant reduces the affinity of the AP-site DNA
in the absence of Mg2+. At low Mg2+ concentration,
this interaction is partially restored. The reduced
affinity of the C99S mutant for AP-site-containing
DNAwas specifically addressed in MD simulations.
Being so far from the active site (∼16 Å), Cys99
indirectly affects the relative position of the AP site
that is bound in the active site to H309. We postulate
that in the Ser99 mutant, Mg2+ at high concentration
occupies both A and B sites resulting in inhibition of
the endonuclease activity as we had proposed
earlier.20 MD simulation gave further indication that
the H bond between the active-site H309 and the AP
site is metastable in the C99Smutant in the absence of
Mg2+ as compared to the WT enzyme. In the absence
of the metal ion, once the H bond is broken, the AP-
site-containing DNA moves away resulting in
increase in distance between NE2 of H309 and P on
the AP site. This also leads to an increase in distance
between the CA atom of Asp210, and DNA binding
weakens. The presence of Mg2+ at the B site changes
the dynamics of the AP site, forcing it downward to
the active site towards Asp210.
In summary, we have identified Cys99 in hAPE1

as a critical residue modulating APE's function for
ensuring optimum activity. Substitution of this
residue alters the enzyme's ability to bind the AP
site substrate in the absence of Mg2+. Further studies
with this mutant protein may shed light on metal-
dependent substrate recognition and processing in
the BER pathway.
Materials and Methods

Purification of WT and mutant APE1s

The coding sequence for full-length APE1 was inserted
in the pET15b vector (Novagen) at Nde I/Xho I sites for
expression of APE1 in E. coli. Other single site-directed
mutations at all seven Cys amino acid positions including
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Cys65Ser, Cys93Ser, Cys99Ser, Cys138Ser, Cys208Ser,
Cys296Ser and Cys310Ser were created in the APE1
cDNAwith a site-directed mutagenesis kit (QuickChange
II XL, Stratagene) by following the manufacturer's guide-
lines. The DNA sequence of the WT APE1 and mutant
cDNAs were confirmed by the University of Texas
Medical Branch recombinant DNA laboratory (R.D.L.).
WT APE1 and the Ser mutants were purified as

previously described23 with slight modifications. After
transformation with the pET15b-based APE1 expression
plasmids, E. coli BL21 (DE3) cultures (1 L in L-broth)
were grown to 0.6 OD at 600 nm. APE1 expression was
then induced with 0.5 mM IPTG at 16 °C for 14–16 h.23

Cells were collected in suspension buffer containing
20 mM Tris (pH 8.0) and 0.5 M NaCl, sonicated and
centrifuged. The supernatant was loaded onto a Ni-NTA
(Qiagen) column (3 mL), which was first washed with
18 mL sonication buffer containing 20 mM imidazole.
WT and mutant APE1s were then eluted with 10 mL
sonication buffer containing 200 mM imidazole, and the
eluate was dialyzed versus 20 mM Tris–Cl (pH 8.0),
100 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 mM DTT and 10% glycerol. The poly His-tags
in the proteins were cleaved by overnight incubation at
4 °C with thrombin. The APE1 polypeptides were finally
purified to near-homogeneity by fast protein liquid
chromatography in a 1-mL SP-Sepharose column (LCC-
500 PLUS; Pharmacia) and the final preparations were
dialyzed versus 20 mM Tris (pH 8.0), 300 mM NaCl,
0.1 mM EDTA, 1 mM DTT and 50% glycerol and stored
at −20 °C.

AP-endonuclease assay

A 43-mer oligonucleotide containing the AP-site analog
THF at nt 31 (Midland Corp), was prepared as described
previously.23,36,37 The oligo was 5′-end-labeled with
[γ-32P]ATP using T4 polynucleotide kinase. After anneal-
ing to the complementary strand with A opposite THF, the
duplex oligo was purified from the free nucleotides by gel
filtration column (Chroma Spin TE 10, Clontech).
The duplex THF-containing oligo was incubated with

recombinant WTAPE1 or Cys mutants at 37 °C for 3 min
during which the reaction rate was linear in a 15-μL
reaction mixture containing 50 mM Tris–HCl (pH 8.5),
50 mM KCl, 1 mM DTT, 0.1 m M EDTA and 100 μg/mL
bovine serum albumin and various concentrations of
MgCl2. The reaction was stopped with 10 μL 80%
formamide/40 mM NaOH containing 0.05% xylene
cyanol, followed by heating at 95 °C for 5 min; the
samples were kept on ice until denaturing gel electro-
phoresis in 20% polyacrylamide containing 8 M urea to
separate the substrate oligo from the cleaved product. The
gels were dried and the radioactivity was quantitated by
phosphoimager analysis in a Storm system (Molecular
Dynamics). The enzyme kinetics data were fitted by
nonlinear least-squares regression to obtain Vmax and Km
with the Michaelis–Menten equation using Sigma plot
software. The kinetic parameters Km and kcat were
calculated after incubating 33 pM enzyme at 37 °C for
3 min with substrate at various concentrations.

Electrophoretic mobility shift analysis

The 5′-γ-32P-labeled 43-mer THF-oligo (about 25 pM)
was incubated with 5 ng of WT or mutant APE1 in the
EMSA-binding buffer containing 40 mM Hepes, 50 mM
KCl, 1 mM DTT and 2 mM EDTA for 15 min at 25 °C
followed by electrophoresis in nondenaturing 6% poly-
acrylamide gel containing 7 mM Tris–HCl (pH 8), 3.3 mM
sodium acetate and 1 mM EDTA at 4 °C for 1 h at 150 V.
The gels were processed as described earlier.35

Fluorescence spectroscopy

The fluorescence emission spectra with 0.5 μM of WT
and C99S mutant APE1 proteins in phosphate-buffered
saline were acquired using an excitation wavelength of
295 nm in a Shimadzu RF-5301PC fluorimeter. An average
of four repetitive scans were considered.35

Molecular dynamic simulation

MD simulations were done with the AMBER9 program
suite38 with complexes of WT APE1, uncleaved AP-site-
containing DNA substrate and the cofactor Mg2+. Models
for theWTAPE1, Cys99→Ser99 mutant and the DNAwere
generated from the crystal structure 1DE8.19 The 11-bp
DNA oligo has flipped out and theAP site bound to theWT
APE1. Active-site His309 was protonated in all models and
succeeding simulation to account for its role in stabilizing
the substrate/product. It was shown experimentally that
H309N mutation abolishes endonuclease activity and
increases substrate release rate.21,24 In previous work we
showed thatHis309 only forms the stabilizingH bond to the
AP-site oxygen when it is protonated.20 For simulations
with the cofactor Mg2+ we placed the Mg2+ ions at the A-
and B-site positions.20,25
Na+ ions were added to all complexes to achieve

electrostatic neutrality and then soaked in a TIP3 water
box.39 The dimensions of the water box were chosen to be
10 Å beyond any complex atom. These models were first
energy-minimized over 2000 steps using a standard
procedure with the Sander program of the AMBER9
distribution.38 Dynamic simulations over several nanose-
conds followed the minimization. The parameters for the
MD simulations were constant pressure and temperature,
periodic boundary conditions and the ff03 force field.40

Finally, analysis of the trajectories and visualizations were
done with the programs CARNAL of the AMBER6
distribution and MOLMOL.41
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