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Abstract
Human apurinic/apyrimidinic (AP) endonuclease 1 (APE1) is a central participant in the base
excision repair pathway, exhibiting AP endonuclease activity that incises the DNA backbone 5′ to
an abasic site. Besides its prominent role as a DNA repair enzyme, APE1 was separately identified
as a protein called redox effector factor 1, which is able to enhance the DNA binding activity of
several transcription factors through a thiol-exchange-based reduction–oxidation mechanism. In
the present study, we found that human APE1 is S-glutathionylated under conditions of oxidative
stress both in the presence of glutathione in vitro and in cells. S-glutathionylated APE1 displayed
significantly reduced AP endonuclease activity on abasic-site-containing oligonucleotide
substrates, a result stemming from impaired DNA binding capacity. The combination of site-
directed mutagenesis, biochemical assays, and mass spectrometric analysis identified Cys99 in
human APE1 as the critical residue for the S-glutathionylation that leads to reduced AP
endonuclease activity. This modification is reversible by reducing agents, which restore APE1
incision function. Our studies describe a novel posttranslational modification of APE1 that
regulates the DNA repair function of the protein.
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Introduction
Human apurinic/apyrimidinic (AP) endonuclease 1 (APE1) is a central participant in the
base excision repair pathway that deals primarily with non-bulky base modifications, abasic
sites, and different chemical forms of single-strand breaks.1–3 APE1 possesses AP
endonuclease and 3′-phosphodiesterase activities that contribute to the repair of DNA
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modifications arising from spontaneous decomposition, reactions with reactive oxygen/
nitrogen species, or exposure to exogenous DNA-damaging agents.1–3 Besides its
predominant role as a DNA repair enzyme, APE1 was separately identified as “redox
effector factor 1” (Ref-1). In this capacity, APE1/Ref-1 can enhance the DNA binding
activity of several transcription factors [including AP-1 (Fos/Jun), NF-κB, HIF-1α, and p53]
by modulating their reduction-oxidation (redox) status.4–7 Specifically, APE1 reduces either
a disulfide bond or a sulfenic acid formed upon oxidation of cysteine (Cys) residues within
the target protein to promote DNA binding and transcriptional activities. Expression of the
downstream target genes is important in directing processes such as cell cycle regulation,
cell proliferation, angiogenesis, apoptosis, and survival.4–7 Given the multifunctional role of
APE1 in dictating the cellular response/phenotype, it is not surprising that the protein is
essential for both normal and cancer cell viabilities.8–17 Delineating the regulation of APE1
function is, therefore, important in determining the biological outcome to various
intracellular and extracellular stimuli.

A complex set of posttranslational modifications can regulate APE1 functions. These
modifications include phosphorylation, acetylation, and ubiquitination. For instance, APE1
phosphorylation by casein kinase II completely abolishes AP endonuclease activity.18 Fritz
and Kaina also reported APE1 phosphorylation by casein kinase II;19 however, they found
that its phosphorylation did not affect AP endonuclease activity but instead enhanced its
Ref-1 function in promoting the DNA binding activity of the AP-1 transcription factor.
Additionally, APE1 is a substrate for protein kinase C, whereby phosphorylation increases
APE1 in vitro redox activity.20 More recent work found that APE1 serves as a nuclear
substrate for the cyclin-dependent kinase 5/p35 complexes.21 Phosphorylation of APE1 by
cyclin-dependent kinase 5/p35 complexes inhibits AP endonuclease activity, leading to
neurotoxin-induced neuronal cell death.

Acetylation of APE1 plays an important role in APE1-mediated transcriptional regulation.22

APE1 is acetylated at Lys6 and Lys7 by histone acetyl-transferase p300, and this acetylation
markedly enhances the affinity of APE1 for the negative calcium-responsive element,
leading to down-regulation of parathyroid hormone gene expression. In this case, acetylated
APE1 acts as a repressor of the parathyroid hormone promoter.

A recent study from Busso et al. demonstrated a novel APE1 regulatory mechanism that
involves posttranslational ubiquitination.23 They identified that three lysine residues (Lys24,
Lys25, and Lys27) within the N-terminal region of APE1 are ubiquitin acceptors.
Ubiquitination of APE1 is regulated by the p53 and ubiquitin E3 ligase mouse double
minute 2 signaling pathway and leads to degradation of the APE1 protein. In addition,
Meisenberg et al. demonstrated that human E3 ubiquitin ligase UBR3 also ubiquitylates
APE1 at lysine residues 7, 24, 25, 27, 32, and 35.24 In this study, the cellular levels of APE1
protein are increased in Ubr3 knockout cells, resulting in genome instability. Since there is a
close correlation between the degree of APE1 expression and genotoxin cytotoxicity,
ubiquitination of APE1 could regulate cellular sensitivity to DNA-damaging agents. Taken
together, posttranslational modification of APE1 can affect its functions in DNA repair,
redox regulation, and gene transcription, as well as its protein stability.25

In addition to the above modifications, APE1 was shown to be regulated through redox
modification of cysteine residues. Many redox-active cysteines undergo more than one kind
of oxidative modification.26,27 Qu et al. reported S-nitrosation of APE1 at Cys93 and
Cys310.28 S-Nitrosation is a redox-based posttranslational modification that involves
oxidative addition of nitric oxide (NO) to cysteine residues within a target protein.29,30

APE1 S-nitrosation results in the redistribution of the protein from the nucleus to the
cytoplasm. At the same time, the importin-dependent nuclear import pathway is repressed
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by NO stimulation, suggesting that the altered subcellular localization of the protein stems
from the prevention of reimportation of exported APE1 into the nucleus. Although the
authors suggested that NO-mediated APE1 nuclear export is important for understanding the
effect of nitrosative stress on APE1-associated physiological and pathological processes, a
direct relationship between redox modification of APE1 and DNA repair activity was not
addressed.

S-Glutathionylation is another physiological reversible modification of protein cysteine
residues, defined by formation of mixed disulfide bonds between a protein sulfenic acid
(−SOH) and reduced glutathione (GSH).31 Such a modification results in an increase in
molecular mass of the protein by 306 Da and a net increase in negative charge.32 Protein S-
glutathionylation might also be achieved via reaction of oxidized glutathione, also known as
glutathione disulfide (GSSG), with an accessible cysteine sulfhydryl group (−SH) when the
intracellular GSSG pool is elevated during oxidative stress.31 It should be noted that the
concentration of cellular GSSG is very low compared to that of GSH. Nevertheless, S-
glutathionylation of cysteine residues in metabolic enzymes, kinases, phosphatases, and
transcription factors has emerged as a central mechanism by which changes in the intra-
cellular redox state may be transduced into functional cellular responses.26 Like
phosphorylation, these types of cysteine modification can modulate enzyme activities,
energy metabolism, signal transduction, redox homeostasis, calcium homeostasis, ion
channel activity, cytoskeletal assembly, and protein stability.33,34

Human APE1 protein has seven cysteine residues, three of which are located within the
redox-responsive domain.35 However, the involvement of cysteines in the redox regulatory
and DNA repair functions of APE1 has not been fully characterized. We hypothesized that
APE1 can be modified by S-glutathionylation and that this specific redox modification
would control its repair and/or redox functions. We demonstrate herein that (i) human APE1
is a substrate for S-glutathionylation in vitro and in cells, (ii) site-specific S-
glutathionylation of Cys99 inactivates APE1 AP endonuclease activity, and (iii) this
modification can be reversed by reducing molecules, which restore APE1 incision function.

Results
APE1 is S-glutathionylated in vitro

As a first step in examining potential APE1 S-glutathionylation, purified recombinant native
(untagged) APE1 protein was treated with diamide and GSH. Diamide is a highly specific
thiol oxidant that oxidizes small thiol-containing molecules (e.g., GSH), as well as exposed
cysteine residues of proteins.36 Thus, oxidation of APE1 and GSH by diamide could result
in S-glutathionylation by driving the formation of a mixed disulfide linkage between APE1
and GSH (APE1-S-SG). S-Glutathionylation of purified APE1 was monitored by treating
the protein with 5 mM diamide/10 mM GSH, followed by detection with an anti-SSG
antibody, which specifically recognizes glutathionylated proteins, after nonreducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot transfer
(see Materials and Methods).

After treatment with diamide/GSH, a detectable amount of S-glutathionylated protein was
observed following SDS-PAGE at a mass of ~37 kDa, which corresponds to the size of
APE1 (Fig. 1a, top panel). In addition, a higher-molecular-mass species was detected around
113 kDa (top panel, lane 3, arrow), albeit to a lesser degree, presumably representing an S-
glutathionylation-triggered multimeric APE1 form.37 Since S-glutathionylation can be
reversed by deglutathionylation with reducing agents,37 we tested whether the observed
modification could be reversed by dithiothreitol (DTT) treatment. As would be expected for
S-glutathionylation, the observed modification of APE1 was fully reversed by DTT
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exposure (top panel, lane 4). We could not detect S-glutathionylated APE1 in the samples
that were not treated with diamide/GSH (without or with DTT, top panel, lanes 1 and 2).

Upon the use of an antibody directed against APE1, the altered state of the protein was
confirmed for the same samples that were probed with anti-SSG antibody, again following
nonreducing SDS-PAGE (Fig. 1a, bottom panel). Specifically, S-glutathionylation of APE1
resulted in a slight shift of its molecular mass when compared to non-modified APE1
(bottom panel, compare lanes 1 and 3), as well as multiple higher-molecular-mass forms of
APE1 (lane 3). It is likely that the two most prominent bands seen in these experiments (i.e.,
corresponding to proteins of ~37 and 113 kDa), which employed highly purified APE1
protein, are the same ones detected with anti-SSG (Fig. 1a, top panel, lane 3). As above, all
of the retarded APE1 species, including the slightly shifted species, the intermediate product
seen around 45 kDa (observed only after long film exposure), and the ~113-kDa presumed
oligomeric form of the protein (Fig. 1a, bottom panel, lane 3), disappeared when DTT was
added (lane 4), suggesting that APE1 undergoes reversible S-glutathionylation and/or
oxidation in vitro. It is worth emphasizing that, under the treatment conditions employed
here (i.e., 5 mM diamide/10 mM GSH), ~100% of APE1 was seen to exhibit at least a slight
molecular mass shift [bottom panel, compare lane 1 (untreated APE1) and lane 3 (diamide/
GSH-treated APE1)], indicative of modification of all of the protein within the sample.

The increased GSSG pool that accompanies cellular oxidative stress can promote protein S-
glutathionylation.33 We, therefore, examined whether S-glutathionylation of APE1 could
occur via GSSG incorporation into the protein. As shown in Fig. 1b, exposure to GSSG
resulted in S-glutathionylation of APE1, with the slight molecular mass shift in ~100% of
the protein being even more evident (lower panel, compare lanes 1 and 2). We were unable
to detect the larger oligomeric forms of glutathionylated APE1 after GSSG exposure,
presumably indicative of a less potent reactivity for GSSG as compared to diamide/GSH.
These results suggest that GSSG treatment can induce APE1 S-glutathionylation, which is
likely to be mediated by a direct thiol-exchange mechanism.

S-Glutathionylation of APE1 reduces its AP endonuclease capacity
After determining that APE1 can be S-glutathionylated in vitro, we explored whether this
modification affected the AP endonuclease activity of the protein. Specifically, we treated
APE1 with diamide/GSH and then assayed the protein for incision capacity by using a
standard approach that employs a radiolabeled AP-site-containing oligonucleotide substrate
(see Materials and Methods). As shown in Fig. 2a, S-glutathionylation of APE1 significantly
reduced total AP endonuclease activity of the sample (lane 5, >90% inhibition). Since
diamide can act as a strong oxidizing agent, we found—consistent with a previous report
indicating that APE1 oxidation inhibits its AP site incision potential38—that treatment with
diamide alone inhibited the AP endonuclease function of the protein by ~50% (lane 3),
presumably by inducing the formation of disulfide bonds within or between APE1
molecules. Reduction in S-glutathionylated APE1 with DTT restored AP site incision
capacity (Fig. 2a, compare lanes 5 and 6).

As a means to establish that inhibition was due to S-glutathionylation, we carried out
nonreducing SDS-PAGE/Western blot analysis using the same samples that were assayed
for AP endonuclease activity. As seen earlier, essentially all of the APE1 protein within the
sample was efficiently S-glutathionylated after diamide/GSH treatment, as revealed by the
slight increase in APE1 molecular mass (Fig. 2b, compare lanes 1 and 5). The modification
was reversible by DTT (Fig. 2b, lane 6), and diamide alone did not induce S-
glutathionylation (lane 3). These data support that the AP endonuclease activity of APE1
can be regulated by modification of a cysteine residue(s) via S-glutathionylation.
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We next determined the effect of different diamide concentrations on the extent of APE1
modification and the degree of endonuclease inhibition. We fixed the GSH concentration at
1 mM and varied the diamide concentrations from 0 to 1 mM. As shown in Fig. 2c (upper
panel), APE1 exhibited reduced AP endonuclease activity when the diamide concentration
was 0.5 mM or higher. At the lower diamide concentrations of 0.001–0.2 mM, no significant
enzyme inhibition was observed. When the same samples were applied to nonreducing SDS-
PAGE/Western blot analysis to examine modification of APE1, S-glutathionylation of the
protein was surprisingly not readily observed at the dose of 0.5 mM diamide (Fig. 2c, anti-
SSG panel). The minimum dose of diamide required to detect APE1 S-glutathionylation was
0.7 mM (anti-SSG panel), the same concentration at which the slight mobility shift in the
APE1 protein was observed (anti-APE1 panel). These data suggest that APE1 can be
modified to an extent that is not easily detected by Western blot analysis and does not
significantly alter protein mobility yet has the capacity to inhibit its endonuclease activity
(possibly, a single S-glutathionylation event).

S-Glutathionylation of APE1 reduces AP–DNA complex stability
We next explored whether the reduced AP endonuclease activity stemmed from altered
DNA binding or impaired catalysis. In particular, we determined the kinetic parameters of
APE1 without or following 1 mM diamide/1 mM GSH treatment, which results in
essentially 100% of APE1 being modified (see, for instance, Fig. 2c). Lineweaver–Burk
plots of 1/V versus 1/[S] from incision assays conducted at 5, 10, 25, 50, and 100 nM AP–
DNA revealed a kcat and KM for untreated APE1 of 43 s−1 and 65 nM, respectively, and a
kcat and KM of 59 s−1 and 289 nM, respectively, for diamide/GSH-treated APE1. Consistent
with decreased substrate affinity (i.e., the 4.4-fold increase in KM), electrophoretic mobility
shift assays (EMSAs) found essentially no stable APE1/AP–DNA complexes after the
protein was exposed to diamide and GSH (Fig. 3). Notably, the reduced protein/DNA
complex formation following diamide/GSH treatment was largely reversible by DTT.

S-Glutathionylation of Cys99 is responsible for APE1 endonuclease inhibition
To determine which cysteine residue(s) is involved in the S-glutathionylation-dependent
inactivation of APE1, we initially examined the endonuclease activity of glutathionylated
APE1 proteins that harbored only the following cysteine residues: 65/93, 65/99, or 65/93/99;
all other cysteine residues were substituted with Ala (see Materials and Methods). Cys65,
Cys93, and Cys99 (depicted in Fig. 4a, three-dimensional APE1 protein rendering) fall
within the N-terminal portion of APE1 thought to be critical for the redox regulatory role of
the protein (residues 1–127). We reasoned that cysteine residues within the Ref-1 domain of
APE1 would be the most probable sites for redox regulation by S-glutathionylation. For
these studies, the wild-type, 65/93, 65/99, and 65/93/99 APE1 proteins were expressed as N-
terminal hexa-His-SUMO fusion proteins in bacteria and, following cell lysis, were bound to
a nickel column before treatment with the SUMO protease (Ulp1) to release partially
purified full-length untagged protein (see Materials and Methods for further details).

As expected, wild-type APE1 lost AP endonuclease activity after treatment with 1 mM
diamide/1 mM GSH, and its activity was restored when DTT was added (Fig. 4b, lanes 4
and 5). The APE1 mutant protein that retained only Cys65 and Cys93 but was mutated at
Cys99 (and all other cysteine residues) to Ala (i.e., Cys65/Cys93 or 65/93) was notably not
affected by oxidation (lane 7) or glutathionylation (lane 9). Conversely, the APE1 mutant
protein forms that retained Cys99 (i.e., 65/99 and 65/93/99) showed a similar AP
endonuclease inhibitory pattern (lanes 14 and 19) as wild type. These data indicate that
inactivation of APE1 endonuclease activity requires Cys99 and, therefore, that this residue is
likely S-glutathionylated.
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To determine whether S-glutathionylation of any of the cysteine residues not within the
Ref-1 domain affects APE1 endonuclease activity, we employed a set of single, site-specific
mutant proteins. Human APE1 has a total of seven cysteine residues at positions 65, 93, 99,
138, 208, 296, and 310 (three-dimensional rendering shown in Fig. 4a). Each of these
residues was specifically converted to alanine independently, and the different APE1
mutants were purified as glutathione S-transferase (GST) fusion proteins (see Material and
Methods), with the C65A, C93A, and C99A mutants serving as controls in this experiment.
As shown in Fig. 4c, only the C99A protein retained substantial AP site incision activity
following diamide/GSH treatment, consistent with this residue being essential for the S-
glutathionylation-mediated inactivation of APE1 endonuclease function.

S-Glutathionylation of cysteine residues in APE1 as determined by mass spectrometric
analysis

To determine directly the extent and sites of S-glutathionylation, we reacted the comparable
wild-type, C65/C93, and C65/C99 APE1 samples (see above) with 10 mM diamide and 1
mM GSH and subjected them to global electrospray ionization (ESI)–quadrupole time-of-
flight (QTOF) mass spectrometric analysis (Fig. 5). S-Glutathionylation of wild-type APE1
resulted in complete protein modification, yielding two products with mass differences
corresponding to the addition of two GSH (Δ mass 610.7 Da) and seven GSH (Δ mass
2136.9 Da), respectively, in a ratio of approximately 2.5:1 based on relative peak heights
(Fig. 5a). The formation of a product incorporating two GSH is consistent with results
obtained for modification of APE1 by N-ethyl maleimide (MalNEt), in which the two
solvent-accessible cysteine residues (Cys99 and Cys138) are preferentially modified.39 The
product with seven GSH incorporated indicates that treatment with diamide results in
exposure of all seven cysteines. A similar result was obtained for treatment of APE1 with
E3330 (a dimethoxy quinone derivative able to inhibit the redox function of APE1) and
MalNEt; in this experiment, products with two and seven incorporated MalNEts were
obtained over incubation times of several hours with no accumulation of intermediate
products.39 The product containing seven MalNEts was found to be a partially unfolded
form of APE1 through characterization of hydrogen deuterium exchange monitored by mass
spectrometry. By analogy, APE1 modified by seven GSH may also correspond to a partially
unfolded form of the enzyme and represent the slightly altered mobility shift species noted
above.

Mass spectrometric analysis following S-glutathionylation of the C65/C93 APE1 protein
showed the parent ion with no modifications and a comparatively low abundance ion
showing the addition of two GSH in a ratio of approximately 29:1 (Fig. 5b). S-
Glutathionylation of the C65/C99 APE1 sample resulted in two products corresponding to
addition of one (Δ mass 305.24) and two GSH in a 3:1 ratio (Fig. 5c). For wild-type and
C65/C99 samples, no unmodified parent ion was observed in the deconvoluted spectra,
indicating efficient glutathionylation of these samples and their respective cysteine residues
(Fig. 5a and c). In contrast, the C65/C93 sample remained largely unmodified following
treatment with GSH and diamide, indicating that Cys99 is necessary for efficient
glutathionylation (Fig. 5b). Taken together, these results are consistent with the loss of
APE1 endonuclease activity stemming from modification of Cys99.

H2O2 induces S-glutathionylation of APE1 in vitro and in cells
We next determined whether APE1 was S-glutathionylated by a more physiologically
relevant agent, H2O2, using an artificial in vitro treatment paradigm. Wild-type APE1 (full-
length untagged protein expressed as an N-terminal hexa-His-SUMO fusion; see Materials
and Methods) was treated with H2O2 and then reacted with GSH. The modifications of
APE1, specifically disulfide bond formation involving APE1 and GSH, were subsequently
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assessed by liquid chromatography (LC)–tandem mass spectrometry (MS/MS) peptide
analysis after digestion with trypsin. In contrast to diamide-induced modification by GSH,
which results only in disulfide bonds, treatment with H2O2 will result in not only disulfide
bond formation in APE1 but also formation of sulfenic or sulfinic acid production by
oxidation of cysteine.40 GSH can react with any of the oxidized forms of cysteine residues
in APE1 in this case, but most likely with sulfenic acid forms. As summarized in Table 1,
relatively low levels of glutathionylation were detected involving cysteine residues 65, 93,
99, and 138. The low yields of APE1–GSH disulfide bonds (around 1% of the total protein
at each residue) may stem from the low concentration of H2O2 used and from the ability of
excess GSH to reduce any disulfide bonds formed during the experiment leading to the
formation of GSSG. The modification of only the four cysteine residues 65, 93, 99, and 138
is consistent with results obtained for treatment of APE1 with E3330, in which the only
disulfide bonds observed were Cys65/Cys93, Cys65/Cys99, Cys93/Cys99, Cys65/Cys138,
and Cys93/Cys138.39

Lastly, we explored whether APE1 S-glutathionylation occurred in mammalian cells and
whether this modification changed during oxidative stress (i.e., following a challenge with
the oxidizing agent H2O2). In these experiments, human cervical carcinoma HeLa cells were
initially treated with a range of H2O2 concentrations to determine the dose at which
cytotoxicity was minimized (<10% cell killing; data not shown). Following exposure for 30
min to a relatively nontoxic dose of H2O2 (100 μM), Western blotting of whole cell extracts
with anti-SSG and anti-APE1 antibodies suggested that intracellular APE1 underwent S-
glutathionylation (Fig. 6a). Most notably, there appeared to be a slight molecular mass shift
in APE1 that was consistent with such a modification. To interrogate this idea further, we
monitored S-glutathionylation of APE1 more directly by using biotinylated glutathione. In
particular, HeLa cells were treated with BioGEE (biotinylated glutathione ethyl ester), a
membrane-permeable analog of glutathione,41 for 1 h prior to H2O2 exposure. Biotinylated
proteins were then precipitated using streptavidin agarose beads, followed by washing and
elution with DTT (see Materials and Methods). Glutathionylated APE1 was specifically
identified and quantified via Western blot analysis with anti-APE1 antibody. Figure 6b
shows that 100 μM H2O2 induces a significant increase in S-glutathionylated APE1 protein
after a 30-min challenge in HeLa cells. Although we did not see S-glutathionylated APE1
protein in the absence of BioGEE pretreatment (Fig. 6c, “−” lane), there appears to exist a
basal level of S-glutathionylated APE1 protein in untreated cells (Fig. 6b, “C” lane, and c,
“+” lane). Taken together, these results indicate that APE1 protein is S-glutathionylated
within cells at a steady-state level and that APE1 S-glutathionylation is increased after an
oxidative challenge.

Discussion
In addition to the many well-known posttranslational modifications, alterations involving
redox are recognized as prominent mechanisms for modulating protein function.42,43 Many
proteins are specific targets of redox regulation due to the presence of reactive cysteine
residues in their primary structure. Among them, S-glutathionylation has been identified as a
major form of redox modification. Modulation of protein function by glutathionylation of
cysteine residues spans a wide variety of biological processes, including energy metabolism,
signal transduction, redox homeostasis, calcium homeostasis, ion channel activity,
cytoskeletal assembly, and protein stability.33,34 In this study, we demonstrate that human
APE1 undergoes S-glutathionylation in vitro and in cells. Among the seven cysteine
residues in APE1, glutathionylation of Cys99 was found to lead to inactivation of the
endonuclease function of this repair enzyme, suggesting a novel link between APE1 redox
modification and DNA repair function.
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The position of Cys99 within the three-dimensional structure of APE1 is likely important in
the mechanism by which S-glutathionylation impairs its AP endonuclease activity. In
particular, in the crystal structures of APE1 bound to substrate DNA (1DEW and 1DE8), the
Cys99 residue is in close proximity to the bound substrate (Fig. 4a). Glutathionylation of
Cys99 would be expected to alter the local structure of the protein and thereby affect the
positioning of the substrate on the enzyme and/or the affinity with which the substrate is
bound. This idea is consistent with a previous report in which Cys99 of human APE1 was
shown to be a residue that ensures optimum APE1 activity.44 In particular, Mantha et al.
found reduced affinity of the Cys99Ser mutant for AP-site-containing DNA in the absence
of Mg2+.44 Moreover, we report herein both an increase in KM and a reduced protein/DNA
complex stability in EMSAs following diamide/GSH treatment. Thus, the inhibitory effect
of Cys99 S-glutathionylation on AP endonuclease activity appears to be mediated by altered
substrate interactions with the enzyme.

Our data herein reveal a novel mechanism involving posttranslational modification that may
modulate APE1 repair and redox regulatory functions. However, despite the potential
significance of APE1 S-glutathionylation, future studies will need to explore more
comprehensively the biological contribution(s) of this modification. In particular, why
would it be advantageous for APE1 nuclease activity to be susceptible to redox inactivation?
Although this feature may simply reflect the harmful nature of oxidative stress, it is possible
that APE1 uses this modification as a mechanism to switch between redox regulatory and
repair functions (a so-called molecular switch), depending on the status of the cell.
Moreover, as shown for S-nitrosation of APE1,28 S-glutathionylation may provide a means
of regulating the intracellular distribution of the protein. It will be important, in this regard,
to explore the extent of APE1 S-glutathionylation in cells exhibiting high cytoplasmic
staining, such as seen in certain cancers.45–47 Finally, given that our studies reveal that
human APE1 is naturally S-glutathionylated and that the extent of this modification
increases following H2O2 treatment in HeLa cells, it will be interesting to determine whether
APE1 S-glutathionylation varies depending on the cell type, stress level, nuclear
microenvironment, and GSH abundance. In closing, we postulate that redox modification of
cysteine residues within APE1 provides a mechanism for regulating the different functions
of the protein.

Materials and Methods
Reagents

Diamide, DTT, GSH, GSSG, and H2O2 were purchased from Sigma (St. Louis, MO).
Streptavidin immobilized on 4% agarose beads was from EMD Bioscience (Gibbstown, NJ).
BioGEE (Invitrogen, Carlsbad, CA), molecular weight standards for SDS-PAGE, protease
inhibitors, and all cell culture reagents were from Invitrogen. Anti-SSG antibody was from
ViroGen (cat# 101-A; Watertown, MA), and anti-APE1 antibody was from Novus
Biologicals (cat# NB 100-116; Littleton, CO). Bradford protein assay reagent was purchased
from Bio-Rad (Hercules, CA).

APE1 proteins
Recombinant native (untagged) human APE1 protein was expressed in and subsequently
purified to near homogeneity from bacteria using a two-step ion-exchange chromatography
procedure that has been previously described.48,49 APE1 proteins harboring cysteine
residues 65/93, 65/99, or 65/93/99, with all other cysteine residues substituted with Ala (as
well as a comparable wild-type protein), were expressed as N-terminal His-SUMO-fusion
proteins and purified as previously described.39 In brief, full-length untagged wild-type
APE1 protein and 65/93, 65/99, and 65/93/99 mutant APE1 proteins were eluted from a Ni-
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NTA column following on-column cleavage with the Ulp1 SUMO-specific protease and
subsequently subjected to S-Sepharose and size-exclusion chromatographic purification
steps.

The single-cysteine mutant APE1 proteins tagged at the N-terminus with GST were
prepared as described previously.9 In brief, GST-C65A-hApe1, GST-C93A-hApe1, GST-
C99A-hApe1, GST-C138A-hApe1, GST-C208A-hApe1, GST-C296A-hApe1, and GST-
C310A-hApe1 pGEX-4T plasmid constructs were generated by site-directed mutagenesis
(QuikChange kit; Stratagene, Wilmington, DE) and confirmed by DNA sequencing. For
protein production, the plasmids were transformed into BL21 (λDE3) Escherichia coli
(Stratagene), and selected colonies were inoculated and grown in 50-mL Luria broth (LB)
medium containing 100 μg/mL ampicillin until the OD600 reached 0.5. At that point,
expression was induced by the addition of isopropyl-β-D-1-thiogalactopyranoside to a final
concentration of 1 mM and conducted overnight at 22 °C. The cells were harvested by
centrifugation and resuspended in 2-mL phosphate-buffered saline (PBS) solution. Cells
were then lysed by sonication, followed by centrifugation at 14,000g for 20 min at 4 °C. The
clarified cell extracts were loaded onto a Glutathione Sepharose 4B column, and the bound
GST-hApe1 fusion protein was isolated using the standard glutathione affinity purification
protocol (GE Healthcare, Piscataway, NJ). Following three consecutive 1-mL elution steps,
each fraction was examined for GST-hApe1 protein by SDS-PAGE and Coomassie blue
staining. The fraction containing the highest amount of protein was dialyzed against 50 mM
Hepes (pH 7.5), 50 mM KCl, and 10% glycerol overnight at 4 °C. Protein concentrations
were determined by using the standard Bradford method, and aliquots were stored at −80 °C
until needed.

S-Glutathionylation and deglutathionylation of APE1
Purified APE1 (0.2 μg) protein was treated with diamide (1–5 mM) and GSH (1–10 mM) in
degassed buffer A [40 mM Tris–HCl (pH 8.0), 140 mM NaCl, and 0.2 mM
ethylenediaminetetraacetic acid (EDTA)] at room temperature for 90 min. After the reaction,
where indicated, DTT (5–10 mM) was subsequently added for 30 min at room temperature
to induce deglutathionylation. APE1 protein was then analyzed using one of the methods
outlined below. For S-glutathionylation by disulfide exchange with GSSG, recombinant
APE1 protein was incubated for 90 min with 10 mM GSSG at room temperature in degassed
buffer A.

Electrophoresis and Western blot analysis
Equal amounts of protein were separated on a 10% nonreducing SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane. Blots were incubated with anti-SSG or anti-
APE1 antibody (see above). Immunoreactive bands were detected with horseradish-
peroxidase-conjugated secondary antibodies and enhanced chemiluminescence plus reagents
(GE Healthcare).

AP endonuclease and EMSA
The incision activity of APE1 was measured as previously described.50 In brief, a 5′-32P-
end-labeled oligonucleotide duplex substrate was formed by using 18F NMR (5′-GTC ACC
GTG FTA CGA CTC-3′; where F is the abasic site analog tetrahydrofuran) and 18G NMR
(5′-GAG TCG TAG CAC GGT GAC-3′). Incision reactions were performed at 37 °C for 5
min with 400 pg of APE1 (with or without diamide/GSH treatment; see above) and 0.5 pmol
of AP–DNA substrate in 10-μL INH buffer [50 mM Hepes (pH 7.5), 100 mM KCl, and 1
mM MgCl2]. For the enzyme kinetic studies (carried out in triplicate), 100 pg of APE1 (280
pM) was used with final substrate concentrations of 5, 10, 25, 50, and 100 nM. The incision
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reaction products were resolved on a denaturing urea-polyacrylamide gel and visualized by
standard phosphorimager analysis.

EMSAs were conducted essentially as described previously.51 In brief, purified APE1 was
treated as above with 1 mM diamide, 1 mM GSH, and/or 1 mM DTT. Two nanograms of
the protein was then incubated with 100 fmol of AP–DNA in 50 mM Hepes–KOH (pH 7.5),
50 mM KCl, 10% glycerol, 0.01% Triton X-100, 100 μg/mL bovine serum albumin, and 4
mM EDTA at a final volume of 10 μL for 5 min on ice. Binding reactions were resolved on
an 8% non-denaturing polyacrylamide gel and analyzed following electrophoresis using a
phosphorimager.

LC–MS/MS analysis
To induce disulfide bond formation, we treated a 50-μL solution of full-length APE1 (10
μM) with H2O2 (1 mM) for 2 h in 10 mM Hepes (pH 7.5). The buffer was then exchanged,
and the sample was reacted with GSH (100 μM) for 30 min at room temperature and was
quenched with 1 mM MalNEt prior to digestion to prevent disulfide bond scrambling. The
sample was diluted 10-fold with water to give a final APE1 concentration of 1 μM and then
digested using a protein:trypsin ratio of 50:1 at 37 °C for 4 h. Native digestion conditions
were similar to those successfully used for other problems involving purified protein
samples.52,53 Triplicate LC–MS/MS measurements of 5 μL of the digestion solution were
made following reversed-phase capillary LC separations with an Eksigent NanoLC-1D
pump (Eksigent Technologies, Inc., Dublin, CA). The reversed-phase capillary column
(0.075 mm×150 mm) was packed in-house by using a PicoFrit™ tip (New Objective, Inc.,
Woburn, MA) with C18 particles (Magic, 5 μm, 120 Å; Michrom Bioresources, Inc.,
Auburn, CA). The mobile phase consisted of water containing 0.1% formic acid (solvent A)
and acetonitrile containing 0.1% formic acid (solvent B). Immediately after sample loading,
the mobile phase was held at 98% solvent A for 12 min. A linear gradient was used,
whereby the amount of solvent B was increased from 2% to 60% over 60 min, then to 80%
over 10 min at 260 nL/min, followed by a 12-min re-equilibration step by 100% solvent A.
The flow was directed by PicoView Nanospray Source (PV550; New Objective, Inc.) to the
LTQ Orbitrap (Thermo Fisher Scientific, West Palm Beach, FL). The spray voltage was
1.8–2.2 kV, and the capillary voltage was 27 V. The LTQ Orbitrap was operated in standard
data-dependent MS/MS acquisition mode controlled by its Xcalibur 2.0.7 software. A full
mass spectral scan was followed by six product ion (MS/MS) scans of the six most abundant
ions. The mass spectra of the peptides were acquired at high mass resolving power (60,000
for ions of m/z 400) with the FT analyzer over the range of m/z 350–2000. The six most
abundant precursor ions were dynamically selected in the order of highest-to-lowest signal
intensity (minimal intensity of 1000 counts) and were subjected to collision-induced
dissociation. Precursor activation was performed with an isolation width of 2 Da and an
activation time of 30 ms. The normalized collision energy was 35% of the maximum
available. The automatic gain control target value was regulated at 1×106 for the FT
analyzer and at 3×104 for the ion trap with a maximum injection time of 1000 ms for the FT
analyzer and of 200 ms for the ion trap. The instrument was externally calibrated by using a
standard calibration mixture of caffeine, the peptide MRFA, and Ultramark 1621 (Thermo
Fisher Scientific).

LC–MS/MS data were searched with Mascot 2.2 (Matrix Science, Boston, MA) against the
NCBI database to identify covalent modifications.54–56 Parameters used in Mascot were as
follows: enzyme, trypsin; maximum missed cleavage, 3; fixed modifications, oxidation on
methionines; variable modifications, GSH on cysteines; peptide mass tolerance, 10 ppm
with one C13 peak; peptide charge, +1 to +3; product mass tolerance, 0.6 Da; and
instrument type, default (searching for all types of b and y ions).
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ESI–QTOF analysis
Glutathionylation for APE1 samples treated with diamide and GSH was characterized by
global QTOF mass spectrometry. Full-length APE1 samples including C65/C93, C65/C99,
and wild-type APE1 at a concentration of 10 μM were reacted with 1 mM GSH and 10 mM
diamide for 2 h at room temperature. Samples were analyzed using ESI mass spectrometry
following Agilent 1200 series capillary HPLC with a flow rate of 50 μL/min consisting of
70% H2O and 30% acetonitrile, both with 0.1% formic acid. Mass spectra were measured
using an Agilent 6520 QTOF operating in time-of-flight mode with ESI. The sample was
nebulized at 10 psi and dried with 325 °C N2 gas flowing at 5 L/min. The capillary voltage
was 4000 V, and a mass region of m/z 300–1700 was scanned. Mass spectra of the sample
were averaged and deconvoluted using the MassHunter Bioconfirm software supplied by the
manufacturer.

Cell culture and preparation of total cell lysates
Human cervical cancer HeLa cells (ATCC CCL-185) were maintained in a high-glucose
Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum, 100
U/mL penicillin, and 100 μg/mL streptomycin. Cells were grown at 37 °C in an atmosphere
of 5% CO2 and 95% air. To generate whole cell extracts, we rinsed cells three times with
ice-cold PBS and lysed them in RIPA buffer [50 mM Tris–Cl (pH 7.4), 1% NP-40, 150 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/mL each of aprotinin and leupeptin, and 1 mM
Na3VO4]. After centrifugation at 12,000g for 30 min, the supernatant was collected, and the
protein concentration was determined by the Bradford method.

Purification of S-glutathionylated proteins using BioGEE in cells
BioGEE was added to the medium 1 h prior to the addition of 100 μM H2O2. Soluble
proteins covalently bound to biotin were extracted in batches by using streptavidin agarose.
The agarose beads were washed three times with RIPA buffer. Proteins bound to
streptavidin via a disulfide bond were then eluted from the beads by incubation for 30 min
with PBS/EDTA/SDS containing 10 mM DTT. Proteins in the eluent were resolved by SDS-
PAGE and detected by Western blotting.
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Abbreviations used

AP apurinic/apyrimidinic

APE1 AP endonuclease 1

EDTA ethylenediaminetetraacetic acid

EMSA electrophoretic mobility shift assay

ESI electrospray ionization

GSH reduced glutathione

GSSG glutathione disulfide

GST glutathione S-transferase

LC liquid chromatography
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MalNEt N-ethyl maleimide

MS/MS tandem mass spectrometry

PBS phosphate-buffered saline

QTOF quadrupole time-of-flight

redox reduction–oxidation

Ref-1 redox effector factor 1
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Fig. 1.
S-Glutathionylation of APE1 in vitro. (a) Purified recombinant APE1 protein (0.2 μg) was
incubated with 5 mM diamide (DA) and 10 mM GSH as described in Materials and
Methods. For deglutathionylation, S-glutathionylated APE1 was treated with 10 mM DTT.
All samples were subjected to nonreducing SDS-PAGE followed by Western blot analysis
with anti-SSG antibody (top) or anti-APE1 antibody (bottom). Positions of molecular mass
protein standards are designated in kilodaltons, and the arrow denotes location of multi-
meric protein form. The data are representative of at least three independent experiments. (b)
S-Glutathionylation was carried out by disulfide exchange with GSSG. Recombinant APE1
protein (0.2 μg) was treated with either 5 mM diamide/10 mM GSH (lane 2) or 10 mM
GSSG (lane 3), followed by nonreducing SDS-PAGE and Western blot analysis with anti-
SSG antibody or anti-APE1 antibody. The data are representative of at least three
independent experiments.
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Fig. 2.
Effect of S-glutathionylation of APE1 on its AP endonuclease activity. (a) AP endonuclease
activity of modified APE1 protein. Recombinant APE1 (0.2 μg) was incubated with 1 mM
diamide (DA)/2 mM GSH, followed by 5 mM DTT treatment as indicated. AP-site-
containing DNA substrate was incubated with unmodified or modified APE1 protein under
standard reaction conditions (see Materials and Methods), and the reaction mixture was
analyzed on a denaturing urea-polyacrylamide gel. S indicates uncleaved oligonucleotide
substrates, and P indicates cleaved incision products. The graph represents the relative
incision activity (compared to APE1 without DA, GSH, or DTT treatment) with means±SD
(n=3). (b) The same samples assayed for AP endonuclease activity (a) were subjected to
Western blot analysis. Equal amounts of proteins were separated by nonreducing SDS-
PAGE and probed with antibodies specific to SSG or APE1. Lane designations 1–6
correspond to those in (a). Positions of molecular mass protein standards are designated in
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kilodaltons. The data are representative of at least three independent experiments. (c)
Inhibition of AP endonuclease activity was observed by the addition of various
concentrations of diamide (DA) together with 1 mM GSH (upper panel). The same samples
were subjected to Western blot analysis with anti-SSG and anti-APE1 antibodies after
separation by nonreducing SDS-PAGE (lower panel).
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Fig. 3.
Effect of S-glutathionylation on APE1 DNA binding. After treatment with 1 mM diamide
(DA), 1 mM GSH, and/or 1 mM DTT (as indicated), AP-site-containing DNA (100 fmol)
was incubated with 2 ng of APE1 protein and then resolved on an 8% non-denaturing
polyacrylamide gel (see Materials and Methods). (Top) A representative gel image of three
independent experimental EMSAs. The bottom graph shows the relative DNA binding
activity (compared to APE1 without DA, GSH, or DTT treatment) with means±SD (n=3).
NE, no enzyme and DNA-only control; S, unbound substrate; C, APE1/AP–DNA
complexes.
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Fig. 4.
Identification of S-glutathionylated cysteine residue in APE1. (a) The three-dimensional
structure of the human APE1 protein is shown as a magenta ribbon rendering with the seven
cysteine residues depicted as van der Waals spheres. Substrate DNA is shown as a stick
rendering with the abasic site containing strand in green and the complementary strand in
purple. The rendering was generated from coordinate file 1DEW (Protein Data Bank
accession number) by using the PyMOL Molecular Graphics System (Version 1.3,
Schrödinger, LLC). Inhibitory effect of S-glutathionylation on AP endonuclease activity was
measured using APE1 proteins retaining all seven cysteine residues (WT) or two or three of
the N-terminal cysteine residues (Cys65, Cys93, and Cys99). The other cysteine residues not
designated are substituted with Ala. Treatment parameters are indicated, and S=substrate
and P=product. The data are representative of at least three independent experiments. APE1
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cysteine mutants were generated by a single amino acid substitution (to Ala) and tested for
AP endonuclease activity. Each cysteine mutant protein was treated with 1 mM diamide plus
1 mM GSH where indicated (+). The data are representative of at least three independent
experiments.
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Fig. 5.
ESI––QTOF mass spectrometric analysis of wild-type (a), C65/C93 (b), and C65/C99 (c)
APE1 proteins. S-Glutathionylation of wild-type (WT), C65/C93, and C65/C99 APE1
proteins (10 μM) was carried out by treatment with 10 mM diamide and 1 mM GSH. The
reaction mixtures were subjected to global ESI–QTOF mass spectrometric analysis. Plotted
on the x-axis is the deconvoluted mass for observed peaks, and plotted on the y-axis is the
peak intensity. In (b), the peak corresponding to the unmodified parent protein is designated
as “P”.
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Fig. 6.
H2O2-induced S-glutathionylation of APE1 in cells of APE1 in cells (a) HeLa cells were
exposed to 100 μM H2O2 for 10, 30, 60, or 120 min. An equal amount of total whole cell
extract (10 μg) at the designated time point was then subjected to nonreducing SDS-PAGE
and probed with antibodies specific to SSG or APE1. Shown is a representative gel (cropped
to show only the molecular mass region relevant to APE1) of at least three independent
experiments. (b) Cells were preincubated with 100 μM BioGEE for 1 h and subsequently
exposed to 100 μM H2O2 for 10, 30, and 60 min. Biotin-bound proteins were extracted
using streptavidin agarose and eluted with DTT. The eluent was subjected to nonreducing
SDS-PAGE and probed with an antibody specific to APE1. The data are representative of at
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least three independent experiments. (c) Cells were incubated with or without BioGEE.
Biotin-bound proteins were extracted using streptavidin agarose and eluted with DTT. The
eluent was subjected to nonreducing SDS-PAGE and probed with an antibody specific to
APE1.
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Table 1

LC–MS/MS analysis of S-glutathionylation of APE1 by H2O2

APE1 peptide disulfide bonded to GSH Cys residuea

ICSWNVDGLR 65

EEAPDILCLQETK 93

CSENKLPAELQELPGLSHQYWSAPSDK 99

QCPLK 138

a
The residue number for the Cys (in boldface) found in each peptide that was disulfide bonded to GSH.
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