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Abstract
Deficient repair activity for 8-hydroxy-2′-deoxyguanine (8-oxoguanine), a premutagenic oxidative
DNA damage, has been observed in affected tissues in neurodegenerative diseases of aging, such as
Alzheimer’s disease, and in ischemia/reperfusion injury, type 2 diabetes mellitus, and cancer. These
conditions have in common the accumulation of oxidative DNA damage, which is believed to play
a role in disease progression, and loss of intracellular calcium regulation. These observations suggest
that oxidative DNA damage repair capacity may be influenced by fluctuations in cellular calcium.
We have identified human 8-oxoguanine-DNA glycosylase 1 (OGG1), the major 8-oxoguanine
repair activity, as a specific target of the Ca2+-dependent protease Calpain I. Protein sequencing of
a truncated partially calpain-digested OGG1 revealed that calpain recognizes OGG1 for degradation
at a putative PEST (Proline, Glutamic acid, Serine, Threonine) sequence in the C-terminus of the
enzyme. Co-immunoprecipitation experiments showed that OGG1 and Calpain I are associated in
human cells. Exposure of HeLa cells to hydrogen peroxide or cisplatin resulted in the degradation
of OGG1. Pretreatment of cells with the calpain inhibitor calpeptin resulted in inhibition of OGG1
proteolysis and suggests that OGG1 is a target for calpain-mediated degradation in vivo during
oxidative stress- and cisplatin-induced apoptosis. Polymorphic OGG1 S326C was comparatively
resistant to calpain digestion in vitro, yet was also degraded by a calpain-dependent pathway in
vivo following DNA damaging agent exposure. The degradation of OGG1 by calpain may contribute
to decreased 8-oxoguanine repair activity and elevated levels of 8-oxoguanine reported in tissues
undergoing chronic oxidative stress, ischemia/reperfusion and other cellular stressors known to
produce perturbations of intracellular calcium homeostasis which activate calpain.
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1. Introduction
Exposure to DNA damaging agents and reactive oxygen species (ROS) frequently results in
the activation of Ca2+-dependent proteases and the subsequent proteolytic modification or
destruction of numerous cellular proteins leading to irreversible activation of the apoptotic
pathway. The caspase and calpain families are major Ca2+-dependent proteases involved in
apoptotic and necrotic cell death [reviewed in (1)]. Much attention has been focused on
caspases due to their established role in the progression of classical apoptosis (2). Initially
implicated in the necrotic process, activation of calpains has since been shown to play a
prominent role in apoptosis. Significant cross-talk occurs between caspases and calpains in
cell death pathways (3,4) and calpain activation may occur upstream, downstream, or be
independent of caspases in the apoptotic cascade, depending upon the cell type and nature of
cell damage induced (5–8). More recently, dysregulation of calpain has been identified as a
central factor in the progression of numerous pathological conditions, including Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis, cataracts, ischemic neurodegeneration
(stroke), type 2 diabetes mellitus, and cancer (9).

Alzheimer’s disease, type 2 diabetes, ischemia/reperfusion injury, and cancer are all associated
with increased oxidative stress, elevated intracellular calcium and calpain hyperactivation
(10–15). In affected tissues in these conditions, elevated 8-oxoguanine in DNA, decreased
levels of OGG1 enzyme, and decreased 8-oxoguanine excision activity have been observed
(16–21). Evidence suggests that accumulation of oxidative DNA damage in these conditions
may be involved in cell death or transformation. A potential link between ROS exposure and
calcium overload involves the ROS-mediated formation of reactive aldehydes that inhibit
plasma membrane Ca2+ ATPase activity (22). An oxidative stress-mediated decrease in Ca2+

ATPase activity would inhibit the removal of calcium from the cell resulting in intracellular
calcium accumulation that promotes activation of calcium-dependent proteases. In cortical
neurons, β-amyloid protein increases the amplitude of voltage-dependent Ca2+ channel
currents resulting in elevated free intracellular calcium (23). Calcium released from
endogenous endoplasmic reticulum and mitochondrial calcium stores may also contribute to
increased free intracellular calcium following cellular insults such as ROS exposure (1). Since
some conditions associated with intracellular calcium dysregulation are associated with an
oxidative DNA damage repair deficit, DNA glycosylases which recognize and excise oxidative
DNA damage, such as OGG1, may represent potential targets for calcium-dependent
proteolytic modification or destruction. We examined this possibility by inducing calpain
activity with ROS or cisplatin exposure in human cells and observed proteolysis of OGG1.
The degradation of OGG1 in cells with activated calpain suggests that proteolysis of the major
8-oxoguanine repair activity in cells with loss of intracellular calcium regulation may
contribute to the associated impaired oxidative DNA damage repair capacity and accumulation
of oxidative DNA damage.

2. Materials and methods
2.1 In vitro cleavage of OGG1 by calpain

Purified human OGG1–1a was prepared as described previously (24). Purified Calpain I was
obtained from Calbiochem. OGG1 was reacted with calpain in 20 mM Tris-HCl, pH 7.4, 2
mM CaCl2 at 30°C. Calpastatin, a specific calpain inhibitor, was obtained from Calbiochem.
Reactions were terminated by adding SDS sample buffer and heating to 95°C for 5 min.
Samples were analyzed by electrophoresis on 4–20% acrylamide gels (Invitrogen) and
Coomassie staining (Bio-Rad).
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2.2 Induction of calpain activity in human cells by ROS and cisplatin exposure
HeLa cells were plated at 0.5×106 cells per dish in 100 mm dishes and transfected with 0.25
μg of previously described pCMVF-WT OGG1 mammalian OGG1 expression vector (24) or
pCMVF vector using Fugene 6 transfection reagent (Roche) according to the manufacturer’s
instructions. Twenty-four hours later, medium was replaced and cells were pretreated with 0,
5, or 10 μM calpeptin (Calbiochem), a cell-permeable calpain inhibitor, for 2 hrs prior to being
exposed to hydrogen peroxide (Sigma) or cisplatin (Calbiochem) for 24 hrs. Cells were
trypsinized and whole cell extracts prepared with M-PER reagent (Pierce) containing HALT
protease inhibitor cocktail (Pierce) were analyzed for intracellular OGG1 levels by anti-FLAG
(M2, Sigma) western blotting of whole cell extracts. Untransfected cells were similarly treated
and cell extracts were analyzed for degradation of endogenous OGG1–1a and –2a by western
blot using a polyclonal OGG1/2 antibody (H-300, Santa Cruz). Apoptosis was measured with
an Annexin V-FITC apoptosis detection kit I (BD Pharmingen) and flow cytometry analysis
on a BD FACSCalibur flow cytometer (BD Biosciences).

2.3 Co-immunoprecipitation of OGG1 and calpain
HeLa cells were plated at 6×106 cells per dish on 150 mm dishes. Twenty-four hours later,
cells were transfected with 10 μg of pCMVF-WT OGG1 vector. Twenty-four hours after
transfection, cells were harvested and whole cell extracts were prepared using M-PER reagent
containing HALT protease inhibitor cocktail. M-PER was made 20 mM Tris-HCl 7.4, 150 mM
NaCl prior to adding to cell pellets. Extracts were precleared with protein G agarose (Santa
Cruz) for 2 hrs. Anti-FLAG, anti-Calpain I (N-19, Santa Cruz) antibody or normal mouse IgG
(Santa Cruz) were incubated with cell extract at 4°C for 24 hrs with rotation. Protein G agarose
was then added to each incubation for an additional 24 hrs with rotation. Beads were washed
in PBS and suspended in 40 μl of 1x SDS buffer. Five μg of whole cell extract and 10 μl of
each incubation reaction were analyzed by western blot using either anti-FLAG or anti-Calpain
I antibodies.

3. Results
3.1 OGG1 is cleaved by calpain in vitro

An examination of the OGG1 amino acid sequence using the PESTfind program (25,26)
revealed putative low-score PEST sequences in the enzyme that could represent consensus
cleavage sites for the calpain family of calcium-dependent proteases (Fig. 1). We tested the
possibility that OGG1 might be a calpain substrate by reacting purified OGG1 with human
Calpain I. Calpain cleaved OGG1 (Fig. 2), removing approximately 2 kDa from the full-length
protein and degrading the enzyme. An extended exposure of OGG1 to calpain resulted in
complete cleavage and partial degradation of the enzyme (Fig. 2, lane 5). To ensure the
specificity of OGG1 cleavage by calpain, cleavage reactions were carried out in the presence
of EDTA or calpastatin. In the absence of calcium (Fig. 2, lane 6), calpain failed to cleave
OGG1. In the presence of calpastatin, (Fig. 2, lane 7), OGG1 was protected from calpain
cleavage. N-terminal protein sequencing of partially calpain-degraded OGG1 showed an
unmodified N-terminus (data not shown). C-terminal amino acid sequencing (Mayo
Proteomics Research Center, Rochester, NY) of partially calpain-digested OGG1 produced the
sequence –QSRHA, indicating that calpain cleaves OGG1 between amino acids A329 and
Q330 during OGG1 proteolysis (Figs. 1 and 2).

3.2 In vivo degradation of OGG1 by calpain following ROS and cisplatin exposure
With the identification of OGG1 as a calpain substrate in vitro, we tested whether OGG1 is
degraded by calpain in cells. Human cells transfected with FLAG-tagged OGG1 were exposed
to various concentrations of hydrogen peroxide (Fig. 3A) and cisplatin (Fig. 3B). After a 24
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hr exposure, the percentage of apoptotic cells was determined for each treatment condition
(Fig. 3). Levels of OGG1 in whole cell extracts of OGG1-transfected normal and treated cells
were analyzed by western blot. In apoptotic cells with activated calpain, OGG1 was degraded
and no significant amount of truncated product was detected (Fig. 3A and B). Roughly half of
endogenous OGG1–1a was degraded following treatment of untransfected cells with hydrogen
peroxide (Fig. 5, lane 2), while no significant change was observed in OGG1–2a level (Fig. 5,
lane 2). Cisplatin exposure resulted in significant degradation of both OGG1–1a and OGG1–
2a in untransfected cells (Fig. 5, lane 5). The complete (Fig. 3A and Fig. 5, lanes 3 and 4) or
partial (Fig. 3B and Fig. 5, lanes 6 and 7) inhibition of OGG1 proteolysis in cells by a specific
calpain inhibitor and the cleavage and degradation of OGG1 by calpain in vitro (Fig. 2) suggest
a major role for calpain in OGG1 degradation in vivo.

3.3 Interaction of OGG1 and Calpain I in human cells
Since OGG1 is a calpain substrate, interacts with calpain at least transiently in vitro and is
degraded by a calpain-dependent mechanism in vivo, we carried out co-immunoprecipitation
experiments to determine if the proteins are associated in cells. Using whole cell extracts from
human cells overexpressing N-terminally FLAG-tagged OGG1, we specifically pulled down
OGG1 and Calpain I using anti-Calpain I and anti-FLAG antibodies, respectively, in reciprocal
experiments (Fig. 4). These results suggest that OGG1 and calpain form a complex in vivo and
further support the direct degradation of OGG1 by calpain in cells.

3.4 Proteolysis of polymorphic OGG1 S326C by calpain
The calpain cleavage (PEST) sequence in the OGG1 C-terminus identified by C-terminal
sequencing of calpain-digested OGG1 encompasses amino acid serine 326, the site of a
prevalent cancer-associated serine to cysteine OGG1 S326C (rs1052133) polymorphism (24).
Amino acid substitutions in PEST sequences frequently alter or abolish calpain cleavage at
such sites. Using conditions identical to those used for the wild-type enzyme, OGG1 S326C
was reacted with purified Calpain I (Fig. 6A). The substitution of serine for cysteine at position
326 in OGG1 greatly reduced in vitro cleavage of the enzyme by calpain, with roughly 10%
cleavage occurring after 2 hrs (Fig. 6A, lane 5), compared to complete cleavage of the wild-
type enzyme in an identical reaction (Fig. 2, lane 5). Similar to the wild-type enzyme, OGG1
S326C expressed in human cells was degraded following exposure to hydrogen peroxide (Fig.
6B) or cisplatin (Fig. 6C). Inhibition of OGG1 S326C degradation by calpeptin pretreatment
suggests that the isoform is also degraded by a calpain-dependent mechanism in vivo. The
percentage of apoptotic cells following treatment with either hydrogen peroxide or cisplatin
was similar to that observed in wild-type OGG1-transfected cells (data not shown).

Discussion
We show that OGG1 is cleaved and degraded by calpain in vitro, interacts with calpain in cells,
and is degraded by calpain-dependent proteolysis in vivo after exposure to hydrogen peroxide
and cisplatin. The upregulation of calpain activity, influx of Ca2+, and induction of apoptosis
are well characterized effects of oxidative stress (27). Hydrogen peroxide exposure results in
oxidative stress by direct production of damaging oxygen radicals in cells via the Fenton
reaction (28). The toxicity of cisplatin, a common chemotherapeutic agent known to induce
apoptosis and activate intracellular calpain (4), is also mediated partly through ROS production.
Cisplatin inactivates glutathione and antioxidant enzymes superoxide dismutase, catalase,
glutathione peroxidase and glutathione reductase leading to intracellular accumulation of
endogenously produced ROS and thereby elevated genomic 8-oxoguanine, calcium influx, and
calpain activation (29–31). The significant inhibition of ROS-induced apoptosis by calpeptin
(Fig. 3A) highlights the major role of calpains in cell death pathways following ROS exposure.
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The failure of the PESTfind program to identify OGG1 as a high-score consensus calpain
substrate underscores the variability in calpain cleavage sequences. Many known high affinity
calpain substrates do not possess PEST sequences and many proteins containing consensus
PEST sequences are not calpain substrates (32). Calpains may then recognize a localized
conformation that may occur preferentially, though not always, at PEST sequences. Although
OGG1 was slightly degraded by calpain in vitro, our C-terminal sequencing of a partially
calpain-digested OGG1 showed a preferential cleavage that removes the C-terminal 16 amino
acids (Figs. 1 and 2). The 4 poor PEST sequences identified within the OGG1 enzyme by the
PESTfind program (Fig. 1) may be other points at which OGG1 is degraded by calpain. That
OGG1 was degraded rather than truncated in cells with activated calpain may indicate
differences between the in vitro and in vivo specificities of calpain or suggest the action of
additional proteases in calpain-dependent OGG1 degradation. The latter possibility is
supported by the observation that mouse OGG1, which shares significant homology with
human OGG1, was cleaved in vivo by a caspase-dependent mechanism during apoptosis
induced by etoposide or mitomycin C (33).

We previously demonstrated that removal of the C-terminal 20 amino acids of OGG1 results
in a fully functional enzyme with reduced DNA binding affinity (24). However, the C-terminal
11 amino acids comprise the OGG1 nuclear localization signal (NLS) (34). Since OGG1
contains both an N-terminal mitochondrial localization sequence (34) and a C-terminal NLS,
low-level intracellular calpain activation and cleavage of OGG1 could result in a truncated
form of OGG1 that would retain repair activity and localize to mitochondria. The predominant
mitochondrial OGG1 isoform, OGG1–2a, was shown to be devoid of enzymatic activity (35).
Since roughly 10% of OGG1–1a resides in mitochondria, it was proposed that nuclear OGG1–
1a may also be the major mitochondrial OGG1 activity (35). Proteolytically modified OGG1–
1a species lacking an NLS may serve such a role. This possibility is supported by the detection
of multiple OGG1 species, smaller in size than the full-length OGG1–1a, in mitochondria
(35).

Mitochondrial OGG1–2a is identical to OGG1–1a in amino acids 1–316 but lacks the
experimentally identified OGG1 PEST sequence in the OGG1–1a C-terminus (residues 324–
333, Fig. 1). Accordingly, it is anticipated that the mitochondrial isoform would be less
sensitive to degradation during ROS-induced calpain activation. We determined the effect of
hydrogen peroxide and cisplatin exposure on levels of endogenously expressed OGG1–1a and
–2a (Fig. 5). After hydrogen peroxide exposure, OGG1–1a was decreased by roughly half while
no significant change was observed in the mitochondrial enzyme (Fig 5, lane 2). In contrast,
cisplatin was more than twice as cytotoxic as hydrogen peroxide at the highest dose used (Fig.
3) and resulted in significant degradation of both OGG1–1a and –2a (Fig. 5 lane 5). In cells
exposed to hydrogen peroxide, pretreatment with calpeptin resulted in complete protection of
OGG1–1a (Fig. 3A, lane 6 and 7, Fig. 5, lanes 3 and 4). However, calpeptin pretreatment prior
to cisplatin exposure only partially protected either OGG1 isoform (Fig. 3B, lanes 6 and 7, Fig.
5, lanes 6 and 7) and suggests that a significant fraction of OGG1 degradation following
cisplatin exposure is independent of calpain activity.

The amino acid substitution of the OGG1 S326C variant greatly reduced cleavage of the
enzyme in vitro (Fig. 6A) and confirms the involvement of the 324–333 region in the cleavage
of OGG1 by calpain in vitro. Following hydrogen peroxide exposure, OGG1 S326C in cells
was degraded less than the wild-type enzyme in an equivalent experiment (compare Fig. 3A,
lane 5 and Fig. 6B, lane 5). OGG1 S326C was degraded similarly to wild-type OGG1 after
cisplatin exposure (Fig. 6C). These results suggest that S326C may be moderately less sensitive
to calpain-mediated degradation in vivo under conditions of oxidative stress.
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Our finding of calpain degradation of OGG1 is the first report of proteolysis of the human
enzyme. Interestingly, other components of the base excision repair pathway, including DNA
ligase III and Poly (ADP-ribose) polymerase (PARP), have been identified as targets for calpain
degradation (36,37). While some calpain substrates, such as PARP and DNA polymerase ε,
are discretely cleaved in vivo (37,38), others such as DNA ligase III (36) and OGG1 may be
completely degraded upon activation of calpain. Further studies are warranted to elucidate the
physiological significance of OGG1 proteolysis. Increases in cellular ROS, such as those
produced by hydrogen peroxide or cisplatin exposure, result in elevated 8-oxoguanine in DNA,
the repair of which may be negatively regulated by ROS-induced OGG1 proteolysis. Cleavage
of OGG1 by calpain may influence intracellular localization of the enzyme in response to
oxidative stress. Calpain-mediated degradation of OGG1 may underlie or contribute to elevated
levels of 8-oxoguanine, low levels of OGG1 enzyme and decreased 8-oxoguanine repair
activity observed in tissues with disruption of intracellular calcium regulation and calpain
overactivation due to chronic oxidative stress.
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Figure 1.
PEST sequences in the OGG1 enzyme. The OGG1 amino acid sequence was analyzed for
consensus calpain cleavage sites by the PESTfind program (https://emb1.bcc.univie.ac.at/
toolbox/pestfind/pestfind-analysis-webtool.htm) (25). Poor PEST sequences identified by
PESTfind are dash underlined. An experimentally determined PEST sequence where OGG1
is cleaved by Calpain I is shown in bold. Arrows indicate a site of calpain cleavage between
A329 and Q330 in the OGG1 C-terminus. Serine 326 is underlined in bold.
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Figure 2.
In vitro proteolysis of OGG1 by Calpain I. OGG1 (1 μg) was reacted with 200 ng of Calpain
I for 15, 30 or 60 min (lanes 2–4) or 120 min (lanes 5–7) at 30°C. Reactions were supplemented
with 2 mM CaCl2, 2 mM EDTA, or 1μg calpastatin as indicated. Reactions were terminated
with SDS sample buffer and analyzed by SDS-PAGE and Coomassie staining.
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Figure 3.
In vitro degradation of OGG1 by calpain during ROS- and cisplatin-induced apoptosis. A.
Anti-FLAG western blot of 20 μg of whole cell extract from cells transfected with pCMVF
vector (lane 1) or pCMVF-WT OGG1 (lanes 2–7) and exposed to hydrogen peroxide (H2O2)
for 24 hrs. Cell treatments and percent apoptotic cells (normalized) for cells used to prepare
extracts analyzed for OGG1 levels by western are shown for each lane in panel A. An identical
experiment using cisplatin exposure is shown in panel B.
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Figure 4.
Co-immunoprecipitation of OGG1 and Calpain I. A. Anti-FLAG (OGG1) western blot of HeLa
whole cell extract (WCE) (lane 1), proteins pulled down from WCE with normal mouse IgG
(lane 2), or Calpain I antibody (lane 3). B. Anti-Calpain I western blot of HeLa WCE (lane 1),
proteins pulled down from WCE with normal mouse IgG (lane 2), or FLAG antibody (lane 3).
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Figure 5.
Degradation of endogenous OGG1s by calpain following hydrogen peroxide and cisplatin
exposure. Anti-OGG1/2 polyclonal antibody western blot of 20 μg of whole cell extract from
untransfected HeLa cells. Cells were untreated or exposed to 100 μM hydrogen peroxide or
40 μM cisplatin for 24 hrs with or without 2 hr calpeptin pretreatment as indicated.
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Figure 6.
In vitroand in vivo proteolysis of polymorphic OGG1 S326C by calpain. A. In an experiment
identical to that shown in Fig. 2, OGG1 S326C was reacted with purified Calpain I. B. HeLa
cells transfected with OGG1 S326C were exposed to hydrogen peroxide for 24 hrs in an
experiment identical to that shown in Fig. 3A. C. HeLa cells transfected with OGG1 S326C
were exposed to cisplatin for 24 hrs in an experiment identical to that shown in Fig. 3B.
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