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Abstract
Poly(ADP-ribose) polymerases (PARPs) convert NAD to polymers of ADP-ribose that are converted
to free ADP-ribose by poly(ADP-ribose) glycohydrolase (PARG). The activation of the nuclear
enzyme PARP-1 following genotoxic stress has been linked to release of apoptosis inducing factor
from the mitochondria, but the mechanisms by which signals are transmitted between nuclear and
mitochondrial compartments are not well understood. The study reported here has examined the
relationship between PARG and mitochondria in HeLa cells. Endogenous PARG associated with the
mitochondrial fraction migrated in the range of 60 kDa. Transient transfection of cells with PARG
expression constructs with amino acids encoded by exon 4 at the N-terminus were targeted to the
mitochondria as demonstrated by subcellular fractionation and immunofluorescence microscopy of
whole cells. Deletion and missense mutants allowed identification of a canonical N-terminal
mitochondrial targeting sequence consisting of the first 16 amino acids encoded by PARG exon 4.
Sub-mitochondrial localization experiments indicate that this mitochondrial PARG isoform is
targeted to the mitochondrial matrix. The identification of a PARG isoform as a component of the
mitochondrial matrix raises several interesting possibilities concerning mechanisms of nuclear-
mitochondrial cross talk involved in regulation of cell death pathways.
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Introduction
Polymers of ADP-ribose (ADPR) are synthesized by a family of poly(ADP-ribose)
polymerases (PARPs) encoded by a number of different genes [1,2]. The best understood are
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the nuclear PARPs 1 and 2 that play a role in the maintenance of genomic integrity via
promotion of DNA repair and cell recovery at low levels of genotoxic stress and promotion of
cell death at higher levels of damage [3,4]. The central role of ADPR polymer metabolism in
modulating cell recovery or cell death has potentially important implications for the therapeutic
targeting of this metabolism [5,6].

Activation of PARP-1 has been specifically linked to the release of apoptosis inducing factor
(AIF) from mitochondria, resulting in cell death [7,8]. A number of possible mechanisms
whereby PARP-1 is involved in nuclear-mitochondrial cross talk leading to AIF release have
been proposed that include nuclear/cytoplasmic NAD depletion resulting in glycolysis blocks
that deplete substrates for mitochondrial metabolism [9,10], direct effects of ADPR polymers
on mitochondria [11,12], involvement of receptor-interacting protein-1, tumor necrosis factor
receptor-associated factor and c-Jun N-terminal kinase [13] and involvement of calpains and
Bax [14].

Poly(ADP-ribose) glycohydrolase (PARG) catalyzes the opposing arm of ADPR polymer
cycles initiated by PARPs [15]. In contrast to multiple genes that encode proteins with PARP
activity, only a single gene that encodes PARG activity clearly involved in ADPR polymer
metabolism has been described [16]. A second enzyme with PARG activity has been described
[17], but its functional significance is not yet clear. However, alternative splicing leads to
multiple PARG gene transcripts, resulting in generation of a number of different PARG
isoforms targeted to nuclear and extranuclear cell compartments [18]. A PARG isoform of
approximately 111 kDa facilitates DNA repair via regulation of ADPR polymer levels
following DNA damage [19,20]. A number of studies suggest an association of PARG (and
thus ADPR polymer metabolism) with mitochondria [16,21-24]. The PARG gene shares a
promoter with a gene encoding TIM23, a protein involved in import of proteins into
mitochondria [16]. A hypomorphic mouse mutant derived from disruption of the PARG gene
that contains only small PARG isoforms including an isoform with an N-terminus that begins
with amino acids encoded by PARG exon 4 shows high levels of PARG associated with the
mitochondria [21]. This same PARG isoform has been subsequently detected in wild type cells
and shown to be associated with the mitochondrial fraction [22]. Activities capable of
degrading ADPR polymers in vivo have been detected in the mitochondrial matrix [23]. PARG
shows a strong association with the mitochondrial fraction in brain and other tissues from
rodents [24]. In the present work, we have examined the relation between PARG and
mitochondria in more detail in HeLa cells and we present here evidence that a specific PARG
isoform is a valid and legitimate component of the mitochondrial matrix.

Methods and Materials
Cell culture and transfection methods

HeLa cells were cultured (37°C, 5% CO2) in Dulbecco's modified Eagle's Medium (DMEM,
Sigma) supplemented with 10% bovine calf serum (BCS, Hyclone). For the overexpression of
constructs encoding wild type and mutant PARG, cells were seeded in 150 mm diameter cell
culture dishes or six-well plates (Sarstedt), and transfected using Lipofectamine 2000
transfection reagent (Invitrogen) according to the manufacturer's protocol. Alternatively, cells
were transfected using a calcium phosphate transfection method [25].

Western blotting methods
Subcellular fractions and other protein samples were applied to 10% polyacrylamide gels, and
separated by SDS-PAGE [26]. Samples were then transferred to PVDF membranes (Millipore)
for analysis. Membranes were analyzed with anti-V5 (Invitrogen), anti-SMAC/Diablo
(Abcam), anti-Hsp60 (Stressgen), anti-MnSOD (Stressgen), anti-Histones (Millipore), or anti-
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Lactate Dehydrogenase (Abcam) antibodies. Antibodies for the detection of endogenous
PARG in total lysates and mitochondrial fractions were described previously [22]. Membranes
were subsequently detected using horseradish peroxidase-conjugated goat anti-mouse or goat
anti-rabbit secondary antibodies (Jackson ImmunoResearch Laboratories) and visualized with
an enhanced chemiluminescent (ECL) reaction. Densitometric analysis of western blots was
performed using Scion Image for Windows (Scion Corporation).

Deletion and site-directed mutagenesis
pΔE-C1hPARG59, a pEGFP-C1 (Clontech) plasmid containing the hPARG59 isoform [22]
was created by deleting EGFP using the Nhe1 and Kpn1 restriction sites and primers shown
in Table 1. Site-directed mutagenesis (Fig. 3) was performed using the Quickchange II-E
mutagenesis kit (Stratagene), according to the manufacturer's protocol, using primers shown
in Table 1. For generation of deletion mutants (Fig. 2), the entire plasmid was amplified by
polymerase chain reaction using the Phusion high-fidelity DNA polymerase (Finnzymes) and
deletion primers shown in Table 1, and then self-circularized with T4 DNA ligase (Fermentas).

Fusion of putative MTS to EGFP
The pΔE-C1hPARG59 plasmid and the PARG mutant vectors were used as templates for the
construction of vectors expressing PARG MTS-EGFP fusion proteins. Using the primers
shown in Table 1, the MTS of hPARG59 and PARG mutants was amplified by polymerase
chain reaction (PCR). The primers were designed to introduce NheI restriction sites into the
PCR product. PCR products were subsequently subcloned into the pEGFP-C1 vector, giving
rise to a vector expressing a fusion protein in which the first 94 amino acids of PARG were
fused N-terminally to the EGFP. Cells were subsequently transfected for visualization by
immunofluorescence microscopy.

Immunofluorescence microscopy
At 24 hours following transfection, cells seeded on coverslips were washed with phosphate
buffered physiological saline (PBS) and 5% formaldehyde (Sigma). Cells were then fixed with
5% formaldehyde in PBS for 30 min at room temperature, protected from light with a foil
covering. Fixed cells were washed three times in PBS, deactivated in 100 mM glycine for 1
min, washed three more times in PBS, and permeabilized for 4 min with 0.4% Triton X-100
in PBS. Following three more washes, coverslips were blocked in 3% bovine serum albumin
(BSA, Sigma) in PBS for 30 min at room temperature. Coverslips were subsequently washed
three more times with PBS, and incubated with anti-V5 (PARG) and anti-MnSOD (Stressgen)
antibodies for 2 hrs at 37°C in a humid environment. Cells were then washed and incubated
with FITC or TRITC-labeled secondary antibodies (Jackson ImmunoResearch). Alternatively,
cells transfected with PARG-MTS-EGFP constructs were pretreated with Mitotracker
(Invitrogen) prior to fixation, according to the manufacturer's protocol. Subsequently, cells
were processed as described above. Following final washing, coverslips were mounted and
DNA counterstained with Vectashield (Vector Laboratories) supplemented with 1μg/mL DAPI
(Sigma). Images were captured by confocal laser microscopy (Zeiss LSM 510 META NLO
system) and extracted with Zeiss LSM Image Browser software (Zeiss).

Subcellular and Submitochondrial fractionation
Mitochondria were isolated from cells 24 hours post-transfection using a mitochondrial
isolation kit (Sigma) and a Potter-Elvehjem homogenizer (Fisher Scientific) for cell disruption.
Briefly, following trypsinization, cells were washed in PBS and then in extraction buffer (50
mM HEPES, pH 7.5, containing 1 M mannitol, 350 mM sucrose, and 5 mM EGTA). Cells
were incubated for 30 min on ice in extraction buffer supplemented with 2mg/mL BSA and a
complete protease inhibitor cocktail (Roche). Cells were homogenized with 100 strokes in a
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Potter-Elvehjem homogenizer fitted to an overhead stirrer (IKA) set at 650 rpm. Lysates were
subjected to differential centrifugation at 27g, 1,000g and 11,000g to obtain purified cellular
fractions. For submitochondrial analysis, mitochondrial fractions were resuspended in a
storage buffer (50 mM HEPES, pH 7.5, containing 1.25 M sucrose, 5 mM ATP, 0.4 mM ADP,
25 mM sodium succinate, 10 mM K2HPO4, and 5 mM DTT) and treated with 5μg/mL
Proteinase K (Roche), and 0.1 - 0.4 mg/mL digitonin (Sigma) for 30 min at 37°C. Following
heat-inactivation of Proteinase K (95°C for 10 min), samples were subsequently analyzed by
SDS-PAGE and western blotting techniques.

Results
Mitochondrial fractions are enriched in smaller size PARG isoforms

The routine detection of PARG in HeLa cell extracts is limited by the low abundance of the
protein. However, it was possible to detect PARG isoforms in total cell extracts and
mitochondrial fractions using a polyclonal anti-peptide antibody directed against a C-terminal
PARG peptide sequence [22]. This antibody has been used previously to detect endogenous
isoforms of PARG in the range of approximately 100 to 110 kDa and 55 to 60 kDa [18], but
their subcellular localization was not determined. Consistent with the previous study, detection
of PARG in total HeLa cell extracts yielded bands in the same molecular weight ranges reported
previously as well as immunoreactive material in the range of 30 kDa (Fig. 1A). Mitochondrial
fractions showed PARG signals primarily in the range of approximately 55 to 60 kDa,
indicating that endogenous mitochondrial PARG is comprised of the smaller PARG isoforms.
This result is in agreement with previous studies involving transient transfection of cells with
cDNAs expressing different PARG isoforms [22].

PARG expressed from a plasmid containing a putative N-terminal mitochondrial targeting
sequence is targeted to the mitochondria

To study the mechanisms by which PARG is targeted to mitochondria, a vector expressing
hPARG59 [22] under the control of a CMV promoter was constructed. This vector expresses
a PARG containing a putative N-terminal mitochondrial targeting sequence (MTS) that is
encoded by exon 4 of the PARG gene. A V5 tag flanking the C-terminus has been added to
the construct to facilitate PARG detection. HeLa cells were transfected with the hPARG59
vector and equal amounts of protein from the nuclear, cytosolic and mitochondrial fractions
were analyzed, utilizing the V5 tag on PARG to assess the relative protein concentration of
PARG in the different fractions. The results show that the expressed hPARG59 was targeted
to the mitochondrial fraction (Fig. 1B). The purity of the mitochondrial fraction was confirmed
by the absence of histones as an indicator of possible contamination with nuclei. Mitochondrial
localization of hPARG59 was further confirmed microscopically in transfected cells by co-
localization of the punctate cellular distribution the V5 tag with the Mitotracker dye (Fig. 1C).

Deletion mutagenesis indicates that PARG exon 4 encodes a mitochondrial targeting
sequence

Deletion mutagenesis was used to examine the amino acid residues encoded by exon 4, to better
understand their effect on mitochondrial targeting (Fig. 2). The amino acid sequence encoded
by exon 4, the putative MTS, and the predicted site of cleavage are shown at the top of the left
panel. Also shown are the deletion mutants constructed, the relative PARG concentration in
cytosolic and mitochondrial fractions and the quantification of the relative content in cytosolic
and mitochondrial fractions by densitometry. Results shown are a representative of multiple
experiments performed. Immunoblotting of cytosolic and mitochondrial fractions for marker
proteins revealed no detectable histones, indicating very low cross contamination with nuclei.
Blots of the cytosolic marker lactate dehydrogenase and the mitochondrial marker MnSOD
indicated very low levels of cross contamination of the cytosolic and mitochondrial fractions.
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Deletion of Arg2 and Arg3 (mutant 2) had little effect on mitochondrial targeting. However,
deletion of the remaining portion of the predicted MTS up to the predicted cleavage point of
the MTS (mutant 3) and further to the end of the region coded for by exon 4 (mutant 4) resulted
in substantial loss of mitochondrial targeting. However, deletion of the predicted cleavage site
up to the end of residues encoded by exon 4 (mutant 5) did not result in a substantial loss of
mitochondrial targeting. The results indicate that the N-terminal 16 amino acids encoded by
exon 4 play an important role in the mitochondrial PARG targeting.

Site directed mutagenesis indicates that both positively charged and hydrophobic amino
acid residues are involved in the PARG mitochondrial targeting

A common feature of many MTS is an amphipathic alpha helix containing positively charged
resides on one face of the helix and hydrophobic residues on the other face [22,27]. In order
to further evaluate the involvement of the PARG residues identified by deletion mutagenesis
as pivotal in mitochondrial targeting, and to assess the contribution of the positively charged
and hydrophobic residues to the mitochondrial localization of PARG, site-directed mutagenesis
of Arg2, Arg3, Arg6, Arg10, as well as Leu11, Leu13, and Leu14 was completed. Figure 3
shows the mutants constructed, their relative concentration in cytosolic and mitochondrial
fractions and quantification of the targeting. To examine the role of the positively charged
residues, arginine to alanine mutants were made. In agreement with the deletion mutagenesis
experiments, the R2A and R3A mutations alone (mutants 6 and 7) had little effect on the
mitochondrial localization of the PARG protein. However, the R6A (mutant 8) and R10A
(mutant 9) mutations each resulted in a larger decrease in mitochondrial targeting. The double
R2A, R3A mutant (mutant 10) showed less mitochondrial targeting, suggesting additive
contributions by Arg2 and Arg3 to mitochondrial targeting. Mutagenesis of Arg2, Arg3, Arg6,
and Arg10 (mutant 11) showed a substantial loss of mitochondrial localization, similar that
seen with the deletion of the sequence containing these amino acids (mutant 3, Fig. 2). In order
to examine the hydrophobic contribution to targeting, a number of Leu to Asp mutations were
generated to retain similar side-chain size but to convert the hydrophobic residue to a
hydrophilic residue. Mutation of Leu 11 alone (mutant 12) substantially decreased
mitochondrial localization and further mutagenesis of Leu 11 and Leu13 (mutant 13) and Leu
11, Leu 13, and Leu14 (mutant 14) almost completely abolished the mitochondrial targeting
of the PARG protein. In some, but not all cases, the expressed PARG present in the cytosolic
fractions appeared as a doublet, which may represent some proteolysis in that compartment.

Immunofluorescence microscopy of whole cells supports a role of exon 4 encoded amino
acids in mitochondrial targeting

In order to further examine the role of the putative MTS in mitochondrial targeting, confocal
microscopy was used. For these experiments, amino acids 1 to 94 of wild type hPARG59 and
this segment containing the site directed mutants described in Fig. 3 were fused to an enhanced
green fluorescent protein (EGFP). Confirming what we have reported previously [22], the
hPARG59 N-terminal sequence localized to the mitochondria as evidenced by the punctate
staining pattern and its co-localization with the mitotracker dye (Fig. 4, top panel). In support
of the analyses with isolated mitochondria, substantial mitochondrial EGFP localization was
observed in the R2A (mutant 6E) and R2A/R3A (mutant 10E) mutants. However, the R2A/
R3A/R6A/R10A mutant (mutant 11E) showed diffuse cytoplasmic staining, similar to an
EGFP control that did not contain the PARG sequence (result not shown). As was also seen in
the Western blot analyses of isolated mitochondria, the single and multiple L to D mutations
(mutants 12E, 13E, 14E) abrogated mitochondrial localization. The results of these
experiments support the conclusion that amino acid residues encoded by exon 4 of the PARG
gene are responsible for PARG mitochondrial targeting.
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PARG is targeted to the mitochondrial matrix
In order to understand the potential role of PARG in mitochondria, experiments were completed
to assess the location of PARG within the mitochondria. Using varying concentrations of
digitonin in combination with protease treatment, the localization of PARG was compared with
proteins of known mitochondrial location (Fig. 5). Smac/Diablo was used as an inter membrane
space (IMS) marker protein and Hsp 60 was used as a matrix protein marker. Treatment with
0.1 mg/ml digitonin achieved removal of the outer mitochondrial membrane allowing protease
access to Smac/Diablo but not Hsp 60. Treatment with 0.3 to 0.4 mg/ml digitonin achieved
removal of the inner membrane for protease access to Hsp 60. For these experiments, both
hPARG59 that contains amino acids encoded by exon 5 and hPARG55 that does not contain
the residues encoded by exon 5 [22] were examined. In both cases, the results show that the
PARG signal mirrored that of the matrix protein marker, although slight differences between
the experiments shown in digitonin concentrations needed for complete protease sensitivity
were observed. These results indicate that mitochondrial PARG localizes to the mitochondrial
matrix.

Discussion
The ability of cells exposed to genotoxic stress to recover or engage in programmed cell death
depending upon the degree of damage is fundamentally important to the maintenance of
genomic integrity of multi-cellular organisms. Mitochondrial metabolism is central to cellular
responses to genotoxic stress as the release of mitochondrial proteins play important roles as
effectors of programmed cell death [28]. The existence of cross talk between PARP-1 and
mitochondrial metabolism in this regard was first shown by the studies of Yu et al. that
established that activation of PARP-1 following high levels of damage is required for
mitochondrial AIF release [11]. The involvement of ADPR polymer metabolism in modulation
of cell recovery or cell death has potentially important therapeutic consequences as PARP
inhibitors show promise for conditions such as cancer that evade programmed cell death [5,
6] and for conditions such as ischemia-reperfusion injury where excessive cell death leads to
severe impairment or death [8].

Previous studies have provided evidence that PARG activity is an integral component of
PARP-1 dependent cell death that can either enhance or protect against cell death. Partial
silencing of PARG does not affect PARP-1 dependent cell death induced by MNNG [29] but
protects against H2O2 induced cell death [30]. PARG inhibitors have been shown to provide
partial protection against MNNG induced cell death [31]. PARG gene disruption that results
in the loss of the normal nuclear isoform of PARG confers protection against renal ischemia/
reperfusion injury [32] but increases sensitivity to alkylating agents, ionizing radiation, and
endotoxic stress [21].

The nuclear-mitochondrial cross talk involving ADPR metabolism has raised the possibility
that ADPR polymer metabolism in the mitochondrial compartment may be a component of
PARP-1 dependent cell death. There have been numerous reports of association of PARP
activity, and thus presumably ADPR polymer metabolism, with mitochondria (reviewed in
[33]), but this question is still unresolved as it has been difficult to rule out cross contamination
of mitochondrial fractions with nuclei. Previous studies have reported the association of PARG
activity with mitochondrial fractions [21,24]. A PARG isoform of approximately 60 kDa was
first identified in PARG gene disrupted animals [21], but this led to the discovery that this
isoform also is also present in wild type cells [22]. The deletion and site-directed studies
presented here (Figs. 3-5) provide compelling evidence that this small PARG isoform,
containing amino acids encoded by exon 4 at the N-terminus of the protein, is a legitimate
mitochondrial protein targeted to the mitochondria by the presence of a N-terminal MTS with
properties similar to MTS sequences of other mitochondrial proteins [27].

Whatcott et al. Page 6

Exp Cell Res. Author manuscript; available in PMC 2010 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The studies reported here demonstrate that PARG is primarily a component of the
mitochondrial matrix (Fig. 5), although our studies could not rule out the possibility that a
minor fraction of PARG is associated with the outer mitochondrial membrane or the
mitochondrial intermembrane space. A previous study has described PARG activity in the
mitochondrial matrix [23] and our studies provide a mechanism by which PARG is targeted
to this compartment. The predominant mitochondrial matrix location of PARG differs from
AIF and other cell death proteins that are located in or facing the mitochondrial intermembrane
space [28].

While most human and mouse PARG isoforms share sequence homology, there is a species
difference in the short mitochondrial PARG isoforms as the amino acids encoded by exon 5
of the PARG gene are present in mouse cells but absent in human cells [18]. Indeed, many of
the experiments shown in Figs. 2 and 3 were completed before the discovery that mitochondrial
isoform of PARG does not contain amino acids encoded by exon 5. However, multiple pieces
of evidence indicate that the presence or absence of amino acids encoded by exon 5 does not
affect the function of the MTS that results in targeting this PARG isoform to the mitochondrial
matrix compartment. In a previous study [22], we have shown that both hPARG59 constructs
containing exon 5 encoded amino acids and hPARG55 constructs that do not contain these
amino acids are both targeted to the mitochondria. The results with mutant 5 in Fig. 2 show
that a sizable sequence of amino acids on the carboxy terminal side of the MTS can be deleted
without affecting MTS function. Finally, our results in Fig. 5 show that the presence or absence
of exon 5 encoded amino acids does not affect mitochondrial targeting or location within the
mitochondrion. While this species difference in mitochondrial PARG does not affect
mitochondrial targeting, further study will be needed to determine if this difference has other
functional significance.

The transcript for the mitochondrial PARG isoform previously detected [22] contains two
alternative sites of protein translation initiation, one that would contain a number of amino
acids N-terminal to the MTS and a second that would place the MTS at the N-terminus of the
protein. The constructs used for the studies shown in Figs. 2 to 5 have used a translation
initiation site that places the MTS at the N-terminus of the protein. The MTS is present at the
N-terminus of almost all proteins targeted to mitochondria [27]. In a previous study, both
constructs were expressed and the construct with both potential initiation sites yielded two
protein bands while the construct with the initiation site placing the MTS at the N-terminus
was also efficiently expressed as a single protein band [22]. These data indicate that the
initiation site resulting in the MTS of PARG at the N-terminus can be used in cells. Whether
the expression of the isoform that places the MTS internally is targeted to the mitochondria
will require further study.

A prior study that has reported association of PARG with the mitochondrial fraction in rodent
tissues [24] shows several differences from those reported here. First, PARG associated with
the mitochondrial fraction in brain tissue was in the range of 100 kDa, which contrasts with
the smaller isoform described here. Typically MTS sequences are N-terminal [27]. A PARG
isoform in the molecular weight range of 100 kDa would not likely contain the MTS encoded
by exon 4 at the N-terminus. Second, most of the PARG associated with the mitochondrial
fraction was extracted with salt under conditions where mitochondrial marker proteins were
resistant to extraction, although some PARG was resistant to extraction. These differences
suggest the possibility of multiple associations of PARG with mitochondria as large isoforms
may be associated with the outer mitochondrial membrane in some tissues while smaller
isoforms containing an N-terminal MTS are targeted to the mitochondrial matrix.

The presence of PARG in the mitochondrial matrix raises interesting questions concerning its
function(s) in mitochondrial metabolism that will require further study to answer. Polymers of
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ADPR are the physiological substrate for PARG and it is possible that the function of
mitochondrial PARG is hydrolysis of ADPR polymers generated by mitochondrial PARPs.
Nuclear PARPs 1 and 2 function in DNA repair [2] and it has been previously reported that
PARP inhibitors also inhibit repair of mitochondrial DNA [34], which supports the possibility
that mitochondria contain functional cycles of ADPR polymer synthesis catalyzed by
mitochondrial PARPs and PARG. There have been previous reports of PARP activity
associated with mitochondrial fractions [33] and modification of mitochondrial proteins by
ADPR polymers has been described [35]. The presence of a mitochondrial PARG isoform
dictates additional searches for mitochondrial PARPs and studies that can rule out the
possibility of nuclear contamination accounting for the PARP activity.

A second possibility for the function of a mitochondrial matrix PARG is that it catalyzes
hydrolysis of ADPR polymers generated by nuclear PARPs that are exported from the nucleus
to the mitochondria following high levels of genotoxic stress. Evidence has been presented
indicating that ADPR polymers can exit the nucleus and cause AIF release [12]. In this setting,
it is possible that mitochondrial PARG may play a protective role in preventing inappropriate
release of AIF or could promote AIF release by generating free ADPR that has been shown to
activate membrane calcium channels [36,37] and thus alter mitochondrial calcium
homeostasis. Finally, it cannot be ruled out at present that mitochondrial matrix PARG may
play a role in mitochondrial metabolism that does not involve ADPR polymer hydrolysis.
Nevertheless, the definitive identification of PARG as a legitimate component of mitochondria
presented here dictates a closer examination of the possibility that ADPR polymer cycles plays
a role in mitochondrial metabolism.
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Figure 1. Association of endogenous PARG and overexpressed PARG with mitochondria
Panel A: Detection of endogenous PARG in total HeLa cell lysates and isolated mitochondria
using an antibody recognizing the PARG C-terminus. Panel B: Immunodetection of PARG via
the V5 tag following transfection of cells with the hPARG59 expression construct.
Immunodetection of histones and MnSOD as indicators of purity of the mitochondrial fraction
also is shown. Panel C: Immunodetection of PARG via the V5 tag (green) in whole cells
following transfection with hPARG59 and using confocal microscopy. Mitochondrial
colocalization was determined using the Mitotracker stain (red) and DNA was visualized with
DAPI (blue).
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Figure 2. PARG MTS is encoded by exon 4
Deletion mutagenesis was used to characterize the predicted PARG MTS. The putative PARG
MTS sequence and exon structure is indicated at top left. The location of positively charged
residues is indicated (+) above and hydrophobic residues are underscored. Deleted sequences
are indicated by the dotted lines. Representative western blots of cytosolic (C) and
mitochondrial (M) fractions are shown center, with representative cellular markers indicating
purity of the fractions (histones, lactate dehydrogenase, and MnSOD) shown center, bottom.
For each sample, protein concentration was measured and 10 μg of each fraction was loaded
onto an SDS-PAGE and PARG was detected using anti-V5 antibodies. At right, densitometry
measurements are shown that compare the relative cytosolic and mitochondrial bands as a
percent of the total signal intensity.
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Figure 3. Arginine and Leucine residues are important for PARG MTS function
The putative PARG MTS sequence and exon structure is indicated at top left as in Fig. 2. Side-
directed mutagenesis was utilized to identify amino acids essential for MTS function. Different
arginine to alanine mutations are shown in mutants 6 to 11 and leucine to aspartate mutants
are shown in mutants 12 to 14. Analysis of PARG using anti-V5 antibody and quantification
were completed as described in Fig. 2.
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Figure 4. MTS identification is confirmed in whole cells
The region of hPARG59 encoding the first 94 amino acids of wild type hPARG59 and six
mutant PARG isoforms were tagged to EGFP for analysis in whole cells. The mutant names
(e.g.“Mutant 6-E”) correspond to the mutant numbers shown in Fig. 3. Localization of wild
type and mutant sequences were detected by fluorescence of EGFP. Colocalization to
mitochondria was determined through the staining of mitochondria with Mitotracker and DNA
was counterstained with DAPI.
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Figure 5. PARG is localized to the mitochondrial matrix
Mitochondria isolated from HeLa cells transfected with either hPARG55 or hPARG59 were
subjected to proteinase K and digitonin treatment at the concentrations shown. Equal volumes
of isolated mitochondria were exposed and then loaded onto an SDS-PAGE for analysis and
detection of PARG by anti-V5, Smac/DIABLO via Anti-Smac/DIABLO, and Hsp60 via Anti-
Hsp60 antibodies.
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Table 1

Plasmids created for analysis and primers used

“Abreviated name” - Full Mutant designation
Primer sequence (5′→3′)
 Mutant sequence underlined

“2” - pΔE-C1hPARG59Δ2-4MTS
CTAGTCGACCCTCGGTGTGGGATCC
CTATGGTACCTTCGTAAGTGACATGCAATCG

“3” - pΔE-C1hPARG59Δ2-16MTS
CTAGTCGACTCTGCCAATCACACAGTAAC
CTATGGTACCTTCGTAAGTGACATGCAATCG

“4” - pΔE-C1hPARG59Δ2-24MTS
CTAGTCGACCGGGTAGATCTTTTGCG
CTATGGTACCTTCGTAAGTGACATGCAATCG

“5” - pΔE-C1hPARG59Δ15-26MTS
GATCTTTTGCGAGCAGGAGAAGTTCC
CAAGAGAGGCAGCCGGATCCCA

“6” - pΔE-C1hPARG59ΔR2A
CAGATCCGCTAGCATGGCAAGAATGCCTCGGTGTGG
CCACACCGAGGCATTCTTGCCATGCTAGCGGATCTG

“7” - pΔE-C1hPARG59ΔR3A
GATCCGCTAGCATGAGAGCAATGCCTCGGTGTGGGATC
GATCCCACACCGAGGCATTGCTCTCATGCTAGCGGATC

“8” - pΔE-C1hPARG59ΔR6A
CATGAGAAGAATGCCTGCGTGTGGGATCCGGCTGC
GCAGCCGGATCCCACACGCAGGCATTCTTCTCATG

“9” - pΔE-C1hPARG59ΔR10A
GCCTCGGTGTGGGATCGCGCTGCCTCTCTTGAGAC
GTCTCAAGAGAGGCAGCGCGATCCCACACCGAGGC

“10” - pΔE-C1hPARG59ΔR2A/R3A
GATCCGCTAGCATGGCAGCAATGCCTCGGTGTGGGATC
GATCCCACACCGAGGCATTGCTGCCATGCTAGCGGATC

“11” - pΔE-C1hPARG59ΔR2A/R3A/R6A/R10A
GCCTGCGTGTGGGATCGCGCTGCCTCTCTTGAGAC
GTCTCAAGAGAGGCAGCGCGATCCCACACGCAGGC

“12” - pΔE-C1hPARG59ΔL11D
CGGTGTGGGATCCGGGACCCTCTCTTGAGACCAT
ATGGTCTCAAGAGAGGGTCCCGGATCCCACACCG

“13” - pΔE-C1hPARG59ΔL11D/L13D
TGGGATCCGGGACCCTGACTTGAGACCATCTGCC
GGCAGATGGTCTCAAGTCAGGGTCCCGGATCCCA

“14” - pΔE-C1hPARG59ΔL11D/L13D/L14D
GATCCGGGACCCTGACGACAGACCATCTGCCAATC
GATTGGCAGATGGTCTGTCGTCAGGGTCCCGGATC

For deletion of EGFP from pEC1hPARG59
AGCTAGCATGAGAAGAATGCCTCGGTGTG
CTATGGTACCTTCGTAAGTGACATGCAATCG

MTS-EGFP vector construction
AGCAGAGCTGGTTTAGTGAACCGTCAGATC
GCAGCTAGCTTCAAGTTTTGGGGTCGTGTAAAT
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