1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s " NIH Public Access
a2 & Author Manuscript

Published in final edited form as:
Exp Cell Res. 2007 August 1; 313(13): 2920-2936.

Two small enzyme isoforms mediate mammalian mitochondrial

poly(ADP-ribose) glycohydrolase (PARG) activity#

Ralph G. Meyerié,ﬂ, Mirella L. Meyer—Ficca¢*§, Clifford J. Whatcotti, Elaine L. Jacobsoni,
and Myron K. Jacobson?

§Department of Animal Biology and Mari Lowe Center for Comparative Oncology, University of
Pennsylvania, Kennett Square, PA 19348

FDepartment of Pharmacology & Toxicology, University of Arizona, Tucson, 85724

Abstract

Poly(ADP-ribose)glycohydrolase (PARG) is the major enzyme capable of rapidly hydrolyzing poly
(ADP-ribose)(PAR) formed by the diverse members of the PARP enzyme family. This study presents
an alternative splice mechanism by which two novel PARG protein isoforms of 60 kDa and 55 kDa
are expressed from the human PARG gene, termed hPARG60 and hPARG55, respectively.
Homologous forms were found in the mouse (MPARG63 and mPARG58) supporting the hypothesis
that expression of small PARG isoforms is conserved among mammals. A PARG protein of ~60kDa
has been described for decades but with its genetic basis unknown, it was hypothesized to be a product
of posttranslational cleavage of larger PARG isoforms. While this is not excluded entirely, isolation
and expression of cDNA clones from different sources of RNA indicate that alternative splicing leads
to expression of a catalytically active hPARGG0 in multiple cell compartments. A second enzyme,
hPARG55 that can be expressed through alternative translation initiation from hPARG60 transcripts
is strictly targeted to the mitochondria. Functional studies of a mitochondrial targeting signal (MTS)
in PARG exon 1V suggest that (PARG60 may be capable of shuttling between nucleus and
mitochondria, which would be in line with a proposed function of PAR in genotoxic stress-dependent,
nuclear-mitochondrial crosstalk.
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Introduction

Poly(ADP-ribosyl)ation is a transient, dynamic and reversible posttranslational modification
of proteins involved in a host of biological functions [1,2] . Poly(ADP-ribose) (PAR) is formed
by all PARP enzymes by cleavage of NAD+ into nicotinamide and ADP-ribose which becomes
polymerized and transferred to specific target proteins. Genome-wide sequence analyses in
human suggests the existence of up to 17 different genes encoding enzymes capable of
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synthesizing poly(ADP-ribose) (PAR) [3-5], and, so far, ten of them have been shown to be
catalytically active. In contrast, only three human poly(ADP-ribose) glycohydrolase (PARG)
proteins, PARG111, PARG102 and PARG99 have been described, which are all expressed
from one single PARG gene by alternative splicing [6-8] . PARG proteins have been the only
enzymes known to efficiently catalyze hydrolysis of poly(ADP-ribose) (PAR) produced by
enzymes of the poly(ADP-ribose) polymerase (PARP) family [9] until recently a novel gene
encoding a 39 kDa enzyme with low poly(ADP-ribose) glycohydrolase activity has been
discovered [10-12] . However, the extent to which this enzyme, (ADP-ribose) hydrolase
(ARHB3), that is structurally unrelated to PARG, participates in the rapid, DNA damage
dependent PAR turnover within the cell has not been elucidated yet.

PARG rapidly cleaves PAR to form monomeric ADP-ribose by both exoglycosidic and
endoglycosidic activity. Following DNA damage, PAR metabolism is mediated by PARP-1
and PARP-2 in concert with PARG, and PAR turnover can be extremely rapid with a half-life
of the biopolymer of only ~ 1 minute [13]. Cellular accumulation of PAR beyond a short
period of time has been shown to be deleterious [14,15] and is involved in caspase-independent
cell death regulation [16], reviewed in [17]. Alterations of PAR metabolism are causally
involved in the pathogenesis of inflammatory [18] and autoimmune disease [19] , ischemia
reperfusion injury in brain [20] , heart and intestine [21-23] , neuronal degeneration and
neurotoxicity [24] , genetic and genomic instability (reviewed in [25]) and cancer (reviewed
in [26,27] ). Targeting of the poly(ADP-ribose) metabolic pathway has therefore become an
important focus in research on cancer therapy (recent reviews in [28-30]), cardiovascular
disease intervention [31-34] and a number of other pathophysiological conditions [35,36] .
Because of the potential of PAR metabolism as a drug target, identification of the key players
appears to be crucial. While several PARP enzymes have been studied extensively,
comparatively little is known about regulation of the catabolic arm of the pathway. However,
the function of PARG in the PAR pathway is essential as deletion of the PARG gene results in
a chronic, lethally toxic accumulation of cellular PAR [14,37].

In contrast, a hypomorphic PARGA2-3/A2-3 mytant mouse that is devoid of exons Il and 111
[18] was shown to be viable and expressing a residual PARG of 63 kDa by alternative splicing
of the disrupted gene. This protein, designated mPARGGE3, is catalytically active and has unique
properties [18]. In the present study we tested the hypothesis that the residual PARG proteins
in the hypomorphic mouse may in fact be proteins that are naturally also expressed in wildtype
mice as well as human. We show that mMPARGG63 is a naturally occuring protein that is
expressed not only in the hypomorphic mutant but also in wildtype mouse tissues. More
significantly, we demonstrate the existence of a human homolog, hPARGG6O, that is expressed
in all tissues tested (skin, liver, testis, HeLa). At mRNA level, human PARG60 (hPARG60)
is characterized as missing exon V, making it slightly smaller in size than the mouse homolog
MPARGG63. The data presented support the hypothesis that alternative translation initiation
allows for expression of a protein with a consensus mitochondrial targeting sequence of the
presequence type with strictly mitochondrial localization, termed hPARG55 (MPARG58 in
mouse). The identification of hPARG60 (MPARG63) and hPARG55 (MPARGS58) as novel
PARG isoforms that associate with the mitochondria is of particular interest with regard to the
emerging view that ADP-ribose metabolism may be involved in mitochondria-mediated,
caspase independent cell death pathways of biomedical interest [15,38] .

Materials and Methods

Cloning of human PARG cDNA by 5'RACE and construction of expression vectors

Human total RNA preparations from skin, liver and testis were purchased from Stratagene (La
Jolla, CA). Mouse total RNA from liver and testis was also purchased or isolated from
PARGA2-3/A2-3 moyse embryonic fibroblast culture, reversely transcribed and used in
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subsequent polymerase chain reaction (PCR) amplification reactions as described earlier [6,
7] . A mouse or human PARG gene specific primer which binds in the distal portion of the
PARG 5-UTR (human: hexOfor: 5'-
CGGAATTCGGGAAAGTGAACGAATCCCGAATCAAAGCGGCGC-3', mouse:
mex0for: 5'-CCGATCTCGAGCCGAGTGGAAGCGGC-3") in combination with a specific
reverse primer that binds in exon 6 (human: hex6rev: 5'-
GTGCAGTCTGAATGAGCTCCCACCGGCTC-3' and mouse: mex6rev: 5'-
GCAGTCTGAATGAGCTCCCACCTACTCCCTGC-3") was used to amplify the 5'end of the
cDNA including exons I-VI. Full-length cDNA clones were generated by using the forward
primers in combination with a primer which specifically binds to the end of the coding region
in exon 18 (human: hPARG-exon18rev: 5'-
GGACCGGTCCTCAGGTCCCTGTCCTTTGCCCTGAATG-3'), including the translation
stop codon, or the corresponding mouse specific primer (mouse: mMPARG-exon18rev: 5'-
GGACCGGTCTCAGGTGCCTGCCTTCTGTGCC-3"). Purified PCR fragments were cloned
into vector pcDNA3.1-TOPO/V5-His (Invitrogen, Carlshad, CA). Plasmid pcDNA-hPARG60
was obtained by inserting a ~1600 bp PCR product (Figure 1 A, band 3) into this recipient
vector. After sequencing, all hPARG cDNA clones were subcloned into pEGFP-C1
(Invitrogen) to express a N-terminal in-frame enhanced green fluorescent protein (EGFP)
fusions of the protein (e.g.: pEhPARGE0). In order to facilitate detection of the C-terminal
portions of PARGs, in-frame fusions with V5 tags were created resulting in pEhP60V5,
pEhRPARG102V5 and pEhPARG111V5. Plasmids encoding hypothetical proteins hPARG59
and hPARG53 (pEhPARG59V5 and pEhPARG53V5, respectively) were constructed by
editing pEGFP-hPARG111VS5 utilizing conventional restriction enzyme-based subcloning
methods. Plasmids encoding V5-tagged hPARG protein variants without EGFP portion were
phPARG111V5, phPARG102V5, phPARG6E0V5, phPARG59V5, phPARG55V5 and
phPARG53V5. A catalytically inactive control hPARG56d cDNA was generated by site
directed mutagenesis, that carries a glutamate (E) to asparagine (N) amino acid exchange of
in the position corresponding to position 756 of the human PARG111 amino acid sequence,
an amino acid considered critical for glycohydrolase function [39]. Luciferase reporter gene
constructs were based on plasmid pGFL [40] encoding an EGFP-luciferase gene fusion and
comprised pCMV-Ex1-GFL [7] and pCMV-MTS-GFL1. The latter was constructed by fusion
of PARG cDNA exons IV through XVIII, to the translation initiation site of a f-galactosidase
gene encoding its first 6 amino acids resulting in a fusion protein: “MSFLTE”/hPARG exons
IVVI/EGFPIluciferase. By removing the B-galactosidase portion of the cDNA, pCMV-MTS-
GFL2 was obtained which has a predicted translation start at the beginning of the MTS in exon
IV (“MRRMPRC...").

Computational sequence analyses

Sequence alignments and searches for expressed sequence tages (EST) were performed using
the NCBI software BLAST ([41] (http://www.ncbi.nlm.nih.gov/BLAST). Protein sequence
analyses were done using PSORTII (http://psort.nibb.ac.jp) and MitoP2 ([42] . The MTS was
further analyzed by wheel plots using a program by Webgenetics (http://webgenetics.com/
cgibin/wg?form=wheel&ID=0). Binary protein sequence alignments of human and mouse
PARG were obtained using ALION (Craig G. Nevill-Manning, Cecil N. Huang & Douglas L.
Brutlag, (1997) “Pairwise protein sequence alignment using Needleman-Wunsch and Smith-
Waterman algorithms,” personal communication, http://motif.stanford.edu/alion/).

Culture, Transfection and Treatment of Cells

HeLa cells and human embryonal kidney cells (HEK293) (both from ATCC) as well as 129S1/
Sv and PARGA2-3/A2-3 mouse embryonal fibroblasts (MEF) [18] were cultured under standard
cell culture conditions (37 deg C, 5% CQO2) in DMEM (Sigma, St. Louis, MQOa) supplemented
with 10% fetal bovine serum (HyClone, Logan, UT). For overexpression of human PARG
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protein or reporter protein, HEK293 cells were transfected using FuGene6 transfection reagent
(Roche, Indianapolis, IN) according to the manufacturer's protocol or utilizing conventional
calcium phosphate transfection methods.

Microscopic preparations and immunofluorescence staining

Cells were fixed and indirect immunofluorescence staining was performed as described earlier
[7] using the antibodies described further below. Cells were embedded in Vectashield mounting
medium (Vector Laboratories, Burlingame,CA) containing 1 ug/ml DAPI (Sigma) or 8uM
TOPROS3 (Invitrogen) as DNA counter stains, for conventional microscopy (Nikon Eclipse
TE2000-U with a Coolsnap EZ camera system and Image-Pro Plus 5.1 software) or for confocal
laser scan microscopy (Leica SP5 system), respectively.

Western blot analyses

Antibodies

of subcellular cell fractions and total cell lysate were performed using standard SDS-PAGE
methods with 7.5% and 10% polyacrylamide gels. After electrotransfer to PVDF membranes
(Millipore, Billerica, MA), PARG fusions and other proteins were visualized using antibodies
as described below.

For analyses of human PARG, two different sets of 2 rabbits each were immunized (Sigma-
Genosys, St. Louis, MO). For generation of an antiserum recognizing the N-terminus of PARG
(ab 9882) a custom synthetic peptide (Sigma-Genosys) 3190KNSCQDSEADEETSPG325 was
used. Similarly, an antiserum directed against the C-terminus (designated ab 9877) was
obtained using a synthetic peptide 848AYCGFLRPGVSSENLS862 (Sigma-Genosys) which is
similar to a peptide published before [43]. The antisera were affinity-purified using a kit (Pierce
Biotechnology Inc. Rockford, IL). Western Blot analyses and immunostaining were performed
using a mouse monoclonal anti-GFP antibody (Clontech, Mountain View, CA), a mouse
monoclonal anti-V5 antibody (Invitrogen, Carlsbad, California), mouse monoclonal anti-
histones (pan) (Chemicon, Temecula, CA) and anti-PARP1 (C2-10) antibodies (Biomol,
Plymouth Meeting, PA) or a rabbit anti-MnSOD antiserum (Stressgen, Ann Arbor, MI) in
combination with either fluorescein-coupled goat anti-rabbit antiserum, Cy3-coupled donkey
anti-rabbit or TRITC-coupled donkey anti-rabbit secondary antibodies for
immunofluorescence analyses (Jackson ImmunoResearch Laboratories, West Grove, PA).
Immunoblotting was performed utilizing goat anti-mouse or goat anti-rabbit secondary
antibodies coupled to horseradish peroxidase (Jackson ImmunoResearch Laboratories) for
enhanced chemoluminescence (ECL) detection of the antibodies listed above.

Subcellular fractionation

nuclear and mitochondrial fractions were isolated from transfected cells using NucleiPURE
Prep Nuclei Isolation and Mitochondria Isolation Kits (both Sigma, St. Louis, MO) in
accordance with the manufacturer's instructions. The protein content of each fraction was
determined using the Bradford Protein Assay (BIORAD, Hercules, CA).

PARG activity

was measured in lysates obtained from subcellular fractions or whole, transfected HEK293
cells [44]. Briefly, the assay is based on a timed in vitro digest of purified, 32P labeled PAR
with a subsequent thin layer chromatography step that separates the undigested polymer from
the ADP-ribose monomers liberated by PARG activity in the sample. Quantification is
performed by scintillation counting of excised spots corresponding to undigested polymer and
monomeric ADP-ribose only. Therefore, using this method, mainly exoglycosidic activity is
measured. Specific activity of PARG was calculated after measuring protein contents of the
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corresponding samples. By splitting the samples, a portion of each sample was separated on
15% polyacrylamide gels to show all products formed by the reaction to obtain an estimate of
the endoglycosidic activity that was present in the sample [45].

Results

Isolation of a cDNA encoding a novel hPARG60 isoform

PCR amplification of hPARG cDNA (Figure 1A) from reversely transcribed total RNA yielded
numerous bands rather than a single product. In order to amplify specifically the 5'ends of
cDNA derived from PARG transcripts, a forward primer in the 5' untranslated region (hex0for)
in combination with a reverse primer in exon VI (hex6rev) was used (5'UTR, Fig. 1A, left hand
side of the gel). These primers produced three bands corresponding to the cDNASs of
hPARG111 (band 1, 1880 bp), hPARG102 (band 2, 1448- 1481 bp), as well as hPARG99 (also
band 2, 1385 - 1381 bp, forming a double band with hPARG102) as confirmed by subcloning
and sequencing of fragments recovered from the gel. However, an additional strong third band
of 433 bp was observed (Fig. 1A, band 3) corresponding to a novel PARG splice variant
encoding a PARG protein with a predicted molecular weight of ~60,000 Da and a unique
primary structure, termed hPARG60 (GenBank acc. # EF382674). Amplified cDNA molecules
from three human tissues, namely testis, skin and liver, yielded identical cDNA sequences,
indicating that hPARGG60 expression is probably not restricted to specific tissues. A set of
primers for amplification of full-length hPARG60 cDNA products (hexOfor + hex18rev, right-
hand side, Figure 1A) was also used. For further analysis of the gene 3'RACE PCR was
performed but no alternative splicing could be detected at the 3'end (data not shown). An open
reading frame (ORF) of 1583 bp was amplified, (band 3), cloned and sequenced (right hand
side of Fig. 1A). To confirm specificity of the PCR methods, amplified cDNA encoding
hPARG111 (band 1, 3193 bp), hPARG102 (2761 - 2794 bp) and hPARG99 (2694 - 2698 bp;
again as a double band) were again isolated, cloned and analyzed.

In mouse, PCR amplification of MPARG cDNA from reversely transcribed total testis and liver
RNA (C57/BL6) yielded specific bands that encoded mPARG110 (Fig.1B, band 1),
MPARG101 and mPARG98 (again as a doublet in band 2). Comparable to the results in human,
a cDNA encoding a small mPARG with a predicted mass of 63 kDa could be isolated
(mPARGS63, GenBank acc. # EF382673), (band 3 of 540 bp, left hand side Fig 1B and 1630
bp product, right hand side where primers mex0for and mex18rev were used to generate full
length cDNA PCR products) from these tissues. Mouse PARG63 is larger than its human
homolog hPARGG60 due to further processing of the human transcript as explained further
below. Total RNA isolated from PARGA2-3/A2-3 MEF cells was included in the PCR analyses
as a negative control for expression of the larger PARG isoforms. Mouse PARG63 cDNA
isolated from wt testis and liver was of the same size as the mMPARG63 expressed from the
PARGA2-3/A2-3 MEF and sequence analyses revealed that their sequences were identical.
Interestingly, analyses of PARGA2-3/A2-3 transcripts indicated the expression of an additional
small isoform that appeared to be unique to the hypomorphic mutant (Fig. 1B, band 5).
Sequence analyses of the corresponding cDNA showed that it encodes a ~52 kDa PARG that
is structurally similar to hPARG53, i.e. with the translation start in exon V. Because this type
of PARG cDNA could not be isolated from human or wt mouse samples, it was not analyzed
further in this study.

Small PARG isoforms are endogenously expressed in HeLa cells

Using antibodies specific for the N-terminus (ab9882) or the C-terminus (ab9877) of PARG,
immunoblot analyses of HeLa cells transfected with EGFP-hPARG111 or EGFP-hPARG102
fusion proteins allowed for detection of both, ectopically overexpressed hPARG as well as
endogenous hPARG proteins (Fig. 2). Typically, ab9882 recognized the overexpressed
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hPARG111 and hPARG102 EGFP fusion proteins as well as the endogenous hPARG111,
hPARG102 and probably hPARG99 proteins which appear as a double or triple band (Fig.
2A). The C-terminus-specific antibody ab9877 recognized those isoforms as well but also an
additional, substantial composite band in the range of 55-60 kDa (Fig. 2). Endogenous
expression of mMRNAs encoding the small hPARG isoforms in HeLa cells was confirmed by
PCR analyses (Fig. 2B), as described above, suggesting the expression of one or more smaller
PARG isoforms at both, MRNA and protein level in HeLa cells.

Small PARG isoforms are expressed by activation of an alternative splice donor site in the
5'region of PARG transcripts

Analyses of both human and mouse PARG PCR products showed that their 5' ends are very
similar and indicated the presence of a previously undescribed, highly conserved alternative
splice donor site (SDyj¢) upstream of the ORF encoded by exon | (Fig. 3) in both species which
is consistent with a consensus splice donor sequence of the type (G/C)AG|G(T/C)NNGT. In
both species SD,; is located downstream of the previously reported facultative splice donor
sites SD1a, SD1b and SD1c which are utilized for expression of the 102 kDa and 99 kDa PARG
isoforms [7]. Alternative splicing using SDy; in combination with splice acceptor site SA3
leads to skipping of exons I, Il and 11, bringing facultative exon la in frame with exon IV
(Figure 4A, 4B).

For both, human and mouse, two most likely translation possibilities can be predicted:

(i) Translation can start in exon la with the first available methionine encoded in frame,
giving rise to a putativel6 amino acid (aa) N-terminus present in the proteins of both,
human and mouse (Fig. 3). This sequence is unique in that it is not present in any of the
other PARG proteins and that it is not very conserved from mouse
(MVRGAPRRRRSPSLSG) to human (MVQAGAEKDAQSISLR), although the two
share 75% homology on DNA level (Figure 3). Translation initiation is predicted to be
efficient in both, given a good resemblance of their start sites, ... GGAAUGG..., with the
consensus sequence AIGNNAUGG [46] , where essential nucleotides are underlined.

(ii) Translation can start at two potential downstream start codons present in exon 1V,
encoding M>3 and M®® in hPARG60 (Figure 4C), corresponding to M461 and M464 in the
hPARG111 protein. These translation initiation sites match the consensus sequence (see
above) well enough to be potentially functional: GAGAUGA (M#61) and AGAAUGC
(M*64). For comparison, the hPARG111 translation initiation is encoded by AGCAUGA
(M1) and alternative translation initiation from large PARG transcripts has been described
before [6,7] , supporting the view that most likely both events, (i) and (ii) occur in vivo.

Skipping of exon V in human gives rise to a PARG transcript that is absent in mice

All isolated hPARG60 but none of the mPARG cDNA molecules were lacking the sequence
information of aa 486-526 of hPARG111, corresponding to the 40 amino acids encoded by
exon V (Figure 3, 4A, D, E) plus the last amino acid, V486, of exon IV. The skipping of exon
V was unexpected as this type of splicing would be expected to lead to a frame shift mutation
in exon VI and termination of translation within the first three codons of exon VI (Figure 4D,
E, F). Genomic sequence analyses using NCBI BLAST, however, revealed the presence of two
overlapping splice donor site motifs at the 3'-end of exon IV (SD4a, SD4b) that alternatively
allow for correct splicing of exon IV to either exon V or exon V1. In this context, a nucleotide
variation between the mouse and human sequence in SD5 was noted, leading to an alteration
of the splice donor sequence GAG|GTAAGA (mouse) to GAG|GGAAGA, which is predicted
to negatively affect splicing efficiency of exon V to exon VI in human (Figure 4D), thus
favoring splicing of exon IV to exon V1.
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Interestingly, no human PARG cDNA that lacked exons I, Il and I11 (i.e. \PARG60) and at the
same time contained the sequence information of exon V could be isolated, suggesting that
skipping of this exon is the rule rather than the exception in human. Recent entries of EST data
from a variety of tissues into the NCBI database support this notion, e.g.: AW816686,
DA800072, DA121686, including testis (DB073432), cornea (CV574127), trachea
(DB220314), liver (DW413098), and uterus (DB277286, DB281918). Notably, no
hPARG111, hPARG102 or hPARG99 cDNA have been reported in which exon V was skipped.
An alignment of hPARG60 and mPARG63 proteins is given in Figure 4C. According to our
findings and the majority of available EST clone data, the C-terminus of mPARG proteins
lacks 8 aa that are present in the hPARG cDNA clones. This difference accounts for the slightly
different protein sizes and accordingly the different nomenclature of human and mouse PARGs
(e.g. APARG111 vs. mPARG 110) protein variants throughout this study. Figure 5 and Table
1 give an overview over PARG isoforms in human and mouse cells. For human PARGs lacking
the amino acids corresponding to exon 5, the two possible translation products are designated
hPARG60 and hPARG55. The two short mouse PARG variants are mlPARG63 and mPARG58,
respectively. Figure 5 also shows two isoforms that were constructed for additional
characterizations of PARG expression, but for which there is no evidence of natural occurrence.

Human PARGG6O is catalytically active in vitro

CMYV immediate early promoter-driven expression plasmids of different hPARG proteins as
in-frame fusions to EGFP were transfected into HEK293 cells in order to examine to what
extent the transfected cells show alteration of PARG activity (Figure 5). With very similar
transfection efficiencies, as judged by the percentages of EGFP positive cells, PARG activity
was 4 to 4.5 fold higher in the pEhPARG102 transfected cells as compared to cells that had
received the control vector pEGFP-C1 (p <<0.001) while transfection of a catalytically dead
mutant, that carries a glutamate (E) to asparagine (N) amino acid exchange in the position
corresponding to position 756 of the human PARG111 amino acid sequence, had no effect on
activity. In contrast, pPEhPARGGO transfected cells had elevated PARG activity of
approximately 2-fold (p < 0.005) in vitro, while activity in cells expressing a catalytically dead
mutant was in the range of the activity observed in control cells. The TLC based PARG assay
allows measuring of mainly exoglycosidic activity using protein-free, long-chain PAR as a
substrate and does therefore not allow for evaluation of endoglycosidic PARG activity for
which no assay is currently available.

Polyacrylamide gel electrophoresis of the PAR cleavage products did not yield any indication
of an obvious alteration of endoglycosidic versus exoglycosidic activity mode (Figure 6B). In
order to confirm this finding, these assays were also repeated with extracts from wildtype
12951/Sv and PARGA2-3/A2-3 mouse embryonic fibroblasts (data not shown). Because the
latter cells lack all three large PARG isoforms, an alteration of the enzymatic mode would have
been evident. However, while the overall specific PARG activity was 4fold higher in wildtype
cells, at equal activities in the extracts normalized to cell numbers, no difference in the PAR
cleavage products was detectable in the hypomorphic mutant cells under these experimental
conditions.

Human PARGG60/55 but not hPARG102 are associated with the mitochondria

After transfection of plasmids pEhPARG111V5, pEhPARG102V5, and pEhPARG59V5
followed by subcellular fractionation and immunoblot analyses using anti-EGFP and anti-V5
tag antibodies, only hPARG59 but not hPARG111 or hPARG102 fusion protein was detectable
in the mitochondrial fraction (Figure 7A). Plasmid pEhPARG59 encodes an experimental,
hypothetical and probably not naturally occurring hPARG protein encoded by exons IV-XVI11
with a translation start in exon 1V and therefore hPARGS9 reflects the situation found in
mPARG58 where exon V is always present. However, transfection of pPEhPARG60 gave
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similar results in this assay (data not shown). At first, mitochondrial localization of the
transfected proteins was puzzling as EGFP as the N-terminal portion of these fusion proteins
does not have a mitochondrial targeting sequence required for mitochondrial import. However,
computer analyses revealed the presence of a putative mitochondrial targeting sequence (MTS)
in the 3" half of exon IV downstream of the first available translation start codon in that exon
(Figure 4C). Provided that alternative translation initiation may give rise to a hPARG55 (Figure
5), the identified MTS would be located at the N-terminus and could therefore act as a cleavable
presequence for mitochondrial import by receptor translocase complexes TOM and T1M,
thereby mediating mitochondrial localization. In a wheel plot projection, an amphitropic a-
helical structure of the sequence can be predicted which is a common feature of many N-
terminal mitochondrial import presequences (Figure 7B). Although it is not clear whether the
secondary structure of the aa stretch encoded by exon la is truly a-helical or not, applying the
same projection method to the sequence including exon la would not yield any clear
amphipathic configuration if an a-helix was present (Figure 7C). Typically, presequence type
MTS are proteolytically removed from the imported proteins at mitochondrial entry. Western
blot analyses of HeLa cells transfected with expression plasmids for VV5-tagged hPARG60 (527
aa), hPPARG59 (516 aa), hPARG55 (475 aa) and hPARG53 (464 aa) (Figure 7B) showed that
the protein band observed in the hPARGS55 lane has slightly greater electrophoretic mobility
than expected. If the MTS presequence was cleaved off from hPARGS55 protein during
mitochondrial import, the remaining protein would have a predicted molecular weight of less
than 53 kDa (458 aa), i.e. slightly smaller than hPARG53 (464 aa), (Figure 7B, lanes
hPARG55V5 and hPARG53V5), further suggesting functionality of the identified MTS. Yet,
mitochondrial localization of the transfected PARG proteins could not be readily explained by
the presence of a presequence-type MTS in the middle of the EGFP-hPARG fusion proteins.
In order to further confirm functionality of the putative MTS as an internal or an N-terminal
signal, two different luciferase reporter plasmids, pMTS-GFL1 and pMTS-GFL2, respectively,
were constructed. The two plasmids both contain PARG exons 1V, V and VI N-terminally
fused to an EGFP-luciferase reporter gene but they differ in the presence or absence of an
engineered, highly efficient B-galactosidase translation initiation site upstream of exon V. By
using this approach, the start of the potential MTS is positioned 38 amino acids downstream
of a new, artificial translation start (encoding MSFTLTE..., followed by the PARG sequence
KEQWET...of exon 1V) and at the same time the amino acids encoded by facultative exon la
were removed. Again, using subcellular fractionation and subsequent luciferase activity
measurements, a preferential localization of the recombinant protein in the mitochondrial
fraction was detected (data not shown). However, using fluorescence microscopy in order to
detect the localization of EGFP-hPARGG0 fusion in transfected cells, the protein seemed to
reside mainly in the cytoplasm and the nucleus and specific mitochondrial localization was
only detectable in a subpopulation of the transfected cells (not shown). The same result was
obtained using the EGFP-luciferase constructs containing an artificial -galactosidase N-
terminus. In contrast, transfected cells expressing only the EGFP-luciferase reporter protein
showed no preferential localization of the reporter (Figure 8, right panel). Plasmid pMTS-
GFL2 does not provide an additional translation initiation site upstream of the MTS, but allows
for immediate translation initiation within exon IV, and was constructed in order to investigate
the ability of the MTS encoded region to act as an N-terminal signal without additional
sequences. The MTS-EGFPluciferase reporter protein encoded by this plasmid was strictly
targeted to the mitochondria (Figure 8, left panel) in virtually all transfected cells. In order to
confirm the presence of PARG activity in association with mitochondria, PARG and PARP
activities in pure nuclear and mitochondrial fractions isolated from untreated HEK?293 cells
were measured (data not shown). Because the sizes and protein contents of the two fractions
were very different, the specific activities for PARG and PARP were calculated. Specific
PARG activity, i.e. the number of pmol of PAR converted into free ADP-ribose per minute
per mg of protein, was higher in mitochondrial fractions than in nuclear extracts although the
total activity was consistently higher in the nucleus. In contrast, PARP activity was much higher
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in the nucleus and comparatively little specific activity was found in the mitochondria. These
findings support the view that PARG is able to reside in the mitochondrial fraction.
Immunofluorescence analyses using HeLa cells transfected with expression plasmids encoding
V5-tagged hPARG102, hPARG60, hPARG59, an enzymatically inactive mutant hPARG56d,
and hPARG53 (see Figure 5) confirmed that the MTS targets PARG to the mitochondria
(Figure 9). Anti-V5 antibodies detected hPARG102 in the cytoplasm (Figure 9A), as previously
reported [7,43]. Similarly, in hPARGG60 transfected cells, signals were seen mainly in the
cytoplasm (Figure 9B). as expected from immunoblot experiments which showed that a
EGFPhPARGH59 fusion, i.e. a protein similar to hPARGGO in that it lacks an N-terminal MTS
due to the presence of the EGFP portion, was present in all subcellular fractions tested (Figure
7A). In contrast, hPARG59 alone, an artificial protein designed for this study, was nearly
exclusively located in the mitochondria, (Figure 9C) which was not dependent on enzymatic
activity, as demonstrated by transfection of an hPARG56d expression plasmid encoding an
inactive mutant enzyme (Figure 9D). In hPARG59, the putative MTS is located at the N-
terminus functioning as an external MTS of the presequence type. Overexpression of
hPARG55, which is likely naturally expressed from alternatively translated hPARG60
transcripts (Figure 5 & Figure 7D), and which has the same predicted translation initiation site
as hPARG59 but lacks exon V, shows that mitochondrial localization was dependent on the
presence of exon IV and correct translation start codon usage (Figure 9E), while exon V was
dispensable. Absence of exon IV abolished mitochondrial targeting as hPARG53 was found
in the cytoplasm and the nucleus (Figure 9F). Natural expression of hPARG53 has not been
shown and the cDNA encoding this protein was engineered for the purpose of this study. Taken
together, these data indicate that the MTS located in exon IV can act as an efficient N-terminal
signal in the naturally occurring PARG splice isoform hPARG55, and also as a less efficient,
internal signal in hPARGG0, as in the latter case only a fraction of the protein colocalized with
the mitochondria, which was predominantly observed in the Western Blot analyses of purified
mitochondrial cell fractions. The Western Blot analyses also revealed that the MTS does not
seem to be active in the longer PARG splice variants, e.g.nPARG111 and hPARG102. It should
be noted that because these studies were done with overexpressed proteins, detection of the
corresponding endogenous enzymes would be necessary to confirm these data. However, all
PARG isoforms are known to be expressed at very low levels and antibodies sensitive enough
to detect such low levels are not currently available. In addition, antibodies recognizing the
peptide encoded by exon 1a in mouse or man could not be generated due to insufficient
immunogenicity of that region so that the available antibodies that detect the novel small PARG
proteins will also always recognize the larger PARGs as well.

Discussion

The results of the study presented here suggest the presence of an additional level of complexity
of cellular PAR metabolism due to the catalytic activity of novel small PARG isoforms
associated with the mitochondria. This view is supported by several conclusions that can be
drawn from this study: (i) Two novel protein isoforms, hPARG60 and hPARG55, were
discovered which are capable of PAR hydrolysis. They are conserved from mouse to human
and are ubiquitously expressed by alternative splicing in all tissues tested. (ii) The new PARG
isoforms lack the putative regulatory A-domain, suggesting that their enzymatic activity may
be controlled in a different way than in the large PARG isoforms hPARG111, hPARG102 and
hPARG99. (iii) Both, hPARG60 and hPARGS55 are associated with the mitochondria, making
them potentially important factors in the nuclear-mitochondrial crosstalk involving PAR
metabolism. While PARG111 is a nuclear enzyme carrying a nuclear localization signal (NLS)
in exon | near the N-terminus [8], PARG 102 and PARG 99 are mainly extranuclear proteins
[7,47] carrying putative nuclear export signals (NES), [43,48] in the N-terminal A-domain.
The presence of the bulk of PARG activity in the cytoplasm remains puzzling as the vast
majority of PAR synthesis following genotoxic stress is catalyzed by the predominantly nuclear
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enzymes PARP-1 and PARP-2 and PAR is therefore detectable mainly in the nucleus after
DNA damage. It has therefore been proposed that PARG102 may be able to translocate between
the nucleus and cytoplasm under conditions of acute genotoxic stress [5,9,43]. In mice,
complete PARG gene disruption has been shown to be inconsistent with cellular survival
[14]. However, disruption of the mPARG gene by deleting exons 11 and 111 did not completely
abrogate PARG activity in the hypomorphic PARG 42-3/A2-3 mouse model devoid of the three
large PARG proteins due to expression of 63 kDa and 58 kDa PARG isoforms, presumably
from a common mRNA splice variant [18]. These findings indicate that the complete deletion
of PARG and the resulting loss of PAR hydrolyzing activity can not be compensated for by
ARH3, the only other known PAR catabolizing enzyme, but expression of mPARG63 and
mPARG58 is required for cellular viability in this mouse model. In fact, the two proteins appear
to be able to fulfill most of the PARG functions in the cell.

Based on the present study, mMPARG63 and mPARGS58 proteins are homologous to hPARG60
and hPARG55 and the isolation of MPARG63 cDNA from wildtype mouse tissues (Figure 1)
supports that expression of a ~60 kDa PARG is conserved among mammals.

The presence of 50- 60 kDa PARG proteins in different cells or tissues has been reported
repeatedly over the last twenty years [43,49-54]. However, these studies did not lead to cloning
of a cDNA encoding the elusive protein and it has been discussed that hPARG60 may be a
proteolytic fragment of a larger PARG, e.g. PARG111 (reviewed in [55]). Indeed, larger
isolated PARG proteins have been shown repeatedly to be unstable, forming degradation
products of 50-65 kDa [5,54,56]. Isolation and purification of endogenous bovine PARG from
thymus yielded such short proteins and MALDI-TOF analyses of the obtained fraction
indicated the presence of several different PARG proteins in the range of 50-65 kDa (Meyer,
R. G. and Jacobson, M. K., unpublished results). Interestingly, the splice variants reported here
encode PARG proteins that are devoid of the putative regulatory A-domain. Functions of this
domain are not yet well understood, but its absence in the PARGA2-3/A2-3 mouse is responsible
for a complex phenotype of hypersensitivity against genotoxic stress [18] and the loss of the
three large PARG proteins results in cytotoxic cerebral [20] and splanchnic [21] accumulation
of cellular PAR after ischemiareperfusion injury, illustrating its importance in regulating
PARG activity, and thus PAR turnover. Recently, it has been reported that PARG physically
interacts with PARP-1, regulating its activity and that both form a complex with XRCC1 after
MNNG induced DNA damage [57]. The observation that PARP-1 automodification is impaired
in the PARGA2-3/A2-3 moyse and that this alters overall PAR metabolism [58] indicates a role
of the A-domain in this interaction and suggests that hPARG60 may interact with PARP-1
differently than hPARG111.

The observed mitochondrial targeting of the fusion proteins containing the MTS in the form
of an N-terminal presequence (Figure 7) is also in line with a recent report where a putative
mitochondrial targeting sequence encoded in exon IV of the human gene was identified that
was postulated to be N-terminal [25]. The results of the western blot analyses, e.g. for EGFP-
hPARG59, (Figure 7A) and luciferase activity measurements after subcellular fractionation of
transfected cells (data not shown), indicated mitochondrial association also of proteins where
the MTS is not N-terminal but preceded by more than 50 amino acid residues, although this
was less pronounced. These findings suggest an association of hPARG60 protein with the
mitochondria, facilitated by the MTS in exon IV which may be part of an internal targeting
signal [59]. In these intrinsic MTS sequences, which are not well characterized, the targeting
signal is hidden in the mature protein and can be spread along the length of the protein in a
non-canonical way with examples including extrinsic mitochondrial outer membrane proteins.
In this scenario, the cryptic hPARG60 MTS may be activated by binding a second factor such
as PAR. We hypothesize that hPARG60 may be capable of shuttling between cellular
compartments, e. g. in response to DNA damage-induced, PARP-1 and PARP-2 dependent
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formation of PAR. The fact that PARG may have a second, weak NLS near the C-terminus
[43,48] which would facilitate this type of nucleo-mitochondrial shuttling supports this
hypothesis. However, results obtained from overexpression of PARG proteins in the present
study may require further confirmatory experiments involving the endogenously expressed
proteins to verify the discussed hypotheses of small PARG isoform subcellular localization.
In addition, future in-depth investigations will be necessary to determine submitochondrial
localization of PARG enzymes.

Interestingly, mitochondrial poly(ADP-ribosyl)ation has been reported repeatedly but it has
been controversial since the responsible enzymes could not be clearly identified (reviewed in
[60]). The discovery of a PARG protein capable of regulating PAR accumulation in close
proximity to, or possibly within mitochondria may be of relevance for the model that
overactivation of PARP-1 leads to the breakdown of the mitochondrial membrane potential
and subsequent release of apoptosis inducing factor (AIF). In this model, AlF released from
the mitochondria rapidly translocates to the nucleus and activates an endonuclease facilitating
chromatinolysis and cell death in a caspase-independent manner [61-63]. While it is possible
that NAD+ depletion as a result of PAR formation may affect the mitochondrial membrane
potential ([64,65] ), there also is accumulating evidence that PAR itself may be acting as a cell
death signaling molecule triggering the formation of a mitochondrial pore transition (MPT) in
a yet unknown way [66]. Moreover, it has been shown that monomeric ADP-ribose (ADPR)
produced by activation of PARP/PARG enzymes contributes to oxidative stress induced cell
death by specifically activating the cell membrane Ca2* channel TRPM2 by binding to its nudix
motif [67,68] and, hypothetically, the novel PARG isoforms could contribute to the release of
ADPR from the mitochondria. Clearly, the function of APARG60/mPARG63 and hPARG55/
mPARGS58 and their association with the mitochondria requires to be investigated in more
detail in future studies. Although very low PARP activities were measured in extracts of
mitochondrial cell fractions (data not shown), the existence of a mitochondrial PARP as a
source of PAR that may be a substrate for hPARG55 could neither be conclusively confirmed
nor excluded in the present study. Nevertheless, the present study provides a basis facilitating
further research concerning the regulation of PAR metabolism and strategies to target this
biochemical pathway in various pathologies including cancer and reperfusion injury.
Moreover, it may provide a step towards elucidating the existence of an entirely mitochondrial
PAR metabolism which is still a controversially discussed possibility.
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Fig 1. PCR amplification of PARG splice variants obtained from reversely transcribed human (A)
and mouse (B) total RNA of diverse tissues

Using a specific forward primer binding to the 5'UTR close to the transcription initiation site
(hexOfor for human samples, mexOfor for the respective mouse samples) in combination with
areverse recognizing binding to exon 6 (hexérev, mexérev) or exon 18 (hex18rev, mex18rev)
a number of bands were routinely amplified (1-5) and these PCR fragments were cloned,
sequenced and used for expression studies. Band 1: full length hPARG111/mPARG110 cDNA.
Band 2: double band containing hPARG102/hPARG99 and mPARG101/mPARG 98. Band 3:
novel hPARG60/mPARG63 cDNAs. Band 4: hypomorphic PARGA2-3/A2-3 mouse, identical
to Band 3 in the wt mouse. Band 5: mPARG52 with ORF starting in exon V that may be unique
to the gene disrupted mouse. These analyses have been reproduced several times in independent
experiments and representative data are shown. The sketch at the bottom indicates the position
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of the primers used in this experiment relative to the full-length PARG mRNA and the position
of the translation stop codon.
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Fig 2. Endogenous and ectopic hPARG expression in HeLa cells

(A) Immunoblot analyses of pEhP111/pEhP102 transfected HeLa cells using two anti-peptide
antibodies generated in rabbits that are either N-terminus-specific (ab9882) or C-terminus-
specific (ab9877). Both antibodies recognize the overexpressed PARG protein but, as expected,
only ab9877 and not ah9882 specifically detects endogenous PARG protein in the range of
55-60 kDa. (B) PCR amplification of PARG splice variants obtained from reversely transcribed
HeLa cell total RNA. Using the same primer setsas in Fig. 1, the bands representing hPARG111
(1), hPARG102 /hPARG99 (2), and the novel hPARG60 (3) were reproducibly amplified.
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Fig 3. Schematic view of the human and murine PARG gene 5' regions
The putative transcription initiation start [6] is indicated by a circled +1, along with the position
of the forward primers (underlined italics) used to generate the cDNA molecules presented in
Figure 1. Shaded boxed regions represent open reading frames with light grey boxes indicating

the hPARG111/mPARG110 ORF. In hPARG60 and mPARG63, usage of a facultative exon
(exon la, dark gray box) leads to alternative N-terminal protein sequences of 16 amino acids

+246

+267

+306

+327

not found in the three long forms of the enzyme in both species. While facultative splice donor

sites SD1a-c have been reported to be involved in generation of hAPARG102, hPARG99 and
the respective mouse proteins, they are not employed in the expression of the 60 kDa splice

variant in either species. Instead, a splice donor site, termed SDalt here, facilitates elimination
of exons 1, 2 and 3, bringing exon 1a in frame with exon 4.
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Fig 4. Schematic view of alternative PARG gene 5' splicing reactions leading to expression of
hPARG60/mMPARG63

(A). Usage of alternative splice donor site SD1,; in conjunction with splice acceptor site SA3
results in elimination of exons I, 1l and 111 and formation of a new protein N-terminus encoded
by facultative exon la (A) and (B). Alignment (C) of resulting human PARG60 (upper) and
murine PARG63 (lower) sequences indicates a high degree of evolutionary conservation of
the two proteins except for the skipping of exon V and the N-terminal regions encoded by
facultative exon la. The amino acids sequence within the brackets is not expressed in hPARG55
and mPARG58. The MTS sequence is highlighted by an open box. (D) Splicing that retains
exon V in the hPARG mRNA, as found in the mRNA molecules encoding hPARG111, 102
and 99 is shown, including the splice donor site SD4a (open box) facilitating this process. (E)
Alternative in-frame splicing of exon 1V to exon VI is only possible because of the presence
of SD4b (open box) overlapping SD4a, leading to skipping of exon V. (F) Skipping of exon
V (E) in human may be caused by a sequence variation in SD5 ( g instead of t, in bold) that
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weakens the splice donor consensus sequence GAG | GTAAGA (mouse) to GAG | GGAAGA
(human), (marked by * in (A)).
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Fig 5. PARG mRNA splice variants and resulting protein structures

Open reading frames are represented by shaded boxes. Alternative splicing yields messages
encoding 102 kDa and 99 kDa PARGs in human (100 kDa and 98 kDa in mouse) but also
shorter PARG proteins of less than 65 kDa that were identified in both human and mouse RNA
preparations. In hPARG60 and mPARG63 usage of a facultative exon (exon lIa) leads to
alternative N-terminal protein sequences of 16 amino acids not found in the three long forms
(i.e. 111 kDa, 102 kDa and 99 kDa) of the enzyme in both species. In human, exon V was
consistently skipped in all cDNAs encoding hPARG6O isolated in this study but never in the
other mRNAs encoding the three large protein variants. Skipping of exon V appears to be
specific for human and was absent in murine cDNA preparations. Proteins hPARG55 and
mPARG58 (indicated by *1)) are most likely not encoded by specific mRNAs but may be
expressed from hPARG60 and mPARG63 messages, respectively, by alternative translation
start codon usage as previously observed in the large PARG cDNAs [7]. *2) Human PARG59
and hPARG53 were not encoded by natural cDNASs obtained by RT-PCR but were constructed
for the purpose of studying MTS function in this study.
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Fig 6. Human hPARGH60 is enzymatically active

In vitro poly(ADP-ribose) glycohydrolase assays using 32P labeled PAR were employed to
measure relative exoglycosidic PARG activities in extracts of transiently transfected HEK293
cells expressing EGFP-hPARG fusion proteins (A). PARG activity in extracts of HEK293 cells
transfected with the parental vector pEGFP-C1 was defined as 100% and the scale reflects the
percentage of PARG activity in the other samples relative to this control. Nontransfected cells
and cells transfected with pEhP102d, encoding an enzymatically dead mutant (E756N in full-
length hPARG111) of PARG102 generated by site-directed mutagenesis, were used as
controls. The negative control samples (“neg. con.”) contained no protein (background).
Positive controls used 6.75 ng of recombinant bovine PARG. Significance analyses using
pooled data from three independent experiments were done using the Student's T-test
(p<0.005).
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(B) Aliquots of samples measured in PARG assays (A, see above) were subjected to ADPR
polymer PAGE autoradiograph analyses to visualize 32P labeled products of poly(ADP-ribose)
digests. Data were pooled from three independent experiments each carried out at least in
quadruplicates for these analyses and a representative autoradiograph is shown.
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Fig 7. Overexpressed human PARG59 but not hPARG102 or hPARGL111 is associated with the
mitochondria

(A) Immunoblot analyses of subcellular fractions obtained from HelLa cells transiently
transfected with N-terminal EGFP fusions of hPARG59, hPARG102 or hPARG111 using V5-
tag or EGFP-specific antibodies show that the PARG MTS can act as an internal protein signal
in the presence of an N-terminal peptide sequence that is upstream of the actual MTS. This
resembles the situation in hPARG60 and mMPARG63 where the MTS is not strictly N-terminal
but downstream of a 16 aa peptide sequence encoded by the facultative exon la (s. Figure 5).
Purity of the mitochondrial fractions was assessed by detection of MnSOD as a mitochondrial
marker and histones, as well as PARP1 as nuclear marker proteins. No contamination of the
mitochondrial fractions by nuclei was detected (shown for transfection with hPARG59, data
not shown for (PARG102 and hPARG111). (B) Immunoblot analyses of HeLa cells transiently
transfected with plasmids for overexpression of hPARG isoforms with C-terminal V5 tags,
using anti-V5 antibodies. The * indicates an apoptotic caspase cleavage product of the
transfected hPARG111. (C) Wheel projection of hPARG and mPARG N-termini indicating
the presence of putative amphipathic a-helices in the actual MTS peptide sequences but not
the amino acid sequences encoded by the N-terminally located facultative exon la in human
or mouse. This computer-based prediction- and analysis tool of mitochondrial targeting signals
is based on the classic assumption that these signals are typically alpha-helical in their
secondary structure where basic, mostly lysine (K) and arginine (R), and hydrophobic amino
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acid residues should be located on opposite sides of that a-helix to achieve amphipathic
properties.
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pMTS-GFL2

Fig 8. An N-terminal PARG MTS directs an EGFP reporter protein to the mitochondria
AntiMnSOD immune fluorescence stain of HeL a cells transiently transfected with pMTS-GFL,
encoding a C-terminal in-frame fusion of an EGFP-firefly luciferase reporter gene with the
putative MTS located in exon 4. The N-terminal portion of the encoded protein is identical to
the one proposed for hPARG55 and comprises aa 461-526 of human PARG. (A) GFP
fluorescence of the fusion protein (pMTS-GFL) (B) MnSOD staining with a polyclonal rabbit
antibody and anti-rabbit Cy3 utilized in order to label mitochondria, (C) DAPI stain of the
nuclei and (D) merge of A, B, and C, where arrowheads indicate areas of colocalization. Panel
E-F show control cells transfected with a vector expressing the GFL reporter without the PARG
MTS (pRSV-GFL). Conventional fluorescence microphotographs, Nikon T 3000, 40x
objective, taken with a Nikon Coolpix camera in combination with ImagePro software.
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Fig 9. Subcellular localization of hPARG isoforms

HeLa cells transiently transfected with expression plasmids encoding hPARG isoforms with
engineered C-terminal V/5-tags were analyzed by indirect immunofluorescence staining using
anti-V5 (green) and anti-MnSOD antibodies (red). DNA was counterstained with Topro3 and
pseudocolored in blue (confocal laser scan microphotographs, Leica SP5).

Exp Cell Res. Author manuscript; available in PMC 2008 August 1.



Page 30

Meyer et al.

a1Is 101daooe 9211ds ‘'S ‘a)Is Jouop 9911ds ‘@S ‘SnINasnW SNA W' A ‘suaides OWOH “'S'H :SUoIRIARIGY

|BLIPUOYI0UIN HIAX - Al ¥VS 01 ¥As ‘vvS 01 }eTps e 89 ‘WA 85G94dVdW
[eLpUOYI0NIN HIAX - Al
*po1wse|doifo ‘el VS 03 QS '€VS 0} JeTPS TN €9 WA €994vVdw
olwse|doifd HIAX - 111 ¥VS 01 ¥As ‘2VS 01 4'eTds 1 86 WA 8694VdW
ojwse|do)ko HAX -1l ¥VS 01 ¥AS ‘TVS 01 4'eTAs | 10T WA 10TOdVvdW
Jes|onN HIAX -1 ¥VvS 01 ¥As ‘TvS 01 TAS Wbusl-|in4 0TT ‘WA 0TTOdVdW
HIAX- IN
[eLpUOYd0NIN ‘Al SVS 01 qras ‘evs 01 J[eTps AT et S'H §594vdy
|eLIDUOYOOUIN HIAX = IA
79 olwse|dolfD ‘Al ‘el GVS 01 qrAs ‘€VS 01 }[eTps AT 09 'S'H 0994dvdy
ojwse|do)ko HIAX -1 ¥VS 01 eyAs ‘zvS 01 91Tas 'l 66 S'H 6694Vvdy
olwse|doifo HIAX - 11 ¥VvS 01 eyAs ‘TVS 01 4'eTAS | ¢0T S'H ¢0T9dvdy
Jes|oNN HIAX - 1 §as 01 ¥as ‘Tvs 01 Tas ybusy-1ind 17 'S'H T1T94vdy
utayoad ul Buionds (snireusye) (s)uoxa paddis
uoljezifeso| Je|nj|dagns JuruIWopaid paje|sue.l] suox3 104 pasn says 921jds 10 uoneubissg [eax] mIN sa10ads JueLIRA 321|dSs OV

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

‘y1bua] uisioud pue uonisodwod
p1oe oulwe 01 Bulpiodde $azis pare|ndfed Ajjeanlaloayl ale suislodd ayp Jo yblam Jejnasjow ayl ‘SWI0J0SI HHYd suLINW pue Uewny JaA0 MIIAIBAQ

NIH-PA Author Manuscript

Exp Cell Res. Author manuscript; available in PMC 2008 August 1.



