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glycohydrolase involved in catalysis: determining the PARG
catalytic domain
Chandra N. PATEL*, David W. KOH*1, Myron K. JACOBSON† and Marcos A. OLIVEIRA*2

*Department of Pharmaceutical Sciences, College of Pharmacy, Markey Cancer Center and Center for Structural Biology, University of Kentucky, Lexington, KY 40536,
U.S.A., and †Department of Pharmacology and Toxicology, College of Pharmacy and Arizona Cancer Center, University of Arizona, Tucson, AZ 85724, U.S.A.

PARG [poly(ADP-ribose) glycohydrolase] catalyses the hydro-
lysis of α(1′ ′ → 2′) or α(1′ ′ ′ → 2′ ′) O-glycosidic linkages of ADP-
ribose polymers to produce free ADP-ribose. We investigated
possible mechanistic similarities between PARG and glycosi-
dases, which also cleave O-glycosidic linkages. Glycosidases
typically utilize two acidic residues for catalysis, thus we targeted
acidic residues within a conserved region of bovine PARG that
has been shown to contain an inhibitor-binding site. The targeted
glutamate and aspartate residues were changed to asparagine in
order to minimize structural alterations. Mutants were purified
and assayed for catalytic activity, as well as binding, to an immo-
bilized PARG inhibitor to determine ability to recognize substrate.
Our investigation revealed residues essential for PARG catalytic
activity. Two adjacent glutamic acid residues are found in the con-
served sequence Gln755-Glu-Glu757, and a third residue found in

the conserved sequence Val737-Asp-Phe-Ala-Asn741. Our func-
tional characterization of PARG residues, along with recent
identification of an inhibitor-binding residue Tyr796 and a glycine-
rich region Gly745-Gly-Gly747 important for PARG function,
allowed us to define a PARG ‘signature sequence’ [vDFA-X3-
GGg-X6−8-vQEEIRF-X3-PE-X14-E-X12-YTGYa], which we used
to identify putative PARG sequences across a range of organ-
isms. Sequence alignments, along with our mapping of PARG
functional residues, suggest the presence of a conserved catalytic
domain of approx. 185 residues which spans residues 610–795 in
bovine PARG.

Key words: acidic mutation, glycohydrolase, poly(ADP-ribose)
glycohydrolase (PARG), poly(ADP-ribosylation).

INTRODUCTION

The modification of proteins by ADP-ribose polymers is catalysed
by a family of PARPs [poly(ADP-ribose) polymerases] involved
in the maintenance of genomic integrity [1–3] (Figure 1). The
most characterized member of this family, PARP-1 [4,5], is activ-
ated in response to genotoxic stress [6], leading to the modification
of nuclear proteins that include histones, p53 and PARP-1 itself.
The rapid increase in ADP-ribose polymers in response to DNA
damage involves both PARP-1 and PARP-2 [7], whereas polymer
degradation is under the control of a single enzyme PARG [poly-
(ADP-ribose) glycohydrolase] [8,9] (Figure 1). The majority of
the studies on ADP-ribose polymer metabolism have focused on
PARPs, and include studies of knock-out mice [5,10–12], the
utilization of chemical inhibitors [13–17] and antisense RNA tech-
niques [18]. Reduction in PARP-1 or PARP-2 activity leads to
genomic instability, and PARP-1 knock-out mice show increased
sensitivity to some types of DNA damage, but remarkable resis-
tance to massive DNA damage that occurs in non-proliferating
cells following ischaemia and reperfusion stroke and some types
of neurotoxic agents [13,19–21].

The structure and functional relationships of PARG are poorly
understood. Bovine PARG cDNA [9] codes for a 111-kDa pro-
tein containing a C-terminal catalytic region and a putative N-ter-

minal regulatory region. PARG and PARP-1 are cleaved in cells
undergoing apoptosis, and caspase-3 has been implicated in the
cleavage [22,23]. Immunofluorescence analysis of Cos-7 cells
over-expressing PARG has found it to be mostly cytoplasmic
[24], and recently a splice variant containing a nuclear localization
signal has been identified that targets PARG to the nucleus [25].
Furthermore, three recent knock-out experiments of PARG in
Drosophila [26] and in mice [27,28] show that depletion of PARG
plays an important role in neurodegeneration and sensitivity to
DNA-damage-induced cell death, revealing a potential new target
for anticancer and anti-inflammatory drugs.

The human PARG gene has recently been characterized [25],
and genomic sequence searches using a catalytic fragment of
PARG (Bos taurus amino acids 380–977) has so far identified only
a single mammalian PARG sequence. This raises the possibility
that a single gene codes for PARG, which completes the ADP-
ribose polymer cycles initiated by many different PARPs. A
photolabelling approach with a potent PARG inhibitor has been
used to identify an amino acid residue involved in inhibitor bind-
ing at a site that presumably is also involved in substrate binding
[29]. This approach along with the present investigation has en-
abled the identification of PARG residues critical for catalytic
activity and the elucidation of highly conserved amino acids that
constitute a PARG signature sequence.

Abbreviations used: ADP-HPD, adenosine diphosphate (hydroxymethyl)pyrrolidinediol; 8-AH-ADP-HPD, 8-(6-aminohexyl)amino-ADP-HPD; PARG,
poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; rPARG-CF, recombinant PARG catalytic fragment; SPR, surface plasmon
resonance.
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Figure 1 ADP-ribose polymer cycles catalysed by PARPs and PARG

EXPERIMENTAL

Mutagenesis

The PCR reaction mixtures comprised 50 ng of template DNA,
125 ng of each primer, 1 mM dNTPs and Stratagene reaction
buffer (20 mM MgSO4). High-fidelity PfuTurbo DNA polymerase
(Stratagene) and 16 PCR cycles were used to reduce the chances
of random mutations [30]. The methylated template DNA was
digested using DpnI (Stratagene). After digestion, 5 µl of the
PCR reaction was used to transform Escherichia coli XL-1 Blue
(Stratagene) competent cells. Clones were sequenced with
upstream (5′-GGAAACGGCCAGGGCATGCTAC-3′) and down-
stream (3′-CTGCTGACCGTCTCCGCGTGC-5′) primers to
verify the mutation. The cloned plasmid containing the mutation
was transformed into E. coli NM522 cells for expression. Primers
were made following the guidelines in the QuikChange® site-
directed mutagenesis kit (Stratagene). In general, the primers had
approx. 10–15 bp on each side of the mutation, the GC content
was above 40%, and they terminated in G or C bases. The
sequences of primers used for the various acidic mutants are given

in Supplementary Table 1 (http://www.BiochemJ.org/bj/388/
bj3880493add.htm).

Expression and purification of rPARG-CF (recombinant PARG
catalytic fragment) and mutants

rPARG-CF and all mutants we generated in the present study
were purified as previously reported [9], with some modifications
(see Supplementary Figure 1, http://www.BiochemJ.org/bj/388/
bj3880493add.htm). Briefly, transformed E. coli NM522 cells
containing the pGEX-2T-MNDV vector encoding glutathione S-
transferase and 59-kDa rPARG-CF fusion protein, containing
a protease site sensitive to thrombin, were incubated at 37 ◦C
in 1 litre of LB (Luria–Bertani) medium containing 150 µg/ml
ampicillin, and were grown to a D600 of approx. 0.6 (approx.
2 h). Expression of rPARG-CF mutant was induced using 0.1 mM
IPTG (isopropyl β-D-thiogalactoside) for 4 h, cells were collected
by centrifugation (12000 g for 15 min at 4 ◦C), and the crude
extract was prepared by sonication in a buffer containing 20 ml of
PBS, 10 mM EDTA and 5% bacterial protease inhibitor cocktail
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per litre of cell suspension. The bacterial protease inhibitor
cocktail contained AEBSF [4-(2-aminoethyl)benzenesulphonyl
fluoride], pepstatin A, E-64 [trans-epoxysuccinyl-L-leucylamido-
(4-guanidino)butane], bestatin and sodium EDTA in freeze-dried
form (Sigma). The volume was adjusted to 80 ml using PBS,
and Triton X-100 and dithiothreitol were added to final concen-
trations of 2% and 4 mM respectively, and the resulting extract
was shaken at 4 ◦C for 30 min using a Clay Adams Brand Nutator
Model 421105. The crude extract was then clarified by cen-
trifugation (12000 g for 15 min at 4 ◦C) and GSH–Sepharose 4B
was applied to the cleared lysate to a final concentration of 5%
(v/v) for 4 h at 4 ◦C with constant agitation using the Nutator. The
resin was recovered by centrifugation (500 g), washed twice with
PBS, and washed once with PBS plus 300 mM NaCl. The resin
was resuspended in PBS containing 1 mM CaCl2, 300 mM NaCl
and 50 units of thrombin protease. The resulting suspension was
agitated at room temperature overnight. The released rPARG-CF
mutant was then isolated by centrifugation (500 g) of the GSH–
Sepharose 4B suspension and the supernatant was concentrated
using an Amicon Centriprep-10 apparatus. The final products
were stored at −80 ◦C in a buffer containing PBS, 300 mM KCl,
10% glycerol, 0.1% Triton X-100, 10 mM 2-mercaptoethanol
and protease inhibitors (10 mM EDTA, 1 mM PMSF, 2 µg/ml
aprotinin and 100 µM antipain). Protein levels were analysed by
SDS/PAGE (12% gel), assayed for PARG activity and the total
protein yield was quantified by Bradford protein assay.

PARG assay

This assay utilizes the conditions previously reported [31]. Briefly,
a typical reaction mixture was prepared in a 1.5-ml microfuge tube
by adding 10 µl of 3 × glyco assay buffer (150 mM potassium
phosphate buffer, pH 7.5, 150 mM KCl, 0.3 mg/ml BSA and
30 mM 2-mercaptoethanol), 5 µl of 60 µM [α-32P]ADP-ribose
polymers (approx. 5000 cpm/µl) and 10 µl of deionized water.
The reaction was initiated by the addition of 5 µl of PARG stock
or PARG extract, and the reaction mixture was incubated at 37 ◦C
for 3–10 min. The reaction was then stopped by the addition of
2 µl of 3% SDS. Next, 3 µl of the reaction mixture was loaded on
to a 2 × 10 cm poly(ethyleneimine)–cellulose F TLC plate, pre-
spotted with 2 µl of 25 mM ADP-ribose. The spot was dried and
the plate was placed into a TLC tank with 100 ml of methanol
and developed until the solvent front reached the top of the plate.
Next, the plate was transferred into a second tank containing
100 ml of a solution comprising 0.9 M acetic acid and 0.3 M
LiCl. After developing the plate as before, it was air-dried and the
ADP-ribose spot was visualized by using a hand-held short-wave
UV lamp. The origin and ADP-ribose spot were excised, placed
into 20-ml scintillation vials with 10 ml of EcoLume added, and
the radioactivity was counted in a Beckman liquid scintillation
counter. One unit of PARG was defined as the amount of enzyme
required to convert 1 nmol of ADP-ribose polymer into free ADP-
ribose per min under the conditions described above.

SPR (surface plasmon resonance) spectroscopy

A BIAcore X biosensor (Biacore, Uppsala, Sweden) that measures
SPR was utilized to determine the interaction of wild-type rPARG-
CF and mutants (analytes) with an immobilized inhibitor analogue
(ligand) of ADP-HPD [adenosine diphosphate (hydroxymethyl)-
pyrrolidinediol], 8-AH-ADP-HPD [8-(6-aminohexyl)amino-
ADP-HPD], which has also characterized as a rPARG inhibitor
[32]. A standard amine coupling reaction was used to attach the 8-
AH-ADP-HPD to a research grade CM5 chip (BIAcore). The
buffer used was 10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM

EDTA, 0.005% surfactant P20 (also called HBS-EP buffer,
from BIAcore). The immobilization was carried out by first activ-
ating the CM5 chip with a 2-min pulse of NHS/EDC [N-hydroxy-
succinimide/N -ethyl-N ′-(dimethylaminopropyl)carbodi-imide].
Following the activation, the amine coupling was performed with
a 7-min pulse of a 160 nM/µl of solution of 8-AH-ADP-HPD.
The chip was then inactivated by a 7-min ethanolamine wash. The
immobilization procedure theoretically results in a maximum of
16% coupling to the carboxyl groups of the sensor chip.

For all SPR measurements, two flow cells were simultaneously
utilized; one flow cell containing the 8-AH-ADP-HPD modified
sensor surface, whereas the second flow cell contained the con-
trol sensor surface with no inhibitor coupling in order to obtain
parallel measurements of unspecific binding. The result was a
real-time reference subtraction, which effectively quantified the
analyte–ligand interaction. Protein solutions containing wild-type
or mutant enzyme (buffer containing 50 mM Tris/HCl, pH 7.5,
300 mM KCl, 10 mM 2-mercaptoethanol and 0.1 % Triton X-
100) were diluted in HBS-EP buffer (as described above) to final
concentrations ranging from 10–500 nM for analysis. Each ex-
periment began with a 30 s pulse containing HBS-EP buffer in
order to establish a baseline, followed by a 90 s sample injection
where the association phase is observed. Subsequent to the asso-
ciation phase, HBS-EP buffer was injected for 300 s in order to
observe the dissociation phase. At the end of each experiment
the CM5 chip was regenerated utilizing a 70–100 µl injection of
6 M urea and 0.1 M boric acid, pH 8.9, and 0.5 M NaCl. For each
rPARG-CF sample, a set of sensorgrams was recorded at several
different protein concentrations.

PARG sequence analysis

The identification of PARG sequences was performed using PSI-
BLAST program against the non-redundant protein database
maintained at the National Center for Biotechnology Information
(Bethesda, MD, U.S.A.). We used bovine PARG sequence as the
query in our BLAST searches. The BLOSUM62 matrix was used
for scoring, and 0.01 or 0.001 was used as E-value thresholds for
inclusion of sequences in the profile calculation. The sequences
were then aligned using CLUSTAL. The aligned sequences are
shown below in Figure 3. The conserved acidic residues identified
in the alignment were targeted for mutagenesis.

RESULTS

Acidic residue screening reveals three essential catalytic residues
in PARG

Previously, we identified an inhibitor-binding residue of bovine
PARG, Tyr796, that maps to a highly conserved region of PARG
[29]. PARG is an O-glycosidase, which, in general, are enzymes
that contain two acidic residues essential for activity surrounding
the glycosidic bond to be hydrolysed. Thus we used site-directed
mutagenesis to screen conserved acidic residues of PARG in the
region of Tyr796 for their effect on PARG activity. Our strategy
was to convert all conserved glutamic acid or aspartic acid residues
into asparagine. Asparagine was chosen because it removes the
negative charge associated with the acidic residue at physiological
pH, without any significant changes in the volume of amino acid
side chain for aspartate residues and a side chain one carbon atom
shorter in the case of glutamate residues. The latter alteration has
the rationale of preventing any possible adaptation by the enzyme
in case hydrogen bonding is playing a role in catalysis. Bovine
PARG contains a series of conserved acidic amino acids between
residues 700 to 800 (708, 728, 738, 756, 757, 765, 774, 780 and
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Table 1 Effect of site-directed mutagenesis of glutamate and aspartate
residues in rPARG on PARG activity and inhibitor binding (K D)

n, number of different experiments in which enzyme specific activity was measured, and each
experiment was carried out in triplicate; ND, no detectable activity with a limit of detection of
1 % of wild-type specific activity (units/mg); NE, binding not examined, those values reported
have ϕ2 < 10.6.

PARG specific activity
PARG analysed (% of wild-type) n K D for 8-AH-ADP-HPD (nM)

Wild-type 100 10 8.2
E708N 119 +− 7.3 4 3.3
E728N 18 +− 1.9 4 3.2
D738N ND 4 11.6
E756N ND 6 1.03
E757N ND 2 7.7
E756N/E757N ND 2 NE
E765N 29 +− 4.0 2 NE
E774N 61 +− 8.0 2 NE
E780N 57 +− 12.0 2 NE
E788N 100 +− 22 2 NE

788). Following generation of mutants and their expression, all
of the mutants were purified and analysed by SDS/PAGE prior
to analysis (Supplementary Figure 1, http://www.BiochemJ.org/
bj/388/bj3880493add.htm). This analysis allowed confirmation
of expression and purity of each protein sample used in the
analysis. The results of the activity assays are shown in Table 1
and Figure 2. As shown in Figure 2, mutagenesis had no effect
on the catalytic activity of Glu708, but progressing towards the
C-terminus the activity decreased to a minimum where mutation
of three acidic residues, Asp738, Glu756 and Glu757, resulted in no
detectable activity, followed by a progressive increase in activity
to Glu788 where, again, no effect on activity was observed.

PARG mutants are able to bind a known inhibitor, 8-AH-ADP-HPD

Although we identified acidic residues which when mutated eli-
minated enzymatic activity, it was possible that these alterations
resulted in a loss of activity by effects on protein folding that
affected the ability of the mutant proteins to bind to substrate. In
order to examine this possibility, we utilized SPR spectroscopy
where an inhibitor of PARG, 8-AH-ADP-HPD, was immobilized
on a dextran surface and used to compare binding of the wild-
type and mutant protein to the inhibitor. Previous studies have
shown that the wild-type protein binds to 8-AH-ADP-HPD with
high affinity [29]. The binding constants (KD) of the mutants
(Glu708, Glu728, Asp738, Glu756 and Glu757) to 8-AH-ADP-HPD
are given in Table 1. The binding constants clearly show that
acidic mutations were able to bind to the inhibitor at the
nanomolar level, suggesting that the mutations are not having
any structural effect, leading to a misfolded protein or even more
subtle domain effects that interfere with the ability to recognize
substrate-like moieties. When one considers the physical chemical
properties of the inhibitor ADP-HPD, which contains a negatively
charged phosphate group [much like the substrate poly(ADP-
ribose)], it is reasonable to rationalize that mutations of the
type Glu → Asn will significantly reduce charge repulsion, while
retaining polarity, as well as the steric characteristics, of the
native side chain. In the worst possible case, the PARG mutants
(Glu → Asn) are expected to display little to no effect on inhibitor
binding, and may, in the best case, improve inhibitor binding.

Signature sequence of PARG function

The three essential acidic residues identified within the PARG
catalytic fragment are localized in a region of PARG coded by
exons 13 and 14 of the human PARG gene [25], which also con-
tains an inhibitor-binding site residue identified through photo-
labelling of Tyr796 [29] and a glycine-rich region Gly745-Gly-Gly747

Figure 2 Catalytic activity of conserved acidic residues of PARG catalytic fragment of bovine rPARG-CF

The specific activity of each mutant was measured and compared with wild-type rPARG-CF. The graph shows the relative percentage of specific activity of mutant rPARG-CF compared with wild-type
rPARG-CF as a function of residue number within the catalytic fragment.
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Figure 3 Sequence alignment of a portion of PARG catalytic fragment with highest sequence similarity score that encompasses the essential catalytic
residues

Using sequence conservation and the identification of catalytic acidic residues, we have developed a sequence fingerprint indicated in this Figure. The catalytic fragment of PARG is the region of
highest sequence similarity. The residues of highest sequence identity are highlighted in light grey, the acidic residues targeted for investigation are shown in white on dark grey boxes (Glu728, Asp738,
Glu756, Glu757, Glu774, Glu780 and Glu788). Also indicated in the sequence alignment are the exon boundaries derived from the human PARG gene [25]. In addition to the acidic mutations, Tyr796, which
has been previously identified as an active site residue that interacts with ADP-HPD, is indicated [29]. Accession numbers for sequences are: B. taurus (GI27806491), Homo sapiens (GI4505609),
Mus musculus (GI6754986), Rattus norvegicus (GI23618924), Drosophila melanogaster (GI17137486), A. thaliana 1 (GI42571009), A. thaliana 2 (GI14701908), C. elegans 1 (GI32566022),
C. elegans 2 (GI32566024).

previously shown to be involved with control of circadian rhythms
[33]. It can be seen in Figure 3 that this region contains blocks of
amino acid residues that are highly conserved in PARG sequences
across a wide range of organisms. Taken together, these data allow
us to define a ‘PARG signature’ sequence that is also shown in
Figure 3.

DISCUSSION

There are several different enzymes involved in ADP-ribose poly-
mer synthesis with apparently specialized roles, but there remains
only a single ADP-ribose-polymer-degrading enzyme in mam-
mals, PARG. Recently, we used a photoprobe variant of a PARG
inhibitor (8-N3-ADP-HPD) to identify the inhibitor-binding site
[29]. Peptide mapping of the photoderivatized enzyme led to the
identification of a highly conserved region of PARG (Figure 3).
This region of PARG contained a series of conserved acidic
residues. A large class of O-glycosidases utilize acidic residues
for catalysis, and a recent analysis of a vast majority of enzyme
active sites reveals the preponderance of catalytic residues to be
either histidine (∼18%) or acidic (aspartic acid, ∼15%; gluta-
mic acid, ∼11%) [34]. Therefore we decided to use site-directed
mutagenesis to identify essential acidic residues.

Our investigation led to the identification of three essential
acidic residues, two of which are vicinal, Glu756 and Glu757, and
a third Asp738 (Figures 2 and 3), and all three proved to be indis-
pensable for catalytic activity. Usually, acidic residues are in-
volved in metal binding, but there is no known metal requirement
for PARG activity. The requirement for two catalytic vicinal acidic
residues has also been found in the mammalian and bacterial ADP-
ribosylarginine hydrolase [35]. In the family GH11 glycosidases
we also found another case of an enzyme with two neighboring
catalytic acidic residues (dispersed in sequence) that provide a
general base assistance by activating a water molecule for direct
nucleophilic attack [36]. A third case has been shown in α-glucu-
ronidase (glycosidase family GH67), where two active site acidic
residues (Glu392 and Asp364) trap a nucleophilic water molecule

which attacks the anomeric carbon of the substrate [37]. Another
interesting case of two structurally neighbouring acidic residues
is found in the enzyme enoyl-CoA hydratase where, again, a
water molecule is found trapped between the acidic residues and
functionally adds to a double bond [38]. In the latter case, a
mutation of either glutamic acid residue to glutamine reduces the
kcat/Km value by three orders of magnitude, with little or no effect
in Km [39]. The alterations we have introduced in PARG were
sufficient to reduce activity below levels of detection for the two
vicinal glutamic acid residues, Glu756 and Glu757, and Asp738.

In order to rationalize the mechanistic importance of these resi-
dues for PARG activity we have drawn from the large body of data
available from structural and functional characterization of glyco-
sidases [40,41]. Although both PARG and glycosidases cleave O-
glycosidic bonds, they are designed to recognize distinct sugars,
the former binding furanose polymers whereas the latter bind
polymers of pyranose rings. From a mechanistic point of view,
glycosidases act via acid/base catalysis, requiring two critical
acidic residues located at opposite faces of the labile O-glycosidic
bond [42,43]. Glycosidases have two distinct mechanisms, one
with inversion of configuration and another with retention of con-
figuration about the anomeric carbon. The first design of PARG
inhibitors [44,45] capitalized on mechanistic analogies between
PARG and glycosidases with the synthesis of ADP-HPD, a nitro-
gen-in-the-ring analogue of ADP-ribose [32]. ADP-HPD mimics
the positive charge development of a potential oxocarbenium ion-
like intermediate that may occur in PARG catalysis. The imper-
meability of ADP-HPD makes it unsuitable for biological charac-
terization of PARG inhibition, but useful in mapping PARG
substrate recognition sites. Taking all of the above into consider-
ation, it seems likely that we have identified acidic residues which
may be mechanistically similar to catalytic acidic residues found
in glycosidases.

The identification of three essential acidic residues, along with
the inhibitor-binding site and the recent functional characteriz-
ation of a glycine-rich region [33], also within this highly con-
served region of PARG, has allowed us to define a functional
fingerprint for PARG activity (Figure 3). We have used this
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Figure 4 Domain organization of the various PARG sequences identified using iterative PSI-BLAST

Notice that the domain organization of PARGs changes dramatically when comparing vertebrates, invertebrates and plants. The various grey shading refers to conserved regions within a sequence,
for example, the regulatory domain found in invertebrates is highly conserved with identity >25 % at the amino acid level. The percentage conservation of the catalytic fragment is indicated in each
block with respect to the bovine PARG. Accession numbers for sequences are as described in Figure 3.

Figure 5 Residues that comprise the PARG catalytic site, along with their respective functional roles with respect to glycosidic α(1′ ′ → 2′) bond cleavage

One of the two vicinal acidic residues may be the nucleophile or may also be trapping a water molecule that may act as a nucleophile. Previous work has identified the cluster of glycine residues as
vital for catalytic activity, which in many proteins are found to interact with phosphate groups [33]. Finally, in previous work we have identified Tyr796 [29] as forming a potential stacking interaction
with an adenine ring of the PARG inhibitor ADP-HPD.

sequence fingerprint along with PHI-BLAST [46] to search for
distantly related PARG sequences with sequence identity below
20–30%, sometimes referred to as the ‘twilight zone’ [47]. Our
sequence searches have only been able to identify putative PARG
sequences in plants, invertebrates and vertebrates, all of which
have sequence identity above the ‘twilight zone’ (Figure 4). A
potential functional redundancy in PARG sequences, which may
mimic that observed in PARP sequences, has only been found in

Caenorhabditis elegans and Arabidopsis thaliana where there
are two genes with a conserved rPARG-CF motif, but not all have
been functionally characterized. The vertebrate PARG sequences
have essentially four conserved sequence blocks or domains
based on the domain classification of ProDom [48]. The PFAM
classification identifies a single region spanning ProDom C
and D (PFAM 0528.5). We labelled the ProDom domains A
(PD156514), B (PD251687), C (PD147216) and D (PD025592).
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The catalytic fragment of PARG spans ProDom B, C and D.
This organization does not work when comparing vertebrate and
invertebrate sequences and plants. In the latter, we see greater
divergence in sequence outside of the conserved PARG catalytic
fragment, suggesting different domain composition (Figure 4).
However, the comparison of distantly related PARGs reveals that
domains C and D are the ones most conserved among PARG
sequences. A secondary sequence prediction for domains C and
D reveals a mostly β-sheet domain (domain C, Figure 4), followed
by a sharp boundary (around residue 800 of bovine PARG), lead-
ing to a mostly α-helical domain (domain D, Figure 4) [49]. All
of the catalytic mutants of PARG map to domain C, thus, taken
together, all the data suggest domain C to be the PARG catalytic
domain.

In summary we are now able to offer the first prediction of a
PARG active site (Figure 5). We have found residues involved in
the recognition of the adenine ring [29], as well as the potential
residues that are playing roles in catalysis either nucleophile or
general acid. Finally, our sequence analysis of the PARG catalytic
fragment suggests that domain C is the minimal catalytic fragment
which contains a mostly β-sheet structure [49].
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