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advances in our understanding of the structural biology of the writers, readers, and erasers
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1. Introduction

Protein ADP-ribosylation, like other covalent posttranslational modifications, is used to modify protein activities in a dy-
namic fashion. Three major functional classes of proteins are involved in the regulation and turnover of the modification;
namely, the writers, readers, and erasers of ADP-ribosylation. In this chapter, we describe the structural aspects of these classes
of proteins, and we discuss how X-ray crystallography has helped to further our understanding of the function and regulation
of PARP enzymes. In part one of the review, we describe the crystal structures of ADP-ribosyl transferase domains of the chol-
era toxin-like (ARTC) and the diphtheria toxin-like (ARTD) enzymes, especially the poly(ADP-ribose) polymerases (PARPs), and
we compare them to sirtuins. We describe the macro domains, WWE domains, and PBZ domains, which bind one or several
metabolites of ADP-ribose and, potentially, modified proteins at the site of ADP-ribose attachment. Finally, we describe the
structures of poly(ADP-ribose) glycohydrolases (PARGs) which degrade poly(ADP-ribose) (PAR) chains and of ADP-ribose
hydrolases (ARH) which remove mono-ADP-ribosyl moieties from protein side chains. In part two of the review, we describe
how recognition of and binding to DNA strand breaks primes the activity of PARP1. Also, we summarize insights into how
tankyrases use a specialized ankyrin repeat domain to recognize their targets for modification with poly(ADP-ribose).

2. The writers, readers and erasers of ADP-ribosylation
2.1. Writers: ADP-ribosyl transferases

ADP-ribosyl transferases fall into two major classes based on active site amino acid side chain composition. The cholera
toxin like ADP-ribosyl transferases (ARTC) contain an R-S-F-E motif that is involved in NAD" co-substrate binding and catal-
ysis; whereas the diphtheria toxin like ADP-ribosyl transferases (ARTD), including the PARPs (see Table 1), contain an H-Y-Y/
F-E motif, Fig. 1 (Otto et al., 2005; Hottiger et al., 2010). In the past decade we have gained structural insights into a signif-
icant portion of the ADP-ribosyl transferases, covering diverse enzymes from both of these families. We understand that sec-
ondary structures making up the binding pockets differ between the families, whereas anchoring of nicotinamide in the
NAD" binding pocket is conserved. Thus we now have a robust structural basis for interrogating the functions of active site
residues. Ultimately, insights from structural biology will be indispensable both for understanding enzyme functions and
regulation, and for the development of selective small molecule inhibitors as research tools and as therapeutic agents.

2.1.1. The ARTD family

The overall structure of the diphtheria toxin like catalytic domain folds into two central B-sheets; one anti-parallel con-
taining three to five strands, and one four or five stranded mixed B-sheet (Bell and Eisenberg, 1996; Ruf et al., 1996). These
elements are surrounded by o-helices on each side and both modules contribute to the NAD" binding crevice, Fig. 1A. The

Table 1
Nomenclature of PARP-family ADP-ribosyl transferases.
Name? HUGO name Alternative names
ARTD1 PARP1
ARTD2 PARP2
ARTD3 PARP3
ARTD4 PARP4 VaultPARP
ARTD5 TNKS Tankyrase; TNK1; PARP5a
ARTD6 TNKS2 Tankyrase-2; TNK2; PARP5b
ARTD7 PARP15 BAL-3
ARTD8 PARP14 BAL-2
ARTD9 PARP9 BAL-1
ARTD10 PARP10
ARTD11 PARP11
ARTD12 PARP12
ARTD13 PARP13 ZAP; ZC3HAV1
ARTD14 TIPARP PARP7
ARTD15 PARP16
ARTD16 PARP8
ARTD17 PARP6

@ Hottiger et al. (2010).
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C. botulinum
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Fig. 1. Structures of ADP-ribosyl transferases. (A) The ARTD family. Crystal structures of the transferase domains of human PARP1 (PDB: 3L3M), PARP16
(PDB: 4F0D), PARP14 (PDB: 4F1L), TNKS1 (PDB: 2RF5), all with nicotinamide mimicking inhibitors, and diphtheria toxin in complex with NAD* (PDB: 1TOX).
Two central B-sheets, one five stranded anti-parallel and one four stranded mixed B-sheet make up the core of the transferase domain. The B-sheets are
surrounded by o-helices on each side and both modules contribute to the NAD" binding crevice. An additional helical domain in PARP1 and PARP16 are
shown in darker shade. N- and C-terminal positions are indicated. (B) Structure surrounding the signature motifs that contribute to the active site. Left, the
H-Y-Y/F-E motif exemplified by ARTD member PARP1 in complex with inhibitor A927929 (PDB: 3L3M), with part of the a-helical domain indicated; right,
the R-S-F-E motif exemplified by ARTC member rat ART2.2 in complex with NAD*-analog TAD* (PDB: 10G1). (C) The ARTC family. Crystal structures of the
transferase domains of rat ecto-ART2.2 in complex with the NAD*-analog TAD* (PDB: 10G1), cholera toxin Al in complex with NAD* (PDB: 2A5F) and
Clostridium botulinum C3 exoenzyme in complex with NAD" (PDB: 2A9K). (D) The sirtuin family: human SIRT6 in complex with ADP-ribose (PDB: 3PKI). (E)
Sirtuin NAD* binding mode illustrated by human SIRT3 in complex with carba-NAD* (PDB: 4FVT). Note the absence of nicotinamide stacking aromatic
sidechains as compared to panel B. Right, the same structure, surface rendered and rotated to view into the nicotinamide pocket. Superimposition of the
PARP inhibitor from panel B (in grey) illustrate that sirtuin ligands bind in a conformation different from that of ARTD and ARTC ligands.

crystal structure of PARP1/ARTD1 revealed an o-helical domain that packs onto the catalytic domain, burying a large com-
mon hydrophobic interface, Fig. 1A (Ruf et al., 1996). Subsequently, structures of PARP2/ARTD2 and PARP3/ARTD3 confirmed
the prediction that their catalytic domains are arranged in a very similar fashion (Oliver et al., 2004; Lehtid et al., 2009). The
o-helical domain constrains the NAD* binding crevice near the opening that is distal to the nicotinamide pocket, Fig. 1B, and
likely has regulatory roles (Ruf et al., 1998); but the domains have not been studied in isolation. The crystal structure of
PARP16/ARTD15 also reveals an a-helical domain paired with the catalytic domain, but in a different relative position,
Fig. 1A (Karlberg et al., 2012). Thus, possibly, some of the uncharacterized ARTD enzymes may also employ currently unrec-
ognized accessory domains for regulation of their activities.

Structures of transferase domains in complex with either NAD* or a non-hydrolyzable analog have been determined for a
few bacterial toxins in the ARTD family, namely diphtheria toxin (Bell and Eisenberg, 1996), Pseudomonas exotoxin A
(Jorgensen et al., 2005), and Vibrio cholix toxin (Fieldhouse et al., 2012). Structures of human PARP family ARTD catalytic
domains have never been determined in complex with NAD*, but many are available with nicotinamide mimicking ligands,
e.g., PARP1 (Kinoshita et al., 2004), PARP2 (Karlberg et al., 2010a), PARP3 (Lehtié et al., 2009), TNKS1 (Lehti6 et al., 2008),
TNKS2 (Karlberg et al., 2010b), PARP10 (PDB: 3HKV), —12 (PDB: 2PQF), and —13 (PDB: 2X5Y), PARP14 (Andersson et al.,
2012; Wahlberg et al., 2012), PARP15 (Andersson et al., 2012), and PARP16 (Karlberg et al., 2012). The nicotinamide binding
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pocket is formed by the PARP signature motif, including a B-strand followed by an a-helix and the donor loop (D-loop) con-
nected to a second B-strand followed by an o-helix.

An important current question concerning PARP activities is how mono-ADP-ribosylation is catalyzed in contrast to ADP-
ribose chain elongation. Presence of a glutamate in the active site (the E of the H-Y-Y/F-E motif) has long been seen as a dis-
criminator for PAR chain elongation activity, Fig. 1B. Yet, since bacterial toxins that contain glutamate in the active site only
catalyze mono-ADP-ribosylation, it was clear that the mechanism was not fully understood. Later, it was proposed that PARP
family transferases with small hydrophobic side chains in place of the glutamate have mono-ADP-ribosyl transferaseADP-
ribosyl transferase activity, which was demonstrated for PARP10/ARTD10 and PARP14/ARTDS (Kleine et al., 2008). Currently,
mass spectrometry methods are being developed to reliably evaluate ADP-ribosylated substrates.

2.1.2. The ARTC family

The cholera toxin like ARTC transferases comprise bacterial toxins, with various subgroups (Fieldhouse and Merrill, 2008),
and mammalian exo-enzymes (Koch-Nolte et al., 2008). Crystal structures of rat ART2.2 (Mueller-Dieckmann et al., 2002)
and 10 different bacterial exotoxins (see http://www.rcsb.org/pdb) have been elucidated. ARTC: NAD* complex structures
have been obtained for rat ART2.2 (Ritter et al., 2003) and several bacterial toxins (Han et al., 1999; Evans et al., 2003; Tsuge
et al,, 2003; O’Neal et al., 2005; Pautsch et al., 2005; Margarit et al., 2006; Sundriyal et al., 2009; Visschedyk et al., 2012). The
overall structure of a typical ARTC is composed of an N-terminal, purely a-helical subdomain and a C-terminal domain of a
mixed B-sheet, Fig. 1C. Size and strand composition of the B-sheets varies within the family; a common feature is a core
structure of four central B-strands that makes up the base of the nicotinamide pocket of the NAD* binding crevice. NAD"
binding is accomplished by the side chains of the R-S-F-E motif, and NAD" is held in a similar configuration as in the ARTD
transferases, albeit with different protein side chain involvement, Fig. 1B.

2.1.3. The sirtuins

Sirtuins are most prominent as NAD"-dependent deacetylases of protein acetyl-lysines. Sirtuin assisted protein ADP-ribo-
sylation has also been documented (Haigis et al., 2006; Ahuja et al., 2007; French et al., 2008; Pan et al., 2011). Likely,
ADP-ribose-peptidyls are intermediates in the deacetylation reactions, at least for certain sirtuins (Sauve, 2010; Sauve
and Youn, 2012). These deacetylases differ substantially from the ARTC and ARTD transferases in both their overall structure,
Fig. 1D, and their mode of NAD* binding, Fig. 1E. Nevertheless, sirtuins might be affected by certain PARP inhibitors. Sirtuins
possess a nicotinamide pocket, which is involved in feedback inhibition (Sauve et al., 2005). This pocket is not as prominent
as the nicotinamide anchoring pocket of ARTC and ARTD transferases, and it lacks the stacking tyrosine residue that is typical
for PARPs and transferase toxins, Fig. 1E, left panel. Consequently, it is important to remember that small nicotinamide-mim-
icking PARP inhibitors, such as the widely used research tool, 3-aminobenzamide, likely affect sirtuin activities. Larger PARP
inhibitors, where affinity and specificity is gained by extending the compound into the ARTD NAD" pocket, take a different
path and are less likely to affect sirtuins.

2.2. Reader domains

At least four protein modules and motifs recognize and bind ADP-ribose and its metabolites: the macro domains, PAR
binding zinc finger (PBZ) domains, WWE domains, and the PAR binding motif (PBM) (Kalisch et al., 2012; Gibson and Kraus,
2012). These fulfill three physiological functions, namely (i) PAR binding and localization of proteins to sites of PARP activity;
(ii) binding of mono-ADP-ribosylated substrate proteins; and (iii) sequestration and turnover of ADP-ribose metabolites. PAR
binding is mediated by all four modules and motifs; the remaining two functions are indicated for certain macro domain
proteins.

PAR binding motifs (PBM) are short amino acid sequences found in proteins related to chromatin regulation, DNA damage
response, and RNA processing (Pleschke et al., 2000). Structural information is limited to ligand free solution structures of
the PBM containing first BRCT domain of XRCC1 (PDB: 2D8M) and a crystal structure of AIF1 (Mate et al., 2002), although
PAR binding by AIF1 has subsequently been characterized using site-directed mutagenesis (Wang et al., 2011).

2.2.1. Macro domains

Originally identified in virus proteins (Gorbalenya et al., 1991) and subsequently found in histone macro H2A protein
(Pehrson and Fried, 1992), the ~120 residue macro domains have now been identified in the genomes from species across
all kingdoms of life. The module appears to be utilized to recognize poly(ADP-ribose) and several ADP-ribose metabolites in
the processes of DNA repair, gene regulation, signaling events, and control of NAD metabolism (Till and Ladurner, 2009).
Macro domains have been shown to bind ADP-ribose as well as PAR chains (Ahel et al., 2009; Gottschalk et al., 2009;
Timinszky et al., 2009; and summarized by Kleine and Liischer (2009), some bind ADP-ribosylated proteins (Forst et al.,
2013) and some can bind RNA (Malet et al., 2009). Ten human genes encode macro domains, of which PARP9/ARTD9,
PARP14/ARTDS, and PARP15/ARTD7 are unique in containing several macro domains in a series.

The first macro domain crystal structure to be determined was Af1521 from the thermophilic bacterium Archeoglobus ful-
gidus (Allen et al., 2003). It is a single-domain protein that binds ADP-ribose with high affinity (Karras et al., 2005). Several
other macro domain structures have been described (e.g., Kustatscher et al., 2005; Egloff et al., 2006; Tan et al., 2009; Malet
et al., 2009). The typical macro domain fold has a compact globular shape with a central 7-stranded mixed B-sheet flanked by
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macro H2A1.1

APLF-PBZ1 APLF-PBZ2 CHFR RNF146 Deltex

Fig. 2. Structures of ADP-ribosyl binder domains. (A) Crystal structures of the macro domain of human histone macro H2A1.1 (PDB: 3IID) and of human
PARP14 macro domain 2 (PDB: 3Q71), both in complex with ADP-ribose. (B) Charge potential surface rendering of Af1521 (PDB: 2BFQ), histone macro
H2A1.1, PARP14 macro domain 2, and yeast Ymx7 (PDB: 1TXZ), all in complex with ADP-ribose. Solid arrows indicate the putative PAR crevice or its
corresponding position; dashed arrows indicate the either exposed or buried adenine ribose site. (C) Structures of the two PBZ domains of APLF (PDB: 2KQD,
2KQE) in complex with ribofuranosyladenosine (RFA) and the PBZ domain of CHFR (PDB: 2XOC). (D) Crystal structures of the WWE domain of E3 ubiqutin
protein ligase RNF146 in complex with iso-ADP-ribose (PDB: 3V3L) and the tandem WWE-domain of Drosophila melanogaster Deltex protein (PDB: 2A90).

five a-helices, packed onto both sides of the sheet, with one helix at the ridge, Fig. 2. The ADP-ribose binding sites are sit-
uated at a crest, with the central phosphates typically buried inside a tunnel, Fig. 2A.

Evidence for recognition of mono-ADP-ribosylated proteins by macro domains has been presented (Dani et al., 2009; Forst
et al,, 2013; Rosenthal et al., 2013). How do macro domains bind their respective targets, i.e. PAR chains and, potentially,
mono-ADP-ribosylated proteins? Crystal structures of PAR binding macro domains show extended surface crevices that
are continuous with the sites where ADP-ribose is bound. The A-ribose (adenine ribose, or ribose’) of the co-crystallized
ADP-ribose is typically rather buried, (cf. the “ribose cap” of PARG; Section 2.3.1.). By contrast, the proximal N-ribose (nic-
otinamide ribose, or ribose”) is situated in the continuous crevice that is lined by overall positive charge, suggestive of PAR
phosphate group accommodation. This is exemplified by Af1521 and histone macro H2A1, both of which bind PAR chains
(Karras et al., 2005), Fig. 2B. The structure of Af1521 suggests binding along PAR chains, as the A-ribose 2’-hydroxyl is ex-
posed; whereas the structure of H2A1 suggests binding the terminal end of a chain, unless a conformational rearrangement
could expose the buried A-ribose, Fig. 2B. A putative PAR binding crevice is also found in PARG structures (Section 2.3.1.), for
which a model of PAR, interaction has been constructed (Dunstan et al., 2012). By contrast, the macro domains of PARP14/
ARTDS8 and PARP15/ARTD7 (Forst et al., 2013) bury the A-ribose, but the N-ribose is notably more exposed compared to PAR
binding macro domains, and the N-ribose does not reside near a positively charged crevice, Fig. 2B. However, crystal struc-
tures with PAR chain fragments are unavailable.

Whereas most macro domains appear to be binding modules, some have evolved catalytic activities. For example, the hu-
man MacroD1 and MacroD2 proteins, the C6orf130 gene product, and several related bacterial proteins remove the acetyl
group from O-acetyl-ADP-ribose, the product of sirtuin-mediated protein lysine deacetylation (Peterson et al., 2011; Chen
et al., 2011). MacroD1, MacroD2 and C1300rf6 also de-ADP-ribsylate mono-ADP-ribosylated PARP10 substrate GSK3b
(Rosenthal et al., 2013). Yeast Ymx7, Fig. 2B, SARS coronavirus non-structural protein-3, and several other viral macro do-
main proteins have ADP-ribose-1'-phosphatase activity (Kumaran et al., 2005; Saikatendu et al., 2005; Malet et al., 2009;



T. Karlberg et al./ Molecular Aspects of Medicine 34 (2013) 1088-1108 1093

Neuvonen and Ahola, 2009). Crystal structures and results from site-directed mutagenesis are consistent with this activity
(Malet et al., 2009; Neuvonen and Ahola, 2009), but there is no consensus catalytic mechanism. Nevertheless, it is clear that
the surface loops surrounding the N-ribose are variable, and may have evolved for enzymatic activities. This is also high-
lighted by the case of PARG: these glycohydrolases that break down PAR chains have a macro domain core, but also contain
acidic sidechains in the ADP-ribose binding site, which activate the N-ribose for nucleophilic attack (elaborated in Sec-
tion 2.3.1. below).

2.2.2. PAR binding zinc finger (PBZ) domains

PAR binding zinc fingers have been identified in only a handful of proteins. They function in DNA break repair, check-
point regulation, and PAR metabolism (Ahel et al., 2008). The zinc finger is of C2H2 type, with a consensus [K/R]x,Cx[F/Y]Gx,.
Cxbbx4Hx3[F/Y]xH motif. Solution NMR structures of PBZ domains exist for human APLF (aprataxin polynucleotide kinase-
like factor) (Eustermann et al., 2010; Li et al., 2010) and Drosophila melanogaster CG1218-PA (Isogai et al., 2010). In addition,
a crystal structure of human E3 ubiquitin protein ligase CHFR (checkpoint with forkhead and RING finger domains) (Oberoi
et al, 2010) includes a C-terminal PBZ domain. The small domain folds into two short parallel f-strands and a small o-helix
with a loop connecting the first strand and the helix, Fig. 2C. The zinc ion is coordinated by two cysteine residues located in
the loop, one histidine in the helix, and a second histidine just after the second B-strand. APLF contains two PBZ-domains
connected via a short linker; the domains are structurally independent and were both shown to bind ADPR and PAR (Eus-
termann et al., 2010; Li et al., 2010). A fragment of PAR containing the unique O-glycosidic bond between two ribose units
(2’-0-a-D-ribofuranosyladenosine) was successfully used to probe PAR binding in the PBZ domains of APLF (Eustermann
et al., 2010). Crystal structures of CHFR also revealed two consecutive binding sites for adenosine, with each site sandwiched
between stacking aromatic or arginine sidechains, consistent with PAR chain recognition (Oberoi et al., 2010).

2.2.3. WWE domains

The WWE domain, named after three conserved residues in single letter code, is mainly found in two families of proteins,
namely the PARPs and the E3 ubiquitin protein ligases. WWE domains bind PAR and play roles in ubiquitylation mediated
proteasomal degradation (Andrabi et al., 2011; Kang et al., 2011; Zhang et al., 2011; Wang et al., 2012). Recently, the crystal
structure of the WWE domain from the E3 ubiquitin protein ligase RNF146 (RING finger protein-146/Iduna) was determined
in complex with iso-ADP-ribose (Wang et al., 2012). This ligand contains the glycosidic bond between two ribose units that is
also found in PAR chains, Fig. 2D. Crystal structures and solution NMR structures of individual WWE-domains have been de-
scribed for RNF146 (Wang et al., 2012) as well as PARP11/ARTD11 and PARP14/ARTDS (He et al., 2012), and a tandem WWE
domain structure of the Deltex protein from the fruitfly has been reported (Zweifel et al., 2005), Fig. 2D. The domain contains
six anti-parallel B-strands that form a half B-barrel structure with an o-helix covering the convex side. The ligand binding
site is made up by extended loops on the crest of the domain. In the RNF146:iso-ADP-ribose complex, the adenine moiety
forms hydrogen bonds with a conserved glutamine and is sandwiched between two conserved tyrosines. The phosphates
face solution and interact with both basic amino acid sidechains and backbone nitrogens (Wang et al., 2012). In the tandem
domain structure of the Deltex protein, the two WWE domains pack against each other with approximately 2-fold rotational
symmetry, with a small o-helix inserted between them (Zweifel et al., 2005).

2.3. Erasers: ADP-ribose glycohydrolases

In the category of PAR catabolism, two activities are of immediate relevance for ADP-ribose mediated signaling.
Breakdown of PAR chains is catalyzed by poly(ADP-ribose) glycohydrolases (PARG) and by ADP-ribosyl hydrolase-3
(ARH3). Removal of ADP-ribose from mono(ADP-ribos)ylated proteins (or the terminal ADP-ribose moiety after PAR chain
breakdown) is assisted by at least one of several ARH isoforms in vertebrates. The ARH class of enzymes is closely related
to the DRAG bacterial enzymes with ADP-ribose glycohydrolase activity.

2.3.1. Poly(ADP-ribose) glycohydrolase (PARG)

PAR degradation is an essential enzymatic activity, as evidenced by the lethality of PARG knockout in mice (Koh et al.,
2004). A canonical PARG enzyme is conserved in bacteria and eukaryotes. The bacterial and fungal enzymes have a catalytic
core with a short N-terminal accessory domain extension, whereas protozoan and vertebrate PARG orthologs feature a
longer accessory domain, and vertebrate PARG orthologs have an additional regulatory domain, Fig. 3A. The N-terminal seg-
ments confer regulatory activities that are not fully understood, but they are needed for recruitment to sites of DNA damage
(Mortusewicz et al., 2011). N-terminally truncated human PARG has significant activity in vitro (Botta and Jacobson, 2010;
Dunstan et al., 2012). The catalytic fragment of PARG is essentially a macrodomain (Slade et al., 2011) with an inserted loop
region that contains the PARG signature sequence, GGG-Xs_g-QEE (Patel et al., 2005), Fig. 3B and C.

The crystal structures of a bacterial and of Tetrahymena PARG orthologs (Slade et al., 2011; Dunstan et al., 2012) explain
PAR binding and exo-glycohydrolase activities: the ligand ADP-ribose resides in a surface crevice with the A-ribose blocked
by a “ribose cap”, marking the position of the terminal moiety of a PAR chain. Two glutamate sidechains near the N-ribose
are important for catalysis; one of them is ideally positioned to activate the leaving group on N-1 ADP-ribose and a water
molecule for attack on the ribose, resulting in O-glycosydic bond cleavage. The rat and human PARG catalytic regions (core
and the N-terminal accessory domains) are very similar; they adopt a bean-shaped structure with a deep central cleft



1094 T. Karlberg et al./ Molecular Aspects of Medicine 34 (2013) 1088-1108

A B ADP-ribose

Tyrosine "clasp”./"8

Regulation Catalysis - @\ &
) w ]

T. thermophila PARG

2 KARG signature

quence

Tyrosine "clasp” Tyrosine "clasp”

[
accessory
domain

PARP14-macro2 T. curvata PARG T. thermophila PARG

F

ADP-ribosylated

@ ﬁ""&b)
f‘*."?f&

Fig. 3. Structures of ADP-ribosyl erasers. (A) Schematic domain arrangement in PARG orthologs. RD, regulary domain; AD, accessory domain; macro, macro
homology domain. (B) Closeup of the ADP-ribose binding site including the PARG signature motif in a eukaryotic PARG (T. thermophila; PDB: 4EPP). Green
and yellow indicate domains as in panel A. (C) Crystal structures of PARP14 macro domain 2 (PDB: 3Q71), a bacterial PARG (PDB: 3SIJ), and the T.
thermophila and rat orthologs (PDB: 3UEK). Colors indicate domains as in panel A. (D) Structure of human ARH1 (PDB: 3HFW). (E) Structure of human ARH3
(PDB: 2F0Z). (F) Structure of the dinitrogenase reductase activating glycohydrolase (DRAG) from Rhodospirillum rubrum in complex with ADP-ribosyllysine
(PDB: 2WOD), and right, closeup view of ADP-ribosyllysine trapped in the active site of DRAG.(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this book.)

containing the conserved PARG signature motif and a “tyrosine clasp”, Fig. 3B and C, which contributes strongly to PARG
catalytic efficiency and inhibitor binding (Koh et al., 2003; Kim et al., 2012; PDB: 4A0D). The ribose cap that shields the
A-ribose 2’-hydroxyl in bacterial PARG is absent in the rat, human, and Tetrahymena PARG structures, explaining their
activities as both exo- and endoglycohydrolases (Dunstan et al., 2012). PARG orthologs cannot remove the last remaining
ADP-ribose moiety on their substrate proteins (Slade et al., 2011; Dunstan et al., 2012).

2.3.2. ADP-ribosy! hydrolases (ARH)

Mammals express a family of three ADP-ribosyl hydrolases (ARH1-3) (Koch-Nolte et al., 2008). ARH1 removes ADP-ribose
from ADP-ribosylated arginine residues, ARH3 predominantly hydrolyses O-acetyl-ADP-ribose and PAR in vitro, whilst the
activity of ARH2 remains elusive (Moss et al., 1997; Mueller-Dieckmann et al., 2006; Oka et al., 2006). ARH3 has also been
observed to hydrolyze O-acetyl-ADP-ribose (Ono et al., 2006).

The crystal structures of human ARH1 (Kernstock et al., 2009; PDB: 3HFW), Fig. 3D, and mouse and human ARH3
(Mueller-Dieckmann et al., 2006, 2008), Fig. 3E, show globular, purely a-helical protein folds composed of four helical bundle
subdomains. In ARH3, the active site is situated in the top center of the molecule, with major sidechain contributions from
two of the subdomains. The active site contains a bi-magnesium center, and each metal ion has octahedral coordination. A
glutamic acid or one of two aspartic acid sidechains are believed to be involved in catalysis by activating a water molecule for
nucleophilic attack on the scissile bond (Mueller-Dieckmann et al., 2006). The ARH1 structure was solved as a complex with
ADP and one magnesium ion. The positions of the three ARH3 sidechains proposed to be involved in catalysis are conserved
in ARH1; however the active site is shielded by a triad of hydrophobic sidechains (F26, A98, W266) emerging from extended
surface loops. Thus it appears that a protein substrate binding event might be needed for access to the catalytic site.

Our understanding of ARH activities might make a leap forward once substrate proteins have been verified. Since ARH2
activity has not been documented, it will be important to investigate whether it works on a limited range of substrates only.
If so, a next question will be whether ARH1 catalyzes the removal of ADP-ribose from a variety of substrates and sidechains,



T. Karlberg et al./ Molecular Aspects of Medicine 34 (2013) 1088-1108 1095

or whether there are other, as yet unidentified ADP-ribose glycohydrolases. Since ARH3 is mitochondrial (Mueller-Dieck-
mann et al., 2006; Niere et al., 2012), it will be interesting to see whether it can remove also the last remaining ADP-ribose
moiety of its modified substrate.

2.3.3. Bacterial ADP-ribosyl hydrolases (DRAG)

ADP-ribosylation contributes to regulation of dinitrogenase reductase in nitrogen fixing bacteria (Nordlund and Ludden,
2004). ADP-ribosylation of an arginine residue by dinitrogenase reductase ADP-ribosyl transferase (DRAT) inactivates the en-
zyme. The reverse reaction, removal of ADP-ribose and re-activation of the enzyme, is catalyzed by dinitrogenase reductase
activating glycohydrolase (DRAG).

Crystal structures of DRAG from two different bacteria, Rhodospirillum rubrum and Azospirillum brasilense (Berthold et al.,
2009; Li et al., 2009), show extensive structural homology with the ARH enzymes. The overall structures are compact and
purely o-helical, and the active sites are located in a deep cleft surrounded by loops, Fig. 3F. The active site center contains
a bi-nuclear metal site, occupied by two magnesium or two manganese atoms coordinated by eight sidechain contacts.
While the highest activity is observed with manganese (Berthold et al., 2009), mammalian ARH proteins prefer magnesium
(Mueller-Dieckmann et al., 2006). Interestingly, Berthold et al. presented an ADP-ribosyllysine complex that was formed
when an active-site mutant was crystallized in presence of large excess of ADP-ribose. A lysine residue from a neighboring
DRAG molecule had been ADP-ribosylated and trapped in the active site. The ribosyllysine was observed in an open confor-
mation possibly mimicking the Michaelis complex, Fig. 3F. Based on available structural data, a detailed reaction mechanism
of mono-ADP-ribosyl hydrolysis was suggested (Berthold et al., 2009).

3. Regulation of poly(ADP-ribose) formation and target selection for posttranslational modification

There is currently a gap in our overall understanding of how the poly(ADP-ribosyl)ation activity of PARP enzymes is reg-
ulated, and how the targets for modification are selected. The following sections describe recent structural studies of PARP1/
ARTD1 and tankyrases (ARTD5 and ARTDG6) that have made key contributions to our understanding of specific regulation
mechanisms. A better understanding of the regulation mechanisms of PARP1 and tankyrases will advance our knowledge
of poly(ADP-ribose)-mediate cellular signaling events, and will enhance our ability to specifically inhibit these enzymes
for therapeutic purposes.

3.1. PARP1: a multi-domain, multi-function enzyme

PARP1/ARTD1 is the founding and most studied member of the PARP superfamily. PARP1 is responsible for the majority of
the poly(ADP-ribosyl)ation activity in the cell and is involved in various cellular processes including DNA repair, transcrip-
tion, chromatin regulation, and cell death signaling (reviewed by D’Amours et al. (1999); Krishnakumar and Kraus (2010)).
PARP1 modifies various cellular substrates, but its major target is PARP1 itself, an activity termed automodification. Using
NAD" as a substrate, PARP1 is capable of producing long and branched poly(ADP-ribose) modifications. In response to cel-
lular DNA damage, PARP1 binds avidly to DNA breaks, which stimulates its catalytic activity up to 500-fold and subsequently
allows the recruitment of the DNA repair machinery and chromatin remodeling factors to the site of damage (reviewed in
(D’Amours et al., 1999; De Vos et al., 2012)). PARP1 has emerged as a promising therapeutic target for the treatment of can-
cer due to its role in responding to DNA damage and through its role in transcriptional regulation (Fong et al., 2009; Brenner
et al.,, 2011; Schiewer et al., 2012).

PARP1/ARTD1 is 116 kDa with a modular architecture of six independent domains, Fig. 4A. The N-terminus of the protein
is composed of two zinc fingers, Zn1 and Zn2, which are involved in binding to DNA breaks. The Zn1 and Zn2 domains are
specialized zinc fingers that recognize DNA structures rather than specific sequences (D’Silva et al., 1999; Pion et al., 2003).
The Zn3 domain has a structure distinct from Zn1 and Zn2 and is involved in PARP1 interdomain communication and PARP1
ability to compact chromatin (Langelier et al., 2008, 2010). The automodification domain (AD) contains a BRCT motif and
several of the residues that are targeted for automodification (Altmeyer et al., 2009; Tao et al., 2009). The WGR is a domain
for which the function has only recently begun to emerge (Langelier et al., 2012). WGR is named for a strongly conserved
patch of residues, Trp-Gly-Arg (WGR in single-letter code), and it is essential for PARP1 DNA-dependent activity (Altmeyer
et al., 2009). The catalytic domain of PARP contains two subdomains: the helical subdomain (HD) and the ADP-ribosyl trans-
ferase subdomain (ART). The HD is composed of six a-helices (oA to oF) with connecting linkers. The ART is of the ARTD class
described in a previous section, and contains the conserved residues involved in NAD" binding and catalysis. The Zn1, Zn3,
WGR and CAT domains are strictly required for PARP1 DNA-dependent activity, while the Zn2 and BRCT domains are not
essential (Langelier et al., 2008, 2011, 2012; Tao et al., 2008; Altmeyer et al., 2009). The Zn2 domain does contribute to PARP1
activation by single-strand breaks, but has no apparent role in double-strand break activation of PARP1 (Ikejima et al., 1990;
Altmeyer et al., 2009; Langelier et al., 2011, 2012).

3.1.1. PARP1: DNA damage detection
NMR and/or crystal structures have been reported for all of the individual domains of PARP1/ARTD1 (Ruf et al., 1996;
Langelier et al., 2008; Tao et al., 2008; Eustermann et al., 2011; Loeffler et al., 2011; PDB: 2D8M), Fig. 4B; however, until
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Fig. 4. PARP1 modular domain structure. (A). Schematic representation of human PARP1 domains. The amino acid numbering for human domain
boundaries are noted. Homologous DNA-binding zinc finger domains, Zn1 and Zn2, are located at the N-terminus of PARP1. These domains are followed by a
linker region containing a bipartite nuclear localization signal (NLS) and a caspase three cleavage site (Caspase). This regulatory region is followed by a third
zinc finger domain (Zn3), which has a distinct structure and function from that of Zn1 and Zn2. A BRCA C-terminus (BRCT) fold is located within the region
of PARP1 that is primarily targeted for automodification. The C-terminal end of PARP1 contains a WGR domain, named after a conserved Trp-Gly-Arg
sequence, and the catalytic domain, which is composed of an o-helical subdomain (HD) and an ADP-ribosyl transferase subdomain (ART). The known
functions for the individual domains are noted beneath the schematic. (B). Crystal and/or NMR structures have been determined for each of the PARP1
domains in the absence of DNA: the NMR structures for the homologous Zn1 and Zn2 domains [PDB: 2DM] and 2CS2; see also reference (Eustermann et al.,
2011)], the NMR structure of the Zn3 domain is shown [PDB: 2]JVN; see also (Langelier et al., 2008) for crystal structure determination], the NMR structure of
the BRCT fold [PDB: 2COK; see also (Loeffler et al., 2011), the NMR structure of the WGR domain (PDB: 2CR9), and the crystal structure of the catalytic
domain (PDB: 1A26) (Ruf et al., 1996)]. Catalytic subdomains are labeled (HD and ART). The crystal structure was determined in the presence of an NAD"
analog that has defined the proposed “acceptor site” for poly(ADP-ribose) formation. The NAD" binding site is modeled in this figure based on the structure
of an ADP-ribosylating toxin structure (Bell and Eisenberg 1996). Reprinted from (Langelier and Pascal 2013) with permission from Elsevier.

recently there was no comprehension of how PARP1 detects DNA breaks and how the multiple domains of PARP1 coordinate
DNA binding and catalytic activity. The first crystal structures of the individual Zn1 and Zn2 domains bound to DNA double-
strand breaks have shed light on how these domains interact with DNA damage (Langelier et al., 2011). The Zn1 and Zn2
domains, which are structurally homologous, bind to DNA ends in a very similar fashion, Fig. 5A and B. Zn1 and Zn2 engage
the DNA break in a sequence-independent manner using two conserved structural features named (i) the backbone grip and
(ii) the base stacking loop (Langelier et al., 2011). The backbone grip contacts the sugar phosphate backbone near the 3’ end
of the break, engaging roughly three nucleotides. The backbone grip does not interact directly with the break per se, thus
leaving the 3’ terminus exposed. Instead, the backbone grip interacts with a continuous part of the DNA duplex using Zn1
residues 15-22, and Zn2 residues 119-126. A key contact is also observed between a conserved arginine (R34 in Zn1;
R138 in Zn2) and the phosphate group of the penultimate nucleotide at the 3’ end. In addition to contacting the sugar
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Fig. 5. Structures of PARP1 domains bound to DNA damage. (A) Crystal structure of human Zn1 domain in complex with a DNA double strand break (PDB:
30D8). (B) Crystal structure of human Zn2 domain in complex with a DNA double strand break (PDB: 30DC). Together, the structures in panels A and B
illustrate the features of damage DNA that are recognized by PARP1 zinc finger domains: a continuous phosphate backbone engaged primarily by conserved
Arg (R) residues on the backbone grip, and exposed nucleotide bases engaged by hydrophobic residues on the base stacking loop. Key Zn1 residues that are
involved in communicating with other PARP1 domains are shown (D45 and W79). (C) The Zn1, Zn3, and WGR domains collectively assemble on a DNA
double strand break, with each domain forming specific protein-DNA, and protein-protein contacts with adjacent domains. The Zn1 domain has the same
orientation as shown in panel A, and the same key residues are shown as sticks. WGR residues W589 and R591 are essential to PARP1 DNA-dependent
activity and form protein-DNA and protein-protein contacts, respectively. Zn1 residue W79 is critical for PARP1 DNA-dependent activity and is located at
the interface with Zn3. (D) Crystal structure of the Zn1-Zn2 domains of PARP1 bound to a DNA double strand break with a single 5’ nucleotide overhang. In
this complex, the Zn2 domain forms contacts with the DNA similar to that seen for the isolated domain in panel B (the same conserved residues are shown).
The Zn1 domain binds to DNA with a opposite polarity to that seen in panels A and C, with Arg18 inserting into the major groove rather than the minor
groove, and the base stacking loop forming protein-protein contacts rather than protein-DNA contacts. Reprinted from (Langelier and Pascal 2013) with
permission from Elsevier.

phosphate backbone, the phosphate backbone grip of Zn1 and Zn2 also inserts a conserved arginine residue into the minor
groove of the DNA (R18 in Zn1; R122 in Zn2).

The base stacking loop extends the DNA contacts made by the backbone grip toward the 5’ terminus of the break, thus
covering the end of the DNA duplex, Fig. 5A and B. Two hydrophobic residues (F44, V48 in Zn1; L151, 1154 in Zn2) stack
against the nucleotide bases exposed at the end of the duplex. Therefore, the base stacking loop and the backbone grip
mediate interactions with the DNA that are sequence-independent and related to the DNA structure i.e. exposed base pairs
and a continuous DNA backbone. These structural features are found in a variety of DNA breaks and abnormal DNA
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structures such as hairpins and cruciforms that are substrates bound by PARP1 (Lonskaya et al., 2005). Unlike the backbone
grip, the base stacking loop exhibits some important differences between Zn1 and Zn2. Indeed, the Zn2 base stacking loop
has a two-residue insert and lacks some key residues present in Zn1, which are crucial for interdomain contacts that lead to
DNA-dependent activation, as discussed later (Langelier et al., 2011, 2012). This explains why Zn2 cannot perform Zn1
function in PARP1 DNA-dependent mechanism of activation. Zn2, which exhibits a higher affinity than Zn1 for DNA ends
(Eustermann et al., 2011; Langelier et al., 2011) is likely to function at the level of break recognition, but not at the level
of activation. Mutational analysis has confirmed the importance of residues of the backbone grip and the base stacking loop
on Zn1 and Zn2 abilities to bind to DNA (Langelier et al., 2011).

NMR structures of the individual unbound Zn1 and Zn2 domains have shown a conformation similar to the ones observed
in the Zn1/DNA and Zn2/DNA crystal structures (Eustermann et al., 2011). The base stacking loop exhibits multiple confor-
mations in the NMR structures (Eustermann et al., 2011; PDB: 2D8M), suggesting high mobility for this region. Alignment of
the Zn1 NMR structure with the Zn1/DNA structure reveals a significant shift in the position of the base stacking loop upon
DNA binding (Langelier et al., 2011). This repositioning and stabilization of the base stacking loop on the DNA end is neces-
sary to allow its interaction with other PARP1 domains during DNA-dependent activation, as discussed below. Thus the base
stacking loop likely serves to trigger PARP1 activation in response to DNA damage.

The crystal structure of multiple domains of human PARP1 in the presence of DNA revealed that the Zn3 and WGR do-
mains cooperate with the Zn1 domain to collectively assemble on DNA damage (Langelier et al., 2012), Fig. 5C. The structure
has thus provided roles for the Zn3 and WGR domains in DNA damage detection, and insights into how the multiple regu-
latory domains of PARP1 function together. In this structure, the Zn1 domain binds to the DNA break in a manner that is
identical to that observed in the Zn1/DNA crystal structure (Langelier et al., 2011), Fig. 5A and C. The Zn3 domain extends
the contacts made by Zn1 with the DNA by sitting next to Zn1 on the 3’ terminus of the break and contacting the continuous
phosphate backbone and spanning the minor groove, Fig. 5C. The WGR domain binds to the 5’ terminus of the DNA, adjacent
to the Zn1 base stacking loop. Collectively, the Zn1, Zn3, and WGR domains form a continuous surface that traverses the DNA
double-strand break, Fig. 5C.

A recent structure of the tandem Zn1-Zn2 domains was determined in complex with DNA damage represented by a dou-
ble-strand break with a single 5’ nucleotide overhang (Ali et al., 2012). In this structure, Zn2 engages DNA as seen in the indi-
vidual Zn2-DNA complex, Fig. 5 (compare Zn2 in panels B and D), with the base stacking loop engaging the nucleotide bases
at the end of the DNA duplex and conserved arginine residues bracing the phosphate backbone. Unexpectedly, Zn1 binds to
DNA with an opposite polarity to that seen in other PARP1 zinc finger structures, Fig. 5 (compare Zn1 in panel A and D). The
backbone grip uses the same conserved R34 residue to bind to the phosphate backbone, but the entire domain is flipped such
that R18 is directed into the DNA major groove rather than the minor groove, Fig. 5D. Furthermore, the base stacking loop of
Zn1 does not engage DNA, but rather forms contacts with the base stacking loop of Zn2, Fig. 5D. It was not possible to model
the linker connecting the two zinc fingers; however, the termini of the two zinc fingers engaged on one DNA end are not
close enough in the structure to be physically linked. A model was therefore proposed in which the two zinc fingers originate
from different polypeptides, thus forming a dimer, and suggesting that the observed interaction between Zn1 and Zn2 is
responsible for assembling two PARP1 molecules onto DNA. Further experimentation is necessary to establish whether
the observed conformation of Zn1 and Zn2 is consistent with the activation of PARP1.

The stoichiometry of PARP1 binding to DNA breaks remains controversial. Several structural studies indicate that PARP1
binds to DNA as a monomer, including an NMR study of Zn1-Zn2 interaction with DNA (Eustermann et al., 2011), crystal
structures of individual Zn1 and Zn2 domains bound to DNA (Langelier et al., 2011), a SAXS analysis of a Zn1-Zn2-Zn3-BRCT
complex with DNA (Lilyestrom et al., 2010), and a sedimentation analysis of full-length PARP1 in the presence of DNA
(Langelier et al., 2012). However, a biochemical study of PARP1 binding to various DNA structures indicated a dimer inter-
action with certain DNA (Pion et al., 2003), and a dimer structure has been inferred from the crystal structure of Zn1-Zn2
bound to a DNA double strand break (Ali et al., 2012). A confounding issue is that through biochemical analysis the individual
domains of PARP1 are able to act quite efficiently when provided in trans. Although this has been interpreted as evidence of
dimerization, it could also be the inherent nature of the modular domain architecture of PARP1, which might allow some
plasticity in how the multiple domains are contributed to the assembly of PARP1.

3.1.2. PARP1: coupling DNA damage detection to poly(ADP-ribosyl)ation activity

The crystal structure of the essential domains of PARP1/ARTD1 (Zn1, Zn3, WGR-CAT) bound to DNA has illustrated how
the domains of PARP1 assemble on DNA and communicate with each other, and how the multidomain assembly results in
structural alterations that regulate PARP1 catalytic activity (Langelier et al., 2012), Fig. 6A. The PARP1/DNA crystal structure
was obtained using individual fragments of the Zn1, Zn3, and WGR-CAT domains and a blunt-ended DNA as a model for a
double-strand break. The Zn2 and BRCT domains, which are not required for PARP1 activation by DNA double-stranded
breaks, were not included in the structure. The assembly of PARP1 regulatory domains on DNA forms a network of interdo-
main contacts that ultimately lead to activation of the CAT. The Zn1 domain contacts WGR using the face of the base stacking
loop not involved in binding to DNA, Fig. 6A. WGR in turn interacts with the HD providing a bridge between the DNA damage
interface and the CAT. Using a different surface, Zn1 forms a domain interface with Zn3. The main contacts of the Zn1-Zn3
interface are formed by residues on the first a-helix of Zn3 and a turn preceding the C-terminal o-helix of Zn1. The Zn3 do-
main also forms an interface with the WGR and the HD using an extended loop in the zinc ribbon motif. In particular, residue
W318 located at the tip of the extended loop is wedged into a pocket formed by the WGR and HD, interacting with WGR
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Fig. 6. Crystal structure of essential PARP1 domains in complex with DNA damage. (A) Human PARP1 domains Zn1, Zn3, and WGR-CAT were crystallized in
complex with a DNA double-strand break (PDB: 4DQY) (Langelier et al., 2012). The PARP1/DNA complex illustrates how DNA damage detection is coupled
to structural transitions in the catalytic domain that elevate poly(ADP-ribosyl)ation activity (Langelier et al., 2012). Three interdomain contact regions form
upon PARP1 interaction with DNA. The Zn1-WGR-HD interface is the most direct coupling of DNA damage recognition to the catalytic domain, with Zn1
contacting both DNA damage and WGR, and the WGR contacting the HD. The Zn3-WGR-HD interface forms where the zinc ribbon motif of Zn3 contacts
conserved WGR and HD residues, with W318 as a central component of the interaction. The Zn1-Zn3 interface forms where these two domains rest together
on DNA. Mutations that target these interfaces have a severe impact on DNA damage-dependent PARP1 activity (Langelier et al., 2010, 2011, 2012),
indicating that the structure has captured interdomain contacts that are relevant to PARP1 regulation. Collectively, the interdomain communication with
the HD displaces conserved Leu residues from the hydrophobic interior of the HD, leading to destabilization of the CAT that correlates with an elevation in
PARP1 catalytic activity. (B) A model for the approximate positioning of the Zn2 and BRCT domains within the PARP1/DNA complex. Zn1, Zn3, and WGR-CAT
are shown as surfaces, labeled, and colored as in Fig. 4A. The Zn2 and BRCT domains are drawn in schematic representation. Their positioning is based on the
relative location of the termini of adjacent domains in the structure. The numbering and location of linker residues are shown. The arrow indicates the
location of the PARP1 automodification region near the catalytic active site. Reprinted from (Langelier and Pascal 2013) with permission from Elsevier.

residue K633 and HD residue R735, Fig. 6A. Importantly, mutational analysis performed in full-length PARP1 has confirmed
the importance of the interdomain contacts observed in the PARP1/DNA structure on DNA-dependent activity (Langelier
et al, 2012).

The PARP1/DNA structure has revealed that the regulatory domains of PARP1 only contact the catalytic domain through
the HD. The ART domain, which is responsible for catalysis, is not involved in any contacts with the other domains or with
DNA, suggesting that the HD plays an important role in connecting DNA break recognition to catalytic activation. Compar-
ison of the CAT structure in the PARP1/DNA complex to the isolated CAT structure has revealed that the HD is distorted,
whereas the ART domain maintains the same overall structure. The most notable change is that conserved residues L698
and L701 are displaced from the HD hydrophobic interior. Thus, the DNA damage-induced organization of the PARP1 regu-
latory domains forms an extended interface with HD that imposes a disruption of the HD hydrophobic core, suggesting that
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this alteration to HD structure underlies the activation mechanism of PARP1 in response to DNA damage. Mutagenesis of the
residues facing the interior of the HD hydrophobic core results in an increase in PARP1 activity in the absence of DNA (Lange-
lier et al., 2012), thus supporting that distortion of HD structure is the underlying mechanism that elevates PARP1 activity.
The HD mutants that increase PARP1 activity decrease the thermal stability of the CAT. The decrease in thermal stability is
also observed in full-length PARP1 upon binding to a DNA break, and this destabilizing effect requires the CAT domain and
residues located at PARP1 interdomain interfaces (Langelier et al., 2012). Together with the crystal structure, these biochem-
ical results suggest that the assembly of PARP1 regulatory domains on DNA ends establishes a network of interdomain con-
tacts that lead to a disruption of the HD hydrophobic core, and subsequently to a decrease in thermal stability.

A decrease in thermal stability suggests an increase in the flexibility and dynamics of PARP1 upon binding to DNA dam-
age. The PARP1 DNA damage-dependent poly(ADP-ribosyl)ation reaction is a multi-step process involving attachment of
ADP-ribose to the target protein, repeated cycles of NAD* binding and hydrolysis, and displacement of the ADP-ribose from
the donor site to the acceptor site. An increase in protein flexibility and dynamics of the ART could increase the rate of the
catalytic reaction by affecting the turnover of one or more of these steps. PARP1 affinity for substrate NAD" does not change
upon binding to DNA breaks, but rather PARP1 exhibits an increase in the rate of the poly(ADP-ribose) synthesis (Langelier
et al,, 2010; Clark et al., 2012); therefore it is not expected that the changes in HD structure and CAT dynamics affect the
binding of substrate NAD". Crystal structure analysis is not ideally suited to assess the fluctuations in structural dynamics
that are proposed to enhance poly(ADP-ribose) synthesis; therefore further experimentation with other techniques, such
as NMR, will likely be required to fully understand the changes in ART that increase the rate of PAR synthesis. Moreover,
there are likely to be other contributions to the dramatic increase in PARP-1 activity in response to DNA damage. Upon bind-
ing to DNA breaks, the regulatory domains of PARP1 collapse onto each other to form a more compact structure (Langelier
et al., 2012). Positioning of the Zn2 and BRCT domains on the PARP1/DNA crystal structure suggests a model of full-length
PARP1, Fig. 6B. In this model the automodification domain (AD), containing the residues targeted for modification, is located
in close proximity to the catalytic site. This increase in catalytic domain access to substrate could contribute to elevation in
the rate of poly(ADP-ribose) synthesis, due to the proximity of the catalytic and automodification domains. Furthermore, the
positioning of the AD can explain why PARP1 has a strong preference to modify itself over other target proteins.

A
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1 180 960 1090 1327
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Fig. 7. Tankyrase domain structure. (A) Tankyrase 1 and 2 have a similar domain construction. The C-terminus contains a SAM domain implicated in
tankyrase oligomerization and the PARP catalytic domain that synthesizes poly(ADP-ribose). The N-terminus is primarily composed of an ankyrin repeat
region that is segmented into five ankyrin repeat clusters (ARC1 through ARC5), each containing five ankyrin modules (numbered 1-5 in ARC4). The ARCs
interact with proteins targeted for modification by tankyrase, with the exception of ARC3 that lacks key conserved residues involved in target binding. The
extreme N-terminus of tankyrase 1 contains runs of His, Pro, and Ser and is thus termed the HPS domain. HPS likely serves a regulatory function. Tankyrase
2 does not have an HPS domain. The residue numbering of domain boundaries is shown for tankyrase 1. (B) The crystal structure of ARC4 from tankyrase 2
illustrates the organization and specialization of the five ankyrin repeat modules that form each ARC (Guettler et al., 2011). Three typical ankyrin repeats
form the core of the ARC (ankyrin modules 2-4). Modified ankyrin repeats initiate the N-terminus of the ARC (module 1, N-cap) and terminate the C-
terminus of the ARC (module 5), thus capping each end of the ARC and preventing continuous stacking of ankyrin repeats. (C) X-ray structure of the catalytic
domain of tankyrase 2 bound to inhibitor XAV939 (Karlberg et al., 2010b).
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The complex of PARP1/ARTD1 domains bound to DNA illustrates a damage-dependent intramolecular mechanism for rap-
idly elevating the low basal level of PARP1 activity through perturbations to the HD. PARP1 activity is also regulated through
other signals besides DNA damage, such as posttranslational modifications and interaction with nucleosomes. It will be
interesting to investigate whether these other signals also act through perturbations to the HD structure. PARP2/ARTD2
and PARP3/ARTD3 catalytic domains also contain an HD, but their overall domain organization is quite different from PARP1.
Thus, it will also be interesting to see how the HD of PARP2 and PARP3 will be regulated, and whether they ultimately use
destabilization of the HD as a mechanism of activation.

3.2. Overview of the biology of tankyrases (ARTD5 and ARTDG6)

Tankyrase (TRF1-interacting ankyrin-related ADP-ribose polymerase) was first identified in association with human telo-
meres, where it acts as a regulator of telomeric DNA through its interaction with and modification of telomere repeat-bind-
ing factor 1 (TRF1) (Smith et al., 1998; Smith and de Lange, 2000). In addition to this nuclear function, it was soon
appreciated that the majority of tankyrase is located in the cytoplasm of cells, in particular as a peripheral membrane protein
localized to the Golgi complex and found in association with transport vesicles (Chi and Lodish, 2000). Over the past few
years, there has been a growing appreciation of the large number of proteins that are targeted for modification by tankyrase,
and greater insights into how tankyrase activity contributes to specific cellular processes. A number of studies have indicated
that tankyrase-mediated poly(ADP-ribosyl)ation activity acts in concert with ubiquitin ligase activity to regulate protein
turnover and thus affect the stability and lifetime of key components in signaling pathways (Huang et al., 2009; Levaot
et al., 2011; Callow et al., 2012; Wang et al., 2012). A notable example of a protein targeted for tankyrase modification

A TNKS2, ARC4 complex with 3BP2

“Aromatic ‘ “Arginine
glycine
sandwich”

N-cap Core ankyrin repeats C-cap

ONORONONORORONE)

R S P P D G Q S 3BP2
R E A G D G E E optimizedsequence

Fig. 8. Structural basis for ARC recognition of target peptides. (A) The X-ray structure of ARC4 of tankyrase 2 in complex with a peptide derived from the
target 3BP2 (Guettler et al., 2011), an adaptor protein in signaling pathways that depend on tankyrase activity for protein turnover. The core ankyrin repeats
form the peptide interaction surface. An “arginine cradle” forms around the conserved Arg residue at position 1 of the consensus peptide sequence. Two Tyr
residues form an “aromatic glycine sandwich” that surrounds the conserved Gly residue at position 6 of the consensus peptide sequence. (B) The amino acid
sequence for 3BP2 is shown for each of the eight positions. Underlined residues are mutated in individuals with cherubism (Levaot et al., 2011), resulting in
a loss of interaction with and modification by tankyrase. An optimized sequence was determined through an extensive analysis of amino acid substitutions
at each of the eight positions.
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and subsequent ubiquitination is the Axin1 component of the B-catenin destruction complex, which is integral to Wnt sig-
naling. Tankyrase involvement in cellular glucose homeostasis, mitotic progression, and signaling pathways disregulated in
cancer have made the protein of broad scientific interest to basic scientists, with strong implications for use as a therapeutic
target.

3.2.1. Tankyrase domain organization

There are two tankyrase genes in humans, TNKS1 (ARTD5) and TNKS2 (ARTD6). Overall, the tankyrases share a similar
domain organization, Fig. 7A. The ART domain that creates PAR is located at the extreme C-terminus. Unlike PARPs-1, -2,
and -3, tankyrases do not have an o-helical regulatory subdomain, Fig. 1A. The majority of the tankyrase polypeptide is
composed of a series of structural modules known as ankyrin repeats. In general, an individual ankyrin repeat has a loop-
helix-loop-helix-loop structure, Fig. 7B, and the ankyrin repeat structure contacts adjacent repeats to form continuous
structures like that found in the human protein ankyrin. A sterile-alpha motif (SAM) domain separates the N-terminal

A TNKS1, ARC2-ARC3 complex with Axin1

Axin1 .-
segment-N g

N-cap Core ankyrin repeats C-cap

ONONONORONORUNG)

R P P V P G E E segment-N
R P E G S A segment-C
“--9aa--"’

Fig. 9. Variations in ARC recognition of target peptides and organization of multiple ARCs. (A) The X-ray structure of the ARC2-ARC3 fragment of tankyrase
1 was determined in complex with the tankyrase binding region of Axin1, a key component of the Wnt signaling complex (Morrone et al., 2012). Two
regions of Axin1, segment-N and segment-C, each interact with an ARC2 of tankyrase, thus forming a 1:2 complex of Axin1:tankyrase. An ARC2-ARC3
homodimer is formed where the ARC3N-cap of one monomer “crosses over” to stack against the core ankyrin modules of ARC3 in the second monomer. (B)
The segment-N and segment-C interactions with ARC2 exhibit variations in how the polypeptides engage the target protein docking site. (C) Comparison of
the amino acid sequences for segment-N and segment-C of Axinl. Segment-C has an insertion of 9 amino acids between position 1 and position 4, but
otherwise has the same key features of the segment-N interaction with the ARC2, such as the arginine at position 1 and the glycine at position 6.
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ankyrin repeat region and the C-terminal catalytic region of the tankyrases. SAM domains are found in a variety of proteins
with different functions; therefore the presence of a SAM domain does not indicate a function unambiguously. However,
many SAM domains are known to multimerize, and the SAM domain of tankyrase 1 has been suggested to mediate multi-
merization of tankyrase molecules (De Rycker et al., 2003; De Rycker and Price, 2004). Although there are structures for a
number of SAM domains from different proteins, there are currently no structures for the SAM domains of tankyrases.
The most significant difference between tankyrase 1 (ARTD5) and tankyrase 2 (ARTDG6) is an extended N-terminal region
of tankyrase 1, approximately 150 amino acids, which has low sequence complexity and thus is not likely to have a defined
globular structure. The N-terminus of tankyrase 1 has been termed the HPS region due to repeats of histidine, proline, and
serine. The HPS is likely to play a regulatory function.

X-ray structures of the isolated ART domain of tankyrases 1 and 2 have been determined (Lehti6 et al., 2008; Karlberg et al.,
2010b; Gunaydin et al., 2012; Kirby et al., 2012; Narwal et al., 2012; Wahlberg et al., 2012; see tankyrase 2 catalytic domain,
Fig. 7C). The catalytic regions have the same fold as other ADP-ribosyl transferases, with two central beta sheets surrounded
by alpha helices and connecting loops. The first structure of a tankyrase catalytic domain identified an unexpected zinc bind-
ing region that appears to play a structural role, Fig. 7C (Lehtio et al., 2008). Several structures of tankyrase catalytic domains
in complex with inhibitors have highlighted similarities between the NAD" binding sites of PARP1 and tankyrase, where most
inhibitors occupy the region of the active site that interacts with the nicotinamide moiety of NAD*. However, more recent
structures have accented the active site differences that might be exploited for the development of more specific inhibitors.
In particular, the inhibitor XAV939 in complex with tankyrase 2 indicates that drugs can exploit structural features specific to
tankyrase that are not present in PARP1 due to the regulatory helical domain (Karlberg et al., 2010b).

3.2.2. Tankyrase target selection

Bioinformatic and biochemical analysis of the tankyrase ankyrin repeat region suggested that the many ankyrin repeat
modules were organized into five segments, in which each segment was composed of ankyrin repeat clusters (ARCs),
Fig. 7A (Sbodio et al., 2002; Seimiya and Smith, 2002). Several of these ARCs could be produced individually, or in combina-
tions, that were capable of binding to tankyrase partner proteins, thus indicating a potential redundancy of function for the
five ARCs (Seimiya and Smith, 2002; Seimiya et al., 2004). Furthermore, as the list of tankyrase binding partners increased, a
consensus binding site emerged as R-X-X-P-D-G (where X denotes any amino acid) (Sbodio et al., 2002). Despite this infor-
mation, the precise boundaries and number of ankyrin repeats per ARC were not entirely clear, and the basis for ARC:peptide
interactions were unknown, due to a lack of structural information. Recent crystal structures of ARCs from tankyrase 1 and 2
have clarified some of the uncertainties in the organization of the ankyrin repeat region, and have provided the first insights
into the mechanism of tankyrase selection of target proteins (Guettler et al., 2011; Morrone et al., 2012).

The overall construction of an individual ARC was revealed by the structure of ARC4 from human tankyrase 2 (Guettler
etal, 2011), Fig. 7B. The individual ARC is composed of three core ankyrin repeats, which are flanked on the N-terminus and
C-terminus by modified ankyrin repeats that cap the core repeats and thus prevent a continuous stacking of all 25 ankyrin
modules of tankyrase, Fig. 7B. The N-cap and C-cap ankyrin modules are conserved within each ARC, indicating that each ARC
will have a similar arrangement of ankyrin modules. The molecular basis for a single ARC:peptide interaction was defined for
the ARC4 of TNKS2 in complex with six different target peptides (Guettler et al., 2011). The three core ankyrin repeats form
the peptide binding site, Fig. 8. Notable features of the peptide binding surface of the ARC are the “Arginine cradle,” in which
the conserved Arg at position 1 of the peptide is engaged through hydrophobic and ionic interactions, and the “Aromatic
glycine sandwich,” in which the conserved glycine at position 6 of the peptide passes between two tyrosine residues,
Fig. 8A. Although each of the five ARCs are expected to have the same organization of ankyrin repeat modules observed
in the ARC4 structure (i.e. N-cap, core, C-cap), the peptide binding interface of ARC3 lacks key residues that form the peptide
binding interface, consistent with the observation that ARC3 does not interact with partner proteins.

Collectively, the ARC4:peptide structures further define the consensus sequence and extend the binding region to eight
positions. A systematic evaluation of amino acid substitutions at each of the eight positions defined a peptide with high
binding affinity, R-E-A-G-D-G-E-E. However, analysis of the crystal structures of ARC4:peptide complexes demonstrates that
certain targets that contain unfavorable amino acids in strong consensus positions are compensated through additional con-
tacts at position 8. For example, the binding partner MCL1 has an isoleucine at position 5, which is detrimental to the peptide
contacts at this position, but this weakened contact is compensated through a glutamic acid residue at position 8, which in-
creases binding affinity. This target-specific modulation of the ARC:peptide interaction suggests that the ARC binding sites
and their associated binding affinities with specific targets can be fine-tuned.

The X-ray structure ARC2-ARC3 of tankyrase 1 was determined in complex with the tankyrase-binding fragment of Axin1
and has provided new insights into the nature of ARC:peptide interactions, and a potential mechanism for organizing the
multiple ARCs of tankyrase (Morrone et al., 2012). The ARC2-ARC3:Axin1 structure and associated binding studies revealed
that Axin1 has two segments that interact with tankyrase, Fig. 9A, B, and C. Segment-N conforms to the known consensus
peptide and binds in the same manner seen in the ARC4:peptide complexes. Segment-C exhibits an interesting variation on
the ARC:peptide interaction, with the primary interactions occurring at positions 1 and 4-7, Fig. 9B and C. Several residues
are inserted between the arginine residue that binds to the “arginine cradle” and the Pro residue at position 4, Fig. 9B and C.
The residues that contribute to the “arginine cradle” adapt to accommodate the different positioning of the conserved
arginine, thus indicating some flexibility to the peptide-binding surface of the ARC, and suggesting that other target protein
peptides might interface with tankyrase in new and unexpected ways.
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The structure of the ARC2-ARC3 fragment of tankyrase 1 provides insights into the potential arrangement and architec-
ture of the five consecutive ARCs of tankyrase. Consistent with sequence analysis, the structure shows that there is no linker
region between adjacent ARCs, with the terminating helix of one C-cap continuous with the initiating helix of the N-cap on
the next ARC, Fig. 9A. This continuous structure indicates that the ARCs will form a segmented structure with consecutive
ARCs firmly associated, rather than a “beads-on-a-string” arrangement with the individual ARCs connected by flexible link-
ers. An exception could be the linker connecting ARC3 to ARC4, which is slightly longer and might provide flexibility within
the ankyrin repeat region of tankyrase (Morrone et al., 2012). Interestingly, the ARC2-ARC3 fragment forms a domain
swapped homodimer in the crystal with the overall shape of the letter X, Fig. 9A. In the homodimer, the ARC3 N-cap of
one monomer “crosses over” to stack against the core ankyrin modules of ARC3 in the second monomer. Solution studies
indicate that ARC2-ARC3 is largely monomeric on its own, but in the presence of Axin1 there is greater population of dimeric
ARC2-ARC3, suggesting that tankyrase interaction with target proteins containing two binding sites might alter the oligo-
meric state of tankyrase. However, the dimerizing effect has not been tested in the context of full-length TNKS1, where there
will be four binding sites (ARCs 1, 2, 4, and 5), in contrast to the ARC2-ARC3 fragment with only one high affinity binding site
(ARC2).

3.2.3. Future directions for understanding tankyrase from a structural perspective

There are several key unresolved questions that will need to be addressed to further build on our understanding of
tankyrase structural biology. Although several SAM domain structures have been described, there are no specific insights
into the SAM structure of tankyrase. SAM domains serve a variety of disparate functions in different proteins, thus the actual
functional role for tankyrase cannot be simply inferred. Work with a maltose-binding protein (MBP)-SAM fusion indicates
that tankyrase SAM domains form polymers (De Rycker and Price, 2004). However, the functional relevance of this polymer-
ization is not clear. This gap in understanding is in part due to the lack of structural information that could define the inter-
face used for oligomerization, and therefore suggest mutations that could test the potential function of oligomerization.
Despite the significant progress in understanding the ankyrin repeat region, it will be important to determine the overall
conformation of the complete ankyrin repeat region. Moreover, what is the overall structural organization and arrangement
of tankyrase domains? Do the ankyrin repeats “steer” target proteins toward the catalytic domain? Given the size and
complexity of tankyrase, these are challenging questions that are certain to provide interesting answers. Furthermore, the
answers to these questions will provide a better understanding of tankyrase interaction with partner proteins that will
potentially allow the development of a new class of tankyrase-specific inhibitors.

4. Conclusions

Structural analysis continues to advance our understanding of the writers, readers, and erasers that carry out the biology
of ADP-ribose-mediated cell signaling events. As shown in this review, structural studies have helped to define the functions
and catalytic activities of these proteins, and they have formed a molecular framework for understanding catalytic mecha-
nism and regulation. Despite the significant progress highlighted here, there are many remaining structural questions that
are key to fully understanding the biology of ADP-ribosylation; thus we can look forward to many exciting new structures
and insights. The growing collection of a variety of PARP catalytic domain structures provides insights into the selectivity of
current clinical PARP inhibitors, but they also suggest new avenues for the development of greater specificity and selective
enzyme inhibition. Such inhibitors, with chemical probe qualities, will be of immense value as research tool. Continued pro-
gress in this field might also yield a second generation of PARP inhibitors for the treatment of cancer and inflammation, as
well as for anti-infectives that are both safer and less prone to resistance mechanisms than current drugs.
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