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Preface

ADP-ribosylation was originally discovered as a posttranslational protein modifi-
cation catalyzed by Diphtheria Toxin (DT) and Cholera Toxin (CT). These toxins
are secreted by Corynebacterium diphtheriae and Vibrio cholera as a multidomain
protein (DT) or as a binary ABj5 protein complex (CT). Each of these toxins harbors
a catalytic ADP-ribosyltransferase (ART) domain. Structurally, the enzymatic
domains of DT and CT are related, even though they show very limited sequence
similarity. Following translocation across cellular membranes to the cytosol of
mammalian cells, the ART domains of these toxins transfer ADP-ribose from
NAD™" to a specific amino acid in a specific target protein; in case of DT to
Diphthamide 687 (a modified histidine residue) of elongation factor 2, in case of CT
to Arginine 187 in the alpha subunit of heterotrimeric G proteins. Due to their high
specificity, these toxins are still widely used today as tools to delete specific cell
types (DT) or to study signaling via G-protein coupled receptors (CT).

Molecular cloning and 3D-structure analyses have uncovered endogenous
enzymes related to DT and CT in many organisms from all kingdoms of life.
Remarkably, these endogenous ARTs fall into two major subclasses that are dis-
tinguished by conserved structural motifs: H-Y-E in the ARTD subfamily (related
to Diphtheria Toxin), R-S-E in the ARTC subfamily (related to C2 and C3 Clo-
stridial Toxins).

Biochemical analyses have uncovered ARTs that ADP-ribosylate amino acids
other than diphthamide and arginine, the targets of DT and CT. These include
cysteine, asparagine, threonine, glutamine, lysine, and glutamate. Moreover,
structurally related ARTs have been discovered that ADP-ribosylate nucleotides or
antibiotics. ADP-ribosylation is a potentially reversible modification. Two distinct
enzyme families are known that catalyze de-ADP-ribosylation of ADP-ribosylated
proteins. These include ADP-ribosylhydrolases (ARHs) and macro-domain/poly-
ADP-ribosylglycohydrolases (PARGS).

Database and structural analyses indicate that endogenous ARTs, ARHs, and
PARGs in plants and animals have been acquired by lateral gene transfer from
procaryotes. Indeed, as laid out in the chapter by L. Aravind, the origin of these
enzymes seems to lie in polymorphic prokaryotic biological conflict systems.



vi Preface

This volume brings together ten papers from renowned experts in the field that
review exciting recent findings on ADP-ribosylation. This field is important not
only because it delivers a better understanding of ADP-ribosylating toxins and their
endogenous relatives, but also because this understanding provides a basis for
developing toxin-neutralizing drugs and drugs that target endogenous ART rela-
tives. I am confident that the reader will enjoy the interesting contributions in this
special issue on endogenous ADP-ribosylation.

Hamburg Friedrich Koch-Nolte
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The Natural History
of ADP-Ribosyltransferases
and the ADP-Ribosylation System

L. Aravind, Dapeng Zhang, Robson F. de Souza, Swadha Anand
and Lakshminarayan M. Iyer

Abstract Catalysis of NAD"-dependent ADP-ribosylation of proteins, nucleic
acids, or small molecules has evolved in at least three structurally unrelated
superfamilies of enzymes, namely ADP-ribosyltransferase (ART), the Sirtuins,
and probably TM1506. Of these, the ART superfamily is the most diverse in terms
of structure, active site residues, and targets that they modify. The primary
diversification of the ART superfamily occurred in the context of diverse bacterial
conflict systems, wherein ARTs play both offensive and defensive roles. These
include toxin—antitoxin systems, virus-host interactions, intraspecific antagonism
(polymorphic toxins), symbiont/parasite effectors/toxins, resistance to antibiotics,
and repair of RNAs cleaved in conflicts. ARTs evolving in these systems have
been repeatedly acquired by lateral transfer throughout eukaryotic evolution,
starting from the PARP family, which was acquired prior to the last eukaryotic
common ancestor. They were incorporated into eukaryotic regulatory/epigenetic
control systems (e.g., PARP family and NEURL4), and also used as defensive
(e.g., pierisin and CARP-1 families) or immunity-related proteins (e.g., Gig2-like
ARTSs). The ADP-ribosylation system also includes other domains, such as the
Macro, ADP-ribosyl glycohydrolase, NADAR, and ADP-ribosyl cyclase, which
appear to have initially diversified in bacterial conflict-related systems. Unlike
ARTs, sirtuins appear to have a much smaller presence in conflict-related systems.
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1 Introduction

Nicotinamide adenine dinucleotide (NAD™") is a versatile metabolite that is at the
center of a large array of biochemical processes across all domains or super-
kingdoms of life (Belenky et al. 2007; Gazzaniga et al. 2009; Sorci et al. 2010). Its
most widespread and best understood role is that of a redox cofactor (along with its
phosphorylated derivative NADP") for diverse dehydrogenases of the Rossmann
fold, which utilizes the facile transition between the hydrogenated and dehydro-
genated states of the nicotinamide ring (Berg et al. 2012). The role of NAD" as a
substrate for diverse protein- and nucleic acid-modifying enzymes has also
become increasingly apparent in a striking array of subcellular contexts. In these
latter reactions, rather than undergoing reversible oxidation state changes, different
fragments of the NAD* molecule are transferred to substrate molecules resulting in
specific modifications. One of these, catalyzed by the DNA ligase, which is
observed in all bacteria, is the transfer of the adenylate moiety from NAD" to the
5" phosphate of DNA (Park et al. 1989). This adenylated DNA serves as an
intermediate for the ligation of polynucleotides. Another class of transfer reactions
targets the bond between the nicotinamide ring and the ADP-ribose moiety
transferring the latter moiety to targets with the release of nicotinamide. Such
ADP-ribose transfer reactions are catalyzed by at least three evolutionarily unre-
lated superfamilies of enzymes, namely the ADP-ribosyltransferase (ART), the
Sirtuins, and the obscure TM1506 superfamilies (Corda and Di Girolamo 2003;
Hassa et al. 2006; Hawse and Wolberger 2009; Iyer et al. 2011).
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2 The Many Faces of ADP-Ribosylation

ADP-ribosylation catalyzed by the ART superfamily first came to light in two
independent studies in the 1960s, which respectively identified a novel biopolymer
in vertebrate cells (Chambon et al. 1963) and showed the need for NAD" for the
action of the diphtheria toxin produced by Corynebacterium diphtheria (Collier and
Pappenheimer 1964). A flurry of investigations in the next 5 years showed that the
common theme unifying these disparate activities was the enzymatic conjugation of
ADP-ribose (hereinafter ADPR) derived from NAD" to proteins and/or other
ADPR moieties (Sugimura and Miwa 1994; Ueda and Hayaishi 1985). Over the
next 20 years it became firmly established that NAD*-dependent ADP-ribosylation
was a widespread phenomenon across diverse lineages of life as well as viruses
(Sugimura and Miwa 1994; Ueda and Hayaishi 1985). Among the key issues that
became clear was that this modification came in two basic forms: polyADP-ribo-
sylation, where long-branched polymers of ADP-ribose are generated and added to
target proteins, and mono-ADP-ribosylation, which involved transfer of a single
ADP-ribose moiety to the target (Sugimura and Miwa 1994; Ueda and Hayaishi
1985). It was also established that this modification targets several distinct amino
acid side chains and termini resulting in the ribose being linked via N-, O- or
S- glycosidic bonds (Corda and Di Girolamo 2003; Laing et al. 2011) (Fig. 1).

It was also seen that these modifications catalyzed by ARTs were at the center
of a wide range of biological phenomena. Of these, the first to be described in
detail were the mono-ADP-ribosylation activities of diverse bacterial toxins
(Corda and Di Girolamo 2003; Ueda and Hayaishi 1985). Around the same time, it
also became apparent that the bacteriophage T4 encodes one or more ARTs, which
are deployed to mono-ADP-ribosylate host proteins, such as the RNA polymerase
o subunit (Koch and Ruger 1994; Ueda and Hayaishi 1985). In parallel, there was
also accumulating evidence for the roles of cellular ARTs. For example, the ART-
ADP-ribosyl glycohydrolase pair, DraT and DraG was found to alternately modify
or demodify dinitrogenase reductase and regulate its activity (Ludden 1994). In
more recent times the roles of such ARTs and polyADP-ribosyltransferases
(PARPs/PARTSs) have become increasingly evident in diverse eukaryotic pro-
cesses (Hassa et al. 2006). Modifications of nuclear proteins (e.g., histones) by
PARPs, cytoskeletal (e.g., actin) by intracellular ARTs and surface proteins (e.g.,
nucleotide-gated ion channels and integrins) by ecto-ARTs play important roles in
epigenetics, regulation of DNA repair, apoptosis, signaling, and complex biolog-
ical processes, such as long-term memory in animals (Cohen-Armon et al. 2004;
Hassa et al. 2006; Koch-Nolte et al. 2008).

Sirtuins, whose activities have come to light relatively recently, were first
identified as protein ADP-ribosyltransferases (Frye 1999). However, this activity
has not been much studied; rather they are best known for their action as protein
deacylases—in these reactions they transfer the ADPR from NAD™ to acylated
lysines in proteins (Smith et al. 2002). As a consequence, the acyl group is
removed in the form of an O-acylated ADP-ribose (OAADPR; Fig. 1). In addition
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<« Fig. 1 Summary of known ADP-ribosylation targets and pathways. Most substrates are tagged
by ADP-ribose by different members of the ADP-ribosyltransferase fold (ARTs and PARPs).
Cysteine and arginine residues (orange) may also serve as substrates for reactions catalyzed by
members of the sirtuin family and aspartate (turquoise) is possibly a substrate of the TM1506
family. The enzyme responsible for phosphoserine (gray) ADP-ribosylation remains unknown.
At the bottom of the figure, some key reactions for processing ADP-ribose derivatives are
represented. ART ADP-ribosyltransferase, PARP poly(ADP-ribosyl) polymerase, CDPase
2'-cyclic phosphate hydrolase, KpiA/Tptl RNA 2'-phosphotransferase (ART fold), Pierisin
lepidopteran cytotoxin (ART fold), ARH ADP-ribosylglycohydrolase, PARG poly(ADP-ribosyl)-
glycohydrolase, Macro ADP-ribose associated Macro domain, Nudix “nucleotide diphosphate
linked to X” hydrolase domain. Sirtuins might deacylate proteins with several distinct acyl
groups (show as R-), such as acetyl, malonyl, crotonyl, succinyl or palmitoyl groups

to ARTs and sirtuins, a variety of other enzymes have been characterized as
belonging to the ADPR-centered systems, such as ADP-ribosyl glycohydrolases
(ARHs), which deconjugate ADP-ribose from targets (Koch-Nolte et al. 2008),
polyADP-ribosyl glycohydrolases (PARGs) which hydrolyze ADPR polymers
(Slade et al. 2011), ADP-ribosyl cyclase/cyclic-ADP-ribose hydrolase (e.g., CD38)
(Guse and Lee 2008) and binding domains, which recognize ADPR and its
derivatives generated by the action of the above enzymes (de Souza and Aravind
2012). In the past two decades, the advent of genome sequencing, structural
genomics, and development of sensitive sequence analysis methods have greatly
advanced our understanding of these proteins: First, new sequence and structure
analysis methods have helped identify new members using sensitive similarity
searches (Bazan and Koch-Nolte 1997; de Souza and Aravind 2012; Fieldhouse
et al. 2010; Otto et al. 2005; Pallen et al. 2001). Second, they have given us an
unprecedented window into the evolution of these enzymes and helped us
understand their origins (de Souza and Aravind 2012; Zhang et al. 2012). Finally,
they have also opened the door for new approaches to the understanding of their
functions in experimentally difficult or less-studied organisms (e.g., algae such as
Emiliania, apicomplexan parasites like Plasmodium, trypanosomes, and bacterial
pathogens such as Mycobacterium tuberculosis) (Garcia-Salcedo et al. 2003;
Merrick and Duraisingh 2007).

In this chapter, we provide an overview of the biochemical diversity and
evolutionary history of ADPR-transferring enzymes in light of recent advances in
genomics and computational sequence analysis. We also summarize new func-
tional insights and possible new directions offered by these studies.

3 The ART Superfamily

3.1 Biochemical Diversity in the ART Superfamily

Members of the ART superfamily (hereinafter ARTS) can catalyze the transfer of
ADPR from NAD" to diverse substrates resulting in N- O- or S- glycosidic link-
ages with the 1” position of ribose (Fig. 1). This reaction proceeds via the SN1
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mechanism: the nicotinamide leaves first with the generation of a reactive oxa-
carbenium ion as an intermediate, which is presented for nucleophilic attack by the
target moiety at the 1" position (Jorgensen et al. 2008a). The transfer is accom-
panied by an anomeric inversion of the newly formed glycosidic bond at the 1”
position with respect to the linkage of nicotinamide in NAD* (Ueda and Hayaishi
1985). The reaction mechanism, wherein nicotinamide leaves first, is consistent
with the proposal that some members of the ART superfamily such as the
halovibirins and the streptococcal NADase (SPN) toxins act primarily as NAD™-
glycohydrolases (Smith et al. 2011; Stabb et al. 2001). However, in the former case
the released ADPR is noncatalytically conjugated to arginines in proteins (Stabb
et al. 2001), suggesting that even the latter enzymes could potentially use the same
mechanism to generate products effectively same as bona fide ARTSs. In contrast to
enzyme superfamilies catalyzing most other protein modifications, ARTs modify a
striking variety of side chains and terminal positions in proteins (Fig. 1) (Corda
and Di Girolamo 2003; Hassa et al. 2006; Koch-Nolte et al. 2001; Laing et al.
2011; Ueda and Hayaishi 1985). To date, ARTs have been shown to modify: (1)
the terminal NH, of the guanidino group of arginine (e.g., the bacterial DraT
which ADP-ribosylates the dinitrogen reductase, the T4 proteins Alt, ModA and
ModB, several bacterial toxins directed at eukaryotic hosts such as the cholera,
Bacillus sphaericus mosquitocidal toxin (MTX), Bacillus cereus VIP2, Clostrid-
ium difficile CDT and C. perfringens iota toxins, as well as eukaryotic mono-ARTs
(ARTC1-ARTCS) modifying endogenous proteins such as actins, integrins, and
nucleotide-gated ion channels); (2) The intracyclic NH in diphthamide, which is a
highly modified amino acid derived from histidine in eukaryotic EF2 (e.g., the
diphtheria and P. aeruginosa toxin A); (3) The NH, of the amide group of the
glutamine side chain (e.g., the Photorhabdus luminescens ART toxin); (4) The
NH; of the amide group of the asparagine side chain (e.g., the Clostridium bot-
ulinum C3 toxin); (5) The SH group in the side chain of cysteine (e.g., the pertussis
toxin which targets cysteines in multiple vertebrate Go proteins); (6) The COOH
group of glutamate [e.g., PARP10/ARTD10 ADP-ribosylates itself on glutamate
882 (Kleine et al. 2008)]. The COOH group of the aspartate side chain has also
been proposed as a potential mono-ART substrate in eukaryotes, although to date
the responsible enzyme remains unidentified (Hassa et al. 2006). Early studies also
detected ADP-ribosylation of phosphoserine in Histone H1 but again the enzyme
remains unknown (Smith and Stocken 1974). Furthermore, given this diversity it is
conceivable that there might be ART domains which modify side chains of serine
or threonine, especially among versions found in bacterial toxins.

In the case of PARPs, successive ADPR chains might be added via O-glyco-
sidic linkages between the 2’ or 2 positions and 1" positions of successive ADPR
units. As each unit has two ribose moieties successive links to either of them can
result in large branched molecules with up to 200 units that can be visualized via
electron microscopy (Hassa et al. 2006; Ueda and Hayaishi 1985). In eukaryotes,
these poly ADPR (pADPR) molecules apparently modify a wide range of nuclear
proteins including core and linker histones, chromatin proteins like HMGA/B,
transcription factors like p53, RNA-binding proteins such hnRNPs and DNA
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repair/replication factors like topoisomerases and PCNA (Hassa et al. 2006; Ueda
and Hayaishi 1985). It is widely believed that in these substrate proteins the side
chain COOH of glutamate, the terminal COOH and/or perhaps aspartate are
modified by pADPR. However, recent studies have shown that the automodification
of PARP1 (ARTD1) occurs via lysine epsilon-NH, groups (Altmeyer et al. 2009).

In addition to proteins, ARTs modify nucleic acids: cytotoxic ARTs of lepid-
opterans and molluscs modify the exo-cyclic amino group at the second position of
guanine in DNA to induce apoptosis (Carpusca et al. 2006; Nakano et al. 2006).
Another nucleic acid-modifying ART is the RNA 2’-phosphotransferase KptA/
Tptl (ARTDI18), an enzyme that repairs the 2'-phosphate generated as a result of
tRNA splicing and RNA ligase action (Spinelli et al. 1999). Here, the ADPR is
added to 2’ phosphate which then leaves as ADP-ribose 1”-2" cyclic diphosphate
(Appr>p). ARTs also modify low molecular weight substrates, such as the rifa-
mycin antibiotics, which are inactivated by ADP-ribosylation of an OH group on
carbon 23 (Baysarowich et al. 2008) (Fig. 1).

3.2 Structural and Catalytic Features of the ART
Superfamily

The ART superfamily is characterized by extreme divergence at the sequence level
often making it difficult to identify new members through sequence analysis alone
(Bazan and Koch-Nolte 1997; de Souza and Aravind 2012; Fieldhouse et al. 2010).
However, at the structural level all members of the superfamily show a strongly
conserved core fold (Figs. 2 and 3) (Bazan and Koch-Nolte 1997; de Souza and
Aravind 2012). This core consists of a split ff-sheet formed by two distinct units of
three strands each, with most strands being alternately interleaved between the two
units (i.e., strand order in the sheet is 4-5-211-3-6, where “I” represents the split in
the sheet; Fig. 2 bottom panel). Typically, most of these strands are followed by a
downstream helical element suggesting that the entire fold emerged through a
series of duplications of a strand-helix element with the strands being distributed
alternately between two units of the split sheet. In most members of the family the
key active site residues emerge from the “lower” surface of strand 1, and the
“upper” surface of strands 2 and 5 (Fig. 3). As a result the NAD* molecule is
sterically constrained between the lower and upper surfaces respectively of the two
units of the split sheet with the central diphosphate being wedged in the central
split in the sheet (Jorgensen et al. 2008a). The characteristic loop between helix 1
and strand 2 is observed throughout the fold and forms a “wall” of the NAD-
binding pocket (Fig. 3). The active site residues from strand 1 typically contact the
ribose linked to the adenine and also the nicotinamide moiety. Those from strands
2 and 5 contact the ribose linked to the nicotinamide. This conformational con-
straining of NAD" between the two elements of the split sheet appears to be
critical for catalysis by these enzymes for it appears to strain the substrate to
facilitate its cleavage.
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Fig. 3 Cartoon structures of diverse members of the ART superfamily. Conserved strands and
helices of the core fold are shown in aquamarine and red, respectively. Additional strands that
pack with the sheets and inserts are shown in wheat color. Conserved strands of the core are
labeled, as also active site residues and ligands. a KptA (PDB: 1wfx). b CC0527 (PDB: 200q).
¢ Rifampin ART (PDB: 2hw2). d BC2332 (PDB: 2aua). e PARP (PDB: lukl). f Pseudomonas
exotoxin A (PDB: 3B8H). g f-NAD" glycohydrolyase (PDB: 4KT6A). h 6b (RolB) (PDB: 3aq3).
i Pertussis toxin (PDB: 1prt). j Ecto-ART (PDB: logl). k AvrPphF (PDB: 1s21)

Examination of the active site residues reveals three widespread configurations
which are described in terms of the consensus conserved residue supplied by
strands 1, 2, and 5 of the core:

(1) H-H-h: This is seen primarily in two families, namely the KptA (ARTD18) or
tRNA 2’ phosphotransferase family and the CC0527 family (Fig. 3a, b),
which has been largely obscure prior to this chapter (see below). Here, the
first strand supplies a conserved H, which is usually in a HX[ST] motif,
where both the H and the downstream alcoholic residue might make polar
contacts with the 2" and 3’ OH of ribose groups. Strand-2 supplies a histidine
and strand-5 has just a hydrophobic residue (h), which contacts the ribose
linked to the nicotinamide. In these ARTs the hydrophobic residue in strand 5
is followed by an additional polar residue two residues downstream, typically
[TS] in KptA or H in CC0527, which is also likely to contribute to the active
site (Fig. 3a, b).

(2) H-Y-[QED]: This is seen in several families such as diphtheria toxin-like
ARTs, PARPs, and related mono-ARTs (Figs. 2 and 3c—f). Domains with this
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active site configuration and those with the above configuration have been
previously designated as ARTD (Hottiger et al. 2010). Here, the strand 1
histidine occurs in the same motif as observed in the H-H-h configuration.
The residue from strand 2 is an aromatic residue which is typically tyrosine
and less frequently phenylalanine. That from the beginning of strand 5 is
acidic or in some cases a glutamine and it typically makes a polar contact
with the 2" OH (Jorgensen et al. 2008a). It often occurs as the downstream
residue in a [QE]X[QED] motif, with the first [QE] position playing a role in
recognition of the target moiety that is ADP-ribosylated (Baysarowich et al.
2008; Jorgensen et al. 2008a, b). A variation on this theme is seen in the
rifamycin ART family, where the strand 5 displays a TXSXR motif, where
the TXS maps to the [QE]X[QED] in the above motif (Fig. 3c). Similarly, in
a related novel family of ARTs prototyped by the version from the Acine-
tobacter phage ZZ1 (p0068; gi: 570033484) the acidic residue is often absent,
being replaced by a tyrosine.

R-[ST]-E: This configuration is seen in several bacterial toxins, like the heat
labile toxin of E. coli, the cholera toxin, bacteriophage ARTs, like Alt, ModA
and ModB, and certain eukaryotic intracellular (e.g., molluscan CARP-1) and
extracellular ARTs (Fig. 3). Domains with this active site configuration have
been previously designated as ARTC (Hottiger et al. 2010). In this configu-
ration, the arginine plays the equivalent role as the histidine in strand 1 and
the [ST] plays a role comparable to the aromatic residue (Y) in strand 2. The
E from strand 5 is identical in function to the equivalent residue in those
showing the H-Y-E configuration (Figs. 2 and 3).

(4) Aberrant configurations: Several of members of the ART superfamily show

highly derived active site configurations that do not match any of the above
patterns. The previously unrecognized clade of ARTSs typified by the
Edwardsiella tarda EvpP toxin (Zheng and Leung 2007) and the SPN toxins
(Smith et al. 2011) (see below) displays either an arginine (rarely histidine;
e.g., NADase) or no specific conserved residue in strand 1, an aromatic
position (usually Y or F) equivalent to the Y or [ST] in strand 2 and a
glutamate/glutamine at the beginning of strand-5. Thus this clade displays a
hybrid between the H-Y-[QED] and R-[ST]-E configurations. The RolB
family of ARTs prototyped by the Agrobacterium Ti plasmid (T-DNA)
6b-related proteins (Wang et al. 2011) represents another aberrant configu-
ration (Fig. 3h), where most residues corresponding to any of the above
configurations are not conserved. The only exception is a highly conserved
aromatic residue from strand-5 that corresponds to the hydrophobic residue in
the H-H-h configuration (Fig. 3h). This residue along with another residue
(typically tyrosine or arginine) from the helical insert upstream of strand 3 is
likely to constitute a novel active site in this family. Another novel family,
the BC2332 (Pfam: DUF2441) family has undergone an even more drastic
modification, both in structural and sequence terms (Fig. 3d). It appears to
have emerged via triplication of the ancestral ART fold followed by recon-
stitution of a domain by elements drawn from each of the three repeats. As a
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consequence, the strand order is re-organized, now adopting a 4-1-2-6-3-5
linear sequence from the N- to C-terminus, where the numbers stand for the
strand numbers in the typical ART domain. This is concomitantly accom-
panied by the emergence of a completely new active site that is unrelated to
all other members of the fold (Fig. 3d). This pervasive plasticity in the active
site of the ARTs lends further support to the proposal that the conformation in
which NAD™ is “wedged” in the split sheet is probably more critical for the
catalytic mechanism than the strict presence of particular residues.

The minimal version of the fold with just six strands and no extended inserts
between the elements is seen only in the KptA and CC0527 families (Hottiger et al.
2010). The core split -sheet is often augmented by N-terminal (e.g., RolB family)
(Wang et al. 2011) or C-terminal extensions (e.g., diphtheria toxin-like ARTs) or
internal insertions (e.g.,an inserted strand after strand 3 in PARPs) (Hottiger et al.
2010). A subset of ARTs showing the R-S-E configuration shows an additional
C-terminal strand 7, which forms a hairpin with core strand-6 and stacks against
strand 3 in a parallel configuration (Fig. 3j). The rifamycin ART family shows a
C-terminal helix which plays a key role in substrate recognition by forming a
“cap” over the active site (Baysarowich et al. 2008). Additionally, several versions
might show inserted elements. The characteristic loop between helix 1 and strand 2
is a frequent site for independent insertions in different families and some of these
inserts play a role in substrate recognition (e.g., rifamycin and diphtheria toxin-like
ART families). Some PARPs display an insert of a Zn-cluster just N-terminal to
strand 3, which might also play a role in substrate recognition (Hottiger et al.
2010). The dramatic structural reorganization in the BC2332 family has resulted in
the emergence of unprecedented large inserts between some of the elements drawn
from the different copies of the above mentioned triplication. Thus, emergence of
lineage-specific inserts appears to have played an important role in the origin of
distinct substrate specificities in the superfamily.

4 Evolutionary History and Diversity of the ART
Superfamily

Availability of multiple structures from distant members of the ART superfamily,
sensitive sequence profile searches to identify novel versions, and determination of
phyletic patterns have resulted in a new and detailed understanding of the evolu-
tionary history of the ART superfamily (Bazan and Koch-Nolte 1997; de Souza and
Aravind 2012; Finn et al. 2010; Schaffer et al. 2001; Soding et al. 2005). In par-
ticular the above-described structural features and active site configurations help
establish the higher-order relationships between distantly related families (Fig. 2).
Within families, higher levels of sequence conservation allow establishment
of relationships based on conventional phylogenetic analysis (Price et al. 2010).
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By combining these, we present below an evolutionary reconstruction reflecting the
current state of the data (Fig. 2).

Broadly, the ART superfamily can be divided into three major higher-order
clades that more-or-less reflect the above-described three basic active site con-
figurations. The most primitive or earliest branching clade appears to be the H-H-h
clade followed by a crown group comprised of the H-Y-[EDQ] and the R-S-E
clades (Fig. 2). Thus, the presence of an active site H in the first strand appears to
be the ancestral feature of the ART superfamily, with the R in the R-S-E clade
being a derived feature. The acidic residue at the beginning of the strand 5 appears
to be a shared derived character unifying the crown clades. Below, we briefly
describe the various constituent families of within each of these major clades.

4.1 The H-H-h Clade

This is the most primitive or basal clade of the ART superfamily as indicated by an
unelaborated structure and active site lacking an acidic position in strand 5 (Figs. 2
and 3a, b). This clade contains only two families the KptA and CC0527 (Pfam:
DUF952) which are unified by above-described active site features associated with
strand 5. Of these, KptA represents the most widely distributed lineage of the ART
superfamily and is typically present in a single copy in organisms that encode it
(de Souza and Aravind 2012). This family is seen in most eukaryotes barring the
basal-most branches (parabasalids and diplomonads), several euryarchaeal and
crenarchaeal clades and representatives of most major bacterial lineages albeit in a
somewhat patchy distribution. This widespread phyletic pattern suggests that KptA
could have potentially been present in the last universal common ancestor
(LUCA). However, phylogenetic analysis suggests that both the archaeal and
eukaryotic branches are nested within the bacterial radiation making it possible
that it actually emerged in bacteria and was independently transferred to the for-
mer two lineages (Fig. 2). Nevertheless, its wide distribution and structural sim-
plicity suggest that it is close to the ancestral version of the entire ART
superfamily and that other ARTs were likely derived from it by extensive and
rapid divergence. In eukaryotes and archaea, it appears to be part of the core RNA-
processing mechanism required for tRNA maturation following removal of the
intron (Spinelli et al. 1999). Interestingly, knockout of the sole mouse represen-
tative of this family Trptl did not apparently result in RNA-processing defects
(Harding et al. 2008), suggesting that despite its strong conservation in eukaryotes
it might be a nonessential gene in mammals. However, its function in bacteria is
less understood. Its presence in operons where it is combined with the RNA repair
5'—3' polymerase Thgl suggests that it might be involved in RNA repair, perhaps
as strategy against bacteriophage or toxin attack on tRNAs (de Souza and Aravind
2012) (Fig. 4). However, in several bacteria it occurs as part of large NAD*/ADPR
metabolism operon combined with genes for several other enzymes which use
these metabolites, such as sirtuins, Macro, PARG (also belonging to Macro
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Fig. 4 Domain architectures and gene neighborhoods of ARTs of the H-H-h and H-Y-[EDQ)]
clades. Gene neighborhoods and domain architectures are labeled with the gene name, Genbank
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superfamily), NADAR, and ARHs but no RNA-related genes (de Souza and
Aravind 2012) (Fig. 4). This raises the possibility that a subset of the bacterial
KptAs might modify substrates other than RNA.

The CCO0527 family is widely but patchily distributed across the bacterial
superkingdom. It appears to have also been independently transferred to several
eukaryotes such as fungi, viridiplantae, stramenopile algae Emiliania, and Nae-
gleria (Fig. 2). While its structure is available (PDB: 200q), its function has
remained obscure. Examination of its domain architectures reveals fusions to
glutathione S-transferases, GCN5-like NH, acetyltransferases (GNAT superfam-
ily), cytosine deaminases, or 2 oxoglutarate/Fe-dependent dioxygenases (Fig. 4).



16 L. Aravind et al.

All these associated enzymes have been previously implicated in modification
and detoxification of antibiotics by respectively adding, glutathione and acetyl
groups, deaminating cytosine in Blasticidin S-like compounds and hydroxylation
(Ramirez and Tolmasky 2010; Walsh 2003). Thus, by the principle of “guilt by
association” (Aravind 2000) it is likely that the CC0527 ADP-ribosylates antibi-
otics or other toxic compounds in a reaction comparable to the rifamycin ARTs.

4.2 The H-Y-[EDQ] Clade

The primary and explosive diversification of this clade appears to have occurred in
the context of several prokaryotic conflict systems (Zhang et al. 2012). These
include intragenomic conflict systems such as type-II Toxin—Antitoxin (T-A)
systems, intergenomic conflicts between bacteriophages and their host genome,
olecule toxins or antibiotics, and interorganismal conflict using proteinaceous
effectors (Aravind et al. 2012; Zhang et al. 2012). Indeed, in each of these conflict
systems ARTs of this clade have been extensively deployed as toxins to target
proteins (Fig. 2). Three families belonging to this clade are encountered in T-A
systems that are widely distributed across the bacterial tree (Fig. 4). The first of
these is the recently described BC4486 family (prototyped by BC4486 from
Bacillus cereus), which is typically found in a two gene T—A system, where the
second gene encodes either a member of the NADAR superfamily (BC4488) or a
member of the Macro superfamily (de Souza and Aravind 2012). These two genes
follow a strict gene order with that encoding the BC4486 family ART always
occurring as the first gene in the operon (Fig. 4). Based on this, it has been
suggested that the BC4486 protein functions as an ADP-ribosylating toxin while
the Macro or the NADAR protein function as antitoxins that counter the former’s
action by removing the ADP-ribose moiety. Thus, they might be seen as analogous
to the DraG-DraT system (see below). Also belonging to this family is a subfamily
of ARTs prototyped by ORF28 (gi: 46309426) of Agrotis segetum granulovirus,
which is encoded by certain arthropod DNA viruses such as baculoviruses,
ascoviruses, and iridoviruses (Fig. 2).

The second of the T—A-associated families, the BSn5_14920 family (proto-
typed by the eponymous protein from Bacillus subtilis BSn5) is encoded by a
3-gene T-A wherein the ART is again encoded by the first gene (Fig. 4). This is
followed by a gene for the antitoxin which assumes the form of a low complexity
or intrinsically disordered protein with two highly conserved hydrophobic residues
at the C-terminus and the third gene encoding the chaperone SecB (Sala et al.
2013). In these systems, the intrinsically disordered antitoxin is postulated to bind
SecB by the C-terminal hydrophobic residues, while SecB stabilizes it, allowing it
to inhibit the toxin ART. If under protein unfolding stress conditions the SecB
is drawn away toward other unfolded proteins, then the antitoxin is destabilized
(Sala et al. 2013), unleashing the action of the ART, which presumably induces
dormancy by modifying certain targets. The third T—A-associated family is the
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Tox-ART-HYD2 family prototyped by a version from a Clostridium botulinum
T—A system (gi: 237794000; Fig. 4). In these, the postulated toxin ART is typi-
cally accompanied by two predicted antitoxins, which are DNA-binding helix-
turn-helix proteins (HTH) proteins, encoded by flanking genes (Fig. 4). Outside
TA systems, ARTs of this family are also encountered in bacterial polymorphic
toxin systems with variable C-terminal domains that are likely to be used in
intraspecific conflicts by bacteria (e.g., gi: 544751474 from Serratia fonticola
(Zhang et al. 2012)). Here, the ART occurs as one of the variable C-terminal toxin
tips preceded by a long stretch of RHS repeats which help present the toxin on
cell-surfaces of bacteria. Other members occur in phages such as Roseovarius
Plymouth podovirus 1(gi: 408906070) where they are fused to the viral RNA
polymerase and might help regulate transcription in course of infection (Fig. 4).
Members of this family have also been transferred to and expanded in eukaryotes
such as Acanthamoeba (gi: 470494435), choanoflagellates, and the fungal plant
pathogen Puccinia. The Tox-ART-HYDI1 family is another ART family with
comparable features, which is found in several polymorphic toxin systems from
several bacterial lineages (Fig. 4) (Zhang et al. 2012).

The family typified by the p0068 protein of the Acinetobacter phage ZZ1
appears to be involved in phage-host conflicts and is found in several bacterio-
phage genomes, including a lineage-specific expansion in Bacillus phage G (10
paralogs) (de Souza and Aravind 2012). These phage versions are predicted to act
similarly to the T4 and N4 phage ARTs (see below for details) in modifying host
proteins to facilitate viral replication (Koch and Ruger 1994; Tiemann et al. 2004).
Cellular versions are found in cyanobacteria and the nanohaloarchaeon Halore-
divivus. This family is further related to another family, rifamycin ART (Figs. 2
and 3c), which is implicated as a defensive element in interorganismal conflict by
neutralizing rifamycin antibiotics (Baysarowich et al. 2008). The spread of this
family across bacteria through lateral transfer appears to have been a key deter-
minant of resistance toward this class of antibiotics. The structurally highly
modified BC2332 family is likely to have been derived from this assemblage and
its domain fusions and operonic associations (Fig. 4) are also suggestive of a role
comparable to the rifamycin ART family in detoxification of small molecules.
Most families discussed thus far are characterized by more or less a minimal ART
domain with few or no additional structural inserts. This suggests that they are
likely to represent the basal-most lineages within the H-Y-[EDQ] clade (Fig. 2).

The remaining families of this clade appear to constitute a monophyletic
assemblage, which appears to have initially diversified in toxin systems that are
used as effectors by bacteria in interorganismal conflicts (Fig. 2). Of these, the
PARP-NEURLA4-Gig2 subclade is a major monophyletic assemblage that includes
several bacterial effectors, such as one encoded by the intracellular chlamydia-like
pathogen of animals and amoebae, Waddlia chondrophila (gi: 337292305) (de
Souza and Aravind 2012). PARP family includes both bona fide PARPs (e.g.,
human PARPI1-3/ARTDI1-3, vPARP/ARTD4, and the tankyrases/ARTD5-6) and
related mono-ARTS (ARTD7-17; also called PI-MARTS) (Citarelli et al. 2010;
Hassa et al. 2006; Otto et al. 2005). The eukaryotic versions are closely related to
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effectors encoded by bacteria such as Legionella drancourtii (gi: 363538754) and
Vibrio caribbenthicus (gi: 497289311) and appear to have been derived from such
precursors (Zhang et al. 2012). At least two PARP family members, including the
histone-modifying PARP1 can be reconstructed as being present in the last
eukaryotic common ancestor LECA (Citarelli et al. 2010). In course of eukaryotic
evolution they expanded extensively to spawn several distinct lineages such as the
telomere-protein-modifying tankyrases and the vVPARP, which is a subunit of
the vault, an organelle associated with small noncoding RNAs. Thus, the PARP
family was incorporated into a diverse set of eukaryotic systems ranging from
epigenetic regulation to control of RNA-processing and chromosome dynamics
(Hottiger et al. 2010). This was accompanied by fusion to several distinct domains
such as the PARP-Zn-finger, WGR (also of bacterial origin) and SAP domains, all
involved in DNA binding, and the phosphopeptide binding BRCT domain in bona
fide PARPs and domains such as the E2 ubiqutin ligase, peptide-binding WWE,
ubiquitin-binding UIM and RNA-binding RRM domains in the case of the mono-
ARTs from this family (Fig. 4). The eukaryotic Gig2 family (Jiang et al. 2009)
shows lineage-specific expansions in fishes, Oxytricha trifallax, and the hapto-
phyte alga Emiliania huxleyi and includes proteins which may possess multiple
tandem ART domains (Fig. 4). In fishes, it has been shown to be induced by
interferon as part of the antiviral response (Jiang et al. 2009; Krasnov et al. 2011).
Hence, these ARTs might have been recruited by eukaryotes to counter viruses by
modifying their proteins. The NEURL4 family typified by the eponymous human
protein is found in most animal lineages and several more basal eukaryotic lin-
eages (de Souza and Aravind 2012). They are typically fused to other domains
such as neuralized repeats, ubiquitin, WWE, and MORN-repeats and have
undergone independent lineage-specific expansions in the fungus Rhizophagus
irregularis, slime molds, sponges, crustaceans, amphioxus, and ciliates (Fig. 4).
While NEURLA4 itself has been implicated in centrosomal assembly (Al-Hakim
et al. 2012), these expanded versions might have roles in antiviral responses
similar to the Gig2 family. Another more divergent family in this subclade is the
Tox-ART-HYD3 family, which is present as the toxin tip of a recently identified
class of bacterial cell surface effectors (Fig. 2; DZ, LMI, LA unpublished).

The large assembly of effectors deployed by both animal and plant-pathogenic
bacteria comprises the final major family in the H-Y-[EDQ] clade (Fig. 2) (Corda
and Di Girolamo 2003; Hassa et al. 2006; Koch-Nolte et al. 2001). The precise
relationships in this family are difficult to discern due to their rapid sequence
divergence as a consequence of adaptation against host immune responses and the
selection for targeting different host proteins. One distinct monophyletic lineage
within this group includes the diphthamide-targeting ARTs such as diphtheria
toxin, the Vibrio cholerae cholix toxin, and the P. aeruginosa Exotoxin A. A more
divergent version of this group is the ART domain of the AvrPml of the plant
pathogen Pseudomonas syringae (Rohmer et al. 2003). This assemblage of toxins
might have originated from phage ARTs used in intergenomic conflicts as sug-
gested by the fact that several are encoded by temperate phages (Boyd 2012).
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4.3 The R-S-E Clade

The diversification of the R-S-E clade closely parallels that of the above clade in
that it primarily occurred in the context of the same bacterial conflict systems as
those discussed above. On structural grounds the R-S-E clade can be divided into
two major subclades (Figs. 2 and 3i-—k). The first retains the ancestral state of
the split ff-sheet of the ARTSs, with the core 6 strands. The second subclade is
characterized by the above-described additional seventh strand that is spatially
inserted between the core strand 3 and strand 6 (the additional strand subclade).

The first subclade contains five families of bacterial effectors deployed both in
intraspecific conflict (polymorphic toxins) and against more distantly related
organisms and hosts (Fig. 2). The first of these families is the MTX/Pierisin
family, which is typified by the arthropod-killing toxin deployed by Bacillus
sphaericus and the apoptotic pierisin-like cytotoxin from lepidopterans (Carpusca
et al. 2006; Nakano et al. 2006; Takahashi-Nakaguchi et al. 2013). Interestingly,
this family has evolved a wide range of substrate specificities which include both
protein and DNA. The close relationship between lepidopteran cytotoxins like
pierisin and the insecticidal effectors encoded Paenibacillus larvae temperate
bacteriophage philBB_PI123 (gi: 526245037; Fig. 5) suggest they were acquired by
insects from their bacterial symbionts/pathogens and incorporated in their cellular
systems as mediators of apoptosis or as defensive toxins against parasitoids
(Takahashi-Nakaguchi et al. 2013). Similar to the lateral transfers to insects,
members of this family have also been transferred to several plants such as the
dicot Medicago truncatula and the grass Aegilops tauschii, where they appear to
be seed-associated albumins which might play a role in defense against seed-eating
animals (Fig. 5). Members of this family are also found as toxin tips of poly-
morphic toxin-like proteins such as a toxin from Pseudomonas fluorescens (gi:
515906858), where it occurs C-terminal to series of RHS repeats (Fig. 5). Two
other closely related families in this subclade are the cholera toxin-heat-labile
enterotoxin A (CTXA/LTA) and the pertussis toxin (PTX) families, which are
prototyped by the eponymous proteins (Fig. 2) (Corda and Di Girolamo 2003;
Laing et al. 2011). The former family, widely disseminated across pathogenic
bacteria, includes effectors of forms infecting both animals and plants (e.g.,
Xanthomonas fuscans gi: 495244509), and symbionts such as Sodalis (gi:
573023525) which colonizes the tsetse fly (Snyder and Rio 2013). Interestingly,
members of the CTXA/LTA family also appear to have been transferred to the
plant Selaginella (gi: 302792354), and several insect- and plant-pathogenic fungi
(e.g., Metarhizium and Colletotrichum respectively), where they have undergone
lineage-specific expansion (Fig. 5). These latter ART domains are on occasions
fused to a C-terminal conserved, apparently enzymatic domain, which is also
found fused to ricin-like RNA-targeting toxins of these fungi and in several plant
proteins (e.g., gi: 629706939); we predict that they might function as secreted
effectors deployed in defensive interactions (Fig. 5). PTX family shows a similar
distribution in bacteria but is mainly limited to animal pathogens.
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The fourth family in the first subclade is typified by the molluscan DNA-
modifying toxin CARP-1 from the clam Meretrix lamarckii (Nakano et al. 2006).
We also found four members of this family in the oyster Crassostrea gigas,
suggesting a more widespread presence of these proteins in bivalves. Members of
the CARP-1 family are conserved in most filamentous fungi of both ascomycete
and basidiomycete lineages (Fig. 5) and certain other eukaryotes such as the
choanoflagellate Monosiga and the stramenopile Phytophthora. In bacteria, they
are found as toxin tips of polymorphic toxins (Zhang et al. 2012) (e.g., gi:
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470152651 from Pectobacterium; Fig. 5) or certain membrane-associated proteins
(e.g., gi: 110642963 from Escherichia coli 536). The eukaryotic versions appear to
have been acquired from the bacterial version by lateral transfer on multiple
occasions. Interestingly, DNA-modifying activity has emerged in this family
independently of the pierisin family. A divergent and distinctive family within the
first subclade is the distinctive AvrPphF family that is prototyped by the epony-
mous effector of the plant pathogen P. syringae (Singer et al. 2004). This family is
typified by a large insert after the first strand-helix unit (Fig. 3k). Moreover, other
than the arginine from the first strand the remaining active site residues have
undergone drastic modification: the S in strand 2 is replaced by a polar residue
often asparagine or arginine while the acidic residue from strand 5 is entirely lost.
Instead its place appears to be taken by a similarly positioned aspartate from the
end of strand 4.

The second subclade represents another extensive radiation of the R-S-E clade
and includes four major families (Fig. 2). The first, the DraT family, contains the
structurally and architecturally least elaborated versions. These are represented by
T-A systems prototyped by the DraT-DraG system, which itself appears to be a
“domesticated” T—A system exapted for dinitrogen reductase regulation (de Souza
and Aravind 2012; Ludden 1994). Here, the ART (DraT) acts as the protein-
modifying toxin, while the ARH (DraG) acts as the demodifying antitoxin that
reverses the action of the former. A member of this family has been horizontally
transferred to the crustacean Daphnia pulex (gi: 321449970; Fig. 5), where it
appears to have been incorporated into a much larger polypeptide. The second
family is typified by the secreted halovibrins (HvnA and HvnB) of Vibrio fischeri,
the extracellular symbiont that confers bioluminescence to the squid Euprymna
scolopes by residing in its light organ (Stabb et al. 2001). This family is marked by
a large central insert in the ART domain and conserved cysteine residues that are
predicted to form two disulfide bridges. In addition to symbiotic and pathogenic
bacteria (e.g., Erwinia amylovora, P. aeruginosa, and P. syringae) it also found in
Perkinsus marinus the eukaryotic parasite of oysters and clams (Fig. 5), suggesting
that modification via action of halovibrins might play a role in host interactions of
multiple unrelated pathogens. The third family in this subclade is the large Alt/
VIP2 family (Corda and Di Girolamo 2003; Han et al. 1999; Koch-Nolte et al.
2001; Laing et al. 2011). This includes phage T4 Alt which is packaged into the
virion and deployed upon infection to hijack the host transcription machinery by
modifying the RNA polymerase o subunit (Koch and Ruger 1994). Interestingly,
certain eukaryotic DNA viruses, such as the Paramecium bursaria Chlorella virus
(PBCV1_A092/093L) also encode an ART belonging to this family, which is
packaged into the virion (Dunigan et al. 2012), suggesting that it might be
deployed right after infection just as with the bacteriophage versions. Other
members are toxins deployed by various animal pathogenic bacteria such as
B. cereus VIP2, C. perfringens iota, C. botulinum C2 and C3, B. anthracis lethal
factor, Aeromonas hydrophila VahC and Salmonella SpvB (Corda and Di Girolamo
2003; Fieldhouse et al. 2010; Shniffer et al. 2012; Ueda and Hayaishi 1985). These
proteins frequently target specific host proteins such as actin and the small GTPase
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Rho. This family also contains several polymorphic toxins, which are typically
distinguished by N-terminal RHS repeats as in the case of other versions found in
polymorphic toxins (e.g., gi: 221174043 from Burkholderia multivorans; Fig. 5)
(Zhang et al. 2012). Interestingly, the immunity proteins for these toxins are ARHs
(e.g., gi: 221174044) suggesting that their action is reversed by hydrolytic removal
of the ADPR modification by the latter. A related group of toxins from actino-
bacteria (e.g., gi: 300791137) contains several tandem copies of the ART domain
combined with other enzymatic domains such as metallopeptidases, papain-like and
caspase-like thiol peptidases, and RelA/SpoT-like nucleotidyltransferases (Zhang
et al. 2012) (Fig. 5).

The fourth, the Mod-Ecto-ART family is also large and like the previous one
includes both phage versions and those deployed as toxins in interorganismal
conflicts. The phage-encoded ARTs in this family are prototyped by the T4 Mod
proteins (ModA and ModB), which are expressed post-infection and catalyze host
RNA polymerase subunit modifications to facilitate transcriptional switching to
the late genes of T4 (Tiemann et al. 2004). The effectors belonging to this family
include a novel effector (pc1346; gi: 46446980) encoded by the endosymbiont
Protochlamydia, which resides in amoebae, and various type-III secretion system
effectors of Pseudomonas syringae, namely hopO1-1/2/3, and HopU1, Xantho-
monas axonopodis effector XopAl and a Legionella pneumophila T4SS effector
(gi: 307611385) (de Souza and Aravind 2012; Fu et al. 2007; Zhang et al. 2012).
Certain RTX toxins (Linhartova et al. 2010), which are secreted by means of ABC
ATPases, by pathogenic bacteria like V. cholerae also contain ART domains of
this family (e.g., gi: 487852101). Another interesting member of this family
predicted to be involved in intragenomic conflicts in bacteria is fused to a DNA
glycosylase of the UDG superfamily (e.g., gi: 497720748; Fig. 5). These are
encoded in operons along with a gene for a Macro protein and in some cases an
ARH. These are predicted to modify DNA and introduce abasic sites in con-
junction with the fused DNA glycosylase domain, whereas the Macro and ARH
might counter these modifications. Thus, they could function as a potential DNA-
modifying restriction system. Related ART proteins are also encoded as part of a
mobile novel T7SS and might be deployed as toxins exported by them (Anan-
tharaman et al. 2012). Yet other related ART domains also occur as part of large
actinobacterial proteins with several other enzymatic and helix-turn-helix domains
(e.g., gi: 379710894; Nocardia cyriacigeorgica; Fig. 5); these proteins might
represent a multipronged defensive and signaling strategy against antibiotics.
Members of this lineage have been transferred to eukaryotes on several occasions,
and include a version from oomycetes (e.g., Saprolegnia diclina gi: 530729068),
where they have displaced the PARP family catalytic domain within a PARP-like
polypeptide (Fig. 5). Other members include the BUBL1-like proteins fused to
ubiquitin and HINT autopeptidase domains in ciliates (Dassa et al. 2004) and
versions fused to methylated peptide-binding chromodomains in Emiliania
(Fig. 5).

Also included in the above family are the ecto-ARTSs of eukaryotes which are
secreted proteins that add a single ADPR moiety to extracellular proteins
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(Glowacki et al. 2002; Pallen et al. 2001). These ecto-ARTs show a patchy dis-
tribution in eukaryotes being found in the animal lineage as well as groups such as
the haptophyte alga Emiliania and the rhizarian Reticulomyxa filosa. In the latter
two taxa they show massive lineage-specific expansions. Certain mammalian
versions (ARTC2) function as “toxins” for T cells by inducing their apoptosis
(Adriouch et al. 2001; Hassa et al. 2006; Seman et al. 2003). This raises the
possibility that the expanded version in the more basal eukaryotic lineages might
have a role in defense or cell surface organization by modifying extracellular
targets. Rotifers display an expansion of intracellular members of this clade,
including versions which appear to have displaced the PARP-like H-Y-[EDQ] clade
catalytic domain to associate with the N-terminal WWE domain (gi: 188501623;
Fig. 5). All these eukaryotic ARTs are nested within the radiation of bacterial
effectors, being particularly close to certain versions such as the P. syringae
effectors hopO1-1/2/3, suggesting that they were acquired by lateral transfer from
bacterial symbionts or parasites (Glowacki et al. 2002; Pallen et al. 2001).

4.4 The Aberrant Clades

The most extensive of these is the EvpP-NTox31 clade, which contains secreted
ARTSs with a “hybrid” active site. Hence, it is unclear if they are derived versions of
either the H-Y-[EDQ] or R-S-E clades, or represent a distinct transitional clade
(Fig. 2). This clade includes two distinct sub-clades, of which the EvpP sub-clade is
constituted by three families of toxin tips of polymorphic toxins (NTox40, NTox46,
and NTox48) (Zhang et al. 2012), and the effectors of pathogenic bacteria, such as
EvpP of E. tarda (Zheng and Leung 2007). Those occurring with polymorphic
toxins are characterized by neighboring immunity protein genes and are associated
with several distinct secretory systems such as T7SS and T5SS in Gram-positive
and proteobacteria, respectively (Fig. 5). Several of the host-targeting effectors,
such as EvpP, are associated with T6SS (Zheng and Leung 2007). The second
subclade includes Ntox31 that is found in polymorphic toxin systems and SPNs.
SPNs from Streptococcus pyogenes and related species appear to be derived from
polymorphic toxin systems and are reused as host-directed toxins. Polymorphic tips
of systems featuring EvpP-NTox31 domains often display toxin cassettes coding
for multiple distinct members of this clade, classical R-S-E clade ARTs or ADP-
ribosyl cyclases (Fig. 5). Extensive sequence divergence also precludes precise
phylogenetic placement of the RolB family (Fig. 2).

5 Sirtuins and TM1506

The ADP-ribosylation activity of the sirtuins is generally believed to be much
weaker than that of the ART superfamily (Frye 1999; Hawse and Wolberger
2009). ADP-ribosylation by sirtuins has been shown to be specific for arginine in
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nuclear proteins like histones and perhaps tubulin o/f in the cytoskeleton (Hassa
et al. 2006; Hawse and Wolberger 2009). Mitochondrial sirtuins (SIRT3, SIRT4,
and SIRTS5 in humans) have been implicated in mono-ADP-ribosylation of cyste-
ine-119 in glutamate dehydrogenase (Haigis et al. 2006). The conservation of ADP-
ribosylation by sirtuins across eukaryotes (confirmed in animals, apicomplexans,
and kinetoplastids) (Garcia-Salcedo et al. 2003; Merrick and Duraisingh 2007) and
the coupling of bacterial sirtuins in operons with ADP-ribosyl glycohydrolases (de
Souza and Aravind 2012) suggests that this activity might indeed be widely
functionally relevant, even if less understood. The ADPR transfer-associated
deacylation of lysines by sirtuins is conserved in both prokaryotes and eukaryotes
and targets the entire spectrum of acyl modifications ranging from the simple acetyl
group, through mid-sized propionyl, crotonyl, malonyl, and succinyl groups, all the
way to long-chained moieties like the myristoyl group (Belenky et al. 2007; Jiang
et al. 2013; Smith et al. 2002).

Sirtuins display a classical o/f Rossmann fold that had diversified prior to the
LUCA into two distinct assemblages of enzymes (de Souza and Aravind 2012;
Smith et al. 2002). The first of these includes all classical NAD*/NADP"-depen-
dent dehydrogenases (Andreeva et al. 2008; de Souza and Aravind 2012; Ronimus
and Morgan 2003). The sirtuins however belong to the second assemblage along
with the deoxyhypusine synthase and the NAD*-NADP* transhydrogenases
(Andreeva et al. 2008; de Souza and Aravind 2012; Smith et al. 2002). While
topologically similar to the former, this version of the Rossmann fold binds NAD+
in the reverse configuration. Moreover, sirtuins have evolved an additional set of
catalytic residues (usually a conserved histidine), which are absent in the others
dehydrogenases, that have allowed the sirtuins to utilize NAD" as a substrate to
transfer ADP-ribose to target moieties rather than as a redox cofactor. Sirtuins are
present in all the three superkingdoms of life, with phylogenetic analysis sug-
gesting that majority of archaeal sirtuins from euryarchaea, crenarchaea, and
korarchaea form a slow-evolving monophyletic clade (de Souza and Aravind
2012). They are also widespread in bacteria where they have undergone a notable
diversification. Hence, the ancestral sirtuin was likely to have been present in the
LUCA (de Souza and Aravind 2012). While eukaryotes might have inherited at
least one sirtuin from their archaeal progenitor, several of the eukaryotic sirtuins
appear to have been acquired via lateral transfer from bacteria (Iyer et al. 2008). In
particular, sirtuin 4, 5, and 6 appear to have been independently acquired relatively
early in eukaryotic evolution from bacterial precursors. Like the PARP family,
eukaryotic sirtuins also developed fusions to several distinct domains such as the
ubiquitin-binding Ubp-ZnF domain, tetratricopeptide and kelch repeats, and the
Macro domain (Iyer et al. 2008), which might play a role in further processing of
OAADPR or allosteric regulation by it (Peterson et al. 2011; Timinszky et al.
2009). In some bacteria, sirtuins occur as part of large operons with several other
NAD™-utilizing and ADPR-processing enzymes such as KptA, ARHs, and Macro
(de Souza and Aravind 2012) (Fig. 4). This suggests that NAD" utilization and
ADPR metabolism by a diverse array of enzymes might be coordinately regulated
in these organisms. Several bacteria also possess a functionally enigmatic family
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of sirtuins, which occur in operons for diverse restriction systems in place of the
restriction DNases (Burroughs et al. 2013; Iyer et al. 2004). This suggests that they
are functionally equivalent to the restriction enzymes raising the possibility that
they target DNA, perhaps via ADP-ribosylation of DNA bases or have undergone
a functional shift to catalyze an unrelated reaction, such as DNase activity.

The TM 1506 family is prototyped by the eponymous protein from Thermotoga
maritima (Iyer et al. 2011). This protein was shown to be ADP-ribosylated at
aspartate-56 (Xu et al. 2008). Analysis of the structure of this protein showed that
it contains a deaminase-like fold and possesses the characteristic active site pocket
of this fold with a distinctive set of conserved residues that are likely to support
catalytic activity. The crystal structure of TM 1506 also showed diffraction density
for a ligand in this active site that is consistent with an ADP-ribose linked to D56
or its precursor NAD" (Xu et al. 2008). This suggests that it might be a novel
ADP-ribosylating enzyme with auto-activity. Thus far, this family is only found in
bacteria. TM1506-like genes are often linked in predicted operons to genes
encoding a Rossmann fold aldo/keto reductase fused to a rubredoxin-like zinc
ribbon and a 5TM protein that is predicted to form a transmembrane channel (Iyer
et al. 2011). In bacteroidetes, the domain is also fused to a TonB-like receptor,
which is usually involved in the trafficking of small molecules, such as sidero-
phores and peptide antibiotics (Noinaj et al. 2010). Thus, it is conceivable that the
activity of the TM1506 family regulates transmembrane trafficking of molecules
by the products of associated genes.

6 A Synthetic Overview of the Tendencies
in the Diversification of the ADP-Ribosylation System

It is currently not clear if there were any member of the ART superfamily in the
LUCA or whether they arose first in bacteria (Fig. 2). Nevertheless, KptA appears
closest to the ancestral version of this superfamily suggesting that it first arose in the
context of RNA repair. From that point on the ART superfamily diverged rapidly
and explosively in the bacterial superkingdom in terms of sequence, structure, and
active site residues, and evolved a wide range of substrates specificities, albeit
without any notable diversification in terms of the basic reaction type they catalyze.
Second, as noted in the above discussion the primary diversification of ARTs
appears to have taken place in bacteria among diverse systems involved in
defensive and offensive strategies in intragenomic, intergenomic, and intraorgan-
ismal conflicts (Fig. 2) (Fieldhouse et al. 2010; Glowacki et al. 2002; Pallen et al.
2001; Zhang et al. 2012). This suggests it took place under the combination of the
intense selective pressures arising from development of resistance to their action
and defensive counter strategies directed against them in such conflict systems, and
relaxation of selection for specific interactions with multiple cellular molecules
beyond substrates and immunity proteins (Aravind et al. 2012). Strikingly,
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eukaryotes have repeatedly (more than 20 distinct occasions) acquired ARTs from
these prokaryotic conflict systems (Fig. 2). While some of these like the PARP
family were acquired prior to the LECA (Citarelli et al. 2010), others seems to have
been sporadically acquired throughout eukaryotic evolution. These ARTSs appear to
have been deployed in two distinct modes: (1) they appear to more or less retain
their ancestral toxin function upon transfer to the eukaryotes. Thus, they appear to
be utilized as mediators of apoptosis as seen in the case of pierisin, CARP-1, and
certain ecto-ARTs. (2) They are incorporated as components of core regulatory
systems, where they modify proteins as part of quintessentially eukaryotic regu-
latory and epigenetic processes. This process was usually accompanied by fusion to
several distinct domains, some of which are unique to eukaryotes (e.g., WWE and
PARP-ZnF; Fig. 4), in domain architectures that are unparalleled in prokaryotic
counterparts (Hottiger et al. 2010). Another, unique aspect of the evolution of
eukaryotic ARTs is the lineage-specific expansions that have occurred on several
independent occasions. Given the possible role of unrelated lineage-specifically
expanded families in anti-pathogen defenses in eukaryotes (Jiang et al. 2009;
Krasnov et al. 2011; Rosado et al. 2013), it is conceivable that ARTs have
repeatedly been deployed as part of anti-pathogen strategies of eukaryotes.

The above-described evolutionary tendencies of ART superfamily are in con-
trast with those observed for the sirtuins (de Souza and Aravind 2012). Sirtuins
show only a limited presence in the above-described conflict-related systems. The
only such versions are those occurring in restriction systems, wherein they take the
place of restriction endoDNases. However, they are currently not known in
secreted effectors involved in interorganismal conflict. Most conserved versions of
sirtuins appear to be forms that are involved in regulation of intracellular proteins
by deacylation or perhaps ADP-ribosylation (Garcia-Salcedo et al. 2003; Haigis
et al. 2006; Hassa et al. 2006; Merrick and Duraisingh 2007; Smith et al. 2002).
Consistent with this, sirtuins show greater conservation at the sequence level and
little variation in their active site residues. Notably, unlike the ARTs they also
show little diversity in their domain architectures. Like the ARTs, eukaryotes have
acquired sirtuins on multiple occasions from bacteria (Iyer et al. 2008); however,
there is no evidence that any of these were acquired from conflict-related systems.
Moreover, unlike the ARTs, sirtuins show little propensity for lineage-specific
expansions in eukaryotes. These differences suggest that the ART fold is probably
more suited for structural diversification; thus it tended to be selected repeatedly as
a scaffold for evolving different ADP-ribosylation activities.

However, four other superfamilies of domains in the ADP-ribosylation system,
namely the ADP-ribosyl cyclase, Macro, NADAR, and ARH appear to have
evolutionary histories comparable to that of the ART superfamily (de Souza and
Aravind 2012; Zhang et al. 2012). Of these, Macro NADAR and ARH appear to
have emerged in type-II T-A and polymorphic toxin systems as enzymatic anti-
toxins or immunity proteins removing ADP-ribosyl modifications. Moreover,
Macro, NADAR and the ARH domain also appear to have diversified in bacterial
systems to cleave ADPR modifications from macromolecules and process other
ADPR derivatives such as OAADPR (generated by sirtuins during deacylation)
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and ADP-ribose 1"-phosphate (Apprl”p) generated during RNA repair (Guse and
Lee 2008; Hofmann et al. 2000; Karras et al. 2005; Koch-Nolte et al. 2008; Slade
et al. 2011). All these versions were incorporated into eukaryotic systems upon
being acquired by lateral transfer. De-ADP-ribosylating Macro domains were
recruited as the PARGs as well as mono-ADP-ribosyl hydrolases of the eukaryotes
(de Souza and Aravind 2012; Slade et al. 2011). Similarly, the ARG domain was
recruited both in de-ADP-ribosylation and processing of OAADPRs in eukaryotes
(Koch-Nolte et al. 2008; Ono et al. 2006). The ADP-ribosyl cyclase (ARC) has
previously only been characterized in animals and generates cyclic-ADP-ribose
(cADPr) and nicotinic acid adenine dinucleotide phosphate (NAADP), respec-
tively from NAD" and NADP (Guse and Lee 2008). cADPr and NAADP have
been shown to function as potent inducers of calcium influx via the ryanodine
receptors. At the same time by channeling NAD*, ARCs might also affect protein
deacylation by sirtuins and other processes requiring NAD" (Guse and Lee 2008).
Polymorphic toxins with ARC domains occur in free-living bacteria and are
predicted to be delivered via TSSS, T6SS, and T7SS (Zhang et al. 2012). This
suggests that they are used in intraspecific conflict rather than against eukaryotes.
It remains to be seen if some of these ARC domains might function as NADases or
ADP ribosyltransferases. Bacterial ARCs appear to have been transferred to
eukaryotes on at least two occasions, namely to animals and fungi, where they
function as membrane-associated enzymes (Zhang et al. 2012). Thus, majority of
enzymes of the eukaryotic ADPR system might have originally emerged in the
context of bacterial conflict systems and were then acquired via lateral transfer by
eukaryotes. This pattern resembles another large superfamily of proteins namely
the deaminases, which likewise diversified in comparable bacterial contexts and
were incorporated into eukaryotic nucleic acid modification and anti-pathogen
defense systems on several occasions (Iyer et al. 2011). More generally, it adds
further evidence to the recently proposed hypothesis that the rapid evolution of
novel biochemical capabilities in bacterial conflict systems has been a major
supplier of innovations in the evolution of eukaryotic regulatory systems (Aravind
et al. 2012).

7 Conclusion

Little over 50 years after its discovery we have a fairly detailed view of the
evolutionary history of the ADP-ribosylation system and the functioning of its
various components at the molecular level. While considerable progress has been
made in terms of the biochemistry and biology of this system, several new
questions have been raised by recent studies. First, identification of new ARTSs
through sequence and structure analysis has emphasized the diversity of the ART
active site. This calls for new understanding of the ART reaction mechanism,
especially in cases like RolB or BC2332 where the active site is completely
remodeled. Second, newly identified ARTs like NEURLA4, plant pierisin-like,
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fungal CARP-1-like ARTs, and the various lineage-specifically expanded versions
in eukaryotes are interesting targets for discovery of new biological roles for ARTs
in both model and nonmodel organisms. Finally, bacterial versions of ART, sir-
tuin, Macro, NADAR, and ARH domains in diverse conflict systems offer the
potential for understanding both the nature of these conflict systems and the true
extent of the diversity of biochemical activities in the ADPR system.
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Identification and Analysis
of ADP-Ribosylated Proteins

Friedrich Haag and Friedrich Buck

Abstract The analysis of ADP-ribosylated proteins is a challenging task, on the
one hand because of the diversity of the target proteins and the modification sites,
on the other hand because of the particular problems posed by the analysis of
ADP-ribosylated peptides. ADP-ribosylated proteins can be detected in in vitro
experiments after the incorporation of radioactively labeled or chemically modified
ADP-ribose. Endogenously ADP-ribosylated proteins may be detected and enriched
by antibodies directed against the ADP-ribosyl moiety or by ADP-ribosyl binding
macro domains. The determination of the exact attachment site of the modification,
which is a prerequisite for the understanding of the specificity of the various ADP-
ribosyl transferases and the structural consequences of ADP-ribosylation, necessi-
tates the proteolytic cleavage of the proteins. The resulting peptides can afterwards
be enriched either by IMAC (using the affinity of the pyrophosphate group for
heavy metal ions) or by immobilized boronic acid beads (using the affinity of the
vicinal ribose hydroxy groups for boronic acid). The identification of the modified
peptides usually requires tandem mass spectrometric measurements. Problems that
hamper the mass spectrometric analysis by collision-induced decay (CID) can
be circumvented either by the application of different fragmentation techniques
(electron transfer or electron capture dissociation; ETD or ECD) or by enzymatic
cleavage of the ADP-ribosyl group to ribosyl-phosphate.
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Abbreviations

ADP Adenosine diphosphate

CID Collision-induced decay

IMAC Immobilized metal ion affinity chromatography

ECD Electron capture dissociation

ETD Electron transfer dissociation

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HNP-1 Human neutrophil peptide-1

LC/MS Liquid chromatography/mass spectrometry

MS/MS Tandem mass spectrometry

NAD Nicotinamide adenine dinucleotide

QTOF Quadrupol time-of-flight

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
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1 Introduction

The analysis of any post-translational modification crucially depends upon the
methods available for the detection of modified substrates. The requirement profile
for an ideal method for the detection of a post-translational modification is complex,
and cannot be fulfilled by any single technique. An ideal method should be
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sensitive and specific, allow the visualization of modified proteins both within
analytical procedures such as SDS-PAGE or gel chromatography as well as within
their native cellular environment, and give information about the number and
intramolecular location of the attached modifications.

The term ADP-ribosylation describes the transfer of an ADP-ribose moiety from
NAD-+ to a target structure under the release of nicotinamide. Although this review
focuses on the analysis of ADP-ribosylated proteins, it is important to bear in mind
that other structures such as DNA, RNA, antibiotics, and water may also serve as
acceptors of ADP-ribose. Since its discovery in the late 1960s, a variety of methods
have been developed to visualize the incorporation of ADP-ribose into proteins,
including the introduction of chemical modifications into the substrate NAD®, the
development of antibodies and natural ligands to detect the modification, and the
refinement of mass spectrometry techniques to identify ADP-ribosylated proteins
and to determine the modification site.

However, in comparison to phosphorylation, another post-translational modifi-
cation that profoundly impacts target protein function, the development of methods
to identify and analyze ADP-ribosylated substrates lags far behind. Two factors
have greatly helped to analyze the role of phosphorylation in signal transduction
pathways that are not available in a comparable manner for ADP-ribosylation: the
development of algorithms to define consensus sequence motifs that allow the
prediction of potential phosphorylation sites (He et al. 2011; Ubersax and Ferrell
2007), and the increased availability of phosphorylation site-specific antibodies
that are able to directly report the presence or absence of a phosphorus residue at
a specific site within a protein substrate (Macek et al. 2009). Importantly, the
availability of site-specific antibodies permits the identification and analysis of
endogenously phosphorylated proteins, whereas the field of ADP-ribosylation is
still largely dependent on analyzing the products of ADP-ribosylation reactions
performed in vitro using chemically modified versions of the substrate NAD™.

A further complication in the analysis of ADP-ribosylated proteins is the het-
erogeneity of ADP-ribosylation reactions. ADP-ribosyltransferases have been
divided into the two families of ARTC (C2/C3 toxin-like) and ARTD (diphtheria
toxin-like) enzymes. While all known poly-ADP-ribosyltransferases belong to the
ARTD family, and mono-ADP-ribosylation has traditionally been the domain of the
ARTC transferases, it has recently been appreciated that some ARTD family
members and even some family members of the structurally unrelated sirtuin family
can mediate mono-ADP-ribosylation (Feijs et al. 2013). In addition, ADP-ribose
may be attached to proteins by nonenzymatic means (McDonald and Moss 1994).
These different reaction types result in a wide spectrum of amino acid specificities
that complicate the analysis of their products.

The aim of this review is to provide an overview of current methods for the
identification and analysis of ADP-ribosylated proteins, beginning with the char-
acterization of the products of in vitro ADP-ribosylation reactions using modified
versions of NAD" as a substrate, and continuing to recent advances in the identi-
fication and analysis of endogenously modified ADP-ribosylated proteins and of the
respective modification sites.
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2 Strategies for the Identification of ADP-Ribosylated
Proteins

2.1 Using Modified NAD" to Identify ADP-Ribosylated
Proteins in In vitro Reactions

2.1.1 Use of Radiolabeled NAD*

The use of radioactive NAD™ as a substrate was the first, and for a long time the
only means to visualize ADP-ribosylated proteins. The first ADP-ribosylation
reaction ever observed was detected following the incubation of nuclear extracts
from liver cells with radioactive ATP in the presence of nicotinamide mononu-
cleotide (Chambon et al. 1963). However, in this case the modified high-molecular
weight substrate resulting from the reaction was not correctly identified as poly-
meric ADP-ribose, but at first misinterpreted to be polyadenylic acid. Only some
years later was it realized that the radioactive ATP might have been converted to
NAD" by NAD* pyrophosphorylase present in the nuclear extract. Similar exper-
iments using radiolabeled NAD™ that had been synthesized prior to incubation were
performed almost simultaneously by several groups, and led to the realization
that NAD* and not ATP was the immediate substrate and to the identification
of polymeric ADP-ribose as the product of the reaction (Chambon et al. 1966;
Fujimura et al. 1967; Nishizuka et al. 1967). The radioactive NAD" species
developed for these experiments subsequently were used by Honjo et al. to discover
ADP-ribosylation as the mechanism causing the inactivation of elongation factor 2
by diphtheria toxin (Honjo et al. 1968). By incubating target and toxin with NAD*
carrying radiolabels at different positions within the molecule, these authors found
that NAD" labeled at any position outside of nicotinamide caused incorporation of
radioactivity into the target protein.

This brief historic introduction may serve to illustrate one of the pitfalls that may
be associated with the use of radioactive (or otherwise modified) metabolites to
visualize post-translational modifications. The detection of radiolabel does not give
any information about whether and how the radioactive substrate has been pro-
cessed before incorporation into the protein. We will return to this below. However,
the use of radioactive NAD* has many advantages that make it a method of choice
for the visualization of ADP-ribosylation reactions in many experimental contexts.
First, enzymes are usually indifferent to isotope exchanges within their substrates,
so radioactive NAD* may be expected to faithfully mimic the behavior of
unmodified NAD™. Radioactively labeled proteins can be visualized directly with a
high sensitivity in many detection systems, such as SDS-PAGE or gel chroma-
tography, that give biochemical information such as molecular size about the target
protein.

The incorporation of radioactive ADP-ribose is less useful for the identification
of ADP-ribosylation in the context of living cells or for the affinity purification of
ADP-ribosylated substrates. In the latter case, it can be used as a tracer to follow the
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progress of modified proteins during the purification procedure, but, in contrast to
other forms of modified NAD" discussed below, by itself does not provide any
mechanism facilitating enrichment.

Radioactive NAD" is commercially readily available in various species differing
in the isotopes used for labeling and the positions where the label is incorporated.
Most applications use NAD™ carrying a radioactive phosphorus atom within the
diphosphate bridge at the position proximal to the adenosine moiety ([a’*P]-
NAD™). However, NAD™ species labeled at other positions are also available and
may be useful for certain applications. Especially, NAD" labeled by '*C within the
nicotinamide moiety has been used to differentiate genuine ADP-ribosylation from
the formation of unconventional adducts of NAD* with target proteins (McDonald
and Moss 1993).

2.1.2 Use of Nonradioactive NAD* Derivatives

Several modifications have been incorporated into the adenosyl moiety of NAD*
with the aim of introducing detectable chemical “tags” into ADP-ribosylated target
proteins. This approach offers several advantages over the use of radioactivity to
label NAD™*. These tags are recognized by highly specific ligands such as antibodies
or streptavidin that can be conjugated to fluorochromes, thus permitting the visu-
alization of ADP-ribosylated proteins by immunofluorescence. In addition, this
approach allows ADP-ribosylation reactions occurring on cell surfaces to be fol-
lowed by flow cytometry (Krebs et al. 2003).

Zhang and Snyder conjugated NAD™ to biotin, and reported that biotinylated
NAD™ could be used by diphtheria toxin to modify elongation factor 2, and by an
unknown endogenous nitric oxide-inducible ADP-ribosyltransferase to modify
GAPDH (Zhang and Snyder 1993). However, this latter case was later found not to
be due to genuine ADP-ribosylation, but to represent unconventional covalent
attachments of either NAD" or ADP-ribosyl to GAPDH (McDonald and Moss
1993). In a similar fashion, Takei and colleagues used digoxigenin to label NAD*
and showed that the resulting DIG-NAD was incorporated by pertussis toxin into its
target protein Gj, (Takei et al. 1994). The modified protein was then visualized by
immunofluorescence microscopy using anti-digoxigenin antibodies, and found to
be localized in the plasma membrane and the nucleus. However, it is important to
note that other authors have contested the validity of using biotinylated or digox-
igenin-conjugated NAD™ as surrogate substrates for ADP-ribosyltransferases. Klebl
et al. found that the pattern of target proteins labeled by either pertussis toxin or
arginine-specific ADP-ribosyltransferase from skeletal muscle was different when
using biotinylated or digoxigenin-conjugated NAD™ as compared to that obtained
using [**P]-NAD" (Klebl et al. 1997).

An interesting alternative to the above-mentioned chemical modifications is the
introduction of an etheno group into the adenine moiety of NAD*. The NAD"-analog
1,N6-etheno-NAD™ (etheno-NAD") is readily accepted as a substrate for ADP-
ribosylation by a broad spectrum of bacterial and eukaryotic ADP-ribosyltransferases
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(Armstrong and Merrill 2001; Davis et al. 1998; Giovane et al. 1985; Hingorani and
Ho 1988; Klebl and Pette 1996; Krebs et al. 2003; Lowery and Ludden 1988). An
antibody (1G4) is available that specifically recognizes 1,N6-ethenoadenosine. This
originally had been developed to detect ethenoadenosine as an adduct in DNA
resulting from the exposure of workers to vinyl chloride (Young and Santella 1988).
The 1G4 antibody detects etheno-ADP-ribose incorporated into both poly- and
mono-ADP-ribosylated proteins, and can be used in a variety of assay systems
including Western blot and immunofluorescence (Bannas et al. 2005; Davis et al.
1998; Krebs et al. 2003; Liao and Puro 2006). Importantly, fluorochrome-conjugated
1G4 antibody has been used as a flow cytometric assay to monitor cell surface ADP-
ribosyltransferase activity (Grahnert et al. 2002; Krebs et al. 2003; Scheuplein et al.
2009; Seman et al. 2003). Recently, 1G4 coupled to superparamagnetic iron oxide
(SPIO) particles has been used to detect cells carrying etheno-ADP-ribosylated
proteins in vivo by magnetic resonance imaging (Bannas et al. 2010).

2.2 Determining the Specificity of ADP-Ribosylation Sites

ADP-ribosyltransferases have been divided into the two families of ARTC and ARTD
enzymes (Hottiger et al. 2010). While all molecularly identified mammalian ARTC
transferases are specific for arginine as the acceptor residue (Seman et al. 2004),
mammalian ARTD transferases preferentially seem to modify lysine, glutamic or
aspartic acid, or serine/threonine residues (Feijs et al. 2013). ADP-ribosylation on
cysteine and asparagine residues has also been detected biochemically, although the
responsible enzymes have not been molecularly defined.

The stability of the ADP-ribosyl-protein bond in different chemical environments
can help to elucidate the amino acid linkage of the modification (Cervantes-Laurean
et al. 1993; Feijs et al. 2013). The O-glycosidic linkage to acidic residues is more
sensitive to neutral hydroxylamine than the N-glycosidic bond to arginine or lysine
(Moss et al. 1983). ADP-ribosyl bonds to cysteine are uniquely sensitive to mercuric
chloride (Meyer et al. 1988). However, while the enzymatic ADP-ribosyl-cysteine
linkage catalyzed by pertussis toxin is resistant to neutral hydroxylamine, the nonen-
zymatic covalent attachment of free ADP-ribose to cysteine is sensitive to both mercuric
chloride and hydroxylamine (McDonald and Moss 1994; McDonald et al. 1992).

2.3 Detection of Endogenously ADP-Ribosylated Proteins

While many tools are available to visualize and identify the products of in vitro
ADP-ribosylation reactions via the use of labeled analogs of NAD*, it is much more
difficult to detect ADP-ribosylated proteins that have been endogenously modified
by living cells using their own unlabeled pool of NAD™. This section outlines some
of the approaches that have been taken to achieve this aim.
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2.3.1 Anti-ADP-Ribosyl Antibodies

Already early in the history of ADP-ribosylation several groups made antibodies
designed to detect endogenously ADP-ribosylated proteins. Meyer and Hilz immu-
nized rabbits with a nonhydrolyzable ADP-ribose analog or ADP-ribose coupled to
bovine serum albumin, and then purified the resulting serum on an affinity column
containing ADP-ribosyl-guanidinobutyrate, formed by ADP-ribosylating guanod-
inobutyrate by cholera toxin. The resulting serum recognized ADP-ribosylated
elongation factor 2 in immunoblots and revealed the ADP-ribosylation of nuclear
proteins in response to chemical stress by immunofluorescence (Meyer and Hilz
1986). Spiegel and co-workers immunized with ADP-ribose chemically coupled to
carrier proteins. The resulting serum recognized G-proteins modified by pertussis
toxin and ADP-ribosylated elongation factor 2 on immunoblots (Eide et al. 1986).
McMahon and co-workers immunized rabbits with ADP-ribosylated polyarginine
and used the resulting serum to detect arginine-ADP-ribosylated proteins in sub-
cellular fractions of quail cardiac muscle by immunoblot (Schwab et al. 2000). More
recently, the group of Tsuchiya raised an antiserum to ADP-ribosylated histones,
and purified anti-ADP-ribosyl antibodies on an affinity column containing ADP-
ribosylated protamine. The resulting serum was used in immunoblot and immuno-
fluorescence to detect ADP-ribosylation on lymphocytes and in skeletal muscle
(Osago et al. 2008). Although these attempts have created valuable tools for the
detection of endogenously ADP-ribosylated proteins, they have not gained wide
distribution. To date, no monoclonal antibody recognizing ADP-ribosyl-arginine or
any other ADP-ribosyl linkage is available.

2.3.2 Recombinant Macro Domains as Sensors for ADP-Ribosylated
Proteins

Recently, macro domains contained in some intracellular proteins have been
identified as binding domains for polymeric and monomeric ADP-ribose (Karras
et al. 2005). This property has been exploited to precipitate ADP-ribosylated pro-
teins from extracts of CHO and HL-60 cells using recombinant macro domains
from human ARTD9 and the archaeal protein Afl521 (Dani et al. 2009). Subsequent
analysis of the precipitated proteins by mass spectrometry revealed several known
target proteins of intracellular ADP-ribosylation (see Sect. 3).

2.3.3 Antibodies Against Epitopes Sensitive to ADP-Ribosylation
on Target Proteins

In selected cases, antibodies that recognize target proteins of ADP-ribosylation at
their modification site have been used to monitor the state of endogenous ADP-
ribosylation of the respective protein. For example, integrin oy /B, (LFA-1, CD11a/
CD18) can be ADP-ribosylated on both of its two chains. ADP-ribosylation of
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LFA-1 interfered with the binding of some antibodies (i.e., mAb 2D7 that recog-
nizes CD11a and mAb C71/16 that recognizes CD18), while the binding of other
antibodies was not affected [Nemoto 1996]. Similarly, recognition of CD8 by mAb
YTS156.7.7, but not by mAb H35-17.2, was blocked when murine T cells were
exposed to extracellular NAD*, suggesting that binding of YTS156.7.7 was sen-
sitive to the ADP-ribosylation of its cognate epitope. Further experiments revealed
that NAD™ released from lymph node cells during cell preparation was sufficient to
mediate the ADP-ribosylation of CD8 (Lischke et al. 2013).

3 Strategies for the Enrichment of ADP-Ribosylated
Proteins

Some of the procedures described above for the detection of ADP-ribosylated
proteins can also be used for their specific enrichment in pulldown experiments,
either after the introduction of modified NAD" in vitro or by the use of antibodies or
macro domains for the binding of endogenously ADP-ribosylated proteins.

3.1 Use of Nonradioactive NAD" Derivatives in Pulldown
Experiments

The NAD" derivatives described in Sect. 2.1.2 can be used to purify or enrich ADP-
ribosylated proteins by affinity chromatography. As a proof of principle, Zhang and
Snyder showed that diphtheria toxin could utilize biotinylated NAD" as a substrate
to incorporate biotin-ADP-ribose into EF2, and used streptavidin beads to isolate
the modified protein from cell extracts. They then used the same methodology to
purify an unknown protein that was ADP-ribosylated in response to nitric oxide,
which they then identified as glyceraldehyde-3-phosphate dehydrogenase (Zhang
1997; Zhang and Snyder 1993). In a similar fashion, we have used the 1G4 anti-
body specific for ethenoadenosine to purify etheno-ADP-ribosylated membrane
proteins from detergent extracts of cells expressing cell surface ARTC2 and
incubated with etheno-NAD* (our own unpublished observations).

3.2 Pulldown of Endogenously ADP-Ribosylated Proteins

Antibodies directed against the ADP-ribosyl moiety (see Sect. 2.3.1) could, in general,
be used for the enrichment of ADP-ribosylated proteins in immunoprecipitation
experiments. However, the lack of easily available antibodies, particularly mono-
clonal antibodies, has hampered this approach. Furthermore, single-step immuno-
precipitations are prone to a high load of contaminations (Mellacheruvu et al. 2013).
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An alternative approach is the pulldown of ADP ribosylated proteins with
recombinant macro domains (see Sect. 2.3.2). The use of a recombinant macro
domain from the Archaeon Archaeglobus fulgidus for the enrichment of ADP-
ribosylated proteins in a pulldown experiment has been described (Dani et al.
2009). The authors used a non-ADP-ribosyl binding mutant of the macro domain
for pre-clearing of the extract and in a second step the wild-type macro domain for
the specific binding of ADP-ribosylated proteins. Both macro domain constructs
carried Hisg- or GST-tags for immobilization onto beads. After separation by SDS
gel electrophoresis a number of known target proteins for ADP-ribosylation were
identified by mass spectrometry (e.g., the heatshock protein GRP78, mitochondrial
glutamate dehydrogenase, G protein § subunits, EF 1a, GAPDH), demonstrating
the feasibility of the method for the isolation of proteins ADP-ribosylated at dif-
ferent amino acid side chains.

4 Strategies for the Enrichment of ADP Ribosylated
Peptides After Proteolytic Digestion

Post-translational modifications are, in general, not stoichiometric. Furthermore,
ADP-ribosylated peptides, just as phosphopeptides, are prone to losses during
sample preparation and their mass spectrometric detection poses particular prob-
lems (see Regulation of nitrogenase by reversible mono-ADP-ribosylation). Thus,
specific enrichment is advisable at the protein level (see Photorhabdus luminescens
Toxins TccC3 and TccCS5: Insecticidal ADP-Ribosyltransferases that Modify
Threonine and Glutamine) or after proteolytic digestion at the peptide level.

Both the pyrophosphate and the ribosyl moiety of the ADP-ribosyl group can be
used for the enrichment of modified peptides. However, both procedures are of
limited specificity, since the affinity materials also exhibit an affinity for phos-
phorylated or glycosylated peptides, respectively.

After any enrichment procedure, the eluted peptide fractions should be desalted
by reverse-phase materials (e.g., ZipTips), dried down and redissolved in an
appropriate buffer for mass spectrometric analysis (See Regulation of nitrogenase
by reversible mono-ADP-ribosylation).

4.1 Enrichment by Phosphate-Binding Affinity Materials

Affinity enrichment by IMAC or by TiO, beads are standard procedures in the
analysis of phosphopeptides (Macek et al. 2009; Rosenqvist et al. 2011). In spite of
the differences in the chemical structure of the phosphate bonds, similar affinities as
for phosphopeptides have been demonstrated for the binding of ADP-ribosylated
peptides onto IMAC or TiO, beads (Laing et al. 2011). The binding mode of
the ADP-ribosyl group to Fe**-IMAC beads is shown schematically in Fig. la.
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Enrichment was tested for beads loaded with Fe* and for magnetic TiO, beads
using ADP-ribosylated TNFa (double digest with trypsin and Glu-C (synonym: V8
protease)), tryptically digested ADP-ribosylated HNP-1, a well characterized sub-
strate for ADP-ribosylation (Paone et al. 2006)), mono- and doubly ADP-ribosylated
Kemptide (LRRASLG, a model substrate for both kinases and ADP-ribosyl trans-
ferases) and, as a phosphopeptide control, tryptically digested o-casein. All test
samples contained an excess of tryptically digested BSA. The results demonstrated
clearly that IMAC as well as binding to TiO, are suited for the enrichment of ADP-
ribosylated peptides. While both methods gave comparable yields for the phos-
phopeptide controls, Fe**-IMAC enrichment gave more consistent results and higher
yields compared with the enrichment by TiO, magnetic beads. However, as often
observed for the enrichment of phosphopeptides, the yields varied highly between
the different ADP-ribosylated peptides. Therefore, it is not clear whether the superior
performance of IMAC can be generalized. For the enrichment of peptides ADP-
ribosylated at Asp or Glu side chains the elution conditions have to be modified,
since ADP-ribosylated carboxylate side chains are susceptible to hydrolysis at basic
pH values (Cervantes-Laurean et al. 1997).



Identification and Analysis of ADP-Ribosylated Proteins 43

Finally, it should be noted that, since ADP-ribosylated peptides are copurified
with phosphopeptides in IMAC and TiO, enrichment experiments (as outlined
above), ADP-ribosylation sites can be identified in phosphoproteomics data sets
(Matic et al. 2012).

4.2 Enrichment by Boronate Affinity Materials

Boronate affinity chromatography is an established method for the isolation of
1,2-cis-diol-containing compounds (Liu and Scouten 2000, 2005). Even though its
application for the purification of ADP-ribosylated peptides has been described
early on (Okayama et al. 1978), the method has rarely been used. A detailed
description is given by Rosenthal and colleagues (Rosenthal et al. 2011). In short,
ADP-ribosylated peptides are bound to boronic acid resins at moderately basic
conditions and high ionic strength (pH 8.7-8.8, 0.5-1 M NaCl, 0-50 mM MgCl,).
The binding mode of the ADP-ribosyl group to boronic acid beads is shown
schematically in Fig. 1b. The bound peptides are eluted at low pH (e.g., 0.1 M
acetic acid) or by competition with a diol-containing compound (e.g., 50 mM
sorbitol).

5 Identification of Protein ADP-Ribosylation Sites

The identification of protein post-translational modification sites in modern prote-
ome analysis relies almost exclusively on the mass spectrometric analysis after
proteolytic digestion. If the ADP-ribosylated protein can be isolated and identified,
the detection of a peptide with a mass increment of 541.06 Da can provide a strong
hint at the site of a mono-ADP-ribosylation (Margarit et al. 2006). Putative ADP-
ribosylation sites can be confirmed by site-directed mutagenesis (Ganesan et al.
1998). Similar to phosphopeptides, ADP-ribosylated peptides have a high affinity
for mono- and divalent cations, and even after careful purification, sodium and
potassium adducts are usually detected in addition to the protonated species
(unpublished observation) in positive mode mass spectrometry. While this effect on
the one hand hampers the detection by decreasing the sensitivity, it corroborates, on
the other hand, the presence of a phosphate group in the respective peptide.
However, the definite proof of an ADP-ribosyl modification and its exact location
can only be obtained from the analysis of the fragment pattern in MS/MS mass
spectrometric experiments (for a review see (Hengel and Goodlett 2012)).
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5.1 Identification by MS/MS Fragment Analysis

5.1.1 Collision-induced Decay

The standard technique for the analysis of peptides by tandem mass spectrometry is
CID, (synonymous: collision-activated decay, CAD). In a collision cell filled with
an inert gas (mostly argon or helium), analytes are accelerated by an applied
voltage. Collision with the inert gas molecules results in the conversion of kinetic
into vibrational energy until chemical bonds are broken. The analyte is then
identified by its fragmentation pattern. Peptides typically fragment at peptide bonds,
while most post-translational modifications are either stable in a CID experiment
(e.g., phosphotyrosine, acetyllysine) or the modification is eliminated as a neutral
leaving group (“neutral loss”, e.g., phosphoric acid from phosphoserine, mono-
saccharides from glycopeptides). ADP-ribosylated peptides, however, display a
different behavior, which poses a considerable obstacle to their detection and
identification: upon fragmentation, ADP-ribosylated peptides release predominantly
not the modifying ADP-ribosyl group, but the peptide as a neutral loss, while the
ADP-ribose group or its fragments carry the charge(s) (Hengel et al. 2009). These
authors have proposed a nomenclature for the fragments of the ADP-ribosyl group
that are typically detected upon fragmentation of ADP-ribosylated peptides. These
are listed in Table 1. Peptide fragments needed for sequence identification are small
or not detectable. The extent of this problem is controversial and may depend on the
experimental setting. Upon fragmentation in an ion trap instrument, the neutral loss
of the peptide component was found to be pronounced only for smaller peptides,
while fragmentation of larger ADP-ribosylated peptides resulted in the detection of
both peptide and ADP-ribose fragments (Hengel et al. 2010). By contrast, in a
QTOF instrument the fragmentation pattern of all ADP-ribosylated peptides was
dominated by fragments of ADP-ribose (Laing et al. 2011).

While the fragmentation pattern of ADP-ribosylated peptides hampers the
unambiguous identification of the site of modification, the strong fragment signals
of the ADP-ribosyl group can, on the other hand, be used for the sensitive detection
of the ADP-ribosylated peptides in LC/MS experiments. In samples of moderate
complexity ADP-ribosylated peptides can also be identified by the alternating
acquisition of spectra at low and high collision energy in LC/MS experiments. In
the spectra recorded at high collision energy, ADP-ribosylated peptides give rise to
a series of characteristic fragments (Table 1), the signals of which can be traced in
the respective extracted ion chromatograms. In the spectra recorded at low collision
energy the candidate peptides can be identified and validated (Laing et al. 2011).
This approach is essentially an application of the general approach described for the
identification of labile post-translational modifications (Carapito et al. 2009).

Osago and colleagues studied the CID fragmentation of ADP-ribosylated pep-
tides in positive and negative mode in a quadrupol tandem instrument (Osago et al.
2009). In addition to the fragments listed in Table 1 the authors describe a singly
charged fragment with m/z = 582.4 (negative mode) or m/z = 584.4 (positive mode),
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Table 1 Fragments fietected Theoret. mass as MH" [Da] Assignment Fragment
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Fig. 2 Fragmentation of ADP-ribosylated peptides in CID fragmentation experiments. a. MS/MS
spectrum of di-ADP-ribosylated Kemptide after CID fragmentation. Fragments of the ADP-ribosyl
groups (listed in Table 1) are marked by arrows. Nanospray ESI experiments were performed on a
QTOF 1I instrument (Waters), using 500 fMol Kemptide/ul in 60 % MeOH/5 % HCOOH;
precursor selection: m/z = 927.3 (MH,*"); for further experimental details see (Laing et al. 2010).
b. Fragmentation pattern of the ADP-ribosyl group in CID fragmentation experiments

which can be attributed to the carbodiimide derivative of the ADP-ribosyl group, and
results from a cleavage within the arginine guanidinium group. This fragment can be
used for the identification of ADP-ribosylated peptides in a precursor ion scanning
experiment. It should, however, be noted that it can be detected only if arginine is the
site of ADP-ribosylation (Fig. 2).
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5.1.2 Fragmentation by ECD or ETD

Electron capture dissociation and electron transfer dissociation are fragmentation
techniques in which low energy electrons are transferred onto multiply charged
peptides either directly (ECD) or chemically mediated by a radical anion (ETD).
The radical cation analytes that arise from this process fragment by a mechanism
different from CID and give rise to different fragmentation products. Most notably,
ECD and ETD lead preferentially to peptide backbone fragmentation while leaving
side chain modifications intact. This has been shown for phosphorylations and has
been demonstrated to be the case also for ADP-ribosylations in ECD (Hengel et al.
2009) and ETD (Zee and Garcia 2009) experiments. Thus, ECD or ETD can be
used in different experimental schemes for the simultaneous identification of the
ADP-ribosyl group and the peptide to which it is attached. This has also been
shown for peptides, which are ADP-ribosylated at lysine side chains by a nonen-
zymatic reaction (Fedorova et al. 2010).

In CID experiments, potentially ADP-ribosylated peptides can be identified in
precursor ion scanning experiments (Osago et al. 2009), in MS/MS experiments
(Hengel et al. 2009), or by data-independent acquisition (Laing et al. 2011). The
respective peptide sequence can then unambiguously be determined by ECD or
ETD.

5.2 Identification of ADP-Ribosylation Sites After Enzymatic
or Chemical Cleavage of the ADP-Ribosyl Group

While the removal of the modifying group is mandatory for the analysis of poly
(ADP-ribosyl)ated proteins due to the complex structure of the modification, this
may also facilitate the detection of mono-ADP-ribosylation sites. Any treatment
should reduce the complexity of the modification in order to make it more man-
ageable, while leaving a tag on the modified amino acid side chain to unambigu-
ously identify the site of modification.

It has long been known that poly(ADP-ribose) can be digested by snake venom
phosphodiesterase (Matsubara et al. 1970). The pyrophosphate bond between the
ADP-ribosyl-phosphate groups is cleaved by the phosphodiesterase, leaving a
phosphoribosyl group attached to the amino acid side chain.

Recently the use of this reaction for the identification of auto-ADP-ribosylation
sites in PARP1 (ARTD1) has been described and the applicability for both mono-
and poly-ADP-ribosylated peptides has been demonstrated (Chapman et al. 2013).
Phosphoribosylated peptides exhibit properties comparable to phosphopeptides
insofar as they can be enriched by standard phosphoproteomics procedures (e.g.,
IMAC) and show similar fragmentation characteristics upon CID in mass spec-
trometric experiments, providing, in contrast to ADP-ribosylated peptides, ample
fragment signals for peptide identification.
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For the analysis of ADP-ribosylated peptides modified at Asp or Glu side chains,
the ADP-ribosyl group can be cleaved by treatment with hydroxylamine (Zhang
et al. 2013), leaving a hydroxamic acid derivative at the modified side chain. The
mass increment of + 15 Da serves as a tag for ADP-ribosylation. ADP-ribosylated
Arg is cleaved only slowly (Moss et al. 1983) and all other ADP-ribosylated amino
acid side chains are refractory to hydroxylamine treatment (Cervantes-Laurean et al.
1997).

6 Conclusion

ADP-ribosylated proteins can be identified after in vitro labeling with radioactively
labeled or chemically modified ADP-ribosyl derivatives. Endogenously ADP-
ribosylated proteins can be identified with anti-ADP-ribosyl antibodies or ADP-
ribosyl binding macro domains. Some of these techniques can also be used for
enrichment.

After proteolytic cleavage, ADP-ribosylated peptides can be enriched by binding
to immobilized metal ion (IMAC) beads or to boronic acid beads.

In tandem mass spectrometric experiments, fragmentation by CID typically
results in characteristic fragments of the ADP-ribosyl moiety, while only weak
signals of peptide fragments are detected. Thus, CID experiments are useful for the
detection of an ADP-ribosyl modification, but often do not allow the identification
of the peptide to which it is attached. This problem can be overcome by alternative
fragmentation techniques (ECD or ETD). Another option is the phosphodiesterase
treatment of the sample, converting ADP-ribosylated peptides into phosphori-
bosylated peptides (which have properties comparable to phosphopeptides, or, in
the case of ADP-ribosylated Asp or Glu side chains, the treatment with hydrox-
ylamine, coverting ADP-ribosyl groups into hydroxamic acid derivatives (which
are stable upon CID fragmentation).
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Photorhabdus luminescens Toxins TccC3
and TccCS5: Insecticidal
ADP-Ribosyltransferases

that Modify Threonine and Glutamine

Klaus Aktories, Gudula Schmidt and Alexander E. Lang

Abstract The ADP-ribosyltransferases TccC3 and TccCS5 are the biologically
active TcC components of the tripartite Photorhabdus luminescens Tc toxin, which
consist of TcA, TcB, and TcC components. TcA is the binding and membrane
translocation component. TcB is a functional linker between TcC and TcA and
also involved in the translocation of the toxin. While TccC3 ADP-ribosylates actin
at threonine 148, TccC5 modifies Rho proteins at glutamine 61/63. Both modifi-
cations result in major alteration of the actin cytoskeleton. Here we discuss
structure and function of the Tc toxin and compare its ADP-ribosyltransferase
activities with other types of actin and Rho modifying toxins.
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1 Introduction

Mono-ADP-ribosylation is a frequently used molecular mechanism by which bac-
terial toxins affect eukaryotic target proteins. The list of these bacterial toxins
increased during recent years (Pallen et al. 2001; de Souza and Aravind 2012). The
first toxin identified to utilize this type of modification was diphtheria toxin, which
ADP-ribosylates eukaryotic elongation factor 2 (EF-2) (Honjo et al. 1968; Gill et al.
1969). Diphtheria toxin ADP-ribosylates elongation factor 2 at a post-translationally
modified histidine residue called diphthamide. Its modification by ADP-ribosylation
results in inhibition of protein synthesis. Pseudomonas exotoxin A and Vibrio
cholerae toxin cholix exhibit an identical mechanism of action. Both toxins target
the same diphthamide residue of EF-2 and like diphtheria toxin cause inhibition of
protein synthesis (Iglewski and Kabat 1975; Collier 1968; Jorgensen et al. 2008).
Heterotrimeric G proteins are the targets of cholera toxin and pertussis toxin, which
activate or inactivate G proteins. Cholera toxin and the related Escherichia coli heat-
labile enterotoxin ADP-ribosylate the a-subunit of Gs proteins at a crucial arginine
residue, thereby inhibiting the switch-off mechanism of Gs (Cassel and Pfeuffer
1978; Moss and Vaughan 1977; Gill and Richardson 1980). On the other hand,
pertussis toxin ADP-ribosylates a cysteine residue of the a-subunit of Gi/o proteins
(West et al. 1985; Ui 1984). This inhibits the interaction of the G protein with
G-protein-coupled receptors and prevents G protein activation.

Also, small GTPases are targets of ADP-ribosylating toxins. Clostridium botu-
linum C3 exoenzyme (C3bot) ADP-ribosylates asparagine 41 of RhoA, B, and C
(Aktories et al. 1987; Sekine et al. 1989). This modification blocks Rho signaling by
inhibition of Rho activation and stabilization of the Rho/GDI complex (Sehr et al.
1998; Barth et al. 1999; Genth et al. 2003). Similar targets and effects were shown for
C3-related bacterial toxin isoforms, such as Clostridium limosum C3lim (Just et al.
1992), Bacillus cereus C3cer (Just et al. 1995) and various Staphylococcus aureus
C3stau isoforms (Wilde et al. 2002) also known as EDINs (Sugai et al. 1990). Small
GTPases are also targeted by Pseudomonas effector ExoS, which modifies arginine
residues of Ras, Rac, and various Rab proteins (Fraylick et al. 2002). In addition,
ezrin, radixin, and moesin are targeted by this bacterial ADP-ribosyltransferase
(Maresso et al. 2004). The related Pseudomonas effector ExoT ADP-ribosylates the
kinase regulators CrKI and II at arginine (Sun and Barbieri 2003).

A large group of bacterial ADP-ribosylating toxins targets actin at arginine 177,
thereby inhibiting actin polymerization. Among these are the binary toxins from
C. botulinum (C2 toxin) (Aktories et al. 1986), Clostridium perfringens (iota toxin)
(Schering et al. 1988), Clostridium spiroforme (CST) (Simpson et al. 1989), Clos-
tridium difficile (CDT) (Giilke et al. 2001; Perelle et al. 1997), and B. cereus veg-
etative insecticidal protein (VIP) (Han et al. 1999). While the binary toxins consist
of a binding and translocation component, which is physically separated from the
biologically active enzyme component, various bacterial effectors have been
described, which share a similar ADP-ribosyltransferase domain and modify also
arginine 177 (Pallen et al. 2001). Among these effectors, which are translocated into
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Table 1 Bacterial actin-ADP-ribosyltransferases

Toxin Bacterium Components Substrate Acceptor

specificity amino acid

C2 toxin Clostridium botulinum C2I (enzyme) ply-actin Arg-177
C2II (binding)

Iota toxin  Clostridium perfringens Ia (enzyme) o- and f/y-actin  Arg-177
Ib (binding)

CST Clostridium spiroforme Sa (enzyme) o- and f/y-actin  Arg-177
Sb (binding)

CDT Clostridium difficile CDTa (enzyme) o- and ffy-actin  Arg-177
CDTb (binding)

VIP Bacillus cereus VIP2 (enzyme) o- and f/y-actin  Arg-177
VIP1 (binding)

SpvB Salmonella enterica SpvB (enzyme) o- and ffy-actin  Arg-177

Photox Photorhabdus luminescens  Photox (enzyme)  o- and f/y-actin ~ Arg-177

AexT Aeromonas salmonicida AexT (enzyme) o- and ffy-actin  Arg-177

PTC3 Photorhabdus luminescens ~ TccC3 (enzyme)  o- and f/y-actin ~ Thr-148

TcdB2 (linker)
TcdAl (binding)

target cells by type-III or type-VI secretion, are Salmonella enterica effector SpvB
(Otto et al. 1995), Aeromonas salmonicida effector AexT (Braun et al. 2002), and
Photorhabdus luminescens toxin Photox (Visschedyk et al. 2010), respectively
(Table 1).

Highly effective new methods of genome analyses allowed identification of
numerous additional bacterial ADP-ribosyltransferases, which are probably protein
toxins and important for host-pathogen interactions (Pallen et al. 2001; Fieldhouse
and Merrill 2008), but are not fully characterized so far. Recently, two novel
bacterial ADP-ribosyltransferases, TccC3, and TccCS5, have been described, which
are produced by insecticidal P. luminescens bacteria (Lang et al. 2010). These
enzymes are the biologically active parts of large toxin complexes (Waterfield et al.
2001; ffrench-Constant and Waterfield 2006). Although elucidation of the structure
and functions of these ADP-ribosylating toxins has just started, it is already clear
that the mode of action of these toxins allow exciting new insights into the
molecular mechanisms by which bacterial toxins targets their hosts. In the fol-
lowing part, we will review structure and function of these remarkable ADP-
ribosylating toxins.

2 Toxins Are Essential for the Life Cycle of Photorhabdus
luminescens

Photorhabdus luminescens are entomopathogenic bacteria, which need toxins to
kill insects. They produce a large array of different toxins. Toxin production by
Photorhabdus has to be adapted to the complicated life cycle of the gram-negative
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enterobacterium and their tight symbiosis with nematodes. P. luminescens lives in
the gut of nematodes of the family Heterorhabditidae. After invasion of insect
larvae by the nematodes, Photorhabdus bacteria are released from the worms by
regurgitation (Forst et al. 1997; Waterfield et al. 2009; Ciche 2007; Ciche et al.
2008). In the larvae, the bacteria start to produce a large number of different
virulence factors, including various toxins, proteases, lipases, hemolysins, and
antibiotics.

One of the most potent agents produced by the bacteria are Tc (toxin complex)
toxins, which occur in several homologs and isoforms. Eventually, production of
toxins cause death of insects within few days, thereby a source of nourishment is
produced, which allows establishment of an optimal environment for growth,
proliferation, and multiplication of nematodes and bacteria. When the insect
cadaver is exhausted of nutrients, the nematodes take up Photorhabdus bacteria
and leave the depleted larvae to invade a new insect prey (Waterfield et al. 2009;
ffrench-Constant et al. 2003).

2.1 Structure of Tc Toxins

The Photorhabdus toxin complexes (Tc) are essential for insecticidal activity and
productive symbiosis with nematodes. The toxin complex is very large
(>1.7 MDa) (Sheets et al. 2011) and consists of the three components TcA, TcB,
and TcC (ffrench-Constant and Bowen 2000; ftfrench-Constant and Waterfield
2006; Waterfield et al. 2001) (Fig. 1). TcA (~285 kDa) is the cell-binding
component and TcC (~112 kDa), the biologically active component. TcB
(~170 kDa) acts as a linker between TcA and TcC (see below). Recent cryo-
electron microscopy and crystal structure analyses revealed major insights into
organization of the toxin and the translocation of the enzyme component into the
cytosol (Gatsogiannis et al. 2013; Busby et al. 2013; Landsberg et al. 2011).
Initial cryo-electron microscopic studies revealed the structure of the binding
and translocation domain TcA (isoform TcdA[1) at a resolution of 6.3 A and already
suggested a novel syringe-like injection mechanism for Tc toxins (Gatsogiannis
et al. 2013). According to these data, TcdA1 forms a pentameric prepore structure,
consisting of a central channel, shaped like a flared funnel, with an outer shell
compartment resulting in a bell-like structure of the TcA component (Fig. 2). The
central channel structure is formed by very long helices. Studies at different pH and
with liposomes revealed a conformational change of the TcA component with
movement of the outer shell to the upper side of TcA and formation of a trans-
membrane channel part and channel opening (Fig. 2). Similar data were obtained
by cryo-electron microscopic studies with the related Yersinia entomophaga toxin
complex (Landsberg et al. 2011). More recent studies from the Y. enfomophaga
toxin show that TcB and the conserved N-terminal part of TcC form a huge
p-barrel-shaped cage. The connection of TcB to the TcA pentamer is via a six-
bladed f-propeller structure. The top of the barrel cage is closed by a highly
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Fig. 1 Tc proteins and model of the Photorhabdus toxin complex. a Tc proteins located on the
Tcd locus (Waterfield et al. 2001). A toxin complex consists of the TcA cell binding and
translocation component TcdAl, the TcB linker component TcdB2 and one of the TcC
components TccC3 or TecC5. The N-terminal regions of these TcC components are very similar
but the C-terminal parts designated hypervariable region (hvr) differ between the toxins and
harbor the ADP-ribosyltransferase (ART) domain. b Model of the interaction of TcA with TcB
and TcC. TcB and TcC form a 1:1 complex that binds to the pentameric TcA

conserved RHS (Rearrangement HotSpots)-repeat associated domain. Here is an
aspartate protease domain located, which probably cleaves the C-terminal ADP-
ribosyltransferase domain of TcC components and releases it into the f-barrel-
shaped cage ready for microinjection into host cells by means of the TcA pentamer
syringe (Busby et al. 2013).

2.2 Cellular Factors Involved in TcC Translocation

Intracellular factors are involved in cellular uptake of the ADP-ribosyltransferase
domain of Tc toxins. By using pharmacological inhibitors, heat shock protein 90
(Hsp90) and peptidyl prolyl cis/trans isomerases (PPlases) have been identified to
be involved in the uptake of the ADP-ribosylating toxins TccC3 and TccC5 into
the host cell cytosol (Lang et al. 2013). Inhibition of Hsp90 by radicicol or by the
geldanamycin derivative 17-DMAG decreases intoxication of target cells by
Photorhabdus toxin complexes. Similarly, cyclosporin A and FK506 (Tacroli-
mus), which inhibit the PPlases cyclophilin and FK506-binding protein (FKBPs),
respectively, reduce cell intoxication by TccC3 and TccCS5. This effect is sug-
gested to be due to a role of HSP90 and PPlIases in translocation of the toxins into
target cells. The inhibiting compounds do not affect the ADP-ribosyltransferase
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Fig. 2 Structure of TcdA1 and the holotoxin PTC3. a Cryo-electron microscopy structure of the
TcdAl prepore (6.3 A)at pH 5. The outer shell is depicted in green and brown and the inner channel
in yellow. b Model of the three-dimensional structures derived from electron microscopy pictures of
negatively stained TcdA1 and the holotoxin PTC3 (complex of TcdA1, TcdB2, and TccC3). TcdA 1
and TcdB2-TccC3 (TeB and TcC components were covalently linked to allow expression in E. coli)
are shown in khaki and orange, respectively (Gatsogiannis et al. 2013). The left picture gives the
prepore conformation of the binding and translocation component TcdA 1 with the docking side for
TcdB2-TccC3 on the fop. After binding of TcdB2-TccC3 and under the influence of a pH change, a
conformational change occurs with formation of a stem-like structure at the bottom of the molecule
(right). This part is suggested to cross the membrane of vesicles of target cells to release the ADP-
ribosyltransferase domain into the cytosol. Figures are from (Gatsogiannis et al. 2013)

activity in vitro and have no effect on binding to target cells or in pore formation.
Because Hsp90-inhibitors and PPlases-inhibitors exhibits similar effects on other
toxin ADP-ribosyltransferases (e.g., binary actin-ADP-ribosylating toxins), it is
suggested that this is a group effect and is relevant for the toxin uptake of all ADP-
ribosyltransferases but not of others types of intracellularly acting toxins such as
Rho-glucosylating C. difficile toxins A and B (Lang et al. 2013).

3 Biological Activities of Tc Components

As mentioned above, several isoforms of Tc toxins exist. This is especially true for
the TcC components. Already from the primary sequence, it is obvious that TcC
components consist of an N-terminal core-domain, which is highly conserved
between the isoforms and a C-terminal hypervariable region (hvr-region). From
the various TcC components identified, the biological activities of TccC3 and
TccC5 were studied in more detail, recently.

When hemocytes isolated from the hemolymph of larvae of the greater wax
moth (Galleria mellonella) are treated with TcA (isoform TcdAl), TcB (isoform
TcdB2), and TccC3 or TcecCS5, the ability of the cells to phagocyte E. coli particles
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is blocked (Lang et al. 2010). This effect is most prominent when both enzyme
components are combined (TccC3 and TccCS5). By contrast, the single components
TcdAl, TedB2, or TecC3/TecCS exhibit no inhibiting effects, indicating that the
toxin activities depend on the tripartite toxin complex. Inhibition of phagocytosis
of hemocytes by Tc is the result of its action on the actin cytoskeleton. This is
obvious from the effects of the toxin complexes on the morphology of the actin
cytoskeleton. The combination of TcdA1, TcdB2, and TccC3 induces redistribu-
tion of the actin cytoskeleton labeled with FITC-phalloidin. Actin aggregates are
observed and the submembranous cortical actin is diminished. TcdA1, TcdB2, and
TccC5 cause a completely different effect on the actin cytoskeleton of hemocytes.
This toxin combination results in strong formation of stress fibers. When both
active components (TccC3 and TccC5) are combined with TcdAl, TcdB2, the
effect on the actin cytoskeleton is even more drastic and results in total loss of
normal actin structures and in formation of actin clusters (Lang et al. 2010).

4 TccC3 ADP-Ribosylates Actin

What is the reason for the Tc effects on the actin cytoskeleton? Initial studies showed
that the variable domain of TccC3 exhibits distant sequence similarities with toxin
ADP-ribosyltransferases (Fig. 3). Especially, the three amino acids, designated as
RSE group are found in TccC3 with R probably involved in NAD" binding, S as a
part of a ST or STS motif also involved in NAD* binding and E as the so-called
catalytic glutamate, which is conserved in all bacterial ADP-ribosyltransferases
(Otto et al. 2005; Fieldhouse and Merrill 2008; Hottiger et al. 2010). In fact, in the
presence of [*?PJNAD™ the toxin component TccC3 labels an ~45 kDa protein in
lysates of HeLa cells and insect Sf9 cells. Mass spectrometric analysis revealed that
the substrate of TccC3 is actin, which is modified at threonine-148 (Lang et al. 2010).

Skeletal muscle a-actin as well as fy-non-muscle actin is modified. Moreover,
modification occurs with nonpolymerized and with polymerized actin. These
findings are remarkable for at least two reasons: Firstly, threonine as the acceptor
site for ADP-ribosylation is not shared by any other ADP-ribosyltransferase. All
other bacterial protein toxins modify actin at arginine 177 (Vandekerckhove et al.
1987, 1988). Secondly, while TccC3 modifies polymerized actin, all other bac-
terial transferases ADP-ribosylate monomeric G-actin only (Schering et al. 1988;
Aktories et al. 1986). Accordingly, the functional consequences of modification of
actin catalyzed by TccC3 are completely different from those resulting from
modification of arginine 177. Toxin-induced modification of actin at arginine 177
inhibits actin polymerization because the ADP-ribose attached to actin blocks
polymerization by steric hindrance (Holmes et al. 1990; Perieteanu et al. 2010;
Aktories et al. 2011). Modification of actin at arginine 177 is incompatible with the
double-helix structure of F-actin. The only position where actin-ADP-ribosylated
at arginine 177 can interact with F-actin is the barbed end of actin filaments. There,
ADP-ribosylated acts like a capping protein to block polymerization even of



60

788 795

868 875

K. Aktories et al.

937 947

TccC3 TLYRADNR VWVETAIN GPVNDABISFL
TccC5  "'vrYRvMTY'® *®ayr8rsan®’ *°poscoaBILLP®
ET mMKLYgRADSR“” "8cyvETSIS™ '“pHPDEQEVSAL'®
LT-A “RLYRADSR™' **GYVETSLS'® '“PHPYEQEVSAL''
PT W6ryYRYDSR?? *“ArvETsss®™ 'PraryosEyran'
VIP2 BpyyRwceM™ *P2GyM8TsLs™ **'GFASEKEILLDY
c2l 25T AYRRVDG'®? PsrSPTSLK’® *®GFQIEQEILLN®

Fig. 3 Sequence alignment of bacterial ADP-ribosyltransferases. Highly-conserved residues of
different bacterial actin-ARTCs are shown and numbers indicate position of amino acid residues.
Sequences of following enzymes are shown: Photorhabdus luminescens TccC3 (Acc. No.
Q8GF97), Photorhabdus luminescens TccCS5 (Acc. No. Q8GF91), cholera toxin (CT; Acc. No.
D30052), E. coli heat-labile enterotoxin A chain (LT-A; Acc. No. P06717), pertussis toxin (PT;
Acc. No. P04977), Bacillus cereus insecticidal toxin (VIP2; Acc. No. 1QS2) and Clostridium
botulinum C2I toxin (Acc. No. D4N871). Note Numbering of CT, LT-A, and PT is without signal
sequences. Residues forming the RSE-motif of ADP-ribosyltransferases are highlighted: the
arginine residue (R) probably involved in NAD* binding, the first serine residue (S) from the ST
or STS motif also involved in NAD" binding and the so-called catalytic glutamate (E)

unmodified G-actin (Wegner and Aktories 1988; Weigt et al. 1989; Aktories and
Wegner 1989). By contrast, TccC3 ADP-ribosylates actin at threonine 148 (Lang
et al. 2010). ADP-ribosylation of actin at this position was verified by site directed
mutagenesis. To this end, in vitro transcription/translation of mutagenized actin was
employed, showing that change of threonine 148 to alanine prevented modification
by TccC3. Threonine 148 is located in a region of actin, which is responsible for the
interaction of actin with thymosin- 84 (Mannherz and Hannappel 2009; Safer 1992).
Accordingly, cross-linking of actin with thymosin-fi4 is blocked after ADP-
ribosylation of actin at this site (Lang et al. 2010). The functional consequences are
remarkable. Normally, binding of thymosin-fi4 to actin causes sequestration of
monomeric G-actin and prevents actin polymerization (Mannherz and Hannappel
2009). After TccC3-induced ADP-ribosylation at threonine 148, however, thy-
mosin-f4 is no longer able to block actin polymerization. Thus, ADP-ribosylation
of actin at threonine 148 and arginine 177 causes opposite effects with induction of
polymerization in the first case and inhibition of polymerization in the latter case.

4.1 Comparison of lota Toxin with TccC3

Recently, the enzyme component of iota toxin (Ia), which modifies actin at arginine
177, was crystallized in complex with actin by Tsurumura and coworkers
(Tsurumura et al. 2013). Moreover, several crystallized snapshots of the interaction
of the ADP-ribosylation of actin by Ia were obtained showing the toxin in complex
with actin and NAD", and, excitingly, also in a complex with ADP-ribosylated
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actin. These data revealed a “strain alleviation model” of ADP-ribosylation, which
was previously proposed by the group. All arginine-modifying ADP-ribosylating
toxins are characterized by an EXE motif (e.g., 378Glu-X-Glu380 in Ia or 365Glu-
X-Glu367 in VIP2; see also Fig. 3). This motif is the core of the ADP ribosylation
turn—turn (ARTT) loop found in this family of actin-modifying enzymes and has an
essential role in catalysis and protein substrate recognition (Han and Tainer 2002).
While the second Glu (e.g., Glu380 of Ia) is essential for ADP-ribosylation and
NADase activity, the first Glu (e.g., Glu378 of Ia) is needed for the ADP-ribosyl-
transferase reaction but not for NAD* hydrolysis (Barth et al. 1998). By exchanging
Glu380 to serine, hydrolysis of NAD* was blocked and an iota toxin—actin complex
with NAD* bound could be crystallized (Tsurumura et al. 2013). The data show that
the ADP-ribose moiety of NAD" is in a tight grip of la, while the nicotinamide
mononucleotide (NMN) ribose interacts with the EXE motif resulting in a distorted
and strained structure of the NMN portion of NAD*. For ADP-ribosylation of
arginine 177 of actin, NAD™ has to rotate around its pyrophosphate axes resulting in
“strain alleviation” and covalent modification of actin.

The precise action of the ADP-ribosylation of actin by TccC3 is not known. The
different site of modification of actin by TccC3 (ADP-ribosylation of threonine 148)
suggests that the mechanism of ADP-ribosylation differs. Moreover, the ARTT loop
of TccC3 differs from that of iota toxin or other binary actin-ADP-ribosylating
toxins. The EXE motif of Ia is an DXE motif in TccC3. Again, this is a remarkable
change, because other known ADP-ribosylating toxins of the R-S-E family which
do not have the E-X-E motif, possess a Q-X-E motif and modify amino acids other
than arginine, e.g., cysteine (PT) or asparagine (C3). Therefore, additional structural
data of TccC3 are highly desired.

5 TeccCS ADP-Ribosylates Rho Proteins

As mentioned above, the treatment of G. mellonella hemocytes or HeLa cells with
the combination of TccC5, the binding component TcdA1 and the linker TcdB2
results in strong formation of stress fibers. Induction of stress fiber formation is a
typical feature of RhoA activation (Ridley and Hall 1992, 1994; Nobes and Hall
1995; Lim et al. 1996). Therefore, the hypothesis that TccC5 interacts with Rho to
induce stress fiber formation was a straight forward hypothesis. Because TccC5
exhibits some sequence similarities with ADP-ribosyltransferases and shares with
these enzymes, the RSE amino acid motif discussed above, it was logical to test
TccCS for ADP-ribosyltransferase activity. When lysates from HeLa cells or
G. mellonella hemocytes were incubated with [**PJNAD" and TccC5 labeling of
20-25 kDa proteins were identified. Later, it was shown that TccC5 modifies
RhoA, Rac, and Cdc42 by ADP-ribosylation (Lang et al. 2010).

Rho proteins comprise a family of small GTP-binding proteins with about 20
family members (Hall 1993; Takai et al. 1993; Nobes and Hall 1994; Heasman and
Ridley 2008; Burridge and Wennerberg 2004). Best studied are Rho, Rac, and
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Cdc4?2 isoforms. They are involved in regulation of the actin cytoskeleton. Clas-
sical studies showed that RhoA is involved in stress fiber formation, whereas Rac
organizes membrane ruffling and lamellipodia formation and Cdc42 participate in
filopodia formation (Hall 1994, 1998). However, they are characterized by a
multitude of essential cellular functions, which are largely conserved within the
whole animal kingdom, including nematodes insects and mammals (Jaffe and Hall
2005). Rho proteins are regulated by GTPase cycle. They are inactive in the GDP-
bound form. Nucleotide exchange of GDP to GTP by guanine nucleotide exchange
factors (GEFs) turn Rho proteins into their active form and allow interaction with
numerous cellular effectors to regulate the cytoskeleton, motility functions, cel-
lular traffic, but also transcription or proliferation (Jaffe and Hall 2005). The active
state of Rho proteins is terminated by GTP hydrolysis, caused by endogenous
GTPase activity and facilitated by GTPase activating proteins (GAPs).

Interestingly, TccC5 ADP-ribosylates glutamine 63 of RhoA and glutamine 61
of Rac and Cdc42 (Lang et al. 2010). These glutamine residues are essential for the
function of Rho proteins. They play a pivotal role in the turn-off mechanism of
GTPase cycle of Rho proteins (Vetter and Wittinghofer 2001). The glutamines are
crucial for the proper positioning of GTP within the GTPase catalytic side of Rho
proteins and allow the nucleophilic attack of water to eventually hydrolyze GTP.
Modification of this residue blocks endogenous and GAP-stimulated GTP hydro-
lysis (Lang et al. 2010). Therefore, after TccC5-induced ADP-ribosylation Rho
proteins are persistently activated. This was verified by studying the interaction of
RhoA with its effector rhotekin. For this type of experiments, the Rho-binding
domains of rhotekin or mDIA are employed (Lang et al. 2010). TccC5-induced
ADP-ribosylation of RhoA enhances its interaction with the effector rhotekin,
indicating the activation of the GTPase. Increase in RhoA-rhotekin interaction is
observed in vitro with isolated proteins as well as after treatment of intact cells with
the toxin. Similar to RhoA, Rac, and Cdc4?2 are activated by TccC5. In these cases,
glutamine 61 is ADP-ribosylated, the GTP hydrolysis is blocked and thereby the
interaction of Rac or Cdc42 with effectors (e.g., PAK-kinase) is enhanced. As
mentioned above, TccC5 causes stress fiber formation in intact cells. This effect is
typical for activation of RhoA (Ridley and Hall 1992), whereas cellular conse-
quences of the activation of Rac and Cdc42 are membrane ruffling, lamellipodia
and filopodia formation, respectively (Ridley et al. 1992). Why TccCS5 induces a
dominant effect on stress fiber formation without major effects on lamellipodia or
filopodia formation is not clear.

Activation of Rho proteins is also caused by E. coli cytotoxic necrotizing
factors 1, 2, and 3 (CNFs1-3) or Yersinia enterocolitica CNFY (Schmidt et al.
1997; Hoffmann et al. 2004; Hoffmann and Schmidt 2004; Stoll et al. 2009). These
toxins cause deamidation of the same glutamine residue of RhoA, which is ADP-
ribosylated by TccC5. The functional consequences of the deamidation of gluta-
mine 63 to glutamate for the GTPase of RhoA are essentially the same: GTP
hydrolysis is blocked and RhoA is persistently activated, because the nitrogen of
glutamine is crucial for the right positioning of GTP in the catalytic side of Rho
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proteins. However, effects of CNFs on target cells apparently differ from those of
TceCS. For example, CNF1-induced stress fiber formation are observed only
during a relative short time (up to 3—4 h), then membrane ruffling and lamellipodia
formation is predominant. Moreover, after long-term treatment (>24 h) of cells
with CNF1 Rac proteins are strongly degraded (Pop et al. 2004). Whether this
effect is relevant for TccCS has to be studied.

6 Conclusions

TccC3 and TccC5 are novel ADP-ribosylating toxins, which are the biological
active components of the tripartite P. luminescens Tc toxins. The toxins modify
unique amino acid residues in target proteins, which have not been reported to be
acceptors for ADP-ribosylating toxins previously. While TccC3 ADP-ribosylates
actin at threonine 148, TccCS5 modifies Rho proteins (Rho, Rac, and Cdc42) at
glutamine 63/61. Both modifications activate the target proteins, resulting in
polymerization of actin and in persistent activation of Rho proteins. Eventually,
both effects cause increase in actin polymerization and restructuring of the actin
cytoskeleton. While recent structure analyses of main parts of the tripartite toxins
have been elucidated, showing a novel type of toxin and a novel type of toxin
delivery into target cells, the structure analysis of the ADP-ribosylating domains of
the toxins is still missing. Studies on the structure and interaction of TccC5 and
TccC3 with their targets allow new insights into the molecular reaction mechanism
of bacterial ADP-ribosylating toxins, which are still not well understood.
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Reaction Mechanism

of Mono-ADP-Ribosyltransferase Based
on Structures of the Complex of Enzyme
and Substrate Protein

Hideaki Tsuge and Toshiharu Tsurumura

Abstract Mono-ADP-ribosylation is a post-translational protein modification
catalyzed by bacterial toxins and exoenzymes that function as ADP-ribo-
syltransferases. Despite the importance of this modification, the reaction mecha-
nism remains poorly understood due to a lack of information on the crystal
structure of these enzymes in complex with a substrate protein. Recently, the
structures of two such complexes became available, which shed new light on the
mechanisms of mono-ADP-ribosylation. In this review, we consider the reaction
mechanism based on the structures of ADP-ribosyltransferases in complex with a
substrate protein.
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1 Introduction

ADP-ribosylation is an important post-translational protein modification known to
be catalyzed by bacterial toxins as well as eukaryotic endogenous ADP-ribo-
syltransferases (ARTs). Mono-ARTs exhibit ART activity toward substrate pro-
teins, but also show weak NAD-glycohydrolase (NADase) activity in the absence of
a substrate protein. In both reactions, the enzyme cleaves the nicotinamide-ribosyl
bond of SANAD?; the difference is that in the former the ADP-ribosyl moiety is
transferred to one of several amino acid acceptors on target proteins, while in the
latter it is transferred to a water molecule. Based on their target specificity, bacterial
ARTs are traditionally classified into four types: type I includes cholera toxin (CT),
which ADP-ribosylates Gso (Cassel and Pfeuffer 1978), and pertussis toxin, which
ADP-ribosylates both Gi and Go (Katada and Ui 1982; Bokoch et al. 1983; Stern-
weis and Robishaw 1984); type Il includes diphtheria toxin (DT) (Honjo et al. 1968,
1971) and exotoxin A (ExoA) from Pseudomonas aeruginosa (Iglewski and Kabat
1975; Chung and Collier 1977), which modify elongation factor 2 (eEF2), type III
includes C3 toxin (C3) from Clostridium botulinum, which ADP-ribosylates Rho
(Aktories and Frevert 1987); and type IV includes C2 toxin (C2) from C. botulinum,
which ADP-ribosylates actin (Aktories et al. 1986, 1989) (Fig. 1). It is noteworthy
that all of the target proteins function as ATPases or GTPases, which play critical
roles within host cells. In other words, bacteria appear to “conquer” host cells using
toxins that pinpoint critical components. In addition, the number of known members
of the bacterial ART family continues to increase. For example, toxin complex
component C3 (TccC3) and C5 (TccC5) from Photorhabdus luminescens are
recently identified ARTs that modify actin and RhoA, but their target residues differ
from other type IV and type III toxins, respectively (Lang et al. 2010). A review of
this novel family is available elsewhere in this book. In addition, there is Certhrax
toxin from Bacillus cereus, a novel ART with an unknown host factor (Visschedyk
et al. 2012), and HopU1 from Pseudomonas syringae, which modifies an RNA-
binding protein in plants (Fu et al. 2007).

It was recently proposed that mammalian ARTSs could be classified into two
groups based on their structural features. One class, ARTD (related to DT), con-
tains a conserved H-Y-E motif, while the other class, ARTC (related to the C2 and
C3 Clostridial toxins, including CT), contains a conserved R-S-E motif (Hottiger
et al. 2010).

Among all these ARTSs, there are conserved sequence motifs and strong
structural similarities that suggest they make use of a common reaction mechanism
(Domenighini et al. 1994). However, the catalytic mechanism of ARTs is still
poorly understood, as there is little available information on the structures of these
enzymes in complex with a substrate protein. That said, our group recently
reported the crystal structure of an actin-specific ART (Ia) in complex with actin
(Tsuge et al. 2008; Tsurumura et al. 2013). In addition, Jgrgensen et al. reported
the structure of ExoA complexed with eEF2 (Jgrgensen et al. 2005; Jgrgensen
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et al. 2008). The structures of these two complexes provide novel insight into the
reaction mechanism of ADP-ribosylation. In this review, we focus on the structure

and the reaction mechanism of ARTC.
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2 The Structure and Reaction Mechanism
of Actin- and Rho-Targeting ARTs

Although the C2-like and C3-like ARTs modify different target proteins and act
toward different amino acids within those proteins, their tertiary structures show
strong similarities. The actin-targeting, C2-like ARTS include iota toxin (Ia) from
Clostridium perfringens (Vandekerckhove et al. 1987), C2 (C2I) from C. botu-
linum (Aktories et al. 1986), Clostridium spiroforme toxin (Popoff et al. 1989) and
Clostridium difficile toxin (Popoff et al. 1988), all of which ADP-ribosylate actin at
Argl77. The ADP-ribosylated G-actin can bind to F-actin at the plus (barbed) end
of the filament as a capping protein, but depolymerization occurs at the minus
(pointed) end, and the newly released G-actin is then ADP-ribosylated by the
toxin. Such toxin-induced actin depolymerization has dramatic effects on target
cells, including remodeling of their microtubules and destruction of the actin
cytoskeleton with subsequent apoptosis (Aktories et al. 2011).

The Rho-targeting, C3-like ARTs include enzymes produced by C. botulinum,
Clostridium limosum, Bacillus cereus and Staphylococcus aureus. C3-like ARTSs
modify Asn4l of RhoA, B and C (Sekine et al. 1989; Aktories et al. 1989). Rho
GTPases are master regulators of the actin cytoskeleton (Etienne-Manneville and
Hall 2002), and their C3-catalyzed ADP-ribosylation causes their biological
inactivation and thus inhibition of downstream signaling and its consequences.

In the time since the first actin-targeting C2 ART was identified (Aktories et al.
1986), numerous functional studies have been carried out examining the C2-like
ARTSs. The enzymatic subunits of C2, la and CDT consist of two similar repeated
domains. The C-terminal domain harbors NAD* binding and ART activity, while
the N-terminal domain lacks both NAD* binding and ART activity but binds the
complementary B subunit. Based on the reported structures of the type I and type
I enzymes, it was proposed that three motifs are conserved among ARTs; these
include the (i) aromatic-Arg/His motif, (ii) STS motif, and (iii) E(Q)XE motif
(Domenighini and Rappuoli 1996). Replacement of Arg with Ala in the aromatic-
Arg/His motif leads to a complete loss of the enzymes’ ART and NADase
activities, their cytotoxic activities and thus their lethality (Perelle et al. 1996;
Nagahama et al. 2000). Mutation of the first glutamate in the EXE motif prevents
ART activity but not NADase activity, while mutation of the second glutamate
diminishes both the ART and NADase activities (Nagahama et al. 2000; Perelle
et al. 1996; Barth et al. 1998). Mutation of first serine in the STS motif drastically
reduces ART activity (Barth et al. 1998; Nagahama et al. 2000).

The functional studies outlined above were subsequently confirmed by X-ray
structural studies. The first resolved structure of a C2-like ART, VIP2 from
Bacillus cereus, revealed that it is a mixed o/f protein and is divided into an
N-domain and a C-domain with similar structures (Han et al. 1999) (Fig. 2). VIP2
belongs to the binary toxin family, which consists of VIP1 (membrane binding
unit) and VIP2 (enzymatic unit) as well as iota-toxin (Ib (membrane binding unit)
and la (enzymatic unit)) and C2 (C2II (membrane binding unit) and C2I
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Fig. 2 Structures of ARTs and its NAD" binding of each type. a Structures of Ia (with actin),
C2I, VIP2, CDTa, SpvB, VahC, C3, and CT (with ARF6) are shown, which are classified as
ARTCs. The structures of DT and ExoA (with eEF2) are shown, which are classified as ARTDs.
There is strong structural similarity in all ART domains with NAD* binding. The overall
structures of type I, II, IIT and IV are depicted in orange, yellow, blue, and green, respectively.
Binding proteins are depicted in gray. b The conformations of the bound NAD™ in each ART type
are shown. The NMN moiety binds in a similarly compact fashion (the NMN ring-like
conformation) in all ARTs. The color coding for carbon atoms of NAD" is depicted in red.
Accession number in PDB of shown structures are: NAD*-CT-Arf6 (2A5F), NAD*-DT (1TOX),
NAD"-ExoA-eEF2 (2ZIT), C3botl (1UZI), C3bot2 (1R45), C3lim (3BW8), NAD*-C3stau2
(10JZ), NAD*-Ta-actin (4T03), NAD*-VIP2 (1QS2), CDTa (2WN4), C2I (2J3X), NAD*-SpvB
(2GWL), and VahC (4FML)

(enzymatic unit)). Ia and C2I have been characterized using mutagenesis and
biochemical methods, though VIP2 has not. On the other hand, the crystal struc-
ture of VIP2 complexed with NAD* has provided not only the structural frame-
work of the enzyme but also a possible reaction mechanism. The second glutamate
(Glu428) in the EXE motif of VIP2 interacts with the 2 hydroxyl of the nicotin-
amide sugar. The first glutamate (Glud26) is situated outside the NAD*-binding
cleft, where it may act in the deprotonation of actin on Argl77 to increase Argl77
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nucleophilicity for the attack on the C1’° of the oxocarbenium ion within the VIP2-
NAD* complex. Successive papers examining the structure of C3 have shown (1)
that the C3 structure is very similar to the C-domain of VIP2 and (2) that the ADP-
ribosylating toxin turn-turn (ARTT) motif places VIP2 and C3 toxin into a single
ARTT family characterized by analogous target protein recognition via a turn 1
aromatic and turn 2 hydrogen-bonding side-chain moiety (Han et al. 2001)
(Fig. 3). It was proposed that the turn 2 Gln in C3 and Glu in VIP2 recognize the
side-chain of Asn41 and Argl77, respectively. Structural and functional studies of
several toxins in this class, including Ia from C. perfringens (Tsuge et al. 2003),
C2 from C. botulinum (Schleberger et al. 2006), and CDTa from C. difficile
(Sundriyal et al. 2009), are presently available. Also available are several C3
structures, including C3bot from C. botulinum, C3stau2 (EDIN2) from Staphylo-
coccus aureus (Evans et al. 2003; Wilde et al. 2002) and C3lim from Clostridium
limosum (Vogelsgesang et al. 2008) (Fig. 2).

3 Oxocarbenium Ion Intermediate
for the ADP-Ribosylation

Poly(ADP-ribose) synthase, CT, LT, and DT do not form ADP-ribosyl-enzyme
intermediates, and all four enzymes mediate configuration inversion for a-glyco-
sidic linkage (Moss et al. 1979a, b; Ferro and Oppenheimer 1978; Oppenheimer
and Bodley 1981; Oppenheimer 1994). It has been suggested that the reaction
proceeds via an Snl mechanism, despite the observed configuration inversion for
the glycosidic bond of ribosyl diphthamide (Oppenheimer and Bodley 1981).
Studies of substituent effects on hydrolysis of 2’-substituted nicotinamide arabi-
nosides indicate that the mechanism likely involves the formation of an oxo-
carbocationic intermediate, which implies an Snl attack with characteristic first-
order reaction kinetics (Buckley et al. 1994). In DT, the transition state shows
oxocarbenium ion character, based on the kinetic isotope effect, which is similar to
the solvolytic hydrolysis of NAD™ (Berti et al. 1997). The predicted lifetime of a
glucopyranosyl oxocarbenium in solution is <10~'> s and is believed to show
stability similar to that of the glucofuranosyl oxocarbenium implicated in the
cleavage of the glycosylic bond of NAD" (Oppenheimer 1994). Therefore, tran-
sition state stabilization, either by the enzyme or by a nucleophile, is likely
required for the reaction to proceed efficiently. With respect to VIP2, it was
proposed the enzyme must catalyze the break of the C1’-N glycosylic bond and the
formation of an oxocarbenium ion-like transition state without the formation of a
strong bond to the nuclephile, as was observed during hydrolysis of NAD™ with
other ADP-ribosyltransferases (Han et al. 1999). In considering how to stabilize
the oxocarbenium ion in VIP2, two possibilities were suggested: (1) interaction of
the protein and the NAD™ phosphate group could provide transition state stabil-
ization of the oxocarbenium ion; or (2) the Glu428 (the second glutamate in EXE)
Ocl could form a hydrogen bond with the O2’hydroxyl of the nicotinamide ribose,
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which would increase the electronic density on the ring and stabilize the ox-
ocarbenium ion. The NAD*-bound VIP2 structure suggests that rate enhancement
is driven more by ground-state destabilization than by transition-state stabilization.
This is because the nicotinamide ring, situated at the edge of a deeper hydrophobic
pocket, is a major contributor to ground-state stabilization of the substrate, which
enables formation of the oxocarbenium ion.

4 Strain-Alleviation Model Based on the Structure
of the Ia-Actin Complex

As mentioned, there is no direct information available on the interaction between
ARTCs (C3-like or C2-like) and substrate proteins. In 2008, we succeeded in
crystallizing and solving the structure of Ia in complex with actin (Fig. 4). To
stabilize the complex, we added latrunculin A, a small-molecule inhibitor that
prevented actin polymerization, thereby sequestering the G-actin (Bubb et al.
2002). In addition, instead of NAD" we used BTAD (thiazole-4-carboxamide
adenine dinucleotide), a similar but non-hydrolyzable product of NAD* (Gebeyehu
et al. 1983). These conditions made the Ia-actin complex crystal sufficiently
durable to withstand X-ray analysis. The structure showed that the intermolecular
interaction is via five loops: loop I (Tyr60-Tyr62), loop II (the active site loop),
loop III (the loop between 9 and «10), loop IV (the phosphate-nicotinamide loop
(PN loop which was defined in C3 exoenzyme (Menetrey et al. 2002)), and loop V
(the ADP-ribosylating turn-turn loop (ARTT loop) containing the EXE motif)
(Tsuge et al. 2008) (Fig. 4). Loops II to IV surround the NAD™ binding cleft in the
C-domain. Somewhat surprisingly, loop I, in the N-domain, was also involved in
binding actin, a finding that was confirmed in a mutagenesis study (Tsuge et al.
2008).

Actin interacts with a variety of actin binding proteins, and the structures of these
complexes have been reported, beginning with the high-resolution structure of the
DNase I-actin complex (McLaughlin et al. 1993; Otterbein et al. 2002; Kabsch et al.
1990; Schutt et al. 1993). But the binding mode of Ia differs greatly from those used
by other actin binding proteins (Tsuge et al. 2008), and we managed to use the
crystal as a tool to take snapshots of the ADP-ribosylation reaction using X-ray
crystallography. We first crystallized apo-Ia-actin crystals and found the ethylene
glycol used as a cryoprotectant inhibited the ADP-ribosylation reaction. NAD*
was then soaked with the apo-la-actin crystals under different conditions to trap the
pre- and post-ADP-ribosylation structures (Tsurumura et al. 2013) (Fig. 4). These
snapshots of ADP-ribosylation within the Ia-actin complex suggested the possibility
that the reaction proceeds via a strain-alleviation model (Fig. 5). Briefly, positively
charged Arg295 and Arg352 interact electrostatically with NAD* phosphate and
contribute to the highly folded and strained NMN ring-like conformation. This
specific conformation appears to induce an equilibrium shift toward an oxocarbe-
nium cation. In the pre-reaction state, the ADP moiety of NAD™ is gripped by Ia.
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Fig. 4 Crystal structure of Ia-actin complex. a Crystal structures of STAD-Ia-actin, NAD*-Ia-
actin and Ia-ADPR-actin are depicted in cyan, yellow,and magenta, respectively. All actin
molecules are in green. b The five loops of Ia and actin that participate in binding each other are
shown using the colors as described in the inset. ATP and calcium are depicted in cyan and light
brown, respectively

After scission of the nicotinamide via an Snl reaction, the electrophile (NC1 of
N-ribose) in the first oxocarbenium cation is still ~8 A away from Arg177, the actin
acceptor amino acid. To reduce this distance, a central rotation occurs mainly via the
p-phosphate of ADP-ribose, resulting in strain relief and formation of a second
oxocarbenium cation, which is able to reach Argl77 of actin. This strain-alleviation
model was first proposed for the STAD complex structure (Tsuge et al. 2008) and
became more plausible with additional snapshots of ADP-ribosylation (Tsurumura
et al. 2013; Jank and Aktories 2013). The oxocarbenium ion intermediate would be
stabilized by Tyr251 via cation-n interaction (Gallivan and Dougherty 1999). Two
amino acids in the ARTT loop, Tyr375 and Glu378 (the first glutamate of EXE)
move substantially in the transition from NAD*-Ia-actin to Ia-ADPR-actin. It was
proposed that Tyr375 interacts with actin and Glu378 recognizes actin Argl177 (Han
etal. 2001). In fact, Tyr375 was shown to be involved with actin binding within the
NAD*-Ta-actin complex, but a direct interaction between Glu378 and actin Argl77
was not seen in either complex (Tsurumura et al. 2013). In addition, two other amino
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Fig. 5 Strain alleviation model of ADP-ribosylation. Upper panels represent the process of
ADP-ribosylation and lower panels are cartoon representations of upper panels. a NAD" binding,
b nicotinamide cleavage and first intermediate, ¢ transient motion from first to second
intermediate and d ADP-ribosylation

acids, Ser338 (the first residue in the STS motif) and Phe349, may act cooperatively
to stabilize the oxocarbenium ion during the transfer, as they are situated near the
nicotinamide and may be important for fixing the position of the nicotinamide.
Glu380 (the second glutamate residue in the EXE motif) is important for NADase
activity and interacts with the 2’hydroxyl of N-ribose. In contrast to Glu378, Glu380
remains at the same position throughout the reaction, but a more important feature is
that actin Asp179 is situated beside Argl77. The electron density of Argl77 and
Asp179 were clearly visible in NAD"-Ia-actin. It will be interesting to see whether
Aspl179 is linked to the ART activity.

At present, there is no structural information on Rho-targeting C3-like ARTs in
complex with a substrate protein, though the structure of C3 in complex with
RalA, which is not a substrate of the enzyme, has been reported (Holbourn et al.
2005; Kimoto et al. 2006). Protein modeling and site-directed mutagenesis studies
have been used to shed light on the structural basis for the difference in substrate
specificity between ExoS and ExoT from Pseudomonas aeruginosa, which are
similar to C3 (Sun et al. 2004). Whereas substrate recognition by ExoS is via the
active site loop (ARTT motif and PN-loop), an additional region is used by ExoT.
Resolution of the structure of C3-like ART in complex with Rho could provide
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crucial information on the mechanism of substrate specificity. In particular, it will
be important to determine whether Gln in the QXE motif recognizes Rho Asn41
within the complex.

S Comparison of ARTC and ARTD Complexes
and Reactions

DT and ExoA ADP-ribosylate diphthamide 687 of eEF2. The structure of the
ExoA-eEF2 complex was reported by Jgrgensen et al. in 2005 and was the first
ART-substrate protein complex resolved (Jgrgensen et al. 2005). The STAD-
ExoA-eEF2 complex suggested the involvement of two ExoA active-site loops,
loop 1 (L1, residues 457-464) and loop 3 (L3, 546-551) in the reaction. A sub-
sequent paper on the complex with intact NAD* revealed the conformational
change that occurs in these loops upon binding eEF2. Mutational studies also
revealed that Glu546, Arg551 and Glu553 in ExoA are crucial for catalytic
activity. Glu553 forms hydrogen bonds with the 2’hydroxyl group of the nico-
tinamide ribose of NAD* and orientates the dinucleotide substrate for nucleophilic
attack by the diphthamide residue. A marked conformational change in loop L1
could be seen in the NAD™-ExoA-eEF2 complex. Glu461 in loop1 appears to be a
key residue in the structure, though the D461A mutant showed full ART and
NADase activities. At present, only two structures of an ART complexed with a
substrate protein are available: Ia-actin and ExoA-eEF2, which are ARTC and
ARTD representatives, respectively. Comparison of the NAD"-ExoA-eEF2 and
ExoA-ADPR-eEF2 complexes revealed that the diphthamide N3 nucleophilic
atom remains about 10 A away from the electrophilic C1 center of the N-ribose
(Fig. 6). Investigators therefore proposed a transition state model in which the
imidazole ring of the diphthamide residue migrates toward the nicotinamide ribose
as the TMA group of the diphthamide moves between L1 of the toxin and the
NAD™" phosphates (Jgrgensen et al. 2008). This kind of motion is unlikely within
the Ia-actin structure because the structure of actin is virtually unchanged by ADP-
ribosylation. In addition to the movement of the substrate protein observed in
eEF2, the strain-alleviation model, which was proposed for the Ia-actin structure,
could explain the reaction.

6 Fitting ADP-Ribosylated Actin into the Filamentous
Actin Cryo-EM Structure

Actin is one the most abundant and well-conserved proteins in cells and is involved
in such important cellular functions as cell motility, contractility, intracellular
transport, and the control of cell shape and polarity (Dominguez 2004). Actin exists
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Fig. 6 Comparison of ARTC and ARTD complexes and reactions. The structure of the NAD™-
ExoA-eEF2 and ExoA-ADPR-eEF2 complexes are compared with NAD*-Ia-actin and [a-ADPR-
actin in stereo view. NAD" is depicted in green, Argl77 of actin and diphthamide of eEF2 are
depicted in blue. ADP-ribosylated Argl77 and diphthamide are in magenta

in two forms as the major component of the cytoskeleton, a monomeric form
(G-actin) and a filamentous form (F-actin). The structures of actin after
ADP-ribosylation by SpvB have been reported (Margarit et al. 2006). It is of interest
whether this modification induces conformational changes in actin that are
incompatible with filament formation, and whether the presence of ADPR at Arg177
causes a steric clash preventing the protein—protein interactions necessary for
polymerization. The reported structure of ADPR-actin shows that ADP-ribosylation
by SpvB induces no substantial conformational alterations in actin, though the ADP-
ribosylation was not trapped crystallographically in the structure because of its
flexibility (Margarit et al. 2006). Those investigators concluded that a model in
which steric clash hinders intraprotomer contacts within the filament (the Holmes
model (Holmes et al. 1990)) provides the most likely explanation for the activity of
SpvB. The first visible structure of ADP-ribosylated actin, within the Ia-ADPR-
actin complex, confirmed the earlier finding that actin is unchanged by ADP-ribo-
sylation (Tsurumura et al. 2013). Recently the high-resolution structure of F-actin
was revealed using cryo-electron microscopy (Murakami et al. 2010; Fujii et al.
2010). We tried fitting the ADPR-actin monomer into the filamentous actin structure
using a UCSF chimera (Pintilie et al. 2010) (Fig. 7). This model also supports that
ADP-ribosylation prevents actin polymerization through steric clash.
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7 An Actin-Targeting ART Subgroup: SpvB and VahC

The SpvB protein from Salmonella enterica was recently identified as an actin-
targeting ART (Hochmann et al. 2006). The C-terminal domain of SpvB (amino
acid residues 375-591, 24.5 kDa) shares homology with other known ARTs, and it
also ADP-ribosylates actin on Argl77 (Hochmann et al. 2006). Interestingly, the
N-terminal domain of SpvB shares no homology with the enzymatic components
of any known binary toxins, and the structure has not yet been resolved. It was
recently found that VahC, a toxin from Aeromonas hydrophila, has similarity with
SpvB (Shniffer et al. 2012). It is interesting that both SpvB and VahC lack
NADase activity, whereas Ia, VIP2 and C2 show NADase activity in the absence
of a substrate protein. It was suggested that the absence of an essential residue
(corresponding to Phe349 in Ia) and a shorter PN loop (Region IV) accounts for
the loss of NADase activity. Region IV could thus be important for the restriction
against the conformation of the nicotinamide.
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The structure of the SpvB C-terminal domain revealed the similarity with Ia and
C2I, but it contains a unique insertion of 29 amino acids between «8 and o9
(Margarit et al. 2006). The N-terminal adaptor portion of the enzymatic compo-
nent of binary toxins is critical for actin recognition in the 1a/C2I subtype, but it is
absent in the SpvB/VahC subtype toxins. In the modeling of SpvB-actin, the
29-residue insertion in SpvB appeared to be important for actin binding and to
compensate for the lack of the N-terminal binding region of Ia; however, the
significance of this insertion is not yet been revealed experimentally (Tsuge et al.
2008; Shniffer et al. 2012). Comparison of the surface region involved in actin
binding based on modeling using la-actin structure is also of interest (Shniffer
et al. 2012) (Fig. 8). Figure 8 shows that three toxins (Ia/VIP2/SpvB), with the
same substrate protein actin, seem to have similar surface electrostatic potential to
recognize actin and NAD™. These facts indicate that the three toxins recognize
substrate (NAD") and substrate protein (actin) with the same manner. Furthermore,
we consider that the three toxins possibly to have the same ADP-ribosylation
mechanism as we proposed. On the other hand, whereas C3 and CT have similar
surface electrostatic potential as well as Ia, they ADP-ribosylate other substrate
proteins. It is still an open question whether the same ADP-ribosylation mecha-
nism is applicable to C3 and CT. Further crystallographic studies of toxin-sub-
strate protein complex are expected to understand ADP-ribosylation mechanism
and recognition of substrate protein.

8 Structure of the Cholera Toxin-Gsa Complex

CT, LT and PT all ADP-ribosylate the o subunit of heteromeric G-proteins at a
specific arginine (CT and LT) or cysteine residue (PT). These proteins are ABS5-
type toxins, which consist of a catalytic subunit (A) and a receptor binding and
delivery subunit (B). The structures of LT and CT were reported more than two
decades ago (Sixma et al. 1991; Zhang et al. 1995), though less structural infor-
mation is available for the catalytic A subunit. This is because proteolytic cleavage
of the A subunit and reduction of the disulfide bond separate the Al and A2
domains of the subunit. CTA1 (Al subunit) ADP-ribosylates Arg201 of Gsa. It
contains a R-S-E motif and is thus classified as an ARTC. From a structural
viewpoint, however, CTA1 differs substantially from the C2/C3/iota toxin group.
By itself, CTA1 shows relatively little activity in vitro, but the affinity of CTA1 for
its substrates and its enzymatic efficiency are increased through interaction with
host ADP-ribosylation factor (Kahn and Gilman 1986; Noda et al. 1990). Like-
wise, LT also needs to be activated through interaction with an auxiliary ADP-
ribosylation factor (Moss et al. 1993). The conformation of the CTA1 activation
loop (residues 25—40) changes from an ordered coil to a amphipathic «-helix upon
binding ARF6 (GTP) (O’Neal et al. 2005). Although the structure of the CTA1-
Gsa complex is not yet known, it seems clear that resolving the structure of the
CT-ARF6-Gs complex will provide a wealth of important information.
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C3stau2 CT

Fig. 8 Electrostatic representation of ARTC toxins and actin. The surface electrostatic potential
was calculated using APBS software (Baker et al. 2001). a The surface electrostatic potentials of
interface of Ia and actin are shown. Five interaction loops are shown in Roman numerals. The
black square surrounds the NAD" binding site, the yellow star marks the position of Argl77.
b The surface electrostatic potentials and NAD" conformations are shown of each ARTC toxins.
The color of NAD" is depicted in green

9 Conclusion

Actin-specific and Rho-specific ARTs are well-studied classes of toxins. Recent
advances in our understanding of their structures, especially the structure of the
Ia-actin complex has provided important insight into target-protein recognition and
the reaction mechanism of these toxins. Although the residues targeted by bacterial
toxins are arginine, asparagine, cysteine and diphthamide, several other amino
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acids are also known to be ADP-ribosylated (aspartic acid, glutamic acid and
lysine) by mammalian ARTD (Hassa et al. 2006; Koch-Nolte et al. 2008). It is
anticipated that additional information on the structures of other ARTs in complex
with substrate proteins will further our understanding of substrate-amino acid
recognition by these ARTs. Moreover, it will likely be possible to explain that
there is a common reaction mechanism in not only bacterial ARTs but also
mammalian ARTs.
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Abstract Posttranslational modification of proteins plays a key role in the
regulation of a plethora of metabolic functions. Protein modification by mono-
ADP-ribosylation was first described as a mechanism of action of bacterial toxins.
Since these pioneering studies, the number of pathways regulated by ADP-ribo-
sylation in organisms from all domains of life expanded significantly. However, in
only a few cases the full regulatory ADP-ribosylation circuit is known. Here, we
review the system where mono-ADP-ribosylation regulates the activity of an
enzyme: the regulation of nitrogenase in bacteria. When the nitrogenase product,
ammonium, becomes available, the ADP-ribosyltransferase (DraT) covalently
links an ADP-ribose moiety to a specific arginine residue on nitrogenase switch-
ing-off nitrogenase activity. After ammonium exhaustion, the ADP-ribosylhydro-
lase (DraG) removes the modifying group, restoring nitrogenase activity. DraT and
DraG activities are reversibly regulated through interaction with Py signaling
proteins. Bioinformatics analysis showed that DraT homologs are restricted to a
few nitrogen-fixing bacteria while DraG homologs are widespread in Nature.
Structural comparisons indicated that bacterial DraG is closely related to Archaea
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and mammalian ADP-ribosylhydrolases (ARH). In all available structures, the
ARH active site consists of a hydrophilic cleft carrying a binuclear Mg** or Mn**
cluster, which is critical for catalysis.
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1 Introduction

Protein mono-ADP-ribosylation is emerging as an important posttranslational
modification affecting various biological processes. In some nitrogen-fixing bac-
teria, the nitrogenase activity is regulated through reversible mono-ADP-ribosyl-
ation. This covalent modification is catalyzed by the mono-ADP-ribosyltransferase
(DraT) and is reverted by the mono-ADP-ribosylhydrolase (DraG). Here, we focus
on the current biochemical and structural knowledge on how DraT and DraG affect
nitrogenase activity. After a brief review of the biochemical aspects of N,
reduction to ammonia catalyzed by nitrogenase and its regulation by arginine
mono-ADP-ribosylation, we review the properties and distribution of DraT- and
DraG-related enzymes and present structural comparisons between DraG and its
homologs. Finally, we introduce the current model for the reciprocal regulation of
DraT and DraG in response to ammonium in nitrogen-fixing organisms.

2 Biological Nitrogen Fixation

Nitrogen is an essential element for life. The most abundant source of nitrogen in
nature is dinitrogen gas (N,), corresponding to 78 % of the atmosphere. In the N,
form, nitrogen is chemically inert due to the strength of the triple bond,
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nonpolarity, and high ionization potential. In order to be assimilated into
biomolecules, N, needs to be reduced to ammonia (NH3). The ability to convert N,
into NHj3 in nature is restricted to a small group of prokaryotes known as diazo-
trophs (Postgate 1982). The diazotrophs encode a metalloenzyme complex—
nitrogenase—which catalyzes the reduction of N, to NH; (Burgess and Lowe
1996). Biological nitrogen fixation is responsible for approximately 60 % of the
total fixed N input from N, into the global biogeochemical nitrogen cycle.
The remaining 40 % comes from the industrial synthesis of ammonia through
the Haber-Bosch process (30 %) and oxidative N, fixation by lightning and
combustion (10 %) (Fisher and Newton 2004).

3 Biochemistry of Nitrogenase

Nitrogenase enzymes comprise four different subgroups that are classified by their
metal composition. The best characterized and most prevalent is the molybdenum
(Mo)-dependent nitrogenase (Hu and Ribbe 2011). All Mo-nitrogenases are highly
conserved in sequence, structure, and reaction mechanism. The Azotobacter vin-
elandii Mo-nitrogenase is the best-studied enzyme and is the focus of this section.

Mo-nitrogenase is composed of two functional components. The y, homodimer
(Mr =~ 64,000 Da), named dinitrogenase reductase, NifH or Fe-protein and con-
tains a [4Fe—4S] cluster and two nucleotide-binding sites (Fig. 1). Structural
analysis shows that the dinitrogenase reductase [4Fe—4S] cluster is located
symmetrically between the two y subunits and is coordinated by the C98 and C133
residues (Georgiadis et al. 1992) (Fig. 1b). These cysteine residues are in close
proximity to R101 (Fig. 1b), which is the site of reversible mono-ADP-ribosyla-
tion that will be discussed later.

The dinitrogenase reductase transfers electrons to second nitrogenase compo-
nent, a o,f3, heterotetramer (Mr ~ 250,000 Da) named dinitrogenase, NifDK, or
MoFe-protein that, in turn, reduces N, to NH; (Fig. 1a). Each «ff dimer of the
dinitrogenase contains a P cluster [8Fe—7S] at the interface between a and f§
subunits and an FeMo-cofactor [7Fe—9S—1Mo—C-homocitrate] within the
a-subunit (Lancaster et al. 2011; Spatzal et al. 2011) (Fig. 1a). The FeMo-cofactor
is the site where N, reduction occurs. Each off dimer has independent catalytic
activity; the a,f5, dinitrogenase binds two 7y, dinitrogenase reductase to form the
nitrogenase complex (Fig. 1a) (Seefeldt et al. 2009).

The function of the dinitrogenase reductase is to transfer electrons to the
dinitrogenase in an ATP-dependent form. In the reduced form, the Fe®*! protein
[4Fe—4S] cluster has the oxidation state 1 + (3Fe** and 1Fe’*). Two MgATP
molecules bind to Fe®*® lowering its oxidation potential from —300 to —430 mV.
Conformational changes induce a transient association between the Fe®* and the
dinitrogenase proteins (Seefeldt et al. 2009). The interaction between dinitrogen-
ase reductase and dinitrogenase triggers one electron transfer within the dinitro-
genase, from the P cluster to the FeMo-cofactor, reducing the active site of
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«Fig. 1 Nitrogenase structure and catalytic cycle. a The structure of the A. vinelandii nitrogenase
complex is shown illustrating the complex between two catalytic ofi-subunits of dinitrogenase
and two dimers of dinitrogenase reductase. The 7, dimers of dinitrogenase reductase are shown in
green and the ADP bound is shown in red. The dinitrogenase o-subunits are shown in gray and the
f-subunits in light pink. The [4Fe—48S] cluster bridging the dinitrogenase reductase subunits, and
the P cluster and FeMo—co in the dinitrogenase are indicated. b One dimer of the dinitrogenase
reductase was rotated 90°. Inset: the dinitrogenase reductase was rotated to show the cysteine
residues involved in the binding of the [4Fe—4S] cluster and the arginine 101 residues displayed
as blue and black sticks, respectively. The dinitrogenase reductase cycle involves three states:
reduced [4Fe—4S]"* (Red) and oxidized [4Fe—4S]2+ (OX) with either ADP or ATP-bound. In the
dinitrogenase cycle, the reduction of N, with the liberation of H, and two NH;3 molecules is
represented. ADP-ribosylation of the dinitrogenase reductase R101 prevents its association with
dinitrogenase blocking the enzyme activity. The nitrogenase complex structure (PDB 1N2C) and
the separated dinitrogenase reductase and dinitrogenase structures (PDB 1FP6 and IM1N) were
prepared using PyMol (http://www.pymol.org)

nitrogenase. The FeR® then restores the resting state of the P cluster, becoming

oxidized [4Fe—4S]** (2Fe** and 2Fe*). The electron transfer is driven by dini-
trogenase reductase ATP hydrolysis (Mayweather et al. 2012) (Fig. 1b). The
oxidized MgADP-bound form of the dinitrogenase reductase dissociates from the
dinitrogenase and releases two MgADP molecules to start a new reduction cycle.
Eight electrons transfer events are required for the reduction of one mol of N, to
two NH3, consuming 16 mols of ATP (two for each electron transferred) and
liberating one mol of H, (Hoffman et al. 2013) (Fig. 1b). The reaction stoichi-
ometry is:

N>+ 8e + 8H' + 16 MgATP — 2 NH; + H, + 16 MgADP + 16 Pi

Given the high input of energy required for biological nitrogen fixation, it is not
surprising that different mechanisms have evolved to control nitrogenase activity
in response to the availability of alternative nitrogen sources. In this review, we
will focus on the mechanism that controls nitrogenase posttranslationally through
reversible mono-ADP-ribosylation. For more general reviews describing other
mechanisms that regulate nitrogenase at the transcriptional and posttranslational
levels see (Dixon and Kahn 2004; Huergo et al. 2012, 2013).

4 Inactivation of Nitrogenase by Reversible
ADP-Ribosylation

The best-characterized mechanism of posttranslational regulation of nitrogenase
occurs through reversible mono-ADP-ribosylation of one arginine residue (R101,
A. vinelandii numbering) of the dinitrogenase reductase dimer (Pope et al. 1985).
The R101 residue is solvent exposed and is in close proximity to the [4Fe—4S]
cluster (Fig. 1b) (Georgiadis et al. 1992). This surface of the dinitrogenase
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reductase is the docking site for the dinitrogenase (Schindelin et al. 1997)
(Fig. 1a). ADP-ribosylation of dinitrogenase reductase R101 prevents its associ-
ation with the dinitrogenase, inhibiting the electron transfer cycles and thereby
inactivating nitrogenase (Moure et al. 2013; Murrell et al. 1988) (Fig. 1b).

Only one of the two R101 residues of the dinitrogenase reductase dimer is
modified. Presumably, ADP-ribosylation of one subunit sterically blocks access of
the ADP-ribosyltransferase enzyme to the second arginine site of the dinitrogenase
reductase homodimer. The modification of dinitrogenase reductase can be detected
in cell extracts by western blot since the ADP-ribosylated subunit has a slower
migration rate than the nonmodified subunit on SDS-PAGE. Consequently, a
double band pattern is observed on western blots (Kanemoto and Ludden 1984;
Ludden et al. 1982).

5 The DraT and DraG Enzymes

The ADP-ribosyl-transferase that catalyzes the ADP-ribosylation of the dinitro-
genase reductase is named DraT (Dinitrogenase Reductase ADP-ribosyl-Trans-
ferase). The ADP-ribosyl-hydrolase, which catalyzes the dinitrogenase reductase
ADP-ribose removal is named DraG (Dinitrogenase Reductase-Activating Gly-
cohydrolase) (Pope et al. 1985, 1986; Saari et al. 1986). These enzymes were first
characterized in Rhodospirillum rubrum and are encoded by the draTG operon
located upstream of the nitrogenase structural genes nifHDK (Liang et al. 1991).
Genes sharing similarity to draT are restricted to bacteria and only found in
diazotrophs (see Sect. 7). In stark contrast, draG homologs are found in all three
domains of life: Bacteria, Archaea, and Eukarya (see Sect. 7). These DraG
homologs share similarities at both sequence and structural levels (Huergo et al.
2012).

5.1 DraT

DraT is a 30 kDa monomer that catalyzes the transfer of ADP-ribose from NAD*
to the R101 side chain of the dinitrogenase reductase (Lowery et al. 1986). DraT is
classified as part of the cholera toxin-like ADP-ribosyl-transferases (ARTC), in
which the R-S-E motif is involved in NAD" cosubstrate binding (Hottiger et al.
2010). However, the amino acid sequence of DraT is very different from other
ARTC members. No structure of DraT has been described to date.

In contrast to the bacterial toxins, DraT can use other NAD* analogs such as
NADP and nicotinamide mononucleotide as substrates for the modification reac-
tion (Ponnuraj et al. 2005). However, the only known DraT ADP-ribose acceptor is
the dinitrogenase reductase carrying an intact [4Fe—4S] cluster (Lowery and
Ludden 1988). The ability of DraT to modify the dinitrogenase reductase is not
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species specific. For instance, DraT from R. rubrum is able to modify the dini-
trogenase reductase from other diazotrophs, including organisms that do not carry
endogenous DraT/DraG such as A. vinelandii (Grunwald et al. 2000; Lowery and
Ludden 1989; Zhang et al. 1995). This DraT cross-species reactivity toward the
dinitrogenase reductase is expected given the highly conserved structure of the
dinitrogenase reductase (Georgiadis et al. 1992).

5.2 DraG

DraG is a 32 kDa monomer, first purified and characterized in R. rubrum (Saari
et al. 1984, 1986). This enzyme cleaves the N-glycosidic bond of ADP-ribosylated
dinitrogenase reductase (Ljungstrom et al. 1989; Saari et al. 1984). Although DraT
catalyzes the modification of only native dinitrogenase reductase, DraG is able to
catalyze the removal of the ADP-ribose moiety from a number of ADP-ribosyl-
arginine substrate analogs, including the denatured dinitrogenase reductase (Pope
et al. 1986). ADP-ribosylated-arginine spontaneously anomerizes and is found as a
mixture of the o- and fS-ribosyl-guanidinum linkages. DraG activity is stereospe-
cific acting only on a-linked ADP-ribosyl-arginine (Pope et al. 1986).

The in vitro activity of Azospirillum brasilense and R. rubrum DraG requires
the presence of divalent cations, such as Mg2+, Mn2+, or Fe2+, with Mn2* being the
most effective (Ljungstrom et al. 1989; Nordlund and Néren 1984). Electron
paramagnetic resonance showed that R. rubrum DraG has a binuclear Mn** center,
which is essential for catalysis (Antharavally et al. 2001). Furthermore, crystal-
lographic studies (see below) indicated that the presence of a binuclear metal
center (composed of either Mn®* or Mg>*) within the active site is a common
feature of all DraG homologs (Table 1).

6 Structural Relationships Among ADP-Ribosylhydrolases

The crystal structures of 10 DraG homologs, from all domains of life, have been
deposited with the Protein Data Bank (PDB) (Table 1). In all cases, the overall
structure is very similar, with the protein being composed of 15-19 a-helices and
the active site located within a hydrophilic cleft surrounded by four internal loop
regions (Li et al. 2009). The active site contains a binuclear metal center formed by
two magnesium or two manganese ions octahedrally coordinated by the side
chains of conserved acidic residues (Fig. 2a). The metal ions contribute to the
binding of the sugar ring of ADP-ribose and also participate in the catalytic
mechanism (Berthold et al. 2009).

DraG has become the archetype of arginine-specific ADP-ribosylhydrolases as
it is the only enzyme of this group whose biological function is well established, its
cognate substrate is known, and for which a catalytic mechanism has been
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Table 1 Crystal structures of DraG homologs available in the PDB database

Organism Protein Ligand Complex PDB Reference
with code
Homo sapiens ~ARH 3 Mg — 2FOZ  Mueller-Dieckmann et al.
(2006)
ARH 1 Mg2+, ADP — 3HFW Kernstock et al. (2009)
Mus musculus ~ ARH 3 Mngr - 2QTY  Mueller-Dieckmann et al.
(2008)
R. rubrum DraG  Mn™ - 2WOC  Berthold et al. (2009)
DraG  Mn**, ADP- — 2WOD Berthold et al. (2009)
ribosyllysine
DraG  Mn?**, ADP-ribose — 2WOE Berthold et al. (2009)
A. brasilense DraG Mg2+ - 3G9D  Li et al. (2009)
A. brasilense DraG Mg** GInZ-ADP 305T Rajendran et al. (2011)
M. jannaschii ~ ARH Mg - IT5J  Gogos et al., unpublished
T. thermophilus ARGH Mg** — 2YZV  Ebihara et al.,

unpublished

proposed (Berthold et al. 2009). In one of the structures of R. rubrum DraG,
obtained in the presence of excess ADP-ribose, one DraG molecule appears to
have catalyzed the reverse reaction leading to ADP-ribosylation of a lysine residue
of a neighbor DraG molecule and leaving this ADP-ribosyl-lysine trapped within
the DraG active site (Berthold et al. 2009). This structure supports a reaction
mechanism initiated by opening the ribose ring through formation of a protonated
Schiff base. After ring opening, the ribose C1’ is re-positioned for nucleophilic
attack by a metal activated hydroxide ion derived from water. DraG residue D97 is
thought to be involved in a proton transfer event converting the hydroxylated
Schiff base into the reaction products (Berthold et al. 2009).

To assess the conservation of the residues involved in the binding of metals,
ADP-ribose and in catalysis, the structure of R. rubrum DraG was compared to the
structure of its homologs (Fig. 2b and Table 2). The prokaryotic homologs are
more similar to each other than they are to the mammalian ARHs. Structural
comparisons using SSM (Krissinel and Henrick 2004) and the PDB coordinates
for each protein structure showed that A. brasilense DraG is the most similar to
R. rubrum DraG (Fig. 2b) with the highest Z-score and lowest RMSD, followed by
other prokaryotic ARHs (Fig. 2b), and then by human ARH3 and 1 (Fig. 2b and
Table 2). These structural similarities are also reflected in the amino acid sequence
identity (Table 2).

All residues involved in metal binding are conserved among all DraG homo-
logs, reinforcing the importance of a binuclear metal center for the activity of the
mono-ADP-ribosylhydrolases. The only exception is Methanococcus jannaschii
ARH where a metal coordination point involving T246 in R. rubrum DraG is
substituted by S256 (Table 2 and Fig. 2b). In DraG, Mn** is the metal that
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«Fig. 2 a Mode of ADP-ribose binding in Rhodospirillum rubrum DraG (PDB 2WOD). Overall
structure of R. rubrum DraG (green) with bound ADP-ribose (magenta) showing the details of
the DraG ADP-ribose binding site. ADP-ribose is shown in magenta and selected DraG residues
in green. Polar contacts between DraG residues and ADP-ribose are shown as black dashed lines.
Interactions between DraG residues and the two Mn?* ions (black balls) are shown in brown
dashed lines. b Structural relationship between R. rubrum DraG and its homologs. R. rubrum
DraG (PDB 2WOD) (DraGRr). Structural alignment between R. rubrum DraG and: (DraGAb) A.
brasilense DraG (PDB 3G9D); (ARGHTt) Thermus thermophilus ARH (PDB 2YZV); (ARHMj)
Methanococcus jannaschii ARH (PDB 1T5 J); (ARH3 h) human ARH 3 (PDB 2FOZ); and
(ARHI h) human ARH 1 (PDB 3HFW). The main amino acid residues participating in catalytic
mechanism, metal, and ADP-ribose binding are highlighted in black sticks in the R. rubrum DraG
structure, its equivalents in the other structures are shown in dark blue sticks. ADP-ribose is
shown in orange sticks. Mn>* and Mg2+ are shown as spheres in red and green, respectively. The
overlapped structures were generated aligning the structures using PyMol

promotes maximum activity at lower concentrations (Ljungstrom et al. 1989; Saari
et al. 1986). The preference of Mn®* over Mg?* apparently reflects its higher
binding affinity to the DraG active site (V.R. Moure, unpublished). Based on the
structures of R. rubrum DraG, it was postulated that the preference for Mn*" is
based on the longer coordination distances of this metal (Berthold et al. 2009).
Historically, mammalians ARH have been tested in vitro in the presence of Mg".
It remains to be determined if the preference for Mn®* over Mg®* is a common
feature of the whole ARH family.

Most of the residues that participate in the catalytic mechanism of R. rubrum
DraG are conserved among other ARHs (Table 2 and Fig. 2b). The exception is
D97, which seems critical for catalysis (Berthold et al. 2009). This residue is
replaced by glycine in human ARH1 and ARH3 and in Thermus thermophilus
ARH. Other differences concern residues involved in the binding of ADP-ribose.
Among these, only R. rubrum DraG H158 is fully conserved throughout the ARH
family (Table 2, Fig. 2a). While both H158 and T101 residues of R. rubrum DraG
make important side chain contacts with the ADP-ribose di-phosphate (Berthold
et al. 2009), T101 is absent in human ARH representatives (Table 2, Fig. 2a).

The lack of the critical D97 and T101 residues in human ARHs suggests that
these homologs might have slightly different functions. Indeed, the preferred sub-
strate for human ARH3 are poly-ADP-ribosylated substrates (PAR) and, apparently,
ARH3 cannot remove the last remaining ADP-ribose moiety of its target substrates
(Mueller-Dieckmann et al. 2006). The active site of ARH3 may have evolved to
accommodate PAR substrates and cleave sugar-sugar O-glycosidic bounds. How-
ever, ARHI1, which is more active toward mono-ADP-ribosylated substrates, still
lacks D97 and T101, critical residues for substrate binding and catalysis. In addition
to ADP-ribose cleavage, human ARH1 and ARH3 can hydrolyze O-acetyl-ADP-
ribose in vitro (Kasamatsu et al. 2011; Mueller-Dieckmann et al. 2006). The
interpretation of the structural particularities found within the active site of human
ARHI and ARH3 will rely on the precise identification of the physiologically
relevant substrates for each of these enzymes.
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7 Distribution of DraT and DraG Homologs

In order to determine the extent of the distribution of both draG and draT genes, a
BlastP search was performed using the A. brasilense DraT (Uniprot AZOBR_70132)
and DraG (Uniprot AZOBR_70133) as queries against the protein database (August
2013).

For the DraG search, the BlastP results were filtered for sequence showing at
least 20 % identity and expected value threshold of 1 x 107>, The use of this
relatively low E-value cutoff was based on the fact that the structural comparison
between A. brasilense DraG and human ARH3 indicated a clear evolutionary
relation despite the relatively low E-values obtained in BlastP comparisons
(E-value 1 x 107%). The result of this DraG search indicated that DraG homologs
are widespread in nature being found in 1,405 organisms representing all domains
of life including viruses (Table S1).

For the DraT search, the BlastP results were filtered for sequence showing at
least 20 % identity and expected value threshold of 1 x 1072°. The protein hits
excluded using these cutoff parameters were clearly unrelated to DraT since there
was a big gap between the E-value of the last hit considered as positive (E-value
1 x 10_24) and the E-value of the first excluded hit (E-value 0.39). The result of
this search indicated that, in stark contrast to DraG, DraT homologs are restricted
to Bacteria, representing 93 different organisms, most of them belonging to o, f3, 7,
or ¢ Proteobacteria. Other bacterial classes, including Chrysiogenales, Deferri-
bacterales, Opitutae, and Verrucomicrobiae, were also identified in this analysis
(Table S2).

All the organisms containing a draT homolog also encoded for the minimal set
of proteins required for the assembly of the nitrogenase enzyme (NifH, NifD,
NifK, NifN, NifB, NifE) (dos Santos et al. 2012) and most of them contain draG
homologs (Table S2). Given that DraT is apparently restricted to nitrogen-fixing
organisms (Table S2), we speculate that the only function of DraT is to catalyze
dinitrogenase reductase ADP-ribosylation. On the other hand, the extensive dis-
tribution of DraG related proteins in non-nitrogen-fixing prokaryotes (Table S1)
supports that other cellular processes, apart from nitrogen fixation, might be
regulated by ADP-ribosylation (Souza and Aravind 2012). The identification of
novel cellular processes where ADP-ribosylation plays a role is a possible fertile
ground for future studies in prokaryotes.

8 The Regulation of DraT and DraG in Bacteria

The regulation of DraT and DraG is best described in A. brasilense and R. rubrum.
In these organisms, nitrogenase is switched-off by DraT-catalyzed ADP-ribosyl-
ation of dinitrogenase reductase when ammonium becomes available in the
environment or when these organisms are exposed to low-energy conditions such
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as anaerobiosis (in the organotrophic A. brasilense) or darkness (in the phototropic
R. rubrum) (Huergo et al. 2012; Nordlund and Hogbom 2013).

When ammonium is exhausted from the medium or when the oxygen
(A. brasilense) or light (R. rubrum) return to optimum levels, the ADP-ribosyl
group attached to dinitrogenase reductase is removed by DraG. In order to avoid a
futile cycle of ADP-ribosylation, DraT and DraG activities are reciprocally reg-
ulated in response to both ammonium and energy signals.

The mechanism that regulates DraT and DraG in response to the energy signal
(oxygen or light) is still elusive. In contrast, much more is known about the
ammonium signaling pathway where the Py signaling proteins regulate DraT and
DraG reciprocally (Huergo et al. 2012). The role of Py; proteins in the control of
DraT and DraG is best described in A. brasilense and only this organism will be
considered here. For reviews describing the particularities found in other organ-
isms see (Huergo et al. 2012; Nordlund and Hogbom 2013).

8.1 The Role of the P;; Proteins

The current model in A. brasilense supports that DraG has a default activity which
is downregulated upon interaction with Pj. In contrast, DraT default state is
inactive; becoming active upon interaction with Py (Huergo et al. 2012).

Py proteins are structurally conserved homotrimeric proteins widely distributed
in Archaea, Bacteria, and plants (Forchhammer 2008). The Py proteins act as
sensing and signaling modules. These functions rely on the ability of Py to
physically interact and regulate the activities of a wide range of target proteins.
The Pp—target protein interactions are, in turn, controlled by the levels of ATP,
ADP, and 2-oxoglurate (2-OG); these molecules act as allosteric modulators of Py
(for a review see Huergo et al. 2013). ATP and ADP bind competitively to three
nucleotide-binding sites located in the lateral clefts between Py subunits (Jiang and
Ninfa 2007; Xu et al. 1998). Three 2-OG binding sites are located in the vicinity of
the nucleotide-binding sites and the binding of 2-OG requires the preoccupancy of
the Py nucleotide-binding site by MgATP (Fokina et al. 2010; Gerhardt et al. 2012;
da Rocha et al. 2013; Truan et al. 2010).

In A. brasilense, two Py paralogs sharing 67 % amino acid identity, namely
GInB and GInZ, were identified (de Zamaroczy 1998). In addition to the allosteric
regulation by ATP, ADP, and 2-OG, GInB and GInZ are subjected to reversible
uridylylation catalyzed by the bifunctional uridylyltransferase/uridylyl-removing
enzyme GInD in response to glutamine levels. This covalent modification occurs at
a conserved residue (Y51) present on each of the three P;; monomers (Aratjo et al.
2008).

Under nitrogen-fixing conditions, the intracellular glutamine is low and 2-OG is
high. GInB and GInZ are uridylylated and bound to MgATP and 2-OG, under this
particular structural state, the Py proteins cannot interact with DraT and DraG
(Huergo et al. 2006a, 2007, 2009). DraG and DraT keep their default status, which
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Fig. 3 Model for the regulation of DraT and DraG activities in response to ammonium in A.
brasilense. The left part shows the nitrogen-fixing condition, the Py proteins, GInB and GInZ are
uridylylated and uncomplexed to DraT and DraG. DraG is active and DraT is inactive, the
dinitrogenase reductase is unmodified allowing nitrogen fixation to occur. Upon ammonium
shock (right part), GInB and GInZ are de-uridylylated. GInB interacts with DraT turning the
enzyme into an active form, which ADP-ribosylates the R101 of dinitrogenase reductase
switching-off nitrogenase. DraG is directed to the membrane through the formation of the AmtB-
GInZ-DraG ternary complex resulting in DraG inactivation by active site steric hindrance.
Adapted from Huergo et al. (2009). The protein structures were prepared from the PDB files 1FP6
(dinitrogenase reductase), 3MHY (Py; proteins), 3G9D (DraG) 1U77 (AmtB) using PyMol

are active and inactive, respectively. Consequently, dinitrogenase reductase
remains unmodified allowing nitrogen fixation to occur.

When ammonium ions increase, the glutamine levels also increase while 2-OG
decreases. GInB and GInZ are de-uridylylated and become bound to ADP, under
this particular structural state, GInB and GInZ physically interact with DraT and
DraG, respectively (Gerhardt et al. 2012; Huergo et al. 2006a, 2007, 2009).

The formation of the DraT-GInB complex results in DraT conformational
changes activating the ADP-ribosyltransferase and therefore promoting dinitro-
genase reductase ADP-ribosylation and nitrogenase inactivation (Moure et al.
2013) (Fig. 3). Under these conditions, the DraG-GInZ complex moves toward the
cell membrane where it binds to the ammonium transporter AmtB, resulting in
DraG inactivation (Gerhardt et al. 2012; Huergo et al. 2006a, b, 2009; Rajendran
et al. 2011; Rodrigues et al. 2011) (Fig. 3).
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The structure of the DraG-GInZ complex has been solved. GInZ interacts with
the solvent exposed o-helix 5 on the DraG surface. This helix is also present in
other DraG homologs; therefore, it is a candidate site for the docking of putative
ARH regulators in other organisms (Rajendran et al. 2011).

The structure of DraG bound to GInZ is virtually identical to that of DraG alone,
precluding conformational changes as the mechanism of enzyme inactivation
(Rajendran et al. 2011). Structural modeling supports that DraG is inactivated when
bound to GInZ due to steric hindrance of the DraG active site (Rajendran et al.
2011). The formation of the AmtB-GInZ-DraG ternary complex on the membrane
would enhance the affinity between GInZ and DraG further avoiding access of the
ADP-ribosylated dinitrogenase reductase substrate to the DraG active site.

9 Conclusions

The control of nitrogenase activity through reversible ADP-ribosylation is
the best-described system where mono-ADP-ribosylation regulates an enzyme
activity. ADP-ribosylation of the nitrogenase dinitrogenase reductase blocks the
docking site between the nitrogenase components, thereby inhibiting nitrogenase
activity. The enzymes responsible for the nitrogenase modification (DraT) and
de-modification (DraG) have been extensively characterized.

ADP-ribosyltransferase DraT homologs are restricted to a few nitrogen-fixing
organisms. DraT is expressed on a default inactive state, which is converted to an
active form upon interaction with the Py protein GInB. The DraT activation
probably results from conformational changes induced upon GInB binding. Much
more progress has been made with the nitrogenase ADP-ribosyl-hydrolase DraG.
Several crystal structures of bacterial DraG have been determined including: a
structure where a reaction intermediate was trapped inside the DraG active site;
and the structure of the complex between DraG and its regulatory partner GInZ.
This wealth of data allowed a better understanding of the DraG reaction mecha-
nism as well as its mode of regulation.

In the recent years, there has been an exponential increase in the number of key
biological processes where ADP-ribosylation apparently plays a role. DraG
homologs are widespread in Nature and, quite remarkably, their general structure
and their active site are well conserved throughout all domains of life. The lessons
learned with the bacterial DraG can help to elucidate the function, mechanism of
action, and regulation of ARH homologs derived from more complex forms of life
such as mammals.
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Abstract ADP-ribosyltransferases comprise a family of enzymes originally dis-
covered as bacterial toxins and later characterised also in mammals. In mice, the
ADP-ribosyltransferase ARTC2.2 is expressed at the surface of T lymphocytes and
has been studied extensively. In the presence of extracellular NAD", ARTC2.2
ADP-ribosylates several cell surface target proteins and thereby regulates their
function. P2X7, an ATP-gated cation channel, has been discovered as a prominent
ARTC2.2 target at the surface of mouse T cells. ADP-ribosylation of P2X7 in the
presence of low micromolar extracellular NAD™ induces long-lasting P2X7 acti-
vation and triggers cell death. Regulatory T cell subsets (Tregs and NKT cells) are
remarkably sensitive to NAD*-induced cell death (NICD). Thus, liberation of
endogenous NAD™ by stressed cells is now viewed as a danger signal promoting
immune responses by hindering regulatory T cells. This review will highlight the
recent discoveries on the in vivo role of the ARTC2.2/P2X7 pathway triggered by
the endogenous release of extracellular NAD?*, the relative sensitivity of lym-
phocytes subsets to this regulatory pathway and its pharmacological manipulation
using camelid-derived ARTC2.2-blocking nanobodies.
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ART Mono-ADP-ribosyl transferase
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NA Nicotinamide

NICD NAD™-induced cell death
NKT Natural killer T cell
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TCR T cell receptor
Treg Regulatory T cell
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1 Introduction

ADP-ribosyltransferases (ARTSs) comprise a family of proteins originally discovered
as bacterial toxins, including diphtheria toxin of Corynebacterium diphtheria,
cholera toxin of Vibrio chloerae and the C2/C3 botulinum toxins of Clostridium
botulinum. These enzymes catalyse a post-translational modification of target pro-
teins by covalently attaching the ADP-ribose moiety of nicotinamide adenine dinu-
cleotide (NAD") to specific amino acid residues on target proteins (Honjo et al. 1968).

Toxin-related ARTSs have also been discovered in and cloned from mammals. On
the basis of structural features, mammalian ARTs have been divided into four
groups: (i) the mammalian poly-ADP-ribose polymerases (PARPs); (ii) an NAD"-
dependent tRNA 2’-phosphotransferase (TpT); (iii)) NEURL4-like ARTs (De Souza
and Aravind 2012), and (iv) the extracellular membrane-associated ADP-
ribosyltransferases (ecto-ARTs). The members of the first three groups fall within
the diphtheria-toxin-related ARTD family in the newly proposed unified nomen-
clature, whereas ecto-ARTs correspond to C2/C3-toxin-related ARTC proteins
(Hottiger et al. 2010). In the latter group, ARTC1-ARTC4 are expressed as
GPI-anchored ecto-enzymes whereas ARTCS is secreted as a soluble protein
(Koch-Nolte et al. 2006). An arginine-specific ADP-ribosylation activity has been
confirmed for human and mouse ARTC1, for the two isoforms of mouse ARTC2,
and for human and mouse ARTCS (Glowacki et al. 2002). In this review, we will
focus only on the ARTC2 proteins expressed as ecto-enzymes on the surface
of mouse immune cells and on their crucial regulatory function on the activity,
survival, phenotype and homeostasis of these cells in situations where extracellular
NAD™ is liberated from endogenous sources.

2 Endogenous Sources of Extracellular NAD*

An important question when examining the biological function of ecto-ARTS is the
endogenous source of extracellular NAD" in normal and pathophysiological sit-
uations. The concentration of extracellular NAD" in serum has been reported to
range between 0.1 and 0.3 uM, while intracellular NAD* concentrations are much
higher at 400-500 uM. This concentration range of NAD" in serum is approxi-
mately five fold lower than that required in vitro to observe ARTC2.2-mediated
effects (Davies et al. 1999; Haag et al. 2007). Several studies have, however,
demonstrated that NAD* can be released from intracellular sources (Scheuplein
et al. 2009). Release of NAD" into the extracellular space is observed under
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conditions where cells are stressed by various means (e.g., mechanical shear forces,
oxidative stress) and, obviously, in conditions where cells are dying (Haag et al.
2007; Scheuplein et al. 2009; Seman et al. 2004). In this line, we found that acute
inflammation is associated with the liberation of significant amounts of NAD*
(1-10 uM range) into the extracellular milieu (Adriouch et al. 2007). Interestingly,
NAD" liberated into the inflammatory site can diffuse to some extent and reach
local draining lymph nodes where it induces measurable ARTC2.2-dependent
effects on the phenotype and on the function of T lymphocytes (Adriouch et al.
2007). This is compatible with the relatively long half-life of extracellular NAD™" as
compared to ATP in biological contexts (15 min vs. only a few seconds in plasma)
(Scheuplein et al. 2009; Burnstock 2006; Burnstock and Kennedy 2011).

3 Degradation of Extracellular NAD™ by CD38 and Other
NAD*-Catabolising Ecto-enzymes

Enzymes that can hydrolyse extracellular NAD" involve three known families of
ecto-enzymes: (i) NAD'-glycohydrolases/ADP-ribose cyclases (CD38 and
CD157), (ii) ecto-nucleotide pyrophosphatases/phosphodiesterases (E-NPPs) such
as PC-1 (CD203) and (iii) the 5’-ecto-nucleotidase CD73, which is reported to
directly degrade NAD* (Haag et al. 2007; Garavaglia et al. 2012). Some members
of the ART family, e.g. rat ARTC2 and mouse ARTCS also exhibit potent NADase
activity (Haag et al. 1995; Weng et al. 1999). These enzymes, by degrading
extracellular NAD™, directly compete with the NAD"-dependent arginine-ADP-
ribosylation activity of ecto-ARTs. We and others found that the half-life of NAD*
in biological fluids is considerably increased in CD38'~ mice, suggesting that
CD38 plays a major role in the hydrolysis of NAD" in vivo (Adriouch et al. 2007;
Cockayne et al. 1998). Indeed, CD38 expressed predominantly by B lymphocytes
competes with ARTC2.2 expressed on T lymphocytes for the consumption of
extracellular NAD* and significantly limits the amount of ADP-ribosylation on the
surface of T lymphocytes in normal conditions (Krebs et al. 2005). Hence, upon its
release into the extracellular space by stressed cells, at sites of inflammation or
upon cell injury, extracellular NAD* can either be used by ecto-ARTs to cova-
lently modify specific target proteins by ADP-ribosylation or be degraded into
smaller metabolites. These metabolites, in turn, can stimulate specific receptors
(for instance adenosine can stimulate P1 receptors and regulates several physio-
logical functions) or be internalised into cells by equilibrative or concentrative
nucleoside transporters and finally be recycled by the nucleotide salvage pathway
(Seman et al. 2004; Deterre et al. 1996). Hence, the net biological effect of
extracellular NAD™ depends on the amount of NAD" released into the extracellular
space, the quality and quantity of specific receptors/enzymes expressed by sur-
rounding cells, and on the activities of the catabolising-enzymes (Haag et al. 2007;
Koch-Nolte and Ziegler 2013). Such a balance between local production of a
signalling molecule that is normally absent from the extracellular space and its
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rapid degradation/consumption is characteristic of the class of molecules that
mediates “danger signals” and that can alert immune cells (Matzinger 2002). We
have previously proposed that extracellular NAD™, by regulating immune func-
tions through ARTC2.2, can be regarded as a genuine member of this family of
signalling molecules (Adriouch et al. 2012).

4 Expression of ARTC Enzymes in Mouse and Human
Tissues

Genes encoding ARTC proteins display similar structural organisation in mouse
and human. They are composed of 4 to 14 exons with a large central exon
encoding the NAD" binding catalytic domain (Glowacki et al. 2002). Three amino
acids in this domain located around the catalytic site in the folded protein form a
R-S-E triad motif involved in mono-ADP-ribosyltransferase activity (Hottiger
et al. 2010; Glowacki et al. 2002; Stilla et al. 2011). Mouse and human ARTC3
and ARTC4 lack this motif suggesting that they might have lost or deviated from
their presumable original enzymatic activity. The last 3’ exon of ARTC1-ARTC4
codes for a GPI anchor signal sequence compatible with their attachment to the
cell membrane by a glycosyl-phosphatidylinositol linker. Human and mouse
ARTS lack this sequence and are rather produced as secreted proteins (Hottiger
et al. 2010; Glowacki et al. 2001, 2002).

Four human (ARTCI, 3, 4, 5) and six mouse (ARTCI1, 2.1, 2.2, 3, 4, 5) ARTC
genes have been characterised. Their expression at the mRNA level has been
analysed by RT-PCR and northern blot from human and mouse tissues. For both
species, ARTC3 and ARTC4 expression is found in several tissues including the
hematopoietic system. The other genes display a more restricted expression with
ARTCI1 mainly expressed in skeletal and cardiac muscles and ARTCS in testis.
The gene that would code for ARTC2 in human and chimpanzee corresponds to a
pseudogene, inactivated during evolution by three premature stop codons (Haag
et al. 1994). Whether human ARTCI can partially compensate for this defect and/
or can participate in the modulation of immune cell function, akin to mouse
ARTC2.1 and ARTC2.2 (see below), is presently not clear. This could, however,
very well be the case at least in human neutrophils where ARTC1 expression was
demonstrated by northern blot and by staining with specific antibodies (Paone
et al. 2002). Indeed, the human anti-microbial peptide HNP-1 produced by acti-
vated neutrophils was previously demonstrated to be a substrate of ARTCI
in vitro. Interestingly, ADP-ribosylated HNP-1 was also detected in the bron-
choalveolar lavages from cigarette smokers and was suggested to modulate its
ability to recruit immune cells (Paone et al. 2002).

In mouse, two related genes presumably originated from a recent gene dupli-
cation event have been characterised. They code for ARTC2.1 and ARTC2.2
enzymes that share less than 85 % amino acid sequence identity. This suggests that
their structures and functions have considerably diverged. Regarding their
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expression, ARTC2.1 is expressed in T cells and macrophage while ARTC2.2 is
only detected in T cells (Glowacki et al. 2002; Hong et al. 2009). Also, while
expression of ARTC2.1 is up-regulated on the surface of macrophages upon
activation by lipopolysaccharide, IFN-f or IFN-y, ARTC2.2 is rather down-
regulated on activated T cells (Hong et al. 2007, 2009; Kahl et al. 2000). Both
enzymes display arginine-specific ADP-ribosyltransferase enzymatic activity and
show similar target specificities. Yet, ARTC2.1 is active only in the presence of
reducing agents (Hong et al. 2007; Hara et al. 1999). This has been ascribed to the
presence of an additional disulfide bridge, absent from all other known ARTs, that
restrains its enzymatic activity. Subsequently, while ARTC2.2 is constantly active,
ARTC2.1 activity is limited in vivo to environments as inflammatory sites where
thiol donors, akin to glutathione, and thiol oxidoreductases may accumulate (Hong
et al. 2007, 2009).

5 ARTC2.2 Mediated ADP-Ribosylation of P2X7

ARTC2.2 catalyses the ADP-ribosylation of several T cell surface proteins
including LFA-1, CD8, and the purinergic P2X7 receptor (Nemoto et al. 1996;
Okamoto et al. 1998; Seman et al. 2003; Lischke et al. 2013). In the case of P2X7,
the functional consequences of ADP-ribosylation have been well studied on
lymphocytes. P2X7 is a ligand-gated ion channel that is normally activated by the
non-covalent binding of the soluble ATP ligand. As ADP-ribosylation covalently
attaches an ADP-ribose moiety, structurally related to ATP, onto the P2X7 protein,
we investigated whether this may mimic ATP binding. We indeed demonstrated
that ADP-ribosylation represents an alternative pathway to trigger P2X7 activation
on T lymphocytes in the presence of extracellular NAD™ (Seman et al. 2003).
Co-expression of P2X7 and ARTC2.2 on the surface of mouse T cells renders
these cells sensitive to low micromolar concentrations of extracellular NAD* by a
mechanism that involves ARTC2.2-dependent ADP-ribosylation of P2X7 and its
consequent triggering. Gating of the P2X7 ion-channel by ADP-ribosylation
depends mechanistically on ADP-ribosylation of the arginine residue at position
125 (R125), which we hypothesised to be located in the vicinity of the ATP
binding site (Adriouch et al. 2008; Schwarz et al. 2009). Three-dimensional
modelling of the P2X7-trimer structure based on the recently solved structure of
the related P2X4-trimer from zebrafish confirmed this assertion and remarkably
predicted R125 to be located on a prominent mound just above the ATP-binding
crevice (Hattori and Gouaux 2012; Laing et al. 2011; Browne et al. 2010; Young
2010; Jiang et al. 2013).

Interestingly, a new splice variant of P2X7, designated P2X7(k), has been
recently characterised in rodents (Nicke et al. 2009). This variant differs from the
classical P2X7(a) owing to the usage of an alternative exon 1. The P2X7 protein
expressed by this variant harbours a distinct cytosolic N-terminus and first trans-
membrane region. In functional tests, P2X7(k) receptor displays 10-fold higher
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sensitivity to ATP and a slower deactivation time upon agonist removal (Nicke
et al. 2009; Xu et al. 2012). Importantly, expression of P2X7(a) and P2X7(k)
governs cell sensitivity not only to ATP, but also to NAD*-induced P2X7 activation.
Indeed, while both variants can be ADP-ribosylated in cells cotransfected with
ARTC2.1 or ARTC2.2, only P2X7(k) can be activated by ADP-ribosylation (Xu
etal. 2012; Schwarz et al. 2012). Given the preferential expression of P2X7(k) by T
cells, these findings explain their unique sensitivity to extracellular ATP and NAD*
as compared to others cells (Schwarz et al. 2012). For comparison, macrophages
which preferentially express the P2X7(a) variant only respond to millimolar con-
centrations of ATP and do not respond at all to NAD™*, even in conditions where
ADP-ribosylation of P2X7 can be demonstrated (Hong et al. 2009).

6 Molecular and Cellular Consequences of P2X7 ADP-
Ribosylation in Mouse T Cells

Incubation of mouse T lymphocytes with either high concentrations of ATP
(100500 uM) or with low concentrations of NAD* (3-30 uM) induces compa-
rable biochemical and cellular features that are characteristic of P2X7 activation
(Scheuplein et al. 2009; Seman et al. 2003; Schwarz et al. 2009). These events
include influx of Ca®*/Na* and efflux of K* ions, shedding of cell surface proteins
such as CD27 (Moon et al. 2006) and CD62L (Gu et al. 1998), externalisation of
phosphatidylserine (PS), cell shrinkage (Taylor et al. 2008) and ultimately cell
death when P2X7 is activated for a prolonged time (Fig. 1). Interestingly, while
high concentrations of extracellular ATP have to be maintained for more than 30
min to induce T cells to die in vitro, a brief exposition with low micromolar NAD*
concentrations is sufficient to durably ADP-ribosylate P2X7 and to irreversibly
induce cell death (Seman et al. 2003). These observations suggest that induction of
T cell death by extracellular NAD™ is likely to occur in vivo in various patho-
physiological situations. We termed this new immune regulatory pathway NAD*-
induced cell death (NICD) (Seman et al. 2003).

7 T Cell Subsets Differ in Their Sensitivity
to Extracellular NAD*

7.1 Naive T Cells Are Sensitive to NICD and Activated
Effector T Cells Are Resistant

Naive CD4* and CD8" T cells constitutively express ARTC2.2 and P2X7 although
at slightly different levels. P2X7 is expressed at a higher level on naive CD4" T
cells as compared to naive CD8" cells, whereas the reverse is true for ARTC2.2.
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Fig. 1 ARTC2.2 ADP-ribosylates P2X7 on the surface of T cells. The ARTC2.2 ecto-enzyme
catalyses the covalent linkage of the adenosine diphosphate ribose (ADPR) group from
nicotinamide adenine dinucleotide (NAD™) onto arginine residue 125 (R125) of P2X7. This
posttranslational modification induces P2X7 channel opening, influx of Ca®* and Na™, efflux of
K*, externalisation of phosphatidylserine (PS), proteolytic shedding of cell surface proteins
(CD27, CD62L) by TNFa-converting enzyme (TACE) and ultimately cell death. CD38 limits the
activity of ecto-ARTs by degrading the common NAD" substrate to ADPR and nicotinamide
(NA)

In unimmunised mice, CD4" T cells were more sensitive to NICD than their CD8"
counterparts, suggesting that expression of P2X7 rather than of ARTC2.2 is the
factor limiting NICD on naive T cells (Adriouch et al. 2007).

Contrary to naive T cells, activated T cells become resistant to NICD (Nemoto
et al. 1996; Adriouch et al. 2001). This was correlated with metalloprotease-
dependent proteolytic cleavage of ARTC2.2 from the cell surface upon activation
of the T cell receptor (TCR) or upon PMA-based polyclonal stimulation (Kahl
et al. 2000). Consistently, T cells surviving NAD" treatment in vivo display a
CD44"e" CD62L'Y phenotype characteristic of activated/memory T cell and
express lower levels of ARTC2.2 and of P2X7 at their surface (Adriouch et al.
2007). Further, as mentioned earlier, the activity of ART enzymes can be limited
by the activity of the CD38 ecto-NAD"-glycohydrolase (Krebs et al. 2005). In
mice, activated T cells express CD38 on their surface, which further contributes to
their resistance to NICD (Krebs et al. 2005; Adriouch et al. 2001) .

Compared to conventional T cells, regulatory T cells (Tregs), natural killer T
(NKT) cells, and intestinal CD8* T cells display higher sensitivity to extracellular
ATP and NAD"' (Aswad and Dennert 2006; Aswad et al. 2005; Kawamura
et al. 2005, 2006; Heiss et al. 2008; Hubert et al. 2010; Scheuplein et al. 2010;
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Rissiek et al. 2013). In the following section, we will summarise the functional
consequences of ARTC2.2-mediated P2X7 ADP-ribosylation on Tregs and NKT
cells. For intestinal CD8" T cells, it has been suggested that their higher expression
of ARTC2.2 and P2X7 is related to their exposition to retinoic acid in the intestinal
environment (Heiss et al. 2008). Their higher sensitivity to extracellular ATP or
NAD™ may physiologically regulate their function in the intestinal tract possibly to
avoid overwhelming cytotoxicity during infections.

7.2 Tregs and NKT Cells Are Highly Sensitive
to Extracellular NAD™

7.2.1 Phenotype and Function of Tregs Are Altered in Vitro
by extracellular NAD*

CD4" Foxp3™* Tregs represent a subset of T cells that play a major role in the
regulation of immune responses and in the prevention of autoimmune diseases.
Their sensitivity to extracellular NAD™ has been precisely studied ex vivo using
DEREG mice in which live CD4*Foxp3™ T cells can be identified by their eGFP
fluorescence (Lahl et al. 2007). Tregs from the DEREG mice responded to
extracellular NAD" by exposing phosphatidylserine at their cell surface upon
addition of as low as 1 uM NAD" and as early as 2 min after incubation with
NAD™. Side-by-side comparison showed that Tregs are indeed much more sen-
sitive to NAD™-induced phosphatidylserine exposure and to NAD™-induced
shedding of CD62L and CD27 than conventional CD4* T cells (Hubert et al.
2010). Notably, 0.5 uM NAD™" was enough to inhibit their function in classical
in vitro suppression assays. Later studies revealed that the higher sensitivity of
Tregs to extracellular NAD* and ATP is not only linked to their high global
expression of P2X7 at their surface, but also to their predominant expression of the
more sensitive P2X7(k) splice variant (Schwarz et al. 2012).

7.2.2 Survival of Tregs and NKT Cells in Vivo Is Regulated
by Extracellular NAD*

Induction of NICD in Tregs and in NKT cells by extracellular NAD™ is strictly
dependent on the ARTC2.2/P2X7 pathway (Kawamura et al. 2006; Hubert et al.
2010; Scheuplein et al. 2010; Rissiek et al. 2013). Similarly, the total numbers of
Tregs in peripheral lymph nodes under steady-state conditions is influenced by the
ARTC2.2/P2X7 pathway and by CD38 NAD™-glycohydrolase. Indeed, peripheral
lymph nodes of wild-type mice exhibit significantly less Tregs as compared to
P2X7~"" mice and, conversely, significantly more Tregs as compared to CD38 ™/~
mice (Hubert et al. 2010). This demonstrates that sufficient amounts of extracellular
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NAD™" are released in vivo in normal physiological situations to trigger NICD.
These findings were also verified for NKT cells (Scheuplein et al. 2010).

7.2.3 Regulation of Tregs and NKT Cells by Extracellular NAD*
in Pathophysiological Situations

Interestingly, by regulating the number and function of Tregs and NKT cells, the
ARTC2.2/P2X7 pathway (and its regulation by CD38) influences disease outcome
in animal models of autoimmune diseases and cancer. For instance, lower numbers
of Tregs and NKT cells in CD38 '~ mice have been linked to accelerated onset of
diabetes in the non-obese-diabetic (NOD) mice model (Chen et al. 2006). Indeed,
CD38 '~ NOD mice showed an earlier onset of disease that could be attributed to
the enhanced activation of the ARTC2.2/P2X7 axis, resulting in reduced numbers
of Tregs and diabetes-protective iNKT cells in the pancreatic lymph node
(Scheuplein et al. 2010). Involvement of ARTC2.2 in this model was corroborated
by the observations that its genetic deletion or its durable pharmacological
blockade with an inhibitory nanobody-Fc fusion protein resulted in a delayed onset
of disease in CD38~~ NOD mice (Chen et al. 2006; Scheuplein et al. 2010).
Again, these data suggest that sufficient amounts of NAD™ are liberated in path-
ophysiological situations in vivo to influence the homeostasis of Tregs and NKT
cells, and highlight the importance of the ARTC2.2/P2X7 axis in this regulation.
In the tumour models described below, the high sensitivity of Tregs and NKT cells
to extracellular NAD" has been used to manipulate these subsets in vivo by
intravenous injections of NAD™.

7.2.4 In Vivo Manipulation of Regulatory T Cells Expressing ARTC2.2
and P2X7 by NAD" Injection

The higher expression of P2X7 on some T cell subsets expressing ARTC2.2, like
Tregs and NKT cells, has brought forward the idea that NAD* could be used
in vivo to selectively manipulate the number and/or function of these subsets.
NAD™" has been used in vivo in several mouse models to selectively deplete Tregs
or NKT cells and to study the role of the ARTC2.2/P2X7 pathway in various
pathophysiological situations (Adriouch et al. 2007; Aswad et al. 2005; Kawamura
et al. 2006; Hubert et al. 2010). Intravenous injection of 10 mg NAD™ into
CD38 '~ mice or 60 mg into wild-type mice led to a 80 % reduction of Tregs in
spleen and peripheral lymph nodes (Hubert et al. 2010). Pharmacological
manipulation of Tregs by the natural compound NAD* showed beneficial effects in
several tumour models. Indeed, injection of NAD™ into wild-type mice one day
prior to syngeneic tumour implantation led, depending on the tumour model, either
to complete tumour rejection or to significant inhibition of tumour growth and, in
all situations, to stimulation of a bona fide CD8" cytotoxic T cell anti-tumour
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Fig. 2 Intravenous injection of NAD" induces depletion of Tregs and promotes anti-tumour
responses. Injection of NAD" or anti-CD25 antibody (PC-61) similarly affects the number or
function of peripheral Tregs. This favours the natural emergence of a cytotoxic anti-tumour
immune response and significantly reduces tumour progression as illustrated here upon
subcutaneous transfer of the aggressive B16 tumour model 24h post-treatment (Hubert et al. 2010)

response (Hubert et al. 2010) (Fig. 2). Manipulation of Tregs using NAD™ was at
least as effective as classical anti-CD25 antibody treatment to block Tregs and to
elicit an anti-tumour response in vivo. In DEREG mice, which express a diphtheria
toxin receptor under control of the Foxp3 promoter, treatment with NAD" led to a
comparable level of Treg depletion as a single injection of diphtheria toxin (Hubert
et al. 2010; Klages et al. 2010). Interestingly, as with other T cell subsets, activated
Tregs appeared to be more resistant to NAD* (Hubert et al. 2010). Not surprisingly
therefore, Tregs surviving NAD" treatment in vivo displayed an activated/memory
CD44"E"CDE2L'Y phenotype. Again, their resistance correlates with their lower
expression of ARTC2.2 and P2X7 as compared to naive Tregs.

On the side of NKT cells, injection of NAD" has been shown to deplete liver
NKT cells and to protect animals from concanavalin A- (ConA-) induced auto-
immune liver inflammation (Kawamura et al. 2006). Interestingly, the sensitivity
of liver NKT cells to NAD" also depends on their activation status. If injected
prior to ConA, NAD" induced a rapid depletion of naive NKT cells in the liver and
inhibited ConA-induced liver damage. Conversely, when NAD* was injected 3h
after injection of the mitogen ConA, liver damage was instead enhanced. Taking
into consideration that ARTC2.2 is cleaved upon mitogenic stimulation of con-
ventional T cells (Kahl et al. 2000), it is tempting to speculate that resistance of
NKT cells to NICD in this experimental situation is due to proteolytic cleavage of
ARTC2.2 upon the activation of NKT cells by ConA in vivo.
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8 Liberation of Endogenous NAD™ During Cell
Preparation Ex Vivo Influences the Phenotype
and Function of Cells Expressing ARTC2.2 and P2X7

Low micromolar concentrations of extracellular NAD" suffice to kill Tregs and
NKT cells by NICD. As endogenous NAD™ can readily be released into the
extracellular compartment from stressed cells, the question arises as to whether
this can also occur ex vivo during cell preparation and affect the phenotype and/or
function of cells expressing ARTC2.2 and P2X7. We reported that routine prep-
aration of primary lymphocytes from spleen and peripheral lymph nodes is suffi-
cient to release NAD" and to ADP-ribosylate P2X7 on a fraction of T cells
(Scheuplein et al. 2009). It is worth noting that ADP-ribosylation of P2X7 by the
ARTC2.2 enzyme occurs even when cells are prepared at 4° C. As P2X7 function
is inhibited at low temperature, this induces a covalent but “silent” modification of
P2X7 that becomes perceptible upon incubation at 37° C. Returning the cells back
to 37° C triggers gating of P2X7, shedding of CD27/CD62L, externalisation of
phosphatidylserine and finally cell death (Fig. 3). Not surprisingly, cell subsets
known to be highly sensitive to extracellular NAD*, such as Tregs and liver NKT
cells, are particularly affected by this ARTC2.2-dependent deleterious effect. In
routine cell preparations, as many as 50 % of splenic Tregs and more than 80 % of
liver NKT cells are visibly affected by this phenomenon upon incubation at 37° C
(Rissiek et al. 2013). ARTC2.2-dependent ADP-ribosylation during cell prepara-
tion affects the phenotype and function of cells in multiple ways and can interfere
with numerous downstream applications. For instance, wild-type (WT) Tregs show
weaker suppressive functions in vitro as compared to ARTC2™/~ or P2X77/~
Tregs (Hubert et al. 2010; Rissiek et al. 2013). Similarly, ADP-ribosylation of
P2X7 during preparation of liver NKT cells from WT mice inhibits «GalCer-
mediated cell expansion and IFNy production as compared to liver NKT cells
prepared from ARTC2™~ and P2X7 '~ animals (Rissiek et al. 2013). From these
data, it has become evident that the release of NAD* during cell preparation can
significantly impact the phenotype and function or Tregs and liver NKT cells
analysed ex vivo. Furthermore, they imply that much caution should be taken
when interpreting such data, particularly when CD62L, CD27 expression or
phosphatidylserine exposure are analysed. These results also illustrate a unique
situation where the brief release of endogenous NAD" ex vivo during mechanical
dissociation and cell manipulation durably affects sensitive T cell subsets by
covalent modification of the P2X7.

On T cell subsets expressing lower levels of P2X7 and displaying a lower
sensitivity to NICD, liberation of NAD* during cell preparation can also affect cell
phenotype and function albeit at a lower degree. Apart from P2X7, the ARTC2.2
enzyme can ADP-ribosylate numerous other cell surface proteins involved in T
cell functions such as LFA-1 or CD8. ADP-ribosylation of LFA-1 at the surface of
CD8" CTL clones inhibits cell adhesion and LFA-1-associated signalling events
(Nemoto et al. 1996; Okamoto et al. 1998). ADP-ribosylation of CD8x was
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Fig. 3 NAD" released during cell preparation affects the survival and phenotype of Tregs and
NKT cells. After the isolation of spleen, peripheral lymph nodes and liver from donor mice (a),
mechanical cell dissociation leads to mechanical stress, cell damage and the release of
endogenous NAD™" (b). Extracellular NAD™ is then used by ARTC2.2 to ADP-ribosylate P2X7
even at 4 °C (c). Returning the cells to 37 °C during in vitro assays or after adoptive transfer into
recipient mice induces gating of P2X7 and NICD in Tregs and NKT cells (d). T cell
subpopulations respond differently to extracellular NAD* (e). Splenic T cell subpopulations from
WT or P2X7~/~ C57BL/6 mice were distinguished by flow cytometry using cell surface markers:
cytotoxic T cells (CD3*CD8"), T helper cells (CD3*CD4*CD257), Tregs (CD3*CD4CD25%),
NKT cells (CD3*NK1.1%). Cells were incubated at 37 °C or kept at 4 °C. NAD*-mediated gating
of P2X7 was monitored by the loss of CD27 from the cell surface of the respective T cell
subpopulation

suggested to inhibit pS6lck downstream events (Okamoto et al. 1998; Wang et al.
1996). More recently, it has been shown that CD8 is also ADP-ribosylated at the
surface of CD8* T cells, and that this happens during cell preparation ex vivo
(Lischke et al. 2013). The consequences of CD8f ADP-ribosylation include
modification of the epitopes recognised by some antibodies, inhibition of MHC-
tetramer binding by TCR transgenic CD8" T cells, and inhibition of their cytotoxic
activity.
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9 Camelid-Derived Nanobodies Represent New
Pharmacological Tools to Manipulate the ARTC2.2/
P2X7 Pathway

ARTC2.2 and/or P2X7 blocking agents would represent valuable pharmacological
tools in vivo, to further study the role of the ARTC2.2/P2X7 pathway on the
regulation of immune cells and its implication in pathophysiology. In fundamental
research, such agents may also help to preserve the viability and function of Tregs
and NKT cells during cell preparation ex vivo that can seriously bias results
interpretation.

9.1 ARTC2.2-Blocking Nanobodies Protect Tregs and NKT
Cells from the Deleterious Effects of NAD" Released
During Cell Preparation

Nanobodies are single-domain antibodies derived from camelid antibodies lacking
the classical antibody light-chain (Hamers-Casterman et al. 1993). Nanobodies
display remarkable properties: they are highly stable at high temperatures and
during pH shift, are easily produced as recombinant proteins, and have the ability
to form long protrusions that can bind inside active site crevices of enzymes.
Indeed, their complementarity determining region 3 (CDR3) can form a finger-like
extension that can reach cryptic epitopes that are normally inaccessible to con-
ventional antibodies (Wesolowski et al. 2009). Several blocking nanobodies
directed against mammalian and bacterial toxin ADP-ribosyltransferases have
been recently described (Menzel et al. 2013). The blocking nanobody s+16a
potently and specifically inhibits ARTC2.2 and prevents ARTC2.2-catalysed
ADP-ribosylation of P2X7 (Fig. 4a). Notably, even in presence of high concen-
trations of extracellular NAD™ in vitro, s+16a completely prevents ARTC2.2/
P2X7-dependent T cell death.

A further advantage of nanobodies is their small size, which confers a rapid
distribution and penetration into tissues in vivo. Consistently, intravenous injection
of 50 pg of s+16a 15 min prior to mouse sacrifice was sufficient to completely
inhibit ARTC2.2 activity at the surface of T cells harvested from peripheral lymph
nodes and spleen (Koch-Nolte et al. 2007). The nanobody s+16a can therefore be
used to protect NAD*-sensitive Tregs and NKT cells from the deleterious effects
of NAD" released during cell preparation. Tregs prepared from mice injected with
s+16a before sacrifice displayed a higher suppressive capacity in vitro, retained a
CD62L"E" phenotype and a better capacity to survive in vivo when adoptively
transferred into recipient mice than Tregs prepared from control mice (Hubert
et al. 2010; Rissiek et al. 2013) (Fig. 4b). Similarly, injection of s+16a protected
liver NKT cells from NAD™ released during cell preparation and allowed better
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Fig. 4 Blockade of ARTC2.2 during cell preparation by camelid-derived nanobodies preserves
the function of Tregs and NKT cells. Conventional monoclonal antibodies (mAbs) typically
recognise flat epitopes on the surface of their target antigens and can usually not access molecular
cavities. In contrast, nanobodies derived from camelid heavy chain antibodies can bind inside
catalytic sites and crevices and can block enzymatic function. The nanobody s+16a, depicted in
red inside the catalytic site of its ARTC2.2 target, can prevent ADP-ribosylation of P2X7 (a).
Injection of s+16a into mice 15 min prior to organ collection protects highly sensitive Tregs and
NKT cells from ADP-ribosylation during cell preparation and preserves the suppressive function
of Tregs in vitro, promotes the expansion and function of NKT cells in vitro, and preserves Tregs
and NKT cells from loss after adoptive transfer into recipient mice (b)

expansion of these cells ex vivo, higher levels of a«GalCer-induced IFNy secretion
and more efficient survival of these cells upon adoptive transfer into recipient mice
(Rissiek et al. 2013) (Fig. 4b).

9.2 ARTC2.2-Blocking Nanobodies can be Used
to Manipulate Tregs and NKT Cells in Vivo

Given that NAD™ is released in pathophysiological conditions and can affect the
function and survival of Tregs and NKT cells in vivo, pharmacological inhibition
of the ARTC2.2/P2X7 pathway in vivo could represent a new way to preserve
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these subsets. As mentioned above, the onset of diabetes is accelerated in CD38~/~
NOD mice concordant with a reduction in the number of Tregs and diabetes-
protective iNKT cells (Scheuplein et al. 2010; Chen et al. 2006). This finding,
showing that amplification of the ARTC2.2/P2X7 pathway by genetic ablation of
CD38 accelerates the spontaneous T-cell mediated autoimmune diabetes of NOD
mice, provided the basis for an illustration of the therapeutic potential of phar-
macological blockade of ARTC2.2 in vivo. Indeed, weekly injection of s+16aFc
(s+16a nanobody fused to murine IgG1 to increase its half-life in vivo) for 4 weeks
provided long-term in vivo inhibition of ARTC2.2 activity and restored iNKT cell
numbers. This treatment protected from diabetes when mice were co-injected
with alpha-galactosylceramide («GalCer) to stimulate regulatory iNKT cells
(Scheuplein et al. 2010). Long-term treatment with s+16a also improved the sup-
pressive capacity of Tregs and allowed accumulation of Tregs into the pancreatic
lymph nodes of mice challenged with aGalCer. Thus, nanobodies directed against
ARTC2.2, and possibly also future nanobodies directed against P2X7, represent
valuable tools to manipulate the ARTC2.2/P2X7 pathway in vivo. These tools will
help to further elucidate the role of this pathway in various pathophysiological
models and may open new therapeutic options for inflammatory diseases.

10 Conclusions

Endogenous NAD™ can be released from intracellular sources into the extracellular
milieu in different situations including mechanical shear forces, oxidative stress,
tissue injury, or inflammation, and represents a genuine danger signal that can
potentiate the immune response by dampening Treg subsets. This concept has been
illustrated in two animal models so far. A single intravenous injection of NAD*
selectively depletes 80 % of the peripheral CD4*Foxp3* Tregs and consequently
promotes a spontaneous bona fide cytotoxic T cell response against implanted
tumours. Genetic deletion of CD38 in NOD mice resulted in increased availability
of extracellular NAD* and an ARTC2.2-dependent acceleration of diabetes onset
by reducing the number and function of Tregs and regulatory iNKT cells. Taken
together, these data suggest that the ARTC2.2/P2X7 pathway indeed plays an
important role in the fine modulation of the balance between effector and Treg
subsets. Therefore, the development of pharmacological agents targeting this
pathway could be of significant interest to manipulate immune responses in var-
ious pathophysiological situations. Proof-of-principle experiments have estab-
lished that injection of camelid-derived nanobodies blocking the enzymatic
activity of ARTC2.2 can indeed be used ex vivo as well as in vivo to preserve the
viability, function and phenotype of Treg and NKT cells that are highly sensitive
to extracellular NAD™. Nanobodies targeting ARTC2.2 and P2X7 will be useful in
future studies to decipher the role of ARTC2.2 and P2X7 in other pathophysio-
logical models and may provide new biotherapeutics for modulating immune
responses.
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Pierisins and CARP-1: ADP-Ribosylation
of DNA by ARTC:s in Butterflies
and Shellfish

Tsuyoshi Nakano, Azusa Takahashi-Nakaguchi,
Masafumi Yamamoto and Masahiko Watanabe

Abstract The cabbage butterfly, Pieris rapae, and related species possess a
previously unknown ADP-ribosylating toxin, guanine specific ADP-ribosyltrans-
ferase. This enzyme toxin, known as pierisin, consists of enzymatic N-terminal
domain and receptor-binding C-terminal domain, or typical AB-toxin structure.
Pierisin efficiently transfers an ADP-ribosyl moiety to the N? position of the
guanine base of dsDNA. Receptors for pierisin are suggested to be the neutral
glycosphingolipids, globotriaosylceramide (Gb3), and globotetraosylceramide
(Gb4). This DNA-modifying toxin exhibits strong cytotoxicity and induces apop-
tosis in various human cell lines, which can be blocked by Bcl-2. Pierisin also
produces detrimental effects on the eggs and larvae of the non-habitual parasitoids.
In contrast, a natural parasitoid of the cabbage butterfly, Cotesia glomerata, was
resistant to this toxin. The physiological role of pierisin in the butterfly is suggested
to be a defense factor against parasitization by wasps. Other type of DNA ADP-
ribosyltransferase is present in certain kinds of edible clams. For example, the
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CARP-1 protein found in Meretrix lamarckii consists of an enzymatic domain
without a possible receptor-binding domain. Pierisin and CARP-1 are almost fully
non-homologous at the amino acid sequence level, but other ADP-ribosyltransfe-
rases homologous to pierisin are present in different biological species such as
eubacterium Streptomyces. Possible diverse physiological roles of the DNA ADP-
ribosyltransferases are discussed.

Abbreviations

dsDNA Double-strand DNA
Gb3 Globotriaosylceramide
Gb4 Globotetraosylceramide

GADPRT N-glycosidic cholera toxin-like-ADP-ribosyltransferase catalyzing
mono-ADP-ribosylation
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1 Introduction

ADP-ribosyltransferase activity is observed in a variety of prokaryotes and
eukaryotes (Corda and Di Girolamo 2003). For example, cholera and pertussis toxins
transfer the ADP-ribose moiety from NAD™ to specific arginine or cysteine residues
of the a-subunit of G proteins, respectively, while diphtheria toxin transfers this
moiety to the diphthamide residue of elongation factor 2. ART1 and ART2 modify
the arginine residues of human neutrophil peptide-1 and the cytolytic P2X; receptor,
respectively (Corda and Di Girolamo 2002; Stevens et al. 2009; Scheuplein et al.
2009). In general, each ADP-ribosyltransferase exhibits significant substrate spec-
ificity for its acceptor molecule, and most acceptors are known to be proteins.



Pierisins and CARP-1: ADP-Ribosylation of DNA 129

In 1996, we identified a potent cytotoxic substance in the cabbage butterfly,
Pieris rapae (Koyama et al. 1996). Subsequent cDNA sequencing demonstrated
that this substance was a protein, denoted pierisin, and was an ADP-ribosylating
toxin (Watanabe et al. 1999). After some unsuccessful attempts to find target
molecules of pierisin, we finally identified an acceptor that was not predicted, the
guanine base of DNA (Takamura-Enya et al. 2001). This kind of DNA-modifying
toxin exists only in some Pierid butterflies among a variety of examined Lepi-
dopteran insects. However, certain prokaryotic organisms have also been found to
harbor a guanine specific ADP-ribosyltransferase that is homologous to the pieri-
sins (Koyama et al. 1996; Matsumoto et al. 2008; Yamamoto et al. 2009; Nakano
et al. 2013). We additionally characterized another kind of DNA ADP-ribosyl-
transferase in shellfish (Nakano et al. 2006) with virtually no sequence similarities
with pierisin. This review focuses on these intriguing enzymes.

2 ADP-Ribosylation of DNA by Pierisins
2.1 Hdentification of NAD*:DNA ADP-Ribosyltransferases

In 1996, we found cytotoxic activity in protein extracts of cabbage butterfly pupae
(Pieris rapae, possibly Pieris rapae crucivora, which inhabit Japan; Koyama et al.
1996), and subsequently purified this toxin and named it pierisin (Watanabe et al.
1998). Since the deduced amino acid sequence of pierisin shows 30 % homology
with the mosquitocidal ADP-ribosylating toxin from Bacillus sphaericus SSII-I
(MTX) (Watanabe et al. 1999), the pierisins were predicted to be ADP-ribosylating
toxins. Mono ADP-ribosyltransferases target nitrogen-or sulfate-atoms in specific
amino acid residues of their target proteins. Bacterial ADP-ribosyltransferases
mainly target key regulator proteins, whereas vertebrate mono ADP-ribo-
syltransferases (ARTs) target defensins and T-cell P2X; receptors, although the
physiological targets for some ARTs are still under investigation (Hottiger et al.
2010, and references therein). In our laboratory, we first screened for ADP-
ribosylated acceptors through autoradiography analysis of SDS-PAGE resolved
HeLa-cell extracts incubated with pierisin-1 in the presence of f-[adenylate->*P]
NAD* ([*’PINAD"). However, we could not detect any incorporation of radioac-
tivity in the proteins. The autoradiogram instead revealed a smear fraction above
100 kDa, which could be digested with DNase, suggesting that the major target of
pierisin is double-strand DNA (dsDNA).

Our examination of the incorporation of ADP-ribose into dsDNA and oligo
DNA in the presence of pierisin-1 and NAD™ suggested that the acceptor was
guanine. The structure of the product from a reaction of pierisin-1, calf thymus
DNA, and NAD" was identified as N*-(¢-ADP-D-ribos-1-yl)-2'-deoxyguanosine
and its § form (Fig. 1; Takamura-Enya et al. 2001). Pierisin-2, purified from large
white butterfly Pieris brassicae (Matsushima-Hibiya et al. 2000), produces the
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Fig. 1 Mono (ADP-ribosyl)ation of the N* amino group of 2'-deoxyguanosine residues in DNA
by pierisin-1 in the presence of NAD*

same product by incubation with NAD" and dsDNA (Takamura-Enya et al. 2004).
In addition, in vitro translated pierisin homologues cloned from Pieris melete and
Aporia crataegi, (pierisin-3 and -4, respectively) also target dsSDNA (Yamamoto
et al. 2009). Moreover, Orth et al. have reported that in vitro translated Pierisin-1b,
cloned from the Pieris rapae species from the United Kingdom (possibly Pieris
rapae rapae), incorporates radioactivity into oligo(dG) in the presence of
[**PINAD" (Orth et al. 2011).

The ratio of the recovered o- and f-form of N>-(ADP-ribos-1-yl)-2’-deoxygua-
nosine, anomerized at C1’ of ADP-ribose, was found to be 1:1, but only a single
isomer is formed through the initial reaction with pierisin-2 (Takamura-Enya et al.
2004) and both isoforms easily anomerize in aqueous solution (Takamura-Enya et al.
2004; Nakano et al. 2013). We have thus proposed two possible reaction routes. One
is the SN1 reaction involving an exclusive one-sided attack on the N? of dG via an
oxocarbenium intermediate of ADP-ribose; the other is the SN2 reaction involving a
direct back-attack of the N2 of dG at the C1’ of ADP-ribose (Takamura-Enya, et al.
2004).

We could not determine the precise reaction route of the pierisins due to the
lack of three-dimensional structural analysis of these proteins co-crystallized with
DNA and NAD". However, the crystal structure of MTX revealed three charac-
teristic conserved motifs in a cholera toxin-like reaction center: an arginine on the
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p1 strand, serine-threonine-serine at the 2 strand, and a glutamic acid at the head
of the 38 strand (Reinert et al. 2006). Since the secondary structure prediction for
pierisin-1 matches the determined secondary structure of MTX, and the three
motifs listed above are also conserved in pierisin-1 (Carpusca et al. 2006), the
pierisins could be classified as an N-glycosidic cholera toxin-like-ADP-ribo-
syltransferases catalyzing mono-ADP-ribosylation (short systematic name:
GADPRT) [EC 2.4.2.30.1.X.1.2] with the systematic name NAD*:mono-ADP-D-
ribosyl-DNA(guanine-N?)- ADP-D-ribosyltransferase in accordance with the new
extended EC numbering system proposed by Hottiger et al. (2010).

2.2 Kinetics of Pierisin-1

The deduced amino acid sequence of pierisin-1 indicates that this enzyme is a
typical AB-toxin comprising an N-terminal ADP-ribosyltransferase activity
domain and a C-terminal receptor-binding domain. Since these two domains are
separated by a furin-recognition sequence (R227-D-Q-R-S-G-R-S234), pierisin
would be activated by cleavage after its introduction to target cells (Kanazawa
et al. 2001). Indeed, pierisin is cleaved at Arg233-Ser234 by trypsin (Watanabe
et al. 1999). Neither the in vitro translated N-terminal nor C-terminal regions of
pierisin alone show cytotoxicity but co-treatment of both, or electroporation of the
N-terminal but not the C-terminal domain alone produces cytotoxicity, indicating
that the N-terminal domain is the toxic-activity domain (Kanazawa et al. 2001). In
addition, replacement of glutamic acid 165 on pierisin with aspartic acid causes a
loss of activity, further suggesting that the activity domain of this enzyme is an
ADP-ribosyltransferase (Watanabe et al. 1999). Meanwhile, mutation of a possible
sugar-recognition motif in the C-terminus of pierisin results in a reduction of
cytotoxicity, indicating that the receptor-binding domain is in this region
(Matsushima-Hibiya et al. 2003). Since we could not construct an expression
vector for pierisin-1 in Escherichia coli without any mutations, possibly due to the
toxicity of basal-level pierisin-1, we determined the kinetics of this enzyme using
both purified protein and an in vitro synthesized activity domain in a rabbit
reticulocyte lysate. ADP-ribosyltransferase activity was determined by counting
Cherenkov rays from trichloroacetic acid-precipitated substrate DNA after incu-
bation with pierisin-1 and [*?PINAD* (Watanabe et al. 2004a).

The activity of trypsin-cleaved pierisin-1, which still contains both the activity
domain and receptor-binding domain (pierisin-1'~*/trypsin), is somewhat lower
than that of pierisin-1'"2**, and the optimum conditions for these products differ
slightly. No major differences were observed in terms of substrate preference in
the presence or absence of the binding domain, but the activity of pierisin-1'~5%
trypsin is suppressed at pH 7 and below, or at 20 °C and below. Intact pierisin-
11789 without exposure to trypsin did not show activity. These observations
suggest that the binding domain masks the reaction center and acts as a suppressor
of the activity domain. Both pierisins are enzymatically active for more than 24 h



132 T. Nakano et al.

at 37 °C, and they ADP-ribosylate about 50 % of the guanine residues in dsDNA.
Lineweaver-Burk plot analysis revealed that pierisin-1'"2*> ADP-ribosylates
dsDNA at a maximum turnover rate of 55 s', and pierisin-1'~%%trypsin does so
with a maximum turnover rate of 25 s~ '. The turnover rates for single-strand DNA
in this experiment were almost half of those of dsDNA, and that of tRNA was
around 1-3 %. The K,, values of pierisin-1'"?** and pierisin-1'"*%trypsin for
NAD" were estimated at 0.17 and 0.18 mM, respectively.

On the other hand, the receptor-binding domain of the pierisins comprises four
subdomains that show homology to the lectin domains of the ricin B-chain
(smart00458). Thus, the pierisins were predicted to bind glycosylated receptors on
the cell surface. To test this hypothesis, we purified pierisin-binding receptors from
lipid fractions of HeLa cells and identified globotriaosylceramide (Gb3) and
globotetraosylceramide (Gb4). We further confirmed the decrease in the binding
activity of pierisin-1 to Gb3 and Gb4 with the introduction of mutations in the
QXW motifs, which are critical for the structural organization and function of
the ricin B-chain. QXW motifs are conserved in 11 of the 12 subdomains in the
pierisin receptor-binding domain, and replacement of one tryptophan with a gly-
cine causes a marked reduction in cytotoxicity. Mouse myeloma MEB4 cells lack
Gb3 and Gb4 and are resistant to pierisin-1, but pretreatment of these cells with
these receptors sensitizes them to pierisin-1 (Matsushima-Hibiya et al. 2003).

2.3 Distribution of the Pierisins

Pierisin was first described as a cytotoxic factor by Koyama et al. who screened for
cytotoxic activity in extracts of pupa and adults of 20 kinds of Lepidopteran
insects (butterflies and moths) against the human gastric carcinoma TMK-1 cell
line. Extracts from three butterfly species of the family Pieridae (Pieris rapae,
Pieris brassicae and Pieris napi) showed cytotoxicity in this analysis (Koyama
et al. 1996). At that time, the cytotoxic factor was specific to the genus Pieris, and
was termed pierisin. We subsequently demonstrated that pierisin is a DNA ADP-
ribosylating protein and causes apoptosis (Watanabe et al. 1998; Takamura-Enya
et al. 2001). In another report on the toxic effects of Lepidopteran insects, Marsh
and Rothschild tested the toxicity of about 53 species of both aposematic and
cryptic Lepidoptera in mice (Marsh and Rothschild 1974). In that study, toxicity
was observed in some insects, but no relationship with pierisin was fully
elucidated.

We have now revealed the distribution of pierisin-like proteins in the family
Pieridae and detected pierisin-like activity in extracts from 13 species including
the subtribes Pierina (Pieris rapae, Pieris canidia, Pieris napi, Pieris melete,
Pieris brassicae, Pontia daplidice, and Talbotia naganum), Aporiina (Aporia gi-
gantea, Aporia crataegi, Aporia hippia, and Delias pasithoe), and Appiadina
(Appias nero and Appias paulina, except for Appias lyncida) in the subfamily
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Pierinae of the family Pieridae. This activity was not found in three species of
butterflies in the subfamily Pierinae or in four species of butterflies in the sub-
family Coliadinae, the family Pieridae (Fig. 2a) (Matsumoto et al. 2008). Inter-
estingly, the family Pieridae is divided into two types by the morphology of the
pupal stage (Braby et al. 2006). This classification of pupal morphology corre-
sponds with the distribution of pierisin-like activity, except for that in Appias
lyncida. Thirty-three species of butterfly with Pierisin-like activity are classified as
Type II (Fig. 2b). It is presumed that Type II species acquired the pierisin-like
proteins when they emerged from Type I during the evolution of the family
Pieridae.

Pierisins have now been purified from four kinds of butterflies, Pieris rapae
(pierisin-1), Pieris brassicae (pierisin-2), Pieris melete (pierisin-3) and Aporia
crataei (pierisin-4) (Watanabe et al. 1998; Matsushima-Hibiya et al. 2000;
Yamamoto et al. 2009). When incubated with calf thymus DNA and NAD",
pierisin-1 and -2 form N*-(ADP-ribos-1-yl)-2’-deoxyguanosine. In vitro synthe-
sized pierisin-3 and -4 also exhibit this DNA ADP-ribosylating activity. The
cDNAs of the corresponding genes were also cloned from these butterflies and
showed that pierisin-1, -2 and -3 each encode an 850 amino acid protein. On the
other hand, the pierisin-4 gene encodes an 858 amino acid protein. The deduced
amino acid sequences of these proteins indicate that pierisin-2 is 91 % similar to
pierisin-1, whereas pierisin-3 is 93 % and pierisin-4 is 64 % similar. In addition,
cDNA cloning of pierisin-1b was also reported from Pieris rapae species collected
in Europe (Orth et al. 2011). Pierisin-1b is an 849 amino acid protein with a 91 %
identity to pierisin-1. Because the subtribes Pierina and Aporiina are separated
phylogenetically, a relatively low amino acid identity between the pierisins in
Pierina and pierisin-4 is clearly evident.

An important question that emerges from these studies is why only some
butterfly species express pierisins. Recently, de Souza and Aravind (2012) termed
five novel superfamilies of peptide domains that have potential to associate with
NAD-metabolism, and proposed the spreading of utility during gene transfer
between bacteria and archaeo-eukaryotes. We speculate in this regard that the
pierisin gene has been horizontally transferred from some bacteria to butterflies.
As a basis for this prediction, gram-positive bacteria, Bacillus sphaericus SSII-1
and Paenibacillus larvae, have the homologous proteins, MTX and PlxI,
respectively (Thanabalu et al. 1991; Fiinfhaus et al. 2013). However, there have
been no reports that MTX or PIx1 have DNA ADP-ribosylating activity. It is not
known yet whether pierisin acquired ADP-ribosylating activity against DNA
during the evolutionary process in butterfly or from a specific bacterium with this
activity. Yamamoto et al. have demonstrated that the pierisin-1 gene is located in
the genome of Pieris rapae. In addition, nucleotide sequence analysis of pierisin-1
has provided new evidence that the pierisin-1 gene is derived from bacteria. The
pierisin-1 gene consists of two exons, a 0.1-kb exon 1 and 3.9-kb exon 2, and a
2.3-kb intron (Yamamoto et al. 2011). The domains of the eukaryotic proteins
strongly correlate with the exons during the exon-shuffling evolution. However,
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Fig. 2 Most-parsimonious reconstruction analysis of the plesiomorphy of (a) pierisin-like
activity and b pupal morphology in 22 butterfly species from the family Pieridae. The phylogenic
tree were created by reference to Braby et al. (2006) (Modified from Odagiri (2009)
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intron-1 divides the activity domain and no intron exists between the border of the
activity and receptor-binding domain of pierisin-1. de Souza and Aravind also
proposed that some ADP-ribosylating toxins develop potential to specialized
substrates, which are difficult to resist during gene transfer (2012). A DNA ADP-
ribosylating toxin produced by bacteria could be the ancestor of pierisins, which
had been transferred with self-protection mechanism against DNA modification.

Further analysis of the evolution of pierisins in butterflies has been performed
by Odagiri (Odagiri 2009), with a phylogenetic analysis tool MacClade (Maddison
and Maddison 2005). In that study, the author carried out Most-Parsimonious
Reconstruction analysis of plesiomorphy in major host plants, from a genealogical
tree of 22 species from the family Pieridae, based on the fact that many host plants
of the tribe Pierini are highly toxic. According to these analyses, several host shifts
occurred in the family Pieridae, and it is possible that pierisin-like activity was
acquired in two subtribes between Pierina (Pieris rapae, Pieris canidia, Pieris
napi, Pieris melete, Pieris brassicae, Pontia daplidice, and Talbotia naganum),
Aporiina (Aporia gigantea, Aporia crataegi, Aporia hippia, and Delias pasithoe),
and in one subgroup Catophaga (Appias nero and Appias paulina of subtribe
Appiadina). The other hypothesis is that Appias lyncida lost pierisin gene, which
was acquired once in Pierini. The relationship with pierisins and the host plant is
not yet known, but a relationship between host plants and bacteria might be closely
related to the distribution and original source of the pierisins.

2.4 Physiological Roles of the Pierisins

Insects have very numerous and very different types of predators ranging from
vertebrates to viruses, and have developed specific defense systems accordingly.
The cabbage butterfly Pieris rapae whips using its head and regurgitates digestive
juice against formidable predators such as birds, spiders, and parasitic wasps
(Higginson et al. 2011). Defensive lipids from the glandular hairs of Pieris rapae
larvae are also deterrents against an important natural enemy, the ant (Smedley et al.
2002). In the same manner as common insects, Pieris rapae develop “cellular
immunity” mediated by macrophage-like cells and “humoral immunity” involving
antimicrobial peptides and melanization against microorganisms, which invade the
body. The body fluids of some insects, including Pieris rapae, also show cyto-
toxicity against mammalian cells (Marsh and Rothschild 1974; Koyama et al.1996).
In the larval stages of Pieris rapae, pierisin-1 protein is mainly produced in the fat
body, and released into the body fluid (the fat body is the insect equivalent of the
liver. Its main functions are to transport nutrient substrates to utilization sites and
deliver metabolic waste to the excretory system; see Gilbert and Chino 1974). The
cytotoxic potency of pierisin-1 varies among different mammalian cell lines, with
measured ICs( values ranging from 0.043 to 270 ng/ml for the 13 samples examined
thus far (Kono et al. 1999; Matsushima-Hibiya et al. 2000; Kanazawa et al. 2001).
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Most mammalian cells exhibit apoptotic cell death when treated with pierisin-1.
Activation of caspase-2, -3, and -6 is observed in pierisin-treated HeLa cells. This
apoptotic response is suppressed by transfection with the bcl-2 gene or by treatment
with a caspase-3 inhibitor. Hence, pierisin-1-induced apoptosis is mediated pri-
marily via a mitochondrial pathway involving Bcl-2 and caspases (Kanazawa et al.
2002).

The strong cytotoxicity of pierisin-1 is effective as a protective agent against
microbes and parasitoids. Our latest study findings suggest pierisin-1 transcript
levels increase after parasitization by parasitic wasps and bacterial injection of
Pieris rapae larvae, with the activated 27 kDa pierisin-1 enzyme domain also
appearing following parasitization (Fig. 3a). Moreover, culture studies have shown
that pierisin-1 causes cellular damage to the eggs and larvae of parasitic wasps
(Cotesia plutellae, Cotesia kariyai, Glyptapanteles pallipes, which usually cannot
parasitize and survive in Pieris rapae, Fig. 3b, c; Takahashi-Nakaguchi et al.
2013). Based on these data, we speculate that pierisin-1 has an important role as a
defense factor in Pieris rapae. The fat body and hemocytes play an important role
in the insect immune system by producing antimicrobial peptides or various
enzymes for melanization in response to infectious bacteria (Ferrandon et al.
2007). Pierisin-1 is also expressed in the fat body and in hemocytes (Fig. 3e).
Pierisin-1 induction may be regulated by important overlapping genes for other
fundamental components of the insect immune system.

Interestingly, eggs and larvae of Cotesia glomerata the dominant gregarious
parasitic wasp of Pieris rapae, were found in our recent study to be resistant to
pierisin-1 (Takahashi-Nakaguchi et al. 2013). The cytotoxic activity of pierisin-1
is dependent on whether DNA contact has been made. The inner cells of Cotesia
glomerata are sensitive to pierisin-1, but Cotesia glomerata has muciform special
structures on its surface to block pierisin-1 penetration (Fig. 3c, d). Furthermore,
Cotesia glomerata parasitization does not induce the additional expression and
activation of pierisin-1. It is well known that parasitic wasps inhibit the host
immune system via the co-injection of a cocktail of maternal secretions into the
host hemocoel, including venom, calyx fluid, and polydnaviruses. These sub-
stances may also inhibit pierisin-1 expression and activation. It is possible that
Cotesia glomerata has acquired evolutionary tolerance to pierisin-1 by inhibiting
its penetration of the egg shells and the surface layers of its larvae.

Another possibility is that pierisin-1 could also be involved in metamorphosis
in Pieris rapae. The pierisin-1 protein levels increase by about 100-fold from the
first to fifth instar larvae, and then gradually decrease by over 90 % during
the pupal stage (Watanabe et al. 2004b). During pupation in Lepidopteran insects,
the larval mid-gut, silk gland, larval epidermis, and some fat bodies are removed
by apoptosis and undergo remodeling to form adult organs (Fig. 4; Wigglesworth
1972; Uwo et al. 2002). A role of pierisin-1 may be to induce the apoptotic
removal of larval cells during the metamorphosis of Pieris rapae.
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Fig. 3 a Activation of pierisin-1 in body fluid of Pieris rapae following incubation with parasitic
wasp eggs. Western blotting analysis of pierisin-1 protein in the hemolymph 1-12 h after
co-incubation with (right panel) or without (left panel) eggs of Glyptapanteles pallipes. Amounts
of full-length pierisin-1 (98 kDa) and activated 27-kDa N-terminal fragments of pierisin-1 were
detected on these immunoblots. b Morphological analysis of pierisin-treated Cotesia kariyai
larva. Apoptosis-like damage was observed at the caudal vesicle cells of Cotesia kariyai larva
(arrowhead) following pierisin-1 treatment. Wasp larvae were treated with pierisin-1 at 10 mg/ml
in the medium, and representative microscope images are shown. The anterior is on the left.
Horizontal bars represent 100 um. ¢ Prevention of incorporation of pierisin-1 in Cotesia
glomerata larvae. Pierisin-1 is incorporated into the caudal vesicle cells of the nonpermissive
wasp (G. pallipes; left panel). However, in the case of Cotesia glomerata, HiLyte dye-labeled
pierisin-1 was observed on the exterior of the surface layer of the caudal vesicle, but not inside
the cells (right panel). Each stage of parasitoids was cultured with HiLyte dye-labeled pierisin-1
(red) for 24 h, and then labeled with STYO-16 live-cell nucleic acid stain (green); arrowheads
outer membrane of caudal vesicle of wasp larvae. Horizontal bars represent 50 pm.
d Transmission electron microscope (TEM) analysis of caudal vesicle of wasp larvae. Cotesia
glomerata has an additional layer outside the outer membrane (right panel), but Cotesia kariyai
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do not have additional layer (left panel). Arrowheads outer membrane, arrows additional layer of
the Cotesia glomerata caudal vesicle. Horizontal bars represent 1 pm. (Modified from
Takahashi-Nakaguchi et al. (2013). Copyright: Takahashi-Nakaguchi et al.) e Localization of
pierisin-1 in immunologically activated hemocytes. Hemocytes of Pieris rapae are immunolog-
ically activated on glass slides. Pierisin-1 mRNA is expressed and pierisin-1 proteins accumulate
in these cells. Red anti pierisin-1 antibody (Cy3), green nuclear staining (SYTO-16). Horizontal
bars represent 100 pm

Fig. 4 Pierisin-1 is mainly
produced in the fat body of Larva

Pieris rapae and released into i

the body fluid. During the Silk gland
pre-pupa stage, pierisin-1
penetrates some organs,
including the silk gland,
larval mid-gut, and a part of
the fat body (painted black),
and is removed at the pupal
stage

3 ADP-Ribosylation of DNA by Shellfish (Bivalve)
Enzymes

3.1 Screening for NAD*:DNA ADP-Ribosyltransferases

To analyze the distribution of DNA ADP-ribosyltransferase activity independently
of homology or cytotoxicity assays, we developed a simple and sensitive screening
system. Radioluminography (a sensitive autoradiography system with imaging
plates) analysis of Thin-layer chromatography-separated dsDNA hydrolysate
incubated with crude samples and activator trypsin in the presence of [**PINAD",
enables the activity detection of 1 picogram of pierisin-1 in 50 pg of proteins in
the crude extract. The initial wide-range screening targeted 100 species including
insects (especially butterflies and moths), common experimental animals (mice,
starfish, planaria, tunicates, sea urchin, earthworms, Caenohabditis elegans), and
edible marine animals (shellfish and other fish species). During this screening, we



Pierisins and CARP-1: ADP-Ribosylation of DNA 139

found that protein extracts of edible clams (bivalves), such as clams (Meretrix
lamarckii, Ruditapes phillipinarum, Corbicula japonica, Spisula sacharinensis),
rasor clams (Solen strictus), mussels (Mytilus galloprovincialis), and oysters
(Crassostrea gigas), contain DNA ADP-ribosyltransferase activity. Hard clams,
which are believed to be relatively newer bivalves than oysters, contained higher
activity per protein (Nakano et al. 2006), and both marine and brackishwater
species were also found to contain this ADP-ribosylating activity. Gastropods,
however, contained only a small level of ADP-ribosylating activity, and we could
not detect this activity in cepharopods (Nakano et al. 2006).

3.2 Purification and cDNA Cloning of CARP-1
Jrom the Hard Clam Meretrix lamarckii

All soft tissues of Meretrix lamarckii contain DNA ADP-ribosylating activity, and
the foot muscle, dymiarian, and branches contain relatively higher activity than the
gills, mantle, or digestive glands that are exposed to the external environment. The
purified enzyme responsible, named CARP-1, also ADP-ribosylates guanine resi-
dues on dsDNA. CARP-1 modifies about 50 % of the guanines in dsSDNA, although
we could not determine its precise enzymatic properties. No part of the CARP-1
protein shows BLAST-detectable homology with any other characterized proteins,
toxins, secretion motifs, or receptor-binding domains. CARP-1 shows homology
only with some genome-project derived hypothetical proteins from oysters and
bacteria (Fig. 5a, b). The substitution of E128, but not E127, on CARP-1 for
aspartic acid results in a >90 % loss of ADP-ribosylation activity, and both the
LYRVLR and STT motifs in this protein exist upstream of glutamic acid (Nakano
et al. 2006). These observations suggest that as with the pierisins, CARP-1 could be
classified as an N-glycosidic cholera toxin-like-ADP-ribosyltransferase catalyzing
mono-ADP-ribosylation (short systematic name: GADPRT) [EC 2.4.2.30.1.X.1.2]
with the systematic name NAD*:mono-ADP-D-ribosyl-DNA (guanine-N?)-ADP-
D-ribosyltransferase according to the new extended EC numbering system pro-
posed by Hottiger et al. (2010).

3.2.1 Possible Physiological Roles of CARP-1

We studied shellfish DNA ADP-ribosyltransferases for two principal reasons. The
first is the biological importance of these animals. Molluscs are one of the most
ancient animals to be traceable by fossils and are distributed in many different
environments, from the sides of hydrothermal vents in deep sea locations to
brackish water areas, coastal lagoons, and fresh water lakes and rivers. The second
reason concerns human health implications. Molluscs are widely consumed by
humans and often cause algae-induced food poisoning, although they are rarely
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Fig. 5 a Dendrogram for amino acid sequences having homology to CARP-1. Sequences were
chosen from the international nucleotide sequence databases using the BLASTp program
(Altschul et al. 1990) (expect value <1.0), and similarities were calculated by ClustalW program
(Thompson et al. 1994). The scale represents the number of substitutions per site. The tree was
drawn using DendroMaker for Macintosh software ver. 4.1 (Imanishi 1998). b Alignment for
amino acid sequences having homology to CARP-1. Rhs_Sal, Rhs family protein from
Salmonella enterica. Accession numbers in the International nucleotide sequence databases for
these sequences are as follows; CARP-1, BAF03560; CGI_10027798, EKC40156;
CGI_10014608, CGI_10014608; Rhs_Sal, WP_023221539; Chy400_3466, YP_002571167.
The conserved arginine, Ser-Thr-Ser/Thr motif, and glutamic acid residues are boxed.
Conserved amino acids are marked by colons, completely conserved amino acids are marked
by asterisks

eaten in raw form. We have previously documented our concerns that DNA ADP-
ribosyltransferases might be the causative agent for food poisoning in molluscs.
Since sequence analysis has demonstrated that CARP-1 lacks binding domains,
this shellfish enzyme may not in fact be harmful to humans. In addition, CARP-1
showed no cytotoxic activity against 10 human cancer cell lines, unless introduced
by electroporation, supporting the contention that CARP-1 itself lacks the binding
domains to enter mammalian cells (Nakano et al. 2006). Thus, the working
hypothesis regarding the human health concerns of eating certain shellfish
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containing CARP-1 could be refuted on these grounds. We have now three
hypotheses regarding the physiological role of CARP-1, although we have not yet
tested these experimentally:

(1) CARP-1 exerts toxic effects as a defense response to invading organisms.

CARP-1 requires additional factors to act as a toxin such as Clostridium difficule
C2-toxin-like pore-forming subunits, or the Salmonella enterica SpvB-like entry
system.

(2) CARP-1 is a regulator of the NAD™ concentration.

Some parasites (Kita et al. 2002), and microenvironments in human cancer
(Hirayama et al. 2009) are suggested to synthesize ATPs from fumarate by
reversing a part of the TCA cycle under anaerobic condition (fumarate respiration).
Bivalves are also suggested to synthesize ATPs by reversing a part of the TCA
cycle under anaerobic conditions. This results in the accumulation of succinate and
NAD(Grieshaber et al. 1994; de Zwaan et al. 1991; Ortmann and Grieshaber
2003). CARP-1 may regulate this pathway by decreasing excess amounts of NAD™.

(3) CARP-1 forms part of the innate immune response to DNA viruses.

Bivalves are filter-feeders and feed on plankton and bacteria in sea water. This
means that bivalves would need to have a self-defense mechanism against viral-
and bacterial-infections. In the case of mammalian cells, cytosolic dsDNA, i.e.,
infected viral DNA, upregulates the innate immune system (Koyama et al. 2010;
Civril et al. 2013; Gao et al. 2013). Cytosolic CARP-1 may, therefore, modify viral
dsDNA, resulting in a failure of integration, or ADP-ribosylated DNA (or its
degraded nucleotides) may induce innate immunity.

4 Homologues of the Pierisins and CARP-1

The sequencing and cloning of pierisin-1 was accomplished in 1999 and the
deduced amino acid sequence of pierisin-1 showed a 32 % identity with mosqui-
tocidal toxin (MTX) (Watanabe et al. 1999; Carpusca et al. 2006). It is well known
that cholera toxin-like ADP-ribosyltransferase has three highly conserved regions,
an arginine residue (Region I) that is thought to maintain the structure of the
reaction pocket, the Ser—Thr—Thr/Ser motif (Region II), which is considered to
enable a ff-strand-o-helix structure to form, and the glutamic acid residue (Region
IIT) that serves as an NAD-binding site (Masignani et al. 2000; Domenighini and
Rappuoli 1996). These conserved regions and their surrounding amino acid
sequences are similar between pierisin-1 and MTX. However, there is no evidence
at present that MTX has DNA ADP-ribosylating activity. Moreover, the C-terminal
regions of pierisin-1 and MTX consist of ricin B-chain-like domains including
QXW motifs. These domains of pierisin-1 possess receptor-binding ability, and are
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responsible for incorporating it into cells (Matsushima-Hibiya et al. 2003). These
features are common in all pierisins. Recently, a pierisin-like sequence was found
in the genome of Paenibacillus larvae, a gram-positive bacterial pathogen that
causes American foulbrood in the honey bee (Fiinfhaus et al. 2013). Paenibacillus
larvae toxin (PIx1) consists of 975 amino acids and harbors three conserved regions
and QXW motifs. Plx1 shows a 35 % amino acid identity with pierisin-1, but it
has not been revealed whether Plx1 has DNA ADP-ribosylating activity. MTX and
PIx1 contain an N-terminal signal sequence that is not present on the pierisins
(Fig. 6a).

The activity domain of the pierisins shares homology with SCO5461, com-
prising an N-terminal secretion domain and a C-terminal activity domain, in
Streptomyces coelicolor (Pallen et al. 2001; Fig. 6a, b). SCO5461 orthologues are
distributed in many Streptomyces spp. strains and Streptosporangium roseum, and
an imperfect ORF remains in Streptomyces avermitilis (Szirak et al. 2012; Nakano
et al. 2013). Contrary to pierisins, MTX, and PIx1, which shows toxicity (Shiga
et al. 2006; Takahashi-Nakaguchi et al. 2013; Thanabalu et al. 1991; Schirmer
et al. 2002; Fiinfhaus et al. 2013), physiological roles for SCO5461 might not be
toxin due to the lack of receptor-binding domains. Szirdk et al. (2012) have
reported the possible ADP-ribosylation of a 65-kDa endogenous protein by
SCO5461, and that a disruption of the SCO5461 gene affects sporulation and
antibiotic production depending on the culture conditions. This deficiency is res-
cued by co-cultivation with a wild-type strain (Szirdk et al. 2012). Moreover, we
have found that SCO5461 ADP-ribosylates guanine residues of nucleosides and
mononucleotides, such as guanosine, deoxyguanosine, cyclic GMP, rather than
dsDNA, in vitro. We have also detected SCO5461 in culture medium, but in
contrast, Widdick et al. (2006) have reported the existence of SCO5461 in the
membrane fraction. It may be possible that SCO5461 targets guanine-containing
messenger molecules, such as ppGpp and cyclic di-GMP, which regulate quorum
sensing and virulence (Srivastava and Waters 2012; Krasteva et al. 2012).

On the other hand, no part of the CARP-1 protein shows detectable homology
with any characterized proteins nor any conserved domains. The genome project for
the oyster Crassostrea gigas, a species which contains CARP-1-like DNA ADP-
ribosylating activity (see Sect. 3), revealed that hypothetical CGI_10027798 and
CGI_10014608 proteins show around 30 % homology to the ADP-ribosylating
motifs of CARP-1. Interestingly, some Rhs family-like proteins such as Salmonella
enterica show homology with CARP-1 in their uncharacterized domains, but not in
Rhs-domains (Fig. 5b). Deep genome sequence analysis predicts that some proteins,
which contain newly predicted ART domains, contain Rhs/YD-repeats or proline-/
glycine-rich region at their N-terminus (de Souza and Aravind 2012). It is possible
that the origin of CARP-1 would be the acquired bacterial ADP-ribosylating toxins
that later lost the Rhs domain.

Amino acid sequences for mammalian ecto-ARTs and poly(ADP-ribose)poly-
merases share less similarity with toxic ADP-ribosyltransferases, although they
share the typical folding in three-dimensional structure (Domenighini and Rappuoli
1996). Genes for these enzymes might be originated bacterial NAD-metabolizing
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Fig. 6 a Schematic representations of the primary structure of Pierisins, MTX, Plx1, and
SCO5461 homologues. Arrowheads indicate protease-recognition sites. Black ovals secretion
signals, hexagons activity domains, shaded ovals, lectin domains of ricin B-chain-like domains.
b Alignment of the deduced amino acid sequence of the activity domains of pierisins, MTX, Plx1,
SCO5461, compared with the other R-S-E type cholera toxin. ctx_A, the A subunit of cholera
toxin. Accession numbers in the International Nucleotide Sequence Databases for these
sequences are as follows; pierisin-1, Q9U8Q4; pierisin-4, BAH96563; MTX, AAA22601; PIx1,
AGJ74029; SCO5461, CAB76015; the A subunit of cholera toxin, CAA24995. The conserved
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enzymes, not toxins. Contrary to these proteins, ancestor of pierisins would be so
toxic ADP-ribosyltransferases that could be distributed within the limited taxa of
butterflies. There are no reports for ARTDs that could target bases of nucleic acids.

5 Significance of DNA ADP-Ribosylation and Future
Perspectives

ADP-ribosylation is widely known to be a post-translational modification reaction
to a variety of specific residues from proteins. Our investigation of cytotoxic
potential in Pierid butterflies such as Pieris rapae led to the discovery of a new and
unforeseen enzymatic reaction, DNA ADP-ribosylation at the N* position of
guanine (Takamura-Enya et al. 2001). Subsequent screening for this unique
ADP-ribosylation activity yielded the finding of another guanine specific ADP-
ribosyltransferase in a variety of shellfish species (Nakano et al. 2006). Surpris-
ingly, the DNA ADP-ribosyltransferase identified in the shellfish Meretrix
lamarckii is almost completely nonhomologous, except for some ATRC motifs, to
the pierisins enzyme in the butterfly. Hence, at least two different evolutional
processes would have needed to occur to acquire the DNA modification activity in
these species. As we have mentioned above, Streptomyces spp. also expresses a
guanine ADP-ribosyltransferase, which is homologous to the pierisins in butterfly
(Nakano et al. 2013). In addition, ordinary homology searches have demonstrated
the presence of a number of proteins in different species homologous to those in
butterflies and shellfishes, although some of them may not be expressed nor have
DNA-modification potential. However, evidence for the presence of DNA ADP-
ribosyltransferases in a variety of living organisms is accumulating.

DNA is responsible for all biol ogical activity in living organisms and for the
transmission of hereditary characteristics from parents to offspring. Hence, enzy-
matic DNA modifications carry great biological significance. A number of modi-
fication reactions for nucleic acids have been identified, but most of these events are
known to be specific biological processes or reactions, e.g., synthesis of modified
bases composed of tRNA, and modification of specific sequences in restriction-
modification systems (Grosjean 2009). The DNA ADP-ribosyltransferases transfer
ADP-ribose to the guanine bases of dSDNA in a nonselective manner to produce a
“DNA adduct”, and this property confers cytotoxic or even genotoxic potential on
these enzymes. Cytotoxic substances are common in nature, and a diverse array of
cytotoxins are produced by many virulent bacteria and even by some multicellular
organisms (Lubran 1988; Shogomori and Kobayashi 2008; Natori 2010). The
pierisins are an example of AB-toxins that also show strong cytotoxicity (Kono
et al. 1999; Kanazawa et al. 2001). In fact, we have speculated that these butterfly
toxins are defense factors against certain kinds of parasitic wasps (Takahashi-
Nakaguchi et al. 2013). When we focus on biological genotoxic substances, how-
ever, there are few types of these, including the DNA ADP-ribosyltransferases so
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far reported. Cytolethal distending toxins were the first bacterial genotoxins
described (Elwell and Dreyfus 2000; Lara-Tejero and Galan 2000; Guerra et al.
2011; Gargi et al. 2012). These toxins present in several gram-negative bacteria,
display DNase activity and induce G2/M arrest in mammalian cells. In addition,
cytolethal distending toxins may also play a role in human malignancy, although
this may be indirectly through an alteration of cellular signaling and immune
response pathways rather than direct mutations induction by DNA cleavage. The
guanine specific ADP-ribosyltransferases found in Pierid butterflies and shellfishes
also can be classified as potent biological genotoxins. Furthermore, they possess
unique features that produce bulky DNA adducts in a manner similar to chemical
carcinogens. Indeed ADP-ribose adducts cause replication arrest of a variety of
polymerases and are repaired by the nucleotide excision repair system (Shiotani
et al. 2005, 2006). In addition, the pierisins induces cell cycle arrest through the
ATR and ATM pathways and gene mutations in culture cells (Totsuka et al. 2003;
Shiotani et al. 2006). These findings demonstrate that the adduct-based DNA
damage caused by a DNA ADP-ribosyltransferase is indistinguishable from that
caused by chemical carcinogens. However, the involvement of DNA-modification
enzymes in genetic alterations in living organisms remains to be elucidated. It is
theoretically possible that the pierisins are incorporated in the gut cells of the
predators of butterfly larvae and induce mutations. A more interesting hypothesis
may be that the organisms harboring the modification enzymes show accelerated
evolution due to mutation. It is also likely, however, that the modified DNA or RNA
in this context triggers a signal transduction or immune response instead of
mutation, as discussed on the previous section on shellfishes. These enzymes have
the capacity to initiate a defense response to all foreign organisms since DNA is
common to all living organisms. It will be of interest to identify new species that
express DNA ADP-ribosyltransferases and further elucidate the biological signif-
icance of the DNA modifications that are caused by these enzymes.
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Comparative Structural
Analysis of the Putative
Mono-ADP-Ribosyltransferases
of the ARTD/PARP Family

Ana Filipa Pinto and Herwig Schiiler

Abstract The existence and significance of endogenous cytosolic and nuclear
mono-ADP-ribosylation has been a matter of debate. Today, evidence suggests
that the human enzymes that catalyze the reaction have been rounded up. More-
over, substrate proteins and specific functions for mono-ADP-ribosyltransferases
are beginning to be defined. Reader domains that specifically recognize mono-
ADP-ribosylated target proteins and erasers that remove the mono-ADP-ribosyl
mark have been identified. Here, we review the contribution of crystal structures to
our understanding of the putative mono-ADP-ribosyltransferases with Diphtheria
toxin and ARTD1/PARP1 homology.
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ARTC ADP-ribosyltransferases with Clostridium toxin homology
ARTD ADP-ribosyltransferases with Diphtheria toxin homology
DT Diphtheria toxin

ExoA Exotoxin A
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PARP Poly-ADP-ribose polymerase
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1 Introduction

Enzymatic protein ADP-ribosylation as a posttranslational modification is charac-
terized by the transfer of ADP-ribose from the co-substrate NAD" to a specific target
protein, and often involves formation of a poly-ADP-ribose (PAR) chain, generating
poly-ADP-ribosylated target proteins. As other signaling processes, intracellular
ADP-ribosylation is highly dynamic and involves the actions of dedicated writ-
ers (members of the Diphtheria toxin (DT) related ADP-ribosyltransferases, or
ARTD, formerly called PARP family), readers (Kalisch et al. 2012), and erasers
(Barkauskaite et al. 2013). Mono-ADP-ribosylation, the transfer of a single ADP-
ribose unit, is a hallmark of several classes of bacterial toxins, but recently this
activity has also been attributed to a subset of the ARTD/PARP family members,
eukaryotic intracellular enzymes formerly thought to catalyze PARylation (Kleine
et al. 2008; Hottiger et al. 2010). Specific mono-ADP-ribosylation reader and eraser
domains have also been identified (Feijs et al. 2013a, b). Clostridium toxin related
ADP-ribosyltransferases (ARTC) have mono-ADP-ribosyltransferase activity;
apart from bacterial toxins, this class contains extracellular and membrane-
associated proteins (Koch-Nolte et al. 2008).

There is still only limited functional information on the putative mono-ADP-
ribosyltransferases of the ARTD family (the “mARTDs”). Classification into
mono- and poly-ADP-ribosyltransferases relies partially on biochemical analyses,
and mainly on sequence comparison and the observation by Kleine et al. (2008)
that a subset of family members carry a small hydrophobic residue instead of
glutamate in the 4th position of the uniting H-Y-Y-E motif (described in detail in
Sect. 3.1). Meanwhile, crystal structures of six members of this subfamily have
been solved in our laboratory (Andersson et al. 2012; Karlberg et al. 2012;
Wahlberg et al. 2012; unpublished results). Here, we summarize what we have
learned from those crystal structures. For the sake of simplicity within this text, we
will use the term “mARTD” for those family members which lack a glutamate in
the position corresponding to E988 of human ARTD1/PARPI, even if the catalytic
activities of these enzymes have not been sufficiently characterized, and despite
the fact that the function of this glutamate is yet incompletely understood. Thus,
we focus here on family members ARTD7-17 (PARP6-16; Hottiger et al. 2010).

As other ARTD/PARP proteins, the mARTD enzymes are multidomain proteins;
they combine the ADP-ribosyltransferase domains with two types of ADP-ribose
binding modules (macrodomains in ARTD7-9, and WWE domains in ARTD8 and
ARTD11-14; He et al. 2012; Karlberg et al. 2013), CCCH-type zinc-finger domains
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(ARTD12, -13) as well as protein-protein interaction domains. The macrodomain-
containing ARTD7-9 (also known as B-agressive lymphoma proteins BAL1-3) are
overexpressed in diffuse large B-cell lymphoma and are implicated in the regulation
of gene transcription (Aguiar et al. 2005; Barbarulo et al. 2013; Cho et al. 2009;
Mehrotra et al. 2011). The WWE domain containing ARTD14 is a transcriptional
repressor of the aryl hydrocarbon receptor (Macpherson et al. 2013). Zinc finger
containing mARTDs 12 and —13 have been associated with regulation of stress
granules and viral immunity (Atasheva et al. 2012; Gao et al. 2002; Leung et al.
2011). ARTDI10 is a component in the NF-xB signaling pathway by directly mod-
ifying NEMO (Verheugd et al. 2013). ARTD15, the only membrane anchored family
member, modifies karyopherin 1 (Di Paola et al. 2012) as well as PERK and IRE 1«
two key kinases in the unfolded protein response (Jwa and Chang 2012). Finally,
mARTDs are implicated in cytoskeletal regulation and cell cycle control (Vyas et al.
2013). For a more comprehensive review of mARTD biological functions, see Feijs
et al. (2013a) and Kaufmann et al. 2014.

2 Structural Homology Within the mARTD Transferase
Domains

Revelation of the crystal structures of DT (Bell and Eisenberg 1996) and ARTD1/
PARPI1 (Ruf et al. 1996) represented a major increment in understanding ADP-
ribosylation. The crystal structures confirmed an evolutionary relationship that was
not fully accepted based solely on sequence comparisons. Although an additional
a-helical subdomain is present, the catalytic fragment of ARTDI preserves the
core structure of the toxin, with two central f-sheets surrounded by a-helices, and
the NAD" binding crevice at the interface of the two slightly staggered f-sheets
(Fig. 1a, b). This core structure is present also in the tankyrase and mARTD
subfamilies (Fig. Ic, d) as well as in the ARTC enzymes.

Superimposition of the available mARTD structures illustrates their similarity
(Fig. 1le): Despite considerable variation in length and sequence of loop regions
(Fig. 2), and despite crystallization with a number of different symmetries, all
structures align with a root mean square deviation (RMSD) in backbone atom
positions of below 2 A (Fig. 1f). This analysis also illustrates that presence of
additional domains, such as the «-helical subdomain of ARTD15 (Karlberg et al.
2012), does not necessarily induce a different conformation of the transferase
domains: Despite their evolutionary distance (Otto et al. 2005), the transferase
domains of ARTD15 and —7 align to only 0.4 A.

Sequence relationships within the ARTD genes have been extensively analyzed
by Otto and coworkers and their sequence alignment has provided a gold standard
for defining the functional transferase domain (Otto et al. 2005). With the crystal
structures of several mARTD structures at hand, we asked whether structure-based
sequence alignments could further improve the identification of homologous



156 A. F. Pinto and H. Schiiler

(f) Transferase PDB entry (chain) | 38U (B) 3SE2(C)  3MKV 3KRE mox_ |
ARTD7/PARP15 38U (B) 1. . ) 2.0(167) 3.1(101)
ARTDE/PARP14 35E2(C) 3 18(186) 16(181) 1.7(169) {1 )| 2.5(161) 2.0(167) 3.4 (104)
ARTD10/PARP10 3HKV ! 18(189) 18(179) 1.7(183) 24(163) 23(171) 3.1(102)
ARTD12/PARP12 2POF L4(167) 18(182 2.3(165) 2.1(165) 3.5(108)
ARTD13/PARP13 2%5Y 16(168) 2.5(164) 2.1(159) 3.1(99)
ARTD15/PARP16 4FOE:B . 2.5(161) 2.1(167) 3.2(101)
ARTD1/PARP1 33m ! 2.3 (170) [IEE
ARTDE/TNKSZ IKRE

ot 1TOX

Fig. 1 Structural conservation within ARTD family ADP-ribosyltransferase domains. a—d Overall
structures of Diphtheria toxin (a; PDB entry 1TOX, Bell and Eisenberg 1996) and, as
representatives for each ARTD subfamily, ARTD1/PARP1 (b 3L3M, Penning et al. 2010),
ARTD6/TNKS2 (¢ 3KRS, Karlberg et al. 2010), and ARTD10/PARP10 (d 3HKYV). Selected
secondary structural elements are indicated with the symbols identifying the corresponding
elements of ARTD7 in Fig. 2. These and all following structure images were generated using
PyMOL (The PyMOL Molecular Graphics System, Version 1.2; Schrodinger, LLC). e Superim-
position of one representative crystal structure each of the mARTD transferase domains (ARTD7,
gray ARTDS, purpleblue ARTDI10, green ARTD12, yellow ARTD13, orange ARTD15, red with
its a-helical domain in pale red). Ligand 3-aminobenzamide of ARTD7 is shown to indicate the
active site pockets, and the position of the D-loops is circled. PDB entries are those listed in panel f
below. f Similarity matrix showing pairwise 3D similarities among mARTD transferase domains
and representatives for each ARTD subfamily, calculated by the DALI server (Holm and
Rosenstrom 2010). The lower left sector lists the DALI Z-scores, and the upper right sector lists the
RMSD of backbone atomic positions (in A) and, in parentheses, the number of residues over which
these were computed



Comparative Structural Analysis of the Putative 157

positions, and of domain borders in the uncharacterized family members. The
result shows that this might be the case: Our structure-based alignment (Fig. 2)
likely makes a more precise prediction of homologous positions in particular at the
N-termini, where conserved “marker positions” are scarce. However, the struc-
ture-based alignment is nearly identical with the sequence alignment of Otto et al.
(2005) for the C-terminal half of the transferase domains (roughly starting at (3).
Importantly though, transferase domains cannot be regarded in isolation from their
domain context within the proteins, of which ARTDIS is a reminder (Karlberg
et al. 2012). It is possible that transferase domains (isolated from their putative
regulatory domains) of the yet uncharacterized mARTDs are not meaningful tar-
gets for biochemical analysis, as is the case for ARTD1-4 and ARTD15.

3 Structural Features of the Active Sites

To understand ARTD enzymatic activities, it is important to understand the
functions of residues surrounding the active site. Here, we will summarize what
mARTD crystal structures have contributed in this context so far.

3.1 The H-Y-Y-E Motif

It was recognized early on that ARTD1/PARPI shared sequence similarity with
DT-class ADP-ribosylating toxins, in particular in key positions involved in NAD*
co-substrate binding (Domenighini et al. 1991). These positions included a histi-
dine, two aromatic residues, and two glutamic acids, separated in the sequences.
Marsischky et al. (1995) analyzed two of the corresponding residues in ARTD1 by
mutagenesis and found that a conserved histidine was needed for NAD* binding,
as in DT (Blanke et al. 1994). A conserved glutamate side chain was critical for
activity in several bacterial toxins (summarized by Marsischky et al. 1995). Sur-
prisingly, the corresponding glutamate of ARTD1 was needed for PAR chain
elongation but not for ADP-ribosyl transfer per se. Crystal structures and muta-
genesis confirmed a key role for the H-Y-Y-E motif residues in NAD™ binding and
PAR chain elongation in ARTD1 (Ruf et al. 1996, 1998; Fig. 3). Subsequently, the
structural roles of these residues have been confirmed with crystal structures of ten
other ARTD family members, including mARTDs (Fig. 3). The histidine side
chain forms a hydrogen bond with the N-ribose, whereas the tyrosine side chains
stack with the N-ribose and the nicotinamide moiety. ARTD9 and ADRT13, the
only two family members that do not share the H-Y-Y-E motif, are generally
regarded as catalytically inactive.

The last position of the H-Y-Y-E motif deviates from the sequence consensus in
the mARTD enzymes. Sequence comparisons and a model of the transferase
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Fig. 2 Structure-based sequence alignment of mARTD ADP-ribosyltransferase domains. An
alignment of sequences for which crystal structures were available (see Fig. 1f) was created using
the PROMALS3D server (Pei et al. 2008) based on both sequence homology and the positions of
secondary structural elements. Next, the sequences of the mARTD proteins for which no
structural information was available were aligned to the PROMALS3D output using ClustalW
(Chenna et al. 2003). The resulting alignment was truncated at the consensus N- and C-terminal
borders of the transferase domains (based on crystal structures). Finally, the alignment was
stained for sequence similarity and the secondary structural elements for ARTD7 and -15 were
added using ESPript (Gouet et al. 1999). The respective positions of the D- and A-loops are
indicated by blue and green stars above the alignment. Red arrowheads indicate the positions (H-
Y-Y/F) involved in NAD" binding. Green arrowheads indicate the positions corresponding to
catalytic ARTD1 residues K903 (in «4) and E988
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Fig. 3 Positioning of H-Y-Y-E motif residues in the active sites of ARTD1 and ARTD10. The
structures of the ARTD1 and ARTDI10 transferase domains (PDB entries 3L3M and 3HKV) were
aligned and selected side chains were shown as sticks on top of selected secondary structural
elements of ARTDI. Side chains involved in NAD™" binding are shown with salmon-colored
carbons; side chains involved in PAR chain elongation are shown with green carbons. An ARTD1
bound benzamidazole derivative and ARTDI10 bound 3-aminobenzamide are also shown.
Residue numbering refers to human ARTDI and, below in italics, human ARTD10

domain of ARTDI10 based on the crystal structure of ARTDI12 led Kleine et al.
(2008) to note that the glutamate was replaced by a small hydrophobic residue in
all family members outside the ARTD1-4 and tankyrase subfamilies. Since then, it
has been verified by X-ray crystallography for six mARTDs that the positioning of
this small hydrophobic side chain in the active site resembles that of ARTD1 E988
(Table 1 and Fig. 3). Apparently, a glutamate is essential for stabilizing a reaction
intermediate when a hydrogen bond donor is posed for nucleophilic attack (such as
a target arginine in the toxins, or a growing PAR chain in ARTD1). Other residues
lining the active sites might make similar contributions. Notable in this context is
the side chain variation in the position corresponding to K903 of ARTD1 (Fig. 3).
Mutation of this lysine had similar effects as mutation of E988, suggesting the side
chain is involved in PAR chain elongation (Ruf et al. 1998; Carter O’Connell et al.
2014). A lysine in this position is conserved in ARTD1-3 and the tankyrases, but
not in any other ARTD family member. Thus, as we do not know the ARTD
substrate residues, and do not fully understand the role of E988 and other side
chains in the chemistries of different ADP-ribosylation reactions, presence or
absence of the glutamate should not be the bona fide discriminator between poly-
and mono-ADP-ribosylating enzymes, and it appears that the mARTDs get by
without these side chains for transfer of single ADP-ribose units.

As for the small hydrophobic side chains that line the active site in mARTDs,
these observations can be viewed in light of the model for substrate-assisted
catalysis suggested by Kleine et al. (2008), according to which the substrate
protein would need to contribute a catalytic side chain together with the side chain
being modified. We can speculate that small hydrophobic side chains, such as 1987
of ARTD10, might generate an environment to accurately guide the positioning of
catalytic and substrate residues by their aliphatic segments.
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Table 1 Available crystal structures of ARTD family ADP-ribosyltransferase domains with an
apparent lack of PAR chain elongation activity

PDB Protein Ligand Ligand | Resolution | References

code MW (A)

3BLJ ARTD7/PARP15 - 22

3GEY | ARTD7/PARPI15 PJ-34 29534 (22

4FOE ARTD7/PARP15 STO1102* | 284.34 2.4 Andersson et al. (2012)
3GOY | ARTDS/PARP14 3-AB® 136.15 2.8 Wabhlberg et al. (2012)
3SE2 | ARTDS8/PARP14 | 6(5H)-Phe® |19522 |23 Wahlberg et al. (2012)
3SMI | ARTDS8/PARP14 cpd 98¢ 288.33 2.4 Wabhlberg et al. (2012)
3SMJ ARTD8/PARP14 cpd 145° 206.26 15 Wahlberg et al. (2012)
4F1L ARTDS8/PARP14 U16(2)f 234.21 1.9 Andersson et al. (2012)
4F1Q ARTD&/PARP14 Ul6(e)?® 234.21 2.8 Andersson et al. (2012)
3HKV | ARTD10/PARP10 |3-AB° 136.15 | 2.1

2PQF | ARTDI2/PARPI2 |3-AB° 137.14 |22

2X5Y | ARTDI3/PARPI3 |- 1.05

4FOD | ARTDI5/PARP16 |3-AB° 136.15 2.7 Karlberg et al. (2012)

# 8-methyl-2-[(pyrimidin-2-ylsulfanyl)methyl]quinazolin- 4(1H)-one

® 3_aminobenzamide

¢ 6(5H)-phenanthridinone (in chains A and B)

d 2-[(5-amino-1H-1,2,4-triazol-3-yl)sulfanylmethyl]-8-methyl- 1 H-quinazolin-4-one (PubChem
T5867921)

¢ 2-methyl-3,5,6,7-tetrahydro-4H-cyclopenta[4,5]thieno[2,3- d]pyrimidin-4-one (ChemDiv
3909-7439)

fe (2Z/E)-4-[(3-carbamoylphenyl)amino]-4-oxobut-2-enoic acid (Z- and E-isomers,
respectively)

3.2 The Donor Loop (Loop 1)

The donor loop (D-loop), or loop 1, has crucial functions in protein substrate
recognition and catalysis in the DT-class ADP-ribosylating bacterial toxins. Its
role is possibly best documented in exotoxin A (ExoA) from Pseudomonas
aeroginosaPseudomonas aeroginosa, and its host target protein, eukaryotic elon-
gation factor-2 (eEF2). Crystal structures of the toxin-protein substrate complex
are available at different stages along the ADP-ribosyl transfer reaction, and with
several dinucleotide analogs (Jgrgensen et al. 2005, 2008). These studies docu-
mented a large scale rearrangement of loop 1 of ExoA during the activity cycle,
bringing a critical aspartic carboxyl into the vicinity of the diphthamide substrate
(Fig. 4a). Together with analysis of site-directed mutants, evidence suggests that
side chains in loop 1, as well as a second structural element with critical residues
(loop 3), are necessary for correct positioning of the substrate protein side chain
and the dinucleotide, and stabilization and protection of the reactive intermediate
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Fig. 4 Structural plasticity and sequence variability in the mARTD D-loops. a Structure of
Exo0A (blue) in complex with its protein target, eEF2 (green) with loop 1 and critical side chain
D461 approaching the eEF2 diphthamide (PDB entry 3B78). The conformation of loop 1 in the
dinucleotide free complex (1ZM3) is shown in light blue (Jgrgensen et al. 2008). b The same
structures, superimposed with the ARTD1 structure (salmon; 3L3M). The «-helical regulatory
subdomain, D-loop, and the catalytic side chain E988 in the A-loop of ARTD]1 are indicated.
¢ The same structures as in panel a, superimposed with the ARTD10 structure (yellow 3HKV).
The D- and A-loops are indicated. d The structures of ARTD8/PARP14 sequence N1617-G1631
as well as the respective ligands in five individual crystal structures are shown superimposed onto
the ARTD8-3-aminobenzamide complex (purple PDB entry 3GOY). D-loop residues S1619-
V1626 are missing in the electron density in this structure, indicating loop disorder. In a second
complex with 3-AB the D-loop folds over the ligand pocket, featuring a short f-turn-f motif
(vellow chains C and D of the asymmetric unit in PDB entry 3SE2). The complex with the small
ligand U16(z) is nearly identical (not shown; 4F1L). In the complex with 6(5H)-phenanthrid-
inone, the D-loop folds over the ligand pocket, but the ff-turn-f motif is replaced by an a-helical
segment R1618-N1624 (green; chains A and B of the asymmetric unit in PDB entry 3SE2). The
complex with the elongated ligand cpd 98 (Wahlberg et al. 2012) lacks electron density for
G1622-N1624, but the position of A1625 shows the C-terminal end of the D-loop over the ligand
pocket (orange 3SMI). The complex with Ul6(e) is nearly identical (not shown; 4F1Q;
Andersson et al. 2012). Finally, the D-loop in the complex with cpd 145 (Wahlberg et al. 2012) is
engaged in a crystal contact and folds out of the ligand pocket (magenta 3SMIJ). This
crystallographic artifact does not influence the structure of the overall transferase domain, which
aligns with 3SE2 to an RMSD of 1.1 A over 188 residues. e D-loop sequences for all nARTD
transferases (see Fig. 2) were extracted and their degree of conservation illustrated using
WebLogo (Crooks et al 2004)
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in the transfer reaction. As discussed in detail by Jgrgensen et al. (2008), a large
body of literature favors a similar mechanism in all DT-class toxins. Nonconser-
vation of critical side chains is thought to reflect the different chemistries of the
different target side chains, and the need for exact positioning of the side chains
and dinucleotide over the course of the transfer reaction.

Despite overall low sequence similarity and domain arrangements, the active
sites of ARTD-family transferase domains align fairly well with ExoA (Fig. 4b).
When superimposing the ARTDI1 and ExoA structures with the nicotinamide
moiety and its closest secondary structural elements as guidelines, the D-loop and
acceptor loop (A-loop) of ARTDI are in positions corresponding to ExoA loops 1
and 3. The H-Y-Y-E motif glutamate of critical importance for PAR chain elon-
gation is at the C-terminal end of the A-loop, in a position near the important
residues for catalysis in loop 3 of ExoA. Given these structural similarities, it is not
unreasonable to assume that as they share a common ancestor, the DT-class toxins
and the ARTD proteins also share a common general enzymatic mechanism.

Interestingly, the D-loop of ARTDI is in an open position reflecting the inactive
state of the toxin; and its mobility is constricted by two structural features:
placement of the w«-helical regulatory subdomain (Fig. 4b), and a salt cluster
formed by the ¢-amide of K893 with backbone oxygens in the center region of the
loop. All crystal structures of ARTD1-3 are highly similar in these two features;
and despite a large number of different ligands in crystal complexes, the D-loop
has not been observed in a conformation resembling more an active ExoA loop 1.
Thus, ARTDI1-3 crystal structures likely reflect the inactive enzymes.

The situation is quite different in the tankyrases and the mARTDs, which all
lack the o-helical subdomain. Superimposition of ExoA and ARTD10 shows that
the D-loop of ARTDI10 is in a conformation that would clash with the major part
of the dinucleotide, and the A-loop is folded away from the active site (Fig. 4c).
However, crystal structures indicate that the D-loops of mARTDs and tankyrases
are flexible. The conformation of the tankyrase D-loop is variable depending on
the ligand in the active site, and is not fully resolved in several crystal structures
(Wahlberg et al. 2012). ARTDS represents the best showcase of a flexible D-loop:
in six crystal structures with different ligands in the active site, the D-loop can be
found in a variety of conformations (Fig. 4d). Conversely, the A-loop, with
essential residues for catalytic activity (Kleine et al 2008), is found folded away
from the active site in all mARTD structures.

Notably, the D-loop is one of the regions of high sequence variability within the
ARTD family (Otto et al. 2005). Only the C-terminus of the loop shows a high
degree of sequence conservation, with a G-X-G triad in which the glycines are
strictly conserved and the intermediate position is preferentially occupied by lysine
(Fig. 4e). A notable difference between ARTD1-3 and mARTD D-loop regions is
the absence of proline residues in the latter. Together, conserved glycines and
absence of prolines indicate an evolutionary requirement for loop flexibility in the
mARTDs.

Thus, crystal structures of mARTD transferase domains show either floppy or
putative inactive D-loop conformations and folded away A-loops. Together,
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comparison with DT-class toxin structure and mechanism suggest there is space
and flexibility for the mARTD transferase domains to dock onto their substrates to
form a functioning dinucleotide cleft and a reactive center at the interface.
Sequence variability in the D- and A-loops likely reflects the various substrates
and reaction chemistries among different mARTDs.

3.3 Implications for Pharmacology

Inarguably, selective inhibitors are important research tools for probing the
functions of individual enzymes in complex reactant mixtures or in cells and
organisms. Two decades of PARP inhibitor development have provided us with a
large set of compounds, with synthetic protocols established and partial charac-
terization accomplished. Several of these inhibit mARTs (Wahlberg et al. 2012),
although the most potent compounds are still rather small and do not live up to the
full potential of compound-enzyme interactions (Table 1). The discussion above
illustrates how active site variability among mARTD family members can be built
upon in the development of selective mARTD inhibitors. Similar approaches have
already yielded selective inhibitors of tankyrases (Lehtio et al. 2013). In silico
methods such as virtual library screening and docking procedures can provide
starting points for medicinal chemistry programs (Andersson et al. 2012). Here,
mARTD crystal structures form the essential templates, and they can serve as
cornerstones in selecting scaffold modifications that achieve selective interactions
with unique side chains. Nevertheless, X-ray crystallography must be combined
with solution studies and successful development of selective inhibitors will also
require a better understanding of mARTD enzymology.

4 Outlook

Partially owing to a number of enzyme structures, the mARTD research branch
has grown out of its cradle. Yet, much groundwork remains before the field can fly.
We need to better define mARTD substrate proteins and their sites of ADP-
ribosylation. We need to define enzyme-substrate pairs that are amenable to
structural and solution studies. We need systematic analyses of individual mARTD
enzymes in order to address mARTD activity and regulation at high resolution.
Finally, we need to generate a set of tools, including selective inhibitors, anti-
bodies, cell lines, and animal and disease models in order to probe new in vitro
findings in a relevant context.
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Structural biology of ADP-ribosyltransferases—FAQ

e [f mARTDs have automodification activity, why do we not see the ADP-
ribosylated site in crystal structures? Incorporation of macromolecules
into a crystal lattice requires a substantial uniform population of mole-
cules. A covalent modification that does not disturb the crystal contacts
must still be present at a substantial frequency in order to be visible in the
electron density. Since none of the mARTD crystal structures show signs
of ADP-ribosylation, we speculate that mARTD enzymes might be
somewhat site-promiscuous and automodification might lead to sub-
populations that do not crystallize in the same lattice as the unmodified
population, or do not resolve.

e Why is there no crystal structure of an ARTD in complex with NAD™?
ADP-ribosyltransferases use NAD™ as co-substrate; they are “designed”
to retain nicotinamide and bind the ADP-ribosyl moiety only loosely, so
that it can be passed on to the substrate. This is achieved by a snug
nicotinamide binding pocket, and an ADP-ribosyl binding site that likely
only forms in the enzyme-substrate complex. A loosely bound, partially
disordered ADP-ribosyl conformation might explain why no ARTD-
NAD* complex structure has been reported. In fact, we have solved
crystal structures of several ARTD family members in the presence of
different nonhydrolyzable NAD" analogs. In each case, we could resolve
an occupied nicotinamide pocket, but not the remainder of the com-
pounds (unpublished results).

e Do PARP inhibitors block the active sites of other NAD"-metabolizing
enzymes? By contrast to ARTDs, enzymes that use NAD"' as cofactor
often bind NAD" tightly in a well-defined pocket. In many instances, the
nicotinamide moiety is part of the cofactor function (such as electron
transfer), and is exposed to solvent or to the substrate binding site.
Historically, PARP inhibitors have been designed to mimic nicotinamide
and then grow into the pocket that is defined by the variable D-loop on
one face. Therefore, the risk of inhibiting a broad range of NAD"-binding
enzymes is low, while the risk of inhibiting other nicotinamide retaining
enzymes (including ARTC-class transferases) is more substantial. Thus,
PARP inhibitor specificities will need to be confirmed for these enzymes.
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Function and Regulation
of the Mono-ADP-Ribosyltransferase
ARTDI10

Max Kaufmann, Karla L. H. Feijs and Bernhard Liischer

Abstract The transfer of ADP-ribose from NAD"' to a substrate by ADP-
ribosyltransferases, ADP-ribosylation, is a multifunctional posttranslational modi-
fication. While many studies have addressed the function of poly-ADP-ribosylation,
for example, in DNA repair, signaling, and gene transcription, little is known about
the role of mono-ADP-ribosylation. Recent work describing the mono-ADP-
ribosyltransferase ARTD10/PARP10 suggests that this enzyme affects apoptosis,
NF-kB signaling, and DNA damage repair, at least in part dependent on its activity as
mono-ADP-ribosyltransferase. Moreover, the macrodomain-containing proteins
MacroD1, MacroD2, and TARG1/C60rf130 were recently characterized as hydro-
lases, which remove mono-ADP-ribosylation thus providing evidence that this
modification is reversible. In this review, we discuss these novel findings and their
broader implications for cell behavior. We suggest functions of ARTDI10 in
immunity, metabolism, and cancer biology.
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NLS Nuclear localization sequence
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PTM Posttranslational modification
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1 Introduction

Controlling the activities of proteins transiently and independently of gene tran-
scription is fundamental for the regulation of numerous cellular processes. This is
achieved by modulating the function of proteins by posttranslational modifications
(PTMs). A large number of PTMs exist, including phosphorylation, glycosylation,
and ubiquitination, which can affect, for example, the subcellular localization, the
catalytic activity, or the half-life of the modified protein. ADP-ribosylation is a
PTM, where ADP-ribose is linked to proteins either as a monomer—called mono-
ADP-ribosylation—or where chains of multiple ADP-ribose units are formed,
which is referred to as poly-ADP-ribosylation. The addition of a single ADP-
ribose moiety introduces negative charges to the modified substrate and thus is
thought to affect protein function. Poly-ADP-ribosylation creates linear or bran-
ched ADP-ribose chains, which serve as scaffolds for other proteins to interact
with. For instance, DNA repair proteins and transcriptional cofactors and cofactor
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complexes have been shown to be recruited by poly-ADP-ribose (De Vos et al.
2012; Gibson and Kraus 2012; Kleine and Luscher 2009; Schreiber et al. 2006).
The length of the polymers suggests that multiple proteins may bind simulta-
neously and thus poly-ADP-ribose may promote the assembly of large protein
complexes. Poly-ADP-ribosylation may also directly affect protein function, for
example the automodification of ARTDI in response to DNA damage inhibits
eventually DNA binding (D’Amours et al. 1999; Kraus 2008). Currently 22
ADP-ribosyltransferases have been described in humans. These proteins can be
subdivided into two families according to their homology to bacterial toxins,
which also resulted in the suggestion for an updated nomenclature (Hottiger et al.
2010). The ADP-ribosyltransferases of the ARTC family are found at the cell
membrane and ADP-ribosylate arginine residues (Laing et al. 2011). The residues
involved in NAD" binding and catalysis, Arg-Ser-Glu, are also present in certain
toxins such as cholera toxin, hence the name ADP-ribosyltransferases Cholera
toxin-like. Intracellular mono-ADP-ribosylation and poly-ADP-ribosylation are
catalyzed by the ADP-ribosyltransferase Diphtheria toxin-like family (ARTDs),
also referred to as the PARP family (Fig. 1), which have a distinct amino acid
motif, His-Tyr-Glu, compared to ARTC:s that is key to execute ADP-ribosylation
(Hottiger et al. 2010). The ARTD family can be further subdivided into proteins
with iterative mono-ADP-ribosyltransferase activity and thus capable to form
ADP-ribose polymers, proteins with single mono-ADP-ribosyltransferase activity,
and inactive family members (Hottiger et al. 2010). These three subfamilies are
characterized with distinct alterations in the amino acid motif. In particular the
replacement of the catalytically relevant Glu distinguishes polymer-forming
enzymes from mono-ADP-ribosyltransferases (Fig. 1). The distinction between
mono- and poly-ADP-ribosylation is further emphasized by the existence of both
mono-ADP-ribose- and poly-ADP-ribose-specific reader domains and hydrolases,
which recognize and reverse these modifications (Barkauskaite et al. 2013; Feijs
et al. 2013a).

ARTD1/PARPI is the best-characterized poly-ADP-ribosyltransferase. It reacts
to different forms of cellular stress by its influence on DNA repair, gene tran-
scription, chromatin remodeling, and signal transduction mechanisms, thereby
contributing to, for example, an inflammatory response and the survival or death of
cells (De Vos et al. 2012; Krishnakumar and Kraus 2010; Luo and Kraus 2012;
Messner and Hottiger 2011). ADP-ribosylation of proteins was recognized
50 years ago and a distinction was made between mono-ADP-ribosylation and
poly-ADP-ribosylation in cells soon after (Hassa et al. 2006). However, the mono-
ADP-ribosyltransferases investigated were predominantly bacterial toxins and
extracellular enzymes, while it remained unclear whether intracellular mono-ADP-
ribosyltransferases exist (Deng and Barbieri 2008; Di Girolamo et al. 2005).
ARTDI10/PARP10 was the first intracellular ARTD, which was identified as a
bona fide mono-ADP-ribosyltransferase, defining a new subfamily of ADP-ribo-
syltransferases with nine members (Hottiger et al. 2010; Kleine et al. 2008). The
functional characterization of these enzymes is still rather preliminary compared
with at least some of the poly-ADP-ribosylating enzymes. However, the last
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Fig. 1 Summary of the catalytic activities of intracellular ADP-ribosyltransferase (ARTD)
family members. ADP-ribosylation involves the transfer of ADP-ribose from NAD" to a substrate
and release of nicotinamide (NAM). The ARTD family enzymes are subdivided according to
differences in their catalytic activity. The activity of poly-ADP-ribosyltransferases such as
ARTD1 depends on three critical amino acid residues (His-Tyr-Glu) in the active center/cofactor
binding site, two of which (His and Tyr) are important to interact with NAD*, while the glutamate
stabilizes an oxacarbenium intermediate during catalysis. These amino acids, which are referred
to as the catalytic motif, are not conserved in all ARTDs. As a consequence the catalytic activities
are changed. Hence three different subfamilies of ARTDs have been proposed. Class I ARTDs
are poly-ADP-ribosyltransferases with the original motif HYE. In class II ARTDs, including
ARTDI10, the acidic glutamate is replaced by I/L/T/V/Y, which results in restriction to mono-
ADP-ribosylation. This class of enzymes uses substrate-assisted catalysis to modify substrates,
i.e., a glutamate of the substrate activates NAD" but is subsequently modified and cannot be
reused for a second reaction. In the third class also the basic histidine residue is replaced with an
uncharged amino acid and these enzymes lose the ability to bind NAD" rendering them
catalytically inactive

couple of years have seen the beginning of the elucidation of pathways and
processes that are affected by mono-ADP-ribosyltransferases (Feijs et al. 2013c).
Here we summarize these findings and discuss broader implications of these
observations with an outlook towards a potential role of ARTD10 in immunity,
metabolism, and cancer biology. Moreover, we highlight open questions that need
to be addressed to understand mono-ADP-ribosylation in more general terms.
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2 Mechanism of Mono-ADP-Ribosylation by ARTD10

ARTDs catalyze the addition of ADP-ribose to proteins by consuming the
co-factor NAD" and releasing nicotinamid (Fig. 1). The catalytic domain of
ARTD10 was identified in a homology search for ADP-ribosyltransferase domains
based on the catalytic domain of ARTD1 (Ame et al. 2004; Otto et al. 2005). Later,
key differences in catalytic residues were recognized in ARTDI10 (Kleine et al.
2008). The catalytic motif His-Tyr-Glu is altered to His-Tyr-Ile in ARTDI10,
resulting in the ability to transfer only a single ADP-ribose to a substrate (Fig. 1).
Mutating the glutamate of the catalytic motif in ARTD1 prevents the formation of
polymers, supporting the essential role of this residue for poly-ADP-ribosylation
activity, whereas ARTD10 does not acquire the capacity to form polymers when
the glutamate is restored (Kleine et al. 2008; Marsischky et al. 1995). The catalytic
glutamate in ARTDI1 stabilizes the oxacarbenium ion transition state of NADY,
whereas in the model of the reaction catalyzed by ARTDI10, a glutamate of a
substrate takes over this function. However, unlike the catalytic glutamate in
ARTDI, the glutamate of the substrate is subsequently ADP-ribosylated and as a
result this modified residue is no longer available for a second round of catalysis.
Thus, this mechanism—referred to as substrate-assisted catalysis—Ilimits the
activity of ARTDI10 and the other subfamily members, ARTD7-8, ARTD11-12
and ARTD14-17 to mono-ADP-ribosylation (Kleine et al. 2008). Based on this
model and chemical analysis of the reaction products it was proposed that
ARTDI10 selectively modifies acidic amino acids. More recent evidence suggests
that ARTD family members may also be capable of modifying lysine residues
(Altmeyer et al. 2009; Messner et al. 2010). These findings initiated a more general
discussion about the specificity of different ARTDs which still continues, and led
us to reevaluate the acceptor amino acids of ARTD10. An ARTD10 mutant, in
which all lysines were exchanged to arginines, is still efficiently trans-automodi-
fied, indicating that lysines are at least not the exclusive acceptor sites (Rosenthal
et al. 2013). With the evidence presently available we would argue that ARTD10
modifies acid amino acids, as it is unclear how this enzyme would be able of
modifying both acidic side chains and lysines in the same catalytic center.

3 The Structure of ARTD10

The family of ARTDs was defined based on homology of the catalytic domains of
these enzymes (Ame et al. 2004; Otto et al. 2005). The different ARTDs possess a
great variety of additional domains and motifs besides the catalytic domain, which
is thought to reflect the broad range of functions they carry out (Ame et al. 2004;
Hottiger et al. 2010). Human ARTDI10 contains 1025 amino acids, which
approximate to an apparent molecular size of 150 kDa on SDS-PAGE. Less than
20% of the sequence contributes to the defining catalytic domain at the very
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Fig. 2 Domains and structural motifs of ARTD10. a. The following domains and motifs are
indicated: an RNA recognition motif (amino acids 11-85), a glycine-rich region (281-399), a
caspase-6 cleavage site (C-terminal of Asp406), a nuclear localization region (435-528), a
glutamate-rich region (588-697), a nuclear export signal (598-607), two ubiquitin interaction
motifs (650-667 and 673-690), and a catalytic domain (818—1013), which contains a PCNA-
interaction peptide motif (PIP box, amino acids 830-837). b. The known posttranslational
modifications are indicated: Thr101 is phosphorylated by Cyclin E/CDK2; caspase-6 cleaves
ARTDI10 C-terminal of Asp406 during apoptosis; the catalytic domain is the major automodi-
fication region with Glu882 being one of the mono-ADP-ribosylation sites; Lys916 is both
acetylated and ubiquitinated

Intermolecular
automodification

C-terminus (Fig. 2a) (Yu et al. 2005), which is sufficient to mono-ADP-ribosylate
ARTDI10 substrates in vitro, comparable to the full-length protein (Kleine et al.
2008; Yu et al. 2005). ARTDI10 furthermore contains several other domains and
motifs, including an RNA recognition motif (RRM), two functional ubiquitin
interaction motifs (UIM), sequences capable to promote nuclear targeting as well
as nuclear export, and a small motif that mediates interaction with PCNA (Fig. 2a)
(Kleine et al. 2008, 2012; Nicolae et al. 2014; Verheugd et al. 2013; Yu et al.
2005). It is conceivable that some of these domains orient ARTDI10-mediated
mono-ADP-ribosylation toward specific substrates in different compartments,
guided for instance by the interaction with poly-ubiquitin (Herzog et al. 2013;
Verheugd et al. 2013). ARTD10 hence seems suited to participate in a wide set of
processes in cells.
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4 Regulation of ARTD10

At present, little is known about the regulation of ARTD10. Several PTMs can be
found on ARTDI10, suggesting that multiple signaling pathways control it. The
transferase domain of ARTDI10 is mono-ADP-ribosylated by intermolecular
automodification, presumably on multiple sites (Kleine et al. 2008; Yu et al. 2005).
The only modification site that has been mapped to date is a glutamate (Glu882)
(Fig. 2b). The mutation of Glu882 has no effect on catalytic activity and only a
partial effect on automodification, in agreement with multiple ADP-ribosylation
sites in ARTD10 (Kleine et al. 2008). Furthermore, two independent mass spec-
trometry approaches have suggested that ubiquitination of ARTDI0 occurs at
Lys916 in cells (Fig. 2b) (Hornbeck et al. 2012; Wagner et al. 2011). This rep-
resents a PTM, which might affect catalytic activity, as an ARTD10-K916I mutant
yields a strongly reduced automodification signal (Yu et al. 2005). Intriguingly,
another study found the same residue to be acetylated in cells (Choudhary et al.
2009). Competing ubiquitination and acetylation have been previously recognized
as rivaling modulators of protein function and half-life (Caron et al. 2005; Li et al.
2012; Vervoorts et al. 2003; Yang and Seto 2008). ARTD10 activity could thus be
regulated by ubiquitin ligases and acetyltransferases. Interestingly, K916 has only
been introduced during primate evolution, while a highly conserved glutamine is
present at the same site in lower species, including mice (Kim and Hahn 2012).
Glutamines are commonly accepted as imperfect mimics of acetylated lysines
(Fujimoto et al. 2012; Kamieniarz and Schneider 2009). Hence acetylation of
K916 may preserve while ubiquitination of this residue may interfere with
ARTDI10 catalytic activity.

ARTDI10 is also phosphorylated at multiple sites (our own unpublished find-
ings), thus providing potential opportunities for regulation. In one report, Thr101
was identified as a phosphorylation site of cyclin-dependent kinases (Chou et al.
2006). The work performed in vitro suggested that phosphorylation at Thr101
enhances ARTD10 catalytic activity. We have also identified this phosphorylation
site, but were unable to measure phosphorylation-dependent effects on catalytic
activity (Fig. 2b). In summary the available evidence indicates that various
enzymes modify ARTD10. Future work will have to address the pathways that
potentially converge onto ARTD10 and to define the molecular consequences of
different PTMs on the functions of ARTDI10.

5 ARTDI10 Shuttles Between the Cytoplasm and the Nucleus

ARTDI10 substrates and interaction partners are situated both in the nucleus
(e.g., c-MYC, RAN, and histones) and in the cytoplasm (e.g., GSK3(3, NEMO/
IKKy, p62/SQSTM1, and PCNA) (Feijs et al. 2013b; Forst et al. 2013; Kleine et al.
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2012; Nicolae et al. 2014; Verheugd et al. 2013; Yu et al. 2005). Under steady-
state conditions in proliferating cells, little nuclear ARTD10 is detectable because
of a strong nuclear export sequence (NES) that causes rapid export from the
nucleus (Fig. 2a) (Kleine et al. 2012). Even when the NES is mutated or the
CRM1-dependent export is inhibited by leptomycin B (Kudo et al. 1999), only an
equal distribution is achieved rather than nuclear accumulation. Hence additional
mechanisms must exist that retain ARTD10 in the cytoplasm (Kleine et al. 2012).
ARTD10 could potentially be bound to a cytoplasmic protein or to a scaffold like
poly-ubiquitin. Indeed, organization of ARTD10 into cytoplasmic bodies (Kleine
et al. 2012; Vyas et al. 2013), associated with the autophagy adaptor p62 (Johansen
and Lamark 2011; Nezis and Stenmark 2012) and ubiquitin, has been described
(Kleine et al. 2012). The exchange of proteins in these bodies is swift and therefore
does not seem to limit dynamic redistribution of ARTD10. ARTD10 might also be
exported by a nuclear export pathway, which involves an exportin other than
CRML1. Alternative routes have been established for proteins such as actin or 14-3-
30 (Mingot et al. 2004; Stuven et al. 2003). This would not change the dependence
on a gradient of the nuclear GTP-binding protein RAN, as all known exportins
form a ternary complex with their cargo and RAN-GTP in the nucleus, complexes
that disintegrate in the cytoplasm after GTP hydrolysis (Guttler and Gorlich 2011).
ARTDI10 specifically mono-ADP-ribosylates the GTP-bound form of RAN, while
RAN-GDP is not modified (Forst et al. 2013). Presently, it is not clear whether
mono-ADP-ribosylation influences RAN function.

The nuclear uptake of ARTDIO0 relies on a conserved central region, which
functions as a nuclear localization sequence (NLS) (Fig. 2a). However this domain
does not contain a recognizable classical NLS and resembles no formerly
described motif (Kleine et al. 2012). This ARTD10 domain can drive nuclear
translocation when fused to EGFP-B-Gal, but unlike a classical NLS only a partial
nuclear accumulation was observed. This suggests that this unconventional NLS
may use a pathway that is not very efficient or that this domain has additional
functions such as interacting with cytosolic factors and thus preventing efficient
nuclear import. The intricacy of ARTDI10 localization indicates that cells can
regulate the subcellular distribution of ARTD10, although it is unclear how this is
achieved. An interesting but purely speculative mechanism can be based on a
study that finds ARTD10 mRNA specifically altered in blood cells by adenosine
deaminases acting on RNA (ADARs) (He et al. 2011). These enzymes deaminate
adenosines to inosines, which are recognized as guanosines by the translational
machinery. In the case of ARTDI1O0 this results in an amino acid substitution within
the NLS region; the highly conserved Ser507 is exchanged by a glycine, which
might affect the activity of the unconventional NLS of ARTD10. Together these
findings demonstrate that ARTDI10 is localized to both the nuclear and cytoplas-
mic compartments. Together with the known substrates and interaction partners
highlighted above, it is highly likely that ARTDI10 has functions in both com-
partments as described in more detail below. Moreover functions associated with
the transport between nuclear and cytosolic compartments may also be conceiv-
able for ARTD10.
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6 Signaling Pathways Regulated by ARTD10

Different possibilities exist as to how mono-ADP-ribosylation could influence
target proteins; in analogy to other PTMs, effects on protein function and on
interactions with other macromolecules are likely. Recent evidence supports both,
i.e., ADP-ribose can function as allosteric regulator of enzyme activity and as
docking site for distinct proteins (Feijs et al. 2013a, b; Forst et al. 2013). A reader
domain of mono-ADP-ribosylated proteins was identified, indicating that mono-
ADP-ribosylation promotes defined protein-protein interactions (Forst et al. 2013).
This reader is a macrodomain, a highly conserved structure which is closely
associated with ADP-ribosylation and ADP-ribose metabolism (for a more
extensive summary of the currently known macrodomain-containing proteins and
their functions see (Feijs et al. 2013a)). Two macrodomains in ARTDS are capable
to selectively interact with ARTD10-dependent mono-ADP-ribosylated substrates
(Forst et al. 2013; Verheugd et al. 2013). It is noteworthy that ARTDS8 functions
also as mono-ADP-ribosyltransferase, which makes multistep mono-ADP-ribo-
sylation events on proteins conceivable.

Apart from recognition of mono-ADP-ribosylation by specific protein domains,
ARTD10-mediated modification of proteins can regulate substrate function
directly, as exemplified by glycogen synthase kinase 3 (GSK3p). GSK3f is a
well-investigated enzyme with established functions in WNT signaling, apoptosis,
metabolism, neuronal development, immunity, and tumorigenesis (Beurel and
Jope 2006; Beurel et al. 2010; Hur and Zhou 2010; Mills et al. 2011; Wu and Pan
2010). ARTDI10 is able to mono-ADP-ribosylate GSK3p in vitro leading to a
reduction of GSK3f kinase activity. This inhibition could not be overcome by
increasing substrate concentration, implying that mono-ADP-ribosylation func-
tions as an allosteric inhibitor of GSK3p.

Mono-ADP-ribosylation is currently not reliably measurable in cells due to a
lack of suitable antibodies and mass spectrometry methods. To analyze GSK3p, its
kinase activity was used as a surrogate parameter to evaluate ARTDI10 activity
in cells. Immunoprecipitated GSK3B showed reduced catalytic activity when
co-expressed with ARTDI10, while overexpression of the catalytically inactive
mutant ARTD10-G888W or knockdown of the endogenous ARTDI10 significantly
enhanced it, implying that modification of GSK3f indeed takes places in cells
(Feijs et al. 2013b).

Recent findings indicate that mono-ADP-ribosylation is a reversible PTM
(Jankevicius et al. 2013; Rosenthal et al. 2013; Sharifi et al. 2013). The enzymes
capable of removing mono-ADP-ribose from protein substrates are MacroD1,
MacroD2, and C6o0rf130/TARGI, which all contain a catalytically active macro-
domain able to reverse ARTD10-dependent mono-ADP-ribosylation. Whether
they can revert mono-ADP-ribosylation catalyzed by other mono-ARTDs needs to
be determined. Moreover, MacroD2 was found to de-mono-ADP-ribosylate
GSK3p, thereby restoring its catalytic activity (Rosenthal et al. 2013). This in vitro
finding renders GSK3f3 modification by ARTD10 reversible, as would be expected
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from a mechanism that regulates signaling cascades. In cells, activation of GSK3[
was also observed when MacroD2 was over-expressed, resulting together with the
above summarized experiments in a strong case for endogenous mono-ADP-
ribosylation of GSK3f and the functional relevance of this modification (Feijs
et al. 2013b; Rosenthal et al. 2013). The precise understanding of the regulation of
ARTD10-mediated mono-ADP-ribosylation and the antagonizing hydrolases will
be important to identify the cellular contexts in which ARTDI10’s activity is
physiologically relevant.

One pathway ARTDI10 was postulated to interfere with is NF-xB signaling
(Verheugd et al. 2013). The UIMs of ARTD10 were identified as interaction
motifs for K63-linked poly-ubiquitin, which is an important PTM within the
NF-«B signal transduction pathway as well as in other signaling networks (Grabbe
et al. 2011). E3 ubiquitin ligases such as TRAF6 synthesize scaffolds of K63-
linked poly-ubiquitin upon a number of stimuli, including inflammatory cytokines,
which are essential to promote NF-xB translocation into the nucleus to enable
transcription of its target genes (Fig. 3) (DiDonato et al. 2012; Oeckinghaus et al.
2011). ARTDI10 functions as a repressor of an NF-xB reporter gene construct and
chromatin embedded NF-xB target genes (Verheugd et al. 2013). This repression
depends on the catalytic activity and the K63-linked poly-ubiquitin binding
capability of ARTD10, as demonstrated by using the nonrepressive double mutant
ARTD10-G888W-AUIM, which lacks catalytic and K63-linked poly-ubiquitin
binding activity. These findings suggest that in response to specific signals
ARTDI10 is recruited to K63-linked poly-ubiquitin scaffolds, resulting in mono-
ADP-ribosylation of proteins in the vicinity of these scaffolds (Fig. 3). However,
the abolishment of either ubiquitin binding or catalytic activity alone did not
reduce ARTDI10’s inhibitory potential towards NF-xB. One possible explanation
for this observation might relate to the fact that the mutants were over-expressed. It
is imaginable that abundant ARTD10-G888W can compete for K63-linked poly-
ubiquitin binding with factors essential for signal propagation, such as NEMO.
Moreover, abundant ARTD10-AUIM may suffice to mono-ADP-ribosylate sub-
strates in the pathway without the need of induced proximity. Both would result in
the observed inhibitory effect. A role of ARTDI10 in the NF-xB pathway was
corroborated with ARTD10 knockdown experiments. These resulted in enhanced
NF-xB signaling, suggesting that ARTD10 indeed downregulates this pathway in
cells. Additionally, overexpression of ARTDI10 leads to a specific decrease of the
K63-linked poly-ubiquitination of NEMO, an integral part of the IKK complex,
which controls the NF-xB transcription factor (Fig. 3). NEMO serves as an
adaptor of the complex to K63-linked poly-ubiquitin and is itself K63-poly-
ubiquitinated, both features that are essential for NF-xB signal propagation (Chen
2012; Skaug et al. 2009). As NEMO is a substrate of ARTD10 in vitro and in cells
(Verheugd et al. 2013), it will be interesting to see how its mono-ADP-ribosylation
might interfere with its K63-linked poly-ubiquitination and how this relates to
abortion of the signaling process.

Participation in signaling events so far is the area with the most substantial
evidence for an involvement of ARTDI10. Direct alteration of kinase activity as



Function and Regulation of the Mono-ADP-Ribosyltransferase ARTD10 177

L £
PM=— " == PM=— " ==
E3 ligase E3 ligase

TAB2 TAB3

TAK1 ~ TAK1

ARTD10

IKKa

NF-kB NF-kB
Regulation of Regulation of
gene transcription gene transcription

@ Ubiquitin, K63-linked
ADPr ADP-ribose

Fig. 3 ARTDI10 regulates NF-xB signaling. A simplified version of the NF-«B signal transduction
pathway is shown. In response to extracellular cues ubiquitin E3 ligases are activated that
synthesize K63-linked poly-ubiquitin. These serve as scaffold for kinase complexes, including the
TAKI and the IKK complexes. The local vicinity allows TAKI to phosphorylate and activate
IKK. This kinase then modifies IxB, which results in its degradation and the subsequent activation
of NF-«B transcription factors (left scheme). ARTD10 interferes with the activation of NF-xB by
interacting with K63-linked poly-ubiquitin and by mono-ADP-ribosylating NEMO. This prevents
poly-ubiquitination of NEMO, while enhancing it on the E3 ligase TRAF6 and on TAK1

demonstrated for GSK3p indicates an intervention of ARTDI10 in intracellular
communication by phosphorylation, while the results from studying the NF-xB
pathway suggest that ARTDI10 can both read as well as interfere with K63-poly-
ubiquitination of proteins. Together these results suggest that mono-ADP-ribo-
sylation participates in crosstalk with other PTMs, including ubiquitination and
phosphorylation.

7 A Role for ARTD10 in Transcription?

Different ARTDs such as ARTDI1, ARTDS, and ARTD14 are involved in tran-
scriptional regulation (Feijs et al. 2013c; Kraus 2008). There are only initial hints
for a role of ARTDI10 in transcription. ARTD10 was discovered in a search for
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binding partners of the oncogenic transcription factor MYC (Yu et al. 2005).
Bimolecular fluorescence complementation later revealed that the MYC-ARTD10
interaction takes place in the nucleus (Kleine et al. 2012), but it has not been
resolved whether the interaction occurs on DNA. Currently, the known functional
relevance of the ARTDI10 interaction with MYC is limited to co-transformation
assays of rat embryo fibroblasts, in which ARTDI10 acts as a suppressor of the
transforming activity of MYC with HA-RAS (Yu et al. 2005). However, MYC is
not a substrate of ARTDI10, leaving it currently unknown whether ARTD10 con-
trols MYC directly. Possible nuclear ARTD10 substrates that might influence
transcription, such as histones, can be mono-ADP-ribosylated in vitro but it remains
to be determined whether ARTD10 also modifies these proteins in cells (Yu et al.
2005). It is worth noting that there is substantial evidence that core histones are both
mono- and poly-ADP-ribosylated in cells (Hassa et al. 2006). Nevertheless, a
precise role of ARTDI10 in transcription remains undefined at present.

8 ARTDI10 Stimulates Apoptosis

HeLa cells with inducible expression of ARTD10 or the catalytically inactive
point mutant ARTD10-G888W have been used to characterize the influence of
mono-ADP-ribosylation by ARTD10 on cell proliferation (Herzog et al. 2013).
In these cells ARTD10 reduces proliferation and induces apoptosis, dependent on
its catalytic activity. Additionally ARTD10 knockdown in U20S cells leads to
decreased apoptosis in response to DNA damaging treatments. Together these
findings provide evidence for a pro-apoptotic function of endogenous ARTDI0.
Moreover, early during apoptosis ARTDI0 itself is processed by caspase-6
(Fig. 2b), which reduces its pro-apoptotic potential (Herzog et al. 2013).
Expression of the corresponding cleavage products did not result in cell death,
even though the C-terminal fragment remained catalytically active. Further
experiments revealed that indeed a physical connection between the transferase
domain of ARTD10 and the N-terminal RRM is needed to stimulate any signifi-
cant degree of apoptosis, although the exact mechanism remains to be clarified.

What might be the role of the RRM for ARTD10-induced apoptosis? RRMs
function in many different processes that regulate and are dependent on RNA and
have also been described more recently to mediate protein-protein interactions
(Maris et al. 2005). A potential answer to why ARTDI10’s RRM might be
important could therefore be a dependence of ARTD10 on its RRM to interact with
certain substrates, either directly or mediated by RNA. Truncation of the RRM
also results in a loss of the formation of p62-associated ARTD10 bodies in the
cytoplasm (Kleine et al. 2012). These structures are not identical with well-studied
RNA-containing particles like stress granules or P-bodies. The p62 bodies, which
are also positive for ubiquitin, have been implicated as signaling hubs that regulate
apoptosis and autophagy (Johansen and Lamark 2011; Kleine et al. 2012; Nezis
and Stenmark 2012).
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Why is ARTDI10, which promotes apoptosis, a target of caspases? Once
apoptosis is proceeding, protein biosynthesis is rapidly down-regulated (Clemens
et al. 2000). Accordingly, RNA binding and processing proteins such as splicing
factors become major targets of caspases, resulting in impeding of mRNA matu-
ration and transport to the cytoplasm (Thiede et al. 2001; Thomas and Lieberman
2013). Based on the findings that ARTD10 shuttles between nuclear and cyto-
plasmic compartments and the presence of an RRM, we speculate that ARTD10
might be part of a regulatory network that integrates the control of RNA pro-
cessing with programmed cell death.

If ARTDIO stimulates apoptosis through mono-ADP-ribosylation, which sub-
strates could contribute to such a function? Interestingly, the ARTD10 target GSK3f3
has been thoroughly investigated as an alternate regulator of apoptosis with the
capability to stimulate the intrinsic pathway, while inhibiting the extrinsic pathway
(Beurel and Jope 2006). GSK3B knockout mice die of massive hepatic apoptosis
during development, while GSK39~'~ mice are vital (Gomez-Sintes et al. 2011,
Hoeflich et al. 2000). It has been suggested that the GSK3-dependent activation of
the NF-xB survival response is at least in part responsible for the observed effect
(Hoeflich et al. 2000). As ARTD10 negatively regulates GSK33 by mono-ADP-
ribosylation and represses NF-«kB signaling by targeting NEMO, the inhibition of both
GSK3p and NEMO might link ARTD10 to apoptosis (Feijs et al. 2013b; Verheugd
etal. 2013). Additional ARTD10 interaction partners and substrates might contribute
to the pro-apoptotic phenotype. The nuclear transport protein RAN, which is an
ARTDI10 substrate (Forst et al. 2013), has been suggested to prevent the nuclear
import of NF-xB early during apoptosis to enhance apoptotic progression (Wong et al.
2009). As mentioned above, cytosolic p62-ubiquitin bodies are implicated as signal
organizing centers during apoptosis. They can either recruit TRAFG6 to subsequently
activate NF-xB by auto-K63-poly-ubiquitination or aggregate ubiquitinated caspase-
8, which promotes its activation and subsequent stimulation of apoptosis (Moscat and
Diaz-Meco 2009), suggesting that the ARTD10 interaction partner p62 participates in
controlling cell survival. Together these findings offer additional entry points for
ARTDI10 in the control of apoptosis that are in need of evaluation.

9 DNA Repair

One of the key activities of ARTDI1 is its function in DNA repair processes. ARTD1
recognizes damaged DNA through its Zn-fingers, resulting in the allosteric activa-
tion of its catalytic domain (Langelier and Pascal 2013). Subsequently, ADP-ribose
polymers are synthesized on ARTDI itself as well as other proteins, including core
histones (De Vos et al. 2012). These polymers act as scaffolds to recruit DNA repair
proteins through ADP-ribose polymer binding domains (Kleine and Luscher 2009).
ARTD2/PARP2 and ARTD3/PARP3 are two additional family members that are
involved in DNA repair processes (De Vos et al. 2012). Thus poly-ADP-ribosylation
plays a major role in different DNA repair pathways. Little is known about the role of
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mono-ADP-ribosylation in DNA repair. A very recent study identified PCNA, which
is associated with a large number of processes associated with genomic stability
(Groth et al. 2007; Moldovan et al. 2007), as an interaction partner of ARTDI10.
It possesses a PCNA-interacting peptide (PIP) box near the N-terminal end of the
catalytic domain (Fig. 2a) (Nicolae et al. 2014). The PIP box is found in several
proteins known to interact with PCNA and thus is important to control and integrate
PCNA activities (Moldovan et al. 2007). Indeed ARTD10 interacts through its PIP
box with PCNA, an interaction that seems to be required to promote genomic sta-
bility and tolerance to DNA damage (Nicolae et al. 2014). ARTD10 is also important
for PCNA-dependent translesion DNA synthesis and associated mutagenesis,
requiring an active catalytic domain. The interaction of ARTD10 with PCNA is
further promoted by the UIMs, which enhance the interaction with ubiquitinated
PCNA. Together these findings support the notion that in addition to poly-ADP-
ribosylation also mono-ADP-ribosylation participates in DNA repair processes.
It will be of interest to determine whether and if how these two types of ADP-
ribosylation reactions collaborate.

10 Clues Toward Additional Biological Functions
of ARTD10

Presently our understanding of ARTDI10 resembles a patchwork of promising
suggestions yet little substantial evidence. To further evaluate potential functions
of ARTDI10, it is worth to consider the information that is available connecting
ARTDI10 with distinct cellular and organismal processes. In the following, we
summarize the preliminary indications of interaction of ARTD10 with the immune
system, metabolism, and with cancer.

10.1 ARTDI10 Levels Differ Between Tissues

In the initial report on ARTDI0, tissue-specific expression was analyzed by
northern blotting of human samples (Yu et al. 2005). ARTDI0 mRNA was
detected in all tested tissue samples with increased expression in thymus and
spleen when compared to actin mRNA. This indicated enhanced expression of
ARTDI10 in cells of the immune system. Indeed ARTD10 protein levels are ele-
vated in cell lines originating from the hematopoietic system (Yu et al. 2005).
Information from publicly available human expression datasets largely confirms
these results (Fig. 4). Also array data from mice and rats are available, which
include a broader set of tissue samples (Fig. 4). Besides expression in thymus and
spleen, high levels of ARTD10 are found in other tissues in these studies, including
adipose tissue, the Langerhans islets of the pancreas, the adrenal glands, the small
intestine, the liver, and the kidneys. Low expression of ARTDI0 in the brain was
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Fig. 4 Relative ARTDI10 expression in different tissues. The heat map visualizes mRNA
expression data from eight different studies, including one study focused on human ARTDI0
(1, (Yu et al. 2005), three genome-wide human expression data sets (2, (Yanai et al. 2005), http://
www.ebi.ac.uk/gxa/, E-GEOD-803; 3, (Liu et al. 2008); 4, (Krupp et al. 2012)), RNA expression
data from the Human Protein Atlas (5, http://www.proteinatlas.org), and three genome-wide
mouse expression data sets (6, (Su et al. 2002); 7, (Thorrez et al. 2008), http://www.ebi.ac.uk/gxa/,
E-GEOD-9954; 8, (Thorrez et al. 2011), http://www.ebi.ac.uk/gxa/, E-GEOD-24940). ARTD10
expression in a given tissue was judged as not detectable, low, intermediate, or high compared to
ARTDI10 expression in other tissues within a given study. In the top row these results are combined
to give a general impression in which organs ARTDI10 is expressed preferentially. Tissues that
were not studied are indicated as not applicable (n/a)

measured in multiple studies, with the pronounced exception of the pituitary gland
(Hindmarch et al. 2006; Hovatta et al. 2007), a tissue that shows among the highest
expression levels. Importantly this is not limited to the adenohypophysis, which is
not of neuronal origin, but was also measured in the neurohypophysis (Hindmarch
et al. 2006). Thus ARTD10 expression is predicted to be widespread (Fig. 4).

10.2 ARTDI10 is Upregulated in Response to Inflammatory
Stimuli

ARTDI10, together with certain other ARTDs, belongs to a group of genes, which
are upregulated in sooty mangabeys and rhesus macaques in response to infection
with simian immunodeficiency virus (Bosinger et al. 2009). The enhanced
expression was measured on day 7 and 10 after infection, which coincided with a
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general activation of interferon (IFN) response genes as well as pro-apoptotic and
cell cycle regulating genes. In other studies, the response of monocytes to
phagocytosed live borrelia burgdorferi was investigated compared to toll-like
receptor activation by borrelia lysates. Two studies demonstrated a dose-depen-
dent induction of apoptosis upon borrelia phagocytosis, but not by borrelia
lysates, in accordance with activation of IFN production and upregulation of a
gene set including ARTD10 (Cruz et al. 2008; Salazar et al. 2009). Furthermore, a
noncytopathic variant of the Venezuelan equine encephalitis virus (an alphavirus),
which is cleared from wild-type mouse embryo fibroblasts (MEFs) but not from
MEFs lacking IFNo/ receptors, appears to regulate ARTD10 expression (Atasheva
et al. 2012). ARTD10 and ARTD12 expression are up-regulated upon infection with
the virus or IFN[ treatment after 24 h, whereas no effect was observed after
infection in type I IFN receptor negative MEFs, suggesting that the stimulation of
the IFN response triggered ARTDI0 expression. Moreover, ARTD10 as well as
other ARTD family members appear to function as strong inhibitors of protein
biosynthesis and inhibit alphavirus replication (Atasheva et al. 2014). ARTDI0 is
also one of 46 genes, which display high expression after IFNa treatment of a liver
cell line (Mahmoud et al. 2011). In support an ARTDI10 promoter-reporter gene
construct is readily responsive to infection with the Newcastle disease virus, a strong
inducer of type I IFNs. ChIP-seq analysis for IRF1 binding sites, a downstream
effector of IFNo, revealed that this transcription factor binds to the ARTDI0 pro-
moter (Shi et al. 2011). Finally, one study presented evidence for a downregulation
of ARTD10 upon ectopic expression of the influenza protein NS1 (Yu et al. 2011),
which may be an indirect effect as NS1 is known to inhibit type I IFN production
(Hale et al. 2008). Although these studies rely largely on the analysis of RNA,
together these findings strongly implicate ARTD10 in anti-viral response.

10.3 ARTDI10 Might be Involved in Lipid Metabolism

ARTDI10 has been identified as a locus associated with lipid traits in a large meta-
analysis summarizing 46 genome-wide association studies (Teslovich et al. 2010).
Using a sample of >100,000 individuals of European ancestry 95 loci were
identified to be significantly associated with plasma lipids, with 22 being associ-
ated with changes in LDL cholesterol levels in the blood. Among these, the lead
single nucleotide polymorphism (SNP) rs11136341 is associated with increased
LDL and total cholesterol. This SNP maps to the beginning of the Plectinl gene
and is roughly 5000 base pairs downstream of the ARTDI0 gene, consistent with
the known overlap of the two genes (Fuchs et al. 2009; Lesniewicz et al. 2005).
The potential relevance of ARTD10 was addressed using knockdown studies,
which revealed that this resulted in a substantial decrease in apolipoprotein B
(APOB) secretion of liver cells (Shen et al. 2012). The APOB gene was also
described as one of 22 loci associated with a lead SNP of increased LDL levels
(Teslovich et al. 2010). APOB is the primary lipoprotein of chylomicrons and LDL
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particles, its overexpression is associated with high LDL and low HDL blood
levels and it is regarded as a risk factor of atherosclerosis (Benn 2009; McCormick
et al. 1996). Here, it may also be of note that macrophages treated with oxidized
LDL show a significant downregulation of ARTD10 expression determined by
mass spectrometry (Kang et al. 2009). Further experimentation will be required to
firmly establish ARTD10 in the control of lipid metabolism.

10.4 ARTDI10 in Tumor Biology?

Could ARTD10 also be relevant for tumor cells, similar to other ARTDs that have
been implicated in tumorigenesis (Feijs et al. 2013c; Scarpa et al. 2013)? Some
observations are in support of such a hypothesis. ARTD10 expression varies
considerably in different tumor cell lines and its overexpression inhibits trans-
formation of rat embryo fibroblasts (Yu et al. 2005). The ARTDI0 gene is also
located in the same part of chromosome 8 as its oncogenic interaction partner MYC
(8g24), which could result in simultaneous deregulation by chromosomal aberra-
tions. Thus far ARTD10 expression in tumors has not been analyzed systemati-
cally. However one study exists, which noticed a tenfold ARTD10 downregulation
in a set of 86 samples of gastric cancer compared to normal gastric tissue (Wong
et al. 2009). As ARTDI10 displays anti-proliferative and pro-apoptotic properties at
least in some tumor cell lines, it may function as a tumor suppressor, a hypothesis
that is in need of verification.

11 Conclusions and Outlook

The expression data summarized here provide indications about the cell types and
tissues in which ARTD10 may be relevant. The preferential expression of ARTD10
in the thymus and in the spleen together with its induction upon inflammatory or
immunogenic stimuli suggests a role in innate immunity (Fig. 5), an area where
other ARTDs have been established (Welsby et al. 2012). Expression in adipose
tissue, liver, and pancreas together with data that link ARTD10 to lipoproteins may
point to a role in metabolism (Fig. 5). Studies addressing roles of ARTD10 in NF-
kB signaling, apoptosis, and DNA damage also indicate that this protein fulfills
multiple tasks (Fig. 5), perhaps regulated by extracellular cues such as IFNo. The
mechanisms through which ARTD10 functions remain largely unclear but might
become better understood once for example more target proteins are identified.
However, the recent identification of mono-ADP-ribosylhydrolases indicates that
mono-ADP-ribosylation is a reversible PTM and the direct regulation of GSK3f3
underlines that it can have profound effects on the activities of substrate proteins.

An effective way to expand and deepen our knowledge of mono-ADP-ribo-
sylation in general and mono-ADP-ribosylation by ARTD10 in particular will be
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Proposed functions of Potential functions of
ARTD10 in the cell ARTD10 in the organism

Metabolism

ARTD10

DNA repair

Fig. 5 Potential involvement of ARTDI10 in cellular and organismal processes. Biochemical
studies have implicated ARTD10 in different aspects of cell physiology such as apoptosis,
signaling, transcription and DNA repair. At the organismal level, these ARTD10-mediated
cellular functions may be the underlying mechanisms to modulate processes such as metabolism,
innate immunity, and cancer (for more discussion see the main text)

the development of more elaborate tools to study mono-ADP-ribosylation in cells.
For example the development of antibodies that specifically recognize mono-ADP-
ribosylated proteins would allow analyzing the distribution, the dynamics, and the
consequences of mono-ADP-ribosylation. Immediate applications of such tools
would be to address the regulation of ARTDI10, defining in vivo substrates and
ultimately to understand the functional consequences of this PTM.

Although we have begun to understand basic characteristics of ARTD10 and
recent findings have shed light on some of its biological properties, many ques-
tions remain open. We imagine that the studies addressing these will provide novel
insight into the role of ARTD10 and mono-ADP-ribosylation in different funda-
mental processes, including inflammation and immunity and tumorigenesis. As
ARTD1/PARP1 inhibitors are successfully entering clinical application (Rouleau
et al. 2010), it is likely that other ARTD enzymes, including ARTD10, will serve
as targets for therapeutic applications. Studying these enzymes thus provides
opportunities to expand our knowledge on basic physiological processes and to
translate this information into improving human health.
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Regulation of Nucleocytoplasmic
Transport by ADP-Ribosylation:

The Emerging Role of Karyopherin-f1
Mono-ADP-Ribosylation by ARTD15

Maria Di Girolamo

Abstract Post-translational modifications of a cellular protein by mono- and poly-
ADP-ribosylation involve the cleavage of NAD", with the release of its nicotin-
amide moiety. This is accompanied by the transfer of a single (mono-) or several
(poly-) ADP-ribose molecules from NAD" to a specific amino-acid residue of the
protein. Recent reports have shed new light on the correlation between NAD™-
dependent ADP-ribosylation reactions and the endoplasmic reticulum, in addition to
the well-documented roles of these reactions in the nucleus and mitochondria. We
have demonstrated that ARTD15/PARP16 is a novel mono-ADP-ribosyltransferase
with a new intracellular location, as it is associated with the endoplasmic reticulum.
The endoplasmic reticulum, which is a membranous network of interconnected
tubules and cisternae, is responsible for specialised cellular functions, including
protein folding and protein transport. Maintenance of specialised cellular functions
requires the correct flow of information between separate organelles that is made
possible through the nucleocytoplasmic trafficking of proteins. ARTD15 appears
to have a role in nucleocytoplasmic shuttling, through karyopherin-1 mono-
ADP-ribosylation. This is in line with the emerging role of ADP-ribosylation in the
regulation of intracellular trafficking of cellular proteins. Indeed, other ,ADP-
ribosyltransferases like ARTD1/PARP1, have been reported to regulate nucleocy-
toplasmic trafficking of crucial proteins, including p53 and NF-xB, and as a
consequence, to modulate the subcellular localisation of these proteins under both
physiological and pathological conditions.
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CoaSt6  Collaborator of Stat6

ERAD  Endoplasmic-reticulum-associated degradation

GAP Guanine-nucleotide activating proteins

GEF Guanine-nucleotide exchange factors

GPI Glycosylphosphatidylinositol

GSK Glycogen synthase kinase

hnRNP  Heterogeneous nuclear ribonucleoprotein

Kapa Karyopherin-o

Kapfil  Karyopherin-f1

IL Interleukin

IRE1 Inositol-requiring 1

NEMO  Nuclear factor (NF)-xB essential modulator

NES Nuclear export signal

NLS Nuclear localization signal

NPC Nuclear pore complex

NTF2 Nuclear transport factor 2

PAR(P) Poly-ADP-ribose (polymerase)

PARG  Poly-ADP-ribose glycohydrolase

PERK Double-stranded RN A-dependent protein kinase (PKR)-like endoplasmic

reticulum kinase

RanBP  Ran-binding protein

RCC1 Regulator of chromosome condensation 1

RRM RNA recognition motif

Stat Signal transducer and activator of transcription

UPR Unfolded protein response
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1 Introduction

In eukaryotic cells, specific specialised cellular functions occur in distinct
sub-cellular organelles, such as the nucleus and the endoplasmic reticulum.
Maintenance of cell homeostasis and the complex regulation of cellular functions,
including gene expression and signal transduction, require the correct flow of
information between separate organelles. This is made possible through the traf-
ficking of molecules and proteins between the nucleus and the cytoplasm, a pro-
cess that is known as nucleocytoplasmic transport (reviewed in (Conti and
Izaurralde 2001; Fahrenkrog and Aebi 2003; Gorlich and Kutay 1999; Stewart
2007). Proteins that shuttle between the nuclear and cytoplasmic compartments are
involved in diverse biological functions, including transport of RNA, cell-cycle
control, and transcription (Macara 2001; Mattaj and Englmeier 1998; Michael
2000).

The nuclear envelope, which mediates the traffic into and out of the nucleus, is a
distinct region of the endoplasmic reticulum that separates these two cellular
compartments, both spatially and functionally. The nuclear envelope is constituted
of two planar membranes that are separated by the perinuclear space, which is
continuous with the lumen of the endoplasmic reticulum (Webster et al. 2009).
Thus, the inner membrane of the nuclear envelope faces the nucleoplasm, while
the outer membrane faces the cytoplasm. The inner and outer membranes of the
nuclear envelope are connected at the nuclear pores, through which nucleocyto-
plasmic transport of RNA and proteins occurs. The transport of proteins, which is
required to allow a protein to exert its effects in a specific sub-cellular compart-
ment or organelle, is subject to multiple levels of regulation and is mediated by
co-translational and post-translational protein modifications (Rapoport 2007;
Schnell and Hebert 2003; Wickner and Schekman 2005).

Among these post-translational modifications, ADP-ribosylation, ADP-ribosyl-
ation is emerging as a regulator of the cellular transport system under physiological
and pathological conditions. Post-translational modifications of proteins by mono-
and poly-ADP-ribosylation consists of the transfer of a single (mono) or several
(poly) ADP-ribose molecules from NAD™ to a specific amino-acid residue of the
target protein (Dani et al. 2013; Di Girolamo et al. 2005; Hassa and Hottiger 2008;
Koch-Nolte et al. 2008). The role of the ADP-ribosyltransferase ARTD1/PARPI in
nucleocytoplasmic transport has been demonstrated by its poly-ADP-ribosylation
of the tumour suppressor p53, which results in p53 accumulation in the nucleus
(Kanai et al. 2007).

More recently, we demonstrated that ARTD15/PARP16 is localised at the
endoplasmic reticulum and catalyses mono-ADP-ribosylation of a protein that has
a key role in nucleocytoplasmic transport (Di Girolamo et al. 2014; Di Paola et al.
2012). This thus introduces a novel element into the regulatory mechanisms of
nucleocytoplasmic shuttling.
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2 Nucleocytoplasmic Transport

2.1 The Nuclear-Pore Complex

The nuclear pore comprises the nuclear-pore complex (NPC), which is a complex of
~ 30 different proteins that are known as nucleoporins. The first structure of the NPC
was revealed by electron microscopy analysis in 1954 (Gall 1954). The three-
dimensional architecture and protein composition of the NPC has been compre-
hensively described in yeast (Alber et al. 2007), and more recently, the organisation
of the NPC has been described in Xenopus oocytes and rat (Loschberger et al. 2012)
and human (Maimon et al. 2012) liver cells.

The details regarding the organisation of both the cytoplasmic and nucleoplas-
mic nucleoporin filaments have also been revealed recently (Aitchison and Rout
2012). These studies identified ~30 nucleoporins, with their classification into
three different groups, passing from the outer to the inner side of the NPC: (i) the
pore-membrane nucleoporins, which are transmembrane proteins that can anchor
the NPC to the nuclear envelope; (ii) the structural nucleoporins, which are very
stable and hold together all of the nucleoporins, as the pore-membrane nucleoporins
and the phenylalanine-glycine (FG)-nucleoporins, thus contributing to the overall
NPC structure; and (iii) the highly dynamic FG-nucleoporins, which are charac-
terised by multiple FG motifs, such as GLFG (glycine-leucine-FG) and FXFG
(phenylalanine-any-FG), which themselves interact with transport carriers during
active translocation through the NPC (Stewart 2007). Indeed, these nucleoporins
bind cargo proteins that are associated with specific carriers, which provide the
translocation through the NPCs; in line with this concept, recent data have indicated
that the different nucleoporins are not interchangeable. An important role in cargo
transport is attributed to the nucleoporin fibres that extend from the central body of
the cell into the cytoplasm, where they form eight long filaments, and also into the
nucleus, where they form a basket-like structure, with the eight long filaments
distally connected by a ring structure (Aitchison and Rout 2012).

2.2 Carriers and Cargo

While NPCs are freely permeable to small molecules, metabolites and ions, the
transport of macromolecules greater than approximately 40 kDa in size is medi-
ated by soluble nuclear transport carriers that cycle between the cytoplasm and the
nucleus (reviewed in Refs. Fried and Kutay 2003; Pante and Kann 2002; Strambio-
De-Castillia et al. 2010; Suntharalingam and Wente 2003; Terry et al. 2007). Most
of these carriers belong to the karyopherin family of proteins. The karyopherins
that are involved in the transport of proteins from the cytoplasm into the nucleus
are called the importins, while those involved in the transport of proteins out of the
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nucleus are called the exportins (Conti and Izaurralde 2001; Gorlich and Kutay
1999). The site of interaction with the karyopherins on the cargo protein has been
identified only in a limited number of cases; it is generally accepted that the cargo
proteins are characterised by the presence of a short amino-acid sequence that
represents a transport signal: the nuclear localisation sequence (NLS) is recognised
for nuclear import of proteins, while the nuclear export sequence (NES) is the
signal for nuclear export. The NLSs were first identified in the SV40 large T
antigen and the Xenopus protein nucleoplasmin, and these consist of either a single
stretch of basic amino acids (PKKKRKV) or of two short stretches of basic amino
acids separated by a linker of 10-12 unconserved amino acids (KRPAATKKA-
GQAKKKKILDK) (Kalderon et al. 1984; Lanford and Butel 1984; Robbins et al.
1991). Other signals that can mediate nuclear import include the M9 sequence
from heterogeneous nuclear ribonucleoprotein (hnRNP) Al protein (hnRNP Al),
and the KNS sequence from the hnRNP K protein. Both the M9 and KNS
sequences function as NLS and NES and confer bi-directional transport across the
nuclear envelope (Michael et al. 1997; Siomi and Dreyfuss 1995). The leucine-rich
NESs were first identified in HIV1 Rev (Fischer et al. 1995) and cAMP-dependent
protein kinase inhibitor (Wen et al., 1995), and these have a consensus sequence
motif of O-X, 3-O-X, 3-O-X-O (O =L, I, V, F, M; X = any amino acid; (Kutay
and Guttinger 2005; la Cour et al. 2004)). Both NLSs and NESs are specifically
recognised by the karyopherins (Friedrich et al. 2006). The karyopherin—cargo
complex docks to the NPC by binding to the nucleoporins, and it then translocates
through the NPC, thus reaching its final destination. This will be either the
nucleoplasm or the cytoplasm, where its cargo is released. In the regulation of
karyopherin-mediated transport, the small GTPase Ran and its guanine-nucleotide
state have a fundamental role, as well as regulators of the guanine-nucleotide state
of Ran, which include the guanine-nucleotide exchange factors (GEFs), which
catalyse the formation of Ran-GTP, and the GTPase-activating proteins (GAPs),
which catalyse the hydrolysis of Ran-GTP to Ran-GDP. The nucleocytoplasmic
shuttle of cellular proteins is controlled by the asymmetric distribution of Ran,
which is controlled, in turn, by cellular segregation of specific Ran-GEFs and
Ran-GAPs. Indeed, Ran-GTP in the nucleus is at a higher concentration than in the
cytoplasm; conversely, Ran-GDP in the cytoplasm is at a higher concentration
than in the nucleus. This thus establishes opposite gradients for Ran-GTP and
Ran-GDP. These gradients are due to the nuclear localisation of Ran-GEF named
regulator of chromosome condensation 1 (RCC1), which is strictly associated with
chromatin (Bischoff and Ponstingl 1991), and to the cytoplasmic localisation of
Ran-binding protein (RanBP) and Ran GTPase activating-protein 1 (Ran-GAP1),
which catalyse Ran-GTP hydrolysis to its GDP-bound form (Bischoff et al. 1994).
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2.3 The Role of Karyoperin-pI1 in Nucleocytoplasmic
Transport, and Beyond

Karyopherin-f1 (Kapf1) is an importin (also known as importin-f or p97) and is a
member of the karyopherin-f superfamily. There are 19 known human kary-
opherins-f3, the molecular weights of which range from 90 to 150 kDa; these
karyopherins have low sequence identity and they are all characterised by helical
HEAT repeats. Different domains have been identified in the Kapf1 protein: a
carboxyterminal region that contains an importin-binding domain; a central region
that contains binding sites for FG-nucleoporins; and an aminoterminal domain that
binds Ran-GTP and that partially overlaps with the nucleoporin-binding region
(Ben-Efraim and Gerace 2001).

In the classical shuttling of proteins with a NLS through the NPC, Kapfj1 uses
karyopherin-a (Kapo) as an adaptor to recognize and bind cargo; specifically,
Kapfs binds directly to Kapa through its importin-binding domain; Kapo in turn
binds to the NLS of target proteins, leading to the formation of a tri-molecular
complex (Goldfarb et al. 2004). This complex tethers to, and passes through, the
NPC through the binding of Kapf1 to the nucleoporins (Fig. 1). Once in the
nucleoplasm, Ran-GTP binds to the amino-terminus of Kapfi1, which results in
release of the cargo. This cargo is thus ready to function in the nucleoplasm, while
Kapfi1 and Kapa are exported back to the cytosol, to re-initiate a new import
cycle, through separate Ran-GTP-dependent events (for reviews, see Hetzer et al.
2002; Quimby and Dasso 2003; Weis 2003): Ran-GTP interacts directly with
Kapf1 and indirectly, via exportin-2, with Kapo (Fig. 1).

In the cytosol, Ran-GTP is released from the importins, and its rebinding is
prevented by Ran-GAP-mediated hydrolysis of the phosphate bond which gen-
erates Ran-GDP, which does not bind to the importins. The classical export of
proteins from the nucleus begins with CRM1 (also known as exportin-1), which
can only bind cargo proteins that contain NESs in the presence of Ran-GTP
(Ciciarello et al. 2007; Clarke and Zhang 2008; Kalab and Heald 2008). Once
these proteins are complexed together, translocation to the cytoplasm can take
place, where Ran-GAP and RanBP1 generate Ran-GDP, and results in the dis-
sociation of CRMI from its cargo. Finally, Ran-GDP is shuttled back to the
nucleus via the cytosolic protein nuclear transport factor 2 (NTF2) (Moore and
Blobel 1994a, b; Paschal and Gerace 1995). NTF2 binds directly to Ran-GDP,
which can then interact more efficiently with the NPC, allowing the complex to
translocate into the nucleus (Ribbeck et al. 1998). In the nucleus, Ran-GDP dis-
sociates from NTF2, which is believed to be due to the high concentration of GTP
there, for which NTF2 has low affinity (Paschal et al. 1996; Ribbeck et al. 1998),
and to the activity of RCC1 (Bischoff and Ponstingl 1991). Therefore, the asym-
metric distribution of the Ran effectors, and consequently of the GTP-bound and
GDP-bound Ran, provides the directionality to this nucleocytoplasmic transport
(reviewed by Kalab and Heald 2008; Poon and Jans 2005; Rensen et al. 2008).
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Fig. 1 Schematic representation of the karyopherin-mediated nucleocytoplasmic shuttling of
proteins. The karyopherin—cargo complex translocates through the NPC, thus reaching either the
nucleus or the cytosol, where its cargo is released. RCC1 forms Ran-GTP in the nucleus, while
RanBP1 and Ran-GAP1 generate Ran-GDP in the cytoplasm, thus establishing the Ran gradient.
The import of cargo with a NLS through the NPC is mediated by Kapf31, which binds to Kapa,
which in turn binds to the cargo, leading to the formation of a tri-molecular complex that enters
the nucleus (see text for details). In the nucleus, Ran-GTP interacts directly with Kapfi1, and via
exportin-2 with Kapo, which are exported into the cytosol, to re-initiate a new import cycle. The
export of a cargo with a NES through the NPC is mediated by CRM1, which binds cargo in
the presence of Ran-GTP. In the cytosol Ran-GAP and RanBP1 generate Ran-GDP, resulting
in the dissociation of CRM1 from its cargo. Finally, Ran-GDP is shuttled back into the nucleus
via NTF2 (see text for details)

Although Kapfl commonly uses Kapas as adaptors to recognize and bind
cargo, Kapf1 can bind to cargo directly. Moreover, the physiological relevance of
Kapf1 has been strengthened, as in addition to its crucial role in nuclear import,
Kapp1 is also involved in mitosis (Ciciarello et al. 2007; Clarke and Zhang 2008;
Kalab and Heald 2008).

In human cells, Kapf1 interacts with mitotic microtubules and accumulates at
spindle poles (Ciciarello et al. 2004), where a Ran-GTP fraction also co-localises
(Tedeschi et al. 2007). Ciciariello and colleagues (Ciciarello et al. 2004) showed
that moderate overexpression of Kapf1 induces multipolar spindle formation by
inhibiting NLS-containing mitotic factors; then Ran-GTP binding to Kapf1 releases
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Fig. 2 The role of the ADP-ribosylating enzymes in nucleocytoplasmic transport. The nuclear
import of P53 through the NPC is mediated by Kapf1, with the nuclear export of p53 carried
out by CRM1. The nuclear sequestration of p53 as a consequence of ARTDI1-mediated poly-
ADP-ribosylation is shown. Moreover, the possible role of ARTDI10 and of ARTDIS in
nucleocytoplasmic shuttling is also shown. ARTD15-dependent ADP-ribosylation of additional
targets and the possible functional meaning of these reactions in response to different cellular
stress are also shown (see text for details)

these factors, thus restoring spindle pole integrity. Of note, Kapf1 also contributes
to the regulation of Ran-GAP1 localisation at kinetochores. Specifically, Kapf1
negatively regulates kinetochore-driven microtubule nucleation by inhibiting fac-
tors such as the major Ran-dependent spindle organiser, TPX2 (Tulu et al. 2006).
The importin-binding carboxyterminal region of Kapf1 can inhibit mitotic spindle
pole formation, while the nucleoporin-binding site domain can regulate dynamic
microtubule functions and interactions with kinetochores.

3 The ADP-Ribosylation Cycle

Transport of proteins is required to allow proteins to carry out their functions in
their specific sub-cellular compartment or organelle, and this process is subject to
multiple levels of regulation that rely on information encoded within protein
sequences and that occur through co-translational and post-translational modifi-
cations. Among the post-translational modifications that have been reported to
affect protein trafficking under physiological and pathological conditions, such as
phosphorylation, ubiquitination and methylation, ADP-ribosyaltion also has an
emerging role (Fig. 2).
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3.1 ADP-Ribosylating Enzymes

ADP-ribosylation is a post-translational modification that is catalysed by enzymes
found in organisms ranging from prokaryotes to mammals, and that promotes the
transfer of one (mono) or several (poly) units of ADP-ribose from NAD" to a
specific amino acid of a target protein, thus profoundly altering its functional
properties (Corda and Di Girolamo 2003; Di Girolamo et al. 2005; Hassa and
Hottiger 2008; Seman et al. 2004).

In mammals, endogenous ADP-ribosylation occurs through two main families
of ARTs: the ARTCs (clostridia-toxin-like ARTs) and the ARTDs (diphtheria-
toxin-like ARTs) (Hottiger et al. 2010).

The founding, and most extensively studied, member of the ARTD family is
PARP1, which is also known as ARTD1. ARTD1/PARP1 and other five members
of the ARTD family (ARTD2-6) are typical poly-ADP-ribosylpolymerases that
can synthesise linear or branched polymers of ADP-ribose (poly-ADP-ribose)
molecules linked together via an O-glycosidic ribose-ribose bond and are trans-
ferred onto various protein targets, mainly in the nucleus (D’ Amours et al. 1999;
Schreiber et al. 2006). In addition to the covalent binding of the poly-ADP-ribose
polymer to cellular proteins, a non-covalent interaction with poly-ADP-ribose has
been reported (Malanga and Althaus 2011), which leads to the consideration of
poly-ADP-ribose as a signalling molecule that has roles in different cellular
responses, including intracellular trafficking.

ARTD1/PARPI1 and ARTD2/PARP?2 can be directly activated by DNA damage,
with the consequent synthesis of poly-ADP-ribose, which in turn recruits the pro-
teins involved in DNA repair, and also those involved in chromatin remodelling and
transcriptional regulation. The role of ARTD1/PARPI in cellular responses to
genotoxic and oxidative stress has thus been widely recognised and studied, with
some PARP inhibitors under evaluation in clinical trials as anti-cancer therapeutics
(Curtin 2012; Miwa and Masutani 2007; Peralta-Leal et al. 2009). A crucial role for
ARTDI in nucleocytoplasmic transport is also emerging, and this depends on its
poly-ADP-ribosylation of the tumour suppressor p53, which thus inhibits the p53
interaction with the exportin CRM1, which in turn, results in the accumulation of
p53 in the nucleus (see below).

In human, 17 members of the ARTD family have been identified, as charac-
terised by a conserved ART domain, and these are classified as poly-ADP-ribose
synthesising, mono-ADP-ribose synthesising, or enzymatically inactive, on the
basis of the presence of an intact or modified histidine—tyrosine—glutamate (H-Y-E)
triad within this PARP domain. While ARTD1-6 are typical poly-ADP-ribosylp-
olymerases, the other members have lost the conserved glutamate residue of the
H-Y-E triad, which is crucial for polymer elongation, and so they are either inactive
or only active as mono-ARTs (Ame et al. 2004; Otto et al. 2005).

The mono-ADP-ribosylation reaction consists of the transfer of a single ADP-
ribose moiety to a specific amino-acid residue of various cellular proteins. This
reaction is catalysed by members of both the ARTC and ARTD families. The ARTC
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family of ecto-ARTs includes four human subtypes (ARTCI1, 3, 4, 5) that are
either glycosylphosphatidylinositol (GPI)-anchored or are secreted enzymes.
ARTCI has been reported to inhibit T-lymphocyte functions, including their cyto-
Iytic activity and proliferation, by ADP-ribosylating arginines of cell surface pro-
teins, like the T-cell co-receptors (Koch-Nolte et al. 2006, 2008).

In addition to the active ARTC family members, some ARTDs have been
reported to act as cellular mono-ARTs, including ARTDS8/PARP14, ARTD10/
PARP10 and ARTD15/PARP16. ARTD10 was the first ARTD to be characterised
as a mono-ART; it was isolated as a partner of the oncoprotein c-Myc, and an
inhibitor of cell proliferation (Yu et al. 2005). ARTD10 appears to also have a role
in the Wnt/f-catenin signalling pathway, as it has been reported to catalyse mono-
ADP-ribosylation of glycogen synthase kinase 3 (GSK3), and thus to reduce
the GSK3 kinase activity (Feijs et al. 2013). GSK3 is known to phosphorylate
f-catenin, and thus to induce proteasomal degradation of f-catenin (Wu and Pan
2010). Interestingly, nuclear factor (NF)-«B essential modulator (NEMO) can also
be mono-ADP-ribosylated by ARTDI10, thus inhibiting the NF-xB signalling
pathway (Verheugd et al. 2013).

Mono-ART activities have also been demonstrated for ARTD8/PARP14 and
ARTD15/PARP16. ARTDS, which was identified as a ‘signal transducer and
activator of transcription’ (Stat)6-interacting protein, is also known as collaborator
of Stat6 (CoaSt6) and it is associated with aggressiveness of B-cell lymphomas of
the diffuse large B-cell lymphoma family (Cho et al. 2011). ARTDS catalyses
ADP-ribosylation of p100 (Goenka et al. 2007), a protein that interacts with RNA
polymerase II, and functions as a bridging factor between Stat6 and the tran-
scription machinery (Yang et al. 2002) and of the HDAC2 and HDACS3 histones
deacetylases. In the presence of IL4, the ART activity of ARTDS is activated, and
HDAC2 and HDAC3 are ADP-ribosylated and released from their promoters, thus
inducing efficient binding of Stat6 and the consequent transcription [84]. Thus,
ARTDS regulates interleukin (IL)4- and Stat6-dependent transcription, which
induces IL4-responsive genes (Goenka et al. 2007). More recently, we demon-
strated that ARTDIS5 is also a mono-ART that is localised at the endoplasmic
reticulum and that catalyses ADP-ribosylation of Kapfi1 (Di Paola et al. 2012).
There are six additional ARTD proteins for which mono-ART activity has been
detected; however, their biological roles have not yet been defined, as nothing is
known about ARTD7, ARTD11 and ARTD16, and limited studies are available
for ARTD17, ARTD14 and ARTDI12.

3.2 Deribosylating Enzymes

Both mono- and poly-ADP-ribosylation are reversible reactions. The hydrolysis of
mono-ADP-ribose of arginine residues is catalysed by ADP-ribosylarginine
hydrolase, ARH1. The hydrolysis of poly-ADP-ribose chains is catalysed by
poly-ADP-ribose glycohydrolase (PARG) and by the structurally unrelated
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glycohydrolase ARH3. PARG and ARH3 do not, however, cleave the terminal
ADP-ribose off the poly-ADP-ribose chains, which is directly linked to the protein
(Slade et al. 2011).

More recently, the enzymatic activity responsible for this reaction has been
shown to be a function of certain macro-domain-containing proteins, including
MACRODI1, MACROD2 and TARG1 (Rosenthal et al. 2013). These domains can
reverse the mono-ADP-ribosylation that occurs on Glu and Lys, and thus they
can reverse the mono-ADP-ribosylation that is catalysed by the ARTD enzymes,
but not the arginine-specific mono-ADP-ribosylation catalysed by the ARTC
enzymes, which is instead reversed by ARHI.

4 The Role of the ADP-Ribosylating Enzymes
in Nucleocytoplasmic Transport

In recent years, a role for ADP-ribosylating enzymes in nucleocytoplasmic
transport of cargo proteins has been revealed. While there are well defined
examples to indicate that, through its catalysis of poly-ADP-ribosylation of spe-
cific targets, ARTD1 can regulate their nucleocytoplasmic trafficking, the role of
mono-ADP-ribosylation in this process is only now emerging. This include the
identification of an ARTD that contains a NES, which is ARTD10, and another
ARTD that has been demonstrated to interact with and modify Kapf1, a carrier
that is crucial for protein import into the nucleus.

4.1 ARTDI in Nucleocytoplasmic Transport

For ARTDI, a role in nucleocytoplasmic transport has been established. The roles
of poly-ADP-ribosylation catalysed by ARTDI in the maintenance of DNA
integrity, in gene transcription, and in physiological processes that include cell
division, survival and death, have been studied for 40 years now. However, in
recent years, a role for this post-translational modification in nucleocytoplasmic
transport of cargo proteins has also been revealed, which in at least two cases
results in their nuclear accumulation.

One of these cargo proteins that has its localisation regulated by ARTDI1-
mediated ADP-ribosylation is p53, which is a crucial tumour suppressor and a
regulator of the cell cycle. P53 is known to suppress cancer through its double role
as an inducer of cell-cycle arrest and of apoptosis programmes in response to
different cellular stress. Indeed, p53 can activate DNA damage repair mechanisms
following DNA damage, initiate apoptosis when the DNA damage cannot be
repaired, and hold the cell at the G1/S cell-cycle checkpoint if DNA damage is
recognized (Brady and Attardi 2010). Thus, p53 is involved in the same pathway
as ARTDI.
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P53 normally shuttles between the nucleus and the cytoplasm in a cell-
cycle-dependent manner (David-Pfeuty et al. 1996; Komarova et al. 1997;
Shaulsky et al. 1990).

Following its synthesis, p53 can translocate from the cytosol through the
nuclear pores and into the nucleus through the association of the importin complex
with the NLS of p53. The nuclear export of p53 is then carried out by CRMI
(Stommel et al. 1999). This regulation of p53 nuclear localisation is thus
controlled by the NLS and NES transport signals and by its post-translational
modification (Vandromme et al. 1996), which includes phosphorylation and,
importantly, ADP-ribosylation. It is known that in response to cellular stress, p53
is retained in the nucleus via a ‘NES-masking’ mechanism: p53 forms homo-
tetramers, which ‘hides’ its NES and thus prevents its interaction with the exportin
CRM1 (Stommel et al. 1999).

Of note, the p53 interaction with the exportin CRM1 can also be blocked as a
consequence of ARTDI1-mediated poly-ADP-ribosylation, which has been repor-
ted to occur on residues E255, D256 and E268 of p53 (Kanai et al. 2007). Upon
various stress conditions that induce DNA damage, and consequently ARTDI
activation, p53 is poly-ADP-ribosylated, which prevents it from interacting with
the nuclear export receptor CRM1 (Kanai et al. 2007) inhibiting its nuclear export.
This modification, therefore, provides a means by which p53 levels can accu-
mulate in the nucleus following stress.

Another cargo that has its localisation regulated by ARTDI activation is NF-
kB. The NF-kBs are a family of dimeric transcription factors that are formed by
combinations of members of the Rel protein family, among which one of the most
studied is the p65—p50 dimer. All of the NF-xBs are characterised by the presence
of a Rel homology domain, which is responsible for the formation of dimers and is
important for DNA binding. NF-xB can be activated by a variety of stimuli, which
include inflammatory cytokines and other proinflammatory products, like bacterial
or viral products, and oxidative or genotoxic stress (Hadian and Krappmann 2011;
Miyamoto 2011; Oeckinghaus and Ghosh 2009). In the absence of stimuli, the
DNA binding of the NF-«B dimers is prevented by their association with members
of the IxkB family (Baltimore 2011; Oeckinghaus and Ghosh 2009), which thus
retain the complex in the cytosol. Upon cell stimulation, the activation of the IKK
kinases (a family of kinases that includes NEMO, which is also referred to as IKK)
leads to degradation of the NF-kB inhibitor, IxB, and to the consequent NF-xB
activation. P65 NF-xB has a NLS that is masked by IxB binding to the p65-p50
dimer, thereby resulting in the cytoplasmic localisation of the NF-kB-IxB com-
plex. When the IKK kinases are activated, the free NF-xB dimers are translocated
into the nucleus, where they can then initiate transcription (Baltimore 2011;
Oeckinghaus and Ghosh 2009).

Post-translational modifications can regulate NF-«B activation, which include
mainly phosphorylation and ubiquitylation. ARTD1-mediated poly-ADP-ribosyl-
ation of p65 has also been reported (Kameoka et al. 2000), and more recently it
was shown that p65 NF-xB poly-ADP-ribosylation decreases its interaction with
CRMLI in vitro, which suggests that p65 NF-kB ADP-ribosylation might be a
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critical determinant for its nuclear retention under certain stimulation conditions
(Zerfaoui et al. 2010). Both p53 and NF-xB are heavily involved in normal
physiology and human disease, and p53 mislocalisation is involved in a large
number of neoplasms, thus highlighting the importance of the correct cellular
localisation of this cargo for the correct functioning of cells.

4.2 ARTDI10 in Nucleocytoplasmic Transport

It is intriguing that the NF-xB regulatory subunit NEMO is ADP-ribosylated by
another member of the ARTD family, the mono-ART, ARTD10. In addition to the
PARP domain, the ARTD10 structure is characterised by other domains (Yu et al.
2005): an RNA recognition motif (RRM), a glycine-rich domain, and a glutamic
acid (Glu)-rich region. The Glu-rich region contains two ubiquitin interaction
motifs and, importantly, a leucine-rich NES sequence (amino-acids 598-607).
ARTDI10 is predominantly cytosolic under basal conditions, and it can shuttle
between the cytoplasmic and nuclear compartments. When its NES sequence was
mutated, by replacing three leucine residues with alanines, the exit of ARTD10
from the nucleus was inhibited.

The nuclear export of ARTD10 requires CRM1, as ARTD10 accumulation in
the nucleus is observed as a consequence of treatment with leptomycin B (a CRM1
inhibitor that specifically inhibits nuclear export; (Kudo et al. 1998)). Whether
auto- or hetero-modifications of ARTD10 regulate its interaction with CRMI1
remains to be investigated, similar to ADP-ribosylated p53 and NF-xB, which
cannot then interact with CRM1 and, as a consequence, cannot be exported to the
cytosol. However, ARTD10 appears not to have a NLS, and thus it is not clear
what mediates its nuclear import. In this respect, the ubiquitin-interaction-motif
sequences of ARTD10 might be involved. Indeed, although ubiquitination gen-
erally modulates protein function by inducing proteasome-dependent degradation,
it can also regulate nucleocytoplasmic trafficking by directly promoting the nuclear
import and export of modified substrates (Polo et al. 2003; Shcherbik and Haines,
2004).

The presence of a NES and of an RRM within ARTD10 leads to the speculation
that it also has a role in nucleocytoplasmic transport of RNA cargo. It has been
reported that export to the cytoplasm of two classes of RNA, mRNA and ribosomal
subunits, might not be mediated by any member of the RNA transporters
(reviewed by Nakielny and Dreyfuss 1999). mRNA export factors include the
hnRNP shuttling proteins, which introduces the concept that RNA-binding pro-
teins hold the key to mRNA export. The RRM of ARTD10 is highly homologous
to the RRM of the mRNA nuclear exporter hnRNP Al; however, it remains to be
experimentally defined whether ARTD10 is invoved in the nuclear export of RNA.

In addition, Yu and colleagues (Yu et al. 2005) have also proposed a role for
ARTDI10 together with c-Myc in rRNA processing and transport, based on the
previously reported role of c-Myc in the control of rRNA gene transcription
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(Poortinga et al. 2004). Despite these indications, it remains to be established
whether ARTDI10 is involved in the regulation of nucleocytoplasmic transport of
RNAs and whether this transport occurs through its RNA-recognition motif.

4.3 Mono-ADP-Ribosylation of Karyopherin-p1 by ARTDIS,
a New Player in Nucleocytoplasmic Transport

We provided the first demonstration that ARTD15/PARP16 is a novel ART with a
new intracellular localisation (Di Paola et al. 2012). ARTD15 is the only known
ARTD family member with a putative carboxyterminal transmembrane domain,
and we showed that ARTDI15 associates with the membranes of the nuclear
envelope and of the endoplasmic reticulum, using immunofluorescence and elec-
tron microscopy (Di Paola et al. 2012). Thus ARTD15 is a ubiquitous protein and
the first ART known to be associated with the endoplasmic reticulum. Moreover,
we analysed the orientation of ARTD15 according to a trypsin-protease-protection
assay, and this revealed that ARTD15 is a single-pass transmembrane protein with
its aminoterminal region (amino-acids 1-280) positioned towards the cytoplasm,
and its very short carboxyterminal tail (amino-acids 300-322) facing the lumen of
the endoplasmic reticulum.

ARTDI15 catalyses both auto- and hetero-modifications by the transfer of a
single ADP-ribose moiety onto itself or onto Kapfi1, which we also identified as a
molecular partner of ARTD15 (Di Paola et al. 2012). Here, the hetero-modification
is largely the preferred reaction. In summary, we showed that the endoplasmic-

reticulum-resident ARTD15 catalyses the mono-ADP-ribosylation of Kapf1.
Although the precise Kapfi1 modification site remains to be identified, we showed
that this mono-ADP-ribosylation of Kapfi1 is inhibited by PJ34, a well-characterised
inhibitor of ARTD1 (Yates et al. 2005), and that it is not reversed by ARH1, which
hydrolyses the ADP-ribose—arginine bond, or by ARH3, which catalyses the
hydrolysis of poly-ADP-ribose and O-acetyl-ADP-ribose. PJ34 has been described
to act on the NAD*-binding pocket of ARTDI, and thus it can also affect other
ARTDs that have a similar NAD*-binding pocket structure, independent of whether
the reaction being catalysed is mono- or poly-ADP-ribosylation. The identification
of the specific Kapfi1 residue or the domain of Kapf1 that is modified by ARTD15
might be instrumental in the definition of the functional meaning of this ARTD15-
Kapf1 interaction.

In this respect, ARTD15 appears to be the only ARTD family member with a
carboxyterminal transmembrane domain and an aminoterminal cytosolic catalytic
domain, an orientation that is shared with other known tail-anchored proteins
(Kalbfleisch et al. 2007). Several important protein families are tail-anchored
proteins, including the SNAREs, which mediate vesicle tethering during intra-
cellular transport, and the apoptotic regulator Bcl-2. The role of the tail anchor
varies from protein to protein. In the case of the SNARESs, for example, it is crucial
for membrane fusion, while for the Bcl-2 family, the tail anchor targets these
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proteins to the mitochondrial outer membrane for the control of the release of
apoptotic factors from the inter-membrane space (Borgese and Fasana 2011). The
role of the ARTDI15 tail anchor remains to be elucidated, as well as its role in
Kapf1 function.

In our studies, immunofluorescence analysis revealed that Kapfi1 co-localises
with ARTD15 at the endoplasmic reticulum and the nuclear envelope, and we have
suggested that ARTDI15 is a new player in the control of nuclear transport,
together with the karyopherins (Di Paola et al. 2012). Two mechanisms have been
described to date for the control of the karyopherins: attenuation of protein
expression, and protein sequestration. Mono-ADP-ribosylation of Kapf1 by
ARTDI15 might be a further level of control of Kapf1-mediated nuclear transport.
In a similar way to the previously reported poly-ADP-ribosylation of cargo pro-
teins, mono-ADP-ribosylation of Kapfl can inhibit its carrier function, thus
affecting the nuclear import of those proteins that require Kapf1 to translocate
across the nuclear pore complex (Fig. 2).

5 Mislocalisation of Proteins in Human Disease

Subcellular localisation is essential for correct protein function, as it determines
the access of proteins to their interacting partners. Aberrantly localised proteins
have been linked to a variety of human diseases, such as Alzheimer’s disease, and
various types of cancers. Mislocalisation of G-protein-coupled receptors has been
linked to retinitis pigmentosa when it involves rhodopsin (Hollingsworth and
Gross, 2012), and to nephrogenic diabetes insipidus when it involves vasopressin
receptor (Tsukaguchi et al. 1995). Also, familial hypercholesterolaemia appears to
be due to defects in the trafficking or localisation of the LDL receptor (Hobbs et al.
1990), and cystic fibrosis has been linked to mislocalisation of the CTFR protein
(Welsh and Smith 1993). Mislocalisation of the cell-cycle inhibitor p21WAF-1 to
the cytoplasm leads to tumour progression (Keeshan et al. 2003). Similarly,
mislocalisation of p53 suppresses its activity as it cannot localise to the nucleus
(Fabbro and Henderson 2003). Thus, while mutations in p53 have been docu-
mented in over half of all human tumours, the malfunction of wild-type p53 due to
cytoplasmic mislocalisation has been described in various solid tumours, including
breast and hepatocellular carcinomas, glioblastomas, and others (Fabbro and
Henderson 2003). Cytoplasmic sequestration of wild-type p53 has been reported in
the vast majority (96 %) of undifferentiated neuroblastomas (Moll et al. 1995), and
more recently, also in a patient with therapy-related resistant acute myeloid leu-
kemia (Prokocimer and Peller 2012). Thus, p53 cytoplasmic sequestration repre-
sents a general mechanism for its inactivation that is found also in tumours that
were previously not believed to be affected by p53 alterations (Moll et al. 1995).

In addition, it has been shown that in breast cancer cells, the reduced nuclear
accumulation of p53 is not a consequence of its increased nuclear export; instead,
the association of p53 with Kapf1, which is essential for p5S3 nuclear import, was
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significantly impaired (Poon and Jans 2005). Thus, this impaired association with
importin might represent a novel mechanism for the cytoplasmic sequestration of
p53 that affects its nuclear transport, thus rendering cells functionally deficient in
p53. It is therefore intuitive that the re-localisation of mislocalised components to
their optimal subcellular sites might contribute to the development of novel cancer
therapies. For instance, the optimal location of the tumour suppressor p53 for
promoting cell arrest and apoptosis appears to be the nucleus, while nuclear
NF-xB would be better localised to the cytoplasm. Thus, the mechanisms of
nuclear translocation of endogenous signalling components like p53 and NF-xB
might serve as targets for pharmacological intervention.

6 ADP-Ribosylating Enzymes as Drug Targets

The use of post-translational modifications to regulate protein transport might
represent additional targets for pharmacological intervention. ADP-ribosylated
p53 and NF-xB cannot interact with CRM1, and as a consequence, they cannot be
exported from the nucleus to the cytosol. This post-translational modification
machinery thus enables the integration of proteins into functional biological
networks. It remains to be established whether mono-ADP-ribosylation in the
cytosolic compartment can also affect protein localisation, as appears to be the
case for Kapf1.

Drug discovery approaches that target mono-ARTSs thus show promise of highly
favourable responses. Indeed, the role of this modification has already been linked
to human disease, such as inflammation, diabetes, neurodegeneration, and cancer.
Consideration of ARTD15 as a drug target has the potential to aid in the devel-
opment of therapies that can target cancers and inflammation.

Through Kap 1 mono-ADP-ribosylation, ARTD15 appears to represent a novel
element in the regulatory mechanism of nucleocytoplasmic shuttling, and thus to
have the potential to be viewed as a target in cancers that are characterised by
protein mislocalisation, and also in cancers and other inflammatory diseases where
the unfolded protein response (UPR) has a role. Indeed, ARTD15 might have a role
in the UPR through its ADP-ribosylation of two components of the UPR: double-
stranded RNA-dependent protein kinase (PKR)-like endoplasmic reticulum kinase
(PERK), and inositol-requiring 1 (IRE1) (Jwa and Chang 2012). The release of
ADP-ribosylated PERK and IRE1 from GRP78/BiP results in the activation of
the kinase activity of PERK and both the kinase and nuclease activities of IREI
(Jwa and Chang 2012). Thus ARTD15 can activate these endoplasmic-reticulum
stress sensors during the UPR.

Of note, ARTD15 might have an additional role in the UPR through its ability
to ADP-ribosylate Kapfi1. Indeed, Kapf1 has been implicated in the regulation of
the endoplasmic-reticulum quality control, as it promotes endoplasmic-reticulum-
associated degradation (ERAD) (Zhong et al. 2011); thus, supporting the
hypothesis that Kapf1 has a functional role at the endoplasmic reticulum.
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Future studies will address the role of ARTDIS and its ability to ADP-
ribosylate proteins involved in the control of endoplasmic-reticulum homeostasis,
and in cancers. In this respect, both the site of ADP-ribosylation on Kapfi1 and the
ARTD15 catalytic site can be viewed as part of an innovative therapeutic strategy.
While in general the development of new inhibitors specific for these novel ARTD
family members should lead to the discovery of novel compounds with anticancer
activities, compounds developed based on ARTD15 can be used to provide new
insight into the mechanisms of nucleocytoplasmic shuttling, the UPR and cancer-
regulatory pathways.
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