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Abstract

Abstract

Mono-ADP-ribosylation is a reversible post-translational modification that is
catalysed by either bacterial pathogenic toxins or endogenous cellular ADPribosyltransferases(ARTs), and that can modulate the functions of target proteins.
This latter aspect has only recently emerged as an important mechanism in
mammalian cells for the control of a vast array of cellular processes.Some of the
members of the poly-ADP-ribosyl-polymerase (PARP) family are among the
mammalian enzymes that can catalyse mono-ADP-ribosylation. Here, based on
biochemical data, I provide evidence that the PARP family member PARP12 is a
mono-ART (mART) that can modify acidic amino acid residues. Using an affinity
purification method based on a protein module that recognises ADP-ribosylated
proteins (the macro domain), together with liquid chromatographycoupled to tandem
mass spectrometry, I have identified 25 putative PARP12 substratesthat are involved
in different cellular processes.The identification of this range of substratessuggests
that PARP12 is involved in multiple cellular functions, ranging from regulation of
small-GTPasesto the control of newly synthesizedRNA. To determine its biological
role, I analysedits intracellular localisation. Data reportedhere show that PARP12 is a
mART that is localised to the Golgi complex, where it can use the NAD+ pool present
on this organelle to modify Golgi-localised proteins. In line with these findings,
among the PARP12 substrates,I identified Rabl A, a small GTPasethat controls both
transport from the endoplasmic reticulum to the Golgi complex, and the structure of
the Golgi itself. My data suggesta role for PARP12 in maintenanceof Golgi structure,
potentially through ADP-ribosylation of Rabl A. A further aspect I have analysed is
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Abstract
the ADP-ribosylation of the dual function protein C-terminal binding protein 1/ BFAdependentADP-ribosylated substrate(CtBP1BARS) as a mechanismof action of the
toxin brefeldin A (BFA). BFA-induced ADP-ribosylation of CtBP1BARS occurs
through a novel mechanism that comprises two steps: (i) synthesis of a BFA-ADPribose conjugate (BAC); and (ii) covalent binding of the BAC into the NAD+-binding
pocket of CtBP1BARS.

Here, I demonstrate that this reaction requires the

involvement of ADP-ribosyl-cyclases, such as CD38. Importantly, this modification
abolishes CtBP1BARS fissioning activity, while it increases CtBP1BARS corepressor activity, in a promoter-dependent context. As with sumoylation and
phosphorylation, ADP-ribosylation thus represents a new mechanism for the
regulation of the functions of CtBPI/BARS.
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CHAPTER 1. Introduction

1.1 Post-translational modifications: regulators of protein function
and signal integration
The complex physiology of eukaryotic cells is regulated by a number of
multilayered and interconnected mechanisms.Transcription of new mRNA,
alternative RNA splicing, and translation into a protein, which can then be
followed by post-translational
modifications (PTMs) of a protein, create a
continuously fine-tuned regulatory network. Of the various regulatory
mechanismsavailable to the cell, PTMs servea particular purpose,as they are
both highly dynamic and largely reversible. As a result of improved detection
technologies,the list of protein modifications in the literature has risen to well
over 200 (Mann and Jensen, 2003). This extensive array that includes many
reversible PTMs creates signalling diversity and is particularly suitable for
relaying rapid messagesin the cell. Some PTMs, including glycosylation,
lipidation and disulphide bridge formation, are stable and are important for
maturation and correct folding of newly synthesizedproteins. Others, such as
phosphorylation, are more transient, and thus have essential roles in
intracellular signalling. A crucial aspect of signalling through PTMs is the
presenceof modular protein domains that recogniseparticular types of PTMs
located on specific amino-acid residues. This coupling of PTMs with PTMrecognition domains createsan attractive `decoding' mechanismfor monitoring
and responding to alterations in the cellular microenvironment (Sims and
Reinberg,2008).
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The classical example of PTMs is phosphorylation,which involves the
transfer of the y-phosphategroup from ATP to specific amino acids. The first
protein kinase activity was reported in 1954 for the phosphorylation of casein
(Burnett and Kennedy, 1954). Over the next few decades,a rapidly growing
body of evidence revealed the importance of reversible phosphorylation as a
versatile tool to regulate protein function. Phosphatases removing the
phosphategroup from modified residueswere also discovered,and were shown
to have specificity towards individual phosphorylatedresidues (Barford et al.,
1998). To date, besidesphosphorylation, a variety of further important PTMs
have been identified and are under study, including in particular, methylation,
ubiquitination and acetylation, to name just a few. ADP-ribosylation is another
PTM, which is the focus of the presentthesis.
TheADP-ribosylation reaction
The modification of proteins by ADP-ribosylation is a phylogenetically ancient
mechanism (Corda and Di Girolamo, 2003). It involves the transfer of ADPribose (ADPR) from NAD+ to target proteins, and it is accompaniedby the
releaseof nicotinamide (Figure 1.1). As with phosphorylation, this reaction is
reversible and thus the extent of protein modification by ADP-ribosylation
depends on the activity of cellular ADP-ribosylhydrolases that reverse the
reaction by hydrolysing the protein ADP-ribose linkage (Figure 1.1) (Corda
and Di Girolamo, 2003). The consumption of NAD+ by ADP-ribosylating
enzymes connects them not only to energy metabolism, but also to other
NAD+-consuming enzymes,including the histone deacetylases(HDACs) of the
Sirtuin family and ADP-ribosyl cyclases (Ying, 2006) (see sections 1.3.1
1.3.3).
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Figure 1.1: The ADP-ribosylation reaction
A schematic representation
arginine-specific

mono-ADP-ribosyltransferase

moiety from NAD'

mono-ADP-ribosylation

reaction. An

catalyses the transfer of an ADP-ribose

to an arginine residue of an acceptor protein, with the simultaneous
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Specific ADP-ribosylhydrolase
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linkage between ADP-ribose
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Other amino-acid residues that can be modified by this reaction are cysteine, glutamic
acid, diphthamide and asparagine. From (Di Girolamo et al., 2005).
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NAD+ has a cytosolic concentrationof about 500 µM, with a half-life of about
1-2 h (Rechsteiner et al., 1976; Williams et al., 1985). Its reduced form,
NADH, acts as a coenzymein numerousredox reactions,and haspivotal roles
in many fundamental cellular processes, including mitochondrial oxidative
phosphorylation, where it acts as a co-factor for three rate-limiting enzymesof
the tricarboxylic-acid cycle. In addition, NAD+ has been implicated in cell
death, in regulation of calcium homeostasis,and in controlling gene expression
(Ying, 2006). Thus, the consumption of NAD+ by NAD+-consuming enzymes
has to be tightly controlled. Poly-ADPR-polymeraseenzymesconstitute one of
the major family of NAD+-consuming enzymes, catalysing the transfer of
multiple ADP-ribose moieties to form long and branched chains of polyADPR. The presenceof poly-ADPR was first describedby Chambon and coworkers in 1963 (Chambon et al., 1963), and a few years later its structure was
solved (Reeder et al., 1967; Sugimura et al., 1967). The gene encoding the
enzyme responsible for poly-ADPR formation is known as a poly-ADPR
polymerase(PARP), which was isolated some 20 years later, in the late 1980's
(Alkhatib et al., 1987; Kurosaki et al., 1987; Uchida et al., 1993). In the
meantime, another ADP-ribosylation reaction was discovered during the
analysis of bacterial toxins (Gill et al., 1969; Honjo et al., 1968). While PARP
enzymes catalyse poly-ADP-ribosylation of proteins, these newly discovered
toxins were shown to mono-ADP-ribosylate proteins. Consequently, the
presence of

mammalian mono-ADP-ribosyltransferases (mARTs)

was

suggested,and ecto-enzymeswith mART activity were discovered, although
the molecular identities of postulated intracellular mARTs are only at the
beginning of their elucidation (Corda and Di Girolamo, 2003; Hassa et al.,
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2006; Okazaki and Moss, 1999; Seman et al., 2004). The present study is
aimed at adding new and specific depths to the study of intracellular mARTs,
and to investigate a new ADP-ribosylation mechanism that is catalysedby the
fungal toxin brefeldin A (BFA). The two main aspectsanalysed in the present
thesis canbe summarisedas follows:
1. Study of the BFA-dependent ADP-ribosylation reaction of CtBP1BARS
and its effects on CtBP1BARS functions;
2. Study of intracellular mono-ADP-ribosylation, with specific interest
focussedon PARP12 as a mono-ADP-ribosyltransferase.
Thus, in the next sections I will give an overview on the ADPribosylation reactions catalysed by toxins, and on the different eukaryotic
NAD+-consuming enzymes (mARTs, ADP-ribosyl cyclases, Sirtuins and
PARPs). The description of PARP enzymesis covered in more details, since a
part of my PhD project focused on PARP12. The last part of the introduction is
dedicatedto the description of a specific case of ADP-ribosylation (the BFAdependentADP-ribosylation of CtBP1BARS) and of the cellular functions of
the target of this reaction, CtBP1BARS.

1.2 ADP-ribosylation by toxins
Bacterial pathogensinvade and then damagetheir host through the actions of
their toxins.
ADP-ribosylation was the first covalent modification shown for a
bacterial toxin, in which diphtheria toxin (DTX) transfersthe ADPR moiety of
NAD+ to the R-group of a post-translationally modified histidine of elongation
factor-2 (EF-2) (Collier, 1975). Since then, several toxins have been identified
as catalysing ADP-ribosylation of host target proteins. The ADP-ribosylating
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toxins (ADPRTs) form a large family of deleterious and potentially lethal
toxins. Examples of these toxins can be found in a diverse range of bacterial
pathogens, and they are the main active agents in many diseases,including
cholera, whooping cough and diphtheria (Krueger and Barbieri, 1995).
Table 1.1 provides a representativelist of the members of the ADPribosylating toxins. Each of thesetoxins has a unique property, including the
host protein that is targeted for ADP-ribosylation, the amino acid that is
modified, and the outcome of ADP-ribosylation on the modified protein. The
majority of the modified targets are key regulators of cellular functions, and as
the modification interfereswith their activity, this leads to dysregulation of key
cellular processes,and eventually to cell death (Krueger and Barbieri, 1995).
The structural organisation of toxins and the targets they modify are
described in the next section (1.2.1). Particular emphasisis then given to the
exotoxin ExoS from Pseudomonasaeruginosa, becauseit targets some of the
Rabs (small GTPasesthat control intracellular trafficking), proteins that I have
also covered in this study.
1.2.1 Structural organisation ofADPRTs
The bacterial ADPRT family can be split into four groups on the basis of their
domain organisation and the nature of their targets. In describing the toxin
structure, it is commonly accepted to refer to the A and B domains. The A
domain encodes the catalytic domain, and the B domain comprises a
translocation (T) domain that facilitates translocation of the A domain into the
cytoplasm of the host cells, and a receptor binding (R) domain that binds the
toxin to host cell-surface receptors (Figure 1.2). The A and B domains can be
structured as a single protein (AB), a complex of non-covalently bound
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Table 1.1: Representative ADP-ribosyltransferase toxins
The bacterial ADPRTs. Note that each ADPRT has a unique property, including its
targets, the amino acid residue modified, and the outcome of ADP-ribosylation on the
modified protein.

Toxin

Target (residue)

Physiological

response

Diphtheria toxin, PseudomonasETA

EF-2 (diphatamide, His*)

Inhibition of protein synthesis

Cholera toxin, E. coli LT
Pertussis toxin

G45(Arg)

Inhibition of GTPaseactivity of G.

Gai (Cys)

C. botullnum C2, iota toxin

Actin (Arg)

Uncoupled Gi protein-mediated
signal transduction
Prevention of actin polymerisation

ETA: exotoxin A; LT: heat labile enterotoxin;
Gay:a subunit of inhibitory heterotrimeric

Gos: a subunit of stimulatory

heterotrimeric

G-proteln. His*: posttranslationally

G-protein

modified histidine.
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Figure 1.2: Schematic representation

of bacterial toxin structure

The bacterial toxin structure can be schematically

represented as the A and B

domains. The A domain encodes the catalytic domain; the B domain comprises a
translocation domain that facilitates translocation of the A domain into the cytoplasm
of the host cells. The receptor-binding domain binds the toxin to the host cell-surface
receptors. The structure shown is of diphtheria toxin.
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proteins (A5B), or as two different proteins that encodethe A and B domains
(A-B). In this last case (A-B), the two proteins are independently synthesised
and secreted from the bacterium, and they can associate only when the B
domain binds to the surface receptors of sensitive cells (Deng and Barbieri,
2008b).
The most well known toxins, cholera toxin (CTX), produced by Vibrio
cholerae, pertussis toxin (PTX), produced by Bordetella pertussi, and
Escherichia coli heat-labile enterotoxin (LTX) are membersof the A5B family,
which targets small regulatory G-proteins (see table 1.1). Here, the
enzymatically active A subunit is situated on a scaffold made of a pentamer of
B subunits (Deng and Barbieri, 2008b; Gill, 1976; Streatfield et al., 1992;
Zhang et al., 1995).
The secondgroup of toxins comprisesDTX andPseudomonasexotoxin
A (ExoA), whih can ADP-ribosylate a diphthamide residue on EF-2 (see table
1.1). The structurehere can be schematisedas AB toxins; both toxins are large
multidomain proteins with receptor binding, transmembrane targeting, and
protease-resistantcatalytic domains (Allured et al., 1986; Collier, 1975).
The third group of toxins comprises the actin-targeting AB binary
toxins. Unlike the more common A5B binary toxins, these are composed of
two domains: an active catalytic domain and a cell-binding domain. This group
includes a wide range of clostridial toxins including C2 toxin from Clostridium
botulinum, Clostridium perfringens Iota toxin (see table 1.1), Clostridium
spiroforme toxin, Clostridium difflicile toxin and the vegetative insecticidal
protein (VIP2) from Bacillus cereus (Aktories et al., 2011; Krueger and
Barbieri, 1995).
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The final group of toxins are the small single domain C3 exoenzymes,
which are proteins with molecular mass of 20-25 kDa, that comprise an A
domain but lack either aT or R domain. In this case, the bacterial secretion
systems deliver A-domain-containing toxins from the cytoplasm of the
bacterium to the intracellular environment of the host cell, thus allowing for the
absenceof both the T and R domains. Some exampleshere are representedby
Cabot from C. botulinum, and toxins from Clostridium limosum, B. cereusand
Staphylococcusaureus (Krueger and Barbieri, 1995).
1.2.2 Cellular properties ofADPRTs
The bacterial ADPRTs are all thought to have important roles in bacterial
pathogenesis,through acting as key virulence factors in many diseases.The
effects causedby the ADPRTs all rely on ADP-ribosylation of key regulatory
proteins in host cells, which leads to impairment of cell signalling. The A5B
proteins, including PTX, LTX and CTX, all ADP-ribosylate a subset of
heterotrimeric GTP-binding proteins. For all three of these toxins, the A
catalytic domain sits on a `doughnut-shaped'pentamerof binding domains that
comprise the cell binding and translocation apparatus(Sixma et al., 1991; Stein
et al., 1994; Zhang et al., 1995). In the bacterial cell, this hetero-hexameris
assembledin the bacterium before being transported across the membranevia
the type II secretion apparatus(Sandkvist et al., 2000). Once secreted,the Bpentamer recognisesGM1 ganglioside on the host cell surface, through which
it induces its endocytosis and translocation into the cytosol. For the toxin to
become active, however, the catalytic domain must undergo proteolytic
cleavageof the disulphide linked Al -A2 domain (Kassis et al., 1982). This also
results in the Al domain being releasedfrom the A2-B5 complex. Even at this

31

Introduction
stage,thesetoxins are not fully functional, becausethey also require activation
by host-cell proteins to become fully active. In the case of CTX, these ADPribosylation activation factors (ARFs) come from the host. ARFs are small
GTPasesthat bind CTX in their GTP-bound state. Diseaseresults from both
CTX and LTX co-opting molecular machineries of the host cell: the toxins
enter by endocytosis of the toxin-receptor complexes, move to the Golgi
cisternae or to the endoplasmic reticulum (ER) via retrograde transport, and
finally translocateto the site of their action on the inner surface of the plasma
membrane (Lencer et al., 1999). Both CTX and LTX target Gga,the a subunit
of the stimulatory G-protein of the adenylyl cyclase system.ADP-ribosylation
of this subunit causesthe G-protein to be maintained in its activated GTPbound state, and leads to massive up-regulation of adenylyl cyclase, and the
subsequentincrease in the amount of cytosolic cyclic AMP (cAMP). This
eventually leads to a major loss of fluid and ions from the intestinal cells that
are affected, and gives rise to the severe diarrhoea and fluid loss that are
associatedwith both cholera and enterotoxigenic E. coli pathogenesis(Gill and
Richardson 1980).
PTX is produced by Bordetella pertussis, the major causative agent of
whooping cough. PTX ADP-ribosylates an exposedcysteine residueon several
small heteromeric G proteins (such as Gia and Gta). Unlike CTX, PTXcatalysed mono-ADP-ribosylation occurs when G. is associatedwith the (}ydimer, thus generating a modified G protein that cannot transduce signals
(Collier, 1975; Krueger and Barbieri, 1995). This results in the uncoupling of
the G-proteins from their effectors, and in an unregulated increase in adenylyl
cyclase activity, and the consequentincreasein cAMP.
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DTX is an example of a eukaryotic EF-2 (eEF-2) ribosylating toxin
(Moynihan and Pappenheimer, 1981). It is secreted by Corynebacterium
diphtheriae as a single protein, encompassingthe three A-T-R domains. DTX
binds to the heparin binding epidermal growth factor-like growth factor
precursor (HB-EGF), and it is cleavedon the cell surfaceby furin or furin-like
proteases,to produce a di-chain protein that is linked by a disulphide bond.
Receptor binding triggers the entry of DTX into the lumen of a developing
endosomeby receptor-mediatedendocytosis.Upon acidification, the T domain
facilitates the translocation of the A domain across the endosomalmembrane
into the host-cell cytoplasm, where the A domain catalysesADP-ribosylation
of eEF-2 on an exposed histidine that is modified by the addition of a
diphthamide side-group.The ADP-ribosylation interrupts the function of eEF-2
in the host cell, which in turn interfers with protein synthesis,and results in
profound physiological changes and ultimately cell death (Krueger and
Barbieri, 1995).
A further well-known target of ADP-ribosylation by toxins is actin. Iota
toxin, from Clostridium perfringens, and VIP2 from Bacillus cereus are both
actin ADPRTs, and each of these can ADP-ribosylate actin at an exposed
arginine, Arg 177. This ADP-ribosylation prevents actin polymerisation by
capping the exposed ends of the actin filaments, which leads to cell rounding
and eventual cell death, as the actin cytoskeleton breaks down (Aktories and
Wegner, 1989). This class of actin modifying binary toxin also includes C.
botulinum C2 toxin, C. spiroforme toxin and C. diJcile toxin components
cdtA and cdtB. The toxins do not bind cells as complete A-B units. Instead
proteolytically activated B monomers bind to cell-surface receptors as homo-
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heptamers.These homo-heptamersthen bind the A domains and are taken into
the cell via endocytosis. Once inside the acidic endosomes,the low pH
activates the translocation function of the B domain heptamers, and they
translocate the catalytic A domains across the endosomalmembrane into the
cytoplasm, where they can act to ADP-ribosylate actin and bring about cell
death (Barth et al., 2004).
The C3 exoenzymesare characterisedby C3bot from C. botulinum, and
also includes representatives from Clostridium limosum (C31im), B. cereus
(C3cer) and S. aureus (C3EDIN, C3Stau2).This family of ADPRTs selectively
ADP-ribosylates the small GTPasesRhoA, B and C at an exposed arginine
residue(Arg4l). This preventsRho moving into its active GTP-bound stateand
leads to a loss of control in the downstream pathways controlled by the Rho
GTPases,thus resulting in loss of control of the cell cytoskeleton and eventual
cell death (Wilde and Aktories, 2001). Although theseeffects are seenin vitro,
the roles of C3bot and its related ADPRTs in pathogenesisare not yet known,
as they lack any cell translocation or binding domains.

- PseudomonasaeruginosaExoS and ExoT exotoxins
P. aeruginosa is an opportunistic human pathogenthat is associatedwith multidrug-resistantnosocomial infections (Obritsch et al., 2005).
P. aeruginosa producesExoA that, similarly to DTX, ADP-ribosylates
EF-2, and it also produces the Type III cytotoxins ExoS, ExoT, ExoU and
ExoY, which create an environment that favours bacterial survival and
dissemination. These exotoxins are delivered across the bacterial cell
membrane and cell wall into a mammalian cell through a secretion apparatus
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that is composed of 20-30 proteins. Among the above-mentioned Type III
cytotoxins, only ExoS and ExoT function as mARTs. They are bi-functional
toxins that comprise a Rho GTPase activating protein (RhoGAP) domain and
an ART domain (Deng and Barbieri, 2008b).
ExoS- and ExoT-RhoGAPs inactivate small Rho GTPases,including
RhoA, Racl, and Cdc42, which disrupts the host-cell cytoskeleton (Deng and
Barbieri, 2008b). While the RhoGAP activity is similar for both of these,ExoS
and ExoT are still distinct, in that they ADP-ribosylate unique host substrates
(Barbieri and Sun, 2004).
ExoT was originally thought to be an inactive precursor of ExoS, but
later studies implicated a role for the ART domain in eliciting cell rounding.
Indeed, ExoT was determined to ADP-ribosylate CTI0-regulator of kinase
(Crk) (Sun and Barbieri, 2003). Crk proteins are SH2-SH3-domain-containing
adaptor proteins that are componentsof the integrin signaling pathway leading
to Rad1 and Rapl activation, required for the integrin-mediated phagocytosis
and formation of focal adhesions.Mass spectroscopicanalysis identified Arg20
as the site of ADP-ribosylation of Crk by ExoT. Arg20 is a conservedresidue
located within the SH2 domain that is required for interactions with upstream
signaling molecules such as paxillin and p130cas.ADP-ribosylated Crk-I failed
to bind p130cas or paxillin. This indicates that ADP-ribosylation inhibited the
direct interaction of Crk with these focal adhesionproteins, thus leading to cell
rounding (Deng et al., 2005).
In contrast to the restricted group of substratesof ExoT, ExoS ADPribosylates numeroussubstrates.Several small monomeric GTPaseshave been
identified as cellular targets of ExoS (Coburn et al., 1989). ExoS was shown to
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ADP-ribosylate Ras at Arg41, which is adjacent to the switch region of the
GTPase (Ganesan et al., 1998), and subsequentstudies showed that ADPribosylation inhibited guanine nucleotide exchange factor (GEF)-catalysed
nucleotide exchange,which uncoupled Ras signal transduction(Ganesanet al.,
1998).
Other targets of ExoS include the Ezrin/Radixin/Moesin (ERM) family
proteins (Maresso et al., 2004), which are regulators of the actin network. The
Rab proteins are also targets of ExoS. Rab GTPaseshave essential roles in
host-cell vesicle trafficking, including endocytosis, receptor recycling, vesicle
maturation and trafficking to the Golgi complex and lysosomes(van der Bliek,
2005). It has been demonstratedthat ExoS localises to Rab-positive vesicles
and that it ADP-ribosylates Rab5, Rab7, Rab8 and Rab11, both in vitro and in
vivo (Fraylick et al., 2002).
The effects and mechanism of the ADP-ribosylating activity of ExoS
were investigated by Barbieri and co-workers. These authorsdemonstratedthat
ExoS ADP-ribosylation influences the intracellular trafficking of the EGF
receptor (EGFR), as well fluid phase endocytosis, through inhibition of Rab5
activity (Deng and Barbieri, 2008a).
It is well recognizedthat the binding of EGF to the extracellular domain
of EGFR leads to the activation of EGFR as well as to the internalisation of the
EGF-EGFR complex via the canonical clathrin-mediated endocytic pathway,
through early and late endosomes, for degradation in lysosomes (Ceresa,
2006). Endocytic trafficking of the EGFR is necessaryfor the correct temporal
and spatial regulation of EGF signalling. Several G proteins have been
implicated in EGFR endocytic trafficking. While dynamin drives EGFR
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endocytosis,Rab5 mediates entry of the EGFR into early endosomes,Rab7 is
required for degradation of the EGF-EGFR complex by the lysosomes, and
RabII facilitates EGFR recycling to the plasma membrane(Ceresa,2006).
In cells treated with ExoS, upon EGF activation, the EGFR still
internalises to clathrin-coated vesicles, but it does not mature to the Rab5positive early endosomes(Deng and Barbieri, 2008a). The observation that a
constitutively active Rab5 protein can reverse ExoS inhibition of EGFactivated EGFR trafficking out of clathrin-coated vesicles suggeststhat ADPribosylation catalysed by ExoS inhibits Rab5 activity in cells. The uncoupling
of Rab signalling might enable P. aeruginosa to evade trafficking to
perinuclear vacuoles, while endowing P. aeruginosa with the capacity for
intracellular replication.
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1.3 Eukaryotic NAD+-consuming enzymes
NAD+ was identified a century ago as a cofactor and coenzyme, and it has
attracted attention for its versatile function in relation to energy metabolism
(Houtkooper et al., 2010).
NAD+-consuming ecto-enzymes are primarily

represented by

the

CD38/CD157 system and by the family of ecto-mARTs. In contrast, the
PARPs and sirtuins operate within the cell. Currently, 22 human genes
encoding proteins with an ART activity are known, and thesecan be divided in
ecto-mARTs and PARPs. Recently, a unified nomenclature referring to this
family of proteins as ARTs was proposed,sub-dividing the ARTs accordingto
structural criteria of their catalytic domains, into ART DTX-like (ARTD) and
ART CTX-like (ARTC) proteins (Hottiger et al., 2010). Table 1.2 shows the
new

nomenclature, in

comparison

with

the

old

one,

and

the

postulated/demonstratedenzymatic activity for each member of the PARP
family.
In the following sectionsI will describeeachof theseNAD+-consuming
enzyme families, starting from ADP-ribosylcyclases, going through mART,
and sirtuins. Particular emphasisis then given to the PARP family members.In
this regard, I will refer to the different enzymesusing the old nomenclature.
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Table 1.2: Nomenclature

and enzymatic activity of PARP family members

Comparison of the PARP catalytic core motifs and described/ postulated enzymatic
activities of the PARP family members. The new proposed nomenclature is also
given. Asterisks indicate that experimental evidence has demonstrated the mART
activity.

Light

purple, pART;

green, mART;

light blue, inactive enzymes. Even

though PARP3 shows structural features similar to the classical PARPs, it has been
demonstrated to function as a mART (Loseva et al., 2010). Note that only PARPs 3,
10 and 14 have been demonstrated to function

as mARTs.

For all of the other

members, mART activity has only been postulated.

Protein name

New nomenclature

Gene symbol

Catalytic core motif

ADP-ribosylation

PARPI

ARTD I

PARPI

HYE

PARP2

ARTD2

PARP2

HYE

Poly

PARP3

ARTD3

PARP3

HYE

Mono

PARP4 (vPARP)

ARTD4

PARP4

HYE

Poly

PARP5a(TNKSI)

ARTD5

TNKS

HYE

Poly

PARP5b (TNKS2)

ARTD6

TNKS2

HYE

Poly

PARP6

ARTD17

PARP6

HYI

Mono

PARP7

ARTDI4

TiPARP

HY1

Mono

PARP8

ARTD16

PARP8

HYI

Mono

ARTD9

PARP9

QYT

Inactive

ARTIO

PARPIO

HYI

Mono *

activity

PARP9 (BALI)
PARPIO

Poly

PARPII

ARTDII

PARPII

HYI

Mono

PARP12
(ZC3HDC I)

ARTD12

PARP12

HYI

Mono

PARP13
(ZC3HAV 1/ZAP)

ARTDI3

ZC3HAVI

YYV

Inactive

PARPI4 (BAL2)

ARTD8

PARP8

HYL

Mono

PARPI5 (BAL3)

ARTD7

P4RPI5

HYL

Mono

PARP16

HYY

Mono

PARP16

ARTD15
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1.3.1 TheADP-ribosylcyclase CD38/CD157family
ADP-ribosylcyclase (ADPRC) from A. californica was the first enzyme shown
to have this cyclase function (Lee and Aarhus, 1991). Based on sequence
homology (Stateset al., 1992), two human antigens, CD38 and CD157, were
shown to also have the cyclase activity (Hirata et al., 1994; Howard et al.,
1993). The following sections describe the current knowledge concerning the
structuresand enzymatic functions of both CD38 and CD157.

1.3.1.1CD38structure
Human CD38 is a type II surface glycoprotein that is characterisedby a large
extracellular domain (257 amino acids), a single transmembranedomain (23
amino acids), and a short cytoplasmic tail (20 amino acids) (Alessio et al.,
1990). Within the human immune system, CD38 is expressedby immature
haematopoieticcells, down-regulatedby mature lymphocytes and re-expressed
at high levels by activated T and B cells and dendritic and natural killer cells. It
representsthe main mammalian member of the ADPRC family of enzymesand
it appearsto be ubiquitous in eukaryotic cells (Malavasi et al., 2008).
The protein encodedby the CD38 gene has a molecular weight of 45 kDa.
The overall structure of the CD38 molecule is `L' shaped,and it can be divided
into two separatedomains: the NH2-terminal domain (residues45-118 and 144200) and the COOH-terminal domain (residues 119-143 and 201-300), which
are connectedby a hinge region that is composedof three peptide chains. A
disulphide bond that is unique to CD38 (Cys-1 19-Cys-201), plus five other
pairs of disulphide bonds that are conserved in ADPRC family members,
further stabilise the relative conformations of the two domains by linking
peptides 118-119with 200-201 (Liu et al., 2005) (Figure 1.4).
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As well as the membrane form of CD38, a soluble form was identified
in cell-culture supernatantsof activated T lymphocytes, in several tumour cell
lines, and in vivo under normal and pathological conditions (Funaro et al.,
1996).
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Figure 1.4: Crystal structure of CD38
The `L' shaped structure of CD38 is divided into two separate domains. The Cterminal domain consists of four ß-sheets surrounded by two long (a8 and a9) and
two short (a4 and a7) a-helices. The N-terminal domain is formed by a bundle of ahelices and two ß-strands. These two domains are connected by a hinge region that
is composed of three peptides. From Malavasi et at. (2008).
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1.3.1.2 CD 157 structure
Human CD 157 is a glycosylated single chain of 42-45 kDa that is anchoredto
the membranevia a glycosylphosphatidylinositol (GPI) tail (Itoh et al., 1994).
Similar to CD38, the CD157 molecule is divided into two domains, known as
the N-domain and the C-domain, which are connected by a hinge region of
three peptides. All 10 cysteine residues that are conserved among the cyclase
family form disulphide bonds, as seenin the structure of the Aplysia cyclase
(Yamamoto-Katayamaet al., 2002). Each subunit of the CD 157 dimer contains
a substrate-binding cleft, which is covered mainly by hydrophobic and acidic
residues, and which is important for its catalytic function. The three key
residues, Trp-77, Trp-140 and Glu-178, are invariant among the sequencesof
CD157, CD38 and the Aplysia cyclase, which share a common substraterecognition mode and catalytic scheme (Yamamoto-Katayama et al., 2002)
(Figure 1.5).

1.3.1.3Enzymaticactivitiescontrolledby CD38
The identification of sequence similarity between the human lymphocyte
antigen CD38 and the Aplysia ADPRC (States et al., 1992) marked the
beginning of long-term investigations into the enzymatic properties of CD38
and into its role in human physiology and pathology.
CD38 is a multifunctional ecto-enzyme that is involved in the
catabolism of NAD+ and NADP+, the two main substratesof CD38 thus far
identified. This reaction leads to the generation of potent intracellular Ca2+mobillising compounds:cADPR, nicotinic acid adeninedinucleotide phosphate
(NAADP) and ADPR.
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Figure 1.5: Crystal structure of CD157 complexed with etheno-NAD
CD157 forms a homodimer of two symmetrical subunits. Each subunit is divided into
two domains, termed the N domain (green-light

green) and the C domain (red-light

red), which are connected by a hinge region of three peptide chains. Each subunit of
the CD 157 dimer contains a substrate-binding cleft, formed by the N and C domains.
This large cleft is surrounded by a4, a5, a6, a7, and ßl, and is mainly covered by
hydrophobic and acidic residues. Adapted from Yamamoto-Katayama et a!. (2002).
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The enzymatic properties of CD38 were formally demonstratedafter analysing
a purified recombinant soluble form of CD38 (sCD38). When added to NAD+,
sCD38 catalysed the formation and hydrolysis of cADPR (Howard et al.,
1993). Similar results were obtained using solubilised human erythrocyte
membranes: the three ecto-enzyme activities, i. e., NADase, ADPRC, and
cADPR hydrolase, could be purified to homogeneity using an anti-CD38
monoclonal antibody (Zocchi et al., 1993). These results were also confirmed
in human T-cell models, where the NAD-hydrolysing enzymatic activity was
shown to correlate with the amount of CD38 on the cell surface. Moreover,
CD38 immunoprecipitated from thymocytes behaved as an authentic NADase
enzyme, by transforming NAD+ stoichiometrically into nicotinamide and
ADPR (Gelman et al., 1993). As above-mentioned,the human cyclase family
of enzymes has A. californica as its founding member. Even if the human
version of ADPRC retains high homology with its Aplysian ancestor, its
functional activities have evolved significantly. Indeed, while the Aplysia
enzyme functions mainly as a cyclase, the human CD38 is mainly a NAD+
glycohydrolase that leads to the generation of ADPR and nicotinamide as
products, accounting for >90% of all NAD+ase activity in humans (Liu et al.,
2009). The cyclase function is present,but its activity is approximately 100fold lower than that of the hydrolase. The structural determinants critical for
the catalytic characteristics of ADPRC and CD38 were describedby Liu and
co-workers, by comparing the crystal structures of the complexes of ADPRC
and CD38 bound with various catalytically revealing substratesand products
(Liu et al., 2009). The results identify residuesPhe-174 in the cyclaseand Thr221 in CD38 as the main determinantsfor the cyclase and hydrolysis activities
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of these enzymes. Indeed, a point mutation of Phe-174 to glycine can turn
ADPRC from a cyclase towards a NADase. The equivalent residue in CD38,
Thr-221, is shown not to favour the cyclising folding of the substrate,which
results in NADase being the dominant activity.
Being the major NADase enzyme in cells, CD38 has an important role
in controlling NAD+ levels, both in the extracellular and intracellular space
(Aksoy, White et al. 2006). This last aspectwas examinedby the Chini group.
These authors postulatedthat CD38 is the major NADase in mammalian cells
and that it regulates intracellular NAD+ levels (Aksoy, White et al. 2006),
modulating the activity

of the sirtuins, which are NAD+-dependent

deacetylases that are implicated in ageing, cell protection, and energy
metabolism in mammalian cells (see section 1.3.3). This regulation occurs
inside the nucleus and is mediated by CD38 expressedby the inner nuclear
membrane(Aksoy et al., 2006).
A separateenzymatic activity that has been attributed to CD38 involves
catalytic exchange of the nicotinamide group of NADP+ with nicotinic acid
(NA). The product is nicotinic acid adeninedinucleotide phosphate(NAADP),
a potent Cat+-mobilising metabolite (Aarhus et al., 1995). This activity occurs
selectively at an acidic pH; the acidic dependenceof NAADP metabolism,
coupled with its biological function in targeting the acidic Ca2+storesin cells,
suggests that NAADP serves as a specific Ca2+ messenger for the acidic
organelles of the endocytic pathway in cells (Santella, 2005). Moreover, it has
also been shown that NAADP can release Ca2+from the ER (Gerasimenko et
al., 2006). Thus, in addition to inositol 1,4,5-trisphosphate,internal Ca2+stores
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can be mobilised by at least two other molecules, cADPR and NAADP, which
target separateCa2+storesand are bound by distinct receptors.
1.3.1.4Enzymatic activities controlled by CD 157
Similar to the Aplysia enzyme and to CD38, soluble CD157 incubated with
NAD+ produces cADPR, and subsequentlyADPR, which indicates that CD 157
has both ADPRC and cADPR hydrolase activities. However, the catalytic
efficiency of CD 157 is several-hundred-foldlower than that of CD38 (Ortolan
et al., 2002).
1.3.1.5Receptor activities of CD3 8/CD157
The most radical change in the evolutionary path of CD38 was the acquisition
of a membrane anchor,which made it possible to interact laterally and frontally
with molecules other than its substrate.Indeed, CD38 forms supra-molecular
complexes that generally include other receptors, adhesion molecules and
structural proteins (Malavasi et al., 2008). The receptor aspectof CD38/CD157
has been reviewed in details by Malavasi and co-workers (Malavasi et al.,
2008; Vaisitti et al., 2011). I will not describe this aspect,since it doesnot fall
within the main topic of the introduction to my thesis (1.3.1), which has the
aim to describethe NAD'-linked functions of the different enzyme families.

1.3.2 Themammalian ecto-ADP-ribosyltransferases
After the discovery of the bacterial ARTs, similar enzymatic activities were
sought in eukaryotic cells. However, the enzymes responsible for these
activities eluded molecular cloning until the groups of Moss and Shimoyama
succeeded in purifying and sequencing proteins with ADP-ribosylating
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activities from rabbit skeletal muscle and chicken bone-marrow cells (Tsuchiya
et al., 1991; Zolkiewska et al., 1992). These findings constituted the starting
point for further characterisation of other enzymes of this type (Koch-Nolte
and Haag, 1997).
The knowledge acquired to date allows us to group the mammalian
ecto-mARTs into a single family of structurally and functionally related genes.
This family comprises five members, ART 1-5. They are all ecto-enzymes,
which are anchoredto the outer leaflet of the plasma membranevia a GPI tail,
with the exception of ARTS, which is secreted into the extracellular space
(Okazaki and Moss, 1998). Among these five ARTs, only ART 1, ART2 and
ARTS show enzymatic activity, whereas ART3 and ART4 appearto have lost
their catalytic function (Glowacki et al., 2002). In humans, the presenceof a
art2 pseudogenethat carries three premature stop signals limits the number of
ART enzymesto four. Conversely, the duplication of the art2 gene in mouse
increasesthe number of enzymesto six (Glowacki et al., 2002).
This family of enzymes shares very limited amino-acid sequence
identity, with 20% to 30% seenamong the ART paraloguememberswithin any
species. The exception here is mouse ART2.1 and ART2.2, where their
sequenceidentity (85%) indicates recent evolutionary duplication of the mouse
art2 gene (Braren et al., 1998).
The ART2 enzymeshave also been cloned from rat, and in this casethe
two isoforms are alternative splicing variants of the two alleles known as
ART2. a and ART2. b (Bortell et al., 1999). These two allelic variants show
sequencevariation of only 10 amino acids, which is associatedwith a change
in the enzymatic activity between ART2. a and ART2. b; indeed, while both
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isoforms can catalysethe hydrolysis of NAD+ to ADPR and nicotinamide, only
ART2. b can undergo auto-ADP-ribosylation (Haag et al., 1995).
As the human and mouse genome sequenceshave been completely
determined, all of the recognisable members of these ARTs have been
identified for thesetwo species,with an amino acid sequenceidentity between
orthologues ranging from 75% to 85%. As an example, the deduced aminoacid sequenceof mouse ART 1, which was the first cloned and characterised
mammalian arginine-specific ART, is 77% and 73% identical to human and
rabbit ART 1, respectively (Braren et al., 1998; Okazaki and Moss, 1998)
As expected by the sequencesimilarity, there are common structural
featuresthat characterisethe family of mammalian ecto-ARTs (Domenighini et
al., 1994; Domenighini and Rappuoli, 1996). The catalytic domain of these
enzymes is completely coded for by a single exon in all of the ARTs, and it
contains a conserved glutamate residue that has been demonstrated to be
crucial for catalytic activity, as demonstratedby site-specific mutagenesisfor
the ART! and ART2 murine and rat isoforms (Hara et al., 1996; Takadaet al.,
1995). In addition, mutational analysis performed on the ART1 from rabbit
show that besides the classical glutamate, the neighbouring glutamic residue
(E238) has an important role for ADPR transfer (Hara et al., 1996; Takada et
al., 1995). Indeed, in several of the ARTs, the replacement of this second
glutamate abolishes the ability of the transferasesto use arginine as acceptor,
thus further supporting the hypothesis that this region is involved in substrate
recognition (Han and Tainer, 2002). According to the structural model
proposedby Rappuoli and colleagues (Domenighini and Rappuoli, 1996), the
catalytic domain is composed of 70-100 amino acids and consists of three
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regions. Region 1 is near the N-terminal portion of the protein and is
characterised either by a conserved histidine (as in DTX, ART3 and the
PARPs) or by a conservedarginine (as in PTX, CTX, the LTX and the other
ARTs). Region 2 is characterisedeither by hydrophobic amino acids that are
involved in NAD+ binding or by a serine-x-serinemotif (where x represents
threonine, serine or alanine). Region 3 is highly acidic and is characterisedby
the conserved glutamate residue. The arginine-serine-glutamate-x-glutamate
motif (R-S-E-Q-E; which spansregions 1-2-3, respectively) is presentin CTX
and in ART 1, ART2 and ARTS, and it is typical of the arginine-specific ARTs.
This motif is missing in ART3 and ART4 (Koch-Nolte et al., 1997). Through a
comparative analysis of crystallographic structures, Han and Tainer (Han and
Tainer, 2002) extended the significance of the region 3 sequences by
identifying an ADP-ribosylating turn-turn (ARTT) motif that they have
implicated in substraterecognition. Consistentwith the relevanceof the ARTT
motif, it has been shown that the auto-ADP-ribosylation of ART2. b is
abolished by mutations of its R204, which is part of the ARTT motif.
Similarly, if the Y204 of ART2. a is mutated to an arginine (Y204R), it is
possible to promote ART2. a auto-ADP-ribosylation (Stevenset al., 2003).
The other common structural featuresof the ARTs include an a-helixrich N-terminal region, which representsa signal sequencefor extracellular
proteins, and a C-terminal region folded into ß-sheets,which is characteristic
of GPI-anchored membrane proteins (Bazan and Koch-Nolte, 1997). As
mammalian (human and mouse) ARTS does not contain this hydrophobic Cterminal signal sequence, it is a secreted protein (Glowacki et al., 2001).
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Finally, there are four cysteines involved in disulphide bridge formation that
are conservedamong all of the ART isoforms.
The identification of this class of enzymesgave new impetus to studies
of the physiological significance of the ADP-ribosylation reaction. Thus, in the
next section, I report the current knowledge concerningthe specific targetsthat
are known to be modified by ecto-ARTs, and how the modifications affect
their substratefunctions.

1.3.2.1Ecto-ART substratesas functions of their distribution
Although substantial progress has been made with regard to the molecular
characterisation of ARTs, identification of their physiological target proteins
has been difficult. In the identification of the substrates, and thus their
functions, it is important to remember that ecto-ART-encoding genes show
tissue-specific expression. Northern blotting and RT-PCR with human and
animal tissueshave revealedrelatively broad distributions of ART3 and ART4,
and rather specific expression of ARTI in heart and skeletal muscle in both
species.ART5 is mainly expressedin testis, while ART2, which is absent in
man, has been detectedin mouseperipheral and rat lymphoid tissues(Seman et
al., 2004).
In addition to these different distributions, the patterns of ART
expression in some casesare related to cell differentiation and/or activation
states. In human polymorphonuclear neutrophils, for example, translocation of
ARTI to the cell surfacedependson the presenceof activating ligands, such as
interleukin (IL)-8 or platelet-activating factor (Kefalas et al., 1999). Similarly,
the rate of ART3-transcription is increasedupon exposureof human monocytes
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to lipopolysaccharide, which also induces expression of ART4 mRNA
(Grahnert et al., 2002). Another typical example is ART2 expressionon murine
T cells. ART2 is expressed only on a small subpopulation of mature
thymocytes, and thus appearsto be developmentally regulated (Koch-Nolte et
al., 1999). Moreover, whereas ecto-ART expression increases with human
polymorphonuclear-leukocyte or monocyte activation, ART2 is shed from the
membraneupon T-cell activation (Kahl et at., 2000).
The following sections describethe known substratesmodified by ectoARTs in relation to their expression.

ARTI
ART I was identified as the first mammalian ART after its purification from
skeletal muscle and cDNA cloning from rabbit (Zolkiewska et al., 1992),
human skeletal muscle (Okazaki et al., 1994) and mouse lymphoma cells
(Okazaki et al., 1996). In search of proteins that can be ADP-ribosylated by
ARTI, a7-integrin was identified as a key protein (Zolkiewska and Moss,
1997). a7-Integrin is expressedspecifically in skeletal and cardiac muscle, and
it forms a dimer with 01-integrin, and binds to laminin, an extra-cellular matrix
(ECM) protein. ADP-ribosylation enhancesthe interaction between a7/ßlintegrin and its ligand, laminin (Zolkiewska and Moss, 1997). This effect might
representa mechanismof up-regulation of a7/ßl-integrin function in situations
where more efficient interactions are required, such as muscle injuries or
diseases(Zolkiewska, 2005). Interestingly in mouse skeletal muscle cells, the
expression of ARTI correlates with the transition from non-differentiated
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mononucleated myoblasts to

multinucleated non-replicating myotubes

(Zolkiewska and Moss, 1993).
Another well-known substratefor ART1 is the human defensin HPN-1
(Paone et al., 2002). Defensinsare small cationic arginine-rich peptides (2 kDa
to 6 kDa) that act as protein mediators of innate immunity and are producedby
inflammatory cells, such as neutrophils, and epithelial cells lining the airways.
As componentsof adaptive immunity, HPN1-3 can also be produced by human
natural killer cells and T and B lymphocytes stimulated with cytokines.
Defensins induce cytokine production, and modulate cell proliferation (Ganz,
2003).
In vitro studies performed by Paoneand colleagues demonstratedthat
ART1 specifically modifies a synthetic HNP-1 on Arg14, with a secondarysite
on Arg24. The reaction is almost specific for ARTI, since other argininespecific ARTs show minor, if any, activity towards this HNP-1 (Paone et at.,
2006). In its ADP-ribosylated form, the peptide reducesboth its antimicrobial
and cytotoxic activities, while enhancing its promotion of release IL-8 from
epithelial cells. Conversely, the chemotactic activities evaluated for the
recruitment of T lymphocytes are not affected by ADP-ribosylation. The
concept here is that once modified, HNP-1 acquires propertiesthat result in the
recruitment of neutrophils (by the releaseof IL-8) and in the modulation of its
own antimicrobial and cytotoxic activities.
Importantly, high concentrations of HNP-1 are likely to be present in
sites of inflammation and thesecan inhibit the transferaseactivity of ART 1 and
thus the formation of reduced modified HNP-1. This might represent a
regulatory mechanism. The same inhibitory effect has been demonstratedfor
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ART5 activity, although it does not modify HNP-1 (Paone et al., 2006).
Additional substratesof ART1 have been identified in various cell lines overexpressing ART 1, as demonstrated for the basic fibroblast growth factor
(FGF)-2 in ART 1-transfected rat adenocarcinoma cells. FGF-2 binds its
specific extracellular receptor (FGFR), as well as heparin, with high affinity. It
can thus be sequesteredby the heparansulphateson the cell surface and in the
ECM. Heparin inhibits the ADP-ribosylation reaction, implying that the
heparin binding of FGF-2 and its ADP-ribosylation are mutually exclusive
reactions. Furthermore, the ADP-ribosylated site of FGF-2 is in its receptorbinding domain, and so it is possible that ADP-ribosylation modulates the
binding of FGF-2 to its receptor and to heparin, thus regulating its availability
to the cell (Jonesand Baird, 1997).
ART1 can also ADP-ribosylate another growth factor, i. e. the specific
BB isoform of platelet-derived growth factor (PDGF-BB), as demonstratedin
ART1-transfected Chinese hamster lung fibroblasts. Here, the role of ADPribosylation is to inhibit PDGF-BB stimulation of mitogenic and chemotactic
responsesin human pulmonary smooth muscle cells, as well to reduce PDGF
binding to its receptors as demonstratedin competition-binding assays(Saxty
et al., 2001). Similar to the effects of ADP-ribosylation of FGF-2, in this case
also ADP-ribosylation has an inhibitory effect on PDGF-BB, thus negatively
regulating its signalling at the cell surface.
ART2
ART2 is expressedin immune systemcells, such as resting T cells and natural
killer cells, where it should have an immunomodulatory activity. Indeed, in
different animal models, autoimmune disorders, such as juvenile diabetes and
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systemic lupus, have been found to coincide with defects in the structure and
function of ART2 (Koch-Nolte et al., 1995). In rat, susceptibility and resistance
to diabetes correlate with the absenceand presence,respectively, of ART2expressingT cells (Fowell and Mason, 1993).Nolte and co-workers (Seman et
al., 2003) uncovered an intriguing function of ART2: activation of the P2X7
purinoceptor as a consequenceof ADP-ribosylation. P2X7 is a member of the
P2X family of ATP-gated ion channels,and it is widely expressedin several
types of blood cells. The presenceof ATP at millimolar concentrationactivates
this purinoreceptor, thus inducing the formation of large membranepores that
trigger calcium fluxes and phosphatidylserineexposure,typical featuresof the
apoptotic process(Di Virgilio et al., 2001).
Similar to ATP, micromolar concentrations of NAD+ have the same
effects, through ADP-ribosylation catalysed by ART2 (Seman et al., 2003).
These data provide an excellent explanation for the rapid apoptosisinduced by
extracellular NAD (NAD-induced cell death) in naive T cells (Scheuplein et
al., 2003). The molecular mechanism that explains how ADP-ribosylation can
activate the channel is still not clear. However, it might be that ADPR
functions as a ligand for the adenosine-bindingsite on the P2X7 receptor, or
could activate P2X7 by an allosteric conformational change,independentof the
ligand-binding site. Identification of the ADP-ribosylated arginine residueswill
help to solve this question.
The regulation of the P2X7 channel constitutes an interesting signalling
pathway that is regulated by ADP-ribosylation. As mentioned above, ART2 is
not presentin humansand so far is not known if such a mechanismis catalysed
by another enzyme. Trying to answer this question constitutes an interesting
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point of investigation. Nevertheless,a common role for ART1 and ART2 can

still be defined,thatof theregulationof theimmuneresponse.
ART3, ART4 and ART5
The biological roles of ART3, ART4 and ART5 remain almost completely
obscure. Looking at their sequences,they show conspicuous substitutions of
key residues that line the catalytic site. It is therefore conceivable that ART3
and ART4 have acquired novel target specificities or that they have lost ART
enzyme activity, as has happened for some members of the PARP family
(Koch-Nolte et al., 2008) (explained in section 1.3.4).

1.3.3 Sirtuins
Sirtuins comprise an ancient family of NAD+-dependentprotein deacetylases
that have been evolutionarily conserved from bacteria to eukaryotes(Michan
Sir2
and Sinclair, 2007). The founding member of the sirtuin family, yeast
(silent information regulator 2) was originally isolated in a screening for
silencing factors, and later shown to regulate the lifespan in lower organisms
(Kennedy et al., 1995; Rine et al., 1979). Subsequentanalysis revealed that
Sir2 functioned biochemically as a HDAC, in a unique reaction that required
the energetic intermediate NAD+ as a co-factor (Imai et al., 2000). The
requirementof NAD+ as part of their enzymatic action suggesteda mechanistic
link between sirtuin activity and intracellular energetics. Based on these
observations,there have been efforts to understandif there is a similar role for
sirtuins in mammals; here indeed sirtuins have been connected to an ever
widening circle of activities, which encompassescellular stress resistance,
genomic stability, tumorigenesis,and energy metabolism (Finkel et al., 2009).
57

Introduction
In the next sections, I will mainly describe the enzymatic features of the
mammalian enzymesand their localisation, while giving a brief report on some
of the pathways in which they are involved as mART. Since the sirtuins are not
specifically part of my study and to date are best recognised as deacetylases
more than ARTs, I will not describetheir roles as deacetylase.
1.3.3.1 Enzymatic mechanism
Mammals have seven sirtuins, SIRTI-7, which are characterised by their
highly conserved central NAD+-binding and catalytic domain, termed the
sirtuin core domain (Haigis and Guarente,2006). Although sirtuin sequences
are relatively conserved, their N and C termini differ, and they are likely to
have highly divergent biological functions owing to (a) different enzymatic
activities, (b) unique binding partners and substrates, and (c) distinct
subcellular localisation and expressionpattern (reviewed in section 1.3.3.2).
The predominant reaction catalysed by the sirtuins is NAD+-dependent
lysine deacetylation (Figure 1.6), via a unique enzymatic mechanism that
requiresNAD+ cleavagefor eachreaction cycle (Landry et al., 2000; Tanner et
al., 2000). Unlike other HDACs that hydrolyse acetyl-lysine residues, sirtuin
activity is intimately tied to the metabolic state of the cell. The mechanistic
basis for deacetylation by sirtuins is both elegant and peculiar. The
deacetylation reaction begins with amide cleavage of NAD+ and formation of
nicotinamide and a covalent ADPR peptide-imidate intermediate. The
intermediate is resolved to form O-acetyl-ADPR (AADPR), and the
deacetylatedsubstrateis released(Sauve et al., 2001). Although some details
remain to be resolved, it is thought that peptide binding facilitates an allosteric
changein sirtuin structurethat enablesthe reaction of NAD+ with a nucleophile
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from the sirtuin to generatethe enzyme-stabilisedADPR intermediate (Sauve
et al., 2006). Deacetylase activity is not the only activity associated to the
sirtuins, even if the most prominent. An mART activity has been clearly
associatedto SIRT4, while for SIRT6 the mART activity is still under debate.
Regarding SIRT4, it has been demonstratedthat it ADP-ribosylates the
glutamate dehydrogenase GDH. This event leads to down-regulation of
mitochondrial glutamate dehydrogenase(GDH) in pancreatic 0-cells, thereby
down-regulating insulin secretion in response to amino acids (Haigis et al.,
2006) and, thus, regulating glucosehomeostasis(Haigis et al., 2006).
SIRT6 representsan interesting case. Recently, Denu and co-workers
(Pan et al., 2011) reported the first quantitative assessmentof SIRT6 activity,
providing direct evidence that OAADPR is formed as a product of the
deacetylasereaction; importantly, the rate of nicotinamide cleavageis similar
to the rate of OAADPR formation, suggesting that SIRT6 functions as a
NAD+-dependentdeacetylaserather than as an ART.
However, a generalconsensuson a clear role for SIRT6 is still lacking.
Indeed, recently it has been demonstratedthat under stressconditions, SIRT6catalysed mono-ADP-ribosylation promotesDNA repair by activating PARP1.
In this case,the poly-ADP-ribosylation activity of PARP1 is stimulated by its
ADP-ribosylation on lysine 521 that is catalysed by SIRT6. This enhances
DSB repair by both homologous recombination (HR) and non-homologous
endjoining (NHEJ), and thus suggestsa new role for SIRT6 in DNA repair, by
integrating the DNA repair and stresssignalling pathways (Mao et al., 2011).
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1.3.3.2 Subcellular localisation
The seven mammaliansirtuins are found in numerouscompartmentswithin the
cell (Figure 1.7). SIRTI, SIRT6, and SIRT7 are found predominantly in the
nucleus; SIRT3, SIRT4 and SIRT5 reside in the mitochondria; and SIRT2 is
primarily cytoplasmic. Their localisation can be dictated by their sequencesas
well by cell status(Michishita et al., 2005).
Each sirtuin contains primary amino-acid signal sequences that
contribute to their intracellular localisation. For example, the nuclear
localisation of SIRT1, SIRT6, and SIRT7 is largely attributed to their nuclear
localisation signals. In addition to having two nuclear localisation signal
regions, SIRTI containstwo nuclear export signals (Tanno et al., 2007). Thus,
the exposureof nuclear localisation signals versus nuclear export signals might
dictate the nuclear versuscytosolic localisation of SIRT1, respectively.
SIRT3, SIRT4 and SIRT5 contain N-terminal mitochondrial targeting
sequences, and they are widely believed to localise to the matrix of the
mitochondria (Michishita et al., 2005). However, studieshave not conclusively
ruled out localisation for theseproteins to other compartments.The localisation
of SIRT3 has been controversial (Hallows et al., 2008). Initial reports found
that overexpressed SIRT3 was localised exclusively to the mitochondria
(Schwer et al., 2002). However, subsequentstudiesusing a Sirt3 antibody that
recognises the endogenousprotein demonstrated that SIRT3 localises to the
nucleus and that it can translocatefrom the nucleusto the mitochondria during
cell stress (Scher et al., 2007). These authors demonstrated that the human
protein goes to the nucleus, where it functions as a histone deacetylase,and
that here it can be cleaved at the N-terminus (region required for the nuclear
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localisation); only this processedprotein travels to the mitochondria, where it
can target other substrates(Jin et al., 2009; Scher et al., 2007). For example,
SIRT3 deacetylatesand activates acetyl-CoA synthetase 2 in mitochondria,
both in vitro and in vivo, thus directly modulating the activity of a metabolic
enzyme (Schwer et al., 2006). Strictly associatedwith this aspect is the idea
that the different distributions of the sirtuins among multiple compartmentsis a
dynamic process, which depends on tissue/ cell type and physiological
conditions.
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Figure 1.7: sub-cellular

localisation of sirtuins

Mammalian sirtuins show different sub-cellular localisations. SIRTI,
are predominately

SIRT6 and SIRT7

in the nucleus. In the nucleus a large fraction of SIRTI is associated

with euchromatin, whereas SIRT6 associates with heterochromatin and SIRT7 is found in
the nucleolus. The sirtuin that resides most prominently

in the cytoplasm

is SIRT2.

SIRT3, SIRT4 and SIRT5 have been described as mitochondrial sirtuins.

Adapted from Michishita et al., 2005. Mol Biol Cell, 16: 4623-4635.
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1.3.4 ThePARP-superfamilyof ADP-ribosylating enzymes
As mentioned in section 1.1, NAD+/NADH is among the most versatile of
biomolecules, as it can be used not only as a coenzyme for a large number of
oxidoreduction reactions, but in its oxidised version, it can also serve as
substrate for different ADP-ribosylation reactions, the main theme of my
thesis. So far, I have describedhow NAD+ can be usedby toxins to modify host
targets,by ADP-ribosyl cyclasesto generatesecond messengersthat modulate
calcium homeostasis,by ecto-mARTs to modulate protein functions, and in the
deacetylationreaction catalysed by the sirtuins.
The PARPs are major players in the consumption of NAD+. They are
an ancient family of enzymes that are encoded in humans by a set of 18
different genes. Sequence and structure analysis of the PARPs has
demonstratedthat while PARP 1-PARP6 show a conserved HYE triad in the
catalytic domain, the other 11 members have the glutamic residue that is
indispensable for polymerase activity replaced, by different residues (I-L-Y)
(Otto et al., 2005). Moreover, two members of the family (PARP9 and
PARP13) also show changes in the first histidine residue of the triad that is
involved in NAD+ binding, and for this reason they have been classified as
inactive enzymes(Otto et al., 2005). Together, these features suggestthat the
PARP family is not homogenous regarding its catalytic activity, and indeed,
the new members have been indicated to function as mARTs, with
experimental evidencefor PARP10 (Kleine et al., 2008) and PARP14 (Goenka
et al., 2007) now available (seeTable 1.2).
In the following sections, I describe the current understanding of the
roles of the different PARPs, starting with PARP 1, the founding member of the
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family. Figure 1.8showsthe domainorganisationfor all thedifferent PARPs,
basedon thepresence
organizedinto subgroups
of specificdomains.
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Figure 1.8: The PARP superfamily
The domain architecture of the human PARP family members. Within each putative PARP
domain, the region that is homologous to residues859-908 of PARPI (the PARP signature)
is indicated by the darker green. BRCT, SAM, UIM, MVP-BD, VWA and ANK are proteininteraction modules. ANK,
HPS,
ankyrin; BRCT, BRCAI-carboxy-terminus;
homopolymeric runs of His, Pro and Ser; macro, the macro domain that is involved in ADPribose and poly(ADP-ribose) binding; MVP-BD, MVP-binding domain; NES, nuclear
export signal; N(o)LS, nuclear (nucleolar) localisation signal; PARP, poly(ADP-ribose)
polymerase; PARP_Reg, putative regulatory domain; RRM, RNA-binding motif; SAM,
sterile a-motif; TiPARP, 2,3,7,8-tetrachlorodibenzo-p-dioxin-inducible poly(ADP-ribose)
polymerase; UIM, ubiquitin-interacting motif; VIT, vault inter-a-trypsin; vPARP, vault
poly(ADP-ribose) polymerase, vWA, von Willebrand factor type A; WGR, conservedW, G
and R residues; WWE, conserved W, W and E residues; ZnF, DNA or RNA binding zinc
fingers (except PARP1 ZnFIII, which coordinates DNA-dependent enzyme activation).
From Hakme et al. (2008).
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1.3.4.1PARP1
PARP1 structure
PARP1 was identified almost five decadesago by Chambon,Weill and Mandel
(Chambon et al., 1963), which gaverise to an interesting and intriguing field of
research.PARPI is a highly conservedand abundantnuclear protein, which is
catalytically active as a dimer and is the major acceptorprotein of poly-ADPR
in intact cells, via the so-called auto-modification reaction (D'Amours et al.,
1999). PARP1 has a modular structure that comprisesmultiple independently
folded domains (Figure 1.8). The major functional units of PARP1 are an
amino-terminal DNA-binding domain (DBD), a central auto-modification
domain (AMD), and a carboxy-terminal catalytic domain (CD), which can be
further broken down into modules that have specific functions (Figure 1.8).
The DBD contains two zinc fingers (FI/Znl and FII/Zn2) that mediatebinding
to DNA, a newly discovered third zinc finger domain (FIII/Zn3) that is
responsible for DNA-dependent enzyme activation (Langelier et al., 2010;
Langelier et al., 2008), a nuclear localisation signal (NLS), and a caspase-3
cleavagesite (Hakme et al., 2008; Schreiber et al., 2006). In the central AMD,
specific glutamate and lysine residues serve as acceptorsof ADPR moieties,
thereby allowing the enzyme to ADP-ribosylate itself (Tao et al., 2009).
Interestingly, this domain also comprises a BRCA1 carboxy-terminal (BRCT)
repeatmotif, and a protein-protein interaction domain found in other members
of the DNA-damage responsepathway (Schreiberet al., 2006). Finally, the CD
domain, which is the most conserveddomain acrossthe PARP family, contains
a PARP signature motif, which binds NAD+, as well as a `WGR' motif, which
is named after the most conservedamino-acid sequencein the motif (Trp, Gly,
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Arg) and which has an unknown function. Together, the structural and
functional domains of PARP1 confer the activities required for the broad range
of functions of PARP1 in the nucleus(Schreiber et al., 2006).
At steady state, PARP1 has a very low basal enzymatic activity that
increasesup to 500-fold after DNA damagle(Alvarez-Gonzalez and Althaus,
1989). However, its auto-modification can also be triggered by alternative
activation mechanismsthat are independentof DNA strand breakage.Indeed,
PARPI can recognisedistortions in the DNA helical backbone, such as DNA
hairpins, cruciforms and stably unpaired regions (Lonskaya et al., 2005).
Following its activation, PARP 1 modifies many nuclear proteins, including
histones,DNA repair enzymes,transcription factors, and even itself. It is this
diversity of modified substratesthat accountsfor the vast array of functions in
which PARP1 is involved, an issuecoveredin the next section.

PARPI function
PARP1 contributes in many unique ways to the molecular biology of nuclear
processes,with key roles in DNA damage signalling pathways, chromatin
modification and transcriptional regulation (Krishnakumar and Kraus, 2010a).
In the next section, I provide an overview on the different functions in
which PARP1 is involved.

PARP1 in DNA damageand cell death
The earliest functions ascribed to PARP1 were related to DNA repair and the
maintenance of genomic integrity (D'Amours et al., 1999). As mentioned
above, PARP1 binds to and is activated by DNA damage, leading to an
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immediate (15 s to 30 s after damage) and dramatic PARP1-dependentpolyADP-ribosylation response, which targets a variety of nuclear proteins
(Alvarez-Gonzalez and Althaus, 1989). Owing to the size and large negative
charge of poly-ADPR, its addition to proteins such as histones,topoisomeraseI
and DNA protein kinase (DNA-PK) interferes with their functions (D'Amours
et al., 1999). However, the bulk of poly-ADPR is attached to PARP1 itself.
Notably, this polymer can recruit hundreds of other proteins, typified by
XRCCI, a scaffolding protein of the DNA base excision repair (BER)
machinery (EI-Khamisy et al., 2003; Masson et al., 1998). Some of these
proteins bind directly to poly-ADPR through specific domains (see paragraph
1.4), while others are indirectly recruited because they interact with polyADPR-binding proteins. At the same time, formation of poly-ADPR reduces
the affinity of PARP1 and histones for DNA, providing a mechanism for
removing PARP1 from damaged DNA and for the local modulation of
chromatin compaction (Poirier et al., 1982; Timinszky et al., 2009). Indeed, in
vitro studies have demonstratedthat removal of PARP1 allows the accessof
repair proteins and suppresses further poly-ADPR synthesis (Satoh and
Lindahl, 1992). ADPR hydrolases and poly-ADPR-glycohydrolases (PARG)
remove the poly-ADPR, which contributes to the switching off of the signal
(Oka et al., 2006).
As well as its role in the BER pathway, growing evidencesuggeststhat
PARP1 is also involved in alternative DSB repair pathways, by both
homologous recombination and non-homologous end joining. DSBs are
routinely repaired via the NHEJ pathway, which involves the coordinated
action of DNA-PK and the XRCC4-DNA ligase IV complex. In addition to this
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`classicalmechanism', the BER componentsPARP1, XRCC1 and DNA ligase
III can also repair DSBs, which provides a back-up pathway for the classical
NHEJ mechanism(Audebert et al., 2004; Audebert et al., 2008; Audebert et al.,
2006). Moreover, it has been shown that poly-ADPR synthesis is required to
recruit two important components of the homologous recombination system,
namely mitotic recombination 11 and ataxia telengiectasia-mutated(ATM),
which suggeststhat PARPI hasan additional role in this process(Haince et al.,
2007; Haince et al., 2008). Consistentwith the involvement of PARP1 in all of
these DNA-damage responses, Parpl "'' mice are more sensitive to DNAdamaging agents,such as alkylating agentsand ionising radiation (Shall and de
Murcia, 2000).
Although poly-ADPR has a half-life of seconds to minutes, the
consequencesof poly-ADPR metabolism on cellular homeostasiscan persist
long after PARP1 and the hydrolaseshave acted. Polymer synthesisconsumes
substantial amounts of NAD+ and poly-ADPR cleavage generates large
amounts of AMP, leading to the activation of the bioenergetic sensor AMPactivated protein kinase (AMPK), which can induce an authophagic state
(Huang et al., 2009). Moreover, long and branched polymers can directly
trigger specific cell death, known as parthanatos. Parthanatos specifically
indicates a type of cell death triggered by PAR (indeed this word refers to
PAR, poly-ADP-ribose, and thanatos, the greek personifition of death and
mortality) (Andrabi et al., 2006; David et at., 2009). Thus, the various
consequencesof PARP1 activation reflect the collective effects of poly-ADPR
synthesis on PARP1 substrates,binding of various proteins to poly-ADPR,
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changesin cellular NAD+ (and ATP) levels during poly-ADPR synthesisand
changesin AMP levels through poly-ADPR degradation.
In summary, DNA-damage-dependentpoly-ADPR production hasthree
main purposes:
- first, poly-ADP-ribosylated histones and/or PARP1 itself causerelaxation of
chromatin, which increasesthe accessof other proteins to the site of the DNA
lesions;
- second, it mediates the fast recruitment of SSBs/BER factors (such as
XRCC1 and DNA ligaseIII) to the sites of lesions;
it signals the extent of damage, so that the cell can response
- third,
appropriately, accordingto the damage(DNA repair or cell death).
Based on the important roles of PARP 1 in the maintenanceof genomic
stability and regulation of cell death, several clinical studies are using PARP1
inhibitors to treat cancers that are associated with defects in DNA repair
machines. These studies are based on the concept that PARP1 is a potential
synthetic lethal therapeutic target for the treatment of cancers that carry
specific DNA-repair defects. An example here is the familial form of breast
cancer, which is caused by an inherited defect and subsequent loss of
heterozygosity in one of the BRCA1 or BRAC2 alleles, both of which have
important roles in the repair of DNA DSBs by homologous recombination
(Venkitaraman, 2002). Of interest, Fong and colleagues (Fong et al., 2009)
conduced a phase I clinical trial using an oral PARP 1 inhibitor, oloparib, and
showed that it has few side effects and has antitumour activity in cancer
associated to BRCAI or BRCA2 mutations. Spontaneouslyoccurring SSBs
cannot be repaired in the absence of PARPI activity, which in this case is
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achievedby chemical inhibition of PARP1, and which results in the collapse of
replication forks. BRCA proficient cells can repair these profound lesions via
homologous recombination, while in BRCA-deficient cells these lesions are
either repaired by error-prone pathways, leading to further genetic instability,
or are directly lethal to cells (Helleday et al., 2005).
Defects in homologous-recombinationrepair can also be causedby loss
of function of proteins other than BRCA1 and BRCA2, including ATM and the
checkpoint kinases CHK1

and CHK2. Such defects in homologous-

recombination repair may be relatively common in some sporadic cancers,
including breast cancer and ovarian cancer, making this therapeutic strategy
more widely useful as an anticancertreatment(Peng and Lin, 2011).

PARP1 and transcniptionalregulation
- Regulation of chromatin structure
Although historically PARP1 has been mainly related to DNA damage,later
studies revealed its important role in transcriptional regulation (Kraus and Lis,
2003). It is now evident that PARP1 carries out this role by participating to
different processes,such as modulation of chromatin structure, regulation of
transcription factors, and regulation of methylation pattern (Kraus, 2008).
PARP1 disruption of chromatin through the modification of histones
was one of the first functional effects identified for PARP1 (Poirier et al.,
1982). Under steady-stateconditions, PARP1 is associated with chromatin,
where it binds core histone proteins (MA,

H2B, H3 and H4) in the

nucleosome. Atomic force microscopy shows that this binding promotes the
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compaction of nucleosomesinto higher order structures that are refractory to
transcription (Wacker et al., 2007). As soon as PARPI is activated, the highly
chargedpoly-ADPR reducesthe affinity of PARP1 for its associatedproteins,
which leads to a loosening of the chromatin structure and restoration of
transcription (Kim et al., 2004; Wacker et al., 2007). At first glance, this would
appear to be at odds with genomic studies that demonstrate that PARP1 is
associated to actively transcribed genes (Krishnakumar et al., 2008), which
would suggest that it has a role in promoting the formation of chromatin
structures that are permissive to transcription. It is therefore important to
consider the specific NAD+ concentration: in the absence of NAD+ (nonphysiological conditions) PARPI favours a closed chromatin structure,
whereas at physiological nuclear NAD+ concentrations, PARP1 does the
opposite, acting both on PARP1 itself and on chromatin-associatedfactors.
Indeed, in this regard, PARP1 and histone H1, a nucleosomebinding protein
that is associated to gene repression (Happel and Doenecke, 2009), show
reciprocal patterns of chromatin binding at many RNA polymerase II
transcribed promoters (Krishnakumar et al., 2008). Recently, Krishnakumar
and co-workers (Krishnakumar and Kraus, 2010b) demonstratedthat PARPI
establishes a permissive chromatin environment at the promoters of its
regulated genes by preventing demethylation of histone H3, through ADPribosylation of the specific histone H3 demethylaseKDM5B, while promoting
the exclusion of histone H 1. The permissive chromatin environment is required
for the efficient loading of the polymerase II transcription machinery and
subsequenttranscription. Moreover, the authors showed that while the histone
H3 demethylation is necessaryto reduce gene expression, it is not sufficient,
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and that the PARP1 protein must be physically removed from the promoter to
allow histone H1 binding and subsequentchanges in chromatin structure. In
this mechanism,PARP1 catalytic activity is only required for the regulation of
KDM5B activity, while it is dispensablefor displacing histone H1.
Furthermore, during oestrogen-inducedtranscription of the TFFI gene,
PARPI not only promotes the removal of histone Hl, but also recruits
HMGB 1, thus enhancingtranscription (Ju et al., 2006). Along the same line of
evidence, PARP1 can also modify another repressive chromatin-associated
protein, known as DEK, thus promoting its release from chromatin (Gamble
and Fisher, 2007).
Moreover, as well as its modulation of chromatin structure through
regulation of its composition, PARP1 can regulatetranscription by functioning
as a classical co-regulatorand regulating the methylation stateof DNA.

- PARP 1 as co-regulator
In a `co-regulator' mode, PARPI can be recruited to target promoters as a
functional endpoint of signalling pathways, to regulate components of the
transcription complex assembledat the promoter. In somecases,the enzymatic
activity of PARP 1 is required (e.g., with HES 1 and Elk I) (Cohen-Armon et al.,
2007; Ju et al., 2004), while in others it is not (e.g., NF-kB and RAR) (Hassaet
al., 2001; Pavri et al., 2005). When acting as a co-regulator during signalregulated transcriptional responses,PARP1 can function as a promoter-specific
exchange factor that promotes the release of inhibitory factors and the
recruitment of stimulatory factors.

In the context of NF-kB-dependentgene activation, for example,
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PARPI can physically interact with the co-activator complex Mediator and the
histone acetyl transferase(HAT) p300, as well as with HDAC 1-3. Acetylation
of several lysine residues in PARP1 by p300/CBP results in an enhanced
interaction with p50 (a subunit of Nf-kB) and subsequentactivation of NF-kBdependentgene expressionin responseto inflammatory stimuli, which suggests
stimulus-dependent induction of PARP 1-dependent NF-kB activation in
concert with further transcriptional co-activators(Hassaet al., 2005).
Interplay between PARPI and Mediator was also observed when
studying the essential factors for retinoic acid receptor (RAR)-mediated
transcription from the RARß2 promoter (Pavri et al., 2005). PARP1 occupies
RAR-responsive promoters continuously, along with the Mediator complex
and other factors, as confirmed by ChIP experiments.After ligand-dependent
induction of gene expression,PARP1 is indispensablefor converting Mediator
from its inactive state(Cdk8+) to its active state(Cdk8-), through the releaseof
the repressingCdk8 module (Pavri et al., 2005). Interestingly, PARP1 directly
binds Cdk8 via its N-terminal region, and the interaction is weakened after
TNFa stimulation, which precedesacetylation of PARP1 and the subsequent
NF-kB activation (Hassa et al., 2005). A similar situation was observed in
neural differentiating stem cells: PARPI is a component of the groucho/TLE
co-repressorcomplex that mediates the release of this complex upon PDGF
stimulation and after PDGF-triggered activation of calcium/calmodulin
dependentprotein kinase II, which allows for the recruitment of co-activators
and subsequentpromoter activation (Ju et al., 2004). The PARP1 catalytic
activity is essential for this function, and several components of the
groucho/TLE complex, including TLE1, the DNA topoisomeraseTopollß and
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Nucleolin, are ADP-ribosylated by PARPI (Ju et al., 2004). These authors
extendedtheir model by a further study that provided evidencethat the signaldependent activation of transcription requires the transient formation of
dsDNA breaks by Topollß and concomitant PARP I activation, with the latter
inducing a nucleosome-specific exchange of histone H1 against the highmobility group (HMG) B protein and local changesin chromatin structure (Ju
and Rosenfeld, 2006).

- PARP 1 and DNA methylation
Studiesover the past decadehave begun to link PARP1-dependentpoly-ADPribosylation to DNA methylation, a stable epigenetic mark that can be passed
to daughter cells upon cell division and is associatedwith the repression of
gene expression (Caiafa and Zampieri, 2005). One of the ways in which
PARP1 affects DNA methylation is by regulating the expressionand activity of
the DNA methyltransferase Dnmtl (Zampieri et al., 2009; Zlatanova and
Caiafa, 2009). PARP1 binds to the promoter of the Dnmtl gene and protects it
from DNA-methylation-induced silencing in a poly-ADPR-dependent manner
(Zampieri et al., 2009). In this regard, overexpression of poly-ADPRglycohydrolase (PARG), an enzyme that degrades poly-ADPR, leads to
aberrant methylation of a CpG island in the promoter of the Dnmtl gene in
mouse fibroblasts, which in turn inhibits Dnmtl transcription. The loss of
Dnmtl expression leads to widespread passive hypomethylation of genomic
DNA (Zampieri et al., 2009).
In addition, PARP1 has been shown to interact with Dnmt 1 in a
complex that contains poly-ADPR (Reale et al., 2005). The non-covalent
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binding of poly-ADPR polymers by Dnmtl within the complex inhibits the
Dnmtl DNA methyltransferaseactivity, probably through a steric inhibitory
mechanism(Reale et al., 2005). Interestingly, the effects of PARP1 on DNA
methylation are modulated by the protein CTCF, which might promote PARP1
auto-modification, and thus CTCF poly-ADP-ribosylation and accumulationof
poly-ADPR

polymers,

which

ultimately

inhibits

Dnmt 1

DNA

methyltransferase activity (Guastafierro et al., 2008). Future studies will be
required to determine the extent to which PARP1 has a role in the dynamic
regulation of DNA methylation under different physiological and pathological
states.

1.3.4.2 PARP2
PARP2 was discovered in the late 1990sand it is the only other known PARP
that contributes to the formation of ADPR polymers in response to DNA
damage.This enzyme bears the strongest similarity to PARPI; nevertheless,
the N-terminal DNA-binding domain is very different to PARPI and consists
of only 64 amino acids. PARP2 has high homology (62%) with the C-terminus
of PARP1, which bears the catalytic domain (Ame et al., 1999). As expected,
its catalytic properties strongly resemblethose of PARP1, with the synthesisof
long ADPR polymers being dependent on the binding to and activation by
nicked DNA (Arne et al., 1999). However, the differences in their DBD might
account for differential substrate recognition: for instance, PARP2 cannot
modify histones,which are insteadthe prototypical PARP1 substrates(Messner
et al., 2010; Nguewa et al., 2005).
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PARP2 sharesmany functions with PARP1 in DNA repair processes:it
interacts with the samecomponentsof the BER pathway, its enzymatic activity
is required for efficient BER of DNA lesions, it can hetero-dimerise with
PARPI within the sameregions, being responsible for its homo-dimerisation,
and PARPI and PARP2 can poly-ADP-ribosylate each other in a trans-ADPribosylation reaction (Nguewa et al., 2005). In addition, Parp2"'- mice are
hypersensitive to DNA-damaging agents, similar to Parp1''' mice, and the
double mutant Parpl'1' Parp2''' mice are embryonic lethal, demonstratingtheir
essential roles in early embryogenesis and underlining their at least partial
functional redundancy in maintaining genome integrity (Menissier de Murcia
et al., 2003). Further similarities between PARP2 and PARP1 include their
roles in the maintenanceof telomere integrity through binding to telomericrepeat binding factor 2 (TRF2) (Dantzer et al., 2004; Gomez et al., 2006).
Additionally, the cleavage of PARP2 and PARP1 during caspase-dependent
apoptosis,mediated by caspase-8and caspase-3,respectively (Benchouaet al.,
2002; Kaufmann et al., 1993), and their localisation to centromeres,where they
interact with centromeric proteins and poly-ADP-ribosylate them after DNA
damage,thus modulating the compact chromatin structure of the centromeres
(Saxenaet al., 2002).
1.3.4.3PARP3
PARP3 was initially discovered in an expressedsequencetag (EST) library
screeningusing the catalytic domain of human PARP1 (Johansson,1999). The
human PARP3 gene has two splicing variants, which gives rise to two proteins
that differ by seven amino acids at the N-terminus. The full-length protein is a
core component of the centrosome,and it residespreferentially in the daughter
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centriole throughout the cell cycle; the shorter splice variant accumulates
within the nucleus (Augustin et al., 2003). As for PARP1 and PARP2, PARP3
can undergo auto-ADP-ribosylation and can activate PARP1 in the absenceof
DNA damage (Loseva et al., 2010). Overexpression of PARP3 or its Nterminal domain interferes with the G1/S phase of cell-cycle progression,
without inducing centrosomal amplification (Augustin et al., 2003). Moreover,
it has been demonstrated that PARP3 associateswith the polycomb group
proteins that are involved in transcriptional silencing and with DNA repair
networks, including SSB/BER and NHEJ, thus suggestinga role for PARP3 in
the maintenanceof genomic integrity (Rouleau et al., 2007). In this study of
Rouleauet al. (2007), PARP3 was identified as part of the DNA repair protein
complexes by a proteomic approach, which revealed an association with
PARP1 and the DNA ligasesIII and IV. Thus, PARP3 might be involved in the
maintenance of transcriptional repression and might be linked to the DNA
repair machinery.
A recent study by Dantzer and co-workers (Boehler et al., 2011)
provided evidence for a synergistic role of PARP3 and PARP1 in cellular
responsesto DSBs, with PARP3 acting to accelerate the repair response.
Additionally, these authors identify PARP3 as a key component of a protein
complex containing NuMa and tankyrasel; in this complex, PARP3 stimulates
NuMa ADP-ribosylation by tankyrase1, which facilitates the formation and
maintenance of the mitotic spindle and genomic integrity. Both of these
findings open promising prospectsfor targeting PARP3 in cancertherapy.
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1.3.4.4 PARP4
PARP4 (also known as vault-PARP) was originally identified as a component
of the mammalian ribonucleoprotein (RNP) complexes known as vaults
(Kickhoefer et al., 1999) and shown to share 28% identity with the catalytic
domain of PARPI; as for PARP1, the PARP4 catalytic domain can undergo
auto-modification. Additionally, it can modify one of the major componentsof
vaults, the major vault protein (MVP), and it has been shown that ADPribosylation is retained into the vault complexes (Kickhoefer et al., 1999).
However, further studies demonstratedthat even though ADP-ribosylation at
vault complexes leads to a more stable associationbetween PARP4 and MVP,
PARP4 incorporation in this structure was not dependenton PARP4 catalytic
activity: indeed, PARP4 associationto vaults dependsonly on the PARP4 Cterminal domain, which lacks the catalytic activity (Zheng et al., 2005).
Besides this structural role, PARP4 has been found at other cellular
locations, such as the nucleus and mitotic spindle, which indicates that it might
have multiple roles in vivo (Kickhoefer et al., 1999). Interestingly, PARP4
interacts with telomerase-associated
protein 1 (TEP I ), suggestingthat PARP4
and TEP I might have roles in both cytoplasmic and nuclear RNP complexes.
However, an analysis of Parp4"1"mice revealed that these mice are viable and
fertile without any apparent defects in telomere length or function, or in the
structure of the vault particles (Liu et al., 2004), and indicated that PARP4 is
therefore dispensable for the function of vaults as well as for maintaining
telomere function. The only phenotype observed so far for Parp4"" mice is an
increased susceptibility to carcinogen-induced colon tumorigenesis (RavalFernandeset al., 2005).
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1.3.4.5 PARP5a and PARP5b (Tankyrase I and 2)
PARP5a and PARP5b, also known as tankyrasel and tankyrase2 (hereafter
indicated as PARP5a and PARP5b), are two closely related members of the
PARP superfamily and were identified as componentsof a telomeric complex
(Kaminker et al., 2001; Smith and de Lange, 1999). They share 85% identity
and differ in the N-terminal HPS domain, which is missing in PARP5b (see
figure 1.8). They can form homo- and hetero(oligo)mers through their sterilealpha motif domains (Hsiao and Smith, 2008). Their functions have mainly
been connectedto telomeres,although additional roles in mitosis and vesicular
trafficking have been proposed(Hsiao and Smith, 2008)
PARPSa was identified in a yeast two-hybrid screenas an interaction
partner for telomeric repeat binding factor 1 (TRF 1), with binding to TRF 1
being mediated through its ankyrin repeats(Smith et al., 1998). PARP5a can
auto-modify itself, as well as poly-ADP-ribosylate TRF1, with which it colocalises at telomeric DNA (Smith et al., 1998). A careful analysis of the
PARP5a ADP-ribosylation capacity revealedthat PARP5a can synthesisepolyADPR with an averagechain length of 20 units, but lacks the ability to form
branchedpolymers, as has been describedfor PARPI and PARP2 (Rippmann
et al., 2002). In addition to its telomeric localisation, PARP5a shows multiple
subcellular localisation, related to the cell-cycle; at mitosis, PARP5a is located
around the pericentriolar matrix of mitotic centrosomes, while during
interphase I is on the cytoplasmic side of the nuclear envelope and partially in
the Golgi complex (Chi and Lodish, 2000; Smith and de Lange, 1999).

The role for PARP5ain telomereelongationis associatedwith ADPribosylationof TRFl; indeed,oncemodified,TRFI is releasedfrom telomeres,
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allowing accessof telomeraseto the telomeres(Cook et al., 2002; Smith and de
Lange, 2000). This releasemight be regulated by a second TRF 1-interacting
factor, TIN2 (Ye and de Lange, 2004). In contrast to this model, a mutant
PARP5a that cannot ADP-ribosylate TRF1 appearedto be sufficient to loosen
the telomeric heterochromatinand to promote telomereelongation (Muramatsu
et al., 2008).
As well as its function in telomere elongation, the catalytic activity of
PARPSa has a fundamental role in mitosis (Chang et al., 2005; Dynek and
Smith, 2004). Of note, poly-ADPR has been shown to be required for spindle
assembly (Chang et al., 2004), and knockdown of PARPSa results in preanaphasemitotic arrest. Taking these findings together, they support the idea
that PARP5a activity is necessaryfor correct spindle formation. Accordingly,
the spindle protein NuMA was demonstratedto be a substrate for PARP5amediated poly-ADP-ribosylation during mitosis, which results in the regulation
of some NuMa functions. These authors demonstrated that even the
knockdown of PARP5a doesnot causedisplacementof NuMa from the spindle
poles, it migh have a role in ensuring the correct spindle number. Knockdown
of NuMA completely abolished the localisation of PARP5a to the spindles
during mitosis, indicating an essential role for NuMA in the recruitment of
PARP5a (Chang et al., 2005).
As mentioned above, a fraction of PARP5a is also associatedwith the
Golgi complex. Here, PARP5a interacts with the insulin-responsive amino
peptidasethat probably recruits it to GLUT4 storage vesicles in adipocytes
(Chi and Lodish, 2000). Later studiesdemonstratedthat the catalytic activity of
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PARPSais required to regulate GLUT4 storage-vesicletrafficking (Yeh et at.,
2007).
The gene encoding PARPSb, at that time designatedas the TNKL gene,
was cloned in 2001 (Kuimov et al., 2001). Almost simultaneously,the PARPSb
protein was identified as an interaction partner of the adaptor protein Grbl4,
and both proteins were shown to be enriched in a subcellular fraction
containing Golgi vesicles and endosomes(Lyons et al., 2001). Similar to
PARPSa, PARPSb interacts with and can modify TRF1, which indicates a
potentially redundant role for PARPSa and PARPSb in telomere regulation
(Cook et al., 2002). Considering the high homology of PARP5a and PARP5b,
these observations were not surprising. Indeed, the discovery of a tankyrasebinding motif in several of the interaction partners shared between both
tankyrases,and their reciprocal ability to associateand to co-localise (Sbodio
and Chi, 2002), suggested a high redundancy in terms of physiological
function, a situation resembling the close connection between PARP1 and
PARP2.

1.3.4.6The 11 membersof mono-ADP-ribosyltransferasesof the PARP family
The following sections focus on the current knowledge of the 11 putative
mARTs of the PARP family. As mentioned in section 1.3.4, sequence
alignment analysis performed by Koch-Nolte and co-workers identify two
main groups of PARPs: one containing six bona-fide PARPs (PARP1-PARP6)
and a secondgroup composedof the other 11 members,which are believed to
function as mono-ADP-ribosyl-transferases(Table 1.2). These 11 membersare
characterised by a conserved catalytic domain (the PARP domain) that is
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associated- in a Lego-like fashion - with a broad spectrum of known protein
domains (see Figure 1.8). These different domains allow a further division of
the PARP super-family into subgroupsthat share specific domains. I will use
this criterion to describethe 11 members.
The Macro PARPs: PARP9, PARP14 and PARP15
PARP9 (also known as BALI), PARP14 (also known as BAL2/CoaSt6) and
PARP15 (also known as BAL3) belong to the subfamily of macro-PARPs,
which link 1-3 macro domains to a PARP domain.
The gene encoding PARP9 was originally identified as the BALI (B-aggressive
lymphoma 1) gene in a screen for risk-related genes in diffuse large B-cell
lymphoma (DLBCL) and mappedto chromosome3g21 (Aguiar et al., 2000). It
encodes a nuclear protein of 88 kDa with an N-terminal duplicated macro
domain, a protein motif that is involved in the detection of different forms of
ADPR and in transcriptional repression (discussed in section 1.4). The
overexpressionof PARP9 in B-cell lymphoma cells stimulated their migration
in transwell assays,which indicated a tumour-promoting role for PARP9 in
malignant B cells (Aguiar et al., 2000). Interestingly, PARP9 interacts with the
ubiquitin E3 ligase Deltex-3 (Takeyama et al., 2003). Deltex-3 regulates the
subcellular localization of PARP9, and PARP9 overexpressionin DLBCL cell
lines resulted in an increasein the expressionof multiple interferon-stimulated
genes, suggesting an important role for PARP9 in inflammatory processes
(Juszczynski et al., 2006). Although PARP9 contains a C-terminal PARP
domain, it lacks catalytic activity due to the absenceof the conservedresidues
that are essential for catalysis, although it can repress transcription in general
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via its macro domains, as assessedby reporter gene assays (Aguiar et al.,
2005).
A database search identified two genes related to BAL 1, which
consequentlywere named BAL2 and BAL3. Both of thesegeneswere mapped
to chromosome3q21, arrangedin tandemwith the previously identified BALI.
The encoded proteins, PARP14 and PARP15, like PARP9, have N-terminal
macro domains and a C-terminal PARP domain, but in contrast to PARP9, the
C-terminal regions of both PARP14 and PARP15 are subject to auto-ADPribosylation, which indicates an intact catalytic activity (Aguiar et al., 2005).
PARP15 was reported to have a transcriptionally repressivefunction, which is
not as pronounced as for PARP9, but which is also mediated by its macro
domains. Since its PARP domain alone slightly stimulated transcription, it was
suggestedthat the intrinsic PARP activity of PARP15 might counteract the
repressiveeffect of the macro domains (Aguiar et al., 2005).
PARP14 was identified in a yeast two-hybrid screen as an interaction
partner of STAT6, and so it was named collaborator of STAT6 (CoaSt6)
(Goenka and Boothby, 2006). In spite of its three macro domains, and in
contrast to the repressiveeffect of the related PARP9 and PARP15 proteins,
PARP14 was described as having a potentiating effect on the IL-4-induced
transcriptional activation by STAT6 that is mediated mainly by its macro
domains. Importantly, PARP14 appears to be a specific co-activator for
STAT6-mediated transcription, since it did not stimulate the interferon-?induced gene expression by STAT1 (Goenka and Boothby, 2006). These
authors proposeda model in which PARP14 ADP-ribosylates p 100, a STAT6
co-activator, which enhances the interaction of STAT6 with the basal
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transcription machinery, thereby mediating a stimulatory effect on STAT6driven gene expression (Goenka et al., 2007). More recently, the same group
described the molecular mechanism responsible for this effect, defining
PARP14 as a transcriptional switch for STATE-dependentgene activation. In
particular, these authors demonstratedthat under non-stimulating conditions
(i. e., in the absenceof IL4), PARP14 recruits HDAC2 and HDAC3 to IL-4responsivepromoters, thus blocking transcription. Upon IL-4 stimulation, Stat6
is activated and binds to its promoter element, inducing PARP14 enzymatic
activity, so that it can modify itself on the N terminus and HDAC2 and
HDAC3 in the complex. This results in the dissociation of PARP14 and the
HDACs from the promoter, while allowing accessto coactivators, such as
HATs like CBP/p300, to activate transcription (Mehrotra et al., 2011).

PARP 10
PARP 10 has a unique domain composition among the PARP family members,
combining potential DNA/RNA

binding motifs and ubiquitin-interacting

motifs with the catalytic PARP domain (see Figure 1.8). PARP10 can ADPribosylates itself as well as core histones(Chou et al., 2006).
PARP10 was initially identified as an interaction partner of the
oncoprotein MYC (Yu et al., 2005). It was reported to localise preferentially in
the cytoplasm and to shuttle between the cytoplasm and the nucleusthrough its
functional nuclear-export sequence(NES). Importantly, PARP 10 can impair
the c-MYC/H-RAS-driven transformation of rat embryo fibroblasts in a dosedependentmanner, a feature that is abrogated in a PARP10 mutant carrying a
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non-functional NES, but is not dependenton the PARP10 catalytic activity (Yu
et al., 2005).
Subsequentwork by Lusher and co-workers (Kleine et al., 2008) clearly
defined the catalytic activity of PARP 10 in more detail, and found that
PARP10 functions as a mART, thereby defining a new class of intracellular
mARTs. Interestingly, they proposed the mechanism of substrate-assisted
catalysis for the automodification. According to this model, PARP10 uses a
substrateglutamate and possibly an aspartatefor catalysis, thus allowing for
the absenceof the glutamic residue found in the `classical' PARPs.
However, a physiological role for PARP10 has not been elucidated yet.

CCCH-PARPs: PARP7-PARP12 and PARP13
The CCCH-type PARP subfamily contains three members (PARP7, PARP12
and PARP 13) that share a similar domain organization, comprising PARP
catalytic domain, a WWE domain (protein-protein interaction domain) and
CX8CX5CX3-like zinc fingers. These zinc finger domains are known to
forger domain
recognise RNA and thus are different from PARP1 zinc
involved in DNA recognition.
PARP7
PARP7 was identified as a gene that is up-regulated by treatment of mouse
hepatomacells with 2,3,7,8-tetrachlorodibenzo-p-dioxin(TCDD), a prototype
substancefrom the class of dioxins that cause pleiotropic harmful effects in
mammalian speciesthrough modulation of gene expression.PARP7 is broadly
expressedin murine tissues and is likely to have enzymatic ADP-ribosylation
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ability, although it was not been determined whether it undergoesauto-ADPribosylation (Ma et al., 2001).
To date, there is no available information about a role for PARP7.
PARP12
Figure 1.9 shows the structure of PARP12, which includes five zinc-finger
domains, two WWE domains, and a catalytic domain at its C-terminus. The
function of PARP12 is still not known, and indeed,the study of PARP12 and
its cellular function constitute a part of my PhD project.

PARP13
PARP13 is also known as ZAP (zinc-finger CCCH-type antiviral protein 1)
and it was identified during a searchfor genesthat prevent viral infection. Its
antiviral property has been linked to its specific binding and degradation of
viral mRNAs in the cytoplasm (Gao et al., 2002), with this binding shown to be
mediated by the four CCCH zinc finger motifs in ZAP (Guo et al., 2007).
Degradation of viral mRNAs involves recruitment of the RNA processing
exosomethrough an interaction of ZAP and the exosomecomponent hRrp46p
(Guo et al., 2007). Interestingly, expressionof the murine ZAP gene is induced
by interferon-y and interferon-ß stimulation, and its protein product inhibits
Sindbis virus replication, thereby linking the ZAP protein to interferonmediated antiviral activities (Zhang et al., 2007). The human ZAP gene can be
expressed as two alternatively spliced isoforms. While the short isoform
ZAP(S) doesnot code for a PARP domain, the longer isoform ZAP(L) encodes
a protein containing a C-terminal PARP domain in addition to the CCCH zinc
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finger motifs, the TiPARP homology domain and a WWE domain (Kerns et
al., 2008).
According to analysis by Koch-Nolte and co-workers (Otto et al.,
2005), PARP13 is enzymatically inactive, as it lacks the important residuesfor
NAD+ binding, and therefore its anti-viral functions cannot be associatedwith
an intrinsic ADP-ribosylation activity. Further studiesare required to cast more
light upon this aspect.
To date, there are no available data on PARP6, PARP8, PARP11 and
PARP16, which remain to be fully characterised.The structureof thesePARPs
is shown in Figure 1.8.
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interactions, and a PARP catalytic domain. The darker colour in the PARP domain
indicates the homologous residues to PARP 1.
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1.4 How to read ADP-ribosylation: the ADP-ribose binding modules
In the previous sections, I indicated the different functions in which ADPribosylation is involved, ranging from the action of bacterial toxins to a role for
ADP-ribosylation in DNA repair, maintenance of genomic stability, and
regulation of mitosis. Despite these important roles of ADP-ribosylation,
progress in understanding how these PTMs are `read' by other proteins has
been made only recently. Work by three different groups (Abel et al., 2009;
Gottschalk et al., 2009; Timinszky et al., 2009) have provided insights into the
actions of an ADPR interaction domain, known as the macro-domain, in the
processof DNA repair.
The first macro domain to be describedwas that of Afl521, a protein
from the thermophilic organism Archaeoglobusfulgidus, which was shown to
bind ADPR with high affinity (KD in the range of 120 nM) (Karras et al.,
2005). The crystal structure of Afl521 bound to ADPR provided a clear
explanation for this high affinity, showing that ADPR is bound in an L-shaped
deep
cleft on the protein surface, with the adenine moiety residing in a
hydrophobic pocket, where the distal ribose can form several H-bonds that are
not presentin the ADP-bound structureof Afl 521 (Karras et al., 2005).
The three research groups mentioned above demonstratedthat macro
domains interact with poly-ADPR in living cells. To show this, the authorsuse
a laser-microirradiation procedure to introduce DNA breaks at discrete
locations and to stimulate PARP1 activity. The local synthesisof poly-ADPR
was recognisedby fluorescently tagged macrodomains from different proteins
overexpressedin the cell system (Timinszky et al., 2009). Among the proteins
recruited to the site of damage, there were the histone variant macroH2A 1.1
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and the oncoprotein ALC 1 (amplified in liver cancer 1), a member of the
SWF2 ATPase superfamily of remodelling proteins, both of which are
involved in the alteration of chromatin structure.Furthermore, ALC 1 interacts
with other DNA repair proteins, including XRCC1, and these interactions are
also dependent on poly-ADPR formation (Ahel et al., 2009). Thus, macro
domains can be used by proteins `to read the messageencoded by ADPR'.
According to databases,only 10 human proteins containing macro domains
have been reported. This low number suggeststhat other domains that bind
ADPR will exist. Nature has invented other `tools' to recogniseADPR, and so
far at least two additional motifs have been identified.
Indeed, in addition to macro domains, several groups have defined
poly-ADPR-interacting

proteins and derived potential consensus sequences for

proteins with this capacity; the most refined of these is an eight amino acid
motif, which is found in many proteins linked to DNA repair and chromatin
regulation (Gagne et al., 2008). Accordingly,

the first indication for an ADPR

binding motif was published in the late 1990's by Malanga et al., which
showed that three regions within the tumour suppressor protein p53 can bind
poly-ADPR,

either free or attached on PARP1, through strong non-covalent

interactions, thus interfering with p53 binding to DNA (Malanga et al., 1998).
The following

studies led to the discovery of a poly-ADPR-binding

motif that

is composed of a cluster that is rich in basic amino acids and a pattern of
hydrophobic amino acids interspersed with basic residues (Pleschke et al.,
2000). However, it is not certain whether the binding of poly-ADPR is indeed a
specific feature of the proteins with the `eight amino acid motif,

or whether

the preponderance of basic residues reflects their general affinity for the ADPR
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polymer. Another characterisedmotif is the poly-ADPR-binding zinc finger
(PBZ), which is also associatedwith DNA repair proteins (Ahel et at., 2008).
In summary, three different protein motifs have been identified that
specify interaction with ADPR (Figure 1.10). The functional differences
among thesethree motifs are unclear, and require further studies.

1.5 A specific case:ADP-ribosylation and CtBP1/BARS
The predominant topic of this thesis is my study of ADP-ribosylation. As
explained in the previous sections,this post-translationalmodification is `used'
by toxins and cellular enzymes to modulate cell functions. I explored both
aspectsof these modifications. In particular, on the one side, my project was
focused on the study of the ADP-ribosylation reaction that is dependenton the
toxin brefeldin A (BFA), to understand how it affects C-terminal binding
protein 1 (CtBP1) functions, as described in Chapter 3. On the other side, I
analysed intracellular ADP-ribosylation, with particular focus on the enzyme
PARP12, as describedin Chapter4.
Thus, after this general introduction to ADP-ribosylation, I will now
introduce the current knowledge on BFA-dependent ADP-ribosylation and the
target of this modification: CtBPI, or BFA-dependent ADP-ribosylated
substrate (CtBP1/BARS). This introduction will be instrumental to the
understandingof the results I describe in Chapter 3.
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1.5.1 Brefeldin A
BFA is a macrocyclic lactone that is synthesisedfrom palmitate by a variety of
fungi, and its structure is shown in Figure 1.11. BFA induces a rapid and
reversible block of secretion (Fujiwara et al., 1988), and for this reason it has
been widely used to analysethe mechanismsof membrane transport. The best
known effects of BFA are a dramatic morphological reorganisation of the
Golgi complex and redistribution of both resident and cargo proteins from the
Golgi complex to the endoplasmicreticulum (ER) (Doms et al., 1989; Fujiwara
et al., 1988; Lippincott-Schwartz et al., 1989; Sciaky et al., 1997). However,
BFA also affects the morphology and function of the endosomal/ lysosomal
compartments (Lippincott-Schwartz et al., 1991). The redistribution of the
Golgi proteins induced by BFA is very rapid, occurring in a few minutes, and it
is completely reversible (Doms et al., 1989). The effects of BFA are caused,at
least in part, by the releaseof a set of proteins from the Golgi complex, which
includes two major non-clathrin coat proteins, ß-COP, a component of the
cytosolic protein complex coatomer, and ADP-ribosylation factor (ARF; a
small Ras-like GTPase)(Donaldson et al., 1991; Donaldson et al., 1990). As
with the other small GTPasesin the cell, the regulatory activity of ARF is
through its continuous switching between its GTP-bound and GDP-bound
forms. In its GTP-bound state, ARF is active and membrane bound, and it
mediates the assembly of the coats on membranes.In its GDP-bound state,
ARF is inactive, and dissociates from membranes, and thus these membrane
coats are disassembled.The activity of ARF is in turn regulated by two factors
that determine the rate of guanine nucleotide exchange (guanine nucleotide
exchange factors;

GEFs)

and

the

rate

of

hydrolysis

of

GTP
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Figure 1.11: Structure of brefeldin A
BFA is a macrolide antibiotic that is produced by fungal organisms such as
Eupenicillium brefeldianum. It is a potent inhibitor of membrane trafficking and
vesicular transport. It induces disassembly of the Golgi complex and retrograde
transport of Golgi proteins back to the endoplasmic reticulum, thereby blocking
transport and secretion.
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(GTPaseactivating proteins; GAPs) (Barlowe, 2000; Donaldson and Jackson,
2000). All of the GEFs share a conserved200-amino-acid domain, known as
the Sec7 domain, which catalysesthe GTP/GDP exchangeon ARF (Peyroche
et al., 1999).
As demonstrated by Payroche and co-workers, BFA acts as an
uncompetitive inhibitor for the ARF GEF; thus, rather than binding to the Sec7
domain of the GEF for ARF, BFA binds to the transient ternary complex
formed by ARF, GDP and the Sec7 domain, and it stabilises this complex.
Therefore, BFA forms a stable abortive complex with ARF and its exchange
factor, which will also remove exchange factor molecules from exchange
reactions with other ARF molecules, i. e. BFA makes endogenousARF-GDP
behaveas a `dominant negative' (Peyrocheet at., 1999).
BFA has also been described as a toxin that can affect the ADPribosylation of endogenous eukaryotic proteins (De Matteis et al., 1994):
GAPDH and a protein of 50 kDa, that in his context was named as BARS
(BFA-ADP-ribosylated substrate).This BARS was later identified as a member
of CtBP family: CtBPI-S (short-form) (Spano et al., 1999). To date, this BFAdependentADP-ribosylation mechanism has not yet been fully characterized,
and indeed,it constitutesa part of my findings.
A more detailed description of the CtBP protein family is reported in
the next sections.

1.5.2 TheCtBPfamily
The CtBP family of proteins are modulators of several essential cellular
processes.Invertebrate and plant genomes contain only a single copy of the
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Figure 1.12: The CtBP family proteins
Schematic representation of the sequences of the CtBP family of proteins. CtBPI-L
and CtBP I -S/BARS are the alternative splice variants of the CtBP 1 gene; CtBP2-L,
CtBP2-S and Ribeye are alternative splice
variants of the CtBP2 gene. The region
conserved in all of the CtBPs is shown in dark blue; this includes a dehydrogenase
homology

region (D2-HDH)

D-stereoisomer-specific
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similarity

to the

2-hydroxyacid NAD-dependent dehydrogenases (Nardini et

al., 2003). CtBP2-L is the only isoform of the CtBPs that has a nuclear localisation
signal (NLS, green) (Verger et al., 2006).
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CtBP gene (Folkers et al., 2002; Nibu et al., 1998), which code for different
isoforms as a result of its RNA processing(Mani-Telang and Arnosti, 2007). In
contrast, vertebrateshave two CtBP-encoding genes,CtBP1 and CtBP2. As a
result of alternative RNA splicing, the CtBP1 gene gives rise to two protein
isoforms: CtBPI-L (long) and CtBPI-S (short) (Chinnadurai, 2003; Corda et
al., 2006), which differ only in their first 11 N-terminal amino acids (Figure
1.12). CtBP1-L was identified as a protein that binds the C-terminal region of
the adenovirus E1A oncoprotein (Boyd et al., 1993; Schaeper et al., 1995),
which

contains the PLDLS amino acid sequence and subsequently

characterisedas a transcriptional co-repressorin Drosophila (dCtBP) (Nibu et
al., 1998). Later, the short isoform of CtBP1 was first identified as a substrate
of the ADP-ribosylation induced by the fungal toxin BFA, and hence it was
named as BARS (De Matteis et al., 1994). Soon after, BARS was shown to be
a member of CtBP family, and to have important roles in membrane fission
(Weigert et al., 1999). However, the observation that CtBPI-L behaves
similarly to CtBPI-SEARS in different intracellular transport assays(Corda et
al., 2006; Liberali et al., 2008) indicates that their functions are very likely to
overlap, also because most of the tools used in different assays do not
discriminate between these two isoforms (Valente et al., 2005). Moreover,
since the identity between the two CtBPI isoforms is very high and the role of
the 11 amino acids at the N-terminus of CtBPI-L has not been characterised,I
will refer to both proteins collectively as CtBP1BARS.
The CtBP2 gene codes for three protein isoforms: CtBP2-L (Katsanis
and Fisher, 1998) and CtBP2-S (Verger et al., 2006), which share 80% identity
with the CtBPI isoforms, and RIBEYE (Schmitz et al., 2000). CtBP2-S lacks
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the N-terminal nuclear localisation signal (NLS) of CtBP2-L (Verger et al.,
2006). RIBEYE has a different organisation, as it contains a large N-terminal
domain that is otherwise unrelated to the CtBPs. This is linked to a form of
CtBP2 that is devoid of the 20 N-terminal amino acids (Schmitz et al., 2000).
Therefore, CtBP2-L is the only CtBP isoform that contains a NLS (Figure
1.12).
The major splice variants of both CtBP1 and CtBP2 (i. e. CtBP 1-L and
CtBP2-L) function as transcriptional co-repressors,while CtBPI
-SEARS and
RIBEYE have cytosolic functions, controlling different aspects:CtBP1BARS
has a role in membrane fissioning events, while RYBEYE has a role in
synaptic function (Corda et al., 2006).
The two different functions of CtBP1BARS are tightly regulated by
post-translationalmodifications as well by the presenceof co-factors, and these
mechanismsare strictly related to its structure.In the following sections,I will
describe the structure of CtBPIBARS, and thence its regulation, and finally
the functions in which it is involved (the co-repressor functions and the
fissioning functions). As to date there is no direct evidence that CtBP1 and
CtBP2 have different functions in the nucleus, for the description of the corepressoractivity I will refer to both of theseproteins as CtBP.
1.5.2.1 CtBP 1BARS structure
To delineate the structural basis of the transcriptional co-repressor and/or
fissioning activities shown by CtBPI/BARS, the truncated form
of the rat
protein (devoid of the 80, mostly hydrophobic, C-terminal residues) was
crystallised with NAD(H) (Nardini et al., 2003). Its structure is very similar to
those of the D-stereoisomer-specific-2-hydroxyacid NAD-dehydrogenases
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(Kumar et al., 2002), with which CtBP1BARS shares<20% sequenceidentity
(Nardini et al., 2003). The CtBP1/BARS:NAD(H) binary complex forms an
elongated homodimer in which each CtBP1BARS monomer consists of two
compact domains that are separatedby a deep cleft. In accordancewith the
literature on enzymes with similar structures (Kumar et at., 2002), the two
domains are referred as the nucleotide-binding domain (NBD; residues 113308) and the substrate-bindingdomain (SBD; residues 1-112 and 309- 350).
NBD contains all of the residues for NAD+ binding, while SBD contains the
binding cleft for the PxDLS sequence(Nardini et al., 2003). The central core of
the dimer is built around two NBDs, whereas the two SBDs are at opposite
poles of the assembleddimer (Figure 1.13).
Structural modelling and binding studies have shown that CtBP1BARS
can bind NAD(H)
structural

and long-chain acyl-CoAs through the same site. This

analysis suggested that NAD(H)

conformation/

dimerisation'

binding

of CtBP1BARS,

promotes

whereas acyl-CoA

a `closed
binding

induces an `open conformation/ monomerisation' (Nardini et al., 2003; Nardini
et al., 2009). This mechanism might represent a functional molecular switch
between the transcriptional activity and fissioning activity of the CtBP1BARS
proteins. Indeed, the activity of CtBP1BARS
fissioning

is regulated in different

in transcription and in membrane

ways, and one of these is through the

presence of different co-factors.

The description of the various mechanisms mediating the functional
switch of the CtBPs is reported in the next section.
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N,

Sill)

NRI)
NHI)

113): Nucleotide binding domain
SR): Substrate binding domain

SRD

Figure 1.13: The structure of CtBPI-S/BARS
Ribbon diagram of a truncated form of CtBPI-S/BARS
segment; t-CtBPI-S/BARS)
(shown in black). Light/dark
nucleotide

binding

domain

(lacking the C-terminal

as a dimer bound in its interdomain cleft to NAD(H)
green, substrate binding domain (SBD); orange/red,
(NBD).

The

light/dark

colouring

illustrates

the

individual CtBP 1-S/BARS molecules.
From Nardini et al. (2003).
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1.5.2.2Mechanismsof the CtBP1BARS functional switch
Proteins that show switchesbetween two roles are often connectedto changes
in intracellular localisation, oligomerisation state, binding to different ligands
and/or proteins, or post-translational modifications (Jeffery, 2004). CtBP also
shows similar behaviour, as it appearsto shuttle between the nucleus and the
cytoplasm, and it is probably the regulation of this movement that controls the
functions of this protein (Figure 1.14). This regulation is assured by posttranslational modifications, as well by co-factor binding and protein-protein
interactions, an issueanalysedin the next sections.

CtBPI/BARS regulation by co-factors
As mentioned above, structural and biochemical analyses indicate that
CtBP1BARS binds both acyl-CoAs and NAD(H) in the samepocket (Nardini
et al., 2003) and that this event can induce a structural change that appears
it has been
connectedto the change in CtBP1BARS functions. Accordingly,
suggestedthat the CtBP1 conformational changes upon NAD(H) binding are
propagatedto the N-terminus, and that this event promotesbinding to PxDLScontaining proteins. Therefore, NAD(H)

stabilises the dimer, and the

interaction with PxDLS-containing proteins is increased.At the sametime, the
effect of NAD(H) is also to decrease the interaction between some nonPxDLS-containing proteins and the CtBP1BARS (Mimezami et al., 2003).
Therefore, it hasbeen suggestedthat the structural changesinduced by elevated
levels of NADH have opposing effects on the interactions of PxDLScontaining and non-PxDLS-containing proteins with CtBP1/BARS (Mirnezami
et al., 2003). Theseresults suggestthat NAD(H) can
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Figure 1.14: Regulation of the nuclear/ cytoplasmic activities of CtBP1
CtBP 1 is a multitasking protein that is involved in several cellular functions that depend on
its cellular localisation. In the nucleus, where SUMOylated CtBPI is found, CtBP1 can act
as a transcriptional corepressor. Here, CtBP I can form oligomers and regulate the assembly
of multiprotein
oligomerisation
CtBPI-mediated

complexes

that are involved

in the regulation

of CtBPI is also stabilised by NAD(H)

The

of transcription.

binding, which in turn enhances the

repression of some genes (e. g. E-cadherin). With its nuclear localisation

signal, CtBP2 binding by CtBP1 can direct CtBPI to the nucleus as well, implying

that a

mechanism for nuclear localisation of CtBPI might depend on its heterodimerisation

with

CtBP2. In the nucleus, CtBP I is also phosphorylated by PKA. This phosphorylation results
in dimerisation of CtBPI, reducing its corepressor function. In the cytoplasm, where CtBP1
that has been phosphorylated by PAKI

is found, CtBPI can act in membrane fission and is

involved in several dynamin- independent membrane- fissioning steps: fragmentation of the
Golgi complex (GC) membranes during mitosis; transport of the cargo reporter VSVG from
the TGN to the basolateral plasma membrane in epithelial cells; fluid-phase endocytosis;
macropinocytosis

and COPI-vesicle-mediated

retrograde transport of the KDEL

receptor.

Like PAKI, PAK6 phosphorylates CtBPI, which inhibits its dimerisation and thus blocks its
corepressor activities.

AcylCoA

binding

is required for CtBPI-dependent

membrane

fissioning, while nNOS binding to the CtBP I PDZ domain
can regulate the cytosolic CtBPI
localisation. ER, endoplasmic reticulum; N,
nucleus; P, phosphorylation.
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modulate protein-protein

interactions through

oligomerisation state of CtBPI.

its

regulation of

the

Interestingly, the interactions between

CtBPI/BARS and PxDLS-containing cellular repressorsappearto be enhanced
in the presenceof NAD(H) more than in the presence NAD+ (Zhang al.,
of
et
2002), thus suggesting a role for CtBPl/BARS as a sensor linking cellular
metabolic status to transcriptional regulation (Fjeld et al., 2003). Accordingly,
experimental conditions that increase the NAD(H)/NAD+ ratio, such as
hypoxia or hypoxia-mimicking environments, enhance the CtBP 1-mediated
repression of E-cadherin as a result of increased interactions with cellular
repressorssuch as ZEB (Zhang et al., 2002). Consistent with results on Ecadherin repression, hypoxia has been reported to increase tumour-cell
migration due to decreasedE-cadherin expression(Zhang et al., 2006).
From the opposite site, NAD(H) binding to CtBPl/BARS inhibits its
membrane fission function (Yang et al., 2005). Indeed, the role for
CtBPl/BARS in COPI-coated vesicle formation requires its interaction with
ARFGAPI, which is in turn oppositely regulatedby acyl-CoAs and NAD(H).
Acyl-CoAs, the other co-factors in the regulation of CtBP/BARS function,
favours the interactions between CtBPl/BARS

and ARFGAPI,

which

promotes membrane fissioning, while NAD(H) inhibits this interaction, and
thus negatively modulates the CtBPl/BARS activity during the fissioning of
COPI vesicles (Yang et al., 2005). Structural and biochemical analysesindicate
that CtBPl/BARS binds acyl-CoAs in the same pocket where NAD(H) is
bound, with an affinity in the low pM range, and both NAD(H) and NAD+ are
competitors of this binding (Nardini et al., 2003). Additionally, CtBP1BARSdependent membrane fission is inhibited more
potently in the presence of
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NADH than in the presenceof NAD+ (Victor Hsu, personal communication),
and similar to what hasbeen proposedfor the co-repressoractivity, this effect
would link the metabolic status of the cell not only to transcriptional
regulation, but also to membranetrafficking.
CtBP1BARS regulation by protein-protein interactions
The cytoplasmic and nuclear localisation of CtBP1BARS can also be
regulatedby its interactions with other proteins, including CtBP2 and neuronal
nitric-oxide synthase(nNOS). It has been shown that CtBP 1 and CtBP2 can
homodimerise and heterodimerise, and indeed they can be co-purified in the
same transcriptional co-repressor complex (Shi et al., 2003). As indicated
above, CtBP2 has a unique first coding exon (absentin CtBP1-SBARS) that
contains a NLS (Figure 1.12). However, CtBP2 not only localises to the
nucleus, but it can also shuttle between the nucleus and the cytoplasm.
Interestingly, expressionof CtBP2 can direct CtBP I BARS to the nucleus: this
implies that the mechanismfor nuclear localisation of CtBPI might dependon
its heterodimerisationwith CtBP2 (Verger et al., 2006).
Conversely, CtBPI/BARS can also interact with nNOS, through the
PDZ domain of nNOS. Interestingly, when CtBP1BARS and nNOS are cooverexpressedin epithelial cells, their distributions are mainly cytosolic. These
data suggest a function for nNOS as a regulator of the nuclear/ cytosolic
localisation of CtBPI/BARS (Riefler and Firestein, 2001).
CtBP 1BARS regulation bypost-translational modifications
The shuttling of CtBP 1 between the nucleus and the cytoplasm is also
controlled

by

post-translational modifications

(Figure

1.14), namely

phosphorylation and sumoylation. CtBP can be phopshorylated by p21107
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activated kinase 1 (PAK1), an ubiquitous kinase that is involved in several
cellular functions, including signalling, regulation of cytoskeletal dynamics,
and membrane trafficking. PAK1 phosphorylates CtBP1-L at Ser158 and
CtBPl-SBARS at Ser147 (Barnes et al., 2003; Liberali et al., 2008).
PAK1-mediated CtBPl/BARS phosphorylation can trigger the change
in the CtBP1 cellular localisation, from the nucleus to the cytoplasm. A
phospho-mimetic CtBPl/BARS

mutant localises mostly to the cytosol,

whereas a phospho-depletedmutant localises predominantly to the nucleus
(Barnes et al., 2003; Liberali et al., 2008). Moreover, phosphorylation blocks
CtBPl/BARS co-repressoractivity (Barnes et al., 2003). Molecular dynamics
simulation studies have suggestedthat PAK1-dependent phosphorylation on
the serine 147 could change the oligomerisation status of CtBP 1BARS,
shifting it towards the monomeric state (Liberali et al., 2008). In addition to
PAK1, PAK6 can also phosphorylate CtBP1-L at SerlOO(Ser89 on CtBPlSEARS). As with PAK1-dependent phosphorylation, this phosphorylation is
predicted to sterically interfere with CtBPl/BARS dimerisation, blocking the
co-repressor activities (Dammer and Sewer, 2008). The phosphorylation of
CtBPl/BARS by PAK1 might provide a mechanistic link between the two
activities of CtBP1BARS: PAKI switches CtBP1BARS on for membrane
fissioning, and at the same time it turns it off as a co-repressor.Indeed, the
findings of Liberali and co-workers suggested the following model for
membrane

fission

driven

by

CtBP1BARS:

membrane-associated

CtBPl/BARS is phosphorylated by PAK1, and through this phosphorylation,
the stability of the dimeric conformation is reducedin favour of the monomeric
state. The samedimer-monomer shift is believed to be induced by binding to
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CtBP1BARS of the acyl-CoA co-factor, which is involved in fissioning of
COPI-coated vesicles (Nardini et al., 2003; Yang et at, 2005). Thus, PAK1dependent phosphorylation

and

acyl-CoA

binding

potentially

act

synergistically to promote the monomeric form of CtBP1BARS. These
monomersmight facilitate fissioning by either binding new protein partners in
the forming fission complex, or by exposing hydrophobic residues that can
then participate directly in the final destabilisation(Liberali et al., 2008).
The other modification is the SUMOylation of CtBP. This is essential
for the localisation of CtBP 1 in the nucleus and for its co-repressoractivity
(Lin et al., 2003). CtBP1-LBARS is SUMOylated at a single Lys residue,
Lys428 (Lys418 in CtBP 1-SEARS); indeed mutation of Lys428 into Arg
(K428R) shifts CtBP1-L from the nucleus to the cytoplasm, while it has little
effect on its interaction with PxDLS-containing proteins. Consistent with a
change in localisation, this K428R mutation abolishes CtBP1 repressionof Ecadherin expression.Notably, the PDZ domain of nNOS inhibits SUMOylation
of the CtBP1s, which correlates with the known inhibitory effects of nNOS on
nuclear accumulation of the CtBP1s (Lin et al., 2003). This study identifies
SUMOylation as a regulatory mechanismunderlying CtBP1BARS-dependent
transcriptional repression.

1.5.2.3 The dual role of CtBP
CtBP as a co-repressor
A large number of specific DNA-binding transcriptional repressors mediate
their activity through the recruitment of CtBP. An exception is the case of the
C. eleganshomologue that binds directly to promoter regions
via its N-terminal
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domain (Liew et at., 2007). The various DNA-binding repressorsrecruit CtBP
through motifs related to the CtBP-binding sequencemotif (PLDLS) that was
originally identified in the adenovirusE1A protein, which is generally referred
to as the PxDLS motif (Schaeperet at., 1995). In addition to the PxDLS motif,
certain transcription factors use a different domain to interact with CtBP, the
RRT motif (Quinlan et at., 2006a). Importantly, most of the known RRT-motifcontaining proteins also contain PxDLS motifs, and thus it is possible that the
RRT motif has a role in stabilising PxDLS-mediated interactions (Quinlan et
at., 2006a; Quinlan et al., 2006b).
Structural analyses have shown that CtBPs can oligomerise (Kumar et
at., 2002; Nardini et at., 2003; Nardini et al., 2006) and that this is crucial for
their co-repressoractivity (Kumar et al., 2002; Shi et al., 2003). Thus, each
CtBP oligomer contains multiple PxDLS-binding and RRT-binding motifs,
which would allow CtBP to bridge two (or more) PxDLS-motif-containing
partners. However, a number of CtBP partners, including some histonemodifying enzymes, do not have PxDLS motifs and probably bind to a
different surface of CtBP (Shi et at., 2003). An example here is the neuronal
repressorNRSF/REST, which does not contain any of thesemotifs, but which
still binds CtBP to represstranscription of neuronal genes (Garriga-Canut et
at., 2006).
Thus, as a general scheme, it can be envisagedthat CtBP functions in
the assembly of a multi-protein repressor complexes involved in the
modulation of gene expression.Indeed, an analysis of a CtBP1BARS nuclear
protein complex purified by tandem affinity purification combined to mass
spectrometry has revealed the presence of various histone-modifying
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enzymatic constituentsas well as DNA-binding transcription factors (Shi et al.,
2003), such as ZEB 1/2, RREB-1 and Znf217, all of which are implicated in
direct binding to promoter elements.All of theseDNA-binding factors appear
to directly interact with CtBP through the PxDLS motif (ZEB1/2 and RREB-1)
or through PxDLS/RRT motifs (Znf217). Additionally, the complex contained
enzymesinvolved in the modulation of chromatin structure, such as HDAC 1/2,
histone lysine methyl transferases(HMTasesG9a and GLP) and histone lysinespecific demethylase(LSD1). The class I HDACs do not have apparentCtBPbinding motifs and have been reported to bind indirectly to CtBP through the
presence of other co-repressors, including CoREST. In contrast to class I
HDACs, class II HDACs are directly recruited through the PxDLS motif
(Zhang et al., 2001). The involvement of HDACs, however, is not the only
route of action of CtBP; indeed, CtBP in vertebratescan also function in an
HDAC-independent manner, depending on the different promoter contexts. In
this regard, different studies have identified several factors of the RNA
polymerase II transcription machinery as potential PxDLS-motif-containing
proteins. These include various bromodomain-containing HAT coactivators,
such as p300/CBP, GCN5 and P/CAF, as well as TAFII and TAFII-250. Kim
and co-workers (Kim et al., 2005) demonstratedthat CtBP1BARS directly
associates to p300 by binding the PxDLS motif found in the p300
bromodomain. P300 is a member of the HAT family of transcriptional
coactivators, and it is required for gene activation through its acetylation of
histonesin the promoter regions of target genes.The authorsdemonstratedthat
the binding of CtBP1BARS to p300 leads to repression of p300-mediated
general transactivation, since CtBP1 competes with the binding of p300 to
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acetylatedhistones (the PxDLS motif is found in the bromodomain of p300, a
domain that is important for the binding to acetylatedhistones),thus impairing
transcription.
Additionally, the SUMO moiety attached to CtBP might serve as a
potential binding site for class II HDACs (Hay, 2005). Sumoylation might also
regulate interactions between CtBP and its interacting proteins. For example, it
has been demonstratedthat ZEB1/2 are SUMOylated near the PxDLS motif,
thus interfering with CtBP binding. Thus, SUMOylation might serve as a
mechanismin the regulation of the subunit composition of the CtBP repression
complex.
CtBP in onco enesis
A comprehensive gene expression profiling study using CtBP-null mouse
embryo fibroblasts (MEFs) and CtBPI-rescued MEFs revealed co-repression
of several epithelial genesand pro-apoptotic genesby CtBP, including PERP
(p53-effector related to pmp-22), p21, BAX and NOXA (Grooteclaes et al.,
2003). Additionally, PTEN, a phosphataseand a negative regulator of the
survival kinase Akt, was also identified as a CtBP repressiontarget. Consistent
with these results, the CtBP-null MEFs were found to be hypersensitive to
anoikis (a form of apoptosis mediated by the loss of contact from the ECM)
and apoptotic stimuli, such as Fas ligand and UV. These results show that by
repressingexpressionof epithelial cell adhesionmolecules (such as E-cadherin,
desmoglein-2 and plakoglobin) and pro-apoptotic genes, CtBP contributes to
epithelial-to-mesenchymal transition (EMT). This represents a step that
contributes to the malignant property of tumour cells, due to the loss of
intercellular adhesion in tumours, acquisition of motile and invasive
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phenotypes, and resistanceto apoptosis. The role of CtBP in EMT may be
particularly critical in cancers that overexpressZebl (e.g., breast, colon, and
endometrial). Indeed, Zeb1 overexpression with concomitant E-cadherin
repression has been reported in several human cancers. Studies with colon
carcinomas have revealed that high levels of Zeb 1 and CtBP were correlated
with low levels of E-cadherin (Penaet al., 2006).
CtBP-mediated transcriptional repression of E-cadherin appearsto be
regulated by the hypoxic environment seen in solid tumours with poor
vascularisation and high metabolic activity. According to the regulation of
CtBP by co-factors, it has been shown that hypoxic conditions, by increasing
free NADH levels (Zhang et al., 2002), enhancerecruitment of CtBP to the Ecadherin promoter; this leads to enhancedmotility of tumour cells (Zhang et
al., 2006). Cell motility canbe reducedby siRNA-mediated depletion of CtBP,
which suggeststhat this effect is independent of HIF-1 or other E-cadherin
repressors. CtBP also modulates the expression and activities of the Ink4
family tumour suppressors.The Ink4 region codes for three different cell-cycle
inhibitors, pl61nk4a, Ink4a/Arf and pl5lnk4b. Rocco and colleagues(Mroz et
al., 2008) have reported that expressionof E1A in primary human fibroblasts
and keratinocytesresulted in a substantialincreasein pl61nk4a expression.The
effect of ElA on p161nk4aexpressionwas lost in cells that expresseda mutant
of E1A that lacked the CtBP-binding motif, or in cells depleted of CtBP,
suggesting that interactions of ElA with CtBP were responsible for this
activity.
Moreover, three different groups have reported on strong interactions
between CtBP and another tumour suppressor, adenomatous polyposis coli
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(APC) (Hamada and Bienz, 2004; Nadauld et al., 2006; Sierra et al., 2006).
One of thesereports (Nadauld et al., 2006) provided compelling evidence that
APC can function as a platform for proteasome-dependentdegradation of
CtBP1, in addition to regulating the stability of ß-catenin. This view was
supported by the observation that adenomas from patients with familial
adenomatouspolyposis contained high levels of CtBP 1 compared to healthy
samples.Furthermore,reintroduction of APC in colon carcinomacell lines also
resulted in degradation of CtBP 1. These results received strong support from a
zebrafish model harbouring a mutant form of APC and expressinghigh levels
of CtBP1 (whereasCtBP 1 mRNA levels remainedunchanged).These data are
consistent with a model in which APC targets both ß-catenin and CtBP 1
simultaneously, to inhibit expression of Wnt target genes and to relieve
repression of CtBP target genes that are involved in intestinal cell
differentiation.
CtBP1BARS in membranefission
The study of CtBP 1BARS in membrane fission in vivo have revealedthat this
protein is an essential component of dynamin-independenttrafficking steps.
Indeed CtBP1BARS has been shown to have a role in different fissioning
stepsof various trafficking processes:transport from the Golgi complex to the
basolateralmembrane in epithelial cells (Bonazzi et al., 2005), (Valente et al.,
in press), fluid phaseendocytosis,retrogradetransport of the KDEL receptor to
the endoplasmic reticulum by COPI-coated vesicles (Yang et al., 2005) and
macropinocytosis(Liberali et al., 2008). These transport events do not require
dynamin, and indeed several dynamin-dependent transport processes, like
apical transport to the plasma membrane and receptor-mediatedendocytosis,
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do not require CtBP 1BARS. This indicates that dynamin and CtBP1BARS
drive non-overlapping fissioning machineries. Moreover, CtBP1BARS
fissioning also regulates Golgi fragmentation during mitosis (Colanzi et al.,
2007; Hidalgo Carcedo et al., 2004). A brief description for each processeis
provided as follows.

Post-Golgi carrier formation
During the trafficking of cargo from the trans-Golgi network (TGN) to the
basolateralplasma membrane, large pleiomorphic tubular carriers elongate out
of the Golgi complex along microtubules, before detaching and moving to the
plasma membrane. When CtBP1/BARS function is inhibited, thesetubules do
not detach from the Golgi complex, but continue to elongate out and retract
back into the Golgi complex. Thus, under theseconditions, the fissioning step
of post-Golgi carrier formation is inhibited (Bonazzi et al., 2005). Recently, the
function of the fissioning protein CtBP1BARS in post-Golgi carrier formation
has been elucidated (Valente et al., in press). Using CtBP1BARS as bait in
affinity purification approaches,followed by mass spectrometry, Valente and
co-workers described a protein complex that contains both budding and
fissioning molecules already known to have crucial roles in carrier formation,
as well as novel players, such as the adaptor protein 14-3-3y. The authors
demonstrated that

14-3-3y dimers bridge the fission-inducing protein

CtBP1BARS and ARF- activated PI4KIIIP (the probable initiator of the
transport process). This complex is stabilised by reversible phosphorylation,
which is mediated by two of the other CtBP1BARS complex components
identified: protein kinase D and p21-activated kinase (PAK) kinases, which

115

Introduction
phosphorylate Ser294 in PI4KIIIß and Ser147 in CtBPIBARS, respectively,
thus enabling carrier fission. Disrupting this complex inhibits fissioning of
elongating carrier precursors,indicating that the complex couplesbudding with
fission. The regulated assemblyof this complex provides new insights into the
mechanismsof action of CtBP1BARS and the molecular organisationrequired
for the formation of large pleiomorphic carriers.

COPI-coatedvesicle formation
COPI-coated vesicles mediate retrogradetransport of the KDEL-receptor from
the Golgi complex to the ER. When CtBP1BARS function is inhibited, COPIcoated vesicles bud, but do not detach from the Golgi cisternae in vivo and
from Golgi membranesin vitro (Yang et al., 2005). This role of CtBP1BARS
requires its interaction with ARFGAPI, which is in turn regulated oppositely
by acyl-CoAs and NAD(H).

Fluidphase-endocytosis
This is the least-well-characterizedCtBPI/BARS-dependent fissioning event.
Constitutive fluid-phase endocytosismonitored by dextran uptake is inhibited
by CtBPI/BARS impairment (Bonazzi et al., 2005).

Macropinocytosis
This form of endocytosis (bulk uptake of fluid and solid cargo) results in the
formation of large endocytic vesicles, called macropinosomes,which originate
from actin ruffles at the plasma membrane. This ruffling is followed by
invagination of the plasma membrane and formation of the macropinocytic
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cup, which then undergoesfissioning of its junction with the plasma membrane
(Swanson and Watts, 1995). Inhibition of CtBP1/BARS, e.g., by injection or
expression of a dominant-negative mutant, did not affect macropinocytic cup
formation, which formed normally, but this did inhibit the membrane fission
that was required for macropinosome closure, again underlining the specific
CtBPI-SEARS role in membranefissioning (Liberali et al., 2008).

Golgi fragmentation duringmitosis
During the G2-mitosis transition, the Golgi ribbon is first fragmented into
isolated stacks of cisternae,and then further fragmented into tubulo-vesicular
elements.These elementsare separatedinto the two main pools that constitute
the new Golgi complexes in the daughter cells. CtBP1BARS is necessaryfor
the first stage of this fragmentation. Inhibition of CtBPl/BARS

by

microinjection of a blocking antibody results in inhibition of mitotic Golgi
partitioning and arrest of the cell cycle at the G2 stage (Colanzi et al., 2007;
Hidalgo Carcedo et al., 2004).
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1.6 My findings
In the previous sectionsI havedescribedwhat ADP-ribosylation is and its `use'
by toxins and by cellular enzymes,for the modulation of cell functions. I have
explored both of theseaspects(as describedin Chapters3 and 4). In particular,
on the one hand, my project was focused on the study of the BFA-dependent
ADP-ribosylation reaction, to understandhow this affects CtBPI functions,
thus describing a novel mechanism in CtBP1/BARS regulation; on the other
hand, I have analysedintracellular ADP-ribosylation, focusing on the enzyme
PARP12. My results demonstratethat PARP12 is a novel mART, and through
the identification of its substrates,this suggestsnew roles for ADP-ribosylation
in the regulation of cellular functions.
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CHAPTER 2: Materials and Methods

2.1 Materials
DL-dithiothreitol

(DTT), bovine serum albumin (BSA), saponin, Tris-

[hydroxymethyl]-aminomethane

(iris),

aminoethylether)-N,N,N',N'-tetraacetic

ethylene

glycolbis(beta-

acid

(EGTA),

ethylenediaminetetraaceticacid (EDTA), H2PO4,Na2HPO4,KH2PO4,sucrose,
brefeldin A (BFA), reduced L-glutathione, Igepal, and sodium deoxycholate
were all from Sigma-Aldrich (WI, USA). NaCl, HC1, NaOH, KOH,
dimethylsulphoxide (DMSO), acetone, ethanol, methanol, chloroform, xylene
cyanol, and bromophenol blue were all from Carlo Erba (Italy). 4-(2-Hydroxyethyl)-piperazine-l-ethane-sulfonic acid (HEPES), glycerol, KCI, HgC12,and
MgC12 were all from Merck (Germany). C-mercaptoethanolwas from FlukaAnalytical

(Switzerland). Mowiol

was from Calbiochem (CA,

USA).

Paraformaldehyde(16% in H2O) was from Electron Microscopy Sciences(PA,
USA). The sources of the other materials used will be specified for each
procedure.

2.2. Solutions
Phosphate-bufferedsaline (PBS): 1.5 mM KH2PO4,8 mM Na2HPO4,2.7 mM
KCI, 137 mM NaCl, pH 7.4.
Paraformaldehyde(16%, v/v) was diluted in PBS, pH 7.4, to the appropriate
concentrations(as indicated), and stored at 4 °C.
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The blocking solution for immunofluorescence experimentswas prepared as
follows: 0.5% (w/v) BSA, 50 mM NH4CI in PBS, pH 7.4. Saponin was added
to the preparation to 0.05% (w/v). Aliquots of this blocking solution were
stored at -20 °C.

2.3 Subcloning and mutation of DNA
2.3.1 Materials
Restriction enzymes were from New England Biolabs (USA), T4 DNA ligase
and DNA molecular size standards were from Gibco/BRL (NY, USA),
oligonucleotides and Pfu Turbo DNA Polymerasewere from Stratagene(CA,
USA); pcDNA3. I /myc-His vector was from Invitrogen (Carlsbad,CA, USA),
untagged full-length PARP12 cDNA cloned into pCMV6-XL5 was from
Origene (Rockville, MD, USA). Sequencing was performed by BMR
Genomics (Italy).
`QlAquick PCR Purification kits', `QIAprep Spin Miniprep kits',
`QIAGEN Plasmid Maxi kits' were from Qiagen (CA, USA). Tryptone
peptone, yeast extract, and agar were from Difco, Becton Dickinson (MD,
USA).
2.3.2 Solutions and media
Lysogeny broth (LB): 1% (w/v) tryptone peptone,0.5% (w/v) yeast extract, 1%
(w/v) NaCl; autoclaved 15min at 121 °C.
LB-agar: LB plus 1.5% (w/v) agar: autoclaved 15 min at 121 °C.
TE (Tris/EDTA) buffer: 10 mM Tris-HCI, 1 mM EDTA, pH 8.
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TAE (Tris/acetic acid/EDTA) buffer (50x, 1.0 1):242 g TRIZMA base,57.1 ml
glacial acetic acid, 100 ml 500 mM EDTA.
2.3.3 DNA agarosegels
Agarose gels were preparedby dissolving agarose(Bio-Rad Laboratories,UK)
in TAE buffer and heating in a microwave oven. Ethidium bromide was added
(to 0.5 µg/ml), and the gels were poured and run on an agarosegel apparatus
from Bio-Rad Laboratories (UK). DNA standards(0.5 µg) were loaded and
used as the reference for approximate estimations of the amounts of DNA in
the samples.
2.3.4 DNA constructs
GFP-taggedRab1A was kindly provided by Prof. Bruno Goud, Curie Institute
(Paris, France).
The pYFP-CtBP1BARS and its point mutant pYFP-CtBP1BARS (H304A)
vectors were provided by Claudia Cericola, in the Laboratory of Daniela Corda
(previously of the Departemnt of Cell Biology and Oncology [DCBO],
Consorzio Mario Negri Sud [CMNS], Santa Maria Imbaro, Italy). Untagged
full-length PARP12 cDNA cloned into the pCMV6-XL5 vector was purchased
from Origene (Rockville, MD, USA).
Myc-His-tagged PARP12 was generatedby subcloning PARP12 cDNA from
the pCMV6-XL5 vector into a C-terminal taggedpcDNA3.1/myc-His vector.
The primers used for the PCR reactions were:
forward primer: 5'- GTACGTAAGCTTATGGCCCAGGCCGGCGTCGT

- 3'

reverse primer: 5'- GTACGTCTCGAGCTGTCGGCTGCTGAACAGGG - 3'
PCR reactions were performed as follows: 1 min at 95 °C, followed by 30
cycles of 95 °C for 30 s, 65 °C for 60 s, 72 °C for 180 s, and a final extension
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at 72 °C for 10 min. The PCR product was purified using a PCR purification
kit, digested with HindIII/XhoI
described in

restriction enzymes and subcloned (as

sections 2.3.5,2.3.6)

in

the HindlIl/XhoI

linearised

pcDNA3.1/myc-His vector and processedfor automaticsequencing.
The His-Myc PARP12 vector was used to generatethe PARP12 mutants (see
section2.3.7).
His-tagged PARP12 and GST-taggedPARP12 were generatedusing Gateway
technology (seesections 2.4.2,2.4.3).
2.3.5 PCR amplification of DNA inserts
To amplify specific regions of DNA inserts, PCR was performed by incubating
10 ng DNA plasmid as a template in 50 µl20 mM Tris-HCI, pH 8.8,10 mM
KCI, 2 mM MgSO4,10 mM (NH4)SO4,0.1% Triton X-100,0.1

mg/ml

nuclease-free BSA, 200 nM each oligonucleotide, 200 gM each dNTP, 2.5 U
Pfu Turbo DNA Polymerase.The PCR reaction mixtures were subjectedto 2530 temperature cycles in a programmable thermal cycler (MJ ResearchInc.,
Massachussets,USA). The melting, annealing and elongation temperatures
were adjusted according to the features of the templates and primers. To
facilitate the subsequentsubcloning of the PCR products, the forward and the
reverse primers were provided with restriction sites at their 5' ends.
2.3.6 Restriction and ligation
DNA (vectors and inserts) was cut with 5 U/µg of the appropriate restriction
enzymes in the buffer supplied with each enzyme. After restriction, the
reaction mixture was loadedonto 1.0% (w/v) agarosegels; the bandsof interest
were cut from the gels with a sterile scalpel, and the DNA was extracted from
these gel samples with the Qiaex II extraction kit (Qiagen, CA, USA),
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according to the manufacturer instructions. The DNA was eluted in water. To
ligate the vector and the insert, -100 ng of the vector and an -3-fold molar
amount of the insert were incubated with 1U T4 DNA ligase in T4-DNAligase buffer (Gibco/BRL, UK), for 1-3 h at room temperature(RT).
2.3.7 DNA mutagenesis
The DNA (10 ng myc-His tagged PARP 12) was amplified by PCR using 2.5 U
Pfu Turbo DNA Polymeraseand 150 ng of the two synthetic oligonucleotide
primers containing the desired mutations, as follows: 1 min at 95 °C, followed
by 14 cycles of 95 °C for 30 s, 55 °C for 1 min, 68 °C for 16 min, and a final
extension at 65 °C for 15 min. The melting, annealing, and elongation
temperatureswere adjusted according to the features of the template and the
primers. After the reactions,DpnI endonucleasewas addedto the mixture for 1
h at 37 °C, to digest the parental non-mutated DNA template. The products
were checked on agarose gels and the mutations were verified by DNA
sequencing(BMR Genomics,CRIBI, Padova,Italy).
The primers used to generate each mutation are listed below. For each
mutation, the forward (fw) and reverse (rev) primer names and sequencesare
reported in Table 2.1.
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Table 2.1: Primers used for PARP12 mutagenesis.
Stock concentrationsis 100 µM.

Oligo name

Oligo sequence

P 12-H564A-fw

CGAGCGGCAGCTGTTCGCCGGCACCAGCGCCATTTTT

P12-H564A-rev

AAAAATGGCGCTGGTGCCGGCGAACAGCTGCCGCTCG

P12-H564Q-fw

CGAGCGGCAGCTGTTCCAAGGCACCAGCGCCATTTTT

P12-H564Q-rev

AAAAATGGCGCTGGTGCCTTGGAACAGCTGCCGCTCG

P12-1660A-fw

GAACAGTGTGTCCGACCCCTCCGCCTTTGTGATCTTTGAGAAA

P 12-I660A-rev

TTTCTCAAAGATCACAAAGGCGGAGGGGTCGGACACACTGTTC
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2.3.8 Transformation of bacteria
The DNA plasmid of interest (10 ng of uncut plasmid, or half of a ligation
reaction) was added to competent bacteria. After gentle mixing, the cells were
left on ice for 30 min, and then heat shocked for 45 s at 42 °C. After the
addition of 800 gl LB, the bacteria were incubated under continuous shaking
(200 rpm) at 37 °C for 60 min. The bacteria were plated onto LB agar
containing the appropriate selective antibiotic, and incubatedovernight (0/N),
at 37 °C. The next day, isolated bacterial colonies were picked and used to
inoculate 2 ml LB containing the appropriate antibiotic. The culture was
incubated O/N at 37 °C. Sterile glycerol (300 µl) was added to 700 gl of the
bacterial culture, which was then stored at -80 °C.
Unless

otherwise

specified,

the

preparation

of

heat-shock

transformation-competent bacteria was carried out by Michele Santoro and
GiuseppeDi Tullio (previously of DCBO, CMNS, Italy).
2.3.9 Small-scalepreparation ofplasmid DNA (minipreps)
The clones obtained after the transformation of the ligation reaction were
usually screenedusing minipreps and subsequentrestriction analysis. Isolated
bacterial colonies were picked and inoculated into 5 ml LB containing the
appropriate antibiotic. After O/N growth at 37 °C under continuous shaking
(200 rpm), 700 µl of the cultures was mixed with 300 µl 50% (v/v) sterile
glycerol and stored at -80 °C; the rest of each culture was chilled on ice and
centrifuged 10 min at 4,000x g. The DNA was extracted using 'QlAprep Spin
Miniprep kits' (Qiagen, CA, USA), according to the manufacturer instructions,
and analysedby restriction analysisand separationon agarosegels.
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2.3.10 Large-scalepreparation ofplasmid DNA (maxipreps)
A small amount of the bacteria transformed with the plasmid of interest was
scraped from the glycerol stock, inoculated into 2 ml LB containing the
appropriate selective antibiotic, and grown at 37 °C under continuous shaking
(200 rpm) for 4-6 h. This pre-culture was used to inoculate 250 ml LB
containing the selective antibiotic. After an O/N incubation, the bacteria were
collected by centrifugation at 6,000 rpm in a JA14 rotor (4,000x g) for 10 min
at 4 °C and processedaccording to the maxi-plasmid purification protocol of
`Qiagen Plasmid Maxi kits'. The DNA obtained was resuspendedin water,
checkedon agarosegel, quantified, and stored at -20 °C.

2.4 Gatewaycloning
The Gateway technology is a universal cloning method based on the sitespecific recombination properties of bacteriophagelambda. It allows for the
rapid and efficient movement of DNA sequencesinto multiple vector systems.
First, the desired target DNA is amplified by PCR using primers containing
four nucleotides (CACC) that basepair with the overhangsequence(GTGG) of
eachpENTR TOPO vector. Second,the overhangin the pENTR vector invades
the 5' end of the PCR product, anneals to the added bases,and stabilises the
PCR product in the correct orientation. Finally, this entry vector can be used to
recombine into the destination vector of interest dependingon the intended use.
Gateway cloning was performed according to the manufacturer
instructions. However, the main steps aredescribedin the next sections.
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2.4.1 Materials
The pENTR vector (pENTR/SD/D-TOPO)

was kindly provided by Michele

Sallese, DCBO, CMNS, Italy. The pDEST vectors were purchased from
Invitrogen (Carlsbad, CA, USA). The following pDEST vectors were used:
pDEST26 (cat. no. 11809-019),pDEST15 (cat. no. 11802-014), and pDEST10
(cat. no. 11806-015). One Shot TOP10 and DHIOBac Chemically Competent
E. coli, LR ClonaseII enzymemix, Cellfectin II transfection reagentwere from
Invitrogen (Carlsbad, CA, USA). Gentamicin solution was from Gibco.
Tetracycline,

kanamycin

and

X-Gal

(5-bromo-4chloro-3-indolyl-D-

galactoside)were from Fluka-Analytical (Switzerland).

2.4.2GenerationofpENTRPARP12
The primers usedto obtain PARP12 blunt-end PCR products are listed below:
Forward: CACCGCCCAGGCCGGCGTCGT
Reverse:TCACTGTCGGCTGCTGAACAG
For PCR amplification, Pfu polymerasefrom Stratagene(CA, USA) was used.
The PCR reaction was performed as follows: I min at 95 °C, followed by 30
cycles of 95 °C for 30 s, 55 °C for 1 min, 72 °C for 3 min, and a final extension
at 72 °C for 10 min. The PCR product was analysed by agarose gel
electrophoresis.The TOPO cloning reaction (to allow the insertion of the PCR
product into the pENTR vector) was performed for 5 min at RT, according to
the manufacturer instructions, using a 1: 1 molar ratio of PCR product: TOPO
vector. Here, 2 gl of TOPO cloning reaction mix were used to transform One
Shot TOP 10 chemically competent E. coli. To analyse the transformants, six
colonies were picked, and plasmid DNA was purified and used for PCR
analysis. PCR reactions were performed using the M13 forward primer 5'-
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GTAAAACGACGGCCAG-3' (which hybridises onto pENTR vector) and a
PARP12 specific reverse primer (sequenceas reported above), as follows: 1
min at 95 °C, followed by 30 cycles of 95 °C for 30 s, 55 °C for 1 min, 72 °C
for 3 min, and a final extension at 72 °C for 10 min. The PCR products were
visualised by agarosegel electrophoresis.Additionally, the plasmid DNA was
sequenced.The correct clone was usedto make a glycerol stock.
2.4.3 Generation of pDEST PARPJ2 vectors
The destinationvectors usedduring this study were: pDEST26 (for mammalian
expressionof recombinant His-tagged PARP12), pDEST10 (for expressionof
recombinant His-tagged PARP12 with the Baculovirus expression system),
pDEST15 (for expressionof recombinantGST-taggedPARP12 in E. coli).
The recombination reactions were carried out using the amount of
reagents as recommended (100 ng PARP12 recombinant pENTR and 1pl
pDEST vectors, correspondingto 150 ng) diluted in TE buffer (Tris HCl 10
mM, pH 8,1 mM EDTA) and using 2 pl LR Clonase II enzyme mix. The
reaction was carried out for 1h at 25 °C. Then 1 µl proteinase K solution was
added to eachreaction, with incubation for 10 min at 37 °C. Then 1 p1 of each
reaction mix was used to transform DH5a competentcells. Five colonies were
picked, plasmid DNA was purified and analysed by PCR, using a PARP12
forward primer and a T7 reverse5'- TAATACGACTCACTATAGGG-

3' (that

hybridises on pDEST vectors). The PCR reactions were performed as reported
above. In the caseof GST-PARP12, plasmid DNA was then used to transform
BL2 I -DE3 cells for the production and purification of the protein.
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2.5 Bac-to-Bac Baculovirus Expression System
The Bac-to-Bac Baculovirus Expression System facilitates rapid and efficient
generationof recombinant baculoviruses(Ciccarone et al., 1998). This method
takes advantage of the site-specific transposition properties of the Tn7
transposon to simplify and enhance the process of generating recombinant
bacmid DNA.
In the pDEST10 vector usedin this study, the expressionof the gene of
interest (His-PARP12) is controlled by the Autographa californica multiple
nuclear polyhedrosis virus (AcMNPV) polyhedrin (PH) promoter, for highlevel expression in insect cells. This expressioncassetteis flanked by the left
and right arms of Tn7, and also contains a gentamicin resistancegene and an
SV40 polyadenylation signal, to form a mini Tn7.
The second major component of the system is the DH10Bac E. coli
strain that is usedas the host for the vector of interest. DH I OBaccells contain a
baculovirus shuttle vector (bacmid) with a mini-attTn7 target site and a helper
plasmid. Once the vector containing the gene of interest (PARP12 recombinant
pDEST10, in this specific case) is transformed into DHIOBac cells,
transposition occurs between the mini-Tn7 element on the pDEST 10 vector
and the mini-attTn7 target site on the bacmid, to generate a recombinant
bacmid. This transposition reaction occurs in the presence of transposition
proteins supplied by the helper plasmid. Once the transposition reaction has
been performed, it is possible to isolate the high molecular weight recombinant
bacmid DNA and transfect the bacmid DNA into insect cells to generate a
recombinant baculovirus that can be used for preliminary expression
experiments.
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2.5.1 Generation of the His-PARP12 recombinant bacmid
To generate the His-PARP12 bacmid, 1-2 ng plasmid DNA obtained from the
selected His-PARP12 pDEST10 clone was used to transform 100 µl MAX
efficiency DH1OBac chemically competent E. coli. The transformation
conditions were similar to the conditions described in section 2.3.8, with the
cells left at 37 °C for 4h to allow the recombination to take place. Then 100 µl
of three 10-fold serial dilutions of the cells were plated on LB agar containing
50 gg/ml kanamycin, 7 pg/ml gentamicin, 10 pg/ml tetracycline, 100 pg/ml Xgal and 40 gg/ml IPTG. The plates were incubated for 48 h at 37 °C. White
colonies were picked for the analysis.Insertions of the mini-Tn7 into the miniattTn7 attachment site on the bacmid disrupt the expression of the LacZa
peptide, so colonies containing the recombinantbacmid are white.
To check for the recombination, 100 ng of recombinant bacmid DNA
were analysed by PCR using pUC/M 13 forward and reverse primers (that
hybridise to sites flanking the mini-attTn7 site). A schematic representationis
reported in Figure 2.1. The PCR reaction was performed as follows: 3 min at
95 °C, followed by 30 cycles of 94 °C for 45 s, 55 °C for 45 s, 72 °C for 5 min,
and a final extension at 72 °C for 7 min, as indicated by the Bac-to-Bac
manufacturerinstructures. The selectedclone of the recombinant DHIOBac E.
coli was used to prepareglycerol stocks. The bacmid DNA was also stored at 20 °C. The bacmid DNA purification was performed using PureLink HiPure
Plasmid Maxiprep kits from Invitrogen (Carlsbad,CA, USA).
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pDEST10

Bacmid DNA

Figure 2.1: PCR analysis of the recombinant BAC plasmid
Schematic representation of PCR analysis of the recombinant BAC plasmid.
pUC/M 13 forward and reverse primers hybridise to sites flanking the mini-attTn7 site
of the BAC plasmid, thus allowing the amplification of the region of interest.
Oligo name:pUC/M 13 Forward
Sequence:5'- CCCAGTCACGACGTTGTAAAACG-3'
Oligo name: pUC/M13 Reverse
Sequence:5'-AGCGGATAACAATTTCACACAGG-3'
Modified from the Bac-to-Bac manual, Invitrogen.
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2.5.2 Transfectionof Sf9 insect cells to generate His-PARP12Baculovirus
Recombinant bacmid DNA was used to transfect Sf9 insect cells using a
Cellfectin II reagent, according to the manufacturer instructions. Briefly, 8
X105 Sf9 insect cells were plated for each well of a 6-well format, in 2 ml
unsupplementedGrace's insect medium (without antibiotics and serum). The
cells were left to attach for 15 min at RT and then transfected with 1 Rg
baculovirus DNA, previously mixed with 8 µl Cellfectin. After 5h at 27 °C,
the transfection mixture was removed and complete growth medium was
added. The cells were incubated at 27 °C until signs of infection appeared(as
described in the manual). After 6 days, the media (containing the virus) was
recoveredand stored at 4 °C. This media representedthe P1 viral stock. The P1
viral stock was used to subsequentlyinfect Sf9 insect cells to generate a P2
viral stock. The P2 viral stock was used at a 1:30 dilution to infect Sf9 cells for
His-PARP 12 production. Here, 96 h was chosen as the optimal time for the
expression of His-PARP12. An aliquote of each viral stock was stored at -80
°C. Figure 2.2 showsthe PARP12 expressionlevels after 72 h, 96 h and 6 days
post transfection.The growth conditions for the Sf9 insect cell are describedin
section2.8.2.
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72 h

96 h

6 days

W.b: anti-PARP12

Ctrl

PARP12

Figure 2.2: His-PARP12

Ctrl

PARPl2

Ctrl

PARP12

expression in PARP12 baculovirus

infected Sf9 insect

cells
Sf9 insect cells were infected with PARP 12 recombinant baculovirus and incubated
at 27 °C for the indicated times. The cells were then lysed and the expression of
His-PARP12

was monitored by western blotting using an anti-PARP12 antibody.

Non-infected Sf9 cells represent control of the procedure (ctrl). PARP 12 expression
was started after 72 h incubation. 96 h were chosen as the optimal time for protein
production.

Even

the protein

was

degradation products were visible

still

present after 6 days post-infection,

and thus this time was not considered as

appropriate for protein production.
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2.6 Real-time qRT-PCR
2.6.1 Materials
Plates and SYBR green mixture were from Roche (Basel, Switzerland). RNA
extraction kits and QuantiTect Reverse Transcription kits were from Qiagen
(CA, USA). Primers used for the real-time RT-PCR were from Sigma-Aldrich
(WI, USA).
2.6.2 RNA extraction and the RT-PCR reaction
HeLa cells using RNAeasy
Total RNA was isolated from control and CD38+1+
Qiagen (CA, USA) kits, according to the manufacturer instructions. The
quality of the RNA was checkedon agarosegel.
For each experiment, I gg total RNA was converted to cDNA using
QuantiTect Reverse Transcription kits (Qiagen, CA, USA), according to the
manufacturer instructions. The procedure comprised two main steps:
elimination of genomic DNA, and reverse transcription. Briefly, the purified
RNA sampleswere incubated in gDNA Wipeout Buffer at 42 °C for 2 min, to
effectively remove contaminating genomic DNA. After this step, the RNA
sample was used for reverse transcription using a master mix prepared from
Quantiscript Reverse Transcriptase, Quantiscript RT Buffer, and RT Primer
Mix. The entire reaction was performed at 42 °C and then inactivated at 95 °C.
2.6.3 Preparation of samplesfor real-time qRT-PCR analysis
Here, 20 µl of a mix containing 100 ng cDNA, 200 nM of each primer and
SYBR Green master mix (Roche, Basel, Switzerland) were used for real-time
PCR. Real-time PCR measurementswere performed using a Light Cycler 480
Real-Time PCR System (Roche, Basel, Switzerland). Each sample was
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measuredin duplicate and the data were analysedusing the MMCTmethod (2'
DDCT)for comparing
relative expressionresults. Resting cells were considered
the

reference

sample,

and

Homo

sapiens

hypoxanthine

phosphoribosyltransferase 1 (HPRT1) served as the house-keeping gene.
Statistical analysis were performed using a GraphPadPrism Software. The list
of primers used is given in Table 2.2.
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Table 2.2: Primers used for real-time qRT-PCR

Name

Company

Stock conc. (KM)

Sigma-Aldrich

100

HPRT1 reverse

cctgaccaaggaaagcaaag Sigma-Aldrich

100

E-cadherin forward

cgacccaacccaagaatcta Sigma-Aldrich

100

E-cadherin reverse

gctggctcaagtcaaagtcc Sigma-Aldrich

100

Bax forward

ggggacgaactggacagtaa Sigma-Aldrich

100

HPRT1 forward

Sequence(5'-3')

tgctgacctgctggattaca

Bax reverse

ctgtaatcccagctccttgg

Sigma-Aldrich

100

p21 forward

gacaccactggagggtgact Sigma-Aldrich

100

p21 reverse

ggcgtttggagtggtagaaa

Sigma-Aldrich

100

Noxa forward

agctggaagtcgagtgtgct

Sigma-Aldrich

100

Noxa reverse

ttcctgagcagaagagtttgg Sigma-Aldrich

100
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2.7 Luciferase assay
2.7.1 Materials
The Dual-Luciferase Reporter 1000 assaysystemwas purchasedfrom Promega
(Madison, WI, USA). Plateswere from Roche (Basel, Switzerland). The pGL2
vector containing the firefly luciferase gene under the control of the E-cadherin
promoter was kindly provided by Eric Fearon, Division of Medical Genetics
(University of Michigan, USA). pLA/S 5Kb-WT vector containing the firefly
luciferase gene under the control of the B66 promoter was kindly provided by
Dr.

Riccardo Dalla-Favera, Institute for

Cancer Genetics (Columbia

University). These vectors are referred to as reporter I. The control vector
containing the Renilla luciferase gene (referred reporter II) was kindly
provided by Dr. Fulvio Chiacchiera,CMNS.
2.7.2 Procedure
Control and CD38+1+HeLa cells (60,000) were plated for each well of a 24well format and co-transfectedwith 500 ng Reporter I and 10 ng Reporter II
using the TranslT-LT1 transfection Reagent (according to the method
describedin section 2.8.3). After 12 h, the cells were stimulated with 40 .tg/ml
BFA in DMEM in the presenceof exogenouslyadded 5 mM NAD+. After 12 h
treatment, the cells were lysed using 100 µl of freshly prepared PassiveLysis
Buffer (PLB) of the Dual-Luciferase Reporter assaysystem, according to the
manufacturer instructions. Then 20

.d

PLB cell lysate was used to measurethe

luciferase activity. To measure the firefly luciferase activity, 100 µl of
Luciferase Assay Reagent II (LARII) was added to each sample to generatea
stabilised luminescent signal. After quantifying the firefly luminescence, the
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Renilla luciferase reaction was initiated by adding 100 µl Stop & Glo Reagent
to the same sample.The Stop & Glo Reagent also producesa stabilised signal
from the Renilla luciferase, which decays slowly over the course of the
measurement.The luminescencemeasurementswere performed using a platereading luminometer in Dr. Antonio Moschetta's Laboratory (CMNS), with the
help of Dr. Giuseppe Lo Sasso.The values obtained were analysed as ratios
between RepI/RepII* 10000. Statistical analyses were performed using
GraphPadPrism Software.
2.8 Work with eukaryotic cell lines
2.8.1 Materials
HeLa cells and Sf9 insect cells were purchasedfrom the European Collection
of Cell Culture (ECACC). CD38+1+and control HeLa cells were kindly
provided by Prof. Antonio De Flora (Advanced Biotechnology Centre,
University of Genoa, Italy). Dulbecco's Modified Eagle's Medium (DMEM),
Minimum Essential Medium (MEM), foetal bovine serum (FBS), penicillin,
streptomycin, trypsin-EDTA, L-glutamine and MEM Non-Essential Amino
Acids Solution were all from Gibco/BRL (NY, USA). Grace's Insect medium
(supplemented and unsupplemented) was from Invitrogen (Carlsbad, CA,
USA). All of the plastic cell culture materials were from Corning (NY, USA).
Filters 0.2 gm were from Amicon (MA, USA).
2.8.2 Cell-growth conditions
Control and CD38+1+HeLa cells were grown in DMEM supplementedwith 2
mM L-glutamine, 50 U/ml penicillin and 50 gg/ml streptomycin, and 10%
(v/v) FBS. HeLa cells were grown in MEM supplementedwith 2 mM L-
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glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin, 10% (v/v) FBS and
100 µM MEM Non-Essential Amino Acids Solution containing glycine, Lalanine, L-asparagine,L-aspartic acid, L-glutamic acid, L-proline and L-serine.
Sf9 insect cells were grown in Grace's Insect medium supplementedwith 2
mM L-glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin, 10% (v/v)
FBS. Complete growth media were prepared by diluting stock solutions in
MEM, DMEM or Grace's medium, and filtering the resulting media through
0.2 µm filters.
Cells were grown in flasks under a controlled atmosphere in the
presenceof 95% air/ 5% CO2 at 37 °C, until they reached90% confluence.For
propagation, the medium was removed, the cells were washedwith sterile PBS,
and 0.25% (v/v) trypsin solution was added for 2 min to 5 min. The medium
was then added back to block the proteaseaction of the trypsin, and the cells
were collected in a plastic tube. After centrifugation for 5 min at 300x g, the
cell pellet was resuspendedin fresh medium. Sf9 insect cells were grown in
flasks at 27 °C, in absenceof 5% CO2.For propagation,cells were resuspended
in old medium by dislodging the cells by pipetting, centrifuged at 500x g for 5
min andresuspendedin fresh complete growth medium.
2.8.3 DNA transient transfection
2.8.3.1 Materials
DNA constructs used for transient transfection are reporetd in section 2.3.4.
TranslT-LTI-Reagent was from Mirus Bio LLC (Madison, WI, USA).
OptiMEM was from from Invitrogen/Gibco (Carlsbad,CA, USA).
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2.8.3.2 TranslT-LT 1-Reagent-based
cell transfection
HeLa cells were plated onto glass coverslips in 24-well plates or in 10-cm petri
dishes in complete culture medium in the absence of antibiotics at a
concentration suitable to have 50% to 70% confluence for transfection. The
day after, a transfection mixture was prepared by diluting the TranslT-LT 1
Reagent in OptiMEM medium and incubated it at RT for 5 min. The cDNA
(0.5 µg for a 24-well format, or 6 .tg for a 10-cm petri dish) was then added to
the transfection mixture, which was then gently shaken, and kept at RT for
another20 min, to allow the DNA-TranslT-LT 1 Reagentcomplex to form. The
cells were then incubatedprior to the assayswith the transfection mixture for
24 h at 37 °C, in complete medium without antibiotics, as reported for each
experiment. For control and CD38+1+HeLa cells, 2x 106cells were plated in a
10-cm petri-dish, and soon after, the transfection mixtures (prepared as
described above) were directly added to the cells. The cells were then
incubatedfor 24 h at 37 °C, in complete medium without antibiotics.
2.8.4 siRNA transfection
2.8.4.1 Materials
SiRNAs were from Dharmacon (CO, USA): ON-TARGET plus SMARTpool
L-013740-00-0020, Human PARP12, NM022750,20

nmol (stock 20 µM);

non-targeting siRNA pool, D-001206-13-20 (siRNAs; stock 20 µM).
OptiMEM

culture

medium

and

Lipofectamine

2000

were

from

Invitrogen/Gibco (Carlsbad, CA, USA). RablA specific siRNAs were kindly
provided by Dr. Rossella Venditti, of the Dr. De Matteis Laboratory, TIGEM,
Naples, Italy.
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2.8.4.2 Procedure
HeLa cells were plated onto glasscoverslips in 24-well plates in normal culture
medium (in the absenceof antibiotics) at a concentration suitable to have 30%
confluence for transfection (for HeLa cells, 20,000 cells were usually plated
the day before transfection). One day later, a transfection mixture was prepared
by diluting the siRNA smart pool in OptiMEM medium, and Lipofectamine
2000 with the samemedium in a separatetube, according to the manufacturer
instructions. The tubeswere gently shakenand incubatedfor 5 min at RT; after
this, the diluted siRNAs smart pool was mixed with the diluted Lipofectamine
2000 and incubated further for 20 min at RT, to allow the siRNAsLipofectamine complex to form. The transfection mixture thus included the
specific concentration of siRNA sequencesor the non-targeting siRNA was
added to the cells in complete medium without antibiotics, with an incubation
for an additional 72 h prior to assay. For the PARP12 knock-down
experiments, 100 nM PARP12 specific siRNA was transfected for 72 h. For
RablA knock-down experiments, 50 nM specific siRNA were transfectedfor
72 h. The efficiency of interferencewas assessedby Western blotting.

2.9 Cell-cycle synchronisation of HeLa cells
HeLa cells were grown on fibronectin-coated glass coverslips. Once they were
attached to the coverslips, they were incubated in growth medium plus 9 .tM
RO-3306, a CdKI inhibitor (from Calbiochem, CA, USA), for 20 h, to
accumulatethe cells in G2phase.Then the cells were immediately fixed (in G2
phase) or washed in complete growth medium and incubated in complete
growth medium for 1h (causing the cells to accumulatein M phase) (Vassilev
et al., 2006). For accumulation of cells in Go phase, they were maintained in
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starvation medium (MEM without serum) for 24 h. At the end of each
experimental condition, the cells were fixed and stained with Hoechst to
visualise DNA

organisation, and with

anti-phosphorylated-histone H3

antibodies as a marker for the cell-cycle phase.

2.10 Immunofluorescence procedures
2.10.1. Materials
The Alexa 488- and Alexa 546-conjugateddonkey anti-rabbit, anti-mouse and
anti-goat antibodieswere from Molecular Probes(OR, USA).
2.10.2 Samplepreparation
Cells were fixed in 4% paraformaldehydefor 10 min at RT, washedthree times
in PBS, and incubated for 40 min at RT in blocking solution with saponin. The
in
cells were subsequently incubated with the specified antibodies diluted
blocking solution (see Table 2.3 for the antibodies and the dilutions used) for 2
h at RT or O/N at 4 °C. After incubation with the primary antibody, the cells
were washed three times in PBS and incubated with a fluorescent-probeconjugated secondary antibody directed against the constant region of the
primary IgG molecule, for 45 min at RT. Commonly, Alexa 488- or Alexa 546conjugated anti-rabbit, anti-mouseor anti-goat donkey antibodies were used at
a dilution of 1:400 in blocking solution. After immuno-staining, the cells were
washed three times in PBS and twice in sterile water, to remove salts. The
coverslips were then mounted on glass microscope slides (Carlo Erba, Italy)
with Mowiol (20 mg mowiol dissolved in 80 ml PBS, stirred O/N and
centrifuged for 30 min at 12,000xg).
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Table 2.3: Antibodies used in immunofluorescence experiments.

Antibody target

Giantin

Dilution

1:500

Animal source

Mouse, monoclonal

Company/ source
Dr H. P. Hauri (University of
Basel, Switzerland)

PARP12

Phospho S10

1:100

Goat, polyclonal

Abcam

1:100

Rabbit, polyclonal

Upstate

histone H3
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2.11 Expression and purification of recombinant proteins from E.
coli
2.11.1 Materials
Ampicillin, chloramphenicol and serine protease inhibitor Pefabloc (4-(2aminoethyl)benzenesulfonylfluoride hydrochloride, AEBSF) were from Fluka
Analytical (Switzerland). Lysozyme, isopropyl-C-D-1 thiogalactopyranoside
(IPTG), imidazole, reduced glutathione, sodium borate and triethanolamine
were from Sigma-Aldrich (WI, USA). Triton X-100 was from Bio-Rad
Laboratories (UK). All of the other enzymes used were from Roche (Basel,
Switzerland). Dimethylpimelidate (DMP) was from Pierce (IL,

USA).

Glutathione Sepharose 4B matrix and glutathione were from Amersham
PharmaciaBiotech (NJ, USA).
2.11.2 Expression and purification of GST-taggedproteins
(These procedureswere carried out entirely by Claudia Cericola, in the Corda
Laboratory, DCBO, CMNS)
GST-EIA, GST-14-3-3y and GST-PAK1 were purified as previously described
for recombinant GST-BARS (Valente et al., 2005). The following procedures
led to 4-5 mg of these recombinant GST-tagged proteins. The bacteria
transformed with the empty vector, pGEX4T1, were usually processed in
parallel, which led to the production of about 10 mg GST. A small amount of
the bacteria were scraped from the glycerol stocks, inoculated into 2 ml LB
containing 60 µg/ml ampicillin, and grown at 37 °C under continuous shaking
(200 rpm) for 6-8 h. Two ml of thesecultures were inoculated into 100 ml of
the same medium and grown ON under the same conditions. These cultures
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were then diluted 1:20 in 1.0 1 of the samemedium, and the optical density at
600 nm (OD600)was monitored until it reached 0.4. The bacteria were then
induced with the addition of 0.1 mM IPTG for 2 h, at 37 °C. After this, the
cultures were chilled on ice and centrifuged at 6,000 rpm in a JA10 rotor
(4,000x g) for 10 min at 4 °C. After discarding the supernatant,the pellets were
resuspendedin 50 ml GST lysis buffer containing a proteaseinhibitor cocktail,
and lysozyme and Triton X-100 were added to final concentrationsof 1 mg/ml
and 1% (w/v), respectively. The suspensionswere incubated with gentle
agitation at 4 °C for 30 min, sonicated on ice 8 times for 15 s, and centrifuged
at 18,000rpm in a JA20 rotor (20,000x g) for 20 min at 4 °C. The supernatants
were recovered and added to 2 ml glutathione Sepharose 4B matrix
(Amersham Pharmacia Biotech, NJ, USA) that had been previously
equilibrated in GST lysis buffer. The suspension was incubated with gentle
agitation at 4 °C for 30 min and then centrifuged at 700x g for 5 min, to
sediment the matrix. Each matrix was washed 5 times with 50 ml PBS
(centrifuging as above). After washing, each matrix was packed into a 10 ml
chromatography column (Bio-Rad Laboratories, UK), drained, and the bottom
cap of the column was replaced. The protein was eluted by adding 2 ml GST
elution buffer, incubating for 10 min at room temperature, removing the
bottom cap, and collecting the eluate. The elution and collection steps were
repeated at least 5 times. The protein usually peaked in the first or second
fraction. The fractions containing the greater amounts of protein (at least 0.2
mg/ml) were pooled, dialysed twice against 1,000x volumes of PBS, and
stored in aliquots at -80 °C.
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2.11.3 Expression and purification of His-tagged proteins
(These procedureswere carried out entirely by Claudia Cericola, in the Corda
Laboratory, DCBO, CMNS).
His-CtBP1/BARS was purified as describedpreviously (Valente et al., 2005).
The following procedureled to about 2 mg of recombinant His-tagged proteins.
A small amount of bacteria were scrapedfrom the glycerol stocks, inoculated
into 5 ml LB containing 60 µg/ml ampicillin and 10 µg/ml chloramphenicol,
and grown ON at 37 °C under continuous shaking (200 rpm). The cultures
were then diluted 1:20 in 80 ml of the same medium, and the OD600was
monitored until it reached 0.6. The bacteria were then induced with the
addition of IPTG to 0.4 mM for 2 h, at 37 °C. After this, the cultures were
chilled on ice and centrifuged at 8,000 rpm in a JA14 rotor (5,000x g) for 10
min at 4 °C. After discarding the supernatants,the pellets were resuspendedin
4 ml His lysis buffer containing a proteaseinhibitor cocktail, and frozen by
immersion in liquid nitrogen. The lysates were stored at -80 °C ON, or for up
to a few days. Each suspension was thawed by transferring it to a4 °C
waterbath, protease inhibitor cocktail was added again, and lysozyme was
added to a final concentration of 1 mg/ml. Each lysate was incubated with
gentle agitation at 4 °C for 30 min and sonicatedon ice 8 times for 15 s. Then
MgCl2 (to 10 mM) and DNAse I (to 10 gg/ml) were added, and each lysatewas
incubatedfor 15 min on ice, and then centrifuged at 18,000rpm in a JA20 rotor
(20,000x g) for 20 min at 4 °C. Each supernatantwas recoveredand added to
0.5 ml Ni-NTA

beads (Qiagen, CA, USA) that had been previously

equilibrated in His lysis buffer. Each suspensionwas incubated with gentle
agitation at 4 °C for 1 h, and then packed into a 10 ml chromatographycolumn
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(Bio-Rad Laboratories,UK). The columns were washed5 times with 10 ml His
wash buffer, and the protein was eluted by adding aliquots of 0.5 ml His
elution buffer, with each eluate collected in a clean tube. The elution and
collection stepswere repeated at least 5 times. The protein usually peaked in
the first fraction. The fractions containing the greater amounts of protein (at
least 0.2 mg/ml) were pooled, dialysed twice against 1,000x volume of PBS,
and stored in aliquots at -80 °C.
2.11.4 Preparation of cross linked GST-taggedmacro-domain resins
2.11.4.1 Materials
Vectors coding for full-length Af1521 wild-type and its G42E mutant macro
domains were provided by Dr. Andreas Ladurner (EMBL, Heidelberg) and
sub-cloned into the pGEX4T1 vector by Dr. Annalisa Stilla, in the Corda and
Di Girolamo Laboratories,DCBO, CMNS.
STE buffer: 150 mM NaCl, 20 mM Tris HCI, pH 8,1 mM EDTA.
Washing buffer: PBS, 1 mM EDTA, 1 mM DTT, 0.5 mM pefabloc.
2.11.4.2 Procedure
A small amount of BL21-DE3 cells was scraped from the glycerol stocks,
inoculated into 50 ml LB containing 100 µg/ml ampicillin, and grown ON at
37 °C under continuous shaking (200 rpm). The cultures were then diluted 1:10
in 500 ml of the same medium, and the OD600was monitored until it reached
0.6. The bacteria were then induced with the addition of 0.2 mm IPTG for 3.5
h at 20 °C. After this, the cultures were chilled on ice and centrifuged at 6,000
rpm in a JA14 rotor (5,000x g) for 10 min at 4 °C. After discarding the
supernatants,the pellets were resuspended in 4 ml STE buffer containing

147

MaterialsandMethods
proteaseinhibitor cocktail, 1 mM DTT and 0.5 mg/ml lysozyme, and incubated
with gentle shaking for 30 min on ice; after this step, suspensionswere frozen
by immersion in liquid nitrogen and stored at
-80 °C O/N, or for up to a few
days. Each suspensionwas thawed by transferring it to a 20 °C waterbath, and
1% (w/v) Triton X-100, proteaseinhibitor cocktail and 1 mM DTT were added.
Lysates were incubated with gentle agitation at 4 °C for 20 min and sonicated
on ice 3 times for 30 s. The lysates were clarified by centrifuging at 15,000
rpm in a JA20 rotor (20,000x g) for 15 min at 4 °C. Ten µI of lysates were
saved as inputs to monitor the purification procedure. Each supernatantwas
recovered and incubatedwith 0.5 ml glutathione sepharosematrix, (previously
equilibrated in washing buffer) for 1-2 h on a rotating wheel at 4 °C. Each
suspensionwas then washed6 times with 12 ml washing buffer. Ten µl of each
suspensionwere saved to monitor the cross-linking procedure. The resin was
then treated with the cross-linker DMP, as follows. First, the resin was washed
twice with 10 ml 0.2 M sodium borate, pH 8.6, and centrifuged at 1,000x g for
5 min at RT. All of the further centrifugation steps were performed under the
same conditions. After, the suspensionswere incubated with 600 ttl of 0.2 M
tris-ethanolamine, pH 8.3, added with 20 mM of the cross-linker DMP, on a
rocker for 30 min at RT. Ten µl of the suspensionwas removed,for monitoring
of the efficiency of cross-linking. At the end of this incubation, the suspension
was centrifuged, and the supernatantremoved. The reaction was stopped by
washing the beads once with 14 ml 0.2 M ethanolamine, pH 8.2, and then
incubating in the samebuffer (10 ml) for 1h at RT on a rocker. At the end of
this incubation, 10 tl were removed (as above), and after centrifugation and
removal of the buffer, the beads were washed three times in PBS, three times
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with 20 mM GSH, in 20 mM Tris HCI, pH 8, once again in PBS, and finally
with 100 mM glycine, pH 2.5, to remove material not covalently bound to the
resin. Finally, the cross- linked matrices were washed twice with PBS and
stored in PBS with 0.02% (w/v) sodium azide at 4 °C. The efficiency of crosslinking was monitored by boiling samplesremoved at eachstep (before adding
DMP, after incubation with DMP, after washing with PBS) in SDS sample
buffer, running on a 10% SDS-PAGE gel, and revealing of the protein by silver
staining. Before use for the pull-down assay,the resins were monitored using
NarE as a positive control, a toxin from Neisseria meningitidis that shows autoADP-ribosyltransferase activity (Koehler et al., 2011). The ADP-ribosylation
reaction was carried out as follows: 3µg purified NarE were incubatedfor 1h
at 37 °C in ADP-ribosylation buffer (50 mM Tris-HCI, pH 7.4,500 µM MgCl2,
4 mM DTT, 100 µM total NAD+, 5 µCi [32P]-NAD+).At the end of incubation,
equal amounts of the reaction mixture were diluted in 450 µ1 RIPA buffer and
incubated with 15 µl resin cross-linked with the wild-type or mutated GSTmacro-domain, at 4 °C. After an O/N incubation, the sampleswere centrifuged
for 5 min at 500x g, washed tree times in RIPA buffer, analysed on a 12%
SDS-PAGE, and transferred onto nitrocellulose. The amount of [32P]-ADPribose incorporeted was visualised by autoradiography. Figure 2.3 shows the
ADP-ribosylated NarE bound to the GST-macro-domain cross-linked resins.
These resins were used for the macro-domain pull-down assay for the
identification of PARP12 substrates (as described in Chapter 4). The
purification of His-NarE was carried out by Claudia Cericola, DCBO, CMNS,
as describedby Koehler C. et al. (2011).
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2.12 General biochemical procedures
2.12.1 Materials
Sodium dodecyl sulphate (SDS), glycine, TRIZMA

base, Ponceau red,

polyoxyethylenesorbitan monolaurate (Tween-20), ammonium persulphate
(APS), N,N, N', N'-tetramethylethylenediamine (TEMED) and the acrylamide
stock solution at 40% (w/v) acrylamide:bis-acrylamide (37.5:1) were from
Sigma-Aldrich (WI, USA). Acetic acid was from Carlo Erba (Italy). Secondary
antibodies conjugatedwith horse-radishperoxidase(HRP) and directed against
mouse or rabbit IgGs were from Calbiochem (CA, USA). The ECL reagents
were from Amersham Pharmacia Biotech (NJ, USA). GelCode Blue Stain
Reagentwas from Pierce (IL, USA).
2.12.2 Solutions
- Running buffer: 25 mM TRIZMA base,200 mM glycine, 0.1% (w/v) SDS.
SDS, 10% (v/v)
- SDS sample buffer: 62.5 mM Tris-HCI, pH 6.8,2% (w/v)
glycerol, 5% (v/v) C-mercaptoethanoland 0.1% (w/v) bromophenol blue.
- Transfer buffer: 25 mM TRIZMA base, 200 mM glycine, 20% (v/v)
methanol.
- TBS: 150 mM NaCl, 20 mM Tris-HCI, pH 7.5.
- TTBS (TBS plus Tween 20): TBS + 0.05% (w/v) Tween 20
- Blocking solution for Westernblotting: 1% (w/v) BSA in TTBS.
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2.12.3 Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDSPAGE)

2.12.3.1Assemblyof polyacrylamidegels
Two 16 cm x 18 cm plates were used for standard gels. The plates were
assembledto form a chamberusing two 1.5 mm plastic spacersaligned along
the lateral edgesof the plates. The plates were then fixed using two clamps and
mounted onto a plastic basewhich sealedthe bottom. All of the materials were
from Hoefer Scientific Instruments (Germany). The `running' polyacrylamide
gel was prepared by mixing H2O, 40% (w/v) acrylamide:bisacrylamide
solution, 1.5 M Tris-HC1, pH 8.8,10% (w/v) SDS, to have the selected
concentration of acrylamide in 375 mM Tris-HC1,0.1% (w/v) SDS. Then,
0.06% (w/v) APS and 0.06% (v/v) TEMED were added; the solution was
mixed and poured into the gap between the plates, leaving -5 cm for the
H2O and
stacking gel. Soon after pouring, the gel was covered with a layer of
left at RT for -1 h. The H2O layer was then removed (by aspiration). The
`stacking' polyacrylamide gel was prepared by mixing H2O, 40% (w/v)
acrylamide: bisacrylamide solution, 500 mM Tris-HCI, pH 6.8,10% (w/v)
SDS, to have 4% (w/v) acrylamide, at a final concentration of 125 mM TrisHCI, 0.1% (w/v) SDS. Then, 0.1% (w/v) APS and 0.07% (v/v) TEMED were
added, and the solution was mixed and poured onto the `running' gel.
Immediately, a 10-well comb was inserted between the glass sheets and the
apparatuswas left for Ih at RT.

2.12.3.2.Evaluationof proteinconcentrations
Protein concentrations were evaluatedusing a commercially available protein
assaykit (Bio-Rad Laboratories, UK). This assayis basedon the colour change
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of Coomassie brilliant blue G-250 dye in response to various protein
concentrations.1-5 µl of sampleswere diluted in 800 ml H2O and mixed with
200 ml reagent.After 5 min, a blue colour developed,the adsorbanceof which
(wave-length, OD 595 nm) was measured using a spectrophotometer.The
protein concentrations were obtained by extrapolation from standard curves
using known concentrationsof BSA.
2.12.3.3. Samplepreparationand running
Sampleswere preparedby adding SDS samplebuffer, incubating at 100 °C for
5-10 min in a multi-block heater (Lab-Line, IL, USA), cooling to RT, briefly
centrifuging and finally loading onto the gel. One well was loaded with 5 Al
Rainbow recombinant protein molecular weight markers (Amersham
Pharmacia Biotech, NJ, USA) or with 5 µg Low Molecular Weight Standards
(Bio-Rad Laboratories, UK).

The gel was then transferred into the

electrophoresis apparatus (Hoefer Scientific Instruments, NJ, USA), and the
electrophoresis was carried out under a constant current of 8 mA (for O/N
runs) or 40 mA (for - 4-h runs).
2.12.3.4Gel staining with GelCode Blue Stain Reagent
The GelCode Blue Stain Reagent uses the colloidal properties of the
Coomassie G-250 dye for protein staining on polyacrylamide gels. After
electrophoresis,the gels were placed in a clean tray and rinsed 3x5 min with
200 ml ultrapure water and for 30 min with 50% (v/v) methanol and 7% (v/v)
acetic acid solution, with gentle shaking. After this step, 50 ml of GelCode
Blue Stain Reagent were added for a 16 x 20 cm gel and incubated at room
temperature for 3-4 h with gently shaking, to allow protein band development.
To destain gels, the Stain Reagent was replaced with ultrapure water and the
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water was changedseveral times over 1-2 h. The gel was then left in water at 4
°C before LC-MS/MS analysis.
2.12.4 Westernblotting
2.12.4.1. Protein transfer onto nitrocellulose
The polyacrylamide gels were soaked for 15 min in transfer buffer, placed on a
sheet of 3MM paper (Whatman, NJ, USA) and covered with a nitrocellulose
filter (Schleicher & Schuell, Germany). The filter was covered with a second
sheetof 3MM paper, to form a `sandwich', which was subsequentlyassembled
into the blotting apparatus (Hoefer Scientific Instruments, NJ, USA). The
protein transfer was carried out at 400 mA for 5h or at 125 mA for 16 h. At the
end of the run, the sandwichwas disassembled,and the nitrocellulose filter was
soaked in 0.2% (w/v) Ponceau red (Sigma-Aldrich, WI, USA) and 5% (v/v)
acetic acid for ca. 5 min, to appropriately visualise the protein bands,and then
rinsed with 5% acetic acid to remove excessunbound dye.
2.12.4.2. Probing the nitrocellulose with specific antibodies
The nitrocellulose filters were cut into strips with a razor blade. The strips
containing the proteins of interest were incubated in the blocking solution for
Western blotting plus 1% (w/v) BSA or 5% (w/v) milk powder for 1h at RT,
and then with the primary antibody diluted to its working concentration in the
blocking solution for Westernblotting (see Table 2.3 for the antibodies usedin
the Western blotting experiments). After a 2-4 h incubation at RT, or an ON
incubation at 4 °C, the antibody was removed and the strips

were washedtwice

in TTBS, for 10 min each. The strips were
next incubated for 1h with the
appropriate HRP-conjugated secondary antibody diluted in the blocking
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solution for Western blotting (anti-rabbit: 1:10,000; anti-mouse: 1:5,000) and
washed twice in TTBS, for 10 min each, and once in TBS for 5 min. After
washing, the strips were incubated with the ECL reagents,according to the
manufacturerinstructions, and protein signals were detect by autoradiography
using Kodak film.
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Table 2.4: Antibodies

used in immunoprecipitation

and Western blotting

experiments

Antibody target

Dilution

Animal source

Company/ source

BFA

1:500

Rabbit, polyclonal

Kindly provided by
Prof. Ignazio
Sandoval,
University of
Madrid

Biotin

1:10000

Rabbit, polyclonal

Bethyl Laboratory,
Inc.

CtBPI/BARS
(BC3)

1:100

Mouse, monoclonal

CtBP1BARS

1.5

(P502)

lysate

GAPDH

GFP

GFP (for I. P.)

Piccini D.
(IFOM-IEO, Milan)

Rahhit nnlvclnnal

Our laboratory
(Corda D., IBP,
Naples)

1:80000

Mouse, monoclonal

Sigma-Aldrich

1:1000

Rabbit, polyclonal

Abcam

Mouse, monoclonal

Abcam

1.0

tg/mg

gg/mg

total

. _...,.,--, r---,

total

iysate

Di Tullio G. and
SantoroM. (De
Matteis Laboratory)

GST

1: 10000

Myc (for I. P.)

1.0 µg/mg
l ysate

PARP12

1:2000

Rabbit, polyclonal

Sigma-Prestige
Antibodies

Rab1A1:

1000

Rabbit, polyclonal

SantaCruz
Biotechnology, Inc.

Rabbit, polyclonal

total

Mouse, monoclonal

Invitrogen
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2.13 Immunoprecipitation

experiments

2.13.1 Preparation of cell lysates
2.13.1.1Lysis buffers
1% Triton lysis buffer: 50 mM Tris HCI, pH 7.4,150 mM NaCI, 5 MM M902,
I mM DTT, 5 mM EGTA, 1% (w/v) Triton X-100, supplemented with
protease inhibitor cocktail (Complete Mini

EDTA-free, Roche, Basel,

Switzerland) RIPA Buffer: 100 mM Tris pH 7.4,150 mM NaCl, 0.1% SDS,
1% (w/v) Igepal, 0.1% (w/v) sodium deoxycholate, supplemented with
protease inhibitor

cocktail (Complete Mini

EDTA-free, Roche, Basel,

Switzerland).
2.13.1.2 Procedure
Cells maintained in the appropriate growth medium were washed three times
with ice-cold PBS and directly scrapedin the specific lysis buffer on ice. Cell
lysates were kept on a turning wheel for 30 min at 4 °C. The lysateswere then
clarified by centrifugation at 13,000x g for 10 min. The supernatantsobtained
from the centrifugation were recovered and the protein concentrations
evaluatedaccording to the methoddescribedin section2.10.3.2.
2.13.2 CtBPI/BARS immunoprecipitation procedure

CD38+/+HeLa cells (12 x106) plated in six 10-cm petri disheswere transiently
transfectedwith cDNAs coding for YFP-CtBPI/BARS WT or its point mutant
H304A (6 µg cDNA were used for each petri) using TranslT-LT I (see section
2.8.3). Twenty-four hours after transfection, three 10-cm petri dishes for each
condition (WT and H304A mutant) were treated with BFA (80 µg/ml) or
vehicle alone as a control (DMSO), in DMEM for 4h at 37°C. After 4 h, the
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media were removed and the cells were washed three times in ice-cold PBS.
All of the following steps were performed on ice and using ice-cold solutions.
Cells were lysed using 1% Triton lysis buffer (see section2.11.1) and 3 mg of
total lysates for each condition were incubated with 5 p.g of an antiCtBP1BARS antibody. After an O/N incubation, 25 µl Protein-A Sepharose
beads (Amersham) were added, with an incubation for an additional 1h at 4
°C. The suspensionswere then centrifuged for 5 min at 500x g, and the
supernatantswere recovered.The matrices were washed4 times, eachtime by
adding 1 ml lysis buffer and two times with lysis buffer without Triton X-100,
inverting the tubes several times and centrifuging as before. The bound
proteins were eluted by boiling the samplesfor 10 min in 80 gl SDS sample
buffer. The immunoprecipitated proteins were separatedon 10% SDS-PAGE
gels and transferred onto nitrocellulose. Western blotting with anti-BFA
antibodies was performed to reveal the ADP-ribosylated CtBP1BARS.
2.13.3 Myc-tagged PARP12 immunoprecipitationprocedure
HeLa cells (8 X 106) were plated in four 10-cm petri dishes and transiently
transfected with cDNAs coding for Myc-tagged PARP12 or the Myc empty
vector (6 µg cDNA were used for each petri) using TranslT-LTI (see section
2.8.3). Twenty-four hours after transfection, the growth media were removed
and the cells were washed three times in ice-cold PBS. All of the following
steps were performed on ice and using ice-cold solutions. The cells were lysed
using RIPA buffer (see section 2.11.1.1), and 4 mg total lysates for each
condition were incubated with 4 gg of an anti-Myc antibody (for dilution see
Table 2.4). After 3h incubation at 4 °C on a rotating wheel, 25 gl Protein-G
Sepharosebeads (Amersham) previously equilibrated in RIPA buffer were
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added, with an incubation for an additional 1h at 4 °C. The suspensionswere
then centrifuged for 5 min at 500x g, and the supernatantsrecovered(referred
to as the unbound materials). The matrices were washed4 times, each time by
adding 1 ml lysis buffer with ice-cold RIPA buffer and two times with the
same buffer without detergents, inverting the tubes several times and
centrifuging as before. The bound proteins were eluted by boiling the samples
for 10 min in 80 µl SDS sample buffer. The immunoprecipitatedproteins and
30 gg of the input and unbound materails were separatedon 12% SDS-PAGE
gels and transferred onto nitrocellulose. Western blotting was performed to
reveal the immunoprecipitatedproteins.

2.14 Preparation of total membrane fractions
Confluent HeLa cells (3 x 106 cells for each 10-cm petri dish) were washed
three times with ice-cold PBS, and mechanically detached in 800 pl HEPES
buffer (20 mM HEPES pH 7.4,1 mM EDTA, 250 mM sucrose)using a cell
scraper.The cells were recoveredand then sonicatedon ice three times for 15
s; unbroken cells were removed by centrifugation at 500x g for 5 min. The
resultant supernatantswere ultra-centrifuged for 1h at 100,000x g; with the
supernatants representing the cytosolic fraction and the pellets the total
membranefraction. The total membranefractions were then resuspendedin 20
mM HEPES, pH 7.4, containing 1 mM EDTA and protease inhibitors, and
stored at -80 °C. A few microliters were lysed in IM NaOH and the protein
concentrationwas evaluatedby the method describedin section 2.10.3.2.
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2.15 Macro-domain-based pull-down assay
For MS analysis, the pull-down assay was performed using solubilised total
membranes(previously ADP-ribosylated as describedin section 2.18), while
for routine experiments, the protein amounts used were lower (as described
later). Total membrane fractions were prepared as described above, starting
from 30 10-cm petri disheswith cells that had not been transfectedor had been
transiently transfectedwith untaggedPARP12. Eight mg total membraneswere
ADP-ribosylated for 8 h, as described in section 2.18, washed once with PBS
to remove unboundNAD+, and then recoveredby centrifugation at 100,000x g
for 60 min at 4 °C. The pellet was solubilised in 4.5 ml RIPA buffer (100 mM
Tris HCI, pH 7.5,150 mM NaCl, 1% Igepal, 0.1% deoxycholate, 0.1% SDS,
and protease inhibitors), under constant rotation for 30 min at 4 °C. The
mixtures were clarified by centrifugation at 13,000x g for 10 min at 4 °C. The
supernatantswere incubated with 100 µl 10 µg/µl GST cross-linked mutated
macro-domain resin for 8h at 4 °C, on a rotating wheel. After the incubation,
the mixtures were centrifuged at 500x g for 5 min to recover the proteins
bound to the mutatedmacro domain, and the supernatantswere incubatedfor a
further 8h with the sameamountof GST cross-linkedwild-type macro-domain
resin. The resins were previously equilibrated with RIPA buffer. After 8h
incubation, the samples were centrifuged at 500x g for 5 min. Both of the
resins were then washed 8 times with RIPA buffer and another 8 times in the
same buffer without detergents.Each time, the samples were centrifuged at
500x g for 5 min. At the end of the washing steps,the resins were resuspended
in 100 µl SDS sample buffer, boiled and analysed by 10% SDS/PAGE. The
gels were then stained with GelCode Blue Stain Reagent (as described in
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section 2.11.3.4). The bands were analysed by LC-MS/MS, which was
performed by Dr. Maria Monti, CEINGE Institute, Naples, Italy.
For routine experiments,2 mg total lysates was used, and incubatedwith 25 µl
GST-macro-domain cross-linked resins. The samples were processed as
described above, analysedby SDS-PAGE, and transferred onto nitrocellulose
for Westernblotting.

2.16 BAC purification
(The BAC purification was carried out entirely by Claudia Cericola, in the
Corda Laboratory, DCBO, CMNS. This method is describedby Colanzi A. et
al. (manuscript in preparation).

2.16.1BACsynthesis
Salt-washedrat brain membranes(1.5 mg/ml), BFA (80 µg/ml), NAD+ (5 mM)
were incubated under agitation in metabolite buffer (20 mM Tris, pH 7.0,50
mM NaC1), for 2h at 37 °C. At the end of the incubation, the sample was
centrifuged at 18,000 rpm in a JA 20.1 Beckman rotor, for 45 min. The pellet
(representingthe total membranefraction) was discarded.
The supernatant was recovered and filtered using an Amicon pressure
apparatus(10,000 molecular-weight cut-off). The filtrate was extracted twice
in two volumes of McOH/ CHC13(1:2), and the aqueousphasewas collected
and lyophilised.
2.16.2 HPLC methods
Large scale BAC purification. The lyophilised BAC

preparation was

resuspendedin 1 ml buffer A (10 mM KH2PO4,2.5 mM TBA) and purified
using a Kontron HPLC Pump 420, equipped with a Reodine injector (2 ml
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loop), with an ACS UV-Vis detector (model 750/11/AZ) set at 254 Mn; the
chromatograms were recorded using a Shimadzu C-R60 CHOMATOPAC
integrator. The peaks were resolved using a semi-preparative C18 reverse
phase column (Viosfer, 10 µm, 25x250 mm) equilibrated with 2.5 ml/min
buffer A and eluted with a non-linear gradient of buffer B (40% buffer A, 60%
methanol), as: time 0,0% buffer B; time 20 min, 50% buffer B; time 30 min,
100% buffer B; time 35 min, 100% buffer B; time 40 min, 0% buffer. The
eluate was collected in 2.5 ml fractions that were then analysed in ADPribosylation assays(as describedin section2.15.2). The fraction containing the
activity was supplemented with sucrose (final concentration, 10 mM),
lyophilised, resuspendedin 1 ml 20 mM HEPES (pH 7.2), and further purified
using the same C18 reverse-phasecolumn. The column was equilibrated with
water and eluted with a gradient of buffer C (80% methanol) (time 0, buffer C
0%; time 60 min, buffer C 100%). All the % values used here refer to v/v.
Using this procedure, it was possible to purify to homogeneity the molecule
that eluted at 26 min, with this fraction supplementedwith 10 mM sucrose,
lyophilised, and resuspended in 20 mM Hepes, pH 7.2 (final BAC
concentration, 100 µM). The BAC solution was then aliquoted and stored at 20 °C for up to severalmonths.

2.17 GST pull-down assays
2.17.1. Solutions

GST incubation buffer: 20 mM Tris, pH 8.0,100 mM KCI, 1 mM EDTA, 0.2%
(w/v) Triton X- 100 and proteaseinhibitor cocktail (Complete Mini EDTA-free,
Roche, Basel, Switzerland).
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GST elutionbuffer: 100mM Tris, pH 8.0,20 mM reducedglutathione,5 mM
DTT.
2.17.2 CtBPJ/BARSADP-ribosylation using purified BAC
Twenty Vg His-CtBP1BARS were incubatedfor 3h at 37 °C with 8 tl HPLCpurified BAC (120 µM) or with 8 µl buffer alone (20 mM Tris, 10 mM
sucrose), to allow binding of BAC to the His-CtBP1BARS. The reaction
mixture was then stoppedon ice, split in four samples,and used for the GST
pull-down assays(see next section).
2.17.3 Procedure

All of the following steps were performed on ice or at 4 °C using ice-cold
solutions, unless otherwise indicated. Equimolar amounts of GST-PAKI (120
kDa, corresponding to 11 µg ), GST-14-3-3y (55 kDa, corresponding to 5.5
µg), GST-E1A or GST (30 kDa, correspondingto 2.5 µg) were incubatedwith
5 gg His-CtBP1BARS or CtBP1BARS bound to BAC (50 kDa), in GST
incubation buffer for 2h with gentle agitation. After this step,25 µl glutathione
sepharose4B matrix (previously equilibated in GST incubation buffer) was
added to each sample, which were then further incubatedfor Ih at 4 °C. The
suspensionswere then centrifuged at 500x g for 5 min, to sedimentthe matrix.
The matrix was washed 6 times with GST incubation buffer (centrifuging as
above). The interacting proteins were eluted by adding GST elution buffer,
incubating for 10 min at 4 °C, centrifuging as before, and collecting the
supernatantsin tubes. The eluted fractions were examined by SDS-PAGE and
Western blotting. The experimentalprocedureis schematisedin Figure 2.4.
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GST Pull-down assay

5 µg His-BARS

w/o BAC

with BAC

" Incubationfor 3h at 37 °C;
" incubationwith GST,GST E1A,GST 14/3/3y or GSTPAK1 for 3h at 37 °C (buffer: 20 mM Tris HCI, 1 mM EDTA,
0,2% Triton, 100 mM KCI);
" incubation with giutathione resin for ih at 4 °C;
"6 washes in the same buffer;

" elution with 100 mM Tris HCl, pH 8,20 mM giutathione,5 mM DTI.

Figure 2.4: GST in vitro pull-down assay
Schematicrepresentationon the GST pull-down assay.For a detailed description seetext.
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2.18 ADP-ribosylation assay
2.18.1 Materials
ß-NAD+, 3-aminobenzamide (3-AB), PJ-34 hydrochloride hydrate, vitaminK1, and meta-iodobenzylguanidine (MIBG) were from Sigma-Aldrich (WI,
USA). [32P]-ß-NAD+was from PerkinElmer. 3-AB was dissolved in DMSO,
MIBG was dissolved in methanol, PJ-34was dissolved in water. BiotinylatedNAD+ was from Trevigen. Biotin was from Sigma-Aldrich (WI, USA).
2.18.2 Procedure
The ADP-ribosyltransferase activity

was measured by following

the

incorporation of [32P]-ADP-ribose into membrane proteins. Samples were
incubated in 50 µl ADP-ribosylation buffer (50 mM Tris-HC1 pH 7.4,4 mM
DTT, 500 µM MgC12,50 µM total NAD)

at 25 °C for 30 min (standard

conditions), unless otherwise specified. 500 ng of His-PARP 12 from total
membrane fraction of Sf9 insect cells were routinely used. His-PARP12
concentration was determinedby comparing the PARP 12 band intensity with
the intensities of known concentrationsof a His-tagged protein. Alternatively,
50 µg of total membrane fractions from HeLa were usually used in ADPribosylation assays,unless otherwise specified.
For chemical treatmentsor experimentswith ADP-ribosylation inhibitors, the
assays were performed as described above in presence of the specific
compounds. Control experiments (0 µM) were performed with the highest
concentrationsof solvent used for the compounds.The reactions were stopped
by the addition of SDS sample buffer; the samples were subjected to SDSPAGE and transferred onto nitrocellulose. For the quantification of the
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incorporated label, an Instant Imager was used or the radioactive bands were
cut out and their activities were measured by Cerenkov counting. For the
determination of kinetic parameters, ADP-ribosylation

reactions were

performed with a fixed amount of [32P]-NAD+and increasingconcentrationsof
total NAD+ for 30 min at 25°C. Reactionswere stoppedby the addition of 500
ttl BSA (100 µg/ml) and 530 µl ice-cold TCA; the precipitated material was
washedtwice with diethyl ether, once with acetone,air-dried and measuredby
Cerenkovcounting. Data were analysedby Lineweaver-Burk plot.
For the ADP-ribosylation experiments using biotinylated NAD+, the
ADP-ribosylation assayswere performed as described above, with the ADPribosylation mixtures contained 10 µM biotinylated NAD+ (or biotin alone, as
control) and 40 µM unlabelled NAD+. For theseexperiments, 200 µg of total
membranesfrom HeLa cells were used. The reactions were carried out at 25
T. After 1 h, the membranes were solubilised with RIPA buffer, and the
solubilised proteins were incubated with 30 pl streptavidin resin (previously
equilibrated in RIPA buffer) at 4 T. After an O/N incubation, the samples
were centrifuged for 5 min at 500x g, washedthree times in RIPA buffer and
another three times with the same buffer without detergents.The resins were
then resuspendedin 80 µl SDS sample buffer and analysedby SDS-PAGE and
Western blotting (using an anti-biotin antibody), to visualise the ADPribosylated proteins.
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2.19 Analysis of ADP-ribosylation reaction products
2.19.1 Materials
Phosphodiesterase I was from USB

Corp. (Cleveland, OH,

USA).

Acrylamide: bis-acrylamide (19: 1) and urea were from Sigma-Aldrich (WI,
USA). Trichloroacetic acid was from Carlo Erba (Italy).
2.19.2 Procedure
Analysis of the ADP-ribose polymer length was carried out as described by
(Panzeter and Althaus, 1990; Shah et al., 1995). Briefly, after the ADPribosylation assay (as described in section 2.18), the proteins were TCA
precipitated, washed twice with diethyl ether and acetone, and [32P]-labeled
reaction products were detached from proteins by incubating at 60°C for 3h
with 10 mM Tris, 1 mM EDTA, pH 12. At the end of incubation, the samples
were mixed with 1/3 vol of 4x loading buffer [25 mM NaCl, 4 mM EDTA, pH
7,5,0.02% (w/v) xylene cyanol 0.02% (w/v) bromophenol blue], to which an
equal volume of 100% urea hasbeen added.After pre-electrophoresisfor 1h at
300 V, samples were loaded onto a 20% (w/v) polyacrylamide gel.
Electrophoresisat 300 V was carried out until the bromophenol blue dye had
migrated over about three-quartersof the entire gel length. The gel was then
exposedto X-ray film at -80 °C.

2.20 Analysis of ADP-ribosylated residue
The ADP-ribosylation reaction was performed as described in section 2.18,
using His-PARP12 from baculovirus-infected Sf9 insect cells. At the end of the
incubation, the sampleswere treatedwith 1M NaOH or 1 mM HgCl2 for 2h at
25 °C. Control samples were treated with 1M

NaCl. Alternatively, the
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reactions were performed in the presenceof the different MIBG concentrations
(5 µM, 50 µM, 500 µM); as controls, the reaction was performed in the
presenceof the maximum concentrationof MIBG solvent. The reactions were
stopped by the addition of SDS sample buffer, and then the protein separated
by

SDS-PAGE and transferred onto nitrocellulose. The radioactivity

incorporatedwas analysedusing an Instant Imager (from PerkinElmer).
For identification of the ADP-ribosylated residue by MS, the total
membranefraction from His-PARP12 baculovirus infected Sf9 insect cells was
used in the ADP-ribosylation assay in the absenceof radiolabel NAD+ (see
section 2.18). After a3h

incubation at 25 °C, the membranes were TCA

precipitated, washed with diethyl ether and acetone, and then resuspendedin
phosphodiesterase-I-containingbuffer. The phosphodiesterasereaction was
carried out at 37 °C. After 2h incubation, the reactions were stopped by the
addition of SDS sample buffer and processedfor MS for the identification of
the residue, as run by Angela Amoresano, at the CEINGE Institute (Naples,
Italy). Briefly, the sampleswere loaded onto 8% SDS-PAGE. The gels were
then washedseveral times with water to removethe SDS, and then stained with
colloidal Coomassie and destainedwith repeated washes in water. The band
corresponding to PARP12 was excised from gel and processedfor the MS
analysis.
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Preface

Chapters 3 and 4 are dedicatedto the description of the results that I obtained
during my PhD project. In the first chapter dedicated to the description of
results (Chapter 3-Results I), I describe the novel BFA-dependent ADPribosylation mechanism of CtBP1/BARS (Results I), while in the second part
(Chapter 4-Results II), I deal with the characterisation of PARP12 as a new
mono-ADP-ribosytransferaseand the identification of its potential substrates,
with particular emphasison Rab1A (ResultsII).
Note that throughout these Results sections I use the generic term of
CtBP1/BARS to refer collectively to CtBP1-L and CtBP1-S/BARS.
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CHAPTER 3. Results I
A novel ADP-ribosylation mechanism regulates CtBP1BARS
function

3.1 Introduction

CtBP1BARS is a multitasking protein that is involved in several cellular
functions that dependon its cellular localisation. CtBP1BARS is regulatedby
two different post-translational modifications and protein interactions that
affect its localisation and functions. In section 1.5.2.2, I described how
phosphorylation of CtBP1BARS by PAK1 induces its translocation from the
nucleus to the cytoplasm, along with inhibition of its transcriptional activity.
Sumoylation of CtBP1BARS has the opposite effects. BFA-induced ADPribosylation represents another post-translational modification that might
regulatetheseCtBP1/BARS activities.
Previous studies in our laboratory have demonstrated that BFAdependentADP-ribosylation of CtBP1BARS is a non-classical reaction that
comprises two distinct steps (Figure 3.1). The first step is the synthesisof a
BFA-ADP-ribose conjugate (hereafterreferred as BAC), which is catalysedby
a membrane-bound enzyme that starts from NAD+. This NAD-derivative,
BAC, can be purified by HPLC. The second step is the covalent binding of
BAC

into

the CtBP1BARS

NAD+-binding

pocket. Through mass-

spectrometry analysisand mutagenesisexperiments,it hasbeen shown that the
entire BAC binds covalently to CtBPI/BARS through histidine 304 of
CtBP1BARS (Figure 3.2).
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Figure 3.1: Molecular mechanism of BAC synthesis
The ADP-ribosyl

cyclases convert NAD'

cleavage of the nicotinamide-ribose

to cyclic ADP-ribose and/or ADP-ribose through

bond (1) and formation of an enzyme-stabilised ADP-

ribosyl oxocarbenium ion intermediate (2). This intermediate is a good nucleophile acceptor
that can react with the intra-molecular adenine (3) or water (4), to give cyclic ADP-ribose or
ADP-ribose,

respectively. Since BFA has two hydroxyl groups, it can act as a nucleophile

and form a conjugate with

the oxocarbenium

ion intermediate (5), thus leading to the

formation of the BFA and ADP-ribose conjugate (BAC).
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Figure 3.2: BAC binding occurs on histidine 304 of CtBPI/BARS
Histidine

304 as the residue involved

in BAC binding

was identified

by mass

spectrometry. To confirm the involvement of this amino-acid residue in the formation
of the covalent bond between BAC and CtBPI/BARS,

different point mutants of the

CtBP 1/BARS protein were generated and tested in in vitro ADP-ribosylation
using recombinant

His-CtBPI/BARS

assays,

proteins and brain total membranes as the

enzyme source. Only the mutant protein in which histidine 304 was replaced by
alanine (H304A)

did not show BAC binding. Mutation of the other residues shown

did not affect BAC binding.
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In this context, my study was aimed at:
1. Identification of the enzyme that catalyses the first step of this reaction
(section 3.2);
2. Providing an understanding of how this post-translational modification
affects CtBPI/BARS functions (section 3.3).

I analysed the first point by evaluating the involvement of the ADPribosyl cyclaseCD38 in this BFA-dependent mono-ADP-ribosylation, both in
vitro and in intact cells, showing that CD38 can indeed support this reaction.
Subsequently, I analysed the effects of this modification on CtBP1BARS
activities, i. e. its fissioning activity and its co-repressor activity. The
experiments described demonstrate that

BFA-dependent mono-ADP-

ribosylation is important in modulating CtBPI/BARS functions.

3.2 The enzyme involved in the BFA-dependent mono-ADPribosylation of CtBP1/BARS

3.2.1 CD38 can catalyse the BFA-ADP-ribose conjugatesynthesisboth in vitro
and in intact cells
An important point in the search for the enzyme that catalyses the BFAdependent ADP-ribosylation reaction came from the HPLC analysis of the
purified NAD+-metabolite BAC synthesised in vitro, which showed that its
synthesis is supported by NAD+, NADP+ and cyclic-ADP-ribose, but not by
ADP-ribose (Colanzi, A. et al., manuscript in preparation). These data are
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consistent with the involvement of an ADP-ribosyl cyclase in the synthesisof
this NAD derivative.
To test the hypothesis that BAC is synthesised by an ADP-ribosyl
cyclase, I focused on the mammalian membrane-boundADP-ribosyl cyclase
CD38. To this end, I performed in vitro ADP-ribosylation assays(according to
the method described in section 2.18) using total membranesprepared both
from control HeLa cells, which do not express CD38, and from CD38 stably
transfectedHeLa cells (kindly provided by Prof. Antonio De Flora, University
of Genoa, Italy). The total membrane fractions were incubated with
recombinant His-CtBP1BARS in [32P]-NAD+-containing ADP-ribosylation
buffer for 2h at 37 °C, in the absenceand presenceof 80 µg/ml BFA. At the
end of the incubation, the samples were analysed by SDS-PAGE and
autoradiography. As shown in Figure 3.3, only the total membrane fraction
obtained from

CD38+1+ HeLa

cells

supported ADP-ribosylation

of

CtBP1BARS. This thus demonstratedthat CD38, the main mammalian ADPribosyl cyclase, is the enzyme responsible for the synthesis of the NADderivative BAC in this cell model.
To further analyse this result, I also examined the features of BAC
formation and its binding to CtBP1BARS in intact living cells. Here, CD38+i+
HeLa cells were transfectedwith YFP-CtBP1/BARS or its point mutant on the
histidine 304, H304A (the CtBP1BARS residue involved in BAC binding).
After 24 h, the cells were incubated at 37 °C for 4h in the absence and
presenceof 80 gg/ml BFA and with 5 mM NAD+ addedto the growth medium.
At the end of the incubation, the cells were lysed, then YFP-CtBP1/BARS was
immunoprecipitated with an anti-CtBP1BARS antibody, and the various
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samples were subjected to SDS-PAGE and immunoblotting with antibodies
against BFA. Strikingly, the over-expressedYFP-CtBPI/BARS protein in the
CD38+1+Hela cells showed binding to BAC. As a control, the YFPCtBPI/BARS H340A point mutant (the residuefor the ADP-ribosylation) was
not modified (Figure 3.4). No signal was detectedin the absenceof BFA.
In the experimentsdescribedabove,I added 5 mM NAD+ to the growth
medium that results in a hugely increasedproduction of BAC by CD38. This
concentration is not physiological, since the extracellular NAD+ concentration
is in the nanomolar range. For this reason, I performed the sameexperiments
also in the absenceof exogenouslyadded NAD+. Control HeLa cells (which do
not express CD38) and CD38 stably transfected HeLa cells were transiently
transfectedwith YFP-CtBP I BARS. After 24 h, the cells were incubated for 1
h and 4h in the presenceand absenceof 80 .tg/ml BFA and without and with 5
mM NAD+ in the medium. At the end of the incubation, the cells were lysed,
then YFP-CtBPI/BARS was immunoprecipitated, and the various samples
were subjected to SDS-PAGE and immunoblotting with antibodies against
BFA. Again, the YFP-CtBPI/BARS expressedin CD38+i+Hela cells incubated
with BFA and NAD+ for 1h or 4h showed BAC binding. Importantly, the
fraction of modified protein was substantial, albeit lower, also in cells
incubatedwith BFA without the addition of NAD+ to the medium (Figure 3.5).
Moreover, the modification is completely reversible, indicating that an enzyme
that can removeBAC should also exist.
Altogether, theseresults show that CD38 can catalyse the formation of
the NAD+ metabolite, BAC, also in intact cells and under physiological NAD+
conditions.
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Figure 3.3: CD38 can support
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W.b.: anti-CtBP1/BARS

BAC synthesis in in vitro ADP-ribosylation

assays
In vitro ADP-ribosylation

assay. Ten tg total membrane fractions from control

and CD38+i+ HeLa cells were incubated for 2h at 37 °C with 0.5 pg

(CD38--)

recombinant His-CtBPI/BARS
NAD'),

and 30 tM total NAD` (labelled with 5 µCi [32P]-

in the absence and presence of BFA

incubation,

the samples were analysed by SDS-PAGE

nitrocellulose.
CtBPI/BARS

(80 tg/ml). At the end of the

Autoradiography

and transferred onto

(AR [32P]) shows the modified

CtBPI/BARS;

total levels were been analysed by Western blotting (W. b).

Note that BAC binding was observed only in presenceof CD38 and BFA, which
indicates that CD38 can catalyse the formation of BAC.

176

Results- Part I

CtBP1/BARS WT CtBP1/BARS H304A
BFA

+

+

Ip: anti-CtBP1/BARS
Wb: anti-BFA

a

W40

Ip: anti-CtBP1/BARS
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Figure 3.4: CD38 can support BAC synthesis in intact cells
CD38+" HeLa cells were transfected with YFP-CtBP1/BARS

wild-type (WT) and its

point mutant on histidine 304 (H304A). After 24 h, the cells were treated with 80
µg/ml BFA for 4h

at 37 °C, in the presence of 5 mM extracellular NAD`.

CtBPI/BARS

immunoprecipitated

was

from

CtBP1/BARS antibody, and the ADP-ribosylated

the total

lysates using

YFP-

an anti-

protein was revealed using an anti-

BFA antibody. Total CtBP1/BARS levels are shown in the bottom panel.
BAC binding also occurs in intact cells, and no binding is observed when the H304A
CtBP1/BARS mutant is over-expressed.
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Figure 3.5: BAC is also formed in the absence of exogenously added NAD+
CD38+" HeLa cells were transfected with YFP-CtBPI/BARS.

After 24 h, the cells were

treated with 80 tg/ml BFA for 4h at 37 °C, in the presence or absence of exogenously
added 5 mM NAD+. BFA wash-out was performed in BFA-free complete medium for a
further 3 h. YFP-CtBPI/BARS
anti-CtBPI/BARS

was immunoprecipitated

antibody, and the ADP-ribosylated

from total lysates using an

protein was revealed using an

anti-BFA antibody. Total CtBP 1/BARS levels are shown in the bottom panel.
BAC binding occurs also in the absence of exogenously added NAD',
evident after 4h

of BFA treatment. The lack of BAC

and it becomes

binding after BFA wash-out

suggests that the reaction is completely reversible.
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3.2.2 CD38 acts as a transporterfor the entranceof the metabolite BAC
As described in the Introduction (section 1.3.1.1), CD38 is an ectoenzyme,
with its catalytic domain facing the extracellular space,whereasCtBP1BARS
is an intracellular protein. This `topological paradox' can be explained
assumingthat the metabolite BAC is produced in the extracellular space, and
then it reachesits substrateintracellularly.
If BAC is produced in the extracellular space, I reasonedthat the
culture medium should represent a source of BAC, and thus can be used to
induce the in vitro ADP-ribosylation of recombinant CtBP1/BARS (the second
step of the reaction described in Figure 3.1). To demonstrate this point, I
stimulated control and CD38+i+ HeLa cells with BFA in the presence of
exogenously added NAD+, for 4h at 37 T. After the incubation, I collected
the different media to perform the second step of the BFA-dependent ADPribosylation reaction. Figure 3.6 shows that CtBPI/BARS immuno-reactswith
the specific BFA antibody only when the supernatantof CD38+i+HeLa cells
was used, thus demonstrating that it is produced in the extracellular space,
according to the initial hypothesis. Moreover, it is clear that BAC binding is
specific, since no labelling is present when using the supernatantof control
HeLa cells stimulatedwith BFA.
To clarify whether CD38 also hasa role in the intracellular transport of
the metabolite BAC I performed the following experiment. CD38+i+and control
Hela cells were transfectedwith YFP-CtBPIBARS. After 24 h, the cells were
stimulated for 4h without and with 80 µglml BFA, in the presenceof 5 mM
NAD+ added to the growth medium. To compensatefor the absenceof CD38
in the control HeLa cells, and thus for the production of BAC, I added
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recombinant CD38 to the growth medium of one sample of the control Hela
cells. At the end of the incubation, the cells were lysed, then YFPCtBP1BARS was immunoprecipitated with an anti-CtBP 1BARS antibody,
and the various samples were subjected to SDS-PAGE and immunoblotting
with antibodies againstBFA. To check for the correct formation of BAC, I also
savedall of the supernatantsand I usedthem to induce the ADP-ribosylation of
recombinant His-CtBP1BARS in an in vitro assays.According to the previous
results, Figure 3.7A shows that in intact cells, YFP-CtBP1BARS is ADPribosylated only in CD38+i+HeLa cells stimulated with BFA, and so not in
control HeLa cells. Importantly, despite the presenceof recombinant CD38 in
the medium, YFP-CtBP1BARS was not modified in intact control HeLa cells
stimulated with BFA (Figure 3.7A), while the supernatant of this sample
(containing BAC produced by the added recombinant CD38), still ADPribosylated recombinant His-CtBPI/BARS in vitro (Figure 3.7B).
These data suggestthat not only is CD38 involved in the production of
the metabolite BAC, but it can have a role in the translocation of BAC itself
into the cytoplasm, where CtBP1BARS is located.
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Figure 3.6: BAC is produced by CD38 in the extracellular

space

Control (CD38-'-) and CD38-" HeLa cells were treated with BFA (80 µg/ml) at 37 °C.
After

4h

treatment, the supernatants (SN) were recovered and incubated with

recombinant His-CtBPI/BARS

for 2h at 37 °C. The samples were analysed by SDS-

PAGE and transferred onto nitrocellulose. The modified CtBPI/BARS
using an anti-BFA antibody. Total levels of CtBPI/BARS

was analysed

are shown in the bottom

panel.
CtBPI/BARS

shows BAC binding only when incubated with the supernatant of BFA-

treated CD38+'' HeLa cells.
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Figure 3.7: CD38 is required for BAC entrance into the intracellular space
Control

(CD38-'")

CtBP1/BARS.

and CD38_'`

HeLa cells were transiently

YFP-

transfected with

After 24 h of over-expression, the cells were treated for 4h with BFA (80

µg /ml) at 37 °C. To compensate for the absence of CD38, the recombinant CD38 enzyme
(rec CD38) was added to the extracellular

medium for the treatment time. All of the

supernatants (SN) were saved and used to check for the presence of BAC. (A) At the end
of the incubation, the cells were lysed and CtBP1/BARS
samples were resolved on SDS-PAGE

was immunoprecipitated.

and transferred onto nitrocellulose.

Modified

CtBP1/BARS was analysed using an anti-BFA antibody. Total levels of CtBPI/BARS
shown in the bottom panel. (B) Recombinant His-CtBPI/BARS

The

are

was incubated with the

supernatants (SN) for 2h at 37 °C, to induce BAC binding in-vitro. An anti-BFA antibody
was used to check for modified CtBP1/BARS.
and by the membrane fraction
CtBP1/BARS.

of CD38'"

BAC produced by both recombinant CD38
HeLa cells can bind to recombinant His-

Note that despite the presence of BAC produced by the recombinant CD38

(B), intracellular CtBPI/BARS

was not modified in control HeLa cells (A), indicating that

BAC did not reach the intracellular space due to the absence of CD38.
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3.3 BFA-dependent ADP-ribosylation of CtBPI/BARS modulates its
functions

3.3.1 BAC modulatesthe binding of CtBPI/BARS with its interactors
Next, I investigatedwhether the ADP-ribosylation mediatedby BFA can affect
CtBP1BARS functions. Previous studies in our laboratory have demonstrated
that, indeed, BFA-induced ADP-ribosylation of CtBP1BARS inhibits its
fissiogenic activity (Spano et al., 1999; Weigert et al., 1999). As reported in
Chapter 1 (see section 1.5.2.3), the fissioning protein CtBP1BARS is an
essential component of Golgi complex fragmentation during mitosis. This
process can be followed by using an assaythat reconstitutesthe fragmentation
process in permeabilised normal rat kidney (NRK) cells incubatedwith mitotic
cytosol. The mitotic cytosol induces the break-up of the Golgi ribbon into
tubulovesicular clusters, which then dispersethroughout the cell, similar to the
Golgi clustersthat are characteristicof prometaphasein intact cells (Warren et
al., 1995).
The effects of BAC binding on the fissiogenic activity of CtBP1BARS was
evaluated by an analysis of Golgi complex fragmentation during mitosis
(experiments performed by Prisca Liberali). These results showed that BAC
addition to the mitotic cytosol in the Golgi fragmentation assay induced a
strong inhibition of Golgi fragmentation. This finding was in agreement with
other previous data showing that BFA-dependent ADP-ribosylation inhibits
CtBP1BARS fissiogenic activity.
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Based on these data, I investigated whether once modified,
CtBP1BARS still binds to known partners involved in both co-repressorand
fissioning activities. To this end, I performed in vitro GST-pull-down assays
using recombinantHis-CtBPIBARS and someknown GST-taggedinteractors,
i. e. the viral repressorE1A, as an interactor for the co-repressionfunction, and
14/3/3y and PAK1 as interactors for the fissioning activity. First, I induced
CtBP1BARS modification by incubating purified BAC and His-CtBP1BARS
(for 3h at 37 °C), and then I incubatedthe modified CtBP1BARS protein with
GST-tagged interactors (as described in section 2.17). Figure 3.8 shows that
BAC strongly impaired the CtBP1BARS binding to GST-tagged 14/3/3y and
GST-taggedPAK1, which are two essential CtBP1BARS interactors in postGolgi

trafficking

(Valente, C.

et al.,

submitted manuscript) and

macropinocytosis(Liberali et al., 2008), respectively. No binding was observed
using GST alone as the control. The interaction with EIA, a viral repressorthat
contains a specific CtBP-binding motif (PLDLS), was not affected by BAC
binding to CtBP1BARS.
In addition, previous data from gel-filtration analysis of ADPribosylated CtBP 1BARS demonstratedthat the modified CtBP 1BARS protein
forms a tetramer, while the non-ADP-ribosylated CtBP1BARS

remains

monomer (Colanzi et al., manuscriptin preparation).
Taken together, theseresults suggestthat the covalent binding of BAC
to CtBP1BARS can `lock' CtBP1BARS in a closed,tetrameric conformation,
which is not available for binding to proteins involved in membranefission.
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or GST-PAKI

were added to the mixture, which was then incubated for a further 2h at
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According to the literature, the closed conformation of CtBP1BARS is
required for the transcriptional activity of CtBP1BARS (Nardini et al., 2009).
For this reason, even though the results from the in vitro pull-down assays
showed that the binding between CtBP 1BARS and the viral repressor EIA
was not affected, I decided to investigate this aspectfurther, by evaluating the
effects of CtBPiBARS

ADP-ribosylation on the transcription levels of

specific target genes.

3.3.2 Effects of BA C binding on CtBP transcriptional activity
As reported in the Introduction (1.5.2.2), it is known that NAD(H) promotes
the dimeric/ tetrameric conformation of CtBPIBARS
binding of CtBPIBARS

and enhances the

to cellular and viral transcriptional repressors;

conversely, binding of palmitoyl-coenzyme A to CtBPIBARS promotes the
monomeric conformation of CtBPIBARS and its interaction with ARF-GAP
(a component of COPI-coated vesicles), thus promoting vesicle fission. In a
similar manner, the CtBPIBARS

conformation is influenced by covalent

binding to BAC, which locks CtBPIBARS

in a closed, dimeric/ tetrameric

conformation (Colanzi et al., manuscript in preparation); i. e., accordingto data
reported in the literature, the conformation required for CtBPIBARS to act as
a transcription co-repressor.
For this reason, I tested the effects of BFA-dependent ADPribosylation on the expression levels of genes under the control of
CtBPIBARS.

As described in Chapter I (section 1.5.2.3), CtBP1/BARS

transcriptional co-repressor activity has been shown to have important
regulatory roles in cell developmentand transformation, through the regulation
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of the expressionof adhesionmolecules (such as E-cadherin) and pro-apoptotic
genes (such as P21, BAX and NOXA). Thus, I tested the effects of BFAinduced ADP-ribosylation on the transcriptional activity of CtBP1BARS, by
making use of two different approaches,a luciferase assayand real-time RTPCR (for methodsseesections2.6,2.7).
The dual-luciferase reporter assay is a genetic reporter system that is
widely used to study eukaryotic gene expression.Dual reporters are commonly
used to improve experimental accuracy.The term `dual reporter' refers to the
simultaneousexpression and measurementof two individual reporter enzymes
within a single system.Typically, the `experimental' reporter (called reporter 1)
is correlated with the effects of specific experimental conditions, while the
activity of the co-transfected`control' reporter (called reporter II) provides an
internal control that servesas the baselineresponse.Normalising the activity of
the experimental reporter to the activity of the internal control minimises the
experimental variability caused by differences in cell viability or transfection
efficiency, as well other sourcesof variability.
I analysed the effects of BFA administration on expression levels of
the luciferase gene under the control of the E-cadherin promoter in both
CD38+i+and control HeLa cells. These CD38+1+and control HeLa cells were
transfectedwith 500 ng reporter I (RepI) and 10 ng reporter II_(RepII). After 12
h, the cells were stimulated with BFA (40 µg/ml) and after a further 12 h, the
cells were processedas described in section 2.7.2, to evaluate the luciferase
gene expressionlevels.
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Luciferase assay. CtBPI/BARS-mediated
using an E-cadherin promoter-luciferase

transcriptional

repression was monitored

reporter (Reporter I). Control (CD38-'-) and

CD38+'+ HeLa cells were transfected with 500 ng reporter I (Rep I) and 10 ng reporter
II (Rep II). After 12 h, the cells were treated with BFA (40 µg/ml). After a further 12
h, the cells were lysed according to the manufacturer

instructions

of the Dual

Luciferase assay system (Promega), and luciferase expression levels were determined
using a luminometer (expressed as the RepI/ReplI ratio, in arbitrary units).
BFA treatment decreased luciferase expression (29% reduction) in CD38''

HeLa

cells, as compared to CD38"+ HeLa cells not treated with BFA. This reduction is even
more evident (52.8%) when the luciferase expression levels are compared to the
control HeLa cells (CD38-'-) stimulated with BFA, while no differences were seen
between the two cell lines in the absence of BFA.
BFA treatment decreased luciferase expression (52.8% reduction) in CD38'`

HeLa

cells, as compared to control (CD38-'-) HeLa cells treated with BFA.

Data are means± SEM of three different experiments, each performed in duplicate.
*, p= 0,0127; **, p=0.0016.
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As shown in Figure 3.9, BFA-stimulated CD38+1+HeLa cells showed a
reduction (29%) in the luciferase expression levels, when compared to the
control HeLa cells not stimulated with BFA. Interestingly, this reduction is
evenmore evident (52.8%) when the luciferaseexpressionlevels are compared
to the control HeLa cells (CD38"l") stimulated with BFA, while no differences
were seenbetween the two cell lines in the absenceof BFA.
Basedon thesefirst results, I additionally evaluatedthe effects of BFAdependentADP-ribosylation in a more physiological way, with an analysis of
the transcription levels of the E-cadherin, Bax, p21 and Noxa mRNA, using
real-time qRT-PCR. CD38+i+and control HeLa cells were stimulated with BFA
(40 gg/ml). After 12 h, RNA was extracted and the transcription levels of the
specific genes (CDHJ, BAX, NOXA and P21) were analysed using real-time
qRT-PCR. The results were normalised to HPRT1 reporter gene (section 2.6.2,
2.6.3). As shown in Figure 3.11, CD38+1+HeLa cells display a 45% reduction
in p21 transcription levels when compared to control HeLa cells stimulated
with BFA, while there was no difference after BFA stimulation for Bax and
Noxa mRNA levels between the two cell lines. However, an increase in the
Noxa mRNA levels was observed,probably due to the toxic effects of BFA per
se. Unfortunately, the E-cadherin mRNA levels were too low to be analysedin
a reproducible manner.
Taken together, these results suggest that BAC
CtBP1BARS

binding to

increases its co-repressor activity, in a promoter-specific

manner.
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HeLa cells were treated with BFA for 12 h. Total RNA

was extracted and processed to obtain cDNA. The mRNA levels of BAX, NOXA and
P21 genes were analysed using real-time qRT-PCR. The results were normalised to
the HPRTI gene.
Compared to control HeLa cells (CD38-'-), BFA treatment reduces the p2l expression
levels (45% reduction), while bax and Noxa mRNA levels were not affected. The data
are means of three different experiments, each performed in duplicate. **, p=0.0023.
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Interestingly, CtBP1/BARS also actsas a co-repressorfor the BCL6 gene
(Mendez et al., 2008). Bc16 is a transcriptional repressor that regulates B-cell
differentiation at the germinal centres. It is required for the formation of
germinal centres and its down-regulation is essential for B-cells to undergo
further differentiation to memory cells or plasma cells (Ye et al., 1997). Bc16is
often expressed constitutively in diffuse large B-cell lymphomas, where it
blocks the differentiation of B-cells, contributing to the blastic feature of B
cells (Phan and Dalla-Favera, 2004). I reasoned that in this context, an
increased co-repressor activity of CtBP1BARS would be useful. Indeed,
lowering the Bc16 levels, the increasedco-repressoractivity could favour the
differentiation of B-cells, thus counteractingthe progressionof the tumour.
Based on this assumption,I asked if BFA stimulation can enhancethe
co-repressoractivity of CtBP 1BARS at the BCL6 promoter. HeLa cells do not
express Bcl6, and for this reason I analysed the expression of the luciferase
gene under the control of the BCL6 promoter in both control and CD38+i+
HeLa cells after BFA treatment, at different times. In contrast to the results
obtained for the expression of the luciferase gene under the control of the Ecadherin promoter, BAC binding to CtBP1BARS did not result in reduced
levels of the luciferase gene under the control of the BCL6 promoter (figure
3.11), thus ruling out the above-mentionedhypothesis.
Collectively, these effects support the idea that ADP-ribosylation can
modulate the co-repressoractivity of CtBP1BARS depending on the specific
promoter context. Moreover, the differential modulation observed after BFA
treatment for the genes describedrules out a non-specific effect due to BFA
toxicity.
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Luciferase assay. CtBPI-mediated
BCL6 promoter-luciferase

transcriptional co-repression was monitored using a

reporter (Reporter I). Control (CD38-'-) (A) and CD38"" (B)

HeLa cells were transfected with 500 ng reporter I (Rep I) and 10 ng reporter 11(Rep II).
After 12 h, the cells were treated with BFA (40 .tg/ml)

for the indicated times, and then

lysed according to the manufacturer instructions of the Dual Luciferase assay system
(Promega). Luciferase gene expression levels were determined using a luminometer
(expressed as the Repl/Repll

ratio, in arbitrary units). Data are means ± SD from two

single experiments.

Note that the luciferase expression levels remain unchanged after BFA treatment, for
both cell lines.
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To ensure that the effects of BFA stimulation on the transcription
levels of the genesanalysedwere really due to the ADP-ribosylation of CtBPs
and not to other effects associatedwith the presenceof CD38, I performed the
same assay in cells silenced for both CtBP1BARS and CtBP2. I obtained a
good reduction of both of the CtBP1BARS and CtBP2 proteins at 48 h after
transfection with the siRNAs; however, the double knock-down in combination
with the BFA treatment was too toxic for the cells. The effect observedfor the
double knock-down of the CtBPs is in agreement with data reported in the
literature, which showed that the absence of CtBPs favours apoptosis
(Bergman et al., 2009). This suggeststhat the stimulation of cells directly with
purified BAC would help to demonstrate that the effects observed are a
consequenceof the binding of BAC to the CtBPs. Moreover, in collaboration
with Dr. Nicolosi (University of Catania, Italy), we are synthesising BFA
analogues,with the aim of separatingthe `ADP-ribosylating' activity of BFA
from its effects on Golgi complex morphology and intracellular trafficking.

3.4 Discussion
I have shown here that the new mechanisminvolved in BFA-dependentADPribosylation of CtBP1BARS can be catalysedby ADP-ribosyl cyclases, such
as CD38. ADP-ribosyl cyclases catalyse the conversion of NAD+ to cyclicADP-ribose and/or ADP-ribose through the cleavage of the nicotinamideribose bond and formation of an enzyme-stabilisedADP-ribosyl oxocarbenium
ion intermediate (Figure 3.1), which is a good nucleophile acceptor. This
intermediate can react with water, to form ADP-ribose, or with the purinic ring
of the adenine moiety of NAD+, to form cyclic-ADP-ribose (Liu et al., 2008)
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(Figure 3.1). Similarly, as it has two hydroxyl groups (positions 4 and 7; see
Figure 3.1), BFA can form a conjugate with the oxocarbenium ion
intermediate, which leads to the formation of BAC (Colanzi et al., manuscript
in preparation). Subsequently,BAC binds to CtBP1BARS. An interesting
point is that the locations of the two proteins (CD38 and CtBP1BARS) are
different, with CD38 being a type II transmembraneprotein and CtBP1BARS
being an intracellular protein. Thus, I reasoned that the production of BAC
should occur extracellularly, and then it should reach the cytoplasmic space,
where it can bind to CtBP1BARS. To clarify this point, I investigated a role
for CD38 as a transporterfor BAC. The results obtained indicate that CD38 not
only supports the reaction, but can also contribute to the entranceof BAC into
the intracellular space.
Here I also provided evidence that BFA-dependent CtBPl/BARS
ADP-ribosylation affects CtBPl/BARS functions. The results obtained from
the in vitro pull-down assaysclearly show that there is an impairment of the
binding with partners involved in the CtBPl/BARS fissioning activity, while
the ability to interact with the viral repressor ElA is not affected. It is well
known that CtBPl/BARS functions are tightly regulated by post-translational
modifications and co-factors. In particular, sumoylation, as well as NADH,
favours the nuclear functions, while phosphorylation, as well as acyl-CoA,
promotes cytoplasmic localisation (see paragraph 1.5.2.2). These different
activities reflect different conformational status: the co-repressoractivity is
associatedwith a closed/ dimeric conformation, while the fissioning activity is
associated with the monomeric form of CtBPiBARS.

In line with these

findings, data obtained in our laboratory from gel filtration experiments
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(Colanzi et al., manuscript in preparation), demonstratethat BAC binding to
CtBPIBARS favours the dimeric/ tetrameric conformation. Altogether, these
considerations prompted me to further investigate the effects of BFAdependentmono-ADP-ribosylation on CtBPIBARS co-repressoractivity. To
this end, I analysed how the levels of CtBPIBARS-regulated genes were
changedafter BFA treatment, by comparing control HeLa cells with CD38+i+
HeLa cells. The results obtained show that the co-repressoractivity of modified
CtBPIBARS

is modulated, and in particular, increased, in a promoter-

dependentmanner. Among the genes tested(P21, BAX, NOXA, and luciferase
gene under the control of the E-cadherin or BCL6 promoters), only the
expression levels of the luciferase gene under the control of the E-cadherin
promoter and p21 mRNA levels were decreasedafter BFA treatment, while the
transcriptional levels of all of the other geneswere unaffected, when compared
to control HeLa cells (which do not express CD38). Looking at the
transcription levels of the genes above mentioned in BFA-treated samples,
comparedto their controls, there is an increase in mRNA levels observedfor
the NOXA gene, as well for the luciferase gene under the control of the Ecadherin promoter. The increasedlevels of Noxa mRNA might be connectedto
the toxic action of BFA, while I cannot at this stageexplain the increasein the
luciferase gene under the control of the E-cadherin promoter. The use of
purified BAC, insteadof BFA, should avoid the toxicity effects.
However, considering that the same toxic effects of BFA are present
for all of the genes analysed, and considering that I only observed effects on
p21 and E-cadherin-promoter regulated luciferase expression, it is reasonable
to supposethat these effects are due to an enhancedco-repressoractivity of
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CtBP1BARS bound to BAC, rather than to a toxic effect of BFA per se.
Moreover, these data allow us to propose that BAC binding to CtBP1BARS
affects its co-repressoractivity depending on the specific promoter context. A
broader analysis of different genes will better clarify which are the specific
genesubsetsthat are regulatedby the binding of BAC to the CtBPs.
The experiments described here did not explore the molecular
mechanismsunderlying theseeffects, which remain to be fully elucidated.One
possibility is that the modified CtBP1BARS has an enhancedability to recruit
proteins that are important for the repressoractivity. In this context, chromatin
immuno-precipitation experimentswould help to clarify this aspect.
Albeit the fact that from the experimentsdescribed in this Chapter do
not directly demonstrate that the effects on the transcriptional activity of
CtBP1BARS

are

linked

to

BFA-dependent ADP-ribosylation

of

CtBP1BARS, the results showing that cells that lack the enzyme catalysethis
reaction suggest this is this very likely. However, different approaches(as
already discussedabove) will be required to definitely demonstratethis point.
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CHAPTER 4. Results II

The new mono-ADP-ribosyltransferase PARP12

4.1 Introduction

As described in the Introduction (section 1.3.4), over the past 10 years, 17
mammalian geneswith distant sequencehomology to bacterial diphtheria toxin
(DTX) have been described.The first and best characterisedof theseproteins is
poly-ADP-ribose (ADPR) polymerase (PARP)1, the prototypical member of a
family of mono- and poly-ADP-ribosyltransferases (m/pARTs). The concept
that someof the PARPs can function as mARTs rather than pARTs camefrom
an analysis across all of the PARP sequencesthat showed the lack of a
glutamic acid residue, which is essential for elongation of poly-ADPR, in
PARP7 to PARP16 (Otto
et al., 2005). Since then, experimental evidencehas
become available indicating PARP10
and PARP14 as mARTs, with PARP10
being the `founder

member' of this sub-family (Kleine et al., 2008). All of the

other membersof this family remain to be fully characterised.
In this areamy experimentshave focused on the PARP family member
PARP12. In particular, here I describe results that establish that PARP12 is a
new mART and the identification of its intracellular substrates,thus providing
new insights into the physiological role of PARP12. The choice of PARP12
among all of the other new PARPs (PARP7 to PARP16) was based on an
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initial screening,in which the ADP-ribosylation activity of the different PARPs
was tested in in vitro ADP-ribosylation assaysusing lysates from HeLa cells
transiently transfected with cDNAs coding for each of the different PARPs.
This first screeningshowed that PARP12 was among the more active of these
enzymes, and that similarly to PARP10, it could ADP-ribosylate itself.
Moreover, becausethe conservedglutamate residue in the catalytic site that is
important for the polymerase activity was absent in PARP12, it was
particularly important to establish if PARP12 is a possible new mART.
Therefore, the first part of this Chapter describesthe experimental evidence
examining the catalytic properties of PARP12 (sections 4.2,4.3), while the
secondpart (sections4.4-4.8) is focused on the identification of its intracellular
substrates,providing a possible role for PARP12 in a cellular context.

4.2 The PARP12-mediated ADP-ribosylation reaction
4.2.1 Production of the recombinant PARP12protein
As mentioned above, the initial screening across all of the PARP isozymes
showed that the overexpressedPARP12 in HeLa cells could ADP-ribosylate
itself. To further evaluate the enzymatic properties of PARP12, we sought to
produce a recombinant GST-tagged full-length PARP12 in bacteria. The
purification conditions were set up and performed by Claudia Cericola, a
technician in our laboratory at the time. Unfortunately, the protein produced in
this system was present in inclusion bodies and was mostly insoluble.
Moreover, the small amounts of solubilised protein were inactive when tested
in ADP-ribosylation assays.As an alternative choice, I decided to produce the
recombinant PARP12 in SO insect cells.
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The Sf9 cell/ baculovirus expression system is widely used for high
levels of protein expression, often with the purpose of purification.
Importantly, proteins expressed in Sf9 cells contain most of the posttranslational modifications (PTMs) known for mammalian cells. To expressa
protein of interest, Sf9 cells have to be infected with genetically modified
baculoviruses,which can be produced using one of the several kits available.
For my purposes,I used a baculovirus expressionsystem,which uses a special
E. coli strain that contains modified baculoviral DNA (Ciccarone et al., 1998).
Recombination of the plasmid (containing the DNA of interest) with the
baculovirus DNA occurs in the bacteria. The complete modified baculovirus
DNA is isolated from the bacteriaand usedfor direct transfection of Sf9 cells.
To achieve this, I first produced the His-PARP12 recombinant
baculovirus, and then set up the optimal conditions to infect Sf9 insect cells
(described in sections2.4,2.5). The His-PARP12 protein produced in this cell
system was present in the total membrane fraction, where it representedthe
major band. Importantly, the His-PARP12 present in the total membrane
fraction showedrobust auto ADP-ribosylation when testedin the in vitro ADPribosylation assays.
Unfortunately the His-PARP12 protein produced by the baculovirus
system is also insoluble complicating its purification. This part of the study
was performed in collaboration with Giuliana Catara. Improvements in the
protocol are still in progress.We have tried different solubilisation conditions,
but when the protein is solubilised (mainly using denaturing conditions), it
loses its catalytic activity (checked by following its auto-ADP-ribosylation
activity).
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One possible explanation concerning this solubilisation problem is that
PARP12 forms aggregates through its WWE domains, a protein-protein
interaction motif. We are still trying to solve this problem: for this reason I
decidedto usethe total membranefraction as an enzyme sourceto carry out the
PARP12 biochemical characterisation.

4.2.2 PARP12functions as a mono-ADP-ribosyltransferase
As mentioned in the introduction to this Chapter, in initial experiments, the
human PARP12 overexpressedin HeLa cells could ADP-ribosylate itself and
other substrates.Importantly, no mobility shift could be observedafter its automodification, which suggestedthat the addition of a single ADP-ribose moiety
takes place, and thus that PARP12 functions as a mART. In support of this
observation, PARP12 has an important substitution in the catalytic triad; i. e.
the presenceof an isoleucine instead of the glutamic acid, substitution that is
responsible for the lack of polymerase activity, as also shown for PARP10
(Kleine et al., 2008).
A structure-based alignment of PARPI, PARP3, PARP12 and the
PARP10 model has been reported by Lusher and co-workers (Kleine et al.,
2008). PARP1 has PARP activity, while PARP10 catalysesonly mono-ADPribosylation. To identify the origins of this difference, the authors compared
the PARP10 model with that of PARPI. The core secondarystructureelements
are retained, as are the histidine and tyrosine residues involved in NAD+
binding, and which
constitute the first two amino acids of the highly conserved
"HYE" triad found throughout the PARP superfamily (Figure 4.1). However, it
is clear that in PARP10 an isoleucine (1987) has
replaced the catalytic
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glutamate found in PARP1 (E988) (Figure 4.1). The same is the case for
PARP12, where isoleucine 660 has replaced the glutamic acid of PARP1.
Basedon thesefeatures,I checkedthe role of theseresidues in PARP12 ADPribosylation activity by generating specific PARP12 mutants. I mutated the
first histidine (involved in NAD+ binding) to alanine (non-conservative
mutation) or to glutamine (conservative mutation), as well as isoleucine 660 to
alanine. As shown in Figure 4.2, my data demonstratethat the substitution of
theseimportant residuesabolishes the PARP12 catalytic activity. Even though
the expressionlevels of Myc-tagged PARP12 mutants were lower comparedto
wild-type PARP12-Myc, this difference cannot explain the abolishing of the
auto-ADP-ribosylation activity. The absence of the first histidine, which is
important in NAD+ binding, is a characteristic of inactive PARPs, such as
PARP9 and PARP13, and indeed the H564A PARP12 mutant and the H564Q
PARP12 mutant were inactive. Of note, the absenceof isoleucine 660 also
impaired PARP12 catalytic activity, suggestingthat this residue is involved in
the catalytic mechanism.These results thus reinforce the initial hypothesisthat
PARP12 is a mART.
To investigate this further, I performed a series of biochemical assays
that are well describedin the literature as experimental tools to analyseprotein
ADP-ribosylation (mono-ADP-ribosylation versus poly-ADP-ribosylation)
(Hottiger et al., 2010). In all of the experimentsdescribed in this section, the
enzyme sourceI usedwas a total membranefraction of Sf9 insect cells infected
with His-PARP 12 recombinant baculovirus.
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Figure 4.1: Sequence alignment of the catalytic domains of PARPs 1,3,10 and 12
Structure-based sequence alignment of the catalytic domains of PARPs 1,3,10

and 12.

Yellow shading, structurally conserved regions. *, residues of the conserved "HYE"

triad.

Note that PARP 10 and PARP12 lack the glutamic residue that is important for the
polymerase activity (red box).

Modified from Kleine H. et al. (2008).
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Figure 4.2: PARP12 mutants do not show auto-ADP-ribosylation

activity

Total membrane fractions from HeLa cells transfected with Myc empty vector (e. v. )
or cDNAs coding for His-PARP12

wild-type

(P12-His WT), Myc-tagged PARP12

wild-type (P 12Myc-WT) or Myc-tagged PARP 12 mutants (P 12Myc-H564A/P 12MycH564Q/P 12Myc-I660A),

tested in the ADP-ribosylation

assay performed at 37 °C for

1 h, in the presence of 30 pM total NAD- and 4 gCi 32P-NAD+. The reactions were
stopped by adding sample buffer, and the proteins were separated by SDS-PAGE and
transferred

onto

nitrocellulose.

The

incorporated

label

was

revealed

by

autoradiography (AR [32P]). The total amounts of PARP12 were revealed by Western
blotting (Wb) using a PARP12 antibody.
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First of all, I investigated whether His-PARP12 can ADP-ribosylate itself at
different NAD+ concentrations(Figure 4.3a) and reaction times (Figure 4.3b).
The rationale of these experiments was based on the data reported by
Mendoza-Alvarez and co-workers (Mendoza-Alvarez and Alvarez-Gonzalez,
1993) that demonstratedthat at low NAD+ concentrations, PARP1 functions
mainly as a mART (200 nM to 2 pM NAD+), while it behavesas a pART at
high NAD+ concentration (200 pM NAD). Figure 4.3 shows that, unlike
PARP1, which undergoesa substantial increase in apparent molecular weight
due to the formation of poly-ADP-ribose polymers (Kleine et al., 2008),
PARP12 did not show any substantial changes to its mobility, even at high
substrate(NAD) concentrationsand long incubation times, indicating that the
reaction was mono-ADP-ribosylation.
The ADPR chains can be detached after alkali treatment. Thus, to
further characterise the PARP12-catalysed reaction, I analysed the automodification products after NaOH treatment, by assaying for ADP-ribose
monomer release (typical of mARTs) or ADP-ribose oligomers (typical of
pARTs) on a sequencinggel. As shown in Figure 4.4, ADP-ribose monomer
was the only product obtained in this reaction, indicating that PARP12
functions as a mART.
The differences between mono-ADPR versus poly-ADPR formation is
also reflected in the considerably lower Vmaxof PARP12 (Figure 4.5), as
compared to PARPI (0.5 versus 500 pmol/min/pg, respectively). The K. for
NAD+ was around 30 pM for PARP12, which is lower than the Km for
PARP10 and PARP1 (roughly 50 µM).
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Moreover, I also analysedthe effects of some PARP1 inhibitors (PJ34
and 3-aminobenzamide [3-AB])

on PARP12 activity.

The auto-ADP-

ribosylation of PARP12 was inhibited by PJ34 (Figure 4.6a) and by 3-AB
(Figure 4.6b), with IC50values of 5 gM and 55 µM, respectively. Thesevalues
are much higher than those of PARP1 (0.04 µM and 8 µM, respectively)
(Loseva et al., 2010). In addition, the PARP12 activity was not affected by
vitamin K 1, which specifically inhibits classical mARTs (Figure 4.6c).
In summary, the experiments described here allowed me to conclude
that the lack of detectablemobility shift of auto-ADP-ribosylated PARP12, the
production of monomeric ADP-ribose after alkali treatment, and the kinetic
parameters,demonstratethat PARP12 is a novel mART.
In addition to this, and similar to what happens for PARP10, the
differential sensitivity to known PARP1 inhibitors, which distinguishes
PARP12 from PARP1, and the lack of vitamin K1 inhibition, demonstratethat
PARP12 belongs to a new class of mARTs.
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Figure 4.3: PARP12 auto-ADP-ribosylation

reaction

(A) His-PARP 12 from Sf9 insect cells incubated in the presence of a constant amount of
[322P]-NAD' and increasing concentrations
of unlabelled NAD', as indicated, for 30 min
at 25 °C. The reactions were stopped by adding sample buffer. The proteins were
separated by SDS-PAGE and transferred onto nitrocellulose. The incorporated label was
revealed by autoradiography (AR [32P]). The total amount of PARP12 was revealed by
Western blotting

(Wb) using an anti-PARP12 antibody.

(B) His-PARP12

from Sf9

insect cells incubated in the presence of a constant amount of total NAD'

and

[32P]-NAD' at 25 °C, for the indicated times. The reactions were stopped by addition of
sample buffer.
nitrocellulose.

The proteins were separated by SDS-PAGE

and transferred

onto

The incorporated label was detected by autoradiography (AR [32P]). The

total amount of PARP12 is indicated by Ponceau red staining. The displayed experiment
is representative for two independent experiments.
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Figure 4.4: PARP12 is a mono-ADP-ribosyltransferase
His-PARP12

was auto-ADP-ribosylated

automodified

PARP12 was TCA precipitated and then subjected to alkali treatment.

under standard reaction conditions.

The

The reaction products were analysed on a sequencing gel (see Methods). Marks with
labels indicate the lengths of the ADP-ribose
chains as determined by co-migration of
bromophenol blue (BBF, 8 ADP-ribose polymers) and xylene cyanol (XC, 20 ADPribose polymers) (Alvarez-Gonzalez
the NAD'

and Jacobson, 1987). The control (Ctrl) indicates

migration. The autoradiography analysis is shown. Note that monomeric

ADP-ribose is the only product
obtained after the alkali treatment.
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1/NAD

Figure 4.5: Kinetic parameters
PARP12 auto-modification

of the PARP12 auto-ADP-ribosylation

reactions were performed with a fixed amount of [32P]-

NAD+ and increasing concentrations of total NAD*.
determined

by TCA

reaction

precipitation

analysed using a Lineweaver-Burk

and Cerenkov

The incorporated label was

counting,

and the data were

plot. The kinetics shown is from the means of

two independent experiments.
Vmax = 0.5 pmol/min/[tg;

Km = 30 µM
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4.6: Sensitivity

ribosylation
His-PARP12

of PARP12

auto-ADP-ribosylation

to different

ADP-

inhibitors
from Sf9 insect cells was subjected to the ADP-ribosylation

using standard conditions (50 µM total NAD'

reaction

for 30 min at 25 °C) in the absence and

presence of the indicated concentrations of different ADP-ribosylation

inhibitors, as

indicated. Controls (0 µM) were carried out with the highest concentrations of solvent
used for the inhibitors. The IC50 values are indicated. All experiments were performed
twice, with similar outcomes.
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4.2.3 PARP12 modifies acidic residues

ADP-ribosylation occurs on different amino acids, including acidic residues,
arginines and cysteines. Thus, I also studied the residue(s) modified by
PARP12 during this reaction. As a first approachI used chemical treatments
known to affect the different chemical bonds formed between ADP-ribose and
the target amino acid with distinct sensitivities (Lupi et al., 2000). Auto-ADPribosylated PARP12 was sensitive to hydroxylamine treatment, which
indicated an ester bond between the ADP-ribose and acidic residues. It was
also insensitive to HgC12, which cleaves Cys-ADP-ribose, and metaiodobenzylguanidine (MIBG), an inhibitor of arginine-specific mono-ADPribosyltransferases (Figure 4.7). Thus, from this first set of experiments, I
could reasonably assume that cysteines or arginines are not modified by
PARP12, while acidic residuesare.
To further validate this point, we decided to identify the specific residue
involved in this reaction by a different approach; i. by
e.
mass spectrometry
(MS) analysis (in collaboration with Prof. Piero Pucci). MS is
a versatile and
indispensable tool in protein chemistry and proteomics. MS determines the
mass-to-chargeratio (m/z) of peptide and protein ions that are generated by
electrospray ionisation (EST) or matrix-assisted laser desorption/ ionisation
(MALDI)

sources, and tandem MS (MS/MS) enables the peptides to be

sequencedand PTMs to be identified and characterised.Thus, MS is ideally
suited to the determination of PTMs because the covalent addition of a
chemical moiety to an amino acid leads to an increasein the molecular massof
that residue, of the corresponding(tryptic) peptide, and of the intact protein.
For example, the phosphorylation of a Tyr residue (163 Da) increasesits mass
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Figure 4.7: PARP12 ADP-ribosylates
His-PARPI2

was ADP-ribosylated

acidic residues
under standard conditions

treatment with (A) I mM HgCl2 or (B) IM
Alternatively,

the ADP-ribosylation

neutral NH2OH for the indicated times. (C)

assay was performed in presence of the indicated

concentrations of meta- Iodobenzylguanidine
mARTs.

and then subjected to

(MIBG),

an inhibitor of arginine-specific

(D) Control reactions were performed in presence of IM

indicated times. Residual radioactivity
amounts of PARP12

NaCl, for the

was determined by autoradiography.

are indicated by red Pounceau staining.

treatment reduces by 60% the ADP-ribosylation

Total

Note that NH2OH

signal, while no change is observed

after other chemical treatments, indicating that acidic residues are modified.
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to 243 Da by the addition of an HPO3 group (80 Da). Similarly, the addition of
ADP-ribose is responsiblefor an increaseof 541 Da.
It has been reported that in MS analysis the linkage between the ADPribose and the acceptor residue is labile, giving rise to mixed speciesthat are
linked to the only ribose-phosphatemoiety or to the full ADP-ribose moiety
(Tao et al., 2009). Based on this evidence, we sought to set up a method to
simplify the moiety to be analysed.In detail, we decided to proceedas follows:
first, we induced the ADP-ribosylation reaction using the total membrane
fraction of His-tagged PARP12 from Sf9 cells; and then the total membrane
fraction was recovered by TCA precipitation and the auto-ADP-ribosylated
PARP12 (present in the total membrane fraction) was treated with
phosphodiesterase(as described in section 2.20), to obtain PARP12 linked to
the ribose-phosphate,leaving the AMP moiety out. In this way, PARP12 was
linked to the ribose-phosphatemoiety alone (responsiblefor an increaseof 212
Da), allowing facilitated analysis by MS. In agreement with the chemical
treatments described above, the described approach led us to identify the
specific residue involved in the reaction, glutamic acid 39. The coverage
achieved for PARP12 was 85%. Moreover, the data obtained so far indicate
that Glu 39 seemsto be the only residuemodified, in contrastto PARP1, which
has been reported to be modified on multiple sites (Tao et al., 2009). This
aspect should further distinguish PARP12 from PARP1, highlighting a
completely distinct enzymatic mechanism.
The preparation of the sample was carried out by Giuliana Catara, a member of
our group, and the MS analysis by Angela Amoresano at CEINGE Institute,
Naples.
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In summary, the results described in this section clearly show that
PARP12 modifies acidic residue and that the glutamic acid in position 39
seems to be the only residue modified by PARP12 during its auto-ADPribosylation. The construction of a specific mutant at this identified residue
would thus undoubtedly confirm the modification site, and should exclude the
possibility of a secondarymodification sites.
The data reported here provides the basis for the design of a synthetic
peptide substrate that would be useful for kinetic analyses, mechanistic
investigations, substrate specificity determination, and the identification of
inhibitors specific for PARP12. This last aspectis of great interest, as to date,
no specific inhibitors for each individual PARP enzyme are available on the
market. Thus, this arearepresentsa future plan to develop.

4.3 Discussion I

The data presentedin this chapterdemonstratesthat PARP12 is a novel mART.
Its kinetic parametersand sensitivity towards specific PARP1 inhibitors reveal
a trend similar to PARP10, a known mART, and also a different chemistry
specificity compared to the poly-ADP-ribosyl polymerasePARP1. Thus, with
these results, I have describeda new intracellular mART that belongs to the
PARP superfamily. My data are in agreement with the sequence analysis
performed by Koch-Nolte and co-workers (Otto et al., 2005), from which they
suggestedthe existence of a new family of intracellular mARTs, to which
PARP12 belongs. In addition, the production of PARP12 mutants allowed me
to demonstratethe importanceof the HYI triad for its catalytic activity.
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Moreover, these findings support the structure- and sequence-based
division of the PARP family into three functionally distinct subgroups, one
with poly-ADP-ribosyl polymeraseactivity, one with mART activity (to which
PARP12 belongs) and one that is catalytically inactive, as reported by Lusher
and co-workers (Kleine et al., 2008) (for summary, seeTable 1.2).
Importantly, the MS analysis reported above permits the identification
of the specific residueinvolved in the reaction, i. e. the glutamic acid in position
39. In addition to the identification of this specific residue, the data reported
here show that Glu 39 can be a unique site for the modification, different from
what has been shown for PARP1, which shows multiple auto-modification
sites. In summary, we can consider the data described in this Chapter
significant for four reasons,as follows.
First, I have described a new intracellular enzyme that can catalyse
mono-ADP-ribosylation

reactions, increasing the possibility of understanding

how this PTM is used intracellularly

with respect to its specific pathways.

Secondly, I have developed a strategy to map the modification
PARP12 substrates, permitting the identification

sites of the

of a single ADP-ribosylation

site on PARP 12. This represents the first verification

of the acceptor amino-

acid residue in PARP12, where the ADP-ribosylation

takes place. Thirdly, in

contrast to PARPI,

the data obtained so far suggest that the auto-ADP-

ribosylation of PARP12 can be limited to a single residue. Finally, using the
information derived from this study, we should be able to design small peptide
substrates for PARP 12 that can be used as specific inhibitors, or as PARP 12
substrates.
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4.4 Identification of PARP12 substrates using the macro-domain
pull-down assay

The first poly-ADPR molecule in mammals was identified in 1963 (Chambon
et al., 1963) and PARP1, the main enzyme responsible for synthesising polyADPR in cells was cloned in 1987 (Alkhatib et al., 1987). At present,it is well
recognised that PARP1 is the founder member of a larger family of enzymes
that have distinct enzymatic activities. Nevertheless,to date the physiological
consequencesof ADP-ribosylation are only in part understood.In this context,
an important aspect of my PhD project has been the study of the physiological
role of intracellular mono-ADP-ribosylation, with a specific focus on PARP12.
To link PARP12 activity to a physiological role, we decided to identify its
substrates.A great limitation to the study of ADP-ribosylated proteins hasbeen
the lack of ADPR-specific antibodies that can potently recognise ADPribosylated proteins. In our laboratory, a new method has been described for
the identification of ADP-ribosylated substrates(Dani et al., 2009). It is based
on the use of a protein module, the macro domain of the protein Af1521 from
Archeoglobus fulgidus, a domain that recognises monomeric and polymeric
ADPR (Karras et al., 2005). Briefly, the method foresees the use of both a
wild-type macro domain, that binds ADPR, and a mutated macro domain,
where the point mutation of the glycine in position 42 to glutammic acid
(G42E) is sufficient to abrogate the ADPR binding to the macro domain and
thus to ADP-ribosylated proteins. The combined use of these two versions of
the macro-domain together with MS analysisprovides the methodology for the
identification of ADP-ribosylated proteins.
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The method reported above was based on the use of a His-tagged macro
domain. Theseauthors also describeda slightly modified methodusing a GSTtagged macro domain cross-linked to Sepharoseresin to minimise non-specific
resin interactions with proteins. Here I have usedthe procedure with the GSTtagged macro domains for the identification of specific PARP12 substrates
(Figure 4.8).

4.4.1 Setting up of the ADP-ribosylation conditions usedfor the macro-domain
basedpull-down assay
The useof the macro-domain-basedpull-down assayrepresentsa good, affinity
based, method to enrich samples in ADP-ribosylated proteins. In addition to
this strategy, to increasethe amounts of ADP-ribosylated proteins, I increased
the levels of ADP-ribosylation catalysedby PARP12, by performing an in vitro
ADP-ribosylation assaybefore the macro-domain-basedpull-down assay.
To establish the best reaction conditions to obtain high levels of ADPribosylation, I performed the ADP-ribosylation reaction using total membrane
fractions of control and PARP12 transiently transfected HeLa cells at different
NAD+ concentrations,reaction times and temperatures.First of all, I performed
the ADP-ribosylation reaction for 2h at 37 °C using different total NAD+
concentrations(from 500 gM up to 3.0 mM). Figure 4.9a shows that at 2 mM
total NAD+, the amount of auto-modified PARP12 was higher compared to
these other NAD+ concentrations. The efficiency of the reaction was also
demonstratedby the appearanceof an upper band that was recognisedby the
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pull-down

assay

Schematic representation of the macro-domain-based pull-down

assay, as described by

Dani N. et al. (2009). Solubilised proteins are incubated with the mutated macro domain
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PARP12 antibody, corresponding to the ADP-ribosylated PARP12. The
intensity of this band increasedwith the increasein total NAD+ concentrations.
Based on this result, I kept the total NAD+ constant and performed the assay
while changing the incubation time (1,2,5,8,12

h) as well as the temperature

(25 °C and 37 °C). Figure 4.9b shows that the greatest amount of modified
protein was obtainedusing 8h and 25 °C incubations.
It is important to note that 2 mM total NAD+ is not a physiological
condition, but as explained above, the idea was to use strong conditions to
force the reaction to a maximum level to obtain an extensive modification of
the substrates by PARP12. Bearing this in mind, I decided to use these
conditions as describedhere to perform the ADP-ribosylation assaybefore the
identification of PARP12 substrates,using the macro-domain-basedpull-down
assay.
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Figure 4.9: Setting-up of the ADP-ribosylation conditions
HeLa cells were transiently transfected
with empty vector (e. v. ) or with PARPI2 (P 12) cDNA. (A)
Fifty pg total membrane fraction were used to perform the ADP-ribosylation
assays, using 4 µCi
[32P]-NAD'

and the indicated NAD+ concentrations. The reactions were carried out for 2h at 37 °C,

and stopped by addition
transferred

of sample buffer.

onto nitrocellulose.

[32p]); total levels of PARP12
antibody.

(B)

Thirty
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The proteins
PARPI2

were analysed by SDS-PAGE

was followed

were analysed by Western blotting

total membrane

performed using 2 mM total NAD',

fraction

by autoradiography

(W. b) using an anti-PARP12

were used in the ADP-ribosylation

labelled with 4 µCi [32P]-NAD'.

and
(AR

assays,

The reactions were carried out

at 25 °C or 37 °C, for the indicated times. The samples were processed as described above.
Quantification of the ADP-ribosylated band at 80 kDa (molecular weight of PARP12) was carried
out using an Instant Imager and was used to evaluate the trend of the ADP-ribosylation
data are means of two independent experiments. Representative images
are shown.

reaction;
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4.4.2 Description of the macro-domain-based pull-down assay

After establishing the best ADP-ribosylation conditions, I performed the ADPribosylation reaction using 8 mg total membrane fraction from control HeLa
cells untransfectedor transiently transfected with PARP12. The reaction was
performed using 2 mM total NAD+, for 8 h, at 25 °C. At the end of the
incubation, the total membrane fraction was separatedfrom the NAD+ mixture
by centrifugation, washed to remove extra buffer, and solubilised. The
solubilised proteins were first incubated with the mutated macro domain, as a
pre-clearing step, and then in sequencewith the wild-type macro domain (as
describedin section 2.15). The proteins bound to the resins were eluted using
sample buffer, and then run on acrylamide gel and stained with coomassie(as
described in section 2.12.3.4). The gel was analysed by MS as indicated in
Figure 4.10.
We decided to analyse only the proteins bound to the wild-type resins
(from both control and PARP12-over-expressing samples) and to use the
proteins identified in the control sample as the background for the procedure.
In this way, we only consideredthoseproteins that were specific for PARP12.
Approaching the analysis in this way, we excluded proteins that were certainly
ADP-ribosylated, but not by PARP12. Indeed, as internal control, we found
glutamate dehydrogenase (GDH), a known substrate that is mono-ADPribosylated by SIRT4 (Haigis et al., 2006), or PARPI, a poly-ADP-ribosylated
protein. Using this described approach,I found 25 specific putative substrates
for PARP12. All of the identified proteins (from both control and PARP12
over-expressingHeLa cells) are reported in Table 4.1.
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Figure 4.10: Bands analysed by MS for identification of PARP12 substrates
The solubilised proteins from the control (Ctrl) and PARP12 over-expressing HeLa cells
(PARP12) were first incubated with the mutated macro-domain, as a pre-clearing step,
and then in sequence with the wild-type macro-domain. The proteins bound to the resins
were eluted using sample buffer, run on acrylamide gels and stained with Coomassie
blue. The proteins eluted from the
resin cross-linked with the wild-type

macro-domain

were analysed by MS, as shown by the grid drawn on the lanes. In detail, the individual
protein bands were excised from the gels and subjected to in-gel trypsin digestion and
MS analysis. The trypsinisation

and MS analysis were performed

entirely at the

CEINGE Institute by Dr. Maria Monti.
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Table 4.1: list of ADP-ribosylated substrates identified using the macro-domain
based pull-down assay. The substratesspecifically identified in PARP12 over-expressing
sample are highlighted in red.

Substrates
Poly [ADP-ribose]

from

control

polymerase

HeLa cells

1

Substrates

from PARP12 overexpressing
cells

Poly [ADP-ribose]
SAFE-like,

polymerase

transcription

HeLa

1

modulator

Scaffold attachment factor B2-B1, Carbamoylphosphate synthase

Scaffold attachment factor B2-B1, Carbamoylphosphate synthase

N-acetyltransferase 10; Heterogeneous nuclear
ribonucleoprotein U

N-acety ltransferase 10; Heterogeneous nuclear
ribonucleoprotein U

Splicing factor, proline- and glutamine-rich; Kinesinlike protein KIF20A; Eukaryotic translation initiation
factor 4 gamma 3

DNA topoisomerase 1
Splicing factor, proline- and glutamine-rich; Kinesinlike protein KIF20A; Eukaryotic translation initiation
factor 4 gamma 3

Netrin

Matrin-3;

receptor

UNC5A

RNA helicase DDX1; DNA helicase; RNA binding protein
EWS

ATP-dependent RNA helicase DDX3; Lamin A/C; RNA
binding protein 14

ATP-dependent RNA helicase DDX3; Laminin A-C; RNA
binding protein 14
Calcium-binding

carrier

mitochondnal

protein

Aralar2

RNA helicase DDX1; RNA helicase DDX3X; ATPdependent DNA helicase 2; Ribophorin-1; Nuclear RNA
export factor 1; p21 Ras GTPase-activating protein
associated p62

RNA helicase DDX1; RNA helicase DDX3X; ATPdependent DNA helicase 2; Ribophorin-1; Nuclear RNA
export factor 1; p21 Ras GTPase-activating
proteinassociated p62

RNA helicase DDXS; Laminn A/C; RNA binding protein
FUS; Paraspeckle component 1

RNA helicase DDX5; Laminn A/C; RNA binding protein
FUS; Paraspeckle component 1

ProteinFAM98A

ribonucleoprotein

RNA helicase

DDX28;
G

Heterogeneous

nuclear

Protei nFAM98A
Dihydrolipoyllysine-residue

ATP-synthase subunit alpha; glutamate dehydrogenase
(GDH)

RNA

succinyltransferase;

helicase DDX5
ATP-synthase subunit alpha; glutamate dehydrogenase
(GDH)
Elongation

factor

1-alphal

Non-POU domain-containing octamer-BP; Polymerase
delta-interacting protein 3;
Heterogeneous nuclear ribonucleoprotein G; 60S
ribosomal protein L4

Non-POU domain-containing octamer-BP; Polymerase
delta-interacting protein 3;
Heterogeneous nuclear ribonucleoprotein G; 60S
ribosomal protein L4

Actin

Actin

hTidl

HLA class I histoeompatibility
hTid 1

antigen

60S ribosomal protein L5; DNA-3-methyladenine
glycosylase

Prohibitin-2;

Histone H1.2 ; THO complex subunit 4

40S ribosomal protein S3; Histone H1.5
ADP/ATP translocase; 40S ribosomal protein S4

UPF0568 protein C14orf166; 40S ribosomal protein
S8; Rab5A; Probable ribosome
biogenesis protein NEP1; 60S ribosomal protein L13L10a

40S ribosomal protein S3; Histone H1.5
Signal recognition particle receptor subunit beta; 605
ribosomal protein L7
ADP/ATP translocase; 40S ribosomal protein S4
GTP-binding nuclear protein Ran
UPF0568 protein C14orf166; 40S ribosomal protein
S8; Rab5A; Probable ribosome
biogenesis protein NEP1; 60S ribosomal protein L13L10a
Rab-14;

Rab7A; Rab2A

(ADPG);

Heterogeneous nuclear ribonucleoproteins A2/B1-AI
Prohibitin-2; Histone H1.2 ; THO complex subunit 4

60S ribosomal

protein

115-L9;

RlbIA,

Transmembrane protein 33
Rab7A; Rab2A
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4.4.3 Study of the substratesidentified
The first approachI used to study the substratesidentified was to cluster the
different proteins into subgroupsbasedon their functions, accordingto the data
available in the literature. This criterion allowed me to divide the substrates
identified into five major subgroups, as shown in Figure 4.11. Thirteen of
identified proteins are involved in RNA processing, three are DNA-binding
proteins, four are members of the GTPase family, two are mitochondrial
proteins and three are plasma-membrane receptors. As described in the
previous section, the macro-domain module functions as the bait to fish out
ADP-ribosylated proteins. It is reasonableto assumethat some of the proteins
identified would be interactors of ADP-ribosylated substrates rather than
substratesof ADP-ribosylation. Considering this, validation experimentsneed
to be undertaken.
One common problem in the proteomic approach is how to sort and
validate all of the identified proteins. I decided to use a "hypothesis-driven
approach" to start with the validation of the substrates. As a first selection
criterion, I decided to choose proteins or protein families known already to be
ADP-ribosylated, including by toxins. I reasoned that, indeed, toxins could use
mechanisms similar to mammalian endogenous enzymes to regulate protein
functions. As a proof of principle, the eukaryotic translation elongation factor-2
is the specific target of ADP-ribosylation

by two lethal toxins, DTX and

Pseudomonas aeruginosa exotoxin A, and it has also been demonstrated to be
an endogenous mono-ADP-ribosylated
stimulation

protein,

following

interleukin-lß

(Jager et al., 2011). Figure 4.11 shows that small-GTPases are

among the possible substrates for PARP12.
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DNA-binding proteins
1. DNA Topoisomerase
I
2. DNA-3-methyladenine
3. SAFB-like

transcription

Mitochondrial
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1. Calcium-binding
carrier

receptors:

1.Netrin receptor UNC5A
2.1 ILA class I histocompatibility

INA

-processing-associated
Matrin-3

proteins:

ATP-dependentRNA helicase DDX I

glycosylase
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RNA-binding protein EWS
Probable ATP-dependent
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RNA helicase DDX28

5. Heterogeneousnuclear ribonucleoprotein (
6. ProbableATP-dependentRNA helicase DDX6

mitochondria)

protein Aralar 2

7. EEF IAI eukaryotic elongation factor IaI

2. Dihydrolipoylysin-residue

60S ribosomal protein L5

succinyltransferase

Heterogeneousnuclear ribonucleoproteinsA2/B

ý

0. Heterogeneousnuclear ribonucleoprotein Al
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1.60S ribosomal protein L7
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2. Rab- IA; 3. Rab-14; 4. Ran

Figure 4.11: Sub-groups of ADP-ribosylated proteins
The substrates identified by MS (as indicated) were clustered into sub-groups based on
their functions (as indicated), according to the data available in the literature. Five major
sub-groups emerged from this analysis. Each of these is highlighted in a different colour.
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Interestingly, as reported in the introduction (paragraph1.2.2), Barbieri and coworkers showed that RabS and Rab4 are substratesof the ADP-ribosylation
catalysed by the toxin ExoS from Pseudomonas aeruginosa (Deng and
Barbieri, 2008a). This finding made the small-GTPases`appealing' substrates
for my analysis.
I decided to start with RablA, a small-GTPases localised at the
intermediate compartment and involved in the control of transport between the
endoplasmicreticulum (ER) and the Golgi complex, as well as in intra-Golgi
transport. Of note, as described in section 4.6, PARP12 is a Golgi-localised
protein. Together, the considerations reported above prompted me to select
Rab1A as the first target of my analysis.

4.5 RablA as a PARP12 substrate: validation experiments
4.5.1 PARP12ADP-ribosylates Rab1A
As describedin section 4.4.2, to identify PARP12 substrates,I performed the
ADP-ribosylation reaction using 2 mM total NAD+ for 8h at 25 °C, conditions
that are not physiological. For this reason, I checked if the over-expressed
PARP12 can modify RablA also in intact HeLa cells. To this end, PARP12
was over-expressedin HeLa cells and, after 18-20 h, cell lysateswere used to
perform the macro-domain-basedpull-down assay.After a pre-clearing step to
remove non-specific binding, the lysatesfrom control HeLa cells and PARP12
over-expressingHeLa cells were incubated with the wild-type macro domain.
The bound proteins were eluted with sample buffer, fractionated on SDSPAGE gels and analysed by Western blotting, using antibodies against
PARP12 and RablA (see section 2.15 for method). Figure 4.12 shows that
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PARP12 was specifically recognised by the wild-type macro-domain; this
constituted a positive internal control of the procedure. The antibody that
recognised RablA showed that there was an enrichment in the amount of
RablA

linked to the wild-type resin when PARP12 was over-expressed

(compared to control HeLa cells). One can consider the binding of RablA to
the wild type resin observed in control HeLa cells as the amount of RablA
modified by endogenousPARP12.
Another way I selectedto confirm that PARP12 could ADP-ribosylate
Rab 1A was the useof biotinylated NAD+ in in vitro ADP-ribosylation assays.
The advantageof this tool is that it is possible to make use of the high affinity
of the streptavidin resin towards biotin to recover ADP-ribosylated substrates.I
performed the ADP-ribosylation reactions using total membranefractions from
control and PARP12 transiently transfected HeLa cells, using an ADPribosylation mixture containing biotinylated NAD+ or, as the control, biotin
alone. After the reaction, the membrane fractions were solubilised and
incubated with the streptavidin resin. The bound proteins were eluted using
sample buffer, separatedon SDS-PAGE, and transferred onto nitrocellulose
(see methods,paragraph2.18.2).
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Figure 4.12: Macro domain pull-down

assay in intact cells

Total lysates of HeLa cells transfected with empty vector or with Myc-tagged
PARP12 were subjected to a preclearing step (P. C. ) and then incubated with the wildtype macro domain (as indicated),

to pull-down

proteins were separated by SDS-PAGE

ADP-ribosylated

proteins. The

and blotted onto nitrocellulose.

blotting (W. b. ) with anti-PARP12 and anti-RablA

Western

antibodies, as indicated. Inputs

were also monitored, as indicated. Note that there was an enrichment in the amount of
ADP-ribosylated

Rab lA when PARP12 was over-expressed (compare macro domain

WT lanes).
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HeLa cells were transiently transfected with empty vector (Control) or PARP12 cDNA.
Total membrane fractions were used to perform in vitro ADP-ribosylation
50 µM total NAD+, containing 5 µM biotinylated
for 2h

NAD`. The reactions were carried out

at 37 °C. The samples were analysed by SDS-PAGE

nitrocellulose.

ADP-ribosylated

Upper panel (w. b: anti-biotin)

assays, using

and transferred onto

proteins were detected using an anti-biotin
indicates ADP-ribosylated

analysed using both anti-PARP12

(to monitor

antibody.

Rab l A. Inputs were also

the over-expression)

and anti-Rab lA

antibodies (bottom panels).

Note that there was an enrichment in the amount of ADP-ribosylated Rab lA when
PARP 12 was over-expressed(upper panel).

228

Results-PartII
The modified proteins were revealedusing an anti-biotin antibody. Figure 4.13
(upper panel) shows that the over-expressionof PARP12 led to an increasein
the amounts of ADP-ribosylated RablA, as comparedto the control, while no
non-specific binding of biotin to RablA was observed. The Western blotting
with anti-RablA (bottom panel) shows that the band of interest was indeed
RablA.
To summarise, the two different procedures I have described here
(macro-domain pull-down assay in intact cells at physiological NAD+
concentrations,and in vitro ADP-ribosylation assayusing biotinylated NAD)
are supporting RablA as a substrate for the mART PARP12, validating the
data obtained through MS. However, from theseexperiments,it is not possible
to rule-out that RablA might be part of a complex and that another protein of
this complex is instead the direct target of PARP12. However, as also
describedin the next section,the strongly denaturing solubilisation conditions I
used,should disrupt this putative complex, thus supporting the conclusion that
RablA

is a substrate for PARP12. Other experiments, such as an

immunoprecipitation of RablA after in vitro ADP-ribosylation assays or
macro-domain-basedpull-down assays in cells in which the expression of
PARP12 is abrogated by RNA interference should directly demonstratethat
Rab1A is modified by PARP12.

4.5.2 ThePARP12-Rab1Ainteraction
An alternative way I consideredto validate Rab1A as a PARP12 substratewas
to determine whether these two proteins interact. To addressthis question, I
investigated if the over-expressionof a myc-tagged PARP12 would allow the
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detection of an interaction with the endogenousRab1A. Figure 4.14 showsthat
under the conditions of the experiment,there was no interaction. However, it is
important to note that it is not always possible to validate an interaction
between two proteins, in particular if we are referring to an enzyme-substrate
complex. Indeed, in this case,the interaction is transient, since by definition an
enzyme has to release its substrate after the modification. However the
interaction can be stabilized using cell lysates from cells that over-express
PARP12 mutants and the interaction analysed by performing immuneprecipitation experiments.In this case,since the mutants do not have catalytic
activity, they should retain the substrates,thus allowing the interaction to be
seen. The principle for this approachwas proposedby Tonks and colleagues
for the identification of protein phosphataseinteractors (Flint et al., 1997).
Another aspectto consider is that to solubilise PARP12 strong detergentsneed
to be used (describedin section 2.13.3), henceusing denaturing conditions that
can interfere with the maintenanceof the complex. Therefore, when the data
described in the previous paragraph is considered, showing that it is not
possible to follow the interaction biochemically under these experimental
conditions used, support the conclusion that RablA is indeed a substrate,and
not an interactor, of PARP12.
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Figure 4.14: RablA

does not co-immunoprecipitate

with PARP12

HeLa cells were transiently transfected with myc empty vector (Myc-e. v. ) or myctagged PARP12 (Myc-P12)

cDNAs.

PARP 12 was immunoprecipitated
analysed by

SDS-PAGE

The cells were lysed, and the over-expressed

using an anti-Myc

and transferred

antibody. The samples were

onto nitrocellulose.

Immunoprecipitated

PARP 12 was analysed using an anti-PARP 12 antibody (upper panel). Western blotting
(W. b) with an anti-RablA

antibody is shown in the bottom panel. Inputs and unbound

materials were also monitored, as indicated.
Note that there is no interaction between PARP12 and Rab1A under the experimental
conditions used.
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4.5,3 RablA modulatesPARP12 activity
As describedin the previous section, RablA is ADP-ribosylated by PARP12. I
reported in the Introduction (section 1.3.2.1) that the defensin HPN-1 is a
substratefor ART 1 and that high concentrationsof defensin HNP-1 inhibit the
transferase activity of ART 1, thus representing a regulatory mechanism. I
sought to investigate whether a similar mechanism could regulate PARP12,
and thus I checked if the concomitant over-expressionof PARP12 and Rab1A
could affect PARP 12 enzymatic activity.
To addressthis point, I transfectedHeLa cells with cDNAs coding for
GFP, PARP 12, or GFP-tagged Rabl A,

or co-transfected them with

GFP/PARP12 and GFP-Rabl A/PARP 12. The total membrane fractions from
the transfected cells were used to perform in vitro ADP-ribosylation assays
(method described in section 2.18). As shown in Figure 4.15, the concomitant
over-expression of GFP-tagged RablA and PARP12 abrogated the ADPribosylation activity of PARP12, while the incubation of GFP-taggedRablA
over-expressingtotal membranestogether with PARP12-over-expressingtotal
membranesdid not give the sameresult. These data suggest that PARP12 and
RablA should be in contact in some way or that the presenceof cofactors is
needed to provide an effect. For these reasons,it is possible that the simple
incubation of membranesdoes not allow a correct environment to achieve an
effect on PARP12 enzymatic activity.
I would like to point out that the results I have describedhere show that
PARP12 catalytic activity can be modulated by Rabl A. This new finding
representsthe first example of regulation (in this specific case,of inhibition) of
a member of the new mART family by another protein. It might be possible
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HeLa cells were transiently transfected with cDNAs coding for GFP, PARP12, or GFPtagged Rab 1A, and co-transfected with GFP/PARP 12 and GFP-Rab 1A/PARP 12. The
total membrane fractions (TM) from the transfected cells were used to perform in vitro
ADP-ribosylation

assays. Samples were analysed by SDS-PAGE and transferred onto
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[32P]). Arrow,

ADP-ribosylated

PARP12.
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Note that PARP 12 catalytic activity is strongly reducedby RabIA over-expression.
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that Rab1A interacts with PARP12 at the auto-modification site, thus impairing
its auto-ADP-ribosylation. Further work is required to dissectout the molecular
mechanismsresponsible for this regulatory mechanismand the role in terms of
PARP12 function.

4.6 PARP12 localisation
4.6.1 EndogenousPARP12 is localised to the Golgi complex
Sub-cellular localisation determines the environments in which proteins
operate. As such, the sub-cellular localisation influences protein functions by
controlling access to and availability of all types of molecular interaction
partners and possibly metabolites. Accordingly, knowledge of protein
localisation often hasa significant role in characterisingthe cellular function of
hypothetical and newly discoveredproteins.
To understandthe role of PARP12, as well as the identification of its
substrates,I analysed its subcellular localisation. The cell system I used is
HeLa cells, a well characterisedcell model, and I investigated the localisation
of endogenous PARP12 in these HeLa cells by immunofluorescence. The
staining given by the PARP 12 specific antibody clearly indicated that PARP12
is localised to the Golgi complex, and to some extent in the nucleus (Figure
4.16a). Here, I used a generic Golgi marker (giantin) for Golgi localisation.
The staining of the antibody was specific, as confirmed by the lack of labelling
after abrogationof PARP12 expressionusing RNA interference(Figure 4.16b).
Interestingly, the Golgi localisation seen by immunofluorescence was
not as predicted, since any transmembranedomain or specific sequencesof
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Figure 4.16: PARP12 localises to the Golgi complex
(A) Representative confocal images of non-transfected HeLa cells labelled with an antiPARP12 antibody (green, for endogenous PARP12) and with a monoclonal anti-giantin
antibody (red, Golgi marker). (B) Endogenous PARP12 expression was abrogated using
a specific siRNA. The cells were labelled as above. The absence of PARP12 labelling
indicates that the staining of the
antibody is specific. Scale bar 10 µM.
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PTMs that target proteins to membranes (such as prenylation) would be
revealed by bioinformatic analysis. One possible explanation of this
observation is that the presenceof PARP12 on the Golgi complex is dependent
on an interaction with a specific partner. Thus far, I did not evaluate this
possibility, but it would be of great interest as a future extension of this study,
also considering recent data that demonstratethat PARP5 (the other PARP
localised at the Golgi complex) interacts with PARP12 (Leung et al., 2011).

4.6.2 PARP12 localisation during cell-cycle progression
In the previous section,I reported that PARP12 is a Golgi-localised protein and
that it is also presentto someextent in the nucleus.It is well known that during
mitosis the Golgi ribbon undergoes extensive fragmentation through a
multistage process that promotes its correct partitioning and inheritance by
daughter cells (Sutterlin et al., 2002). Based on theseobservations,I wondered
if the two different PARP12 localisations (nucleus/Golgi) might changeduring
cell-cycle progression.
In general, I performed the immunofluorescenceexperiments on nonsynchronisedHeLa cells, and so across different phasesof the cell cycle. To
obtain a more homogeneous population to analyse, I performed the
immunofluorescence experiments on synchronised cells (for methods, see
paragraph 2.9). To achieve this, I took advantage of the use of a specific
inhibitor of Cdkl (RO-3306) that results in the accumulation of cells in the G2
phase (Vassilev et al., 2006). This inhibition is reversible, so after inhibitor
washout, cells can re-enter the cell cycle in a synchronous manner, and they
reach the mitotic peakwithin 1h (M phase).In addition, to accumulatecells in
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the Go phase, the cells were starved for 24 h. To detect the different stagesof
the cell cycle, I used an antibody that recognisesphosphorylated serine 10 of
histone H3. This histone is phosphorylatedby the kinase Aurora-B, a crucial
event for chromosome condensation. During chromosome assembly, global
phosphorylation of histone H3 occurs in a step-wise and ordered manner. In
mammalian cells in

G2 phase, phosphorylation is first

detected in

pericentromeric heterochromatin, and as mitosis proceeds, it

spreads

throughout the whole of the chromosomes.This global phosphorylation of
histone H3 is completed in late prophaseand maintained through metaphase.
Dephosphorylation of histone H3 begins in anaphase and ends at early
telophase (Hans and Dimitrov, 2001), and thus it is not seen in Gl/S and
quiescentcells.
Figure 4.17 shows that in cells in Go (no staining of phosphorylated
histone H3) PARP12 was exclusively localised on the Golgi complex, without
any nuclear staining. In contrast, PARP12 localisation in the nucleus varied
according to cell-cycle progression. Indeed, PARP12 showed a nuclear and
perinuclear staining in

G2 cells (characterised by discrete dots of

phosphorylated histone H3), while it was dispersed throughout the cytosol
when cells were in M-phase (when phosphorylated H3 co-localises with
condensedchromosomes).I did not evaluate this observation further, but it
would be interesting to further study it since one of the substratesidentified for
PARP12 is the small GTPase Ran, a protein that is involved in nuclear-tocytoplasm transport and in the control of the cell cycle (Clarke and Zhang,
2008).
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Figure 4.17: PARP12 localisation
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changes during cell-cycle progression

HeLa cells were synchronised in different
phases of the cell cycle, fixed and labelled
with the DNA-specific

dye Hoechst and with an anti-phospho-histone-H3

antibody

(PH3), to identify the different cell-cycle phases. An anti-PARP12 antibody was used
to follow PARP12 localisation during the different phases. Representative images are
shown. Scale bar 10 [M. Note that PARP12 localisation is exclusively on the Golgi
complex in quiescent cells, while it starts having a nuclear localisation as cells enter
the cell cycle.
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4.6.3 Localisation of over-expressedPARP12
Different from the endogenous protein, over-expressedPARP12 shows a
complex localisation. In particular, the protein was present as foci in the
cytoplasm (Figure 4.18). Of note, I observedthat PARP12 over-expressionwas
associatedwith a loss of the classical Golgi-ribbon-like organisation, with the
Golgi appearing fragmented. Under these conditions, PARP12 did not colocalise with the Golgi markers(Figure 4.18).
Thus, these experiments suggest that PARP12 is involved in the
maintenance of the structure of the Golgi complex. Interestingly, a role for
RablA in the control of the structure of this organelle has already been
reported (Haas et al., 2007; Wilson et al., 1994), and thus it is possible to
hypothesisethat ADP-ribosylation of RablA catalysed by the over-expressed
PARP12 can alter the RablA functions, and can lead to this fragmented
phenotype. Based on these assumptions,the abrogation of RablA expression
should have the same effects, on both the structure of the Golgi complex and
on PARP12 localisation. For this reason, I decided to further investigate this
aspect,by evaluating the consequencesof the modulation of Rab1A expression
on PARP12 localisation.
4.6.4 PARP12 localisation is affected by modulation of Rab1A expression
To determine whether the modulation of Rab1A expression affects PARP 12
localisation, I first silenced RablA in HeLa cells and then analysed the
localisation of the endogenous PARP12. As shown in Figure 4.19, RablA
silencing strongly affected PARP12 localisation, which appeared to be
displaced from the Golgi complex, which itself appearedto be fragmented.The
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Figure 4.18: PARP12 over-expression
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(A) Representative confocal image
of HeLa cells transiently transfected with myc-tagged
PARP12, labelled with
an anti-PARP12 antibody (red) and giantin antibody (green), to
monitor Golgi morphology. Scale bar 10 [tM. (B) The graph shows the quantification

of

the cells showing a fragmented Golgi, as data from three independent experiments. Note
that the cells with fragmented Golgi increased by 30% when PARP 12 was over-expressed.
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Figure 4.19: PARP12 localisation

is affected when RablA

expression is abrogated

(A) RablA expression in HeLa cells was abolished by using a specific siRNA. The cells
were then fixed and stained with an anti-PARP12 antibody (red, endogenous PARPI2)
and with an anti-giantin

antibody (green, Golgi marker). Representative images are

shown. Scale bar 10 µM. (B) The levels of RablA
Western blotting (W. b) using an anti-RablA

interference were monitored by

antibody, and normalised according to the

GAPDH levels.
Note that in the absence of Rab l A, PARP 12 is displaced from the Golgi complex,
which itself appears to be fragmented.
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over-expression of RablA, instead, did not have any effects on endogenous
PARP12 localisation, which still localisedto the Golgi complex (Figure 4.20).
The displacement of endogenous PARP12 from the Golgi complex
after abrogation of RablA expression led me to suppose that RablA is
important for PARP12 localisation, thus explaining the mis-localisation from
the Golgi complex of over-expressedPARP12. For this reason,I checkedif the
concomitant over-expressionof RablA-GFP and PARP12 restored the Golgi
localisation of over-expressedPARPl 2. Figure 4.21 shows that RablA overexpression is not sufficient to restore the Golgi localisation of over-expressed
PARP12. This suggests that other proteins are involved in ensuring the
localisation of PARP 12 to the Golgi complex, or that protein overexpression
interferes with the localisation process.
Taken together, these data are in agreement with previous work
showing that RablA is implicated in the maintenanceof the Golgi morphology
(Haas et al., 2007; Wilson et al., 1994); (Venditti Rossella, personal
communication) and suggest that PARP 12 localisation on the Golgi complex
may be dependent on the existence of a protein complex. In this regard,
recently Chang and co-workers demonstrate that PARP12 interacts with
PARP5 (Leung et al., 2011), the other PARP localised at the Golgi complex.
Thus, one can speculatethat the Golgi localisation of PARP12 is relying on a
protein complex; when the equilibrium of this complex is altered (by PARP12
over-expression), PARP12 does not localise on the Golgi complex.
Interestingly, as described in the next section, a role for ADP-ribosylation
seems to be required for the correct Golgi localisation of PARP 12, thus
suggestingthat PARP5 could indeedplay a role in this.
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Figure 4.20: Rabla over-expression

does not affect endogenous PARP12 localisation

Representative images of HeLa cells transiently transfected with GFP-tagged Rab1A and
stained with an anti-PARP12 antibody (red, endogenous PARP12). Scale bar 10 µM.

Note that Rab1A over-expressiondoes not affect the endogenousPARP12 localisation.
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Representative images of HeLa cells co-transfected with GFP-tagged Rab 1A and myctagged PARP12,
overexpression

stained with

of RablA

an anti-myc

antibody.

Note

that the concomitant

does not restore the Golgi localisation

of over-expressed

PARP 12 (see text for details). Scale bar 10 µM.
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1.7 PARP12 has a role in the re-formation of the Golgi structure
after BFA wash-out
It is well known that BFA causesa rapid dispersal of Golgi membranesand a
redistribution of Golgi-resident enzymes to isolated vesicles and to the ER.
This process is completely reversible, and the Golgi reassembleswithin 1h of
addition of BFA-free medium (Lippincott-Schwartz et al., 1989). Considering
that PARP12 might have a role in the maintenanceof the Golgi morphology, I
investigated whether PARP12 might also have a role in the reassemblyof the
Golgi structure after BFA was washed out. To this end, I evaluated the reformation of the Golgi structure in cells in which the expression of PARP12
was abolished using a specific PARP 12-directed siRNA, compared to cells
transfected with a non-targeting siRNA. The complete disassembly of the
Golgi structure was achieved by treating the cells with 2.5 µg/ml BFA for 30
min at 37 °C, and its re-formation was achieved by the removal of the BFA,
followed by incubation of complete BFA-free medium (Fujiwara et al., 1988;
Lippincott-Schwartz et al., 1989). Figure 4.22 clearly demonstratesthat while
recovery of the Golgi structure was complete in control cells, the cells lacking
PARP12 showed a defect in the re-formation of the Golgi `ribbon'. To
understandif this effect is connectedto the enzymatic activity of PARP12 and
not to a structural role of the protein per se, I analysedthe Golgi reassemblyin
the presence of PJ34, a known inhibitor of ADP-ribosylation. PJ34 is best
known as a PARP1 inhibitor, but, as reported in section 4.2.2, at micromolar
concentrationsit also inhibits PARP12 activity (IC50for PARP1,0.04 AM; IC5o
for PARP 12,5 AM).
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of the Golgi complex upon BFA wash-out

HeLa cells were transfected
with a non-targeting or an anti-PARP I2 siRNA. After 72 h,
the cells were treated with 2.5 µg/ml BFA for 30 min at 37 °C' and then incubated for 90
min at 37 °C in complete BFA-free media to allow re-formation of the Golgi complex.
The cells were then fixed and labelled with the DNA-specific

dye Hoechst, an anti-

PARP12 antibody (to check for the interference), and with an anti-giantin antibody (to
monitor for Golgi complex reassembly). Scale bar 10 ttM. (A) Representative images are
shown. (B) The graph indicates the percentage of cells showing a partial or complete
recovery of the Golgi complex structure after BFA wash-out. The data are means t
standard deviations, from two different experiments.
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Based on thesedata, after the complete disassemblyof the Golgi complex with
BFA, I allowed the reformation of the Golgi structure in BFA-free medium in
presence of I µM PJ34 (a concentration that inhibits PARPI) and 100 µM
PJ34. While the PARP1-inhibitory concentrationof PJ34did not affect the reformation of the Golgi complex (Figure 4.23a),the higher concentrationcaused
a defect in the recovery of the Golgi structure (Figure 4.23b), as observedin
cells silenced for PARP12. As a control, the incubation of cells with only 100
µM PJ34 did not affect Golgi morphology (Figure 4.23c). Surprisingly,
inhibition of ADP-ribosylation by PJ34 treatment causes an alteration in
endogenousPARP 12 localisation, and the apperancein cytoplasmic structures.
Together, these data thus suggest a role for PARP12 catalysed ADPribosylation in the control of Golgi complex reassembly. However, it is not
possible to exclude other effects of the inhibitor PJ34 on other PARPs, such as
PARP5, at this stage.In this context, the developmentof a specific PARP12
inhibitor would be of great value.
In addition, an important and unexpectedfinding that emerges from
these data is the requirement of ADP-ribosylation to maintain PARP12
localisation on the Golgi complex. This finding could support the recent data
by Chang and co-workers, demonstrating that PARP12 is part of a complex
formed by PARP5, PARP13 and PARP15. Thus the idea is that this complex,
and possibly ADP-ribosylation, is required for PARP12 localisation (as also
mentioned in the previous section).
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Figure 4.23: Golgi structure re-formation after BFA wash-out Is affected when
ADP-ribosylatlon Is Inhibited by PJ34
HeLa cells were treated with 2.5 pg/ml BFA for 30 min at 37 °C and then incubated for
90 min at 37 °C in complete BFA-free media in the presenceof 1 pM (A) or 100 µM
PJ34 (B), to allow Golgi complex re-formation. As the control, cells not treated with
BFA were incubated with 100 pM PJ34 for 90 min (C). The cells were then fixed and
labelled with the DNA-specific dye Hoechst,with an anti-PARPI2 antibody and with an
anti-giantin antibody (to monitor for Golgi complex re-assembly). (D) The graph
indicates the percentageof cells showing a partial or complete recovery of the Golgi
complex structure after BFA wash-out. The data are means± standarddeviations, from
two different experiments.Scalebar 10 µM.
Note that the presenceof 100 ItM PJ34 alters Golgi complex re-formation (B), while the
re-formation processis normal at tower concentrationsof PJ34(1 µM) (A).
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4.8 Discussion II

In this Results chapter, I have provided evidence that PARP12 is a Golgilocalised mART and that it can modify Rab1A. Rab1A was identified using the
macro-domain-based pull-down assay, and then validated through other
approaches.This method also allows me to identify 24 other new putative
PARP12 substrates that still need to be validated. Among these, one of
particular interest is the small GTPaseRan. Here I have also provided evidence
that PARP12 localisation can vary accordingto the cell cycle, and as Ran has a
well-known role in regulation of the cell cycle (Clarke and Zhang, 2008) this
observationis particulary intrigueing.
The choice of RablA as the first target to analyse was based on a
"hypothesis driven approach": Rabs are indeed known substratesof ADPribosylation by toxins (Deng and Barbieri, 2008a), and thus I reasonedthat
similar mechanisms might be used by mammalian cells to regulate their
functions. Moreover, this idea was further supported by the subcellular
localisation of these two proteins, both of which were present on the Golgi
complex, where RablA

controls ER-to-Golgi and intra-Golgi transport.

Through the different experiments I have reported here, I found that as also
demonstratedfor Rab1A, PARP 12 appearsto be important in guaranteeingthe
correct structure of the Golgi complex. This conclusion arises from the
following observations:
I. PARP12 over-expressioncausesGolgi disassembly(Figure 4.18b);

2. AbolishingRab1Aexpression
(Figure4.19);
causesGolgi disassembly
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3. Over-expressedPARP 12 is not localised to the Golgi complex (Figure
4.18a);
4. EndogenousPARP12 is not localised to the Golgi after abolishing Rab1A
expression(Figure 4.19).
A possible explanation for this effect is that ADP-ribosylation impairs Rab1A
functions, thus leading to Golgi fragmentation. On the other hand, the mislocalisation of PARP12 after its over-expressioncan be explained by the need
of a protein-complex (maybe containing PARP5, the other Golgi-localised
PARP, and RablA) that should recruit PARP12; when PARP12 is overexpressed,the endogenous levels of proteins forming the complex are not
enough to recruit all the over-expressedPARP12, that thus displaces from the
Golgi complex. Similarly, abrogation of RablA

expression causes a

displacementof endogenousPARP12 from the Golgi complex. Moreover, the
finding that ADP-ribosylation inhibition by PJ34treatment affects endogenous
PARP12 localisation indicates that ADP-ribosylation events are required to
tether PARP12 to the Golgi complex.
I also reported here that abolishment of PARP12 expression,as well as
inhibition of ADP-ribosylation, are connectedto a defect in Golgi complex reformation after BFA hasbeen washedout. This supportsthe idea that PARP12
catalysed ADP-ribosylation is required for the Golgi complex re-formation
process.
My findings pinpoint to further research to understand these new
aspectsof the Golgi morphology that appear to be regulated by mono-ADPribosylation.
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CHAPTER 5: final discussion

Although the mono-ADP-ribosylation hasbeen known for sometime mainly as
the mechanism of action of some bacterial toxins, this post-translational
modification (PTM) is now emergingas an important mechanismalso used by
mammalian cells to control a vast array of cellular processes(Hottiger et al.,
2011). Here I have provided new evidence of how this PTM can be used to
regulate protein function, by describing the new ADP-ribosylation mechanism
of BFA-dependent ADP-ribosylation

of CtBPIBARS,

and the new

intracellular function of mono-ADP-ribosylation that is catalysedby the monoART PARP12.

5.1 BFA-dependent ADP-ribosylation of CtBP1/BARS regulates its
functions
CtBP1BARS is a dual-function protein that is involved in two widely diverse
biological processes, namely intracellular membrane trafficking and gene
transcription. After its discovery as a BFA target, CtBP 1BARS

was

demonstratedto be an essentialcomponent of the machinery controlling Golgi
tubule fission (De Matteis et al., 1994; Spanoet al., 1999; Weigert et at., 1999).
Membrane fission is an essentialevent for the cell. Indeed, it is used in
intracellular membrane trafficking for the transport of proteins and lipids from
donor to acceptormembranes.Following the initial generationof membranous
carriers through a process of membrane budding and fission, they are
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transported to their acceptor membranes, with which they undergo fusion
(Wilson et al., 2010). Membrane fission also has an important role during cell
division, when the Golgi complex undergoesextensive fragmentation. This
process is thought to facilitate the equal partitioning of Golgi membranes
between the two daughter cells (Sutterlin et al., 2002). By promoting Golgi
tubule fission, CtBP1BARS is an essential component of both these aspects,
and is indeed involved in the control of intracellular transport (Bonazzi et at.,
2005) (Valente C. et al., submitted) as well as mitotic fragmentation of the
Golgi complex (Colanzi et al., 2007; Hidalgo Carcedoet al., 2004).
In addition to theseimportant roles, CtBP1/BARS has been shownto be a
member of the CtBP family, as it has very high amino acid sequenceidentity
with mammalian CtBPI and CtBP2, and it is indeed a splice variant of CtBP1
(Spano et al., 1999).
CtBP 1 and CtBP2 are transcriptional corepressors that repress gene
expression by interacting with DNA-binding

transcription factors and

recruiting histone methyltransferases,histone deacetylases,polycomb group
proteins, and other chromatin remodeling proteins to targeted promoters
(Chinnadurai, 2007). The targets of repression of CtBP include epithelial and
proapoptotic genes,which is consistentwith its known roles in promoting cell
survival and migration (Chinnadurai,2009).
CtBP1BARS can control these two entirely different cellular functions
through a changein its intracellular localisation (cytoplasmic/nuclear),an event
that is mediated through the binding to different proteins as well as through
different PTMs. A further level of regulation is the CtBP1BARS binding with
cofactors, namely NAD(H), and acyl-CoAs. Here, NAD(H) stabilises the
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dimeric conformation of CtBPs, and thus the co-repressorfunction, and acylCoAs promote the monomeric conformation, and thus the fissioning role
(Corda et al., 2006).
The description of this new BFA-dependent ADP-ribosylation reaction
adds a further level of regulation to this dual functional protein, thus
contributing to the unravelling of the main mechanismsby which the CtBP
functions can be interchanged.Previous findings from our laboratory showed
that BFA-dependent ADP-ribosylation could inhibit CtBP1BARS fissiogenic
activity, but the mechanismwas unknown (Weigert et al., 1999).
The data described in Chapter 3 demonstrated that this mechanism
involves ADP-ribosyl cyclases, such as CD38, for the formation of an ADPribosylated adduct, BAC (figures 3.3,3.4), which covalently binds to the
CtBP1BARS Rossman fold (similarly to NAD(H)/AcylCoA) (Colanzi et al.,
manuscript in

preparation). Importantly,

BAC

binding

inhibits the

CtBP1BARS interactions with its protein partners that are involved in the
membrane fissioning functions, such as 14-3-3y and PAK1 (Figure 3.9). In
addition, BAC binding to CtBP1BARS can shift CtBP1BARS conformation
from monomer to dimer/tetramer (Colanzi et al., in preparation), thus
favouring the conformation required for its co-repressor activity, while
inhibiting its fissiogenic function.
In the nucleus, the CtBP dimers regulate the formation of protein
complexes that are involved in the inhibition of transcription, by binding to the
Pro-X-Asp-Leu-Ser (PXDLS) motifs in DNA-binding proteins and by
regulating the expressionof epithelial genes,such as keratin-8 and E-cadherin,
and apoptosis genes such as Bik, Noxa, Puma and PERP. Additionally, the
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CtBPs target multiple growth inhibitory tumour suppressorsfor repression,
including PTEN, pl6INK4a and pl5INK4b, thus promoting cell survival
(Chinnadurai, 2009). Indeed, data obtained from mouse embryo fibroblasts
(MEFs) derived from CtBP1- and CtBP2-knock-out mice show that thesecells
have up-regulatedepithelial and pro-apoptotic genes(Grooteclaeset al., 2003).
My data demonstratethat the co-repressoractivity of CtBP1BARS can
be regulated and in this specific case increased in a promoter-dependent
context. Indeed, among the genesanalysed(BAX, NOXA, P21, E-cadherin and
BCL6), I found that BAC binding to CtBP1BARS modulates CtBPI/BARS
co-repression function at the E-cadherin and p21 promoters (Figures 3.10,
3.11). It is possible that this
event (BAC binding) could enhance the
CtBP1BARS interactions with
specific repressors,or affect its interactions
with other chromatin-regulating enzymes (such as the HDACs). Even if the
molecular mechanism associatedto its increasedco-repressoractivity has not
been addressedin the
present study and further work is required to elucidate
this point, from the results obtained during my project, a new mechanismfor
the regulation of CtBP co-repressor activity emerged: BAC binding to
CtBP1BARS stabilises
a dimeric/tetrameric conformation of CtBPs, that
cannot function in fissioning processes(becauseof a lack of binding with its
fissioning partners),
while it

enhances the co-repressor function of

CtBP 1BARS. Figure 5.1
showsthe proposedworking model.
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As mentioned above, I tested a small subset of all the genes that might be
regulated by CtBP1, and therefore a wider analysis of the CtBP target genes
could help in our understandingwhether and how other genesare affected by
BAC binding to CtBP1BARS.
The CtBPs are among the very few transcription factors that harbour an
intrinsic enzymatic functional domain, which thus represents a `druggable'
target. A growing body of evidence suggeststhat CtBP has a role in human
cancer through the promotion of multiple pro-oncogenic activities, including
epithelial to mesenchymaltransition (EMT), cell migration/invasion, and cell
survival. Loss of function of the CtBPs leads to enhanced expression of
epithelial phenotype-relatedproteins, such as E-cadherin,occludin and keratin8, and this counteractsEMT and tumour malignancy (Chinnadurai, 2009).
Considerationof the numerouspro-oncogenicpropertiesof CtBP suggest
it is a potential therapeutic target in cancer. Therefore, the possibility of
regulating CtBP co-repressoractivity using small molecules is of undisputed
value. Even if the analysisof the genestesteddoesnot support the use of BAC
as a tool to counteract the pro-oncogenicproperties of CtBPs, a wider analysis
of different genes could help in better understandingwhether the effects of
BAC binding can be exploited as a pharmacologicaltool.
The requirement for the presenceof CD38 to allow BAC to enter the
intracellular space (figure 3.7) restricts the range of the possible use of BAC.
However, this aspectcan still be consideredpositive, as some tumours, such as
diffuse large B-cell lymphomas, expresshigh levels of CD38 (Malavasi et al.,
2011); thus BAC could selectively target thesekind of tumours.
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Importantly, a striking result that emergesfrom my data is the reversibility of
BAC binding to CtBP1BARS. It is important to highlight that BAC binding to
CtBPIBARS

occurs through the BFA molecule, and thus an intracellular

enzyme that can catalysethe removal of BFA should exist. These data lead us
to think that, indeed, a molecule similar to BAC is also present in cells.
Moreover, it is likely that the toxins exploit mechanismssimilar to endogenous
ones in their modulation of protein functions. So, basedon the existence of an
endogenousenzyme that can remove BAC from CtBPI/BARS, it will be very
interesting to investigate whether similar endogenousmechanismscan regulate
CtBP functions. It is thus tempting to speculatethat an endogenous`BAC-like'
molecule will representsa further mechanismsthat is highly specific for the
regulation of the different CtBP functions.
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5.2 The mono-ADP-ribosyltransferase PARP12 is involved in the
control of the structure of the Golgi complex

ADP-ribosylation is an ubiquitous protein modification that controls many
cellular processes,including transcription, DNA repair and bacterial toxicity.
Mono-ADP-ribosylation is only recently emerging as an important posttranslational modification that is used by mammalian cells to control a vast
array of cellular processes(Hoftiger et al., 2011). While more evidence exists
regarding the roles of poly-ADP-ribosylation in different cellular processes,
our present knowledge of mono-ADP-ribosylation catalysed by the new
members of the PARP family is less advanced,and thus their characterisation
will help in our understandingof their roles.
Here I have provided evidencethat PARP12 is a mono-ART. Similar to
PARP 10, PARP12 lacks the polymerise activity, while showing robust monoART activity. In agreement with the sequencealignment data reported by
Lusher and co-workers (Kleine et at., 2008), 1 have shown here that the
residuesof the catalytic triad of PARP12 are indeedindispensablefor its ADPribosylation activity, thus demonstratingthat PARP12 is an additional member
of the new sub-family of mono-ARTs.
More importantly, my data provide the initial evidence for a previously
uncharacterisedfunction that canbe ascribedto mono-ADP-ribosylation: a role
in the control of the morphology of the Golgi complex. The identification of
PARP12 substrates, as well as the analysis of PARP12 sub-cellular
localisation, has been instrumental for gaining of insights into a function for
PARP12. Indeed, I have shown here that PARP12 is a new Golgi localised

259

Discussion
protein (Figure 4.18). Interestingly, the Golgi complex has been demonstrated
to be an important compartment for NAD+ synthesis(Dolle et at., 2010), and
thus this NAD+ pool can be usedto catalysethe ADP-ribosylation reaction also
at the level of this organelle. In line with these findings, I have shown that,
indeed, RabI A, can be ADP-ribosylated by PARP12.
The Rab proteins are key players in the control of crucial steps in
vesicular transport (Stenmark, 2009). A role for these proteins has been
reported in vesicle budding (e.g., Rab9 functions in the recycling of mannose6-phosphate receptors from late endosomesto the trans-Golgi network), in
vesicle motility (as in the case of Rabl1), and also in vesicle fusion (as
reported for Rab5) (Carroll et at., 2001; Hales et al., 2002; McLauchlan et al.,
1998).
Rabl is involved in the regulation of the earliest stages of protein
trafficking through the secretory pathway: from the ER to the Golgi complex
(Allan et al., 2000; Moyer et al., 2001; Tisdale et al., 1992). Protein transport
between the ER and the Golgi complex occurs via an intermediate
compartment (IC), which is also known as vesicular tubular clusters (VTCs),
the ER-Golgi intermediate compartment (ERGIC), or simply the IC. Carrier
exit from the ER is initiated at specific domains in the ER network known as
ER exit sites (ERES), via COPII-coated transport carriers. These COPII
vesicular carriers deliver cargos from the ERES to the stationary ERGIC
clusters, and then COPI-coated vesicles bud from this compartment to deliver
material to the cis-Golgi compartment.COPI vesicles are also responsible for
retrograde transport to the ER from the ERGIC and the Golgi complex
(Lorente-Rodriguez and Barlowe, 2011). Rabl is involved in both COPI
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(Alvarez et al., 2003; Monetta et al., 2007) and COPII-mediated events (Allan
et al., 2000; Moyer et al., 2001). When active and bound to GTP, Rab proteins
recruit effectors, which function in downstreamevents that lead to membrane
fusion. In particular, the activated membrane-boundRab1 recruits the tethering
protein p 115, and possibly other golgins, thus coordinating fusion events
(Allan et al., 2000). Besidesthis fundamental role, Rabl has also been shown
to be required for the maintenanceof Golgi complex morphology. In particular,
it has been reported that microinjection of inactive RablA mutants (i. e. in the
GDP-bound form) as well over-expression of a Rab1-GAP protein, result in
fragmentation of the Golgi complex (Haas et al., 2007; Wilson et al., 1994).
Data reported here show that the over-expressionof PARP12 leads to a
loss of the classical ribbon-like organisationof the Golgi complex and PARP 12
localisation in cytoplasmic foci (Figure 4.18). Strikingly, as well as PARP12
over-expression, abrogation of RablA expression causesGolgi fragmentation
and displacement of PARP12 from the Golgi complex, from where it instead
appearsin cytoplasmic structures(Figure 4.19). Thus, an intriguing possibility
is that PARP12 over-expressioncausesGolgi fragmentation through the ADPribosylation of Rab1A.
Although the Rab GTPasesmainly function as regulatory switches that
spatio-temporally coordinate the recruitment of various regulators of
membrane trafficking, their outputs also impinge on other regulatory circuits,
such as phosphorylation (Stenmark, 2009).

These post-translational

modifications might alter either the function of the Rab GTPaseitself or that of
its interacting partners, thereby adding another layer of control to their
activities. In this way, phosphoregulation of Rab functions contributes to the
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dramatic changes in membrane trafficking that occur during, for example,
mitosis. RabI is indeedphosphorylatedby Cdkl, which might contribute to the
inhibition of vesicle tethering and fusion (Preisinger et al., 2005). This event
leads to persistent budding of COPI vesicles without fusion, thus generatinga
disassemblyof the Golgi (Lowe et al., 1998a).
Considering that RablA is one of the substratesI found for PARP12, my
data suggestthe existenceof a new link betweenADP-ribosylation and Rab1A
functions. It is tempting to speculatethat ADP-ribosylated Rab1A might mimic
the sameeffects as inactive RablA (i. e. in the GDP-bound state) or can impair
Rab lA interaction with specific partners that are important for its functions,
thus explaining the fragmentation of the Golgi complex after PARP12 overexpression.Moreover, I have also reportedthat Rab1A over-expressioninhibits
PARP 12 catalytic activity, suggesting that these two proteins are able to
regulate each other. One possible explanation is that RablA can interact with
PARP 12 at its catalytic site, thus blocking its enzymatic function. However,
data obtained so far cannot explain this finding at the molecular level, and
remains to be explored.
A crucial point that still needsfurther analysis is that the over-expressed
PARP12 localises in cytoplasmic foci and not on the Golgi complex, as is seen
for the endogenousprotein. My data show that as with over-expression,the
Golgi localisation of PARP12 is also lost after RabIA interferenceand after the
use of the PJ34ADP-ribosylation inhibitor (Figures 4.19,4.23). Basedon these
data, it can be assumed that PARP12 localisation on the Golgi complex is
reliant on ADP-ribose formation (even produced by other PARPs), while the
fragmentation effect on the Golgi structure is dependent on RablA ADP-
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ribosylation by PARP12. This would explain the fragmentation of the Golgi
structure after PARP12 over-expression(due to Rab1A ADP-ribosylation, and
thus possibly its inactivation), an effect that is comparable to RablA
interference.
Regarding PARP12 localisation, recently Chang P. and co-workers
(Leung et al., 2011) demonstratedthat PARP5, the other PARP that is located
to the Golgi complex, interacts with PARP12. My data show that inhibition of
ADP-ribosylation

by

the ADP-ribosylation

PJ34 inhibitor

causes a

displacementof PARP12 from the Golgi complex, thus suggesting that ADPribosylation is required to target PARP12 at this organelle. Based on this
evidence,it will be interestingto determinewhether PARP12localisation at the
Golgi complex is dependenton the ADP-ribosylation catalysedby PARP5.
Leung, A. K. et al. also reported data on PARP 12 localisation after overexpression.Similarly to my findings, they showedthe over-expressedPARP12
localisation as cytoplasmic foci, that they identify as stress granules using
specific markers,such as the eukaryotic initiation factor eIF3. Here, PARP12 is
part of a complex of PARPs, which includes PARP5, PARP13 and PARP15.
The authors proposed that the accessibility of Argonaute/miRNA complex to
its target mRNA is affected by an increasedADP-ribosylation of multiple
proteins that bind to the target, resulting in the relief of miRNA silencing. The
production of pADPR is dependenton this `PARP complex' activity. However,
they had no comment regarding endogenousPARP12.
Thus, an interesting aspect to be investigated is how these foci are
formed, performing live-cell imaging to follow the over-expressionof PARP12
with time. It is possible that PARP12 is a multi-functional protein, that
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harbours different roles according to its localisation and the cellular conditions.
However, it cannot be excludedthat the PARP12 localisation in stressgranules
is a consequenceof its over-expression.If this is the case,it is possible that the
endogenous levels of PARPS, and potentially the basal levels of ADP
ribosylation, are not sufficient to recruit over-expressed PARP12, thus
displacing it from the Golgi complex.
In addition, my data also indicate a clear role for PARP12 and for ADPribosylation in the re-formation of the Golgi complex. Interestingly, I observed
a defect in Golgi reassemblyafter BFA was washedout both after abrogation
of PARP12 expressionby RNA interferenceand after treatment with the ADPribosylation inhibitor PJ34.These results suggesta role for PARP12, and thus
for ADP-ribosylation, during Golgi complex re-formation. This new finding
could have interesting implications in the study of Golgi biogenesis during
different cellular events, such as the cell cycle. During mitosis, COPI vesicles
continue to form (Xiang et al., 2007), but the vesicles cannot fuse with their
target membranesbecauseof the disruption of vesicle tethering complex (Lowe
et al., 1998b; Misteli and Warren, 1994; Nakamura et al., 1997). For example,
phosphorylation of GM130 by Cdkl in early mitosis prevents p115 from
binding, thereby blocking vesicle tethering and subsequentfusion (Levine et
al., 1996; Lowe et al., 1998b). My data show that the removal of PARP12
expression, as well as the inhibition of ADP-ribosylation, causesa defect in
Golgi re-formation after BFA was washedout (Figure 4.23).
It is tempting to speculate that PARP12-catalysed ADP-ribosylation
might contribute to the regulation of tethering/fusion events. When this
situation is altered (by PARP12 siRNA, or by PJ34 treatment), this regulatory
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mechanism is lost, thus leading to an imbalance between the tethering and
fusion processes.However, structural studies are needed to understand the
specific step(s) controlled by ADP-ribosylation, and the molecular mechanism
through which this effect is achieved.
In addition, it will be also interesting to investigate whether anterograde
transport (event in which Rab1A is involved) is impaired by PARP12 catalysed
ADP-ribosylation activity. A possible explanation is that if ADP-ribosylation
regulates Rab1A functions, this trafficking step should be affected. However,
future studiesareneededto determinethis.
In conclusion, my work has highlighted a possible regulatory role of
mono-ADP-ribosylation at the level of the Golgi complex. Seenfrom a more
general perspective, the substratesidentified for PARP12 suggest that this
enzyme, and thus the mono-ADP-ribosylation catalysed by PARP12, might be
involved in multiple cellular functions, ranging from regulation of smallGTPases to the control of RNA. Consistent with my findings, the recent
findings of Chang P. and co-workers (Leung et al., 2011) indeed demonstratea
role of ADP-ribosylation associated to RNA control. The study of the
substratesidentified for PARP12 might thus add other important contributions
to the understandingof the role of mono-ADP-ribosylation in cells.
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