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Abstract Poly(ADP-ribosyl)ation is the covalent attach-
ment of ADP-ribose subunits from NAD™ to target proteins
and was first described in plants in the 1970s. This post-
translational modification is mediated by poly(ADP-ribose)
polymerases (PARPs) and removed by poly(ADP-ribose)
glycohydrolases (PARGs). PARPs have important func-
tions in many biological processes including DNA repair,
epigenetic regulation and transcription. However, these
roles are not always associated with enzymatic activity.
The PARP superfamily has been well studied in animals,
but remains under-investigated in plants. Although plants
lack the variety of PARP superfamily members found in
mammals, they do encode three different types of PARP
superfamily proteins, including a group of PARP-like
proteins, the SRO family, that are plant specific. In plants,
members of the PARP family and/or poly(ADP-ribo-
syl)ation have been linked to DNA repair, mitosis, innate
immunity and stress responses. In addition, members of the
SRO family have been shown to be necessary for normal
sporophytic development. In this review, we summarize
the current state of plant research into poly(ADP-ribo-
syDation and the PARP superfamily in plants.

A recent review on this subject covering similar but not identical data
was published during review of this manuscript [24].
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Introduction

Post-translational modifications of proteins, such as phos-
phorylation, ubiquitination and acetylation, allow dynamic
and reversible changes to function. The attachment of
multiple ADP-ribose moieties to proteins, poly(ADP-ribo-
syl)ation, is a post-translational modification mediated by
poly(ADP-ribose) polymerases (PARPs) and was first dis-
covered in the 1960s [26, 27, 42, 50, 95, 114]. Although
originally described in mammals, members of the PARP
superfamily have now been identified through sequence
similarity in all major groups of eukaryotes [32]. The
PARP catalytic site, called the PARP signature, which
consists of a B-alpha-loop-B-alpha NAD™ fold [101, 120],
characterizes members of this superfamily. These proteins
are best studied in humans, where 17 members are found,
which combine diverse functional domains with the PARP
catalytic domain [9, 60, 125]. True PARPs attach ADP-
ribose subunits to target proteins; depending on the specific
PARP involved, several to hundreds of ADP-ribose units
can be attached to the target [78]. This process uses
nicotinamide adenine dinucleotide (NAD™), releasing nic-
otinamide as a reaction byproduct. However, not all
proteins with PARP signatures actually function in poly
(ADP-ribosyl)ation. For example, while both HstiPARP
and HsPARP10 have non-conserved residues instead of an
important catalytic glutamic acid [3, 88, 148], Hsti-PARP
has PARP activity [88] while HsPARP10 acts as a
mono(ADP-ribose) transferase (mART) [31, 79, 148]. In
addition, two other human proteins that have replaced
catalytic residues, HsPARP9 and HsPARP13, are
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enzymatically inactive [79, 136]. This suggests that the
functions of the PARP superfamily extends beyond
poly(ADP-ribosyl)ation.

PARP superfamily members are involved in a broad
range of functions, including DNA damage repair, cell
death pathways, transcription and chromatin modification/
remodeling (reviewed in [60, 78, 125]) and are targets for
the development of anti-cancer drugs [61]. The first iden-
tified member of the PARP superfamily, human PARP1
(HsPARP1), remains the best studied. The PARP1 encoding
gene is expressed nearly ubiquitously in mouse and other
mammals [124]. The protein contains N-terminal DNA-
binding zinc fingers, necessary to bind to double-strand
breaks (Fig. l1a). In addition, the protein has a PADRI
domain, a domain of unknown function found in PARP1
and its orthologs [128] as well as a BRCA1 C-Terminus
domain (BRCT), found predominantly in proteins involved
in cell cycle checkpoints [21]. In addition, HSPARP1 con-
tains a WGR domain of unknown function, although
postulated to bind nucleic acids, and a PARP regulatory
domain (PRD) [120, 127], before the C-terminal catalytic
domain. HsPARP1 was originally found to function in
association with DNA damage and repair pathways. In this
context, it is activated upon binding to DNA strand breaks
and autopoly(ADP-ribosyl)ates [58, 60]. The negatively
charged ADP-ribose residues interfere with protein—protein
and protein—DNA interactions, including the association of
histones with DNA. In fact, histones bind poly(ADP-ribose)
(PAR) with high affinity and this stimulates the removal of
histones from DNA [7]. It is thought that this change in
nucleosome occupancy frees DNA at the site of damage for
efficient DNA repair. Histones themselves are also targets
of mono- and poly(ADP-ribosyl)ation in mammals and in
plants [145, 146], including on lysines [53, 91, 140]. The
functional significance of this histone modification remains
to be determined.

HsPARPI and it orthologs in animal systems have been
implicated in numerous other functions. Enzymatically
silent PARPI acts as a structural protein in chromatin and
inhibits transcription by contributing to the condensation of
chromatin [82, 97, 102, 139, 143]. However, when acti-
vated by developmental or environmental signals, PARP1
auto-modifies itself and other chromatin-associated pro-
teins, opening chromatin to facilitate gene expression [59,
82, 138]. PARPI has also been shown to have more direct
roles in transcriptional regulation (reviewed in [83]). The
broad range of roles for PARP1 suggests that other mem-
bers of the PARP superfamily may also have many
context-dependent roles.

In addition to HsPARPI1, two other PARP superfamily
members, HSPARP2 and HsPARP3, which are found in the
same subgroup of the family as HsSPARP1 [32], have been
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Fig. 1 Schematic representation of domains found in PARP super-
family proteins. Protein domains are illustrated by colored boxes and
are defined according to Pfam 25.0 [34], unless otherwise noted.
Proteins are shown to scale with their lengths in amino acids
indicated. a Land plants contain proteins similar to HSPARP1. b Land
plants contain proteins similar to HsPARP3. ¢ Plants and other
eukaryotes contain HsPARPS orthologs. d The SRO family is land
plant specific. BRCT BRCA-1 C-terminus domain (PF00533), FPE
fungal PARP E2-associated domain [32], LLP domain of unknown
function found in the PARP8 subfamily of the PARP superfamily
(Citarelli, Lee and Lamb, unpublished data), PADRI domain of
unknown function found in PARPs (PF08063), PRD PARP regulatory
domain, PARP PARP catalytic domain (PF00644), RST RCD-SRO-
TAF4 domain (PF12174), SAP presumed nucleic acid binding domain
(PF02037), UBCc ubiquitin E2 catalytic domain (PF00179), WGR
domain defined by conserved tryptophan, glycine and arginine
residues (PF05406), WWE presumed protein-protein interaction
domain characterized by tryptophan and glutamic acid residues
(PF02825), ZnF DNA binding zinc finger domain (PF00645). At
Arabidopsis thaliana, Hs Homo sapiens, Mg Magnaporthe grisea, Pp
Physcomitrella patens

implicated in DNA repair in humans and other mammals.
PARP? is expressed in a broad range of tissues and cell
types [124]; however, PARP3 expression shows tissue
specificity in mouse [141]. It is thought that PARP2 and
PARP3 function in conjunction with PARP1 during DNA
repair and other processes such as gene regulation. Con-
sistent with this hypothesis, while single mutant animals
appear normal, parpl/parp2 knockout mice die during
embryogenesis [40], while parpl/parp3 mice are very
sensitive to DNA-damaging agents [19]. Both HsSPARP2
and HsPARP3 have been shown to act in poly(ADP-ribo-
syDation with activity stimulated by DNA fragments [8,
19, 121]. However, HSPARP3 has also been reported to act
as a mART toward histone H1 and to not be stimulated by
DNA [87], suggesting that its enzymatic function maybe
context dependent.
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Removal of ADP-ribose from proteins

Poly(ADP-ribosyl)ation is a reversible modification, and
poly(ADP-ribose) glycohydrolase (PARG) enzymes cata-
lyze the hydrolysis of the glycosidic linkages of ADP-
ribose polymers to produce free ADP-ribose. Thus, PARG
reverses or counteracts the function of PARPs. In contrast
to the PARP superfamily, only one or a handful of genes
encode PARGs, although alternative splicing can produce
multiple isoforms in mammals. PARG has been reported to
be present in several subcellular compartments, including
the nucleus and cytoplasm as well as mitochondria [20].
PARGSs have not been extensively analyzed in plants. In the
plant Arabidopsis thaliana, two genes encode putative
PARGs, AtPARGI/TEJ (A12g31870) and AtPARG?2
(A12g31865), which resulted from gene duplication [23].

Free ADP-ribose is known to be toxic, and it has been
speculated that the lethality of mutations in PARG genes in
animals is at least partially due to buildup of this metab-
olite [57, 80]. Nudix (nucleoside diphosphates linked to
moiety X) hydrolases catalyze the hydrolysis of a variety of
nucleoside diphosphate derivatives [18]. Three members of
this family in Arabidopsis, AtNUDT2, AtNUDT6 and
AtNUDT7, have been shown to hydrolyze both ADP-
ribose (to AMP and ribose-5-phosphate) and NADH in
vitro [52, 99] and these seem to be physiological substrates
[64, 98]. Overexpression of AtNUDT2 has been shown to
protect plants from depletion of NAD" and ATP under
oxidative stress conditions, suggesting its involvement in
recycling the ADP-ribose generated by ADP-ribosylation
[98]. Similarly, inhibition of removal of ADP-ribose
through loss of function in AtNUDT7 has been shown to
decrease the level of poly(ADP-ribose) in Arabidopsis,
correlating with an increase in ADP-ribose [64], suggesting
that PARP activity is inhibited in this background.

Distribution of PARP superfamily proteins in plants

Plants contain at least three types of PARP superfamily
members

PARP activity in plants was first described in the 1970s,
when it was demonstrated that a biochemical activity in the
nuclei of wheat [145] and Nicotiana tabacum [146] was
poly(ADP-ribosyl)ating histones. Since then, PARP
superfamily members have been identified in plants, both
by sequence similarity to animal proteins [13, 85] and
through genetics [5]. Compared to humans, where this
protein family contains 17 members and there are at least
five different types of PARP subfamilies [32, 60], plants
contain relatively few such proteins. All land plants contain
orthologs of HsPARP1 and others that seem to be more

related to HSPARP3 based on the sequence of their cata-
lytic domains (Fig. 2 and Table 1; [32]). The HsPARP1
orthologs, typified by Arabidopsis thaliana PARP2
(AtPARP2), share a conserved domain structure with this
protein (Fig. 1a). In common with other proteins that act in
poly(ADP-ribosyl)ation, the plant HsPARP1 orthologs
contain a so-called catalytic triad consisting of histidine-
tyrosine-glutamic acid (HYE) residues within the PARP
signature (Fig. 2a). The first two residues of this triad are
necessary for NAD" binding [116] while the third is
important for polymer formation [90]. Although none of
the plant proteins in these groups have been demonstrated
to have poly(ADP-ribosyl)ation activity to date, it is very
likely that they do in fact have this activity, based on the
high identity of the plant catalytic domains to those of
HsPARP1 (Fig. 2a). AtPARP2 is broadly expressed
(Genevestigator; [151]), consistent with other HsPARPI
orthologs.

The PARP superfamily members that are more similar
to HsSPARP3 within their catalytic domains are also found
throughout land plants and are split into two distinct groups
[32]. The first group, which contains the first plant PARP
cloned, AtPARP1/APP [85], has an apparently plant-spe-
cific domain structure, containing two SAP domains in the
N-terminus (Fig. 1b). SAP domains have been shown to
bind to nucleic acids [100] and have also been demon-
strated to function in localizing proteins to the kinetochore
during mitosis [122]. In addition to the SAP domains, these
proteins contain a WGR domain, a PRD domain and
catalytic domain at the very C-terminus. These PARP
superfamily members have the HYE catalytic triad within
their PARP signature (Fig. 2b), and both AtPARP1 (Table
1; [13]) and Zea mays PARP1 (ZmPARPI; [89]) have been
shown to have poly(ADP-ribosyl)ation activity, suggesting
that all members of this group likely function in poly(ADP-
ribosyl)ation. The second group of proteins similar to
HsPARP3, typified by AtPARP3, do not contain SAP
domains. They more closely resemble HsPARP2 in domain
structure (Fig. 1b). Interestingly, these proteins have
acquired changes in the catalytic domain such that they no
longer contain an intact HYE catalytic triad (Fig. 2b). All
members of this group contain a cysteine instead of the
histidine at the first position and retain the glutamic acid at
the third position. In angiosperms, the second position
contains a valine instead of a tyrosine while seedless plants
retain the tyrosine (Fig. 2b; [32]). The impact of these
changes on catalytic activity of these proteins is unclear,
although they would be predicted to eliminate NAD™
binding and therefore enzymatic activity. In Arabidopsis
thaliana, AtPARP3 is expressed in developing seeds [16],
suggesting a function during this part of the plant lifecycle.

Physcomitrella patens, a moss found in the basal land
plant group the bryophytes, contains PARP superfamily
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Fig. 2 Multiple alignments of the PARP catalytic domains of land
plant PARP proteins. These alignments only show the conserved
PARP catalytic domain and the numbers indicate amino acids within
these domains. Dots indicated gaps introduced to optimize the
alignment. Identical amino acids are indicated by red shading and
similar amino acids by orange shading. The amino acids present in
the catalytic triad are boxed in blue and labeled C1, C2 and C3. The
alignments were generated using the MUSCLE3.8.31 multiple
alignment tool, using default settings [45]. Structures were obtained
from the RCSB Protein Data Bank [117], unless otherwise noted.
a Multiple alignment of HSPARP1 and its land plant orthologs. The
structural elements present in HsPARP1 are shown at the bottom of

members that are orthologous to HsSPARP6, 8 and 16 (the
PARPS clade; [32]). Similar proteins are also found in some
green algae, including Chlamydomonas reinhardtii and
Volvox carteri, as well as many fungi and Trichomonas
vaginalis within the Excavata [32]. However, this group of
proteins appears to have been lost from vascular plants. No
member of this clade, including those found in humans,
have been functionally characterized. Interestingly, no
green algae with sequenced genomes have any PARP
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the alignment. b Multiple alignment of HSPARP3 and its land plant
orthologs. The structural elements present in HSPARP3 are shown at
the bottom of the alignment. ¢ Multiple alignment of HsPARPS,
MgA4R2D2 and their green algal and moss orthologs. The structural
elements present in HsPARP8 are shown below the alignment.
d Multiple alignment of members of the SRO family. The predicted
structural elements present in AtRCD1 are shown below the
alignment. The structural prediction was done using Phyre [76]. Hs
Homo sapiens, At Arabidopsis thaliana, Zm Zea mays, Sm Selaginella
moellendorfii, Pp Physcomitrella patens, Os Oryza sativa, Mg
Magnaporthe grisea, Ch Chlorella sp 142271, Cr Chlamydomonas
reinhardtii, Vc Volvox carteri, Pt Populus trichocarpa

superfamily members other than the PARPS-type. Other
eukaryotic lineages have also lost most or all PARP-
encoding genes from their genomes [32]. The moss protein
in this group, A9TVE2, contains a long N-terminus with no
known functional domains but containing an LLP domain, a
domain of unknown function found only in the PARPS
clade of the PARP superfamily (Fig. 1c; Citarelli et al., in
preparation). This protein contains a C-terminal extension
with no apparent functional motifs. This domain structure is
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similar to that seen in the human PARPS protein (Fig. 1c);
interestingly, the fungal members of this clade contain a
C-terminal UBCc domain (Fig. 1c; [32]). UBCc domains
are the catalytic domains found in E2 Ub-conjugating
enzymes, which carry Ub and transfer it either directly to a
substrate or to an E3 ligase [35]. The presence of this
domain in some PARPS clade proteins suggests a connec-
tion between ADP-ribosylation and ubiquitination. In
common with its orthologs in other groups of eukaryotes,
the catalytic domain of PpA9TVE2 contains changes sug-
gesting that it functions in mono(ADP-ribosyl)ation rather
than as a bona fide PARP, retaining the first two residues of
the catalytic triad, but replacing the third residue (Fig. 2c).
However, since no members of the PARPS clade have been
characterized either functionally or biochemically, it is not
clear what function these proteins may be playing.

Finally, land plants have acquired a novel group of
PARP-like proteins, the SRO family. These proteins are
found throughout land plants and consist of two subgroups
[32, 74]. The first is ubiquitous in land plants and contains
a WWE protein-protein interaction domain [11] in the
N-terminus and a C-terminal extension past the PARP
catalytic domain (Fig. 1d). This extension contains an RST
domain [73]. The second subgroup is found only in the
eudicot group of flowering plants and contains proteins that
have lost the N-terminal region and retain only the catalytic
domain and the RST domain (Fig. 1d). These proteins
contain variant PARP signatures and may not act enzy-
matically (Fig. 2d). In fact, AtRCDI, the first member of
this group identified, appears to be inactive (Table 1; [74]).
However, the catalytic triads within this group vary, with
some members, such as PpA9TEQS, retaining the NAD™
binding residues (Fig. 2d; [32]). This suggests that activity
must be assayed for multiple members before any con-
clusions on biochemical function can be formed for the
family. Two members of this group from Arabidopsis,
RCD1 and SROI, have been shown to bind to transcription
factors in yeast two-hybrid assays [17, 72]. The RST
domain characteristic of the SRO family is also found in
the transcription initiation complex component TAF4 [73].
These facts, along with the known roles of HsPARPI in
regulation of transcription and chromatin structure in
absence of enzymatic activity, suggest that the SRO family
may function in gene regulation at the transcriptional and/
or chromatin level.

Functions of PARP superfamily members in plants

PARP proteins in DNA repair and the cell cycle

Bona fide PARPs were first discovered in association with
DNA repair pathways and this is still the best-known and

studied role of this class of enzymes (reviewed in [61]).
HsPARP1 orthologs have been shown to be involved or
implicated in DNA repair in animals [8, 118, 137], fungi
[81, 126], Trypanosoma cruzi [46] and Dictyostelium dis-
coideum [112]. It is likely that a role in DNA repair is
shared by most orthologs of HsPARP1, HsPARP2 and
HsPARP3. Although this has not been extensively studied
in plants, there is some evidence supporting the involve-
ment of PARPs in DNA repair in this group of organisms
as well. In Arabidopsis, AtPARP1 and AtPARP2 expression
is higher in genetic backgrounds that have increased DNA
damage or replication stress [13, 113, 150] and in rapidly
dividing tissues and stem cells in which the genome needs
to be protected [93]. Their expression is induced by radi-
ation [36, 43], genotoxic stress [30] and Gemini virus
infection, presumably due to the presence of nicked viral
replication intermediates [12]. AtPARP2 has been shown
to bind DNA breaks [43]. PARP inhibitor studies suggest
that PARP enzymes may participate in control of DNA
recombination [110]. However, the studies done with
PARP inhibitors need to be interpreted carefully. In plants,
two inhibitors have been used: 3-aminobenzamide (3AB)
and nicotinamide. 3AB is a competitive inhibitor of the
poly(ADP-ribosyl)ation reaction [44] and is thought to act
primarily on HSPARP1 and HsPARP2-like enzymes and to
a lesser extent on HsPARP3-like enzymes, while nicotin-
amide, as one of the products of the ADP-ribosylation
reaction, therefore inhibits it and would be expected to
inhibit any enzyme with ADP-ribosylation activity or that
produces nicotinamide (reviewed in [47]). However, both
these compounds have suboptimal inhibitory potencies
[44]. In addition, they are capable of inhibiting other
enzymes in addition to PARPs. In particular, both 3AB (to
a minimal extent) and nicotinamide inhibit sirtuins [55],
histone deacetylases that couple lysine deacetylation to
NAD™ hydrolysis [54]. These enzymes are found
throughout plants [54], and their activities are likely to be
altered by application of nicotinamide and perhaps 3AB.
Arabidopsis encodes two sirtuins, AtSRT1 and AtSRT2
[106]. Therefore, phenotypes seen upon 3AB and nicotin-
amide application should be examined closely, as it is
unclear which PARP superfamily members are inhibited, to
what extent and if sirtuins are also impacted. In addition,
inhibitor studies offer no insights into any non-enzymatic
functions PARP proteins might have. Despite the limita-
tions of PARP inhibitor studies done to date and the lack of
a direct demonstration of activity in DNA repair, it is very
likely that plant PARPs similar to AtPARP1 and AtPARP3
are involved in this process.

In addition to roles in DNA damage response and repair,
various members of the PARP superfamily have been
shown to be involved in cell cycle control and mitosis.
PAR accumulates along spindles in animals, suggesting a

@ Springer



180

R. S. Lamb et al.

role in spindle formation or regulation [29]. Tankyrase, a
type of PARP confined to animals [32], is necessary for
sister chromatid separation [63] and spindle function [28].
In plants, some studies also link poly(ADP-ribosyl)ation to
cell cycle activity. PARP activity increases during expo-
nential growth of Arabidopsis cell cultures and expression
of AtPARPI and AtPARP2 peaks during this time. This
peak of PARP activity correlates with that of glutathione
reductase and with an increase in the NAD*/NADH pool
size and ratio [48, 107]. A more direct link between plant
PARPs and mitosis was found by examining the localiza-
tion of AtPARP1 and AtPARP2 in mitotic cells.
GFP-labeled proteins expressed in tobacco cells localized
with chromosomes and the spindle during mitosis, while
AtPARPI also associated with these structures in
Arabidopsis roots [14]. AtPARP1’s association with chro-
mosomes required the N-terminal SAP domains, while the
localization of AtPARP2 required the two zinc fingers and
associated regions. Based on these observations, it is likely
that poly(ADP-ribosyl)ation and/or PARP proteins are
likely to function during the cell cycle and mitosis in plant
cells.

PARP superfamily proteins influence abiotic stress
responses in plants

Poly(ADP-ribosyl)ation has been implicated in stress
response in eukaryotes since at least the 1970s. In par-
ticular, HSPARP1 and other similar PARPs are known to
be important in the balance between cell survival and
death in response to a number of stresses. Overactivation
of HsPARP1 can result in massive necrotic cell death and
has been implicated in disease (reviewed in [37, 58-60,
68, 125, 130]). However, it is required for genomic
integrity and to protect proliferating cells and some non-
proliferating cell types against cell death induced by oxi-
dative stress [39, 40, 66]. During apoptosis, HSPARPI is
proteolytically inactivated by cleavage into characteristic
fragments by executioner caspases [25, 94, 96, 134, 149];
this inactivation is hypothesized to prevent energy deple-
tion through NAD™ consumption. The cleavage fragments
have been shown to act in a dominant negative manner to
prevent full-length HsPARP1 activity [149]. Therefore,
HsPARPI’s role as either a survival factor or a death
signal is context dependent. In plants, the involvement of
PARPs and poly(ADP-ribosyl)ation in abiotic stress
response has been the best-studied function for the protein
family.

The land plant PARPs similar to both HSPARP1 and
HsPARP3 have been implicated in cell death. In soybean
cells, upon induction of oxidative stress, PARPs are acti-
vated and cellular NAD™ levels are reduced. This is
followed by programmed cell death (PCD). This PCD could
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be inhibited by PARP inhibitors and/or by downregulation
of PARP [10]. Consistent with this, overexpression of
AtPARPI in soybean improved the resistance of soybean
cells to mild oxidative stress [10]. The cleavage of PARP
during cell death may also be shared with animals. Cultured
tobacco cells undergo cell death upon heat shock. An
antibody raised against HsSPARP1 recognized a tobacco
protein cleaved to approximately 89 KDa upon heat shock,
a size consistent with the known cleavage product produced
during apoptotic death in animal systems [135]. Application
of 3AB and nicotinamide reduced the amount of death
induced by heat shock, suggesting that PARP activity may
be involved in the cell death.

Most of the work connecting PARP superfamily mem-
bers with stress response in plants has been done in
Arabidopsis (Fig. 3). Expression studies in this plant have
implicated both AtPARPI and AtPARP2 in response to
abiotic stress. In particular, AtPARP2 is upregulated by
oxidative stress and salinity [30, 43, 98]. AtPARP3,
although under normal conditions only expressed in seeds,
can be upregulated by paraquat, salinity, high light inten-
sity and drought [98]. Functionally, AtPARPI and
AtPARP2 have been implicated in abiotic stress response.
Induction of PARP activity under oxidative stress condi-
tions results in depletion of NAD™ and ATP levels, and
PARP inhibition can enhance the tolerance to this stress,
suggesting that PARP activity is detrimental to plants
under stress conditions (Fig. 3a; [98]). Consistent with this,
downregulation of ArPARPI and AtPARP2 by RNAi
reduced stress-induced poly(ADP-ribosyl)ation and NAD™
consumption, preventing ATP depletion. This prevented
accumulation of reactive oxygen species and increased
stress tolerance [38]. However, the consistent upregulation
of these genes under abiotic stress conditions suggests that
these genes must have a positive impact on survival at a
certain level, similar to the situation seen in animals. As no
true knockouts have been examined, this remains to be
established. Another alternative hypothesis for the
increased stress tolerance seen in parp-deficient plants,
involves the potential increased levels of the cyclic
nucleotide ADP-ribose (cADPR), which is synthesized
from NAD™T [142]. The plant hormone abscisic acid
(ABA), important in abiotic stress response, signals
through Ca®", and cADPR has been shown to act as a
second messenger in this pathway before changes in gene
expression [147]. Increased levels of cADPR levels in
Arabidopsis can induce more than 100 ABA-responsive
genes [123]. parp-deficient plants consume less NAD™,
increasing the availability of this metabolite and would be
expected to facilitate increased production of cADPR. This
increased cADPR could cause production of ABA-regu-
lated stress response genes, conferring tolerance to the
parp-deficient plants (Fig. 3a).
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Fig. 3 PARP superfamily members are important for stress responses
in Arabidopsis thaliana. a The activities of the bona fide PARPs,
AtPARP1 and AtPARP2, must be balanced by PARGs and nudix
hydrolases in order to maximize stress tolerance. The expression and/
or activities of these proteins are induced under stress conditions,
where they function to modify proteins that influence stress response.
In order to avoid depletion of NAD™, PARG and nudix activities
release AMP and R5P, which can be recycled. In the absence of
PARP activity, accumulated NAD™ can be used to produce cADPR to

In Arabidopsis, several plant-specific SRO family
members of PARP-like proteins have been implicated in
stress response. RCD1, the founding member of this group,
was originally identified as a stress response gene [104]
and encodes an SRO family member with a WWE domain
in its N-terminus [5, 6, 104]. red! mutants are hypersen-
sitive to ozone and other sources of apoplastic reactive
oxygen species (ROS) [103, 131] as well as salt [131].
However, rcd mutants are resistant to UV-B and the her-
bicide paraquat, which generates reactive oxygen species in
the plastid [5, 49]. RCD1’s paralog, SRO1, is also involved
in stress response. Unlike rcdl plants, srol-1 plants are not
resistant to chloroplastic ROS induced by paraquat and are
resistant to apoplastic ROS. srol-I plants also display
opposite responses to rcdl mutants under salt stress, being
resistant. Loss of either RCDI or SROI confers resistance
to osmotic stress [131]. Even under normal conditions
redl-3; srol-1 plants show expression of stress response
genes and accumulation of SUMOylated proteins (which
have been shown to accumulate under multiple stresses
[84, 92]), suggesting that RCD1 and SRO1 may function as
inhibitors of stress responses [133]. Consistent with this
interpretation is the fact that rcd/ single mutants have been
shown to accumulate reactive oxygen species (ROS; [104])
and nitric oxide [4] under non-stress conditions. In fact,
many aspects of the developmental phenotype of rcdl-3;
srol-1 plants (described below) resemble those of plants
exposed to chronic low-level abiotic stress. The common
stress-associated phenotypes seen under various abiotic
stresses have been termed stress-induced morphogenetic
response (SIMR; [109]). If RCD1 and SROI1 act as inhib-
itors of abiotic stress response, particularly accumulation of

Stress RCD1/SRO1

X?, x?2 \X?

SRO5 ——| ROS—>PARP2 'NO — Ethylene

Poly ADP-riboseO L—SiRNA lI X 1 I
1 Target i

protein(s)
AMP + R5P €«<——— Free ADP-ribose

Stress = «——— MAPK Auxin
induced
genes

PSCDH

)

Proline

Stress responses,

L higher levels of
SUMOylated proteins

SIMR

Stress
tolerance

activate ABA-responsive genes. b SRO family members modulate
stress responses by repression of ROS and nitric acid. ABA absisic
acid, AMP adenosine monophosphate, ATP adenosine triphosphate,
cADPR cyclic nucleotide ADP-ribose, MAPK mitogen-activated
protein kinase, NAD™ nicotinamide adenine dinucleotide, NO nitric
oxide, PSCDH A'-pyrroline-5-carboxylate dehydrogenase, RSP
ribose-5-phosphate, ROS reactive oxygen species, SIMR stress-
induced morphogenetic response. References: [1, 4-6, 22, 33, 38,
49, 64, 65, 70, 71, 98, 104, 109, 115, 123, 131, 133, 142, 147]

ROS (Fig. 3b), the growth phenotypes of their mutants may
share pathways with SIMR. Interestingly, expression of
AtPARP? increases in rcdl-3; srol-1 plants [133], imply-
ing that the SRO family of PARP-like proteins may
regulate more traditional PARP-encoding genes, directly or
indirectly.

Arabidopsis contains four members of the eudicot-
specific group of short SRO family members, SRO2-5.
Very little work has been done on these genes. SRO?2 is
upregulated in response to high light in chloroplastic
ascorbate peroxidase mutants [75]. SROS is the best-
explored member of this group. SRO5 expression is very
low under normal conditions but its expression has been
shown to be induced by salt treatment [22] and repressed
by high light [77]. sro5 plants were more sensitive to
H,0;,-mediated oxidative stress and to salt stress [22].
SROS5 has also been implicated in regulation of proline
metabolism at the small RNA level [22]. A'-pyroline-5-
carboxylate (P5C) is an intermediate in proline synthesis
and catabolism. It has been shown to promote ROS pro-
duction, reduce growth and induce the expression of stress
genes [41, 62, 67]. SRO5 and the gene-encoding A'-pyr-
roline-5-carboxylate dehydrogenase (P5CDH), an enzyme
that catabolizes P5C, overlap each other in the antisense
orientation. This causes the formation of siRNAs from both
loci. When SROS is induced by salt stress, a 24-nt SRO5/
P5CDH siRNA is produced, eventually leading to the
downregulation of P5CDH and the accumulation of proline
important for salt tolerance (Fig. 3b). Downregulation of
P5CDH will also lead to ROS accumulation; SROS5
counteracts this ROS accumulation, implying it can act to
inhibit some stress responses. It has not been shown that
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this regulatory relationship between SROS5 and P5CDH is
found in any other plant species; however, the role of
SROS5 in reducing ROS accumulation could be a core
function of SRO family members.

Not surprisingly, since ADP-ribosylation has been
implicated in response to environmental conditions, PARG
genes are also implicated in stress response. AtPARGI is
upregulated in response to gamma irradiation [36] and
AtPARG?2 is upregulated by treatment with paraquat,
salinity, high light and drought [98]. pargl mutants have
lower tolerance to osmotic, drought and oxidative stress.
Consistent with this, pargl plants had lower expression of
two oxidative stress defense genes, AtALTERNATIVE
OXIDASE 1 and AtASCORBATE PEROXIDASE 2 [86].
Clearly, there is a complicated relationship between
poly(ADP-ribosylation) and abiotic stress tolerance.

The PARP superfamily and responses to biotic stress

Poly(ADP-ribosyl)ation and PARP superfamily proteins
were first implicated in pathogen response indirectly.
AtNUDT7 was identified through gene expression studies
to act downstream of Arabidopsis thaliana ENHANCED
DISEASE SUSCEPTIBILITY1 (AtEDS1), an important
regulator of both basal and receptor-triggered immunity
[15]. atnudt7 mutants had enhanced basal resistance,
increased levels of salicylic acid (SA), a crucial signaling
molecule required for expression of plant defense respon-
ses (reviewed in [56]), and spontaneous lesions on leaves,
suggesting that defense responses were constitutive in these
plants. The same year, this gene was identified by muta-
tional analysis as having constitutive resistance against the
biotrophic pathogenic bacteria Pseudomonas syringae [69].
Subsequent work has implicated AtNUDT7 in EDS-driven
cell death and both SA-dependent and SA-independent
defense pathways, perhaps by modulating redox balance or
PARP activity [51, 52, 70, 129]

More direct evidence implicating PARPs and poly
(ADP-ribosyl)ation in plant defense has been provided by
examination of Arabidopsis thaliana—Pseudomonas syrin-
gae plant disease resistance gene (R)-bacterial avirulence
(Avr) gene interactions. AtNUDT?7, discussed above, and
AtPARG?2 were induced in multiple such plant—pathogen
interactions and also by the elicitor flg22 (flagellin
epitope). PARP activity, as measured by amount of
poly(ADP-ribose) accumulation, is increased after expo-
sure of Arabidopsis to avirulent Pseudomonas syringae [2].
Consistent with an involvement of PARPs in the innate
immune response in plants, the PARP inhibitor 3AB per-
turbs some responses to microbe-associated molecular
patterns including callose deposition and other cell wall
modifications [1, 2]. However, as mentioned above, 3AB
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can inhibit sirtuins. AzSRT2 has been implicated in biotic
defense and has been shown to negatively regulate plant
basal defense against Pseudomonas syringae [144], again
suggesting that results with inhibitors need be interpreted
carefully. Plants mutant for both of the genes encoding
PARGs in the Arabidopsis genome, AtPARGI/TEJ and
AtPARG2, have accelerated necrotic disease symptoms
when infected with Botrytis [1], supporting roles in defense
against both biotropic and necrotrophic pathogens. Taken
together, these results suggest that PARPs and poly(ADP-
ribosyl)ation are involved in pathogen response in plants.

PARP superfamily members and plant development

Although PARPs have been extensively studied for their
roles in genome integrity, stress response and apoptosis,
relatively little work has been done on their role in
development, although there is some evidence for their
involvement. Mouse parpl/parp2 mutants die embryoni-
cally, demonstrating that these genes are essential for
development [40]. This is also true in Drosophila mela-
nogaster, where loss of the single PARP gene found in this
organism causes larval lethality [139]. Recently, DrPARP3
was shown to act in ectodermal specification and neural
crest development in zebrafish [119]. Taken together, this
suggests that in animals at least PARP1, 2 and 3 are nec-
essary for proper development. Downregulation of PARPs
in the amoebae Dictyostelium discoideum has been shown
to arrest development at the slug stage [111], suggesting
that in Amoebozoa, sister group to the Opithokonts (ani-
mals, fungi and choanoflagalletes), development is also
regulated by these enzymes.

In land plants, little is known about the roles in devel-
opment of the PARPs orthologous to those found in other
eukaryotes. Using in vitro induction of tracheary elements
in both Helianthus tuberosus and Pisum sativum, 3AB
treatment was shown to inhibit this process, suggesting that
PARPsS or sirtuins or both could be involved in this process
[108]. Knockdown of AtPARPI1 and/or AtPARP2 was not
found to alter Arabidopsis development [38], although
development was not closely examined. Silencing of the
AtPARP? ortholog in oilseed rape (Brassica napus) did not
alter its development either [142]. However, it is likely that
the knockdown lines used in these studies retain some gene
function; it is conceivable that total loss of these PARPs
would be lethal in plants as has been seen in animals. As
mentioned above, no functional work has been down on
AtPARP3 or its orthologs in other plants. Poly(ADP-ribo-
syl)ation has been implicated in establishment of circadian
period in Arabidopsis. AtPARGI/TEJ was originally iden-
tified through a genetic screen for altered period length. tej
mutants have a longer period and this can be rescued by
3AB treatment, suggesting that the phenotype is caused by
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Table 1 Poly(ADP-ribose) polymerases in Arabidopsis thaliana

Locus ID Human

orthologs®

Arabidopsis
thaliana gene

Selected plant
orthologs®

Expression pattern” Enzyme activity References

AtPARPI1 Ar4g02390 HsPARP3 ZmPARPI
OsPARP1
VvASAIWS
Pp188096
Sm90144
ZmPARP?2
OsPARP2
VwD7U2A8
Pp150949
Sm83360
Sm76668
OsPARP3
PARP3
VWASAUFS
VvD7TCWS5
MtPARP3
Pp76575
Sm73333
OsQODLN4
0sQ336N3
05007949
05065405
VWA7PC35
VVA5SBDES
PtBOMUG6S
PtB9GZJ6
See AtRCDI*¢
PtB9INIS
PtB9HDP9
PtB9HDPS
PtB9HDPS5
See AtSRO2°¢
VWASBFU2
PtB9I3A2
PtBIIESO
See AtSRO4¢

AtPARP2 At2g31320 HsPARP]

AtPARP3 At5g22470 HsPARP3

AtRCDI1 Atlg32230 NA

AtSRO1
AtSRO2

At2g35510 NA
Atlg23550 NA

AtSRO3
AtSRO4

At1g70440 NA
At3g47720 NA

AtSROS At5g62520 NA

Expressed in all organs Yes [13] [85]

Expressed in all organs ND [13]

Seeds ND [16]

Expressed in all organs No [74] [17]

Expressed in all organs ND
ND

[17]

Expressed in all organs [17]

ND ND
ND ND

[17]
[17]

Expressed in all organs ND [5]

NA not applicable, ND no data, Mt Medicago truncatula, Os Oryza sativa, Pp Physcomitrella patens, Pt Populus trichocarpa, Sm Selaginella

moellendorffi, Vv Vitis vinifera, Zm Zea mays
* Orthologs as found in [32]

° Genevestigator [151]

¢ Represent paralogs in Arabidopsis thaliana

the buildup of poly(ADP-ribosyl)ated proteins, although it
is unclear what these proteins are [105]. It is likely that
AtPARPI1 and/or AtPARP?2 are the proteins responsible for
the enzymatic activity regulating the circadian clock.

In contrast to the canonical PARP genes in plants, the
SRO family members RCDI and SRO1 appear essential for

proper development in Arabidopsis. Loss of RCDI causes
dramatic developmental defects including reduced stature,
malformed leaves, early flowering, abnormal phyllotaxy,
small and deformed floral organs, increased lateral root
number and length, and shorter primary roots [5, 104, 131].
srol plants display some subtle developmental defects
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similar to the root and flower phenotypes of rcdi-3.
However, plant height and leaf shape and size appear
normal [131]. The majority of rcdl-3; srol-1 individuals
die during embryogenesis [131], demonstrating that the
SRO family may be necessary for land plant development.
redl-3; srol-1 plants are very small; at least some of this
decrease in height is caused by a decrease in cell elonga-
tion [131]. However, double mutant plants also make fewer
cells [132]. Roots of these plants are shorter than wild-type
and have a reduction in the size of the division zone. The
division zone has fewer total cells and fewer mitotic cells.
Morphology of the roots cells and planes of cell division
are abnormal in addition to the defect in the number of
cells. The shoot of rcdl-3; srol-1 plants also contains
fewer cells. Although the division zone is small and dis-
organized in the root of rcdl-3; srol-1 plants, cell fate is
generally correctly laid down as assayed by reporter gene
expression. This suggests that cell fate decisions are not
globally disrupted in this mutant background. Consistent
with retention of proper cell fate decisions in the root,
maxima of the plant hormone auxin are formed at the root
pole and tips of forming cotyledons in the embryo and at
the root tip postembryonically in double mutant plants and
expression and polarization of components of the polar
auxin transport system are largely normal. However, cell
differentiation is disrupted in double mutant plants. Cells
fail to elongate properly and specialized cell walls are not
well formed [131, 132]. These results suggest that RCDI
and SROI are necessary for cell division and cell differ-
entiation and, by extension, suggest that members of the
SRO family in other plants are likely to be necessary for
similar processes. As mentioned above, some of these
growth phenotypes resemble those of SIMR, suggesting
that accumulation or misregulation of ROS may be
responsible for some of the phenotypes seen in rcdl and/or
srol plants, consistent with a role for SRO family members
in redox regulation.

Conclusions

The PARP superfamily and poly(ADP-ribosyl)ation is
clearly important for a variety of biological functions in
plants, including DNA recombination and stress responses.
In particular, the role of PARPs in abiotic stress responses
is especially well established. In addition, a land plant-
specific group of PARP-like proteins, the SRO family, is
necessary for normal plant development. The PARP
superfamily within plants contains several unique sub-
families, making plants an excellent system to examine
interplays between different subfamilies of this large
family. At least three subfamilies of PARPs appear to have
arisen at the base of the land plants. These include the
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AtPARPI group, which contains SAP domains, unique for
PARP superfamily members, the AtPARP3 group, with
unique substitutions within the catalytic domain and the
SRO family. It is tempting, given the association of
poly(ADP-ribosyl)ation and the SRO family with stress
response and control of ROS, to speculate that these pro-
teins evolved to help plant contend with the rigors of life on
land, including increased exposure to UV-B light and
desiccation stress. However, there is no information on
gene content for the sister group to land plants, the strep-
tophyte green algae. Until it is determined when these
PARP subfamilies emerged, this question will remain open.

Fundamental questions remain in the field. First, only
two proteins (AtPARP1 and ZmPARP1), which are similar
to HsSPARP3, have been demonstrated to have poly(ADP-
ribosyl)ation activity while one member of the SRO family
is enzymatically inactive. Given the variation within the
catalytic domains of the plant PARP proteins, in particular
the AtPARP3 subfamily and the SRO family, it is essential
to determine which proteins have poly(ADP-ribosyl)ation
or mono(ADP-ribose) transferase activity. Second, given
the results that indicate overlap in function between
HsPARP1 and HsPARP3, it is necessary to determine the
extent to which the land plant PARPs similar to these
proteins have redundant functions. This necessitates the
isolation of null alleles in these genes and careful analysis
of single, double and triple mutants. This will also reveal if
PARPs are essential in plants as they are in animals. Third,
no targets of ADP-ribosylation other than histones have
been identified in plants. Even for histones, it is unclear
which PARP(s) in plants is responsible for the activity that
has been detected in the nucleus. It will be essential to
identify targets of the various PARP enzymes and deter-
mine the effect of poly(ADP-ribosyl)ation on these
proteins. Identification of these targets will provide insight
into plant immunity and stress responses, as well as
development. We are now in a position to develop a better
understanding of the roles of PARPs and poly(ADP-ribo-
syDation in plants and the diversification of the proteins
involved in this process in eukaryotes.
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