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Abstract

:

NAD+ has emerged as a crucial element in both bioenergetic and signaling pathways since it acts as a key regulator of cellular and organism homeostasis. NAD+ is a coenzyme in redox reactions, a donor of adenosine diphosphate-ribose (ADPr) moieties in ADP-ribosylation reactions, a substrate for sirtuins, a group of histone deacetylase enzymes that use NAD+ to remove acetyl groups from proteins; NAD+ is also a precursor of cyclic ADP-ribose, a second messenger in Ca++ release and signaling, and of diadenosine tetraphosphate (Ap4A) and oligoadenylates (oligo2′-5′A), two immune response activating compounds. In the biological systems considered in this review, NAD+ is mostly consumed in ADP-ribose (ADPr) transfer reactions. In this review the roles of these chemical products are discussed in biological systems, such as in animals, plants, fungi and bacteria. In the review, two types of ADP-ribosylating enzymes are introduced as well as the pathways to restore the NAD+ pools in these systems.
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1. Introduction


1.1. Nicotinamide Adenine Dinucleotide (NAD+)


NAD+ has emerged as a dual faced compound, present in all the kingdoms of life, being a cofactor in metabolic pathways and redox reactions, and also a substrate used by enzymes involved in post-translational modifications, in particular in deacetylation reactions, and in ADP ribosylation reactions, producing mono ADP ribose (MAR) and poly ADP ribose (PAR) moieties bound to proteins and nucleic acids [1,2,3,4,5,6]. In the majority of organisms, ADP ribosylation refers to NAD+-dependent, MAR/PAR modification of proteins, catalyzed by enzymes of the ADP-ribosyl transferase (ART diphtheria toxin like, ARTD) family, as well as some members of the Sirtuin family [7,8,9].



In deacetylation reactions, sirtuins, belonging to the histone deacetylase (HDAC) family, use NAD+ to remove acetyl groups from proteins: the deacetylation reaction couples lysine deacetylation to NAD hydrolysis, yielding O-acetyl-ADP-ribose, and nicotinamide. In specific compartments, a certain number of sirtuins behave as ADPr modifying enzymes.



Finally, NAD+ is a precursor of the second messengers cyclic ADP-ribose and nicotinic acid adenine dinucleotide phosphate (NAADP). NAD+ is mostly consumed in ADP-ribose (ADPr) transfer reactions, and NAD+ is also used to produce diadenosine tetraphosphate (Ap4A) and oligoadenylates (oligo2’-5’A). Finally, in plants, extracellular NAD+ is recognized by a membrane receptor and sensed as a damage activated molecular pattern, and the increased availability of NAD+ increases the immune response to plant pathogens.




1.2. NAD+ Dependent ADP Ribosylation and Deacetylation Reactions


Among the post-translational modifications of proteins, ADP ribosylation plays a large part. When the reaction involves a single monomer attached to proteins, it is named mono ADP ribosylation (MARylation), while the attachment of a complex, branched polymer to proteins is named poly ADP ribosylation (PARylation). ADP-ribosyl transferases (ARTs) are described as writers [5], either MAR- or PAR- writers. ADP-ribosylation exerts allosteric effects on enzymes, thereby controlling their catalytic activity, as well as taking together proteins that need to be in tight proximity to form protein complexes activating specific pathways, such as immune response, DNA damage response, and transcription activation. Post-translational modification of macromolecules requires that the reaction be reversible, that coupling enzymes catalyze the modification (ADPRTs, writers), and that enzymes reverse the modification (ADPR- glycohydrolases, erasers). Principal erasers are poly ADP ribose glycohydrolases (PARG), which depolymerize the PAR branches in a cycle of PAR synthesis by PARP1/2, and rapid degradation by PARG. In addition, there are two ADP ribosyl-acceptor hydrolases (ARH), ARH3 and ARH1, that are able to cut the bond between the proximal ADP-ribose and the amino acid [1].



The amino acids being modified during protein ADP-ribosylation are various, the attachment may occur on carboxylic groups, such as on Aspartate (D) and Glutamate (E), on amino or guanidino groups, such as in Lysine (K) and Arginine (R), thiol group in Cysteine (C) (non-enzymatic attachment), and on hydroxyl groups as in Serine (S). Therefore, various and different post-translational modifications may modify the same acceptor amino acid precluding its modification by another type of enzyme, or may impede the access to a neighbor site by hindrance, or by repulsing charges.



The complex of modification enzymes, in addition to writers and erasers, includes also the readers and proteins that bind to MAR or to PAR segments, interacting with specific domains [5] (Figure 1). The MAR and PAR regions are recognized (read) by protein motifs such as Macrodomains, PAR Binding Motif (PBM), PAR Zinc finger (PBZ) domains (binding to ADP ribose-ADP ribose junctions), WWE domains (tryptophan/glutamate) and Forkhead-associated (FHA) domain (binding to iso ADP ribose), oligonucleotide binding fold (OB fold), RNA recognition Motif (RRM), the serine arginine repeats and lysine arginine repeats (SR/KR) motives in RNA binding proteins, PIN (PilT N-terminal) domain in PIN and Exo1 nucleases, and BRCA1 C-Terminal region (BRCT) in the Breast Cancer 1 (BRCA1) antioncogene, binding to (ADP ribose)n units: these recognition events enable the proteins to aggregate other proteins and form protein-protein interaction complexes [5].



Several Macrodomain-containing proteins have been identified; some of them possess only PAR or MAR binding (readers), while other proteins have eraser activity: macrodomains carrying glycohydrolase activity can release the MAR/PAR from the modified amino acid of the protein target.



Macrodomain containing histones are activated by PAR formation [10]. Parp9, a mono-ADP-ribosyl transferase reported to be enzymatically inactive, forms heterodimers with Dtx3L, a histone ubiquitin (Ub) E3 ligase: Dtx3L/Parp9 ADP-ribosylates the carboxyl group of Ub Gly76. Parp9 ADP-ribosylation activity therefore restrains the E3 function of Dtx3L. Mutation of the NAD+ binding site in Parp9 increases the DNA repair activity of the heterodimer. Moreover, poly(ADP-ribose) binding to the Parp9 macrodomains increases E3 activity [11].



Very few organisms are devoid of the enzymes involved in PAR synthesis and degradation. Almost all fungi contain either PARP and/or PARG genes. In Trichoderma species, T. reesei has only a PARP protein (TR_22115). Similar to A. nidulans and N. crassa, T. atroviride and T. virens have two genes encoding PARP (TA_295780 and TV_89857) and PARG (TA_219648 and TV_4413) proteins [12]. PARG could be dispensable or a different poly(ADP-ribose) hydrolysis pathway operates in T. reesei.



Budding yeast does not possess proteins with significant sequence similarity to the human PARP family of proteins. It has been shown that the expression of human PARP in Saccharomyces cerevisiae yeasts led to cell growth arrest. Yeast growth was restored by coexpression of PARG ensuring cycling of PAR polymer. PARP-1 reduced UV-induced homologous recombination in S. cerevisiae [13,14,15].




1.3. Bacterial Toxins


Bacteria infecting eukaryotic cells, as well as plant pathogens, produce toxins that promote bacterial infections. In plants the toxins, or effectors, are injected into the apoplast by bacterial type III secretion (T3S) systems. Among the toxins known, that are ADPRT enzymes that modify cellular proteins in order to derail from their activity. The majority of ADP-ribosylating toxins belong to the poly ADP-ribose polymerase (PARP)/diphteria toxin-type ADP-ribosyl transferase (ARTD) family [9], while other toxins belong to the cholera toxin-type, ARTC family. Plant pathogens produce several effectors with ART activity, able to disrupt the signaling pathway leading to plant immunity. For instance, Pseudomonas syringae HopU1, a Cholera toxin (C-type) ART with mono-ART activity, HopF2, a D-type ART, and HopM1 target plant proteins regulating plant signaling and immunity, such as MAPKKs, GTP Exchange Factors (GEF) and RNA binding proteins [16,17].




1.4. ADPRTs Modifying Nucleic Acids


ADP-ribosyl transferase reactions are also exploited by few classes of enzymes to modify DNA, such as pierisins in insects and CARP in shellfish, and DaRT, a ssDNA PARylating enzyme involved in SOS stress responses, that together with DarG, the macrodomain glycohydrolase, have a role in reversible DNA ADP-ribosylation, a toxin/antitoxin system in bacteria [18].




1.5. Sirtuins


The yeast sirtuin silent information regulator 2 (Sir2) originally described as a regulator of transcriptional silencing of mating-type loci, telomeres and ribosomal DNA, extends yeast lifespan, in a pathway different from calorie restriction. Sir2 was found as a NAD-dependent histone deacetylase (HDAC), acting as a negative regulator of chronological lifespan during yeast ageing. Nicotinamide supplementation showed a phenotype similar to SIR2 inactivation, modulating carbon metabolism and increasing respiration rate and respiratory reserve capacity [19].



It is recognised that sirtuins serve both as energy sensors and as transcriptional effectors by controlling the acetylation state of histones. The fungal sirtuin SirA uses NAD(+) as a co-substrate to deacetylate lysine 16 in histone H4, an epigenetic control that leads to target gene expression repression. Furthermore, sirtuins deacetylate also a wide range of transcriptional regulators (i.e., p53 protein), thereby controlling their activity. Sirtuins are classified according to their cellular localization (nuclear, intraorganellar and cytoplasmic), on the basis of their enzymatic activities and their protein targets. The sirtuin substrate, NAD+, is cleaved into nicotinamide and ADP-ribose, that is acetylated, removing the acetyl residue form the target protein.



Some sirtuin perform different enzymatic activities using NAD+ as a substrate: it is the case of sirtuins with ADP-ribosylating activity, producing MARylated proteins. This activity can be found in various organisms, from mammals to parasites. In Leishmania donovani, SIR2RP2 is an ADP-ribosylating sirtuin localised to mitochondria of promastigotes [20]. LdSIR2RP2null mutants had restrictive growth phenotype and were sensitised to sirtuin inhibitors.



In bacteria, in addition to ART toxins, sirtuin enzymes (SirTs) with ART activity are involved in the control of lypoate, an important cofactor. In Lactobacillales and Staphylococcaceae, the SirTM operon (coding for a sirtuin and for a macrodomain) is flanked by two ORFs, the glycine cleavage system H-like (GcvH-L), coding for proteins involved in glycine detoxification and one-carbon metabolism, and lipoate-protein ligase homolog (LplA2), coding for an enzyme scavenging the lipoate cofactor. GCVH-L is ADP ribosylated when in the lipoylated form [21]. The team led by Dr. Ahel showed that lipoylation of GcvH-L is a prerequisite for its MARylation. ADP-ribosylation of GcvH-L inhibits GcvH-L interaction with the oxidoreductase when it is not required. In order to reverse the post-translational modification, SirM macrodomain allows the recognition of the MARylated structure and the release of ADPr from the protein.




1.6. Viruses and Virulence


Viral infection in vertebrates involves the derangement of cellular functions such as the formation of the stress granule, where viruses exploit cellular machinery for their translation and replication. Several plus-strand RNA (+ssRNA) viruses, including alphaviruses and coronaviruses contain proteins with the macrodomain fold. Viral Macrodomain proteins bind to ADP-ribose and counteract ADP-ribosylation signals in host defence against viruses, altering the stress granule formation, and metabolism of ADP-ribose derivatives [2]. The non-structural protein 3 (nsp3) Macrodomain of Sindbis virus (SINV) is a virulence factor important for viral replication [2]. The nsp3 Macrodomain of murine coronavirus, Severe Acute Respiratory Syndrome (SARS) coronavirus and Chikungunya virus (CHIKV), are critical for virus replication and virulence [22].



Macrodomain containing proteins show a mechanism in common with sirtuins: some macrodomain containing protein has O-acetyl-ADP-ribose deacetylase activity [23,24,25].




1.7. NAD+ Recycling, Localized NAD+ Consumption, and Effects of Defective NAD+ Metabolism


Poly ADP ribose glycohydrolases (PARG) depolymerize the PAR branches in a cycle of PAR synthesis by ADPRT1/2, and rapid degradation by PARG, in most biological systems. Considering the rapid activation of ADPRT1 by DNA damage, and the high rate of polymerization of ADP-ribose branches, it is deduced that in few minutes the consecutive action of ADPRT and PARG reduces the local concentration of NAD+, and increases the ratio of nicotinamide/NAD. However, in the context of the subcellular compartment, NAM can behave as stimulator of SIRT1, thanks to the ability to activate the NAD+ salvage pathway [26].



When activated by DNA damage, PARP/ARTD1 catalyses the transfer of ADP-ribose units from NAD+ to substrate proteins to form branched polymers of ADP-ribose, leading to the decline of intracellular NAD+ levels. SIRT1 and PARPs compete for the intracellular NAD+ pool, thus a functional link between PARPs and SIRT1 has been proposed and verified.



ADPr and O-acetyl-ADP-ribose are a source of nicotinamide to be recycled into NAD+. Reactions dependent on NAD binding enzymes are affected by compounds with competitive binding, such as nicotinamide (Nam). It has been proposed that in cells stressed by excessive activation of NAD+ consuming enzymes or being involved in cell death pathways, or in necrosis, the consumption of NAD+ may be the trigger of ATP consumption and finally of cell death. Instead, it may be likely that localized storage of NAD+ may be shifted toward an excess of nicotinamide, that is a well known inhibitor of either ADPRT enzymes as well as of sirtuins, leading the cells to a block of their enzymatic activities, that may bring to a halt of their activity in a compartmentally localized way; local increase in nicotinamide. being a competitive inhibitor of ADPRTs and sirtuins, may block these two classes of enzymes.



After cleavage of ADPr moieties from the polymer, PAR degradation is a process that supports the restoration of NAD+ pool. Among the enzymes involved in nicotinamide/NAD+ cycling, nicotinamide mononucleotide (NMN) deamidase is a key player in bacterial pyridine nucleotide cycle, where it catalyzes the conversion of NMN into nicotinic acid mononucleotide (NaMN), which is converted to NAD+ in the Preiss-Handler pathway. Quinolinic acid is converted to nicotinic acid mononucleotide (NaMN) by transfer of a phosphoribose moiety. An adenylate moiety is then transferred to form nicotinic acid adenine dinucleotide (NaAD). Finally, the nicotinic acid moiety in NaAD is amidated to nicotinamide (Nam).



In eukaryotic cells, the NAD+ biosynthetic enzymes Nicotinamide mononucleotide adenylyl transferease (NMNAT-1) and nicotinamide/nicotinic acid phosphoribosyl transferase (NAMPT) form the nuclear NAD+ salvage pathway; the restoration of the NAD+ pool impacts and sustains SIRT1 activity [27,28,29]. Niacin (nicotinic acid), nicotinamide (Nam), nicotinamide riboside, NMN nicotinamide mononucleotide (NMN) and nicotinic acid mononucleotide (NaMN) are NAD+ precursors (see Figure 2).



PAR homeostasis involves nucleoside diphosphates linked to some moiety X (NUDIX, or NUDT) hydrolases, that cleave the substrate ADP-ribose to produce adenosine monophosphate (AMP) and ribose-5-phosphate (R5P). In Aspergillus nidulans, NdxA increases acetylation levels of histone H4. In a NdxA-deficient A. nidulans strain, impaired acetylation of histone and chromatin structure was found. Thus, NdxA controls total levels of NAD+, regulating sirtuin function [30].



Streptomyces as well as many bacteria utilize protein ADP-ribosylation, yet their enzymes that synthesize and remove this modification are not well known. Dr. Ahel’s colleagues have determined the crystal structure and characterized, both biochemically and functionally, the macrodomain protein SCO6735 from Streptomyces coelicolor, showing that it hydrolyzes PARP-dependent protein bound ADP-ribose polymers, is induced by DNA damage, and its deletion increases antibiotic production [31].



Nudix homology domains (NHD) proteins depend on NAD+ for activity: a conserved NAD+ binding pocket of DBC1 (deleted in breast cancer 1) prevents it from inhibiting PARP1 and DNA repair. Thus, NHD containing proteins regulate protein-protein interactions during aging, and the process can be slowed down by replenishing the NAD+ pool. When NAD+ concentrations decline, DBC1 is increasingly bound to PARP1, causing DNA damage to accumulate, a process rapidly reversed by restoring the abundance of NAD+ [32].



Bacterial Nudix hydrolase EcRppH and human HsNudT16 have been used to purify the ADP-ribose moiety from ADP ribosylated proteins in proteomic studies, leaving only a phosphoribose (pR) tag, even in presence of labile bonds such as in MARylated serine residues [33,34]. Bacterial Nudix hydrolase EcRppH and human HsNudT16 process the ADP-ribose chain through an alternative mechanism, converting it into protein-conjugated ribose-5′-phosphate [35]. The ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) is a mammalian enzyme that generates ribose-5′-phosphate from ADP-ribose bound to proteins, either as protein-conjugated mono(ADP-ribose) and poly(ADP-ribose) [35]. These works showed that at least two enzyme families, Nudix and ENPP/NPP, are able to metabolize protein-conjugated ADP-ribose to pR in vitro, suggesting that pR exists and may be conserved from bacteria to mammals.




1.8. Non Enzymatic ADP-Ribose Attachment


ADP-ribose, the intermediate produced during the metabolism of mono- or poly-ADP ribosylated proteins, and cyclic-ADP ribose hydrolysis, is a protein-glycating agent, and excess levels of ADP-ribose in the cell can cause non-enzymatic ADP-ribosylation. Non-enzymatic ADP-ribosylation can inactivate protein targets that contain nucleotide-binding sites when the adenylate moiety of ADP-ribose binds to them, and it can also interfere with metabolic regulation that occurs via enzymatic ADP-ribosylation.




1.9. Ap4A and Oligoadenylates


Diadenosine tetraphosphate (Ap4A) is a second messenger and a putative ubiquitous alarmone, being present in all kingdoms of life, from bacteria to humans, capable of inducing various physiological effects in most organisms [36,37,38,39,40,41].



NUDIX homology domains (NHD) in enzymes and the Nudix type 2 gene product, Ap4A hydrolase, have been shown responsible for Ap4A degradation. The human fragile histidine triad (FHIT) is a tumor suppressor, whose Ap4A hydrolase activity is not required for antioncogene activity, while Ap4A binding has a positive effect [42,43,44,45,46,47]. The Microphthalmia transcription factor (MITF) is a basic helix-loop-helix leucine zipper (bHLH-Zip) DNA-binding protein. MITF transcriptional activity is inhibited by the histidine triad nucleotide-binding protein 1 (HINT1) through direct binding. The association is disrupted by the binding of Ap4A to HINT1 [44].



A pharmacological use of Ap4A in various disorders has been envisaged, such as in ocular tissue pathologies and retinal detachment, as well as in inhibition of ATP-induced excitotoxicity, as neuroprotection for traumatic spinal cord injury treatment [45,46,47]. A phosphodiesterase, NUDT16, can hydrolyze protein bound ADP-ribose, in vertebrate systems [35].



The 5′-triphosphorylated, 2′-5′-linked oligoadenylates polyribonucleotides (2-5As) are central to the interferon-induced antiviral 2-5A system, in vertebrate systems. Oligoadenylate synthases (OAS) are enzymes with a broad range of substrates, being thus described as 2′-5′ nucleotidyl transferases. An assay for synthesis of oligoadenylates (oligo2-5A) has been set up. The assays used dATP and the A(pA)3 tetramer core as substrates. In alternative, a synthetase can use dNTPs together with NAD+ as substrates [48]. Therefore, the Ap4A alarmone can be converted also into oligo2-5A.




1.10. Nicotinic Acid Adenine Dinucleotide Phosphate (NAADP) and Cyclic ADP Ribose (cADPr)


Extracellular NAD+ is used as substrate by a series of receptors on cell membranes. For instance, TRPM2 (melastatin-like transient receptor potential 2 channel), a ligand-gated Ca2+-permeable nonselective cation channel, possesses a NUDT9 Homology Domain that is activated by ADP-Ribose, 2′-deoxy-ADPR and by ADP-ribose-2′-phosphate [49,50,51,52].



The cluster of differentiation 38 (CD38), extracellular receptor for NAD+, known as cyclic ADP ribose (cADPR) hydrolase or NADase, is a glycoprotein of many immune cells. CD38 is a multifunctional enzyme that catalyzes the synthesis from NAD+ of cyclic ADP-ribose (cADPr) and its hydrolysis to ADP-ribose. The reaction products are essential for the regulation of intracellular Ca2+ [52,53]. CD38 activity is necessary for functions such as memory, amnesia, and autism: single nucleotide polymorphisms of CD38 alter the availability of cADPR, regulating brain oxytocin secretion. CD38 levels increase during aging, exerting a high NADase activity [52,53,54]. Mitochondrial depletion of NAD+ has been linked to ageing and various human diseases [8,55,56,57,58,59,60,61]. There are relatively independent pools of NAD+ in the nucleus, cytosol, and mitochondria [60] in eukaryotes. Camacho-Pereira, Chini and colleagues addressed the gerontological issue of the NAD+ levels fall in ageing. They showed that the major culprit is the rise in levels of the extracellular NADase CD38, that converts NAD+ into cyclic ADP ribose, a Ca2+ mobilising factor. CD38 affects NAD+ levels and this decreases SIRT3 activity in mitochondria, causing age-related metabolic decline [53]. Given that NADase activity has been detected on the plasma membrane and in mitochondria, it is not known which compartments affect the change in NAD+ levels during aging.



NAD+ depletion has been also linked to the activation of PARP1 and excessive PARylation following dioxin binding to the AhR nuclear receptor [56], followed by decreased SIRT6 activity: providing the cells with additional NAD+ or even the precursor, NAM, was sufficient to restore cell function and vitality [57]. Various roles have been assigned to O-acetyl-ADP-ribose, in particular in the assembly of the SIR complex [59,60]. NAD+ uptake in mammalian cells may be lead to important mechanisms of regulation, production of new secondary metabolites, and replenishment of this important cofactor and substrate [61].



Nicotinic acid adenine dinucleotide phosphate (NAADP) is a ubiquitous trigger for initiating and co-ordinating calcium signals and cyclic ADP-ribose regulates calcium-induced calcium release and transduction of Ca2+ signals [62,63].



In conclusion, ADPRT1/PARP1 is the main enzyme consuming NAD+ in the nuclei, in most biological systems examined, performing post-translational modifications on proteins, with a role in protein-protein interaction, assemblage of protein complexes, and cellular stress leading to cell death [64,65,66].



In few other cases, different enzymes have been identified that ADP-ribosylate nucleic acids in shellfish, in butterflies and in bacteria [18,67,68].





2. Plants: Role of NAD+ and PARP Domain Enzymes in Immune Response


In plants, three PARP proteins and several PARP domain proteins have been described, with a role in biotic stress response [69,70,71,72,73]. PARP-domain proteins, such as radical-induced cell death 1 (RCD1) and Similar to RCD One (SRO) proteins, have been shown to possess antiviral activity or to be involved in plant response to virus infection. In particular, plants’ response to ozone stress or reactive oxygen species (ROS) is dependent on radical cell death 1 (RCD1) and on Similar to RCD One (SRO) proteins to protect the plant from radicals [69,70,71], and their mutations lead to stress-induced morphogenetic response (SIMR), and to developmental defects. It is important to discriminate the PARP proteins necessary in plants to protect them from abiotic and biotic stress [72]: to this aim a triple PARP knockout Arabidopsis mutant was established [73]. Studying Arabidopsis, Rissel and colleagues showed that PARP domain proteins (RCD1, SRO1, and its paralogues) still contribute to protect the plant from biotic stress through PAR modification, while levels of protein PARylation even increased in the parp-/- triple mutant. Candidates for PARP-inhibitor targets may be found in the RCD1/SRO proteins family [73].



In plants, a mechanistic understanding of the role of ADP-ribosylation in stress response is still lacking, as well as in plant interaction with bacteria [74]. In 2016, Feng et al. identified the first set of non-histone plant PARylated proteins, showing that in vivo PARylation of DAWDLE (DDL) is important in plant immunity [75,76]. DDL, a Forkhead associated (FHA) domain protein, domain that may bind to PAR polymer and to phosphothreonine, is involved in plant immunity, in a pathway downstream to PARP-domain activity and upstream to activation of gene expression of defense-related proteins [76].



In plants there are also various sirtuins, shown to exert various functions necessary for survival, such as inhibition of glycolysis, and regulation of the heterofunctional GAPDH [77].



2.1. Extracellular NAD+ as DAMP Signal in the Apoplast: Plant NAD+ Receptors on Cell Membrane


Extracellular NAD+ is sensed in the apoplast as a DAMP, and is recognized by a NAD+ specific lectin-type receptor, LecRK-I.8, localized at the plasma membrane, possessing an active cytoplasmic kinase domain sensing NAD+ as extracellular ligand. The saturation curve for NAD+ binding showed a dissociation constant (Kd) of 436.5 ± 104.8 nM, which falls well below the extracellular NAD(H) concentration (~0.4 mM) in pathogen-infected leaf tissues, and thus indicates a relatively high affinity [78]. Binding assays with 32P-labeled NAD+ detected NAD+ binding activity for the immunoprecipitated eLecRK-I.8-GFP protein, showing NAD+ binding activity specific to eLecRK-I.8. Given the structural similarity between NAD+ and NADP+ and the fact that NADP+ can similarly induce immune responses in plants [79], various unlabeled nucleotides were tested in binding competition assay together with 32P-labeled NAD+: unlabeled NAD+ exhibited strong competition for binding while NADP+, ATP, ADP, and AMP showed no competition. LecRK-I.8 binds NAD+, but not NADP+, ATP, ADP, or AMP. Thus, LecRK-I.8 is very likely the eNAD+ receptor in Arabidopsis.



It has been reported that exogenous application of NAD+ in Arabidopsis enhanced disease resistance against Fusarium graminearum and the pathogen Pseudomonas syringae pv. maculicola Psm ES43269. Thus, pretreatment with NMN enhanced disease resistance against F. graminearum in Arabidopsis leaves and flowers. It was shown that Pseudomonas syringae pv. tomato PstDC3000, harboring the avirulence factor AvrRpt2, induce almost all the genes induced by NAD+ [80,81,82,83,84,85].



Sirtuins have also a great role in epigenetic regulation, in metabolism and in energy production [86].



In addition to NAD+ based nucleotides, in plants, such as in seeds, there are other condensation products, that may have NAD+ storage function: trigonelline, an alkaloid formed by the methylation of the nitrogen atom of nicotinamide, i.e., methyl betaine of nicotinic acid, present in fenugreek, in seeds of several plants, and in coffee [87]. Furthermore, minor mononucleotides, such as adenosine-5′-tetraphosphate (p4A) and adenosine-5′-pentaphosphate (p5A), and dinucleotides, such as diadenosine-5′,5′′′-P1, P3-triphosphate (Ap3A) and diadenosine-5′,5′′′-P1, P4-tetraphosphate (Ap4A), are present in plants, as well as the enzymes synthesizing and those involved in their degradation (NUDT hydrolases) [39].



The Nudix hydrolase NUDX (or NUDT) family proteins also play an important role in fine-tuning plant immune responses. In Arabidopsis, several NUDX genes affect plant response to stress. AtNUDX7 negatively regulates plant Pattern Triggered Immunity (PTI) and effector triggered immunity (ETI). AtNUDX6 and AtNUDX7 have distinct roles in stress responses and accumulation of plant defense hormone salicylic acid (SA) and its induced genes [88]. AtNUDX7 is involved in the response to oxidative stress [88], while AtNUDX6 positively regulates salicylic acid signaling and activity of the Transcription Factor NPR1 [89], a global regulator of hormone signaling and defense responses. Depending on the NUDX considered, the effective enzymatic activity can either be NAD+-hydrolysing or PAR-hydrolysing and might influence NADH/NAD+ ratio or PAR content. AtNUDX2 protein has pyrophosphatase activities towards both ADP-ribose and NADH.



In support of the importance of NAD+ in plant immunity, it was shown that the effector AvrRxo1 phosphorylates NAD deactivating the immune response in plants [90].




2.2. Bacterial Effectors, PARP Domain Proteins, NAD+ and Plant Immunity


The first layer of plant innate immunity consists in the recognition of microbial fingerprints, called pathogen/microbe associated molecular patterns (PAMPs/MAMPs), by a set of inherited receptors, Pattern recognition receptors (PRR). In case fingerprints responsible of elicitation comes from the host, the molecules are referred as Damage Associated Molecular Patterns (DAMPs).



It was shown that upregulating NAD+ levels by expression of a bacterial nadC quinolinate phosphoribosyl transferase catalysing conversion of quinolinate to NaMN, enabled the plants to resist their pathogens [84]. Pétriacq and colleagues used the nadC gene derived from E. coli expressed in Arabidopsis; they reported that higher NAD+ contents in nadC-overexpressing plants with the addition of quinolinate activated the plant immune response and resulted in disease resistance against a virulent bacterial pathogen, P, syringae pv. tomato, harboring the Pst-AvrRpm1 avirulence factor [85]. Therefore, the accumulation of NAD+ and related metabolites induces disease resistance against bacterial phytopathogens. NMN was found to be enriched in the uninoculated barley spikes of the two resistant cultivars compared with the susceptible cultivars. The amount of NAD+ significantly increased in barley leaves inoculated with the biotrophic fungal pathogen Erysiphe graminis, the causal organism of powdery mildew [84].



High NAD+ pools are beneficial for plant immunity by stimulating SA-mediated signaling and pathogen resistance. NAD+ promoted the induction of various pathogen-related genes typified by the salicylic acid (SA)-responsive defense marker PR1. Extensive comparison with publicly available transcriptomic databases further showed that gene expression under high NAD+ content was similar to that obtained under biotic stress, elicitor challenge or SA treatment.




2.3. Hypothesis for the Role of NAD+: Convergence of Signaling Pathways in Plant Systems


Recently, the priming of plants to increase the immune response and basal defense against biotic stress has progressed quickly, showing that the response of plants to ß-aminobutyric acid (BABA) is mediated by the BABA receptor, BABA-induced Immunity 1 (IBI1) gene, coding for an aspartate tRNA synthase, AspRS [91,92,93,94,95]. The signaling downstream of BABA sensing involves the induction of SIMR and plant growth inhibition, with expression of defense related genes. R-BABA, by blocking L-asp-IBI1 binding, thus prevents a stress response pathway that require the PARP domain proteins SRO and RCD-1, and their downstream signaling. RCD-1 and SRO mutant plants showed growth inhibition and SIMR phenotype [91,92,93,94,95]. Is this just a casual intersection of two differently regulated pathways? Or, is this an interaction of signals that exists between BABA signaling translated into a SIMR phenotype, and the SIMR-antagonistic, protective phenotype caused by PARP domain RCD-1 and SRO proteins? It could be possible that the role of RCD-1 and SRO in protection from SIMR requires NAD+ as substrate, or on the contrary the activity of PARP domain proteins could be independent from enzymatic transformation of NAD+ in nicotinamide and ADP-ribose.





3. Conclusions


NAD+ is a cofactor for enzymes involved in a series of reactions in all kingdoms of life. The cycling form MARylation and PARylation (of proteins and nucleic acids), leading to their catabolism into O-acetyl-ADP-ribose and ribose-5′-phosphate (R5P), and the restoration of NAD pool through different biosynthesis pathway, is conserved in most of the organisms examined, with the exception of S. cerevisiae. It is envisaged that other important functions will be brought to light in the coming years.
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Figure 1. Scheme of the binding to MAR and PAR regions by different reader proteins: Macrodomain (recognising the terminal ADP ribose), WWE, PBZ (binding to ADP ribose-ADP ribose junctions), PBM and FHA (recognising the ribose-diphosphate-ribose adenine region), OB fold, BRCT, and PIN domain, RRM, SR, KR and RGG repeats: docking to mono and poly ADP ribose regions. Figure modified from Verheugd et al., 2016 [5]. 
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Figure 2. Chemical structures of nicotinic acid, nicotinamide, nicotinamide riboside, and ADP ribose. 






Figure 2. Chemical structures of nicotinic acid, nicotinamide, nicotinamide riboside, and ADP ribose.



[image: Challenges 09 00003 g002]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
OH OH oy

- o 0 77 N
ﬂo_to_ko}g g

OH OH
ADP ribose
Rlibo
- =" :\
# I / | #
OH NH, NH,

Nicotinic acid (Na) Nicotinamide (Nam) pi%cooé?d‘ean(ihflg)

NAD precursors





nav.xhtml


  challenges-09-00003


  
    		
      challenges-09-00003
    


  




  





media/file0.png





media/file2.png
WWE, PIN, BRCT, OB fold,
Macrodomain, RRM, RGG,
RS/KR, FHA

readers

macro






media/file3.jpg
OH OH NH,
N
o o 4 f\"
o
ﬂo—“—o—u—o <¢ \N)l

on o bn E"j
H OH

ADP ribose
g
N
o O, Qp
OH NH, NH,

Nicotinic acd (Na) Nicotinamide (Nam)  hyeounamde,

NAD precursors





media/file1.jpg
WWE, PIN, BRCT, OB fold,
Macrodomain, RRM, RGG,
RS/KR, FHA






