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ADP-ribosyltransferases (ARTs) are a well-known type of bacterial toxin. They transfer an ADP-ribose moiety from

nicotinamide adenine dinucleotide (NAD ) onto a target protein to generate an ADP-ribosylated protein and nicotinamide.

The bulky and negatively charged ADP-ribose moiety affects the protein function by sterically blocking interactions with

partner molecules, inducing conformational changes, or creating docking sites for new interaction partners.
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1. Introduction

ARTs have been implicated in a wide range of processes in organisms from all kingdoms of life, including the toxin–

antitoxin system of bacteria and the DNA damage repair, transcription, cell-cycle progression, and cell division processes

of eukaryotes . Individual ARTs have specific substrates and modify specific residues or functional groups of not only

proteins but also DNA, RNA, and antibiotics . ARTs are subdivided into two classes based on their conservation of three

significant motifs: the R-S-E class, which is related to cholera toxin; and the H-Y-E class, which is related to diphtheria

toxin (Figure 1a) .

Figure 1. Comparison of R-S-E class, H-Y-E class, and other ADP-ribosyltransferases. (a) Substrate, target residue, and

conserved motifs. Conserved R-S-E and H-Y-E residues are shown in red. In the R-S-E motif, the third aromatic residue

and the sixth glutamate or glutamine residue in the ADP-ribosylating toxin turn-turn (ARTT) loop (X-X-ϕ-X-X-E/Q-X-E) are

shown in orange and blue, respectively. ADP-ribosyltransferases (ARTs) with available substrate-complexed structures

are indicated with asterisks. (b) Superimposed structures of the ART domains of the 11 ARTs are shown in (d). The

structure of the ART core, including six strands and the helix, are shown in violet. (c) Close-up views of ART core

structures. Individual strands are shown in different colors and are numbered from the N-terminus to the C-terminus. NAD

bound to Ia is shown as a ball-and-stick model. (d) Structures of the ART domain. ART core structures are shown in violet.
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R-S-E and H-Y-E residues are shown as sphere models. NAD or NAD analogs are shown as stick models. Protein Data

Bank (PDB) IDs: Ia, 4h03; C3, 4xsh; PT, 1bcp; SdeA, 5yij; Pierisin, 5h6j; ScARP, 5zj5; ExoA, 2zit; Arr, 2hw2; PARP2, 6tx3;

ParT, 6d0h; Tpt1, 6e3a.

ARTs transfer an ADP-ribose moiety specifically onto nucleophilic atoms as follows: onto the oxygen atom of the carboxyl

groups of aspartate and glutamate, the hydroxyl groups of serine and antibiotics, and the 5′ phosphate group of double-

stranded DNA (dsDNA); onto the nitrogen atom of the amino group of the guanidino groups of arginine and guanine, the

imidazole group of diphthamide, and the carboxamide groups of asparagine and glutamine; and onto the sulfur atom of

the thiol group of cysteine . However, the precise mechanism by which ARTs modify a specific residue or functional

group remains an open question.

2. ART Structures

Most ARTs can be subdivided into the R-S-E and H-Y-E classes, but some do not belong to either class (Figure 1a).

However, superimposition of ART domains of all the ARTs shows that there is strict conservation of the core structure

consisting of six strands and a helix (Figure 1b–d) . The R-S-E and H-Y-E residues are located on strands of the core

structure: The arginine and histidine, serine and tyrosine, and glutamate residues are located on the first, second, and fifth

strands from the N-terminus, respectively. NAD binds to the cleft formed by the core structure. The arginine and histidine

residues of the R-S-E and H-Y-E motifs are important for NAD binding, while the glutamate residues are essential for the

cleavage of NAD .

3. Substrates and Target Residues of R-S-E Class ARTs

Most ARTs that act as bacterial toxins belong to the R-S-E class, and many members of this class have been found to

affect the actin cytoskeleton. Iota toxin (Ia) from Clostridium perfringens specifically modifies actin on Arg177; although the

modified actin structure does not show any major conformational change compared to non-modified actin, the modified

actin is not able to polymerize due to the steric hindrance from the ADP-ribose moiety, resulting in actin depolymerization

and cell rounding . Many Ia-homologous toxins are known: C2I from Clostridium botulinum , CDTa from Clostridium
difficile , CSTa from Clostridium spiroforme , VIP2 from Bacillus cereus , and CPILEa (also known as BECa) from C.
perfringens . All of these toxins ADP-ribosylate Arg177 on actin . C3 toxin from Clostridium botulinum specifically

modifies Rho GTPase, the master regulator of the actin cytoskeleton, on Asn41 . Rho GTPase functions as a molecular

switch between active GTP-bound Rho, which transduces signals by interacting with effector proteins and inactive GDP-

bound Rho. ADP-ribosylation occurs on both GTP- and GDP-bound Rho. Although the modified GTP-bound Rho is still

able to bind its effector proteins , the modified GDP-bound Rho shows a tighter binding with guanine nucleotide

dissociation inhibitor (GDI) compared to non-modified Rho, which prevents activation and results in the destruction of

actin stress fibers . Many C3-homologous toxins have been described, including C3lim from Clostridium limosum ,

C3cer from Bacillus cereus , C3stau from Staphylococcus aureus , and C3larvinA and Plx2A from Paenibacillus
larvae . The components of the Tc Toxin complex from Photorhabdus luminescens, TccC3 and TccC5, specifically

modify actin on Thr148 (a different target residue than that of iota toxin) and RhoA on Gln63 (a different target residue

than that of C3 toxin), respectively . Because the modified residues are different, the functional consequences of TccC3

and TccC5 are different from those of iota and C3: TccC3 and TccC5 do not cause actin depolymerization but rather its

polymerization or clustering. Thr148 of actin is located in the site of its interaction with thymosin-β4, which prevents actin

polymerization. ADP-ribosylation of actin at Thr148 reduces the affinity for thymosin-β4 to inhibit actin sequestration and

promote actin polymerization. Gln63 of RhoA is essential for the hydrolysis of GTP; the ADP-ribosylation of RhoA at Gln63

causes its persistent activation, resulting in strong stress fiber formation. Studies have also shown that ARTs are utilized

as toxins for interbacterial competition . Tre1 from Serratia proteamaculans, which is an effector protein via the type VI

secretion system, specifically ADP-ribosylates Arg174 on the bacterial tubulin-like protein FtsZ. This ADP-ribosylation

disrupts cell division, leading to cell elongation and cell death. Because the effector is delivered indiscriminately, S.
proteamaculans has a means to prevent self-intoxication: The cognate immunity protein, Tri1, protects against Tre1

toxicity by physical sequestration and enzymatic ADP-ribose cleavage.

Cysteine-targeting ADP-ribosylation is unusual in ARTs, but pertussis toxin from Bordetella pertussis specifically modifies

Cys351 on the α subunit of inhibitory trimeric G-protein (Giα), which is a conserved cysteine located in the fourth position

from the C-terminus . Because this ADP-ribosylation prevents the binding to G protein-coupled receptor (GPCR) due to

steric hindrance, Giα remains in its inactive GDP-bound state and is unable to inhibit adenylate cyclase activity, resulting

in elevation of the intracellular cAMP level. Pertussis-like toxin from Escherichia coli (EcPlt) has been also analyzed:

Rather than targeting Cys351, this toxin was found to target Lys345 and Asn347 .
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Ubiquitin-targeting R-S-E class ARTs have been also discovered. The SidE family effector proteins from Legionella
pneumophila—SdeA, SdeB, SdeC, and SidE—specifically modify ubiquitin (Ub) on Arg42 . SdeA consists of N-

terminal deubiquitinase (DUB), phosphodiesterase (PDE), ART, and coiled-coil (CC) domains. SdeA catalyzes ADP-

ribosylation of Ub on Arg42 via its ART domain and then cleaves the pyrophosphate bond of the ADP-ribose moiety via its

PDE domain to release AMP. The cleavage is coupled to a nucleophilic attack of water or a serine residue of a substrate

protein, which generates phosphoribosylated Ub or a ubiquitinated protein via phosphoribose, respectively. This

ubiquitination of a substrate protein is totally different from the conventional ubiquitination that proceeds through the

conserved enzymes E1, E2, and E3. ADP-ribosylation and phosphoribosylation of ubiquitin prevent the reaction with E1

due to steric hindrance, which impairs several Ub-dependent processes. The type III effector, CteC, from

Chromobacterium violaceum specifically ADP-ribosylates Thr66 of ubiquitin, which prevents the transfer of ubiquitin from

E1 to E2 and thereby disrupts ubiquitin signaling . CteC modifies both mono- and poly-Ub. The ADP-ribosylation of

mono-Ub does not affect E1-mediated Ub activation but prevents the transfer of Ub from E1 to E2, leading to inhibition of

poly-Ub chain synthesis. The ADP-ribosylation of poly-Ub prevents recognition by Ub binding domains and inhibits

deubiquitinase-mediated deubiquitination, leading to dysfunction of poly-Ub chains. Two homologous proteins have been

found to show the same function as CteC: CHBU from Burkholderia ubonensis and CHCS from Corallococcus show 66%

and 24% sequence identity with CteC, respectively. The amino acid sequences of the CteC family members are not

similar to those of other R-S-E class ARTs, and their tertiary structure has not yet been revealed.

Pierisin, which was originally purified from larvae of cabbage butterfly Pieris rapae, specifically modify dsDNA on the N

amino group of the guanine base, causing mutations and an apoptotic response in cancer cells such as the HeLa and

TMK-1 cell lines . Pierisin may induce programmed cell death in larval cells to drive insect development, as it is

found at a high level (0.4% of total protein) in the pupae of P. rapae . It has also been speculated that pierisin functions

as a defense factor against parasitization by wasps. ScARP from Streptomyces coelicolor can ADP-ribosylate the N

amino group of the guanine bases of nucleosides and nucleotides, such as guanosine, deoxyguanosine, GTP, and

deoxyGTP, whereas it cannot act against dsDNA . Scabin from Streptomyces scabies, which is a putative virulence

factor for plants such as potato, also ADP-ribosylates the N  amino group of the guanine bases of nucleosides,

nucleotides, single-stranded DNA, and genomic DNA . Mosquitocidal toxin (MTX) from Bacillus sphaericus, which has

30% sequence identity with pierisin, does not target DNA but rather elongation factor Tu (EF-Tu) in Escherichia coli. 
ADP-ribosylation of EF-Tu prevents the ternary complex formation of EF-Tu, GTP, and aminoacyl-tRNA, resulting in

inhibition of bacterial protein synthesis.

4. Substrates and Target Residues of H-Y-E Class ARTs

Exotoxin A (ExoA) from Pseudomonas aeruginosa, diphtheria toxin (DT) from Corynebacterium diphtheriae, and cholix

toxin from Vibrio cholera specifically modify translation elongation factor (eEF2) on diphthamide699 in yeast or

diphthamide715 in mammals . ADP-ribosylated eEF2 is unable to mediate the translocation of peptidyl-tRNA from

the A to P sites on the ribosome, inhibiting protein synthesis. Arr ADP-ribosylates the hydroxyl group of rifamycins, leading

to resistance against these antibiotics . Arr is widely distributed in the genomes of pathogenic and nonpathogenic

bacteria. Although Arr does not show sequence similarity to known ARTs, its structure is similar to those of known ARTs.

The glutamate residue in the conserved motif H-Y-E is replaced by an aspartate residue that is located on the fourth

strand (rather than the fifth strand) from the N-terminus. The poly(ADP-ribose) polymerase (PARP) family comprises 17

members: PARP1 to PARP16, which includes two tankyrases (PARP5a and PARP5b) . Poly-ADP-ribose is removed

by poly(ADP-ribose) glycohydrolase (PARG) and macrodomain proteins . PARPs affect various cellular processes,

such as DNA repair, DNA replication, transcriptional regulation, and cell division. The best-studied PARP, PARP1, is

thought to be a key player in these processes and has shown promise as a target for anti-cancer drugs.
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