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Clostridium perfringens iota-toxin (Ia) mono-ADP ribosylates
Arg177 of actin, leading to cytoskeletal disorganization and cell
death. To fully understand the reaction mechanism of arginine-
specific mono-ADP ribosyl transferase, the structure of the toxin-
substrate protein complex must be characterized. Recently, we
solved the crystal structure of Ia in complex with actin and the
nonhydrolyzable NAD+ analog βTAD (thiazole-4-carboxamide ade-
nine dinucleotide); however, the structures of the NAD+-bound
form (NAD+-Ia-actin) and the ADP ribosylated form [Ia-ADP ribosy-
lated (ADPR)-actin] remain unclear. Accidentally, we found that
ethylene glycol as cryo-protectant inhibits ADP ribosylation and
crystallized the NAD+-Ia-actin complex. Here we report high-reso-
lution structures of NAD+-Ia-actin and Ia-ADPR-actin obtained by
soaking apo-Ia-actin crystal with NAD+ under different conditions.
The structures of NAD+-Ia-actin and Ia-ADPR-actin represent the
pre- and postreaction states, respectively. By assigning the βTAD-
Ia-actin structure to the transition state, the strain-alleviation
model of ADP ribosylation, which we proposed previously, is ex-
perimentally confirmed and improved. Moreover, this reaction
mechanism appears to be applicable not only to Ia but also to other
ADP ribosyltransferases.

α-actin | mono-ADP ribosylation

Mono- and poly-ADP ribosylation are ubiquitous and impor-
tant posttranslational modifications in which one or more

ADP ribosyl moieties from NAD+ are added to a target protein in
a reaction catalyzed by anADP ribosyl transferase (ART) (1) (Fig.
S1A). Mono-ADP ribosylation was originally identified as the
pathogenic mechanism of certain bacterial toxins (2), which were
classified into several types based on their respective targets. As
type I toxins, cholera toxin (3, 4), pertussis toxin (5), andEscherichia
coli heat-labile enterotoxin (6) target the cysteine or arginine resi-
dues of heteromeric GTP-binding protein. As type II toxins, diph-
theria toxin (7) and Pseudomonas exotoxin A modify elongation
factor 2 diphthamide. As type III toxins, Clostridium botulinum
C3 exotoxin ADP-ribosylates small GTP-binding protein aspara-
gine (8). As type IV toxins, C. botulinum C2 (9) and Clostridium
perfringens iota toxin (10) ADP-ribosylate arginine 177 of actin.
Recently, a nontypical ADP-ribosylating toxin was discovered:
Photorhabdus luminescens TccC3 modifies actin threonine 148 (11).
C. botulinum C2 toxin is an actin-specific ART, and C. per-

fringens iota-toxin (Ia) has been shown to have striking similarities
in both its enzymatic component (C2I or Ia) and binding/trans-
location component (C2II or Ib). Thus, both C2I and Ia ADP-
ribosylate G-actin Arg177, which leads to cytoskeletal disorgani-
zation and cell death (12, 13). Interestingly, Ia and C2I recognize
subtle differences in the actin molecule; consequently, Ia modifies
both α-actin and β-actin, whereas C2I modifies only β-actin. The
structures of catalytic components or domains from various ARTs
have been determined with and without NAD+ [VIP2 (14), Ia (15),
C2I (16), and CDTa (17) as two-component toxin and SpvB (18) as
single-component toxins]. In usual two-component toxin, the cat-
alytic component has two similar domains whose C domains and
N domains possess ADP ribosyltransferase activity andmembrane-
binding/translocation activity, respectively. The C domains have

a highly similar area of strong electrostatic potential (15). The
C-terminal domain shares a conserved β-sandwich core structure
consisting of eight β-strands. Around the β-sandwich core, two
helices and a loop form the NAD+-binding site. In not only type IV
but also type III toxin, the similar structure of the catalytic domain
was kept, but differs in the target protein and residue to be mod-
ified [C3bot (19, 20), C3stau (21), and C3lim (22)]. Furthermore,
the structure of ectoART has revealed strong structural similarity
with ART toxins (23). These structural and biochemical studies of
ARTs have given us detailed structural information about the
NAD+ binding. A particularly important point is that the nicotin-
amide mononucleotide (NMN) portion is highly folded into
a strained conformation within all ARTs (15, 24).
Ia is known to contain three conserved regions: an aromatic

residue-R/H, an Glu-X-Glu (EXE) motif, and an STS motif. The
EXE motif, which is on the ADP-ribosylating turn-turn (ARTT)
loop, is particularly important for the enzyme activity and has been
investigated in point mutation and crystallography studies (15).
Still, the available information on the structural basis of the cata-
lytic mechanism of ARTs remains limited and incomplete because
of the limited information on the ART–substrate protein complex.
To understand the mechanism underlying molecular recognition
and arginine ADP ribosylation by ART, we recently reported the
crystal structure of the Ia–actin complex using a nonhydrolyzable
NAD+ analog, βTAD (thiazole-4-carboxamide adenine dinucleo-
tide) (25). The structure of the complex revealed themechanism of
Ia–actin recognition and suggested a possible reaction mechanism.
Here we report high-resolution structures of NAD+-Ia-actin
(prereaction state) and Ia-ADP ribosylated (ADPR)-actin (post-
reaction state), as well as apo-Ia-actin and NAD+-Ia (mutant)-ac-
tin. Based on these structures from each reaction step, the strain
and alleviation mechanism, which we proposed earlier, was exper-
imentally confirmed and improved (25).

Results
Structures of Apo-Ia-Actin, NAD+-Ia-Actin, and Ia-ADPR-Actin. To
investigate the reaction mechanism underlying ART-catalyzed
arginine ADP ribosylation, our aim was to examine structural
snapshots obtained during the reaction from NAD+ to ADPR-
arginine. Unfortunately, cocrystallization of the NAD+-Ia-actin
complex failed because ADP ribosylation proceeded in the crys-
tallization buffer. However, we were able to produce small apo-
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Ia-actin crystals, after which we refined the crystallization con-
ditions to grow larger crystals. The structure of apo-Ia-actin was
solved by molecular replacement using βTAD-Ia-actin as
a model. Although the relative orientation of apo-Ia-actin differs
slightly from βTAD-Ia-actin, the basic structural framework of
the complex was retained, which is necessary for the ADP ribo-
syltransferase reaction. This suggests that the unique apo-Ia-ac-
tin complex crystal can be thought of as a reaction chamber with
which to examine the ADP ribosylation reaction and the struc-
tural changes that occur upon ADP ribosylation (Fig. S1B).
By soaking the apo-Ia-actin crystals with NAD+ under different

conditions, we obtained data sets of NAD+-Ia-actin and Ia-ADPR-
actin at 1.75 and 2.2 Å resolution, respectively (Table S1). Specif-
ically, soaking apo-Ia(WT)-actin crystals with 10 mM NAD+ in
cryo-protectant containing 30% ethylene glycol for 30 min at
room temperature yielded NAD+-Ia-actin, whereas soaking the
complex with 10 mM NAD+ in mother liquor for 30 min at room
temperature yielded Ia-ADPR-actin. Overall, the structures of
apo-Ia-actin, NAD+-Ia-actin, and Ia-ADPR-actin were similar to
βTAD-Ia-actin, but there were obvious differences around the
NAD+-binding site (Fig. 1 A–D). With NAD+-Ia-actin, the dif-
ference map showed a clear NAD+ electron density (Fig. 1E).

With Ia-ADPR-actin, the 2Fo-Fc (Fo: observed intensity and Fc:
calculated intensity) maps showed obvious differences from
NAD+-Ia-actin, including the presence of an ADP-ribosylated
arginine density instead of NAD+ (Fig. 1F). In NAD+-Ia-actin,
the NAD+ conformation is highly folded, as is seen in all ARTs.
That is, the ADP moiety was gripped by Ia via Asn335, Gln300,
Arg295, and Arg352, and the folded nicotinamide makes a hy-
drogen bond with the Arg296 main chain carbonyl and nitrogen
(Fig. 2). In Ia-ADPR-actin, the ADP moiety is gripped by the
same residues as in NAD+-Ia-actin, but the N-ribose was largely
moved to Arg177 of actin after nicotinamide cleavage (Fig. 3). It
is important to note that there are no water molecules close to
NC1 of N-ribose, which suggests that actin binding prevents un-
favorable reactions as NADase from proceeding by making water
molecules unavailable. The electrostatic molecular surface was
shown in each state of the Ia-actin complex (Fig. 4 and Fig. S2). A
key feature is that the surface potential is acidic around NAD+ in
NAD+-Ia-actin and Ia-ADPR-actin. It seems to stabilize two
oxocarbenium ion intermediates as described later. When com-
paring the NAD+-Ia-actin and Ia-ADPR-actin complexes, an-
other important difference could be seen at Arg177 of actin.
Within the ADP-ribosylated actin, the side chain of Arg177 was

Fig. 1. Overall structures of Ia-actin complex during the reaction. (A) Apo-Ia-actin; Ia is depicted in white as the C domain and gray as the N domain. (B) NAD+-Ia-
actin; Ia and NAD+ are in yellow. (C) Ia-ADPR-actin; Ia is in magenta and ADP-ribosylated R177 is in red. (D) βTAD-Ia-actin (25); Ia and βTAD are in cyan. All actins
are in green. NAD+, ADPR-arginine, ATP, and latrunculinA (LatA) are represented in stick formation. Calcium (Ca) is represented as a sphere. (E and F) Electron
density around NAD+ within the NAD+-Ia-actin and around ADPR-arginine within the Ia-ADPR-actin complex. NAD+, R177/ADPR-R177, and D179 of actin are
labeled. The 2Fo-Fc electron density maps are drawn at 1 σ.
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tilted slightly and interacted covalently with ADPR (Fig. 2). By
contrast, in apo-Ia-actin and NAD+-Ia-actin, Arg177 clearly
interacted with Asp179 of actin by ionic bond. Using streptavidin-
FITC and biotin-NAD+, we confirmed that ADP ribosylation
occurs within apo-Ia-actin crystals soaked in mother liquor (Fig.
5A). On the other hand, within apo-Ia (E378S, E380A, and
E380S)-actin crystals described in the next section, ADP-ribosy-
lation assays showed no activity (Fig. 5A). In solution assays, the
wild-type (WT) complex showed high activity, but ethylene glycol
inhibited the ADP ribosylation (Fig. 5B). Within the NAD+-Ia-
actin structure, several ethylene glycol molecules were assigned in
the structure. None of the ethylene glycol molecules was around
the NAD+-binding site, so how they inhibit the reaction is not
clear. Nonetheless, the structure of NAD+-Ia-actin was obviously
trapped in a prereaction state.

Structures of NAD+-Ia (E378S, E380A, and E380S)-Actin. Ia has strong
ART activity, but if actin is absent, it has weak NAD+ glycohy-
drolase (NADase) activity (15, 27). The latter reaction is the

ADP ribosylation of water molecules and is indicative of the
NAD+ cleavage rate in the absence of actin. The EXE (Glu378
and Glu380) motif is important for the enzyme activity (Fig. 5A
and Fig. S3A), and E380A and E380S mutations eliminated both
NADase and ART activity. On the other hand, E378S blocked
ART activity, but the enzyme retained about half its NADase
activity, compared with WT. Using purified EXE motif mutants
(E378S, E380A, and E380S), we solved the structures of the
NAD+-Ia (mutants)-actin complexes. The overall crystal struc-
ture of NAD+-Ia (mutant)-actin and the electron density of
NAD+ were similar to NAD+-Ia (WT)-actin (Table S2, Fig. 6,
and Fig. S3 B–E). Not only the artificial structure of NAD+-Ia
(WT)-actin trapped in ethylene glycol but also structures of
NAD+-Ia (mutant)-actin revealed the nature of NAD+ binding
in the complex. It is noteworthy, however, that within the E380A
structure, the position of the N-ribose in NAD+ differs slightly
from the others. This may explain how Glu380 strongly interacts
with the 2′OH of N-ribose and plays an important role in nico-
tinamide cleavage activity.

Plasticity of the ARTT Loop Within the Complex upon ADP Ribosylation.
Successive structural analyses showed that the ARTT loop is the
most flexible part of the Ia protein during the ADP-ribosylation
reaction and that Tyr375 and Glu378 are present in at least two
different states: the apo- and postreaction (ADP-ribosylated) state
and the prereaction state (NAD+-bound) (Fig. 2). Tyr375 is ori-
ented inward, toward the toxin, in the apo- and postreaction state,
but it is oriented toward the actin in the prereaction state. On the
other hand, Glu378 is in close proximity to the 2′OH and 3′OH of
the N-ribose in NAD+-Ia-actin (NAD+-binding state), but it is
oriented toward actin Arg177 in the apo- and postreaction state.
This plasticity of Glu378 is totally different from Glu380, which
remains in the same position throughout the reaction. Within the
motif, Tyr375 is at the first turn of the ARTT loop, and it was
suggested that Tyr375 plays an important role in the recognition of
the target protein (19). In the prereaction state, the observed in-
teraction between Tyr375 and actin could serve to stabilize the
NAD+-Ia-actin triple complex, but the weak electron density of
Tyr375 suggests that the interaction is not very strong. In the
second turn of the ARTT loop, Glu378 may be important for
recognition of actin Arg177 residue. Experimentally, Glu378 was
shown to be essential for both the NADase and ART activities
(15). Upon ADP ribosylation, the observed movement of Glu378
(from the apo-reaction state to the prereaction state and from the

Fig. 2. Detailed views of the area around NAD+ and ADPR-arginine. (A) Close-up view of NAD+-Ia-actin. (B) Close-up view of Ia-ADPR-actin. (C) Superposed
view of NAD+-Ia-actin and Ia-ADPR-actin: all colors are the same as in Fig. 1. Side chains of R177 and D179 in actin are depicted and labeled. In Ia, Y251, R295,
R296, Q300, N335, R352, Y375, E378, and E380 are labeled.

Fig. 3. Transient structures of the prereaction state [NAD+-Ia-actin (yellow)]
and the postreaction state [Ia-ADPR-actin (magenta)]. Schematic presentation
of Ia (bright blue: R295, R296, Q300, N335, and R352 are labeled) gripping the
ADPmoiety of NAD+ or ADPR. The Right panel is a back view of the Left panel.
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prereaction to the postreaction state) appears to correlate with
the rotation of the N-ribose and explains why Glu378 has dual
activity: in the prereaction state, Glu378 acts with Glu380 to in-
duce nicotinamide cleavage and is also important for keeping the
oxocarbenium cation from reacting with unfavorable water during
the transition from the prereaction to the postreaction state.
Another ART, C. botulinum C3, alters cytoskeletal signaling by
selectively modifying the low-molecular-mass GTP-binding protein
RhoA at Asn41. Although Ia and C3 ADP ribosylate different
substrates, they have a strong structural similarity, which suggests
that they have a similar substrate amino acid recognition mech-
anism (14, 19), especially with respect to the ARTT loop. The
importance of the ARTT loop in C3 and its plasticity has been
discussed elsewhere (28), but the present study sheds light on the
role of ARTT plasticity in ADP ribosylation within the structure of
the ART-substrate protein complex.

Structural Comparison with βTAD-Ia-Actin. Although the crystalli-
zation conditions and the protein packing of βTAD-Ia-actin were
basically the same as those of apo-Ia-actin, NAD+-Ia-actin, and
Ia-ADPR-actin, large movements of three helices (H7, H8, and
H9) were seen in the βTAD-Ia-actin structure that were not seen
in the other structures (Fig. S4). As will be described in the fol-
lowing section, this movement appears to increase the strain on
the NMN moiety and to induce a shift toward formation of an
oxocarbenium cation. For that reason, we deem βTAD-Ia-actin
to be in the transition state SN1. With the exception of Arg177,
the structure of the substrate actin molecule was unchanged in
all of the structures, including βTAD-Ia-actin.

Reaction Mechanism Inferred from the Structures. The mechanism
by which an SN1 reaction leads to ADP ribosylation of Arg177 was
suggested by studies of the Ia structure and its site-directed mu-
tagenesis (15). The positively charged Arg295 and Arg352 (Ia)
interact electrostatically with NAD+ phosphate and contribute to

the highly folded and strained conformation of the NMN ring-like
conformation. This specific structure of NAD+ is conserved among
all ART family members. The specific conformation appears to
induce an equilibrium shift toward formation of an oxocarbenium
cation. After cleavage of the nicotinamide, the oxocarbenium
cation may be stabilized via Tyr251 through a cation-pi in-
teraction (29). In the present NAD+-Ia-actin structure, the dis-
tance between the nucleophile (Arg177) and the electrophile
(NC1 of N-ribose) is 8.2 Å, making it necessary to reduce the
distance between Arg177 and NC1 of N-ribose. In an earlier
paper, we proposed a strain-alleviation model in which a second
oxocarbenium ion acts as an intermediary (25). In that model,
“strain” referred to the highly folded and strained conformation
of NMN, whereas “alleviation” referred to the rotation of the N-
ribose after scission of the nicotinamide. That is, SN1 cleavage
produced the first oxocarbenium cation, after which rotation oc-
curred via NP-NO5 of ADP ribose to produce a second cationic
intermediate, which enabled NC1 of N-ribose to approach the
guanidyl nitrogen of Arg177. In the present pre- and postreaction
state structural study, the strain-alleviation model was confirmed
experimentally and was improved. The key features of the im-
proved model are as follows (Fig. 7A) (1). The ADP moiety is
gripped by Ia, and then the ADP ribosylation reaction occurs. The
grip is necessary for the subsequent rotation (2). To reduce the
distance between the nucleophile (Arg177) and the electrophile
(NC1 of N-ribose), after the first oxocarbenium ion intermediate
is produced (SN1 reaction), the rotation of N-ribose occurs
mainly via rotation of both O3-NP and NP-NO5 (3). The present
structure confirms that the N-ribose 3′OH is in close proximity to
Asp179 (3.5 Å) within Ia-ADPR-actin. We envision that actin
Asp179 plays a stabilizing role by making contact with the N-ri-
bose (4). Arg177 tilts slightly to react with N-ribose.
The successive structures of each reaction step are shown in

Fig. 7B: the apo-state, the prereaction state, βTAD-Ia-actin as a
transition state in the SN1 reaction, and the postreaction state.
We speculate that the observed movement of the helices in
βTAD-Ia-actin increases the strain on the nicotinamide of NAD+

so that it proceeds to the first SN1 cleavage efficiently. In sum-
mary, a simple strain-alleviation model can explain arginine ADP
ribosylation occurring via two oxocarbenium ion intermediates.

Discussion
We report the structure of the NAD+-Ia-actin and Ia-ADPR-actin
complexes, providing insight into the reaction mechanism of ADP
ribosylation. Arginine ADP ribosylation is a modification cata-
lyzed by both bacterial toxins and human membrane-associated
ARTs. The trapped ADPR structure will provide important in-
formation about the reaction mechanism underlying ADP ribosy-
lation of arginine. Margarit et al. reported the crystal structures of
SpvB-modified ADPR-actin (18). However, their ADPR-actin
structure did not include SpvB, so the modified residue was not
visible due to the plasticity of the complex. Our structure of
ADPR-arginine was trapped because Ia gripped the ADPmoiety of
ADP-ribosylated arginine. As mentioned above, we were unable to
obtain NAD+ cocrystals because Ia and actin separate after ADP
ribosylation. However, NAD+ soaking worked well because Ia-ADP
ribosylated actin was retained within the crystal packing. Given that
the structure of SpvB-modified ADPR-actin does not change from
unmodified G-actin, the mechanism of inhibition of actin poly-
merization is thought to occur primarily through steric disruption of
intrafilament contacts by the ADP-ribosylated Arg177 (18, 30).
Within the crystal structure of Ia-ADPR-actin, the ADP ribosyl
moiety was observed, but in solution without toxin, the flexibleADP
ribosyl moiety was situated near Arg177, where it disrupted actin-
actin contacts and thereby inhibited actin polymerization.
As described before (24), the NMN moiety binds in a similar

compact fashion in all ART. On the other hand, the AMP moiety
shows variation. Remarkably, the adenine ribose is oriented dif-
ferently in type II diphtheria toxin group. Recently, the confor-
mational analysis of NAD+ was reported (31). The conformation
is different in NAD+ bound to redox enzyme and nonredox

Fig. 4. Electrostatic molecular surfaces of the active site of Ia. (A) NAD+-Ia-
actin. (B) Ia-ADPR-actin. NAD+ and ADPR are shown in stick representation.
Dashed bright green line denotes interface between Ia and actin. Electrostatic
molecular surfaces were calculated by GRASP (26) and drawn using PyMOL.

Fig. 5. Detection of ADP-ribosylated actin. (A) ADP ribosylation assay in
apo-Ia (WT or mutant)-actin crystals. ADP ribosylation occurs in the WT
complex but not in the mutant complex. (B) Dose-dependent inhibition of
ADP ribosylation by ethylene glycol.
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enzyme. A specific feature of ARTs is a small ChiN value that is
never seen in redox NAD. Actually, the ChiN torsion angle of
NAD+-Ia-actin is 3.1 ° (ChiA = −115°, GammaA = 53.2°, and
ZetaA = −158.0°). Although NAD+ had been postulated to strain
the N-glycosidic bond, NAD+ with different ChiN values was
found to exhibit similar C1D–N1N bond cleavage barriers in
water. As a next step, however, we need to evaluate the bond
barriers, including supporting amino acids near NMN not in
water. Two glutamates (378 and 380 in Ia) are especially impor-
tant for the catalysis. The bond cleavage is determined not only by
the physical property of the specific conformation of NAD+ but
also by a chemical factor. Also, our strain and alleviation model is
an important description of the trigger of conformational change

after cleavage of nicotinamide. There should be an equilibrium
between NAD+ and oxocarbenium cation/nicotinamide. If there
is still strain in the first oxocarbenium cation intermediate, it
creates the second conformation of the oxocarbenium cation in-
termediate by alleviation and finally interacts with arginine. It
seems that the strain strongly supports the forward reaction not to
go backward. Finally, we summarized the residue–residue inter-
actions between Ia and actin and the properties of the key resi-
dues (Tables S3–S7).
Another available structure of an ART-substrate complex is

that of exotoxin A-elongation factor 2 (ETA-EF2). With ETA,
the modified residue is not arginine but diphthamide (a modified
histidine) (32, 33). Jørgensen et al. reported that the diphthamide

Fig. 6. Detailed views of the area around NAD+ of
Ia mutants, E378S, E380A, and E380S. (A) Compari-
son of WT vs. E378S mutant; wild type of Ia is in
yellow and E378S mutant is in green. (B) Compari-
son of WT vs. two E380 mutants. Wild type is in
yellow, E380A mutant is in purple, and E380S mu-
tant is in blue. All actins are in green. Y251, R295,
R296, Q300, N335, R352, Y375, E378, and E380 are
labeled in Ia.

Fig. 7. Schematic illustrating the mechanism of ADP ribosylation. (A) SN1 mechanism in Ia: (i) NAD+-Ia-Actin as the prereaction state; (ii) nicotinamide
cleavage occurs via an SN1 reaction induced by an NMN ring-like structure and the first oxocarbenium cation intermediate is formed with a strained con-
formation; (iii) the second cationic intermediate is induced through alleviation of the strained conformation mainly by O3-NP and NP-NO5 rotation, and then
NC1 of N-ribose nucleophilically attacks Arg177 of actin; (iv) Ia-ADPR-actin as the postreaction state. (B) Successive structures during ADP ribosylation and the
structure of each reaction: step 1 (apo-Ia-actin), step 2 [NAD+-Ia-actin (prereaction state)], step 3 [βTAD-Ia-actin (transition state)], and step 4 [Ia-ADPR-actin
(postreaction state)].
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N3 nucleophilic atom remains about 10 Å from the electrophilic
C1 center of the N-ribose within the complex; consequently, one
additional step is necessary for consummation of the nucleophilic
substitution reaction (32). They proposed a model in which the
EF2 loop, which includes the diphthamide residue, migrates to-
ward the N-ribose. If this does occur, a similar strain-alleviation
model may also explain the ADP-ribosylation reaction: the L1
and L3 loops of ETA grip the ADP until the N-ribose rotates to
react with the diphthamide N3 after scission of the nicotinamide.
They also showed that a substrate acidic residue is important and
that Asp696 forms a hydrogen bond with the N-ribose 2′OH
within ADPR-eEF2, and they suggested that an Asp696 analog
likely interacts with the N-ribose hydroxyl group during or after
the arginine ADP ribosylation of Gα’s and actin (32). Given the
βTAD-Ia-actin structure, we previously suggested that actin
Asp179 serves that function and forms a hydrogen bond with N-
ribose (25). In the present study, we confirmed this to be true
within the Ia-ADPR-actin structure. Our strain and alleviation
model is compared with the old model as mentioned in previous
report (25) (Fig. S5).
ADP ribosyl transferases have been identified not only in

bacteria but also in eukaryotic cells. Recently, a classification was
proposed based on the key sequence similarity among all ARTs,
including nonbacterial ARTs (34, 35). Within this scheme, ARTs
are classified into two large groups: ARTC (R-S-E group: C2I, Ia
and C3) and ARTD (H-Y-E group: diphtheria toxin group) (34).
Mammalian and avian ARTs, which are known to regulate a

variety of important cell functions, including immune responses,
cell adhesion, cell signaling, and metabolism (36), belong to the
ARTC group. Poly-ADP ribosyl transferases act as sensors of
DNA strand breaks and catalyze poly-ADP ribosylation of them-
selves and various target proteins (37). Poly-ADP ribosyl trans-
ferases belong to the ARTD group. Although the target proteins
and the residues modified by these ARTs differ, their basic core
structural similarity, the structural similarity of the strained con-
formations of NAD+, and the common acidic residue in the
substrate protein needed to fix the N-ribose suggest that all ARTs
make use of a common reaction mechanism. The high-resolution
structure and simple reaction mechanism reported here will
provide an understanding of the reaction. Finally, the unique
complex structure also provides valuable information needed to
design inhibitors of ART family proteins (38).

Materials and Methods
Sample preparation, crystallization, NAD+ soaking, data collection, structure
determination, assay of ADP ribosylation, and assay of NADase activity using
FPLC were carried out as described in SI Materials and Methods.
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