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Abstract: Scabin is a mono-ADP-ribosyltransferase toxin/enzyme and possible virulence factor
produced by the agriculture pathogen, Streptomyces scabies. Recently, molecular dynamic approaches
and MD simulations revealed its interaction with both NAD+ and DNA substrates. An Essential
Dynamics Analysis identified a crab-claw-like mechanism, including coupled changes in the exposed
motifs, and the Rβ1-RLa-NLc-STTβ2-WPN-WARTT-(QxE)ARTT sequence motif was proposed as a
catalytic signature of the Pierisin family of DNA-acting toxins. A new fluorescence assay was devised
to measure the kinetics for both RNA and DNA substrates. Several protein variants were prepared to
probe the Scabin-NAD-DNA molecular model and to reveal the reaction mechanism for the transfer
of ADP-ribose to the guanine base in the DNA substrate. The results revealed that there are several
lysine and arginine residues in Scabin that are important for binding the DNA substrate; also, key
residues such as Asn110 in the mechanism of ADP-ribose transfer to the guanine base were identified.
The DNA-binding residues are shared with ScARP from Streptomyces coelicolor but are not conserved
with Pierisin-1, suggesting that the modification of guanine bases by ADP-ribosyltransferases is
divergent even in the Pierisin family.

Keywords: bacterial toxins; crystallography; enzyme kinetics; DNA-binding motif; bioinformatics;
DNA modification; molecular modeling

Key Contribution: Kinetic analysis of the ADP-ribosyltransferase activity of Scabin enzyme reveals
the DNA-binding site and sheds further light onto the mechanism of ADP-ribose transfer to the
guanine base in the DNA substrate.

1. Introduction

Mono-ADP-ribosyltransferase (mART) toxins are a class of enzymes produced by
pathogenic bacteria as virulence factors, and are potential targets for developing anti-
virulence compounds against their activity [1]. Pathogenic bacteria that utilize mART
toxins to inflict toxicity can infect humans (Vibrio cholerae, Bordetella pertussis), insects
(Bacillus sphaericus), and even plants (Pseudomonas syringae) [2–4]. mART toxins catalyze
the scission of the glycosidic linkage between the nicotinamide and ADP-ribose of NAD+.
The bond cleavage is followed with the transfer of the ADP-ribose moiety to a target
molecule within a host cell [1,5]. Glycohydrolase (GH) activity is characteristic of most
mART toxins, whereby in the absence of a transferase substrate, an OH− molecule in
solution acts as a nucleophile to accept the ADP-ribose moiety from NAD+ [6]. The adduct
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from the transferase reaction causes a change in function of the target molecule to either
activate, repress, or completely inactivate the target. The target molecule is most often
an essential protein for eukaryotic cellular function, such as eukaryotic elongation factor
2 (eEF2), Rho, and actin [7–10]. Post-translational modification of these proteins often
causes host cell apoptosis, as the cell cannot survive without the proper function of these
proteins. Within the target protein, the mART toxin labels a specific nucleophilic residue,
such as diphthamide (a post-translationally modified His residue), Arg, Asn, Cys, Thr, or
Gln [11–15].

The development of the common scab disease in root and tuber vegetables is caused
by the soil-dwelling, filamentous bacterium, Streptomyces scabies [16]. The disease is charac-
terized by deep-pitted and corky lesions that can cover the entire surface of the vegetable,
making it unattractive to consumers [17]. This leads to significant food waste and se-
rious financial loss within the agricultural industry [18]. The development of common
scab disease within the host plant is poorly understood and no viable treatment strategy
has yet been developed. Once a field is contaminated, it can be very costly to eradicate
the Streptomyces organism since it forms highly stable spores that infiltrate the soil [19].
S. scabies produces a 200-residue, 22-kDa protein that is a single-domain enzyme called
Scabin [20,21]. Scabin has been cloned, expressed, and purified, and shown to harbor dual
enzymatic activities (GH and ADP-ribosyltransferase). Scabin targets DNA as a substrate
for ADP-ribose modification; it also shows enzyme specificity towards genomic DNA from
Solanum tuberosum tubers [20]. Scabin shares nearly 40% sequence identity with the Pierisin
family of mARTs [20]. The Pierisin family members function to couple ADP-ribose to the
guanine base in nucleotides and DNA, causing host apoptosis [2,22]. A toxin–antitoxin
system known as DarT has been shown to modify the thymine bases in single-stranded
DNA [23], and has recently been shown to catalyze reversible ADP-ribosylation [24]. A
DNA-targeting enzyme, CARP-1, also was identified from several edible clams and shows
similar activity to Pierisins [25,26]. Streptomyces coelicolor also produces two DNA-targeting
ADP-ribosyltransferases, SCO5461 [27] and ScARP [28]. Scabin represents a mART of
bacterial origin that modifies DNA as its target substrate [20], but its role in S. scabies
virulence is currently unknown.

Scabin was shown to be a more active enzyme (GH activity) compared to most mART
toxins. Notably, Scabin exhibited sigmoidal kinetics with substrates such as deoxyguano-
sine, which differs from the usual Michaelis-Menten behavior of mART toxins. Previously,
we determined the crystal structure of apo-Scabin in complex with two competitive in-
hibitors of the NAD+ substrate. A Scabin-NAD+-DNA model was built to guide future
experiments, including mutagenesis of the active-site scaffold [20].

Furthermore, we investigated the catalytic mechanism of Scabin and characterized the
binding of DNA to the enzyme [29]. We determined the Scabin-NADH crystal structure and
showed that NADH is a potent competitive inhibitor against the NAD+ substrate for this
enzyme. This complex provided new insights into the reaction mechanism and facilitated
the interpretation of the kinetic variants of the enzyme. Furthermore, we determined the
kinetic aspects of model DNA substrates and their modification by Scabin. Importantly,
Scabin prefers double-stranded DNA, containing a single base overhang. These results
provided a mechanism for DNA-binding to the Scabin enzyme and produced a new
DNA-binding motif for this mART toxin [29].

Several crystal structures of Scabin in the presence and absence of competitive NAD+

inhibitors and Trp variants were previously determined [20,29]. The Scabin structure has
a mART-fold and harbors the conserved R-S-Q-X-E motif. Scabin has an approximately
32% α/β structure and, unlike most mART enzymes, has a large amount of well-ordered
coiled structures [20]. Furthermore, Scabin shares low sequence similarity with most
mART family members, except for the Pierisin family, and radically differs from well-
known mART toxins such as iota and the C3-group members, which exhibit high helicity
near the N-terminus [30]. Scabin has strong structural homology with the mosquitocidal
toxin (MTX) from Bacillus sphaericus [31], Pierisin-1, an apoptotic toxin from the cabbage
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butterfly, Pieris rapae [32], and the recently determined structure of ScARP [28]. In general,
the involvement of the ARTT- and PN-loops in substrate recognition and catalysis are
appreciated for mART toxins [33,34]. However, the newly identified α1-α2 motif has not
been considered for its role in the reaction mechanism for the mART toxins [20,32].

In a recent study, we employed hydrogen-deuterium exchange (HDX), theoretical
approaches, molecular dynamics (MD) simulation, and Gaussian Network Modeling
(GNM) [35,36] to reveal the dynamic aspects of the Scabin protein in the Scabin-NAD+-
DNA model [37]. HDX experiments for the Scabin toxin with and without substrates
revealed the dynamic aspects of the enzyme and its DNA substrate-binding “footprint”.
MD simulations compared the Scabin solution conformation with the static crystal structure.
Essential Dynamics Analysis (EDA) and GNM provided a dynamic profile of the enzyme
with its crab-claw-like function in its two topological domains. The “crab-claw” dynamics
resembles the molecular movements of the C3-like toxins and is a property of the β-scaffold
found in the center of catalytic single-domain toxins. The surface exposure and mobile
nature of the cis side motifs in the Scabin β-core reveal involvement in DNA substrate
binding. A novel, Scabin-NAD+-DNA ternary model was developed using a docking
approach. The sequence motif Rβ1-RLa-NLc-STTβ2-WPN-WARTT-(QxE)ARTT was touted as
a catalytic signature for DNA-acting toxins [37].

The structure of the founding member of the Pierisin family was previously determined
with and without the NAD+ substrate and of the autoinhibitory form [32]. Pierisin-1 has
an N-terminal catalytic and C-terminal ricin B-like domains and, upon modification of the
DNA duplex, causes apoptosis in various cancer cells. The GDP substrate recognition and
ADP-ribosylation mechanism in the Pierisin family was recently reported for ScARP from
Streptomyces coelicolor [28]. The structures of ScARP bound to NADH and its GDP substrate
were determined at 1.50 and 1.57 Å, respectively. The structure of ScARP with NADH and
GDP showed that the guanine base is sandwiched between Trp-59 and the N-ribose of NADH.
Notably, H-bonds formed from the N2 and N3 of the guanine with the Gln-162 OE1 and
NE2 atoms, respectively; also, the ADP-ribosylating toxin-turn-turn loop (ARTT-loop), which
includes Trp-159 and Gln-162, provides substrate-recognition specificity.

In the present work, we developed a fluorescence-based kinetic assay to measure the
ADP-ribose transfer mediated by the Scabin toxin/enzyme to the guanine base of various
nucleotides, including ss- and ds-DNA and ss-RNA. This assay has general utility for the
study of other DNA-specific ADP-ribosyltransferases. To test our previous Scabin-NAD-
DNA model, we prepare several catalytic variants of the active-site core, including key
DNA-substrate binding and catalytic residues. The sites where residue substitutions were
introduced into the Scabin protein for this study include the α2 helix, the Lc-loop, β2, the
PN-loop, the ARTT-loop, and the β6/7 turn. These results provide the basis for a revised
model of the Scabin-NAD-DNA complex based on the kinetic findings for these active-site
variants, which leads to an enhanced understanding of the enzyme reaction mechanism
shared by the Pierisin family members.

2. Results and Discussion
2.1. Scabin Sequence-Structure Features

Scabin toxin consists of a single catalytic mART (ADP-ribosyltransferase fold) domain
and a 29-residue N-terminal secretion signal (Figure 1A).

The secondary structure elements are based on the apo-Scabin crystal structure (PDB:
5DAZ) and the two important catalytic signature loops, PN-loop (Y120-G132) and ARTT-
loop (V145-E160), are shown below the sequence. The sites where residue substitutions
were introduced into the Scabin protein for this study include the α2 helix, the Lc-loop,
β2, the PN-loop, the ARTT-loop, and the β6/7 turn. The substitution of Trp199 served as a
control and is located near the C-terminus outside of the ordered secondary structure. Trp68
is also outside the catalytic core; this structurally important and conserved Trp residue is
in a large region between a small 310 helix (n1) and β1 (Figure 1A). A multiple sequence
alignment using the Muscle method [38] is depicted in Figure 1B with the identically
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conserved residues within the Pierisin family highlighted in green. The catalytic signature
is highly conserved among all known members of the Pierisin family. The important
residues for catalytic activity are labeled above the conservation histogram, except for
Trp68, which is an important residue for folding but not catalytic activity. Scabin has some
common catalytic features with other members of the mART toxin family. This includes
the key Arg (Arg77), which is important for NAD+ binding to the active site; the Ser-Thr-
Thr motif (Ser117-Thr118-Thr119), which comprises the scaffold of the NAD+ binding
site [21]; and the hallmark catalytic Gln-X-Glu motif (Gln158-X-Glu160) (Figure 1B). The
multiple-sequence alignment shows that Scabin is highly related to the Pierisin mART
toxin subgroup, as the catalytic core with its key active-site residues is shared by Scabin
and the Pierisin members. A percent identity matrix of several members of the mART
toxin family, including Scabin, showed that Scabin shares 40% sequence identity with the
Pierisin family members [29] and shares 74% identity with ScARP [28]. The Pierisin group
of mART toxins is notable by its target specificity, featuring ADP-ribose transfer to the
guanine base in small guanine-containing nucleosides/nucleotides and/or DNA causing
apoptosis (Pierisin-1 from Pieris rapae) [4] (Figure 1B).

2.2. Scabin Structure with Sequence Motifs

The crystal structure of apo-Scabin was previously solved to a 1.5 Å resolution by
Lyons et al. (2016) [20] (PDB: 5DAZ). Scabin consists of a mixed α/β-fold, with a β-
sheet core formed by a four-stranded βI-sheet (β1, β3, β6, and β7-β8) perpendicular to a
three-stranded βII-sheet (β2, β4, and β5), typically observed for the β-fold in mART toxin
catalytic domains (Figure 2A). The ARTT-loop (ADP-ribosyl-turn-turn loop) is adjacent
to the NAD+-binding pocket (cis side) and connects β4 with β5 within the βI-sheet, and
the β6/7-turn links β6 with β7-β8 in the βII-sheet. Additionally, two cis segments connect
the two β-sheets; these are the PN-loop (phosphate-nicotinamide loop) that connects β2
with β3, and the α1-α2 motif that tie β1 with β2. The α1-α2 motif comprises coiled (L) and
helical (α/310) structural elements that alternate with the La-α1-Lb-α2-Lc pattern in the
Scabin primary sequence (Figure 2B).

2.3. Scabin-NAD+ Interactions

Figure 3A shows the structure of Scabin with NADH (PDB: 5TLB) bound in the active
site along with the key primary catalytic residues (Arg77, Ser117, Gln158, and Glu160—red
circles). Upon NADH binding, the overall substrate pocket architecture of the enzyme is
preserved with respect to the apo form (PDB: 5DAZ), according to the small Cα-RMSD
of 0.27 Å (for 24 residues). This fluctuation in the pocket backbone atoms might have its
origin in the intrinsic dynamics of the protein since it has the same magnitude as in the
entire protein (Cα-RMSD = 0.27 Å for 165 residues). Notably, upon binding the NAD(H)
substrate/inhibitor, the side-chains of the pocket residues are conformationally shifted
(RMSD = 0.94 Å, 24 residues), as observed mainly for Arg81, Lys94, Asn110, Trp128, and the
catalytic Gln158 (RMSD = 1.76 Å for all-atoms of 5 residues) (Figure 3B). For the catalytic
Gln158, two alternate conformations of this side-chain were observed, one that is identical
to the apo form and one that is distinct.

A significant conformational change upon NADH binding involves the Trp128 side
chain; it appears to have rotated nearly 180◦, shifting the nitrogen of the indole ring 4
Å (Figure 3B). The shifts in side-chain location upon NADH binding without changing
backbone orientation could explain the relatively high GH catalytic efficiency (specificity
constant = 1.4 × 106 M−1·min−1) of this mART toxin/enzyme. Notably, upon NAD+

binding, the ARTT loop of the C3 toxins usually displays large shifts in conformation,
signifying an “in” and “out” phase of the loop; however, reported catalytic efficiencies are
several orders of magnitudes lower than Scabin for GH activity (C3larvin = 11 M−1·min−1;
C3cer = 2.1 × 105 M−1·min−1), which suggests that the large structural changes that the
C3 toxins employ during catalysis results in relatively inefficient enzymes.
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in Scabin are shown with a filled black circle. The PN- and ARTT-loop sequences are shown for the Scabin sequence and 
the important catalytic sites are indicated (except for W68, which is a structural residue). The Uniprot (https://www.uni-
prot.org/) identifiers for the sequences are as follows: Scabin (C9Z6T8), ScARP (Q9L1E4), Pierisin-1 (H3JU00), Pierisin-1b 
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(B) The Scabin catalytic core sequence is shown with corresponding color matches to the X-ray ribbon representation shown
in (A).

NADH is coordinated in the Scabin active site by a network of hydrogen bonds
and steric contacts (Figure 3A), with some similarities and differences in the pattern
of interactions described for the bound NAD+ substrate in other mART toxins. The
nicotinamide amide group is anchored by two reciprocal H-bonds with the backbone of
Ser78, which remarkably is a unique substitution for this position into the CT and DT
groups (usually Gly, but is a Trp in the Pierisin-like and MTX toxins), and is only found in
ScARP (Uniprot: Q9L1E4), a nucleotide-targeting mART from S. coelicolor [27,28].

2.4. Scabin-NAD+-DNA Interface

Previously, an in silico Scabin model complexed with NAD+ and with a ds-DNA
oligomer (21-bp) was prepared by a docking protocol [29]. In the Scabin-NAD+-DNA
ternary complex (Figure 4A), the solution conformation of Scabin unveils a smaller differ-
ence (structural) between the apo-Scabin (PDB: 5DAZ) structure and the enzyme-NADH
complex (PDB: 5TLB), with RMSD Cα values of 0.88 Å and 0.95 Å, respectively. The NAD+

substrate conformation is very similar to NADH in the Scabin-NADH complex (PDB: 5TLB)
and to NAD+ in the Pierisin-1-NAD+ complex (PDB: 5H6J).



Toxins 2021, 13, 55 7 of 20Toxins 2021, 13, x FOR PEER REVIEW 7 of 21 
 

 

 
Figure 3. Scabin-NADH interactions. (A) The active-site of the Scabin-NADH complex (PDB: 
5TLB), showing the H-bond pattern of the active-site residues with NADH. The key residues in 
the catalytic activity of the enzyme are circled (red) and include R77, S117, Q158, and E160. (B) The 
active-site of the Scabin-NADH complex was overlaid on the apo-Scabin structure (PDB: 5DAZ), 
showing the conformational changes upon NADH binding. The active-site region that houses the 
four key members of the Scabin-NAD+-DNA bridge is shaded with a translucent light-blue filled 
rectangle. 

A significant conformational change upon NADH binding involves the Trp128 side 
chain; it appears to have rotated nearly 180°, shifting the nitrogen of the indole ring 4 Å 
(Figure 3B). The shifts in side-chain location upon NADH binding without changing back-
bone orientation could explain the relatively high GH catalytic efficiency (specificity con-
stant = 1.4  × 106 M−1·min−1) of this mART toxin/enzyme. Notably, upon NAD+ binding, the 
ARTT loop of the C3 toxins usually displays large shifts in conformation, signifying an 
“in” and “out” phase of the loop; however, reported catalytic efficiencies are several or-
ders of magnitudes lower than Scabin for GH activity (C3larvin = 11 M−1·min−1; C3cer = 2.1 
 × 105 M−1·min−1), which suggests that the large structural changes that the C3 toxins em-
ploy during catalysis results in relatively inefficient enzymes. 

NADH is coordinated in the Scabin active site by a network of hydrogen bonds and 
steric contacts (Figure 3A), with some similarities and differences in the pattern of inter-
actions described for the bound NAD+ substrate in other mART toxins. The nicotinamide 
amide group is anchored by two reciprocal H-bonds with the backbone of Ser78, which 
remarkably is a unique substitution for this position into the CT and DT groups (usually 
Gly, but is a Trp in the Pierisin-like and MTX toxins), and is only found in ScARP (Uniprot: 
Q9L1E4), a nucleotide-targeting mART from S. coelicolor [27,28]. 

Figure 3. Scabin-NADH interactions. (A) The active-site of the Scabin-NADH complex (PDB: 5TLB),
showing the H-bond pattern of the active-site residues with NADH. The key residues in the catalytic
activity of the enzyme are circled (red) and include R77, S117, Q158, and E160. (B) The active-site
of the Scabin-NADH complex was overlaid on the apo-Scabin structure (PDB: 5DAZ), showing
the conformational changes upon NADH binding. The active-site region that houses the four key
members of the Scabin-NAD+-DNA bridge is shaded with a translucent light-blue filled rectangle.

According to our model, ds-DNA binds to Scabin with an interface that includes 18
active-site residues and 13 bases on both DNA I and II strands (Figure 4B). Key residues
that were identified as important for the interaction of the NAD+ substrate include Asn110,
Trp128, Trp155, and Gln158 (Figure 2B) [29]. Scabin active-site residues proposed to interact
with the ds-DNA substrate include Val109, Asn110, Gln111, Thr127, Trp128, Tyr129, Trp155,
and Gln158 (DNA I strand); and Gln100, Asp102, Glu104, Ser105, Leu108, Tyr129, Lys130,
Lys180, Lys181, and Arg183 (DNA II strand) [37].
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active-site residues and 13 bases on both DNA I and II strands (Figure 4B). Key residues 
that were identified as important for the interaction of the NAD+ substrate include Asn110, 
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Figure 4. The Scabin-NAD+-DNA complex working model. (A) The molecular surface of the ternary
Scabin-NAD+-DNA model is depicted. Scabin is shown in ribbon format with a light gray translucent
surface; the contract interface is colored according to its electrostatic potential. NAD+ is depicted in
black sticks, and the ds-DNA molecule is shown with green ribbons and the surface is also colored
by its electrostatic potential. (B) Scabin-NAD+-DNA interactions. A schematic rendering of the
interactions between the Scabin active-site residues (in magenta or dark green) and nucleic acid bases
from both DNA strands (unshaded); also shown are the interactions between NAD+ and the common
residues (in dark green). A central guanine base (G9) is shown in dark blue (9th position of the DNAI

strand) and is the target nucleophile in the reaction.

2.5. Kinetics of Scabin with Guanine Nucleotides

A fluorescence-based assay was developed to measure the kinetics of Scabin ADP-
ribosyltransferase activity to guanine nucleotides, including RNA and DNA oligonu-
cleotides. GMP was used as a model nucleotide substrate for Scabin transferase activity
and the rate curve against GMP concentration is shown in Figure 5A. The kinetic curve was
sigmoidal in nature and the calculated K0.5 was 289 ± 18 µM with a kcat over 180 min−1.
The kinetic curve for ss-DNA (21-mer with multiple guanine bases, see Materials and
Methods for details) is also sigmoidal and is shown in Figure 5B; it reveals that Scabin
has a much higher affinity for DNA compared with a single nucleotide substrate such
as GMP (K0.5 = 26 ± 1 µM; kcat = 186 min−1). The identical nucleotide sequence and
length of the ss-RNA was also tested as a Scabin substrate, which showed that Scabin
slightly prefers ss-RNA over ss-DNA (K0.5 = 12 ± 0.5 µM; kcat = 234 min−1), as shown in
Figure 5C. Interestingly, the curve for the ss-RNA substrate was less sigmoidal and nearly
hyperbolic in shape (Figure 5C). Further tests showed that Scabin also gave strong kinetic
activity with ds-DNA (K0.5 = 34 ± 2 µM, kcat = 34 min−1) but the substrate turnover rate
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was considerably slower than the ss-DNA substrate (Figure 5D). The slower kcat for the
ds-DNA substrate likely indicates the requirement for separation of the base pairs by the
Scabin enzyme and base flipping in ds-DNA for the transfer reaction to the guanine base
to occur [39].
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Figure 5. ADP-ribosyltransferase activity of WT Scabin. Scabin WT ADP-ribosyltransferase activity (relative rate) for the
transfer of ADP-ribose from NAD+ to guanine-containing substrate. (A) GMP substrate, (B) ss-DNA substrate, (C) ss-RNA
substrate, and (D) ds-DNA substrate. Reaction conditions: Scabin (50 nM), ε-NAD+ (250 µM), and various concentration of
nucleotide substrates in a 20 mM TRIS pH 7.9 buffer, containing 50 mM NaCl and 1% dimethyl sulfoxide at 25 ◦C; error
bars indicate the SD.

2.6. Transferase Kinetics of the Scabin Variants

Several site-directed variants of Scabin were prepared based on the Scabin-DNA
model shown in Figure 4A,B. This involved residues within the Scabin active-site, including
those proposed as DNA-interacting; involving residues Leu108 and Val109 in the α2 helix;
Asn110 in the Lc loop; Trp128, Tyr129, and Lys130 in the PN-loop; Lys154 and Trp155 in
the ARTT-loop; Gln158 in the Q-X-E motif in the β5 strand; Lys181 and Arg183 found
in beta strands 6/7; and Trp199 (control) located outside the catalytic core near the end
of the C-terminus (arrows in Figure 1B). Other residues that were studied included two
NAD+-only interacting residues, such as Ser117 found in the STT(S) NAD+ binding motif
and Glu160 in the Q-X-E motif. Some active-site residues were proposed to play critical
catalytic roles by interacting with both NAD+ and DNA, including Asn110, Trp128, Trp155,
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and Gln158. Conserved residues within the Pierisin family in this study group included
Trp68 (structural, folded integrity) and the catalytic hallmark residues Arg77, Asn110,
Trp128, Trp155, Gln158, and Glu160.

2.6.1. Kinetics of the Variants of the NAD+-Interacting Residues

Table 1 shows the kinetic values of the variants produced from the mutagenesis study
of the DNA and NAD+-interacting residues. For the NAD+-interacting residues (shaded
in green in Table 1), the conserved S117 residue was shown to be important for both
GH and ADP-ribosyltransferase activity with the Ala substitution variant showing near
baseline activities for both catalytic processes. The S-T-S/T motif is known for its role in
binding and positioning the NAD+ substrate in CT-like mART toxins. Trp68 is outside of
the catalytic core of the enzyme but it is conserved within the Pierisin family and likely
plays a key structural role to maintain the ADP-ribosyltransferase fold. Ala substitution of
Trp68 resulted in a misfolded enzyme protein, probably due to the perturbation of Scabin’s
folded integrity, since the variant did not express well and was not very stable in solution.
Arg77 is a conserved catalytic residue within all mART family members; replacement of
Arg77 with Ala destabilized the Scabin protein and it also could not be tested. Glu160 is
the conserved catalytic residue in the Q-X-E motif and its replacement with Ala (in tandem
with Gln158), as expected, resulted in both weak GH and transferase activity with 313-fold
and 930-fold loss in kcat values, respectively.

Table 1. Kinetic parameters of the Scabin WT and variants for GH and ADP-ribosyltransferase
activity with the ss-DNA substrate.

Scabin Protein
a GH Activity b ADP-Ribosyltransferase Activity

KM (µM) kcat (min−1) kcat (min−1)

WT 68 ± 3 94 ± 5 186 ± 8
L108G 49 ± 8 11 ± 0.7 71 ± 3
V109G 111 ± 23 55 ± 6 16 ± 1
N110A 66 ± 12 1 ± 0.05 31 ± 2
S117A 88 ± 14 1.3 ± 0.16 15 ± 1
W68A c ND 27 ± 3 93 ± 3
W128Y 17 ± 3 1 ± 0.01 7.5 ± 1
W155A 55 ± 10 10 ± 0.4 5.5 ± 0.3
W199A 40 ± 7 12 ± 0.12 177 ± 2
Y129A 86 ± 11 60 ± 3 119 ± 8
Y129E 51 ± 9 117 ± 4 40 ± 1
Y129F 66 ± 9 57 ± 2 cND
Y129H 25 ± 5 55 ± 3 90 ± 5
Y129K 67 ± 6 61 ± 2 132 ± 3
Y129T cND 23 ± 2 121 ± 2
K130A 160 ± 19 141 ± 5 79 ± 4
K154E 97 ± 7 18 ± 2 20 ± 1
K181A 33 ± 3 32 ± 3 74 ± 3
R183A cND 40 ± 3 58 ± 2

Q158A/E160A 53 ± 9 0.3 ± 0.02 0.2 ± 0.01
a GH activity is the hydrolysis activity of the NAD+ substrate in the absence of a nucleotide substrate. b ADP-
ribosyltransferase activity is the transfer of ADP-ribose from NAD+ to the ss-DNA substrate (21 bp, see Materials
and Methods for sequence information); the experiments for enzyme activity represent the mean ± SD of at least
three different measurements. c ND, not determined. The variants are colored according to their involvement
in NAD+ substrate interactions (green), DNA substrate binding (orange), or DNA transferase activity (yellow).
Residues without color are not involved in the catalytic mechanism of the enzyme and/or indicate a role in
structural integrity.

2.6.2. Kinetics of the Variants of the DNA-Interacting Residues

Ala substitution of the proposed DNA-interacting residues (shaded in yellow in Table 1)
showed that Asn110, Trp128, Trp155, and Gln158/Glu160 are the key, primary residues
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required for catalytic activity involving the transfer of ADP-ribose to water (GH activity) or
to the guanine base (ADP-ribosyltransferase), since these variants were severely impaired
in both enzymatic activities (Table 1). Lys154 is located close to the major DNA groove
and is only 6.8 Å from the guanine G9 base in the DNA substrate of the modelled complex.
The K154A variant lost nearly all GH and ADP-ribosyltransferase activity, suggesting
that it plays an important role in catalysis, which might be to form critical H-bonds with
the DNA bases in ds-DNA in Scabin—Lys154 is only conserved between Scabin and
ScARP but not among other Pierisin family members, where it is replaced with a proline
(Figure 1B). Both Tyr129 and Arg183 are important for catalytic activity since both the
GH and ADP-ribosyltransferase activities were severely compromised in the Ala variants
(Table 1). Lys130 participates more in the ADP-ribosyltransferase activity than GH activity
since the K130A variant had WT-like GH activity but showed only 42% of WT ADP-
ribosyltransferase activity. The α2 residues, Leu108, and Val109 showed importance for
both catalytic activities, with the former being more important for GH activity while the
latter was more important for ADP-ribosyltransferase activity (Table 1).

2.7. Scabin Variant Folded Integrity

Site-directed mutagenesis was used to prepare several Scabin variants, as mentioned
above. However, this approach may often lead to misfolded or partially folded proteins
upon recombinant expression and purification. To assess the folded integrity of the Scabin
variants, two approaches were taken: (i) determination of the X-ray crystal structure
where possible (apo-WT, PDB: 5DAZ; V109G, PDB: 6VV4; N110A, PDB: 6VPA; S117A,
PDB: 6VUV; W128Y, PDB: 6APY; Y129H, PDB: 6UVF; and W155A, PDB: 5UVQ); and (ii)
circular dichroism (CD) spectroscopy was conducted to assess the solution’s secondary
structure. The CD results for some of the variants were previously reported [20,29] and
the CD spectra for the remaining variants are shown in Figure 6A–C. It is noteworthy
that the R77A and W69A variants could not be studied for catalytic activity since they
were not properly folded (data not shown). In addition, the Y129T variant showed some
perturbation in its CD spectrum (Figure 6A). The rest of the Scabin variants showed either
a WT-like crystal structure (Figure 6D) [20,29] or similar CD spectra to the WT in solution
(Figure 6B,C) [20,29].

2.8. Scabin Crystal Structures

The structure of recombinant Scabin was previously reported at a 1.50 Å resolution in
the apo (substrate-free) form and with two good NAD+ competitive inhibitors bound in
the active site [20]. Later, our group also solved the structure of Scabin with NADH, as a
substrate analog of NAD+, providing a reasonable model for the Scabin-NAD+ Michaelis
complex [37]. In addition, we solved the structures of the Scabin variants for two conserved
Trp residues, W128Y and W155A, which are kinetically compromised variants of the
enzyme, suggesting the key catalytic role that these conserved indoles play in the enzyme
mechanism [37].

Several small molecules were previously shown to inhibit Scabin GH activity. PJ34,
P6-C, P6-D, P6-E, and P6-F were previously shown as inhibitors of mART toxins [3,40], and
the results showed that Scabin has an NAD-binding pocket similar to the CT-like mART
toxin family [29]. In the present work, we solved the crystal structures of another four
catalytic variants, V109G (PDB: 6VV4), N110A (PDB: 6VPA), S117A (PDB: 6VUV), and
Y129H (PDB: 6VVF), and the crystallographic data and refinement statistics are shown in
Table S1. All the structures were of high quality, ranging from 1.5 to 1.75 Å. The structures
of all four variants with Scabin were superposed in Figure 6D and all four structures were
properly folded, as revealed by the RMSD values for each variant’s main chain compared
with the WT (PDB: 5DAZ) structure (RMSD values ranged from 0.096 to 0.122).
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Figure 6. (A–C) Circular dichroism spectra of WT Scabin and site-directed Tyr129 variants. (A) WT (black) and Y129T
(blue); (B) WT (black), Y129K (orange), Y129H (purple), Y129E (green), and Y129F (maroon). (C) WT Scabin (black), K130A
(orange), K181A (purple), V109G (green), and L108G (maroon). The concentration of each protein was 0.2 mg/mL in 20 mM
TRIS, 50 mM NaF (pH 8.2) at 25 ◦C. Each spectrum is the average of 9 independent spectra. (D) Structural superposition
of Scabin WT and variant structures; WT (PDB: 5DAZ, red); V109G (PDB: 6VV4, yellow); N110A (PDB: 6VPA, green);
S117A (PDB: 6VUV, blue); and Y129H (PDB: 6VVF, magenta). The full chain RMSD values compared to the apo-Scabin
structure ranged from 0.096 to 0.122 Å. (E) The Scabin-NADH structure (PDB: 5TLB), colored according to its B-factors:
blue (minimum), white (intermediate), and red (maximum), showing the ARTT-loop (V145-E160). The B-factors ranged
from 20 to 50. (F) The ScARP-NADH-GDP structure (PDB: 5ZJ5) colored according to its B-factors: blue (minimum), white
(medium), and red (maximum), showing the ARTT-loop (V149-E164). The B-factors ranged from 20 to 50.

2.9. Key Residues for the DNA-Substrate Interaction and ADP-Ribosylation of the DNA Substrate
2.9.1. Scabin N110A Variant

It is clear from the kinetic data in Table 1, with ss-DNA substrate, that N110 is a
key, conserved active-site residue that interacts with DNA and participates during the
catalytic cycle. Three residues (Trp128, Trp155, and Gln158) bridge the NAD+ and DNA
substrates and these were studied and compared to the Scabin WT enzyme [29]. Herein,
the fourth-member of this proposed Scabin-NAD+-DNA bridge, Asn110, was investi-
gated with the N110A variant. Regarding the NAD+ substrate, the affinity was previ-
ously estimated by measuring the KM of the GH activity using the εNAD+ analog [20,29].
In Scabin, the Asn to Ala substitution does not perturb enzyme interaction with the
NAD+ substrate, since the Michaelis-Menten constant of the N110A variant,
KM(εNAD+)N110A = 66 ± 12 µM, is nearly identical to the WT value—KM(εNAD+)WT
= 68 ± 3 µM. Regarding the ds-DNA substrate, the affinity was determined by measuring
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the binding constant of a ds-DNA tagged with cyanine-3. In Scabin, the Asn to Ala substi-
tution modestly reduces the interaction with ds-DNA, since the dissociation constant of the
N110A variant, KD(21bp-DNA)N110A = 82 ± 5 µM, is higher than the KD of the WT toxin of
KD(21bp-DNA) = 51 ± 4 µM. The small effect of substitution with Ala on DNA-binding
affinity (1.5×) may reflect the small contribution of the Asn110 H-bond to the binding
energy. Notably, replacement of Asn110 with Ala severely compromised the enzyme’s
ability to transfer ADP-ribose to ss-DNA (Table 1), making Asn110 an important DNA-
transferase residue in Scabin and the fourth member of the Scabin-NAD+-DNA bridge.
Given its conservation among the Pierisin family (Figure 1B), Asn110 is the new catalytic
cornerstone for DNA substrate modification.

2.9.2. Scabin Trp155A Variant

The modest impairment (3×) in ability of the W155A variant to bind DNA [29]
also agrees with the Trp155 associations seen in the Scabin·DNA model since it reveals
surface van der Waals contacts with the DNAI backbone. However, Trp155 is essential for
the transferase activity towards both deoxyguanosine and guanine-containing ds-DNA
substrates (Table 1 and [29]). Considering the role of Trp155 activity and its participation as
a key ARTT-loop residue(s) in mART toxins, in general [33,34,41,42], we earlier proposed
that Trp155 stabilizes the reactive guanine base for the transfer reaction; i.e., Trp155 interacts
with the reactive guanine base in the DNA substrate [29]. Recently, the structure of ScARP
with NADH and GDP revealed that the guanine base in GDP stacks between the N-ribose
of NADH and Trp159 (Trp155 in Scabin) [28]. This conserved Trp residue forms H-bonds
with the N2 and N3 of guanine in GDP and the center of this indole ring is 4.4 Å from the
center of the guanine base in GDP and the indole side chain is only 7.4 Å apart from the
C-atom of the glycosidic ribose-nicotinamide bond [28]. This positions the nucleophilic
NH2 of guanine to about 4.0 Å from the electrophilic C in the N-ribose of NAD(H), which
makes it ripe for the ADP-ribosyltransferase reaction with the GDP substrate. However,
caution is required since the binding of the DNA oligonucleotide (either ss- or ds-DNA)
may alter the geometry of the catalytic residues in the reaction center and no structure
of any Pierisin family member with the true Michaelis NADH-DNA complex has yet
been determined.

2.9.3. Scabin K154A Variant

The K154A variant was highly compromised in both GH and ADP-ribosyltransferase
activity (Table 1). Interestingly, Lys154 is not conserved in the Pierisin family but is shared
with ScARP (Figure 1B); it is close to the major DNA groove in the Scabin-NAD-DNA
model and 6.8 Å from the G9 base. Upon considering the flexibility of the Lys154 side chain
and its H-bond capability along with its charged polar head group, its role in catalysis
may be to disrupt the H-bonds in paired DNA bases, where a low dielectric environment—
reinforced by Leu108 (located in α2)—facilitates the electrostatic character of the disrupting
interaction(s). It may also provide a stable electrostatic environment for guanine small
nucleotide substrates.

2.9.4. Scabin W128Y Variant

Trp128 is absolutely conserved throughout the Pierisin family and is found in the
catalytic PN-loop (Figure 1B). Clearly, it is a key catalytic residue involved in both the GH
and ADP-ribosyltransferase activities, as evidenced by the near total loss of both enzymatic
activities upon replacement with tyrosine (Table 1). Upon binding NADH, Trp128 adopts a
different conformation to that seen in apo-Scabin (Figure 3B). The PN-loop region in apo-
and NADH-bound Scabin is quite disordered, exhibiting poor electron density through-
out, indicating that this catalytic loop is poised for interaction with the DNA substrate
(Figure 6E). The corresponding PN-loop in ScARP is more ordered/less mobile and the
ScARP protein is much less flexible/mobile overall (Figure 6F) [28]. The Pierisin-1-NAD+

structure shows even greater mobility (higher B-factors than Scabin) and it also has a highly
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mobile and much larger PN-loop in the NAD+ bound structure [32]. In the ScARP-NADH-
GDP structure, the side chain of this conserved Trp (Trp132 in ScARP) moves from the apo-
to the GDP-bound state to accept the guanosine ribose in the GDP substrate [28]. Thus, the
role of the Trp in the PN-loop is to receive and stabilize the guanosine ribose during the
ADP-ribosylation event in GDP and likely in DNA as well.

2.9.5. Scabin Y129(X) Variants

Previously, Tyr129 was shown to be important for DNA binding, but was not involved
in the reaction mechanism [29]. According to our Scabin-NAD+-DNA model, Tyr129 is
important for binding DNA [29], based on its location and orientation in the complex. Our
model suggests that Tyr129 reaches into the DNA minor groove and contacts both the DNA
I and II strands. However, binding of DNA substrate is likely controlled by a rather large
contact area and contributions from several backbone and side-chains within the Scabin
active site. The kinetic data for the Y129A variant showed that there was only a modest
effect of tyrosine replacement on the ADP-ribosyltransferase activity of Scabin (Table 1).
A similar reduction was observed for Scabin GH activity. Several replacements at Tyr129
were made to ascertain the chemical nature of the Scabin-DNA interaction. Replacement of
Tyr129 with a negative charge (Y129E) showed the largest effect on ADP-ribosyltransferase
activity (21% of WT activity) (Table 1). This may be explained by the negatively charged
Glu129 exerting electrostatic repulsion with the phosphate groups of the DNA substrate.

2.9.6. Scabin Q158A/E160A Variant

Clearly, the conserved residues, Gln158 and Glu160, play key roles in the enzyme
mechanism of the Pierisin family members, including Scabin. Replacement of these residues
with Ala nearly obliterated both the GH and ADP-ribosyltransferase enzyme activities
(Table 1). As reported by Yoshida and Tsuge (2018), the Gln162 (Gln158 in Scabin) forms H-
bonds with the N2 and N3 atoms of guanine in the GDP substrate [28]. The conserved Glu
residue in all mART toxins (Glu-160 in Scabin) H-bonds the N-ribose of NAD+ and serves
to facilitate the C-N bond cleavage to form the reactive oxocarbenium intermediate [43,44].
In Pierisin family enzymes, the role of this hallmark Glu is to orient the N2 of guanine and
to steer the lone pair orbital density of N2 towards NC1 in the NAD+ substrate [28].

2.10. ADP-Ribosylation of DNA

Based on these results, a mode of DNA substrate binding for Scabin is proposed,
which represents a recognition motif for DNA-targeting bacterial mART toxins (Figure 7A).
The key structural motifs are shown in the current Scabin-NAD-DNA model and the
mechanism involving the ds-DNA substrate involves a base-flip of the target guanine, as
observed in the DNA repair enzymes such as O(6)-alkylguanine-DNA alkyltransferase
(AGT) [45,46] (Figure 7A). Trp128 and Tyr129 interact with adjacent nucleotides to the
guanine nucleophile, allowing Trp155 to dock to the target guanine base. The target guanine
then moves into position and is recognized by Gln158, like the proposed recognition of
Asn by Gln212 of C3 exoenzyme [12]. Gln158 allows for the guanine nucleophile to move
near the glycosidic bond of NAD+, ready for ADP-ribosylation. Glu160 stabilizes the
oxocarbenium ion intermediate, whereby the C1 of N-ribose undergoes nucleophilic attack
by the N2 exocyclic amine of the guanine base [12]. The mechanism ends with the formation
of an ADP-ribosylated guanine base within the DNA. Additionally, Scabin has been shown
to bind single-stranded breaks in ds-DNA [20], similarly to poly-ADP-ribosylpolymerase-1
(PARP-1) [47]. However, Scabin possesses no sequence or structural similarities to PARP-1
beyond the classic catalytic motifs present in ADP-ribosyltransferases. Therefore, Scabin is
clearly a unique enzyme among members of both poly-ADP-ribosyltransferases and the
bacterial mono-ADP-ribosyltransferase families. It has strong substrate preferences for
mononucleotides and both RNA and DNA (Figure 5), which also makes it unique among
Pierisin family members.
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key catalytic elements are shown. (B) Surface potential model of Scabin, showing the face of the
proposed DNA-binding site. Molecular surfaces are colored by the relative electrostatic potential
(red—negative or acidic; blue—positive, or basic). Basic residues (shown in blue) are labelled and
shown on the surface of the proposed DNA-binding site. (C) Surface potential of the Scabin-NADH
rotated approx. 45◦ to show the active-site pocket. Basic residues within the proposed DNA-binding
site, as shown in (B), are also depicted in this view.

2.11. The Scabin-NAD+-DNA Complex in the Context of Substrate Binding

As previously reported, the ARTT- and PN-loops participate with both the NAD+

and macromolecule substrates during catalysis in mART toxins [34,41,43]. The ARTT-loop,
aside from the semi-conserved Trp155 (WARTT) and Gln158 (QARTT), provide a unique
sequence with non-conserved substitutions. The model and experimental data concur that
Scabin Trp155 is important in binding the DNA substrate. However, the DNA affinity
in Pierisin-1 was not significantly affected in the W160A variant compared to the WT
protein [32]. Trp155 is close (<4 Å) to NADH (PDB: 5TLB) and NAD+ (this work) in Scabin,
while its counterpart, Trp160, is farther (>6Å) from the bound NAD+ in Pierisin-1 (PDB:
5H6J). In Scabin, Arg152 and Lys154 participate in the interactions with ds-DNA substrate.
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These data suggest an important role of the ARTT-loop in Scabin and other members of the
Pierisin-like group, in both NAD+ and DNA substrate binding and stabilization.

3. Conclusions

In the Pierisin-like mART toxin group, the sequence motif Rβ1-RLa-NLc-STTβ2-WPN-
WARTT-(QxE)ARTT appears as a signature motif involved in the mART catalytic function
of these proteins/toxins. Importantly, (i) the reported DNA-contacting residues/motifs
in Pierisin-1 are not present in Scabin; and (ii) many of the proposed DNA-contacting
residues/motifs in Scabin are not present in other members of the Pierisin-like group. Thus,
it may be concluded that Scabin possesses a unique DNA-binding motif within the Pierisin
family. Scabin has a positively charged surface that serves as a DNA/RNA binding surface,
which can be seen in Figure 7B,C, and it is largely shared with ScARP but no other Pierisins
(Figure 1B). The Scabin central core structure is like that of ScARP, Pierisin-1, and other ADP-
ribosyltransferases [32]. However, Scabin and ScARP do not possess either a ricin B-like
domain or an autoinhibitory linker as found in Pierisin-1, implying that enzyme regulation
is different between Scabin/ScARP and Pierisin-1. The arrangement of the α-helices and
loop regions around the core scaffold is also different in Scabin/ScARP and their PN-loops
are much smaller than in Pierisin-1 (Figure 1B) [28,32]. The key positively charged residues
for DNA binding are also not conserved between Pierisin-1 and Scabin/ScARP (Figure 1B,
filled black circles; Figure 7B,C) [32]. These observations indicate that the binding mode
and preference for various guanine-containing substrates differ between Scabin/ScARP
and Pierisin-1. Clearly, the DNA-binding and targeting mechanisms, including biological
roles, are not universal among the Pierisin family members. Structural elucidation of
the full Michaelis complex of various Pierisin family members with both NAD+ and ds-
and ss-DNA substrates is the next step towards a better understanding of the reaction
mechanism of the DNA-targeting ADP-ribosyltransferases.

4. Materials and Methods

Materials: Unless otherwise noted, chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA), and OriginPro 8.0 (Originlab Corp., Northampton, MA, USA) was
used for data fitting and plotting.

4.1. Scabin Expression and Purification

The Scabin gene was cloned into a pET-TEV vector containing an N-terminal His6 tag
with a tobacco etch virus protease cut site. Site-directed mutants were prepared using the
Quikchange™ mutagenesis method [48]. Chemically competent Escherichia coli BL21 λDE3
cells were transformed with plasmid and grown overnight at 37 ◦C on LB media containing
30 µg/mL kanamycin. Half the colonies on each plate were scraped into 50 mL of LB
containing kanamycin and allowed to grow to an OD of 0.6 at 37 ◦C with shaking; 25 mL of
culture was inoculated into 800 mL of 2xYT media containing kanamycin. Cells were grown
to an OD of 1.2 at 37 ◦C with shaking and subsequently induced with 1 mM isopropyl
β-D-1-thiogalactopyranoside for 4 h. Wild-type and variants were all expressed using the
above conditions, except for Q158A/E160A and N110A, which yielded better expression
when induced for 16 h at 16 ◦C. Cells were pelleted at 4000× g and resuspended in lysis
buffer containing 25 mM Tris-HCl, pH 8.2, 200 mM NaCl, 50 µg/mL CHAPS, 120 µM PMSF,
1 mM EDTA, and 100 µg/mL DNase. Resuspended cells were lysed using an Emulsifex-
C3 high-pressure homogenizer (Avestin Inc., Ottawa, ON, Canada) and subsequently
centrifuged at 14,000× g for 50 min at 4 ◦C. Protein was purified from whole cell lysate
using immobilized metal-affinity chromatography. The supernatant was passed over a
HiTrap IMAC HP 5 mL column (GE Healthcare, Mississauga, ON, Canada) equilibrated
with 5 mM imidazole in binding buffer (50 mM TAPS, pH 8.5, 500 mM NaCl). The column
was washed with 25 mM imidazole in binding buffer and the protein was eluted using a
gradient from 25 to 250 mM imidazole. Fractions containing the protein of interest were
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resolved on an SDS-PAGE gel to confirm its identity; the purified protein was pooled and
dialyzed into 50 mM Tris-HCl, pH 8.2, and 50 mM NaCl, deemed dialysis buffer 1.

Further purification was performed via anion-exchange chromatography. Briefly, a
HiTrap Q-Sepharose HP column was equilibrated with dialysis buffer 1 and the protein
sample was passed over the column; bound protein was subsequently eluted with a linear
gradient from 50 to 500 mM NaCl in dialysis buffer 1. Fractions that contained purified
protein, as confirmed by SDS-PAGE, were pooled, and concentrated initially on a bed of
PEG 20,000 at 4 ◦C to reduce the mechanical stress on the protein and for optimal recovery.
Once the sample was concentrated to approximately 5 mL, the remainder was brought to
1.5 mg/mL using Millipore 0.5-mL 10-kDa spin columns at 3000× g for 10-min intervals in
a microfuge; the protein yield was approximately 1 mg per liter of culture.

4.2. Circular Dichroism Spectra

Circular dichroism (CD) spectra were acquired for all Scabin variants using a JASCO
J-815 CD spectropolarimeter (Easton, MD, USA) (250–195 nm scan, average of 9 spectra).
The protein was at 0.16 mg/mL in a buffer containing 20 mM Tris-HCl, pH 8.2, and 50 mM
NaF in a 1-mm path length quartz CD cuvette.

4.3. Protein Crystallography

Crystal conditions for Scabin were as previously reported [20]. X-ray diffraction data
were obtained at the Canadian Light Source in the Canadian Macromolecular Crystallogra-
phy Facility (beamline, 08ID-1).

4.4. Scabin Structures

Collected data were processed in XDS [35]. Molecular replacement was performed
using Phenix [49] with the Scabin-apo (PDB: 5DAZ) structure as the model. Iterative cycles
of model building was performed in COOT [50] and subsequent refinement in Phenix. The
Scabin V109G, N110A, S117A, and Y129H structures were deposited in the Protein Data
Bank database, with the codes 6VV4, 6VPA, 6VUV, and 6VVF, respectively. Table S1 shows
the crystallographic details for these structures.

4.5. GH Activity

Glycohydrolase assays were conducted with a Cary Eclipse fluorescence spectropho-
tometer (excitation wavelength, 305 nm; emission wavelength, 405 nm; and band passes
of 5 nm) [51]. ε-NAD+ substrate (0–450 µM) were mixed with 490 nM Scabin in NAD+

GH buffer consisting of 20 mM Tris-HCl, pH 7.9, and 50 mM NaCl. Triplicate reactions
were measured for 10-min intervals and the reaction initial slope was recorded. An εAMP
standard curve was obtained to convert the fluorescent values to εADP-ribose formed per
min. A Michaelis-Menten curve was plotted and fitted with OriginPro-8 software using a
hyperbolic model (OriginLab Corp., Northampton, MA, USA).

4.6. ADP Ribosyltransferase Reaction

A novel ADP-ribosyltransferase assay with GMP, ss-RNA, and ss- and ds-DNA was
performed, as described under “GH activity”, with some important modifications. This
fluorescence-based method allows for the acquisition of time-based kinetic data using a
fluorescence spectrophotometer and can be generally applied to other DNA-modifying
ADP-ribosyltransferases. A Varian Eclipse fluorescence spectrophotometer was set to
λex at 320 nm with a 1.5 nm bandpass and λem at 405 nm with a 20 nm bandpass. This
enabled excitation of the etheno fluorescence in ε-NAD+ without inner filter interference
from the UV absorbance of the nucleic acids in the GMP, RNA, or DNA, since nucleic
acids absorb weakly (near zero) at 320 nm. The ε-NAD+ was held at a concentration of
250 µM and was mixed with 50 nM Scabin in a GH buffer containing 1% dimethyl sulfoxide
and various concentrations of GMP (0–1000 µM), ss-RNA (0–100 µM), and ss- or ds-DNA
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(0–100 µM). The data were fit to the sigmoidal kinetic model in OriginPro-8 (OriginLab
Corp., Northampton, MA, USA).

4.7. Modeling the Scabin-NAD+-DNA Complex

The Scabin-NADH X-ray structure (PDB: 5TLB) was stripped of crystallographic water
molecules and NADH was crafted to NAD+ in situ. The MOE Amber12: EHT force-field
was used to prepare the NAD+ molecule. The whole molecular system was treated with
the Protonate3D protocol while protecting the oxidized state of the ligand, but protecting
the oxidized state of the ligand. In the resultant system, the NAD+ molecule (10 kcal/mol,
0.25 Å buffer) and the heavy atoms (100 kcal/mol), except for the side-chains atoms at
≤4.5 Å from the nicotinamide moiety, were re-organized with energy minimization until
an RMSG ≤ 0.001 kcal/mol/Å2 was obtained. The 21-base pair double-stranded DNA
oligo, 5′-GGAAGAGAGAGAGAAAGAGAG-3′ (forward strand), was assembled in a
B-helix conformation. A coarse-grained MOE protein-protein docking of the ds-DNA
molecule as a substrate onto the Scabin-NADH (receptor) was performed. This approach
uses rigid side-chains and an implicit solvent model. The ternary decoys (30 highest
ranked) were iteratively optimized by implementing and then alternating the “rigid-body”
energy minimization (RMSG ≤ 0.1 kcal/mol/Å2) of the DNA onto a fixed Scabin-NAD+

structure with “conformational” energy minimization (RMSG ≤ 0.01 kcal/mol/Å2). This
was followed by relaxation of the free interfacial atoms (side-chains and loop atoms in
contact with DNA) and was restrained with 10 kcal/mol neighbors (≤4.5 Å from the
interfacial atoms) until the total energy difference between the two consecutive iterations
was less than 0.1 kcal/mol. The lowest energy decoy was saved as the Scabin-NAD+-DNA
ternary complex model.

4.8. Availability of Data and Materials

The Scabin variant X-ray structures were deposited at the Protein Data Bank (http:
//www.rcsb.org/pdb): V109G (PDB: 6VV4), N110A (PDB: 6VPA), S117A (PDB: 6VUV),
and Y129H (PDB: 6VVF).

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-665
1/13/1/55/s1, Table S1: Crystallographic data and refinement statistics for Scabin catalytic variant
structures.

Author Contributions: Conceptualization, M.V., B.L., K.A.H. and A.R.M.; Funding acquisition,
A.R.M.; Investigation, M.V., B.L., K.A.H., T.L. and A.R.M.; Writing—original draft, A.R.M.; Writing—
review & editing, M.V., B.L., K.A.H., T.L. and A.R.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Natural and Sciences and Engineering Research Council
of Canada, Discovery grant (#105440) and Strategic grant (#494213) to A.R.M.

Data Availability Statement: Data are available upon request, please contact the contributing au-
thors.

Acknowledgments: We thank Stephanie Carlin and Nick Tiessen for technical assistance in the
purification and characterization of Scabin variants.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Simon, N.C.; Aktories, K.; Barbieri, J.T. Novel bacterial ADP-ribosylating toxins: Structure and function. Nat. Rev. Microbiol. 2014,

12, 599–611. [CrossRef] [PubMed]
2. Watanabe, M.; Kono, T.; Matsushima-Hibiya, Y.; Kanazawa, T.; Nishisaka, N.; Kishimoto, T.; Koyama, K.; Sugimura, T.;

Wakabayashi, K. Molecular cloning of an apoptosis-inducing protein, pierisin, from cabbage butterfly: Possible involvement of
ADP-ribosylation in its activity. Proc. Natl. Acad. Sci. USA 1999, 96, 10608–10613. [CrossRef] [PubMed]

3. Jorgensen, R.; Purdy, A.E.; Fieldhouse, R.J.; Kimber, M.S.; Bartlett, D.H.; Merrill, A.R. Cholix Toxin, a Novel ADP-ribosylating
Factor from Vibrio cholerae. J. Biol. Chem. 2008, 283, 10671–10678. [CrossRef]

http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
https://www.mdpi.com/2072-6651/13/1/55/s1
https://www.mdpi.com/2072-6651/13/1/55/s1
http://doi.org/10.1038/nrmicro3310
http://www.ncbi.nlm.nih.gov/pubmed/25023120
http://doi.org/10.1073/pnas.96.19.10608
http://www.ncbi.nlm.nih.gov/pubmed/10485873
http://doi.org/10.1074/jbc.M710008200


Toxins 2021, 13, 55 19 of 20

4. Jeong, B.R.; Lin, Y.; Joe, A.; Guo, M.; Korneli, C.; Yang, H.; Wang, P.; Yu, M.; Cerny, R.L.; Staiger, D.; et al. Structure function
analysis of an ADP-ribosyltransferase type III effector and its RNA-binding target in plant immunity. J. Biol. Chem. 2011,
286, 43272–43281. [CrossRef] [PubMed]

5. Masignani, V.; Balducci, E.; Serruto, D.; Veggi, D.; Arico, B.; Comanducci, M.; Pizza, M.; Rappuoli, R. In silico identification of
novel bacterial ADP-ribosyltransferases. Int. J. Med. Microbiol. 2004, 293, 471–478. [CrossRef] [PubMed]

6. Yates, S.P.; Merrill, A.R. Characterization of oxidized nicotinamide adenine dinucleotide (NAD(+)) analogues using a high-
pressure-liquid-chromatography-based NAD(+)-glycohydrolase assay and comparison with fluorescence-based measurements.
Anal. Biochem. 2005, 340, 41–51. [CrossRef]

7. Krska, D.; Ravulapalli, R.; Fieldhouse, R.J.; Lugo, M.R.; Merrill, A.R. C3larvin Toxin, an ADP-ribosyltransferase from Paenibacillus
larvae. J. Biol. Chem. 2015, 290, 1639–1653. [CrossRef]

8. Ebeling, J.; Funfhaus, A.; Knispel, H.; Krska, D.; Ravulapalli, R.; Heney, K.A.; Lugo, M.R.; Merrill, A.R.; Genersch, E. Characteri-
zation of the toxin Plx2A, a RhoA-targeting ADP-ribosyltransferase produced by Paenibacillus larvae. Environ. Microbiol. 2017,
19, 5100–5116. [CrossRef]

9. Jorgensen, R.; Merrill, A.R.; Yates, S.P.; Marquez, V.E.; Schwan, A.L.; Boesen, T.; Andersen, G.R. Exotoxin A-eEF2 complex
structure indicates ADP ribosylation by ribosome mimicry. Nature 2005, 436, 979–984. [CrossRef]

10. Visschedyk, D.D.; Perieteanu, A.A.; Turgeon, Z.J.; Fieldhouse, R.J.; Dawson, J.F.; Merrill, A.R. Photox, a novel actin-targeting
mono-ADP-ribosyltransferase from Photorhabdus luminescens. J. Biol. Chem. 2010, 285, 13525–13534. [CrossRef]

11. Scheuring, J.; Schramm, V.L. Pertussis toxin: Transition state analysis for ADP-ribosylation of G-protein peptide alphai3C20.
Biochemistry 1997, 36, 8215–8223. [CrossRef]

12. Han, S.; Arvai, A.S.; Clancy, S.B.; Tainer, J.A. Crystal structure and novel recognition motif of rho ADP-ribosylating C3 exoenzyme
from Clostridium botulinum: Structural insights for recognition specificity and catalysis. J. Mol. Biol. 2001, 305, 95–107. [CrossRef]
[PubMed]

13. Oppenheimer, N.J.; Bodley, J.W. Diphtheria toxin. Site and configuration of ADP-ribosylation of diphthamide in elongation factor
2. J. Biol. Chem. 1981, 256, 8579–8581. [CrossRef]

14. Jorgensen, R.; Yates, S.P.; Teal, D.J.; Nilsson, J.; Prentice, G.A.; Merrill, A.R.; Andersen, G.R. Crystal structure of ADP-ribosylated
ribosomal translocase from Saccharomyces cerevisiae. J. Biol. Chem. 2004, 279, 45919–45925. [CrossRef] [PubMed]

15. Lang, A.E.; Schmidt, G.; Schlosser, A.; Hey, T.D.; Larrinua, I.M.; Sheets, J.J.; Mannherz, H.G.; Aktories, K. Photorhabdus luminescens
toxins ADP-ribosylate actin and RhoA to force actin clustering. Science 2010, 327, 1139–1142. [CrossRef] [PubMed]

16. Goyer, C.; Beaulieu, C. Host range of streptomycete strains causing common scab. Plant. Dis. 1997, 81, 901–904. [CrossRef]
17. Lerat, S.; Simao-Beaunoir, A.M.; Beaulieu, C. Genetic and physiological determinants of Streptomyces scabies pathogenicity.

Mol. Plant. Pathol. 2009, 10, 579–585. [CrossRef]
18. Hill, J.; Lazarovits, G. A mail survey of growers to estimate potato common scab prevalence and economic loss in Canada. Can. J.

Plant. Pathol. 2005, 27, 46–52. [CrossRef]
19. Loria, R.; Kers, J.; Joshi, M. Evolution of plant pathogenicity in Streptomyces. Annu. Rev. Phytopathol. 2006, 44, 469–487. [CrossRef]
20. Lyons, B.; Ravulapalli, R.; Lanoue, J.; Lugo, M.R.; Dutta, D.; Carlin, S.; Merrill, A.R. Scabin, a novel DNA-acting ADP-

ribosyltransferase from Streptomyces scabies. J. Biol. Chem. 2016, 291, 11198–11215. [CrossRef]
21. Joshi, M.V.; Mann, S.G.; Antelmann, H.; Widdick, D.A.; Fyans, J.K.; Chandra, G.; Hutchings, M.I.; Toth, I.; Hecker, M.; Loria, R.;

et al. The twin arginine protein transport pathway exports multiple virulence proteins in the plant pathogen Streptomyces scabies.
Mol. Microbiol. 2010, 77, 252–271. [CrossRef] [PubMed]

22. Takamura-Enya, T.; Watanabe, M.; Totsuka, Y.; Kanazawa, T.; Matsushima-Hibiya, Y.; Koyama, K.; Sugimura, T.; Wakabayashi,
K. Mono(ADP-ribosyl)ation of 2′-deoxyguanosine residue in DNA by an apoptosis-inducing protein, pierisin-1, from cabbage
butterfly. Proc. Natl. Acad. Sci. USA 2001, 98, 12414–12419. [CrossRef] [PubMed]

23. Jankevicius, G.; Ariza, A.; Ahel, M.; Ahel, I. The toxin-antitoxin system DarTG catalyzes reversible ADP-Ribosylation of DNA.
Mol. Cell 2016, 64, 1109–1116. [CrossRef] [PubMed]

24. Lawaree, E.; Jankevicius, G.; Cooper, C.; Ahel, I.; Uphoff, S.; Tang, C.M. DNA ADP-Ribosylation stalls replication and is reversed
by RecF-mediated homologous recombination and nucleotide excision repair. Cell Rep. 2020, 30, 1373–1384. [CrossRef]

25. Nakano, T.; Takahashi-Nakaguchi, A.; Yamamoto, M.; Watanabe, M. Pierisins and CARP-1: ADP-ribosylation of DNA by ARTCs
in butterflies and shellfish. Curr. Top. Microbiol. Immunol. 2015, 384, 127–149.

26. Nakano, T.; Matsushima-Hibiya, Y.; Yamamoto, M.; Enomoto, S.; Matsumoto, Y.; Totsuka, Y.; Watanabe, M.; Sugimura, T.;
Wakabayashi, K. Purification and molecular cloning of a DNA ADP-ribosylating protein, CARP-1, from the edible clam Meretrix
lamarckii. Proc. Natl. Acad. Sci. USA 2006, 103, 13652–13657. [CrossRef]

27. Nakano, T.; Matsushima-Hibiya, Y.; Yamamoto, M.; Takahashi-Nakaguchi, A.; Fukuda, H.; Ono, M.; Takamura-Enya, T.;
Kinashi, H.; Totsuka, Y. ADP-ribosylation of guanosine by SCO5461 protein secreted from Streptomyces coelicolor. Toxicon 2013,
63, 55–63. [CrossRef]

28. Yoshida, T.; Tsuge, H. Substrate N(2) atom recognition mechanism in pierisin family DNA-targeting guanine-specific ADP-
ribosyltransferase ScARP. J. Biol. Chem. 2018, 293, 13768–13774. [CrossRef]

29. Lyons, B.; Lugo, M.R.; Carlin, S.; Lidster, T.; Merrill, A.R. Characterization of the catalytic signature of Scabin toxin, a DNA-
targeting ADP-ribosyltransferase. Biochem. J. 2018, 475, 225–245. [CrossRef]

http://doi.org/10.1074/jbc.M111.290122
http://www.ncbi.nlm.nih.gov/pubmed/22013065
http://doi.org/10.1078/1438-4221-00296
http://www.ncbi.nlm.nih.gov/pubmed/15149020
http://doi.org/10.1016/j.ab.2005.01.051
http://doi.org/10.1074/jbc.M114.589846
http://doi.org/10.1111/1462-2920.13989
http://doi.org/10.1038/nature03871
http://doi.org/10.1074/jbc.M109.077339
http://doi.org/10.1021/bi970379a
http://doi.org/10.1006/jmbi.2000.4292
http://www.ncbi.nlm.nih.gov/pubmed/11114250
http://doi.org/10.1016/S0021-9258(19)68883-6
http://doi.org/10.1074/jbc.M406218200
http://www.ncbi.nlm.nih.gov/pubmed/15316019
http://doi.org/10.1126/science.1184557
http://www.ncbi.nlm.nih.gov/pubmed/20185726
http://doi.org/10.1094/PDIS.1997.81.8.901
http://doi.org/10.1111/j.1364-3703.2009.00561.x
http://doi.org/10.1080/07060660509507192
http://doi.org/10.1146/annurev.phyto.44.032905.091147
http://doi.org/10.1074/jbc.M115.707653
http://doi.org/10.1111/j.1365-2958.2010.07206.x
http://www.ncbi.nlm.nih.gov/pubmed/20487278
http://doi.org/10.1073/pnas.221444598
http://www.ncbi.nlm.nih.gov/pubmed/11592983
http://doi.org/10.1016/j.molcel.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27939941
http://doi.org/10.1016/j.celrep.2020.01.014
http://doi.org/10.1073/pnas.0606140103
http://doi.org/10.1016/j.toxicon.2012.11.019
http://doi.org/10.1074/jbc.AC118.004412
http://doi.org/10.1042/BCJ20170818


Toxins 2021, 13, 55 20 of 20

30. Vogelsgesang, M.; Pautsch, A.; Aktories, K. C3 exoenzymes, novel insights into structure and action of Rho-ADP-ribosylating
toxins. Naunyn Schmiedebergs Arch. Pharmacol. 2007, 374, 347–360. [CrossRef]

31. Reinert, D.J.; Carpusca, I.; Aktories, K.; Schulz, G.E. Structure of the mosquitocidal toxin from Bacillus sphaericus. J. Mol. Biol.
2006, 357, 1226–1236. [CrossRef] [PubMed]

32. Oda, T.; Hirabayashi, H.; Shikauchi, G.; Takamura, R.; Hiraga, K.; Minami, H.; Hashimoto, H.; Yamamoto, M.; Wakabayashi, K.;
Shimizu, T.; et al. Structural basis of autoinhibition and activation of the DNA-targeting ADP-ribosyltransferase pierisin-1.
J. Biol. Chem. 2017, 292, 15445–15455. [CrossRef] [PubMed]

33. Han, S.; Tainer, J.A. The ARTT motif and a unified structural understanding of substrate recognition in ADP-ribosylating bacterial
toxins and eukaryotic ADP-ribosyltransferases. Int. J. Med. Microbiol. 2002, 291, 523–529. [CrossRef] [PubMed]

34. Sun, J.; Maresso, A.W.; Kim, J.J.; Barbieri, J.T. How bacterial ADP-ribosylating toxins recognize substrates. Nat. Struct. Mol. Biol.
2004, 11, 868–876. [CrossRef]

35. Bahar, I.; Atilgan, A.R.; Erman, B. Direct evaluation of thermal fluctuations in proteins using a single-parameter harmonic
potential. Fold. Des. 1997, 2, 173–181. [CrossRef]

36. Bahar, I.; Lezon, T.R.; Bakan, A.; Shrivastava, I.H. Normal mode analysis of biomolecular structures: Functional mechanisms of
membrane proteins. Chem. Rev. 2010, 110, 1463–1497. [CrossRef]

37. Lugo, M.R.; Lyons, B.L.; Lento, C.; Wilson, D.J.; Merrill, A.R. Dynamics of Scabin toxin. A proposal for the binding mode of the
DNA substrate. PLoS ONE 2018, 13, e0194425. [CrossRef]

38. Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 2004,
5, 113. [CrossRef]

39. Tessmer, I.; Melikishvili, M.; Fried, M.G. Cooperative cluster formation, DNA bending and base-flipping by O6-alkylguanine-DNA
alkyltransferase. Nucleic Acids Res. 2012, 40, 8296–8308. [CrossRef]

40. Turgeon, Z.; Jorgensen, R.; Visschedyk, D.; Edwards, P.R.; Legree, S.; McGregor, C.; Fieldhouse, R.J.; Mangroo, D.; Schapira,
M.; Merrill, A.R. Newly discovered and characterized antivirulence compounds inhibit bacterial mono-ADP-ribosyltransferase
toxins. Antimicrob. Agents Chemother 2011, 55, 983–991. [CrossRef]

41. Menetrey, J.; Flatau, G.; Boquet, P.; Menez, A.; Stura, E.A. Structural basis for the NAD-hydrolysis mechanism and the ARTT-loop
plasticity of C3 exoenzymes. Protein. Sci. 2008, 17, 878–886. [CrossRef] [PubMed]

42. Tsuge, H.; Yoshida, T.; Tsurumura, T. Conformational plasticity is crucial for C3-RhoA complex formation by ARTT-loop.
Pathog. Dis. 2015, 73, 1–7. [CrossRef] [PubMed]

43. Jorgensen, R.; Wang, Y.; Visschedyk, D.; Merrill, A.R. The nature and character of the transition state for the ADP-ribosyltransferase
reaction. EMBO Rep. 2008, 9, 802–809. [CrossRef] [PubMed]

44. Scheuring, J.; Schramm, V.L. Kinetic isotope effect characterization of the transition state for oxidized nicotinamide adenine
dinucleotide hydrolysis by pertussis toxin. Biochemistry 1997, 36, 4526–4534. [CrossRef]

45. Da, L.T.; Yu, J. Base-flipping dynamics from an intrahelical to an extrahelical state exerted by thymine DNA glycosylase during
DNA repair process. Nucleic Acids Res. 2018, 46, 5410–5425. [CrossRef]

46. Daniels, D.S.; Woo, T.T.; Luu, K.X.; Noll, D.M.; Clarke, N.D.; Pegg, A.E.; Tainer, J.A. DNA binding and nucleotide flipping by the
human DNA repair protein AGT. Nat. Struct. Mol. Biol. 2004, 11, 714–720. [CrossRef]

47. Eustermann, S.; Wu, W.F.; Langelier, M.F.; Yang, J.C.; Easton, L.E.; Riccio, A.A.; Pascal, J.M.; Neuhaus, D. Structural basis of
detection and signaling of DNA single-strand breaks by human PARP-1. Mol. Cell 2015, 60, 742–754. [CrossRef]

48. Kunkel, T.A. Rapid and efficient site-specific mutagenesis without phenotypic selection. Proc. Natl. Acad. Sci. USA 1985,
82, 488–492. [CrossRef]

49. Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.W.; Kapral, G.J.;
Grosse-Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution.
Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 213–221. [CrossRef]

50. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 2004,
60, 2126–2132. [CrossRef]

51. Armstrong, S.; Merrill, A.R. Application of a fluorometric assay for characterization of the catalytic competency of a domain III
fragment of Pseudomonas aeruginosa exotoxin A. Anal. Biochem. 2001, 292, 26–33. [CrossRef] [PubMed]

http://doi.org/10.1007/s00210-006-0113-y
http://doi.org/10.1016/j.jmb.2006.01.025
http://www.ncbi.nlm.nih.gov/pubmed/16483607
http://doi.org/10.1074/jbc.M117.776641
http://www.ncbi.nlm.nih.gov/pubmed/28765284
http://doi.org/10.1078/1438-4221-00162
http://www.ncbi.nlm.nih.gov/pubmed/11890553
http://doi.org/10.1038/nsmb818
http://doi.org/10.1016/S1359-0278(97)00024-2
http://doi.org/10.1021/cr900095e
http://doi.org/10.1371/journal.pone.0194425
http://doi.org/10.1186/1471-2105-5-113
http://doi.org/10.1093/nar/gks574
http://doi.org/10.1128/AAC.01164-10
http://doi.org/10.1110/ps.073398508
http://www.ncbi.nlm.nih.gov/pubmed/18369192
http://doi.org/10.1093/femspd/ftv094
http://www.ncbi.nlm.nih.gov/pubmed/26474844
http://doi.org/10.1038/embor.2008.90
http://www.ncbi.nlm.nih.gov/pubmed/18583986
http://doi.org/10.1021/bi962841h
http://doi.org/10.1093/nar/gky386
http://doi.org/10.1038/nsmb791
http://doi.org/10.1016/j.molcel.2015.10.032
http://doi.org/10.1073/pnas.82.2.488
http://doi.org/10.1107/S0907444909052925
http://doi.org/10.1107/S0907444904019158
http://doi.org/10.1006/abio.2001.5052
http://www.ncbi.nlm.nih.gov/pubmed/11319814

	Introduction 
	Results and Discussion 
	Scabin Sequence-Structure Features 
	Scabin Structure with Sequence Motifs 
	Scabin-NAD+ Interactions 
	Scabin-NAD+-DNA Interface 
	Kinetics of Scabin with Guanine Nucleotides 
	Transferase Kinetics of the Scabin Variants 
	Kinetics of the Variants of the NAD+-Interacting Residues 
	Kinetics of the Variants of the DNA-Interacting Residues 

	Scabin Variant Folded Integrity 
	Scabin Crystal Structures 
	Key Residues for the DNA-Substrate Interaction and ADP-Ribosylation of the DNA Substrate 
	Scabin N110A Variant 
	Scabin Trp155A Variant 
	Scabin K154A Variant 
	Scabin W128Y Variant 
	Scabin Y129(X) Variants 
	Scabin Q158A/E160A Variant 

	ADP-Ribosylation of DNA 
	The Scabin-NAD+-DNA Complex in the Context of Substrate Binding 

	Conclusions 
	Materials and Methods 
	Scabin Expression and Purification 
	Circular Dichroism Spectra 
	Protein Crystallography 
	Scabin Structures 
	GH Activity 
	ADP Ribosyltransferase Reaction 
	Modeling the Scabin-NAD+-DNA Complex 
	Availability of Data and Materials 

	References

