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In brief

The toxin-antitoxin system DarTG
provides control of bacterial growth and
protection against bacteriophages.
Schuller et al. characterize the DarTG1
subfamily as a module for reversible ADP-
ribosylation of guanosine bases. Its
antitoxin belongs to the NADAR enzyme
family, in which hydrolytic activity on
guanine-ADP-ribosylated DNA is
conserved among eukaryotic and non-
DarT1 toxin-associated members.
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SUMMARY

Modification of nucleic acids by ADP-ribosylation is catalyzed by various ADP-ribosyltransferases, including
the DarT enzyme. The latter is part of the bacterial toxin-antitoxin (TA) system DarTG, which was shown to
provide control of DNA replication and bacterial growth as well as protection against bacteriophages. Two
subfamilies have beenidentified, DarTG1 and DarTG2, which are distinguished by their associated antitoxins.
While DarTG2 catalyzes reversible ADP-ribosylation of thymidine bases employing a macrodomain as anti-
toxin, the DNA ADP-ribosylation activity of DarTG1 and the biochemical function of its antitoxin, a NADAR
domain, are as yet unknown. Using structural and biochemical approaches, we show that DarT1-NADAR
is a TA system for reversible ADP-ribosylation of guanosine bases. DarT1 evolved the ability to link ADP-
ribose to the guanine amino group, which is specifically hydrolyzed by NADAR. We show that guanine de-
ADP-ribosylation is also conserved among eukaryotic and non-DarT-associated NADAR members, indi-

cating a wide distribution of reversible guanine modifications beyond DarTG systems.

INTRODUCTION

DNA base modifications of the canonical nucleotides occur in
cellular organisms from all domains of life and viruses. A variety
of modifications have been identified, including methyl groups,
amino acids, polyamines, and sugars, which are associated
with diverse functions and consequences, including control of
gene regulation and expression, DNA repair, protection from
DNA degradation, and recognition of invasive DNA." The latter
is a known defense mechanism in prokaryotes against bacte-
riophages, with 5-methylcytosine being the first modified nucle-
oside observed in the DNA of Mycobacterium tuberculosis.’
Recently, the modification of DNA bases by ADP-ribosylation
has attracted increased interest.® ADP-ribosylation has been
traditionally studied as a reversible posttranslational modifica-
tion of proteins regulating diverse fundamental processes
such as transcription, DNA repair, stress and immune
response, RNA biogenesis, metabolism, and microbial patho-
genicity.*” The modification is characterized by the transfer
of ADP-ribose (ADPr) from g-nicotinamide adenine dinucleotide
(8-NAD*) onto acceptor sites via N-, O-, or S-glycosidic link-
ages catalyzed by ADP-ribosyltransferases (ARTs).® Some
eukaryotic members of the ART superfamily, such as the
DNA repair PARPs 1 and 2, are known for their PARylation ac-

tivity, a process by which successive ADPr units are added to a
growing chain.’

Nucleic acid ADP-ribosylation is characterized by ADPr link-
age to either DNA bases or phosphorylated termini.’® While
pierisins and CARP-1, as members of the ARTC (ART-cholera
toxin-like) subfamily of ARTSs, target guanosine bases in dsDNA
or guanosine-derived nucleosides for ADP-ribosylation,'~'®
transferases of the ART-diphtheria toxin-like (ARTD) subfamily
(including the PARPs) were shown to have ADP-ribosylation
activity in vitro against the phosphorylated ends of DNA and
RNA."62° Furthermore, Tre23, an antibacterial toxin delivered
by the Photorhabdus laumondii type VI secretion system, inhibits
protein translation through ADP-ribosylation of 23S ribosomal
RNA.?" This is similar to the antibacterial effector secreted by
Pseudomonas aeruginosa, RhsP2, where cellular intoxication
arises from ADP-ribosylation of 2’-hydroxyl groups of non-cod-
ing dsRNAs and tRNAs.?” The best-characterized system that
reversibly ADP-ribosylates DNA is DarTG, a toxin-antitoxin (TA)
system that is widespread among prokaryotes including many
human pathogens. DarT, the toxin of the system and ARTD fam-
ily member, catalyzes the ADP-ribosylation of thymidine bases in
ssDNA in a sequence-specific manner.”*** The antitoxin, DarG,
counteracts DarT activity by hydrolyzing thymidine ADP-ribosy-
lation with its catalytic N-terminal macrodomain and by forming a
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complex with DarT through its predicted C-terminal DarT-bind-
ing domain.?® As such, DarTG resembles features of both type
Il and IV TA systems.?® DarT-catalyzed thymidine ADP-ribosyla-
tion induces strong bacteriostatic effects and is perceived as
bona fide DNA damage activating the SOS response.?*2%-27
Moreover, DarT of M. tuberculosis was shown to preferentially
ADP-ribosylate thymidines at the origin of replication, which is
assumed to lead to impaired DnaB helicase activity and slow
bacterial growth.”* Yet DarTG systems are also often encoded
next to phage defense elements,”®*® in so-called defense
islands,?® suggesting the role of DarTG systems in providing
bacterial defense against bacteriophages.

Indeed, using E. coli MG1655 as model strain, phage infection
was shown to trigger the activation of DarT, which then inhibits
viral DNA replication and transcription as well as RNA synthesis
through ADP-ribosylation of phage DNA.?® Consequently, this
process blocks the production of mature phages; yet because
some transcription is thought to occur, particularly early on,
phages are able to degrade the bacterial host chromosome.
Although the host bacterium does not recover, it protects
its community by preventing the release of infectious phages.”®
A comprehensive bioinformatic search for TA systems involved
in phage defense also identified two different subfamilies of
DarTG, termed DarTG1 and DarTG2, which both confer phage
protection but with different antitoxins associated with the
ARTD-type toxins. Analysis of neighboring genes by de Souza
and Aravind®® uncovered that DarT (classified to the BC4486-
like ART family) is encoded adjacent to genes not only for macro-
domain proteins (DarTG2 class) but also for NADAR domain-
containing enzymes (DarTG1 class), belonging to a family of
YbiA-related enzymes previously termed DUF1768. The
NADAR superfamily was named based on its potential associa-
tion with “NAD* and ADP-ribose” pathways including NAD*
metabolism and RNA processes and was grouped into two
main subfamilies: the “YbiA family” including E. coli YbiA and
the “BC4488 family” including NADARs encoded next to
DarT.>° NADARs are widespread in distinct bacterial, eukaryotic,
and viral lineages yet absent from vertebrates.*® Bacterial and
plant NADAR enzymes are generally known for their N-glycosidic
activity removing reactive intermediates of the riboflavin biosyn-
thesis pathway,®' and in E. coli K-12, ybiA was also identified
among genes relevant for swarming motility.*> However, the
enzymatic activities and physiological roles of the enzymes in
the BC4488 NADAR subfamily found to be associated with
DarT1 are poorly understood.

In this study, we biochemically and structurally characterized
TA system-associated NADARs (DarG1) with their accompa-
nying DarT1 toxin, and as such DarTG1. We discovered that in
contrast to macrodomain-associated DarTs (DarT2), which cata-
lyze thymidine base ADP-ribosylation, NADAR-associated
DarT1 ADP-ribosylates guanosine bases, while the associated
NADAR domains are hydrolases for this modification, rendering
DarTG1 a TA system for reversible DNA ADP-ribosylation of gua-
nosines. Crystal structures of DarT1 in pre- and post-reaction
states revealed the DarT1-catalyzed ADPr-guanine linkage and
provide mechanistic insights into this reaction. Furthermore,
we support our studies with the first crystal structures of
NADARs in their ligand-free and ADPr-bound states to structur-
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ally characterize the DarT1-associated BC4488 subfamily
NADARSs in comparison with orphan YbiA subfamily NADARs
using that from the plant-pathogenic oomycete Phytophthora
nicotianae var. parasitica as an example. We found that the
non-DarT1-associated NADAR domain of P. nicotianae var. par-
asitica is also capable of hydrolyzing guanine-linked ADP-ribosy-
lation, suggesting the latter presents a conserved biochemical
activity of NADAR superfamily members.

RESULTS

NADARSs as antitoxins of DarTG TA systems

Genomic context analysis and bioinformatic TA system
searches®®*? identified two DarTG systems that have the ART
toxin gene darT in an operon with either darG or nadar. The
DarG-associated DarT system was the first DarTG system char-
acterized®***% and classified as “DarTG2,”?® while the NADAR-
associated DarT system was termed “DarTG1,” with DarG1
being a NADAR (Figure 1A, left). DarT2 was shown to catalyze
the transfer of ADPr from NAD* onto thymidines in ssDNA (Fig-
ure 1A, right), thereby linking the anomeric carbon of the distal
ribose to the in-ring nitrogen N3 of the thymine.?* The DarT2-
ADP-ribosylated DNA product is recognized and hydrolyzed by
the antitoxin DarG via its macrodomain with residue K80 critical
for catalysis® (Figure 1B, starred residue). The C-terminal region
of DarG linked to the macrodomain was identified as the DarT2-
binding domain enabling antitoxin neutralization of DarT2 activity
through complex formation. Initial comparison of the two DarTG
systems suggested a sequence alignment of the DarT1-associ-
ated NADAR domain with the DarT2-binding domain of DarG,
with both domains described as “YbiA-like.”?® However, close
inspection of secondary structure elements and conserved folds
in both domains revealed no similar arrangement of predicted
o helices and B sheets, with the only confirmed presence of a
YbiA-like fold in the DarT1-associated antitoxin (Figure 1B).
This identifies that the DarT1-associated antitoxin is a single
domain that belongs to the NADAR family, as opposed to the
DarG2 protein, which has two domains (Figure 1B). Next, we
investigated whether DarT1-NADAR is also a functional TA
system similar to DarT2-DarG. Indeed, lethality of E. coli cells ex-
pressing DarT1 from E. coli C7 or the thermophile Geobacter lov-
leyi could be rescued by the co-expression of the cognate
NADAR (Figure 1C). Of note, E. coli C7 was used in previous
studies as a representative species for characterizing the role
of DarTG1 systems in phage defense®® and was therefore also
included in our study as the preferred model species. Moreover,
and consistent with previous observations made with DarTG2,
NADARSs from non-cognate species were also protective against
DarT1 toxicity (Figure 1D). Thus, we confirmed that DarTG1 is a
TA system similarto DarTG2, albeit witha NADAR domain protein
as the antitoxin for DarT1.

Phylogenetic analysis further showed that DarT1-associated
NADARs form a distinct clade of the NADAR superfamily and are
divergent from other branches, including the non-DarT1-associ-
ated bacterial NADARs and YbiA-like class (Figure 1E). Members
of the latter that are associated with bacterial motility seem to be
closely related to the flavin biosynthetic NADARs in plants and
fungi. Furthermore, obvious NADAR homologs can be generally
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(A) Schematics comparing the two identified DarTG operonal systems (left) and the molecular reaction of its encoded toxin, DarT (right). DarT catalyzes the ADP-

ribosylation of ssDNA by transferring ADPr from B-NAD* onto DNA bases.

(B) Comparison of predicted secondary structure elements of the operonal DarT-associated domains NADAR and DarG using PSIPRED. The characterized

catalytic residue of DarG, K80, is highlighted with a star.

(C) DarT-NADAR is a toxin-antitoxin system. Toxicity assay monitoring the growth of E. coli BL21-DE3 under repression (glucose) and induction (arabinose/IPTG)
of the expression of DarT1 or/and NADAR is shown. Representative of three biologically independent experiments. EV, empty vector control.

(D) NADARs of non-cognate species rescue from DarT1 toxicity. Representative of three biologically independent experiments as performed in (C).

(E) Unrooted phylogenetic tree of the NADAR superfamily with representative archaeal, bacterial, fungal, eukaryotic, and viral members of the different branches
shown. The corresponding alignment is shown in Figure S4 and NCBI accession numbers are listed in Table S2.

identified in several eukaryotic subgroups but are absent in chor-
data. Finally, we also noted that the majority of NADARs (including
DarT1-associated NADARSs) appear to be single and free-standing
domains in comparison to NADAR proteins in plants,®' which were
often found to be fused to other functional domains, perhaps for
synergistic and coordinated activities.

NADARSs reverse guanine ADP-ribosylation catalyzed

by DarT1

Phage infection was shown to increase ADP-ribosylation of
phage DNA in E. coli harboring the wild-type DarTG1 or
DarTG2 system over cells expressing the respective systems
with catalytically inactive DarTs.”® We confirmed the DNA
ADP-ribosylation activity of DarT1 by overexpression of E. coli
C7 and G. lovleyi DarT1 in E. coli BL21 cells followed by analysis
of the extracted and purified gDNA.?* As expected, the presence
of ADP-ribosylated gDNA correlated with the bacteriostatic ef-
fect of DarT1-induced toxicity (Figure 2A). When testing E. coli
C7 DarT1 activity on the established 27-mer ssDNA oligonucle-
otide that contained the preferred four-base motif of Thermus
aquaticus DarT2 (TNTC, with the ADP-ribosylated thymidine be-
ing in the third position), we first noticed a different ADP-ribosy-
lation modification pattern compared to that produced by
T. aquaticus DarT2. Multiple shifts appeared indicating the addi-
tion of several ADP-ribosylation modifications by DarT1 (Fig-
ure 2B lane 2; Figure S1). Furthermore, while DarG was able to
remove the DarT2-catalyzed modification, DarT1-associated
NADARs appeared to be inactive on the thymine-linked ADP-ri-
bosylation modification (Figure 2B lane 1). Instead, the same

NADAR enzymes showed very efficient hydrolysis of E. coli
C7 DarT1-catalyzed ADP-ribosylation modifications on which
DarG was inactive (Figure 2B lane 2). We then compared DarG
and NADARs on an oligonucleotide (“polyT-G”) modified by
Streptomyces coelicolor SCARP (Figure 2B lane 3), which cata-
lyzes the ADP-ribosylation of guanosine bases in DNA.""-*? Inter-
estingly, ScARP-mediated guanine ADP-ribosylation was
reversed by NADARs from three different species, while DarG
did not catalyze this hydrolysis (Figure 2B lane 3). Thus, we
conclude that (1) DarT1 is an ART catalyzing guanine ADP-ribo-
sylation, and (2) NADARs are hydrolases that specifically reverse
guanine ADP-ribosylation. The 27-mer oligonucleotide would
provide E. coli C7 DarT1 with several guanine modification sites,
compared to DarT2 with a single thymine ADP-ribosylation site,
resulting in the observed difference in ADP-ribosylation patterns
of the toxins. To see if the hydrolysis of guanine ADP-ribosylation
is a conserved activity of NADAR family members, we tested the
non-DarT1-associated NADAR protein of P. nicotianae var. para-
sitica in the same experimental setup. We observed the reversal
of DarT1- and ScARP-catalyzed guanine ADP-ribosylation (Fig-
ure 2C lanes 2 and 3) and its inactivity on DarT2-catalyzed
thymine ADP-ribosylation modification (Figure 2C lane 1). This
supports our hypothesis that guanine-ADPr hydrolysis might
be a conserved function among NADARs.

Regarding the substrate preference of DarT1, we confirmed
that E. coli C7 DarT1 is able to ADP-ribosylate all guanosine sites
in the DarT-ADPr-27-mer, yet with no double modification at the
“AGGA” site (possibly by the first ADP-ribose modification steri-
cally restricting a consecutive modification on the adjacent
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Figure 2. NADARSs reverse guanine ADP-ribosylation catalyzed by DarT1

(A) Cellular toxicity of DarT1 is induced by its DNA ADP-ribosylation activity. Dot blot showing DNA ADP-ribosylation activity by E. coli C7 and G. lovleyi wild-type

DarT1 and mutants on gDNA is presented above toxicity assay monitoring the growth of E. coli BL21 under repression (glucose) and induction (arabinose) of the
expression of DarT1. EV, empty vector control.

(B) NADARs transcriptionally linked to DarT1s hydrolyze ADP-ribosylation on guanine (“G-ADPr”) and are inactive on thymine ADP-ribosylation (“T-ADPr”)
modifications, in contrast to DarG. Guanine ADP-ribosylation is catalyzed by DarT1 and ScARP, while thymine ADP-ribosylation is catalyzed by DarT2. In vitro
ADP-ribosylation assays were performed using the substrates shown in the box, with the known thymidine and guanosine nucleotides targeted for ADP-ribo-

sylation by the characterized toxins, i.e., T. aquaticus DarT2 and S. coelicolor SCARP, highlighted with an asterisk. Representative of three independent ex-
periments.

(C) Non-TA-system-associated NADARs of higher species including P. nicotianae var. parasitica also catalyze guanine de-ADP-ribosylation and are hydrolytically
inactive on ADP-ribosylated thymidines. Representative of three independent experiments as performed in (B).

(D) In vitro ADP-ribosylation assay showing ability of E. coli C7 DarT1 to ADP-ribosylate all guanosine sites in the DarT-ADPr-27-mer, yet with no double
modification of the “AGGC” site. The assay uses an oligo with four bases around the to-be-tested guanosine of the DarT-ADPr-27-mer flanked by random
guanosine-free sequences, considering a four-base motif with the targeted nucleotide in third position as for DarT2 activity.

(E) E. coli C7 DarT1 ADP-ribosylation activity on PolyT-G oligomer variations. The presence of two guanosine bases with a spacing of one base favors the
modification reaction.

(F) In vitro ADP-ribosylation activity of E. coli C7 DarT1 on the substrate “DarT-ADPr-27mer” as ssDNA and dsDNA is shown. (D, E, F) Representatives of three
independent experiments.

guanosine) (Figure 2D). This suggests that DarT1 may have a
certain motif specificity, which is, however, more relaxed
compared to DarT2. Furthermore, testing ADP-ribosylation ac-
tivity of DarT1 on variations of the PolyT-G oligomer, we
observed that having two guanosine bases with a spacing of
one base favors the modification reaction (Figure 2E). Consid-
ering that DarT2 recognizes a four-base motif with the thymidine
in third position being modified and the base in first position be-
ing very specifically recognized (typically a thymidine as well),

DarT1E'52Ain its pre- and post-reaction states. Co-crystallization
of E. coli C7 DarT15"%2A with NAD™ as well as with carba-NAD*, a
non-hydrolyzable NAD* analog, and an ssDNA 5-mer allowed in-
sights into the substrate-bound state of DarT1, while co-crystal-
lization with NAD* and the ssDNA 5-mer gave a structure at
1.63 A of the product-bound state (Figures 3A, 3B, and S2).
Similar to DarT2 and ARTs in general, DarT1 also binds the
NAD* substrate with the NAD*-binding loop in a binding mode
of constrained conformation over the central fold-stabilizing

the first guanosine base of “GTGT” may also be recognized by
DarT1, resulting in stabilization of the DNA substrate for more
efficient ADP-ribosylation of the base in third position (Figure 2E).
Finally, similarly to DarT2, we were not able to detect DarT1
activity on dsDNA (Figure 2F).

DarT1 is a guanine-specific ART

To confirm and characterize DarT1-catalyzed guanine ADP-ribo-
sylation, we determined the structures of full-length E. coli C7
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6-stranded B sheet core (Figure 3A). The adenine moiety is sta-
bilized by hydrogen bonding to G32 and M33 backbone amides
and the side chain of S26 of DarT1. The adenine-proximal ribose
bonds with its 2’-hydroxyl group to H17 and with its 3'-hydroxyl
group over water contacts to T19 and the B-phosphate. The
nicotinamide (NAM) moiety is fixed in position by an offset,
stacked w-m interaction with F18 and an intramolecular
hydrogen bond of its primary amide to the B-phosphate. The
latter also bonds with the N48 side chain, in comparison to the
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a-phosphate, which is stabilized through the N48 and D49 back-
bone amides and interactions with R35 and R52 side chains (Fig-
ure 3A). Co-crystallization of DarT15'%2A with NAD* and DNA
allowed capture of the post-reaction state, that is after NAD*
cleavage and reaction with the DNA substrate in crystallo (Fig-
ure 3B). This structure revealed that DarT1 indeed catalyzes
the linkage of ADPr to the guanosine base of the DNA strand,
leaving the NAM ligand in the substrate binding site. The DNA
is held onto the ARTT substrate binding loop, directing the
guanine into the active site of DarT1 for ADP-ribosylation.
Furthermore, the structure unambiguously revealed the DarT1-
established connection of the distal ribose C1 with the N2 of
the amino group of the guanosine base (Figures 3C and S2C).
With accompanying mutagenesis studies on E. coli C7 DarT1,
we confirmed active-site residues relevant for catalyzing ADP-ri-
bosylation of guanosine (Figures 3D and 3E). All tested alanine
substitutions of active-site residues notably decreased the
in vitro ADP-ribosylation activity of purified E. coli C7 DarT1 mu-
tants to such an extent that guanosine ADP-ribosylation could
not be observed anymore with the chosen assay conditions (Fig-
ure 3D). The more sensitive toxicity assays revealed the active-
site residues that are essential for the guanine-ADPr catalysis
mechanism and that have also been identified for DarT2 as crit-
ical for catalyzing DNA base ADP-ribosylation (Figure 3E).
Alanine substitutions of E152 (the ART-characteristic glutamate),
N104 (the target base-coordinating residue corresponding to
H119 in DarT2), M71 (as potentially oxocarbenium intermedi-
ate-stabilizing residue), and R52, relevant for proton-abstraction
in DarT2, all resulted in an inactive DarT1 with associated loss of
toxicity (Figures 3E and 3G). These residues, which are essential
for catalysis, are highly conserved in DarT1 from various bacte-
rial species (Figure 3F), as are F18 and F72, which, though
involved in NAM coordination through w-m interaction, are
generally dispensable for catalysis but critical for the ADP-ribo-
sylation efficiency (Figures 3D, 3E, and 3G). Of note, DarT1
and DarT2 display different arrangements of the NAM-coordi-

Molecular Cell

nating residues (Figure S5). In DarT2, this function is served by
Y71, which is part of the ARTD-class defining [H-Y-E] motif,
but DarT1 shows a conserved but mechanistically dispensable
serine (S63) in this position (Figures 3E and 3F) and a shift of
the aromatic residues into the 1 sheet and the ART-conserved
a. helix between B2 and B3 (Figure S5). In addition, alanine substi-
tution of the conserved D54 residue also resulted in a loss of the
bacteriostatic effect of DarT1, indicating an essential mecha-
nistic role for D54 in DarT1-catalyzed guanine ADP-ribosylation
(Figures 3E and 3F). The interplay of key residues in the active
site for catalyzing the reaction is enabled by their proximity,
allowing coordination of the guanosine, the NAM moiety, and
the distal ribose, which promote NAD* polarization, NAM-ribose
bond cleavage, and generation of an oxocarbenium ion interme-
diate (Figure 3G). The guanine is held in position for reaction by
N104 through hydrogen bonding to N2 and N3 as well as by Y75
and K74, which recognize the guanine carbonyl oxygen C6 and
N7, respectively (Figure 3G). The tight coordination of the gua-
nine guarantees base specificity of the reaction and contrasts
with the overall less specific DNA binding mode. While the first
and fourth base show m-7 stackings to Y73 or the active-site
guanine, respectively, base-protein interactions are mainly coor-
dinated over water-mediated contacts. The phosphate-ribose
backbone is held in position by few direct hydrogen bonds,
including to Q150 of the active-site guanosine phosphate, and
through an extensive water network involving the bases and
DarT1 (Figure 3H). The differences in structural features between
DarT1 and DarT2 are presented in more detail in Figure S5. Of
particular note is that comparison of DarT1 in the carba-NAD*:
DNA-bound state (Figures S2A and S2B) with the ADPr-DNA-
bound state revealed that the side-chain flexibility of R51 in
DarT2 could not be observed in DarT1. The corresponding argi-
nine residue in DarT1 (R52) hydrogen bonds in all captured
states to the B-phosphate and is furthermore ideally hydrogen-
bonded by D54, indicating their interplay for catalysis (Figure 3l).
Thus, it can be hypothesized that guanine ADP-ribosylation is

Figure 3. DarT1 is a guanine-specific ADP-ribosyltransferase

(A) NAD" substrate recognition by DarT1. Cartoon stick model of the co-crystal structure of full-length E. coli C7 DarTE'®2A with NAD* (brown sticks). The
substrate-binding ARTT loop is highlighted in purple, and the NAD*-binding loop is in green. The transferase-characteristic six g sheet core is labeled. The circular
insets show the interaction network between NAD*, protein residues (gray sticks), and waters (blue spheres). The asterisk indicates that E152 (red sticks) is
modeled into the structure.

(B) Co-crystal structure of full-length E. coli C7 DarT15"%?A in product (ADPr-DNA and NAM)-bound state after NAD* cleavage and reaction in crystallo. The
substrate-binding ARTT loop is highlighted in purple, and the NAD*-binding loop is in green.

(C) Enlarged view of the ADPr-linked guanosine in overlay with NAD* as resolved in the co-crystal structures shown in (A). DarT1 establishes the connection
between the distal-ribose C1 and the N2 of the guanosine base.

(D) ADP-ribosylation activity of E. coli C7 DarT1 active-site mutants in comparison to wild type (WT) visualized after a reaction time of 1 h. Representative of three
independent experiments.

(E) Toxicity assay monitoring the growth of E. coli BL21 under repression (glucose) and induction (arabinose) of the expression of E. coli C7 DarT1 WT and catalytic
site mutants. EV, empty vector control. Representative of two biologically independent experiments.

(F) Multiple sequence alignment showing conservation of active-site residues among DarT1. Numbers on top of the residues refer to E. coli C7 DarT1. The overall
sequence identity of selected species in relation to E. coli C7 DarT1 is between 35% and 40%.

(G) Close-up view on the active site of E. coli C7 DarT1 in complex with ADPr-DNA, with residues tested for their relevance for DarT1 DNA ADP-ribosylation
activity in (D) and (E) highlighted in pink. Waters are shown as blue spheres. Interactions between side chains, waters, and ligands are indicated with gray
dashed lines.

(H) View of the DNA binding site of E. coli C7 DarT1 in complex with ADPr-DNA. Waters are shown as blue spheres and interactions between side chains, waters,
and the ssDNA strand of the sequence AAGAC are indicated with gray dashed lines.

(I) Overlay of the crystal structures of E. coli C7 DarT15'5%A in complex with NAD* and carba-NAD*:DNA to represent the pre-reaction, i.e., NAD*:DNA-bound
state. The distal-ribose C1 linkage to the base and the potential proton transfer from the guanine N2 onto D54 and R52 over the water molecule w88 involved in the
mechanism is indicated with black arrows.
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Figure 4. The NADAR domain displays an extended E. coli YbiA-like fold

(A) Crystal structure of G. lovleyi NADAR in ligand-free state. The active site is formed by an a-helical core (gray) that is N-terminally extended with two f sheets
and one pronounced o helix (pink).

(B) Comparison of the NADAR crystal structures of G. lovleyi NADAR and P. nicotianae var. parasitica NADAR by an overlay with an E. coli YbiA NMR solution
structure (PDB: 2B3W; white cartoon). The YbiA-like fold extension of the two NADAR species is highlighted in pink and black, with an overlayed cartoon
representation at the top and surface representations of each below.

(C) The active site of NADARs is highly conserved among the NADAR superfamily. Residue conservation analysis was carried out using the ConSurf server and
mapped onto an E. coli C7 NADAR AlphaFold2 model, with coloring representing continuous conservation scores partitioned into nine bins for visualization.
(D) Sequence schematic comparing the structural makeup of G. lovieyi NADAR and P. nicotianae var. parasitica NADAR compared to E. coli YbiA. The YbiA-like
fold extensions are highlighted in pink and black. The first secondary structure element of E. coli YbiA begins at T15.

(E) Amino acid residue conservation using the Consurf server (top) and surface electrostatic potential using APBS (bottom) mapped onto the surface of an E. coli
C7 NADAR AlphaFold2 model show the high conservation of a positive surface of the N-terminal YbiA-like fold extension of DarT1-associated NADARs.

(F) The N-terminal YbiA-like fold extension (pink) bears several basic and hydrophobic residues potentially involved in ssDNA binding. An E. coli C7 NADAR
AlphaFold2 model is shown with the potential DNA-binding groove indicated for clarity with an orange line.

(G) Multiple sequence alignment highlighting the conservation and the structural position of residues in the N-terminal YbiA-like fold extension of DarT1-asso-
ciated NADARSs. The overall sequence identity of selected species in relation to E. coli C7 NADAR is between 48% and 57%.

characterized by a nucleophilic attack of the distal ribose C1 of
the reactive oxocarbenium ion (an intermediate in the Sy1 mech-
anism of ARTs®#°®) on the N2 nitrogen of the coordinated guano-
sine substrate with concomitant proton transfer, over a water
molecule (w88), to D54 and R52 (Figure 3l).

The NADAR domain displays an extended YbiA-like fold

To understand the biochemical activity of the NADAR domain,
we obtained crystal structures of the DarT1-associated
NADAR antitoxin from G. lovleyi in ligand-free state as well as
an ADPr substrate co-structure of the NADAR domain of eukary-

otic P. nicotianae var. parasitica that is not linked with DarT. The
G. lovleyi NADAR domain displays a globular fold and is charac-
terized by an a-helical core that forms the active site flanked by
two small B sheet regions, comprising two and three strands,
respectively (Figure 4A). The core domain generally overlays
with E. coli YbiA, yet displays some structural differences such
as a different positioning of the N-terminal-distant flanking B
sheet region and a split « helix (25 and «:6), both of which are ab-
sent from P. nicotianae var. parasitica NADAR (Figures 4A and
4B). However, most noticeable is an N-terminal extension of
the E. coli YbiA domain with two B sheets and one pronounced
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o helix (31-B2-a1) in G. lovleyi NADAR (Figure 4B, highlighted in
pink) and with a short N-terminal 8 sheet and three short o heli-
ces in P. nicotianae var. parasitica NADAR (Figure 4B, high-
lighted in black) adjacent to the active site. Conservation analysis
reveals that while the active site of the NADAR domain is highly
conserved among the superfamily, the E. coli YbiA domain
extension is more variable (Figure 4C). Of note, although the
N-terminal domain extension spatially takes the same position
in G. lovleyi and P. nicotianae var. parasitica NADAR (Figure 4B),
the extension is encoded in G. lovlieyi NADAR only by an N-termi-
nal sequence preceding the YbiA-like fold, whereas in
P. nicotianae var. parasitica, it is encoded by both a short N-ter-
minal sequence and an insertion within the YbiA-like fold (Fig-
ure 4D). Amino acid residue conservation and surface electro-
static potential mapped onto the surface of an E. coli C7
NADAR AlphaFold2 model further reveal the high conservation
of a positive surface of the extension of the YbiA-like core among
DarT1-associated NADARs (Figure 4E). The positive electro-
static potential is generated by several basic residues, which
could be involved, together with conserved hydrophobic resi-
dues, in ssDNA recognition and binding (Figures 4F and 4G).
This hypothesis is further supported by the observation of a
potential DNA binding groove, formed by attachment of the
N-terminal extension to the core domain, which may allow for in-
teractions with ADP-ribosylated DNA substrates (Figure 4F).

Molecular basis for guanine ADPr hydrolysis

Structural studies of G. lovleyi and P. nicotianae var. parasitica
NADAR in complex with ADPr along with mutagenesis of
E. coli C7 NADAR elucidated the mechanisms behind ADPr sub-
strate recognition and hydrolysis by NADARs. The ADPr ligand in
the P. nicotianae var. parasitica NADAR crystallographic map
displayed a bent binding mode in the open active site, with the
protection of its pyrophosphates by the basic side chains of
K75 and R79 (Figure 5A). The adenine head, which directs the
N6 amino group toward the active site, is stabilized by - inter-
action with Y84 and hydrogen bonds to K50 and the backbone
amides of G78 and V81, the latter water mediated. The
adenine-proximal ribose is recognized only by the D86 side
chain interacting with the outwards-facing 3'-hydroxyl group,
in contrast to the pyrophosphates, which are stabilized by multi-
ple hydrogen bond interactions including K50, R79, W89, R93,
W133, and (water-mediated) D130. The distal ribose is coordi-
nated over all three hydroxyl groups, thereby forming either
direct (2”) or water-mediated (3" and 4”) hydrogen bonds to
E43 and E125 (Figure 5A). Bioinformatic studies of the NADAR
superfamily®° classified the YbiA subfamily members based on
the presence of this highly conserved glutamate, E125, which
is replaced with aspartate in the BC4488 NADAR subfamily
and with histidine in phage NADARs. The residue conservation
together with proximity to the catalytic center thus suggests their
mechanistic relevance in NADAR hydrolases (Figure 5B). Indeed,
alanine and asparagine substitution of D171 in E. coli C7 NADAR
(in the structurally equivalent position of E125) resulted in loss of
efficient guanine de-ADP-ribosylation activity (Figures 5B, 5C,
and S3). This is in contrast to mutations of E88 (corresponding
to E43 in P. nicotianae var. parasitica NADAR), which coordi-
nates from the opposite side of the distal ribose binding cleft.
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While E88A had only a minor effect on substrate catalysis
in vitro compared to the wild-type NADAR domain, E88Q muta-
tion resulted in inactivity of the enzyme, potentially by addition-
ally sterically inferring with recognizing the distal ribose of the
ADP-ribose ligand (Figures 5B, 5C, and S3). Mutagenesis also
revealed that lysine K95 (corresponding to K50 in P. nicotianae
var. parasitica NADAR) plays an essential role in efficient ADPr-
guanine hydrolysis, suggesting that phosphate coordination is
critical for NADAR function (Figures 5B, 5C, and S3). Testing
the E. coli C7 NADARK®SR mutant also revealed that the basic
function of lysine can be substituted by arginine to allow ADP-
ribose recognition and perform guanine-ADPr hydrolysis
in vitro (Figure S3). Yet the arginine mutation may either lower hy-
drolytic efficiency or impact NADAR antitoxin functionality in
addition to its hydrolytic activity to such an extent that the mutant
is not able to rescue from DarT1-toxicity anymore (Figure 5D).
Apart from K95, the catalytic relevance of E88 and D171 was
also confirmed by toxicity assays showing that substitutions of
these residues with alanine and closely related amino acids
resulted in their inability to rescue E. coli from E. coli C7
DarT1-induced toxicity (Figure 5D). Furthermore, in vivo toxicity
assays revealed that K115 of E. coli C7 NADAR is also essential
to counteract DarT toxicity (Figure 5D). Interestingly, the corre-
sponding residue in P. nicotianae var. parasitica NADAR (K75)
does not directly interact with the ADPr ligand despite being
located close to the NADAR active site (Figure 5B). K115 is
dispensable for catalysis (Figure 5C), and instability of the mutant
protein is not likely based on the purification profile, indicating
that this lysine residue is potentially involved in DNA substrate
recognition and/or DarT1 interaction relevant in the physiological
context. K115 of E. coli C7 NADAR is conserved among
the DarT1-associated NADARs, as are the residues catalyzing
guanine de-ADP-ribosylation, namely E88, K95, and D171 (Fig-
ure 5E). However, of these, only E88 and K95 are largely
conserved by sequence over the NADAR superfamily (Figure S4).
The multiple sequence alignment also suggests the conservation
of a catalytic glutamate within the NADAR superfamily, corre-
sponding to E173 in E. coli C7 NADAR; however, it is not func-
tionally relevant for guanine-ADPr hydrolysis or DarT1 toxicity
rescue (Figures 5C and 5D). Instead, this catalytic function is pro-
vided in DarT1-associated NADARs by an aspartate (D171 in
E. coli C7) as discussed above. Thus, this arrangement of cata-
lytic residues and the presence of a lysine residue highly
conserved among DarT1-associated NADARs may be specific
features of NADARSs functioning as antitoxins reversing DarT1-
catalyzed guanine ADP-ribosylation.

DISCUSSION

In this study, we characterize the DarT-NADAR system as a TA
system catalyzing the specific and reversible ADP-ribosylation
of guanosine bases, thereby providing new insights into ARTs
and nucleic acid ADP-ribosylation. The DarT-NADAR (DarTG1)
system shows similarities with the previously characterized
DarTG TA system; however, its ART DarT1 toxin shows guanine
ADP-ribosylation specificity, in contrast with the thymine sub-
strate specificity of DarT2. The macrodomain-containing
DarG antitoxin in DarTG2 is correspondingly replaced in the
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Figure 5. Molecular basis for guanine ADPr hydrolysis

(A) The co-crystal structure of P. nicotianae var. parasitica with ADPr gives insight into NADAR substrate recognition. Left top: The 2F,-F. electron density map
contoured at 1.0 o around the ADPr ligand as in the structure is shown in gray. Left bottom: Cartoon surface representation of the structure is shown with ADPr as
stick model. Right: Cartoon stick model of the active site showing the interaction network between ADPr (cyan stick model), protein residues (gray sticks), and

waters (blue spheres).

(B) Closed-up view on the active site of P. nicotianae var. parasitica NADAR co-crystal structure with ADPr. Mechanistically relevant residues are in pink, and the
E. coli C7 NADAR-corresponding residue rescuing from DarT1 toxicity is in green. Corresponding E. coli C7 NADAR residues are provided in parentheses.
(C) In vitro guanine-ADPr hydrolytic activity of E. coli C7 NADAR active-site mutants compared to wild type on two different oligo substrates (sequences shown in

Figure 2). Representative of three independent experiments.

(D) Toxicity assay monitoring the growth of E. coli BL21-DE3 under repression (glucose) and induction (arabinose/IPTG) of the expression of E. coli C7 DarT1 and
NADAR wild-type or catalytic site mutants. EV, empty vector control. Representative for three biologically independent experiments.

(E) Multiple sequence alignment highlighting the conservation of active-site residues in DarT1-associated NADARs. Residues mechanistically important for
guanine-ADPr hydrolysis are highlighted in pink, and residues important for DarT1 toxicity rescue are highlighted in green. The overall sequence identity of

selected species in relation to E. coli C7 NADAR is between 48% and 57%.

DarT-NADAR TA operon with an antitoxin that is capable of
reversing guanine ADP-ribosylation via its NADAR domain (Fig-
ure 6). The NADARSs thus represent the third superfamily (after
macrodomains and ARH proteins) of enzymes that can reverse
ADP-ribosylation in full, in contrast to the NUDIX and ENPP1
family members, which both cleave at the ADPr pyrophosphate
bond and remove AMP while leaving a phosphoribosyl moiety on
the target.*®*” Since other, non-DarT1-associated and phyloge-
netically unrelated NADARSs such as that in P. nicotianae var. par-
asitica can also hydrolyze guanine-ADP-ribosyl moieties, this
function seems to be evolutionarily conserved among members

of different NADAR classes. Indeed, the wide conservation of
catalytic residues through the NADAR superfamily supports
this notion. The only NADAR superfamily member that has
been characterized previously (E. coli YbiA) is involved in ribo-
flavin biosynthesis in bacteria by cleaving the N-glycosidic
bond of reactive riboflavin intermediates.®’ It is thus conceivable
that for the isolated and non-DarT1-associated NADARs the
physiological targets differ from ADP-ribosylated guanines
(potentially including other nucleobases and small molecules)
and remain unknown. Crystal structures of NADAR domains in
ligand-free and ADPr substrate-bound states give insights into
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general substrate recognition by NADARs. Based on the interac-
tions between the protein and the ADPr ligand, the NADAR family
seems to have evolved a pocket for specific ADPr recognition
but with seemingly high flexibility to also recognize nucleoside
derivatives such as riboflavin intermediates. Furthermore, it
appears that NADARs have evolved features to function as
antitoxins counteracting DarT1 activity. Structural differences
including an extension of the YbiA-like core, a potential DNA
binding surface, and minor arrangements of active-site residues
are evident, and further studies are needed to fully understand
their mechanistic relevance for DarT1-associated NADARs to
counteract DarT toxicity. This could also contribute toward the
development of chemical inhibitors of NADARSs, which are prom-
ising drug targets given their essentiality for bacterial growth in
the presence of DarT1 and the prevalence of DarTG1 in many
pathogens (as DarTG2) including Vibrio cholerae, Acinetobacter
baumanii, or Salmonella enterica. Furthermore, their absence in
mammals could be advantageous in reducing the likelihood of
off-target effects of drug candidates. Similarly, Phytophthora in-
cludes a plethora of plant pathogens causing severe agricultural
damage to a wide range of host plants such as tobacco,*® and
famously potato, causing the Great Famine in Ireland,*® so that
characterization of its NADAR domain as a potential drug target
is very likely worthwhile.

Our structural and biochemical studies on DarT1 revealed that
(1) guanine ADP-ribosylation can also be catalyzed by ARTD
family members, (2) guanine ADP-ribosylation is reversible, and
(3) DarT1 and ScARP establish the same guanine-ADPr linkage,
but through distinct molecular mechanisms (Figures 6 and S6).
So far, guanosine base ADP-ribosylation has only been known
to be catalyzed by members of the ARTC subfamily, including
pierisins, SCARP, and CARP-1. Thus, DarT1 as an ARTD mem-
ber close to the PARP family extends the repertoire of ART reac-
tions catalyzed by the ARTD subfamily. This represents another
striking example of the evolution of a conserved protein fold to
develop different substrate specificities; in the case of DarT,
this includes base modifications on thymidine and guanosine
nucleotides. Furthermore, NADARs are the first characterized
examples of enzymes capable of hydrolyzing the guanine-
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toxicity.'>*? Identification of DarT1 as a
guanine-specific ART prompted investiga-
tion of the TA operon-associated antitoxin
enzyme, which was indeed able to reverse both DarT1- and
ScARP-catalyzed ADPr transfer reactions. While NADARs func-
tion as antitoxins in DarTG1 systems, organisms expressing
ARTC guanosine ARTs may encode other, non-DarT1-associ-
ated NADAR family members to protect the organism from toxic
effects. It would be of further interest to clarify whether verte-
brates also encode enzymes that can reverse DarT1-catalyzed
ADP-ribosylation, as human TARG1 was identified to protect
from DarT2 activity.*® Finally, DarT1 produces the same guanine
ADP-ribosylation product as ScARP and related toxins, yet it
seems to employ a different mechanism for catalyzing the N2-
C1 linkage. DarT1 and ScARP (Figure S6) differ in their overall
structural makeup, in particular regarding the NAD*-binding
and the ARTT substrate recognition loop, generally suggesting
they have different physiological targets. However, both share
the NAD™ binding mode as well as the guanosine substrate
recognition and positioning through N2 and N3 coordination
with an amide group (using glutamine in SCARP and asparagine
in DarT1). Although modeled into the DarT1 structure, the trans-
ferase-characteristic glutamate is close to the catalytic center in
both enzymes and there may be only minor differences in their
relative positions concerning the distal-ribose and the N2 for
linkage. This may influence reactivity of SCARP, requiring only
the glutamate for catalysis. However, DarT1 seems to have
evolved very high reaction efficiency by involving several addi-
tional residues in the catalytic mechanism. The higher toxicity
of DarT1 compared to SCARP is evidenced by stronger bacterio-
static effects, requiring for instance tight expression-controlled
vector systems for protein production of DarT1 and any crystal-
lographic work performed with the glutamate mutant of DarT1.
The set of essential catalytic residues is furthermore comparable
between DarT1 and DarT2, making them equally efficient en-
zymes catalyzing base ADP-ribosylation. Of note, DarT1 and
DarT2 reveal several structural differences, which allows them
to act as specific guanine and thymine ARTSs, respectively (Fig-
ure S5). This includes the NAD*-binding loop, which lacks the
prominent o helix and furthermore harbors, in DarT1, an addi-
tional catalytic aspartate potentially involved in proton transfer
together with the conserved arginine. The latter is sufficient in
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DarT2 for proton abstraction from the thymine in-ring nitrogen,
yet also displays more side-chain flexibility among pre- and
post-reaction states not observed in DarT1, possibly due to
the presence and function of its catalytic aspartate. Moreover,
DarT1 and DarT2 adapted the base-recognizing residues that
are ideal for coordinating their targets, i.e., an asparagine for
bridging to the in-ring nitrogen N3 and the amino group of the
guanine in DarT1 and a histidine for hydrogen-bonding the
thymine carbonyl oxygen in DarT2. Both of these residues that
interact with the active-site base are located within the ARTT
substrate binding loops, which coordinate the ssDNA strands
in similar positions but do not share a common scaffold or
base interactions. While DarT2 shows strong sequence speci-
ficity for a four-base motif, typically with thymine in the first
and third position, we could not identify a consensus motif in
E. coli C7 DarT1 substrates. Of note, both base-coordinating
residues are in a structural position that is generally relevant
for substrate binding of ARTs or that assist with the catalytic
mechanism,”* and we suggest considering those residues
generally along with the ART-class-defining motifs ([H-Y-E] for
ARTD and [R-S-E] for ARTC family members) to obtain insights
into mechanism, substrate specificity, and function of the ART
of interest. With DarT1, DarT2, and all other transferases charac-
terized so far,***** it becomes clear that a variety of ARTs have
evolved and adapted in lower organisms for catalyzing ADP-ri-
bosylation of different substrates but with principles also
conserved in higher organisms. DarT transferases can be found
linked in operons with different hydrolases,*® and we predict that
their characterization will reveal a plethora of unknown functions
of ARTs and their associated enzymes, such as NADARs, in
NAD*-derived metabolism, nucleic acid processing, and
beyond.

Limitations of the study

In this manuscript, we present the first biochemical characteriza-
tion of the NADAR enzyme. However, further studies are needed
to establish the exact physiological substrates and relevance of
NADARSs, particularly for NADARs that are not contained within
an operon with DarT1. For the DarT1-associated NADARSs, it still
needs to be clarified how these enzymes recognize their respec-
tive ADP-ribosylated targets, whether they possess a certain
sequence specificity, and whether potentially other DNA modifi-
cations are recognized and modulate NADAR activity. Further-
more, there are certain limitations of the current assay format
used to assess the enzymatic activity of DarT and NADAR
wild-type and mutant proteins. We notice in our studies that
the toxicity survival assays and in vitro ADP-ribosylation assays
appear to differ in sensitivity of the readout, resulting in minor
discrepancies in the observed biochemical effects and survival
phenotypes. It needs to be considered that there is the possibility
of other mechanisms coming into play that are unrelated to DNA
ADP-ribosylation and influence the readout, such as differences
in protein folding and stability in vitro versus in cells. The in vitro
ADP-ribosylation gel shift assay in its current set-up also only
measures outcomes at a specific time point and therefore might
not accurately capture the reaction kinetics. In future studies, a
more sensitive assay could be developed and employed for ad-
dressing these limitations.
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Antibodies

Rabbit Poly/Mono-ADP Ribose

Cell Signaling Technology

EGF6A; RRID: AB_2749858

Mouse autoanti-dsDNA DSHB AB_10805293; RRID: AB_10805293
Goat anti-rabbit Dako-Agilent P0399; RRID: AB_2617141
Goat anti-mouse Dako-Agilent P0447; RRID:AB_2617137
Bacterial and virus strains

DH5a (huA2 a(argF-lacZ)U169 phoA ginV44 NEB Cat#: C2987
a80a(lacZ)M15 gyrA96 recAT relA1 endA1

thi-1 hsdR17)

DH50-macro (DH50. with integrated T. aquaticus Schuller et al., 20212 N/A

DarG macrodomain at P21 site)

BL21 (fhuA2 [lon] ompT gal [dcm] 4hsdS) NEB Cat#: C2530
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PlacUV5::T7 genel) i21 4ninb)

Rosetta™ (DE3) (F-ompT hsdSB(rB- mB-) Novagen Cat#: 70954

gal dem (DE3) pRARE (cam®))

Biological samples

Genomic DNA of P. nicotianae var. parasitica CABI N/A

strain IMI1403522

Chemicals, peptides, and recombinant proteins

B-NAD*

Carba-NAD™*

ADP-ribose

Crystallization Screen: Clear Strategy 2
Crystallization Screen: Structure Screen 1 + 2

Roche-Merck

Hangzhou YilLu Biological technology
Sigma Aldrich-Merck

Molecular Dimensions

Molecular Dimensions

Cat#: 10127965001
Cas#: 112345-60-5
Cat#: A0752

Cat#: MD1-15
Cat#: MD1-30

SYBR Gold Nucleic Acid Gel Stain Invitrogen Cat#: S11494

Critical commercial assays

QuikChange Lightning Site-Directed Mutagenesis Kit Agilent Cat#: 210518

NEBuilder HiFi DNA Assembly Master Mix NEB Cat#: E2621

Pierce ECL Western Blotting Substrate Thermo Scientific Cat#: 32106

Deposited data

E. coli C7 DarT1: NAD" structure This paper PDB: 8BAQ

E. coli C7 DarT1: ADP-ribosylated DNA structure This paper PDB: 8BAR

E. coli C7 DarT1: Carba-NAD* and DNA structure This paper PDB: 8BAS

G. lovleyi NADAR apo structure This paper PDB: 8BAT

P. nicotianae var. parasitica NADAR:ADPr structure This paper PDB: 8BAU

Coding sequence of P. nicotianae var. parasitica NADAR This paper GenBank#: OP425850

Uncropped gel images and toxicity assay results This paper Mendeley:
https://doi.org/10.17632/fzrbk79x5f.1

Oligonucleotides

Primer: DarT-ADPr-27mer This paper N/A

Forward: CACGACACGAGCAGGCATGTCCACGTG

Primer: DarT-ADPr-27mer-rc This paper N/A

Forward: CACGTGGACATGCCTGCTCGTGTCGTG
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Primer: PolyT-G This paper N/A

Forward: TTTTTTGTTTTTTTTTTTT

Primer: PolyT-GG This paper N/A

Forward: TTTTTTGGTTTTTTTTITT

Primer: PolyT-GTG This paper N/A

Forward: TTTTTTGTGTTTTTTTTITT

Primer: PolyT-GTTG This paper N/A

Forward: TTTTTTGTTGTTTTTTTTT

Primer: PolyT-GTTTG This paper N/A

Forward: TTTTTTGTTTGTTTTTTTT

Primer: PolyT-GTTTTG This paper N/A

Forward: TTTTTTGTTTTGTTTTTTT

Primer: DarT_cryst This paper N/A

Forward: AAGAC

Additional primers for assays, cloning and site-directed This paper N/A

mutagenesis of DarT1 and NADARs, see Supp. Table S3

Recombinant DNA

pBAD33 (Medium copy plasmid with an Guzman et al., 1995 N/A

arabinose-inducible promoter; cam®)

pET28a (Medium copy plasmid containing Novagen Cat#69864

an IPTG-inducible promoter; kan®)

pNIC28-Bsa4 (Medium copy plasmid containing Addgene*® Cat#26103

an IPTG-inducible promoter; kan™)

pBAD33_Taq_darT (pBAD33 carrying T. aquaticus Jankevicius et al., 2017 %° N/A

darT2 full-length; cam®)

PET28_SC_SCO5461 (pET28a carrying S. coelicolor Lalié, J. et al., 2016 *’ N/A

scarp (SCO5461) full-length; kan®)

pET28_Taqg_darG_macro (pET28a carrying T. aquaticus Jankevicius et al., 2017 %° N/A

darG macrodomain (aa 1-155); kan®)

pPBAD33_Ecoli_darT1 (pBAD33 carrying E. coli This paper N/A

C7 darT1 full-length; cam®)

pBAD33_Ecoli_darT17'® (obBAD33 carrying E. coli This paper N/A

C7 darT17'8A full-length; cam®)

pBAD33_Ecoli_darT1P*°” (pbBAD33 carrying E. coli This paper N/A

C7 darT1P4A full-length; cam®)

pBAD33_Ecoli_darT17%? (pBADS33 carrying E. coli This paper N/A

C7 darT1%%%A full-length; camF)

pBAD33_Ecoli_darT1°%*A (obBAD33 carrying E. coli This paper N/A

C7 darT1P%*A full-length; cam®)

pBAD33_Ecoli_darT15%%* (pBAD33 carrying E. coli This paper N/A

C7 darT15%% full-length; cam®)

pBAD33_Ecoli_darT1M7'A (0BAD33 carrying E. coli This paper N/A

C7 darT1M7A full-length; cam®)

pBAD33_Ecoli_darT17"?A (0BAD33 carrying E. coli This paper N/A

C7 darT172A full-length; cam®)

pBAD33_Ecoli_darT1N%* (pbBAD33 carrying E. coli This paper N/A

C7 darT1N1%4A fyll-length; cam®)

pBAD33_Ecoli_darT15'%%A (0BAD33 carrying E. coli This paper N/A

C7 darT15%2A full-length; camF®)

pNIC28_Ecoli_darTE5?A (pNIC28-Bsa4 carrying This paper N/A

E. coli C7 darT®'%?A full-length; kan")

pBAD33_Glov_darT1 (pBAD33 carrying G. lovleyi This paper N/A

darT1 full-length; cam®)
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pBAD33_Glov_darT15'%?A (pBAD33 carrying This paper N/A

G. lovieyi darT15"52A full-length; cam)

pDEST17_Pnp_nadar (pDEST17 carrying P. nicotianae This paper N/A

var. parasitica nadar full-length; kan®)

pET28_Glov_nadar (pET28a carrying G. lovleyi This paper N/A

nadar full-length; kan)

pET28_SinoR_nadar (pET28a carrying S. fredii This paper N/A

nadar full-length; kan)

pPET28_Ecoli_nadar (pET28a carrying E. coli This paper N/A

C7 nadar full-length; kan®)

pET28_Ecoli_nadar®®* (pET28a carrying E. coli This paper N/A

C7 nadar®®” full-length; kan®)

pET28_Ecoli_nadart®® (pET28a carrying E. coli This paper N/A

C7 nadar®®? full-length; kan®)

pET28_Ecoli_nadar®®” (pET28a carrying E. coli This paper N/A

C7 nadar®®* full-length; kan®)

PET28_Ecoli_nadar®*® (pET28a carrying E. coli This paper N/A

C7 nadar®®® full-length; kan®)

PET28_Ecoli_nadar''%* (pET28a carrying E. coli This paper N/A

C7 nadar'"®* full-length; kan®)

pET28_Ecoli_nadar''®* (pET28a carrying E. coli This paper N/A

C7 nadart18A full-length; kan®)

pET28_Ecoli_nadar™''®* (pET28a carrying E. coli This paper N/A

C7 nadar™"®” full-length; kan®)

pET28_Ecoli_nadar'?'A (pET28a carrying E. coli This paper N/A

C7 nadar'?'” full-length; kan®)

pET28_Ecoli_nadar®'"'” (pET28a carrying E. coli This paper N/A

C7 nadar®'"'A full-length; kan®)

pET28_Ecoli_nadar®'"'N (pET28a carrying E. coli This paper N/A

C7 nadar®'""Mull-length; kan®)

pET28_Ecoli_nadar®'"®* (pET28a carrying E. coli This paper N/A

C7 nadar®'"®* full-length; kan®)

pET28_Ecoli_nadar'"®* (pET28a carrying E. coli This paper N/A

C7 nadar'"® full-length; kan®)

Software and algorithms

AlphaFold2 - Colaboratory
XIA2-DIALS platform

Mirdita, M. et al., 2022%¢
Winter, G. et al., 2010*°

AlphaFold2_advanced.ipynb

https://www.ccp4.ac.uk/

PHASER Storoni, L.C. et al., 2004°° https://www.ccp4.ac.uk/

COOoT Emsley, P., and Cowtan, K., 2004°’ https://www.ccp4.ac.uk/

REFMAC5 Murshudov, G.N. et al., 1997°% https://www.ccp4.ac.uk/

PyMol v.2.3.3 Schrédinger, LLC https://pymol.org/2/

JalView v2 Waterhouse, A.M. et al., 2009°° https://www.jalview.org/

SplitsTree4 Huson, D.H., 1998°* https://github.com/husonlab/splitstree4
PSIPRED 4.0 McGuffin, L.J. et al., 2000°° http://bioinf.cs.ucl.ac.uk/psipred/
ConSurf Ashkenazy, H. et al., 2016°° http://consurf.tau.ac.il

Inkscape 1.2.1 Inkscape Project, 2020 https://inkscape.org

Other

NCBI database and Basic Local
Alignment Search Tool

NCBI

https://blast.ncbi.nim.nih.gov/Blast.cgi
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, lvan Ahel
(ivan.ahel@path.ox.ac.uk).

Material availability
Plasmids generated in this study will be provided upon request to the lead contact.

Data and code availability
o All structures have been deposited in the PDB database (https://www.rcsb.org). The coding sequence of NADAR from
P. nicotianae var. parasitica was deposited in GenBank. Uncropped gel images and toxicity assay results have been deposited
at Mendeley Data and are publicly available as of the date of publication. Accession numbers and DOI are listed in the key re-
sources table.
® This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All E. coli strains used in this study were grown in Luria-Bertani (LB) broth (Fisher Scientific) supplemented with 25 ug/mL chloram-
phenicol to maintain pBAD33-based plasmids and 50 pg/mL kanamycin to maintain pET28a- and pNIC28-based plasmids. Bacteria
which carry pBAD33 plasmids encoding toxin were additionally grown in the presence of 0.8% glucose to prevent toxin expression.
Bacteria were grown at 37°C unless stated otherwise.

METHOD DETAILS

Materials, reagents and chemicals

High-fidelity DNA polymerase Phusion, Gibson Assembly and Gateway cloning reagents were obtained from New England Biolabs
and Thermo Scientific. DNA primers and ssDNA substrates (Table S3) were synthesized by Thermo Scientific. Carba-NAD™ was syn-
thesized by Hangzhou YiLu Biological technology. Crystallization screens were procured from Molecular Dimensions. All remaining
chemicals were purchased from Sigma unless stated otherwise.

Constructs

The gene fragment encoding full-length E. coli C7 DarT15%2A (residues 1-207) was synthesised by Thermo Scientific and cloned into
a pNIC28-Bsa4 expression vector for protein crystallization and a pBAD33 expression vector for biochemical studies, both adding an
N-terminal Hisg-TEV cleavage site, by Gibson Assembly (NEB). Wild-type E. coli C7 DarT1 was obtained with site-directed mutagen-
esis of the constructed pBAD33 expression vector. S. coelicolor SCARP (SC05461) was produced as previously described.”” The
coding sequence of full-length NADAR from P. nicotianae var. parasitica strain IM1403522 was amplified from genomic DNA obtained
from CABI (Egham, UK) and cloned into pDEST17 via Gateway cloning. The forward primer contained the coding sequence for an
HRV3C cleavage site, which allowed tag removal from the protein expressed from the resulting construct. The coding sequence
was confirmed by Sanger sequencing of three independent clones and deposited in GenBank with the accession number
OP425850. The full-length genes of E. coli C7 NADAR (residues 1-229), G. lovleyi [synonym: Trichlorobacter lovieyi] NADAR (residues
1-234) and S. fredii NADAR (residues 1-234) were synthesised and cloned into a pET28a vector by GenScript. Mutations were intro-
duced using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). All plasmids were verified by Sanger sequencing. The
constructs used in this study are summarised in Table S4.

Recombinant DarT protein expression and purification
To enable the crystallographic studies, E. coli C7 DarT1 was expressed and purified with the earlier described catalytic-null glutamate
substitution E152A (corresponding to E160A in T. aquaticus DarT2)?® to counteract the inherent toxicity of DarT. E. coli Rosetta strain
BL21(DE3) was transformed with NADAR or E. coli C7 DarT1E'%2A constructs and grown at 37°C in Terrific Broth (Merck Millipore)
supplemented with 50 pg/mL of kanamycin and 35 pg/mL of chloramphenicol. After reaching an ODgoonm Of 1.0-1.2, the temperature
was lowered to 18°C prior to induction of protein expression overnight (O/N) by adding 0.5 mM IPTG. Harvested cells were resus-
pended in lysis buffer (50 mM HEPES (pH 7.4), 500 mM NaCl, 5% glycerol, 20 mM imidazole, 0.5 mM TCEP, cOmplete EDTA-free
protease inhibitors (Roche)) and stored at —20°C until purification.

For protein purification, pellets were gently thawed and lysed by high-pressure homogenisation. DNA was digested using Benzo-
nase Nuclease (Merck Life Science). Proteins were purified by immobilised metal affinity chromatography (IMAC) using Ni-Sepharose
resin (GE Healthcare) and eluted stepwise in binding buffer containing 40-500 mM imidazole. Typically, a high salt wash with 1 M
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NaCl was combined with the first elution step including 40 mM imidazole. Removal of the hexahistidine tag was carried out by addi-
tion of recombinant TEV protease during O/N dialysis into buffer without imidazole, followed by purification on a second IMAC column
and finally by size-exclusion chromatography (SEC) (Superdex 75, GE Healthcare) in a buffer consisting of 25 mM HEPES (pH 7.4),
300 mM NacCl, 5% glycerol and 0.5 mM TCEP.

For expression and purification of wild-type and mutant E. coli C7 DarT1 proteins for activity assays, the corresponding pBAD33
plasmids were transformed into “DH5a-macro” cells as described previously.”* Cells were grown at 37°C in LB medium (Miller) sup-
plemented with 25 png/mL chloramphenicol and 0.8% (w/v) glucose to an ODggonm Of 0.8-1.0. Cells were then pelleted by centrifu-
gation at 4000 x g for 15 min at RT and resuspended in fresh LB media containing 25 pug/mL chloramphenicol and 0.8% (w/v) arab-
inose to induce protein expression. After 2.0 h at 37°C, cells were harvested by centrifugation (4000 x g, 15 min) and resuspended in
lysis buffer (50 mM TRIS (pH 8.0), 500 mM NaCl, 5% glycerol, 20 mM imidazole, 0.5 mM TCEP) and stored at —20°C until purification.
Cells were lysed using BugBuster (Novagen) following the manufacturer’s instructions after adding cOmplete EDTA-free protease
inhibitors (Roche) and Benzonase Nuclease (Merck Life Science). The DarT1 proteins were purified by IMAC using Ni-Sepharose
resin (GE Healthcare) and then dialyzed against protein storage buffer containing 25 mM HEPES (pH 7.4), 300 mM NaCl, 5% glycerol,
0.5 mM TCEP.

All proteins were characterized by SDS-PAGE, then flash frozen in liquid nitrogen and stored at —80°C until required. Protein con-
centrations were determined by measuring absorption of the sample at 280 nm with a DS-11 FX nanodrop (DeNovix).

Toxicity assays

BL21 cells were used for E. coli C7 DarT1 wild-type and mutant expression studies while BL21(DE3) cells were used for co-expres-
sion studies of E. coli C7 DarT1 and NADAR proteins. Cells were transformed with the respective constructs and selected O/N on LB
agar plates in the presence of 0.8% (w/v) glucose and the appropriate antibiotics for selection using 25 png/mL chloramphenicol and
50 png/mL kanamycin. 3-5 colonies were picked and grown up in LB medium in the presence of 0.8% (w/v) glucose and the appro-
priate antibiotics until the cultures reached ODggonm Of ~0.5-0.8. The ODggonm Was then adjusted from all samples to 0.5 and 1:10
dilution series were prepared. 5 pL were then spotted onto LB agar plates containing the appropriate antibiotics for selection and
0.8% (w/v) glucose for repression or 0.8% (w/v) arabinose/50 uM IPTG for induction of protein expression, respectively. The bacte-
riostatic effects were assessed after incubating the plates at 37°C O/N.

ADP-ribosylation activity assays

Oligo ADP-ribosylation reactions were performed in buffer containing 50 mM TRIS-CI (pH 8.0), 50 mM NaCl supplemented with 5 mM
ETDA at 37°C for 30 min for T. aquaticus DarT2 and 60 min for E. coli C7 DarT1 and S. coelicolor SCARP in an assay volume of 10 pL. In
general, 1 uM DarT protein was incubated with oligonucleotides at a concentration of 3 uM and §8-NAD™" in excess (500 uM) and
0.1 uM S. coelicolor ScARP protein was incubated with oligonucleotides at a concentration of 10 uM and 3-NAD™" in excess
(8 mM). For following oligo de-modification by hydrolases, the ADP-ribosylation reaction was stopped by heating the samples for
15 min at 95°C. Then, samples were incubated with buffer as control or 1 uM of the indicated hydrolase at 37°C for 30 min (or
15 min where stated). Reaction products were analyzed by separation on denaturing polyacrylamide gels run in TBE buffer, after add-
ing 10 pL urea loading dye (10 mM TRIS-CI (pH 8.0), 10 mM EDTA, 4 M urea) to the ADP-ribosylation reactions and incubation for
3 min at 95°C. 10 pL of the samples were loaded onto the gel and oligos visualised under UV light (340 nm) after ethidium bro-
mide-staining. PolyT-G oligos were visualised by SYBR Gold Nucleic Acid Gel Stain (Invitrogen). We note that if not stated otherwise
negative (—) controls are samples which have been treated as all other samples and have buffer instead of toxin or hydrolase enzyme
added to the reaction, thus showing the unmodified oligo for internal referencing to the ADPr-modified oligos. The positive (+) controls
are samples which have also been treated as all other samples and have toxin but no hydrolyze enzyme added to the reaction, thus
showing the ADPr-modified oligo for internal referencing to the unmodified oligos.

Detection of ADP-ribosylated genomic DNA

E. coli BL21 cells transformed with DarT1-encoding pBAD33 plasmids were grown to ODggonm 0f 0.2-0.3 in LB containing 0.8% (w/v)
glucose before protein expression was induced with 0.8% (w/v) arabinose. Cells were harvested by centrifugation (4000 x g, 3 min),
washed with PBS, re-suspended in boiling lysis buffer (1.0% SDS, 10 mM TRIS-CI, 1 mM EDTA, pH 8.0) and lysed by heating to 95°C
for 5 min. Cell lysates were subjected to proteinase K treatment for 1 h, 50°C. gDNA was then extracted by phenol:chloroform:
isoamyl alcohol extraction and recovered by ammonium acetate/ethanol precipitation. The DNA pellets were washed twice with
70% ethanol before re-suspending in TE buffer and concentration determination using a DS-11 FX nanodrop (DeNovix). 750 ng of
gDNA was dotted onto a nitrocellulose membrane (Amersham Protran 0.45 NC nitrocellulose) and crosslinked with 1200 J using a
Stratalinker UV crosslinker. Crosslinked DNA was then immunoblotted for gDNA (autoanti-dsDNA, DSHB, 1:200) or ADPr-gDNA
(Poly/Mono-ADP Ribose, E6F6A, Cell Signaling Technology, 1:1000) for 1 h at RT in 5% (w/v) powdered milk in PBS-T. Secondary
peroxidase-couple antibodies (Dako-Agilent) were incubated at RT for 1 h. ECL-based chemiluminescence was detected using
Pierce ECL Western Blotting Substrate (Thermo Scientific) and Hyperfiims (GE). Autoanti-dsDNA was deposited to the DSHB by
Voss, E.W. (DSHB Hybridoma Product autoanti-dsDNA).
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Protein crystallization and data collection

Purified E. coli C7 DarT1E1524 protein was concentrated to 26.9 mg/mL and incubated for co-crystallization with substrates used at
following concentrations: 4 mM 8-NAD*, 4 mM carba-NAD™, 1.56 mM (1.5x) ssDNA of sequence AAGAC. For co-crystallization with
NAD* ligands and unmodified DNA, proteins were first pre-incubated with 4 mM 3-NAD* or carba-NAD* for 30 min at 4°C which was
followed by incubation with DNA for another 30 min.

P. nicotianae var. parasitica NADAR protein was concentrated 9.5 mg/mL and incubated with 4 mM ADP-ribose for 30 min at 4°C.
G. lovleyi NADAR protein was concentrated to 25.5 mg/mL for crystallization trials. Crystallization trials were performed with E. coli
C7 DarT1E1%2A at 4°C and with P. nicotianae var. parasitica and G. lovleyi NADAR at 20°C using the sitting-drop vapour-diffusion
method. Crystallization drops were set-up in MRC two-well crystallization microplates (Swissci) using the Mosquito Crystal robot
(TTP Labtech) with protein to reservoir ratios of 1:1 and 1:2 in 150 nL total volume equilibrated against 75 pL of reservoir solution.

Crystals of E. coli C7 DarT1E'524 protein in complex with 8-NAD* were obtained with reservoir solution containing 4.0 M sodium
formate and 0.1 M Sodium acetate pH 5.5 while E. coli C7 DarT15'%2A protein in complex with carba-NAD* and ADPr-DNA (i.e.
B-NAD*/ssDNA) crystallised with reservoir solution containing 4.0 M sodium formate and 0.1 M TRIS-ClI pH 7.5. Crystals of
G. lovieyi NADAR protein grew in 0.15 M potassium thiocyanate, 0.1 M TRIS-CI pH 7.5, 18% (w/v) PEG 5000 MME and crystals
of P. nicotianae var. parasitica NADAR protein in complex with ADP-ribose appeared in presence of 0.1 M sodium HEPES pH 7.5
and 20% (w/v) PEG 10000. Crystals were harvested using reservoir solution supplemented with 20% ethylene glycol (v/v) as a
cryo-protectant prior to flash freezing in liquid nitrogen. X-ray data were collected at beamline 103 at the Diamond Light Source (Ruth-
erford Appleton Laboratory, Harwell, UK) and data collection statistics are given in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

X-ray data were processed using the XIA2-DIALS platform™® and phase information was obtained using the molecular replacement
method with PHASER®C using AlphaFold2*® models of E. coli C7 DarT1 and G. lovieyi and P. nicotianae var. parasitica NADAR. Den-
sity modification was implemented with PARROT.®” Atomic models were improved following consecutive cycles of manual building
in COOT®" and structure refinement in REFMACS5.>? The structures were refined to good Ramachandran statistics and MolProbity®®
was used to validate the models prior to deposition in the PDB. Processing and refinement statistics are given in Table S1. Structural
alignments and analyses, as well as figure preparation, were carried out using PyMol (Molecular Graphics System, Version 2.3.3
Schrédinger, LLC). For multiple-sequence alignments, JalView v2°° and MAFFT7°° was used. The phylogenetic tree for the
NADAR superfamily was generated with SplitsTree4°* (v4.15.1) using the Neighbour-Joining (NJ) method®® and confidence levels
estimated using 1000 cycles of the bootstrap method. The NCBI accession IDs of NADAR sequences are listed in Table S2.
PSIPRED 4.0°° was used for secondary structure prediction. Sequence conservation mapping was performed using ConSurf
2016.°° Inkscape 1.2.1 was used for figure preparation. The number of repeats performed of a respective experiment is provided
in the figure legends.
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