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SUMMARY

ADP-ribosylation of proteins is emerging as an
important regulatory mechanism. Depending on the
family member, ADP-ribosyltransferases either con-
jugate a single ADP-ribose to a target or generate
ADP-ribose chains. Here we characterize Parp9, a
mono-ADP-ribosyltransferase reported to be enzy-
matically inactive. Parp9 undergoes heterodimeriza-
tion with Dtx3L, a histone E3 ligase involved in DNA
damage repair. We show that the Dtx3L/Parp9 heter-
odimer mediates NAD+-dependent mono-ADP-ribo-
sylation of ubiquitin, exclusively in the context of
ubiquitin processing by E1 and E2 enzymes. Dtx3L/
Parp9 ADP-ribosylates the carboxyl group of Ub
Gly76. Because Gly76 is normally used for Ub conju-
gation to substrates, ADP-ribosylation of the Ub
carboxyl terminus precludes ubiquitylation. Parp9
ADP-ribosylation activity therefore restrains the E3
function of Dtx3L. Mutation of the NAD+ binding
site in Parp9 increases the DNA repair activity of
the heterodimer. Moreover, poly(ADP-ribose) bind-
ing to the Parp9macrodomains increases E3 activity.
Dtx3L heterodimerization with Parp9 enables NAD+

and poly(ADP-ribose) regulation of E3 activity.

INTRODUCTION

The ADP-ribosyltransferase (ART) family of enzymes is defined

on the basis of an evolutionarily conserved catalytic domain

that cleaves NAD+ and produces ADP-ribose (ADPr) and nicotin-

amide. ADPr generated from this reaction can be covalently

attached to protein and, depending on the ART, extended to

generate polymers of ADPr (PAR). The founding member of the

ART family, Parp1, along with Parp2, Parp3, and tankyrases 1
M

and 2, generate PAR, which is used to regulate diverse nuclear

pathways including DNA repair, transcription, and maintenance

of telomere structure (Kraus, 2015). As the most extensively

studied of these enzymes, Parp1 has become an important

drug target in malignancies such as prostate cancer (Feng

et al., 2015). Most of the 17 ART family members do not produce

poly-ADPr; rather, they catalyze addition of a single ADPr to a

protein substrate (mono-ADP-ribosylation). Mono-ADP-ribosy-

lation by mammalian ARTs is analogous to reactions catalyzed

by certain bacterial toxins (Hottiger, 2015b; Hottiger et al.,

2010). But in contrast to the wealth of information on bacterial

toxins that have been characterized in detail both biochemically

and structurally (Deng and Barbieri, 2008), our understanding of

the reactions that generate mono-ADPr and effects on protein

function is very limited. Given the number of mono-ARTs ex-

pressed in mammals, one can anticipate that mono-ARTs

contribute to a variety of cellular pathways (Hottiger, 2015a;

Scarpa et al., 2013). To date, however, only a few direct sub-

strates of mono-ADPr addition have been identified.

The ART member known as BAL1/Parp9/ARTD9 (referred to

here as Parp9) contains a putative catalytic domain that is highly

similar to several ART family members. For example, the Parp9

catalytic domain is 30% identical to that of Parp10/ARTD10,

one of the few ARTs for which a substrate has been identified

(Feijs et al., 2013; Verheugd et al., 2013). Parp9, however, is

thought to be enzymatically inactive because it does not undergo

auto-ADP-ribosylation, a common property of these enzymes

(Vyas et al., 2014). Parp9 was discovered by Shipp and col-

leagues as a risk-associated gene in diffuse large B cell lym-

phoma and subsequently shown to physically interact with the

ubiquitin (Ub) E3 ligase Dtx3L (Aguiar et al., 2000; Takeyama

et al., 2003). Parp9 and Dtx3L are co-expressed from a bidirec-

tional promoter and assemble into a heterodimer (Takeyama

et al., 2003). Dtx3L contains a RING domain and mediates

mono-ubiquitylation (mono-Ub) of core histones, which in the

context of a DNA damage response includes histone H4 (Yan

et al., 2009). The exact function of Parp9 in this setting is not

entirely clear, but its contribution likely involves tandemly
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arranged modules in Parp9—termed macrodomains—that bind

ADPr and PAR. Micro-irradiation experiments were used to

show that the Parp9 macrodomains are sufficient to rapidly

localize a GFP reporter to DNA damage sites in cells, suggesting

that Parp9 acts as a targeting factor that directs the heterodimer

to PAR-containing sites generated by Parp1. Given that this oc-

curs within minutes of DNA damage, Dtx3L/Parp9 was proposed

to contribute to the DNA damage response through histone H4

mono-ubiquitylation (Yan et al., 2013).

Dtx3L and Parp9 are relatively abundant proteins in prostate

cancer cells, where they can promote survival and chemo-resis-

tance (Bachmann et al., 2014). We posited that the complex of

Dtx3L and Parp9 might function in a manner that couples the

two enzyme activities of the proteins. Although Parp9 is thought

to lack catalytic activity, our biochemical analysis indicates that

the recombinant Dtx3L/Parp9 heterodimer can cleave NAD+ and

generate nicotinamide and ADPr. We found that the ADPr pro-

duced from this reaction is transferred to Ub, thereby generating

Ub-ADPr. In addition to requiring NAD+, ADP-ribosylation of Ub

is dependent on E1 and E2 enzymes, ATP, and ambient temper-

ature, all indicating that the reaction requires Ub processing.

Using an antibody that recognizes the free C terminus of Ub, re-

agents to probe the chemical sensitivity of the ADP-ribose-Ub

linkage, and mass spectrometry, we show that the site of ADP-

ribosylation is the carboxyl terminus of Ub Gly76. Because the

carboxyl group of Gly76 is used to create the linkage between

Ub and Lys residues in target proteins, and with Lys residues

in Ub for chain formation, ADP-ribosylation of Ub precludes

conjugation. ADP-ribosylation of Ub and Ub conjugation are

mutually exclusive reactions, and in vitro, the outcome of the re-

action is determined by NAD+ concentration. Dtx3L/Parp9 con-

tributes to DNA repair by non-homologous end joining (NHEJ),

and its activity is restrained by Parp9 catalytic function. We pro-

pose that NAD+ levels regulate the E3 activity of Dtx3L/Parp9 in

the context of DNA repair.

RESULTS

Data from The Cancer Genome Atlas (TCGA) revealed that the

expression levels of the E3 ligase Dtx3L and its binding partner,

Parp9, are significantly higher in cancers from prostate (Gleason

grade 7–10) and breast (Figure 1A), as well as other solid tumors

(Figure S1). The genes encoding Dtx3L and Parp9 proteins share

a bidirectional promoter and can be induced by interferon (IFN)

(Bachmann et al., 2014; Juszczynski et al., 2006). Accordingly,

IFN-a treatment of VCaP cells, a highly aggressive metastatic

prostate cancer line, induced the expression of Dtx3L and

Parp9, and the proteins co-eluted from a Superdex200 column

with a molecular size in excess of 400 kDa (Figure S2A). Given

the absence of monomeric Dtx3L or Parp9 in the gel filtration

profile, and the fact that the two proteins co-immunoprecipitate

(Figure S2B), Dtx3L and Parp9 form a stable complex in prostate

cancer cells. To analyze the properties of the Dtx3L/Parp9 com-

plex, we co-expressed the proteins in bacteria and purified the

heterodimer via a His-tag on Parp9. Dtx3L contains a RING

domain and can function as an E3 ligase for histones (Takeyama

et al., 2003), so we first tested the complex for histone

mono-ubiquitylation activity. Reactions containing E1 (Ube1),
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E2 (UbcH8), biotin-tagged Ub, ATP, and E3 (Dtx3L/Parp9 com-

plex) generated Ub-modified forms of recombinant histones,

including H4 (Figure S3A), which is consistent with a previous

study that showed Dtx3L has E3 activity (Yan et al., 2009).

Dtx3L/Parp9-dependent mono-ubiquitination of histone H2B,

both as a recombinant protein and within a core histone prepa-

ration (Figure S3B), was detected using an antibody specific

for H2B-Lys120-Ub, a modification linked to nucleosome struc-

ture and stability (Fuchs and Oren, 2014; Minsky et al., 2008).

These data show that recombinant Dtx3L/Parp9 heterodimer is

biochemically active as a histone E3 ligase.

Dtx3L/Parp9 Has Dual Activities
Parp9 function is not well understood, though its localization to

DNA damage sites in HeLa cells clearly suggests a role in DNA

repair (Yan et al., 2013). Parp9 contains an�220 amino acid cat-

alytic domain with homology to other ARTs, which includes 35%

identity to its closest familymemberParp14. In a family-wideanal-

ysis of ARTs, Parp14 displayed mono-ADP-ribosyltransferase

activity, but Parp9 did not undergo automodification, which led

to the conclusion that it lacks enzyme activity (Aguiar et al.,

2005). Given that Parp9 forms a heterodimer with Dtx3L,

weconsideredwhether itsenzymeactivitymight requiredimeriza-

tionwithDtx3Lor that ADP-ribosylation activitymightbeapparent

in the context of E3 function. We also considered whether Parp9

might mono-ADP-ribosylate histones, a function demonstrated

for Parp10 (Kleine et al., 2008). Because ARTs cleave NAD+ to

generate ADP-ribose (ADPr), we added 32P-NAD+ toUb reactions

and analyzed the products by thin-layer chromatography (TLC).

Purified Dtx3L/Parp9 cleaved 32P-NAD+ and generated a product

with the same mobility as unlabeled ADPr (Figure 1B). Using an

assay that measures nicotinamide production through a coupled

reaction (Smith et al., 2009), we determined that the Km of Dtx3L/

Parp9 for NAD+ (197 ± 64 mM; Figure S3C) is comparable to other

ART family members (Kleine et al., 2008; Mendoza-Alvarez and

Alvarez-Gonzalez, 1993). Also, like other mono-ARTs (Wahlberg

et al., 2012), Dtx3L/Parp9 cleavage of NAD+ was insensitive to

the Parp1 inhibitor olaparib (data not shown). From these data,

we conclude that recombinant Dtx3L/Parp9 heterodimer has

an associated NADase activity that generates nicotinamide

and ADPr.

Dtx3L/Parp9 Modifies Ub
To test whether Dtx3L/Parp9 has catalytic activity toward his-

tones, and possibly other components of the Ub reaction, we

performed ubiquitylation assays using 32P-NAD+ and analyzed

the products by SDS-PAGE and autoradiography. Unexpect-

edly, we found that Dtx3L/Parp9 mediated ADP-ribosylation of

Ub (Ub-ADPr), both in the absence and presence of histones

and chromatin (Figure 1C). There was no evidence of Parp9

automodification, Ub-ADPr conjugation to histones, or ADP-

ribosylation of H1 or core histones, all of which were visible by

Coomassie blue staining (Figure S3D). Thus, the Dtx3L/Parp9

heterodimer can use NAD+ to produce ADPr and nicotinamide

and, in the presence of the Ub machinery, selectively ADP-ribo-

sylate Ub.

We characterized the ADP-ribosylation of Ub using biotin-

NAD+ as the source of ADPr and FL-Neutravidin detection of
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A Figure 1. Expression and Activity of the

Dtx3L/Parp9 Heterodimer

(A) Box-and-whisker plots showing expression of

Dtx3L and Parp9 in cancer (blue) compared to

adjacent normal tissue (yellow) for prostate and

breast cancer and nine additional cancers (Fig-

ure S1). RNA-seq by Expectation-Maximization

(RSEM) values from TCGA were used to plot

normalized expression, whiskers represent the

minimum and maximum data values, and signifi-

cance was calculated using a paired t test.

(B) Recombinant Dtx3L/Parp9 cleaves NAD+.

Ubiquitylation reactions containing 32P-NAD+

were analyzed by TLC and autoradiography, with

unlabeled ADP-ribose as a migration standard.

(C) Dtx3L/Parp9 ADP-ribosylates Ub. Ubiq-

uitylation reactions with purified Dtx3L/Parp9,

histones, and chromatin in the presence of
32P-NAD+. The reactions were subjected to SDS-

PAGE, Coomassie blue (CB) staining (Figure S3D),

and autoradiography.

(D) Ubiquitylation reactions with different combi-

nations of human Dtx3L and Parp9 purified

from insect cells. Biotin-labeled NAD+ was added

to monitor ADP-ribosylation of Ub (FL-Neutra

detection).
the reaction product Ub-ADPr. We also prepared and tested re-

combinant Dtx3L/Parp9 heterodimer and Parp9 monomer from

insect cells. The Dtx3L/Parp9 heterodimer produced in insect

cells had robust E3 activity, and it mediated ADP-ribosylation

of Ub (Figure 1D, lane 2). By contrast, Parp9 alone and Dtx3L/

Parp9 heterodimer lacking the RING domain were both defective

for Ub ADP-ribosylation (Figure 1D, lanes 4 and 8). Thus, Parp9 is

necessary, but not sufficient, for ADP-ribosylation of Ub, and the

RING domain of Dtx3L is required for the reaction.

Ub ADP-Ribosylation Requires E1/E2/E3 Processing
RINGdomains inE3enzymesplay essential roles in ubiquitylation

through E2�Ub thioester binding and Ub transfer to substrates
Mol
(Deshaies and Joazeiro, 2009). Because

Ub-ADPr formation was dependent on

the RING domain of Dtx3L, we examined

the contribution of each component

in the ubiquitylation reaction. Using
32P-NAD+ to monitor the reaction, we

found that, upon E1 and E2 enzyme omis-

sion, there was a complete loss of Ub

ADP-ribosylation, while increasing the

amount of Dtx3L/Parp9 in the reaction

caused a proportionate increase in Ub-

ADPr formation (Figure 2A). With biotin-

NAD+as the co-factor andFL-Neutravidin

detection, dropout of individual compo-

nents (lanes 3–6) reducedUb-ADPr-biotin

generation by 15- to 40-fold (Figure 2B).

These data indicate that Dtx3L/Parp9-

dependent ADP-ribosylation of Ub re-

quires canonical processing by the Ub
E1 and E2 enzymes. This conclusion was further corroborated

using mutant forms of Ub. The processing-deficient Ub mutant

G75, 76Awasnot ADP-ribosylatedbyDtx3L/Parp9,while various

Lysmutantsweremodified to about the same extent aswild-type

(WT) Ub (Figure 2C).

Parp9 Catalytic Domain Function Is Required for
ADP-Ribosylation
We used mutational approaches to determine which domain of

Parp9 is responsible for Ub ADP-ribosylation. Since we found

that heterodimerization with Dtx3L is required for Ub ADP-ribo-

sylation (Figure 1D), we also examined whether changes intro-

duced into Parp9 affected binding to Dtx3L. Parp9 contains
ecular Cell 66, 503–516, May 18, 2017 505
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Figure 2. ADP-Ribosylation of Ub by Dtx3L/

Parp9 Requires E1 and E2 Processing

(A) ADP ribosylation reactions were performed

using 32P-NAD+ and analyzed by SDS-PAGE and

autoradiography with the protein combinations

indicated.

(B) ADP-ribosylation reactions were performed

using biotin-NAD+ with drop-out of individual

components as indicated. ADP-ribosylation of Ub

was measured by probing with FL-Neutra.

(C) ADP-ribosylation reactions were performed

using 32P-NAD+ and Ub mutants bearing amino

acid substitutions that affect processing (G75,

76A) and conjugation (K63R; K29, 48, 63R; No K).
tandem copies of the macrodomain, a module that in some pro-

teins displays enzymatic function (Rosenthal et al., 2013). Intro-

duction of point mutations into the two Parp9 macrodomains

(G112, 311E; denoted MUT1) reduced PAR binding by �50%

but did not affect Ub ADP-ribosylation or heterodimerization

with Dtx3L in preparations from mammalian cell and E. coli (Fig-

ures 3A–3C; Figures S4A and S4B). Next, we introduced amino

acid changes in the Parp9 catalytic domain modeled on loss-

of-function mutations characterized in Parp1 (Rolli et al., 1997)

(Figures S4C and S5A–S5C). Removing 24 residues from the

C-terminal region of Parp9 had no appreciable effect on ADP-ri-

bosylation of Ub or heterodimerization with Dtx3L, but deleting

50 amino acids from the C terminus abolished both activities

(Figure 3A; Figure S5C). Small internal deletions in the Parp9 cat-

alytic domain also resulted in loss of both activities, presumably

due to an altered catalytic domain structure incompatible with

heterodimerization (Figure S5C). The loss of function resulting

from a 6 amino acid deletion in Parp9 (D698–703; Figure S4C) at-

tracted our attention because, based on modeling, this segment

is part of a b strand within the NAD+ binding site (Figure S4D).

We generated individual point mutations within the predicted

b strand, expressed the mutants in E. coli, and tested them in

our assays. The Parp9 F703K substitution (MUT 13) had a strong

reduction in Ub ADP-ribosylation while maintaining heterodimer-

ation with Dtx3L (Figure 3B; structure depicted in Figure S4D).

Altering the adjacent amino acid (Y702A), which is conserved

in Parps, did not affect Dtx3L/Parp9 activity (Figure 3B;
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Figure S5C). Importantly, the Parp9

F703K substitution did not inhibit the E3

activity of the heterodimer toward histone

H2A (Figures 3C and 3D), consistent with

the mutation selectively affecting ADP-

ribosylation mediated by the Parp9 cata-

lytic domain.

Additional evidence that Parp9 cata-

lytic function is required for ADP-ribosyla-

tion of Ub was obtained using selective

and non-selective Parp inhibitors (Bana-

sik et al., 1992; Wahlberg et al., 2012).

Two vitamin K analogs (Menadione and

Phylloquinone) reduced Ub ADP-ribosy-

lation, as did the antibiotic Novobiocin

(Figure 3E; Figure S5D). In a time course
experiment, Novobiocin inhibited Dtx3L/Parp9-mediated ADP-

ribosylation of Ub without reducing mono-ubiquitylation of his-

tone H2A (Figure 3F). The mutagenesis and inhibitor data show

that ADP-ribosylation of Ub requires the catalytic function of

Parp9 and that the E3 and ADP-ribosylation activities of the

Dtx3L/Parp9 heterodimer are separable.

Ub Is Mono-ADP-Ribosylated
We next used mass spectrometry (MS) to characterize the Ub-

ADPr product generated by Dtx3L/Parp9. Because under low

NAD+ concentrations a small fraction of the total Ub appeared

to be modified by ADPr, we performed Ub reactions with biotin-

NAD+ and enriched for the Ub-ADPr-biotin product on streptavi-

din beads. The spectra generated from a complete reaction, and

from reactions performed in the absence of Dtx3L/Parp9 andUb,

revealed clear mass differences. The Ub product from the com-

plete reaction had a mass (9,533.7) that was larger (+962.8)

than Ub alone (8,570.1) and consistent with addition of a single

molecule of biotin-ADPr (predicted total mass: 960.8) (Figure 4A,

green tracing). To corroborate our finding that Ub was modified

byADPr,we took advantageof theADP-ribose bindingmacrodo-

main from Archaeoglobus fulgidus (Af1521) (Karras et al., 2005).

Recombinant Af1521shows1,000-fold selectivity for ADP-ribose

overNAD+ and can bindADP-ribose conjugated to proteins (Dani

et al., 2009). For our application, the Af1521 macrodomain was

immobilized on beads as a glutathione S-transferase (GST)

fusion protein and used in pull-down experiments with Ub from
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Figure 3. Ub ADP-Ribosylation Mediated by

the Parp9 Catalytic Domain

(A) Parp9 mutations engineered in the macro-

domains (G112, 311E) and catalytic domain

(D796–819; D684–687) expressed in E. coli and

tested for Ub ADP-ribosylation (ADPr-biotin) and

heterodimerization with Dtx3L. The locations of

the mutations are depicted within a structural

model of Parp9 (Figure S4).

(B) Parp9 mutations engineered in the catalytic

domain (Y702A; P767A, E768A; F703K) expressed

in mammalian cells and tested for Ub ADP-ribo-

sylation (ADPr-biotin) and heterodimerization with

Dtx3L.

(C) E3 activity of WT Parp9 and F703K Parp9 using

recombinant heterodimers with Dtx3L.

(D) Quantification of E3 activity of WT Parp9 and

F703K Parp9.

(E) Effect of non-selective Parp inhibitors Mena-

dione and Novobiocin on Ub ADP-ribosylation.

(F) Time course of Ub-ADP-ribosylation and H2A

ubiquitylation in the presence of Novobiocin.
ADP-ribosylation reactions. Ub binding to the Af1521 macrodo-

main was only observed if the reaction contained NAD+ (Fig-

ure 4B). Given the selectivity of Af1521 for ADPr (Karras et al.,

2005), the +962.8 mass difference compared to Ub observed

by MS, and the fact that in both assays Dtx3L/Parp9 addition

was required to generate ADPr, we conclude that the E3 hetero-

dimer mediates covalent attachment of a single ADPr to Ub and

that this occurs specifically in the context of Ub processing by

E1 and E2.

The Ub C Terminus Is the Site of ADP-Ribosylation
Modification by ADPr occurs on a variety of amino acids

including Lys, Arg, Glu, Asp, and Cys (Hottiger et al., 2010).

Amino acid assignment of ADP-ribosylation sites by MS is chal-

lenging due to chemical lability of the protein-ribose linkage

and inadvertent fragmentation of ADPr (Hengel and Goodlett,

2012). Fortuitously, existing Ub antibodies (Abs) were useful for

deducing the site of ADPr modification. A pan-Ub Ab, whose

epitope includes one or more Lys residues but maps outside of

the C terminus, showed similar levels of binding to unmodified

and ADPr-modified Ub (Figure 4C, lane 1, top). By contrast, a

monoclonal Ab to the C-terminal region of Ub (Ub C-term)
Mol
showed reduced binding to ADPr-modi-

fied Ub (Figure 4C, lane 1, bottom).

Although the exact epitope for the Ub

C-term Ab has not been described, we

determined that binding is strictly depen-

dent on Arg72, Gly75, and Gly 76 in Ub

(Figure 4C); moreover, it binds the C-ter-

minal sequence in the Ub-related protein

ISG15 (Arg-Leu-Arg-Gly-Gly; Figure 4D).

Ub C-term Ab binding is blocked in un-

processed Ub (UBA52; Figure 4D) and

when Ub and ISG15 are conjugated to

their respective substrates through the

C-terminal Gly (Figures S6A and S6B).
The epitope mapping data (summarized in Figure S6C) show

unequivocally that Ub C-term Ab recognition requires a free

C terminus in Ub. The NAD+-dependent reduction in Ub

C-term Ab reactivity (Figure 4C, lane 2) is consistent with ADP-

ribosylation of the Ub C terminus on Gly76. Mutation of Gly76

to Ala eliminates ADP-ribosylation of Ub (Figure S6D).

Corroborating evidence that the C terminus is the site of ADPr

addition toUbwas obtained by analyzing the chemical sensitivity

of the modification. Based on chemical reactivity, 3 amino acids

within the C-term Ab epitope could, theoretically, be sites of

ADPr addition: the guanidino groups on the side chains of

Arg72 and Arg74 and the carboxyl group on Gly76. Neutral hy-

droxylamine (NH2OH) rapidly releases ADPr from carboxyl

groups, whereas 2-(cyclohexylamino)ethanesulphonic acid

(CHES) causes a slow release (Cervantes-Laurean et al., 1997).

ADPr-modified Arg is released slowly by NH2OH and resistant

to CHES (Cervantes-Laurean et al., 1997). We prepared ADPr-

modified Ub using 32P-NAD+, added neutral NH2OH, and used

SDS-PAGE and autoradiography to show that ADPr was effi-

ciently released by the treatment (Figures 4E–4G). Incubation

with CHES resulted in a slow release of ADPr detectable by

2 hr. (Figure S6E). To further eliminate Arg as the potential site
ecular Cell 66, 503–516, May 18, 2017 507
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Figure 4. Dtx3L/Parp9 ADP-Ribosylates the C Terminus of Ub

(A) Spectra from MALDI-TOF analysis of Ub. ADP-ribosylation reactions were performed with biotin-NAD+ with dropout of Dtx3L/Parp9 and purified bovine Ub

(inset shows unmodified Ub). ADPr-biotin-labeled reaction product was isolated on streptavidin beads and analyzed by MS.

(B) Recovery of ADP-ribosylated Ub on recombinant Af1521 macrodomain. Ub ADP-ribosylation reactions performed in the absence and presence of unlabeled

NAD+ were dialyzed and then combined with GST– and GST-Af1521 beads. The input, unbound, and bound fractions were analyzed by immunoblotting with a

pan-Ub Ab.

(legend continued on next page)
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of ADP-ribosylation, we generated recombinant forms of Ubwith

substitutions in Arg residues near the C terminus of Ub. Analysis

of Ub Arg72Lys, Ub Arg74Lys, and Ub Arg72, 74Lys showed that

all three mutant Ub proteins underwent ADP-ribosylation, and,

like WT Ub, ADPr was released from the mutant Ub proteins

with neutral NH2OH (Figure 4G). The epitope mapping and

epitope masking data, the NH2OH-sensitivity and relative

CHES-resistance, and the Ub point mutant results are all consis-

tent with ADPr addition to the carboxyl group of Gly76 on the

C terminus of Ub.

ADP-Ribosylation of Ub Is Reversible
Neutral NH2OH releases ADPr from an acidic R group by attack-

ing the carbonyl carbon (Zhang et al., 2013). We explored

whether a similar reaction could be performed with the probe

N-(Aminooxyacetyl)-N0-biotinylhydrazine (ARP) that contains a

terminal O-NH2. E1/E2/E3 reactions were performed in the

absence and presence of NAD+ and subsequently acidified

and incubated with ARP. By probing for the biotin moiety, we

determined that ARP reactivity with Ub is specific for ADP-ribo-

sylated Ub since the Ub-ARP product was not generated if the

E1/E2/E3 reaction was performed without NAD+ (Figure 5A).

We analyzed the products by MS and determined that ARP

modification of Ub-ADPr generates an adduct (12855) that re-

tains the ADPr and, consistent with the blotting, is dependent

on NAD+ in the reaction (Figure 5B, red tracing). A simple expla-

nation for adduct formation is that the ribose ring in ADPr un-

dergoes a rearrangement that creates an aldehyde (Morgan

and Cohen, 2015), which is reactive with ARP (Figure S6F). We

used Ub-ADPr-ARP as the substrate and biotin detection to

determine whether cell extracts contain an activity that removes

ADPr from Ub. Addition of PC-3 cell lysate abolished the biotin

signal, consistent with removal of ADPr-ARP by a cellular factor

(Figure 5C). Addition of MonoQ-fractionated cytosol to ADP-

ribosylated Ub increased immunoreactivity with the Ub C-term

Ab (Figure 5D). This indicates that release of ADPr by a cellular

factor restores the carboxyl group on Gly76. These data show

that cells have the capacity to reverse ADP-ribosylation of Ub

by Dtx3L/Parp9.

NAD+ Inhibits Ub Conjugation by Dtx3L/Parp9
The C terminus of Ub is required for processing by E1 and E2,

and following its activation, the carboxyl group of Gly76 is

used to generate a covalent bond using the epsilon amino group

of Lys residues both in acceptor proteins and in Ub itself (Schul-

man and Harper, 2009). ADPr attachment to Ub is therefore pre-

dicted to inhibit Ub conjugation to protein substrates, though we

considered the possibility that Ub-ADPr might be an unusual in-
(C) ADP-ribosylation of Ub reduces C-term antibody binding. ADP-ribosylation rea

immunoblotting performed with Pan-Ub and Ub C-term Abs (left). Epitope mapp

(D) Mapping the C-term Ab epitope with Ub proteins. Recombinant Ub, Uba52, o

antibody or Ub C-term antibody. Alignments of the C-terminal domains of the U

(E) Chemical sensitivity of ADP-ribose conjugated to Ub. ADP-ribosylation reaction

indicated, and analyzed by SDS-PAGE and autoradiography.

(F) Release of 32P-ADPr from Ub by NH2OH treatment analyzed by TLC.

(G) WT and Ub mutants were ADP-ribosylated using biotin-NAD+ and ADPr rele

resistant (Figure S6E).
termediate in the Ub conjugation pathway (Berndsen and Wol-

berger, 2014; Komander and Rape, 2012). We explored these

possibilities by performing ubiquitylation assays with NAD+ con-

centrations comparable to those reported in human tissue (Zhu

et al., 2015). We then analyzed the Ub conjugation products by

immunoblotting. We found that including NAD+ in the reaction

strongly reduced poly-Ub formation (Figure 6A). Increasing the

concentration of NAD+ also reduced the level of histone H3

modified with two copies of Ub and, to some extent, the level

of histone H3 modified by a single Ub (Figure 6A). Using a Ub

mutant that is active for mono-ubiquitylation but defective for

chain formation (Ub H68G), NAD+ had no obvious effect on

mono-Ub of histone H3 (Figure 6A). Thus, with histone H3,

NAD+ does not appear to interfere with ATP-dependent activa-

tion of Ub and its transfer to substrate. NAD+ reduced the levels

of di-modified histone H4 with WT Ub and mono-modified with

Ub H68 (Figure 6B). NAD+ reduced Ub conjugation to histone

H2A (Figure 6C) but had only a slight effect on ribosomal protein

RPL12 (Figure 6E). By contrast, NAD+ did not affect MDM2-

mediated Ub conjugation to p53 (Figure 6D), underscoring the

fact that NAD+ is not a general inhibitor of E1/E2/E3 function.

Importantly, Ub did not undergo ADP-ribosylation in the pres-

ence of MDM2 or RNF146 under conditions where these E3s

are biochemically active (Figures 6F and 6G; Figure S6H). This

suggests that Ub reactivity toward NAD+ is a consequence of

processing by E1/E2. ADP-ribosylation by Dtx3L/Parp9 is selec-

tive for Ub since the Ub-related protein NEDD8 underwent

conjugation, but not ADP-ribosylation (Figure S6G). Our data

show that ADPr transferred to the Ub C terminus by Dtx3L/

Parp9 action inhibits Ub conjugation and that the reaction is

responsive to NAD+ concentration. By extension, the concentra-

tion of free NAD+ is predicted to influence Ub conjugation to sub-

strates of Dtx3L/Parp9.

DNA Repair Function of Dtx3L/Parp9
Dtx3L/Parp9 has been shown to be dependent on PAR formation

by Parp1 for its recruitment to DNA damage sites, with depletion

of these components reducing an early phase of 53BP1 recruit-

ment (Yan et al., 2013). We tested whether endogenous Dtx3L/

Parp9 is recruited to laser-induced damage sites in a panel of

prostate cancer cell lines by co-staining for Parp9 and gH2AX.

We found that Parp9 was recruited to DNA damage sites in pros-

tate cancer cells that have a range of tumorigenic properties

including metastatic capability and androgen receptor status

(Figure 7A). Recruitment was also detected in a normal prostate

cell line RWPE-1 (HPV immortalized). We tested whether Dtx3L/

Parp9 is important for DNA repair via NHEJ using an integrated

reporter that undergoes Cas9-dependent cleavage and, upon
ctions were performed in the absence and presence of unlabeled NAD+ andUb

ing of Pan-Ub and Ub C-term Abs using WT and mutant Ub proteins (right).

r ISG15 (mature form) was separated via SDS-PAGE and probed with Pan-Ub

b proteins are provided (Figure S6C).

s containing His-Ub and 32P-NAD+were recovered on cobalt beads, treated as

ase determined by probing with FL-Neutra. ADPr release from Ub is CHES-
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Figure 5. ADP-Ribosylated Ub Is Reactive

with ARP

(A) ARP modification of Ub requires initial ADP-

ribosylation. The E1/E2/E3 reactions were per-

formed in the absence and presence of NAD+. In

a second step, ARP reactions were performed

at room temperature for the times indicated, fol-

lowed by FL-Neutra detection of the biotin moiety

in ARP.

(B) Spectra of reactions containing combinations

of Ub, NAD+, and ARP. The 12,855.42 Da mass is

unique to T7-Ub-ADPr labeled with ARP. A puta-

tive structure consistent with the mass is shown,

along with a potential mechanism (Figure S6F).

(C) ADP-ribosylation of Ub is reversible. T7-

Ub-ADPr-ARP was generated, incubated with cell

buffer or cell lysate, and subsequently assayed for

the loss of ADPr-ARP by streptavidin detection of

biotin.

(D) Removal of ADPr from Ub restores C-term Ab

reactivity. Ub was ADP-ribosylated, incubated

with a MonoQ fraction, and subsequently im-

munoblotted with Pan and Ub C-term antibodies.
repair, loss of mCherry+ cells. Depletion of Dtx3L and Parp9

reduced NHEJ-mediated DNA repair to the same extent as

core components including DNA protein kinase (PK) (Figure 7B).

We used a plasmid repair assay to address the role of the Parp9

catalytic domain in DNA repair. Because Parp9 restrains the E3

output of the heterodimer by catalyzing ADP-ribosylation of Ub,

we predicted that mutation of Parp9 might enhance the DNA

repair function of the complex. We tested this by comparing

the level of repair obtained with WT Parp9 and Parp9 F703K,

each co-transfected with WT Dtx3L since heterodimerization is

critical for functionality. The data from three experiments show
510 Molecular Cell 66, 503–516, May 18, 2017
that WT Dtx3L/Parp9 promotes DNA

repair via NHEJ and that the activity is

further increased using Parp9 that has

reduced ADP-ribosylation activity (Fig-

ures 7C and 7D). These data show that

Dtx3L/Parp9 participates in NHEJ and

that its activity is at least partially

restrained by Parp9 catalytic activity.

PAR has been shown to stimulate

Ub conjugation by the E3 ligase

RNF146 (DaRosa et al., 2015; Wang

et al., 2012). This involves PAR contact

with the Trp-Trp-Glu (WWE) domain in

RNF146, which appears to trigger an

allosteric activation mechanism. The

WWE domain is also found in the mARTs

Parp11 and Parp14 (He et al., 2012).

Though Parp9 does not contain a WWE

domain in RNF146, it does contain tan-

dem macrodomains (Yan et al., 2013),

each of which can bind PAR (Figure 7F;

Figure S7A–S7D). We tested whether

addition of purified PAR affects the E3

activity of the Dtx3L/Parp9 heterodimer.
PAR addition enhanced the formation of poly-Ub forms of

Parp9 and other components of the reaction (Figure 7E, lanes

1 and 2). PAR modestly enhanced mono-Ub of histone H2A

at Lys120 (Figure 7E, lane 8), an effect that was more evident

during a time course of histone H2A ubiquitylation (Figure 7G;

Figure S7E). In these reactions, PAR did not affect ADPr addi-

tion to Ub (Figure 7H; Figure S7E). The PAR enhancement

was lost upon mutation of the Parp9 macrodomains (Figure 7I;

Figure S7F). These data suggest that both free NAD+ and its

product PAR contribute inputs that influence the E3 activity of

Dtx3L/Parp9 and that interactions within the heterodimer are
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critical for activity of the complex both in vitro and for DNA

repair in cells.

DISCUSSION

ADP-ribosylation by the ART family contributes to the regulation

of a diverse set of biological pathways (Hottiger, 2015a). Parp1

regulates nuclear activities, including the DNA damage response

and transcription, by generating polymers of ADPr that affect

chromatin structure and co-factor recruitment (Ryu et al.,

2015; Tallis et al., 2014). Tankyrase promotes telomere elonga-

tion through a pathway involving ADP-ribosylation of TRF1

(Smith and de Lange, 2000). With the notable exceptions of

studies done on bacterial toxins, however, the pathways and

mechanisms utilized by ART enzymes that mediate mono-

ADPr attachment have been mostly elusive. Of the 17 human

enzymes that contain a Parp catalytic domain, 11 have mono-

ADP-ribosyltransferase activity based on the criteria of automo-

dification (Hottiger, 2015b). For these 11 enzymes, only a few

substrates have been identified (Barkauskaite et al., 2015).

While Parp9 is a member of the ART family by virtue of a cat-

alytic domain that has significant protein sequence identity, its

lack of automodification suggested that it lacks catalytic activity

(Aguiar et al., 2005). We reasoned that Parp9 activity might

depend on Dtx3L since the proteins are coordinately expressed

and undergo heterodimerization. Moreover, because Dtx3L is an

E3 Ub ligase (Aguiar et al., 2005), we hypothesized that Parp9

function as a potential ART might occur in the context of the

Ub pathway. Using purified Dtx3L/Parp9 heterodimer, we

made six observations that helped establish that Parp9 has

catalytic function and acts as a mono-ART toward a defined

substrate, Ub, and that Parp9 modifies Ub in the context of its

processing pathway: (1) the Dtx3L/Parp9 heterodimer cleaves

NAD+ and generates nicotinamide and ADPr; (2) in a ubiquityla-

tion reaction, Dtx3L/Parp9 transfers ADPr to Ub; (3) Parp9 muta-

tion and non-selective Parp inhibitors prevent Ub ADP-ribosyla-

tion; (4) Ub-ADPr production requires E1 and E2 enzymes; (5)

ADPr transfer to Ub requires ambient temperature, ATP, and a

C-terminal Gly in Ub; and (6) the mass addition measured by

MALDI-TOF reflects addition of a single ADPr to Ub, consistent

with mono-ADP-ribosylation by Parp9.

In ubiquitylation assays using histones as substrates and ra-

diolabeled NAD+ to monitor ADP-ribosylation, the only protein

labeled by 32P-ADPr wasUb. This key result suggests that, under

these assay conditions, the Ub-ADPr produced by E1/E2/E3 ac-
Figure 6. NAD+ Inhibits Ub Conjugation Mediated by the E3 Dtx3L/Par

(A) Dtx3L/Parp9 ubiquitylation reactions performed with T7 epitope-tagged Ub (

reaction products were analyzed by anti-T7 immunoblotting.

(B) Reactions (unlabeled NAD+) with histone H4 analyzed by immunoblotting wit

(C) Reactions (unlabeled NAD+) with histone H2A analyzed by immunoblotting (P

(D) E3 MDM2-dependent p53 ubiquitylation is insensitive to NAD+. Reactions we

presence of 1 mM NAD+, and the products were analyzed by immunoblotting (T

(E) NAD+ effect on ubiquitylation of the substrate RPL12. Ubiquitylation assays su

by SDS-PAGE and immunoblotting.

(F) Ub does not undergo ADP-ribosylation in a ubiquitylation reaction containing th

were performed in the presence of biotin-NAD+. Ub products were analyzed by

(G) Ub is not ADP-ribosylated by the E3 RNF146. ADP-ribosylation assays were

with FL-Neutra. Ubiquitylation was examined using the pan-Ub Ab.
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tion was not added to histones. Moreover, our data are not

readily explained by a model whereby Dtx3L/Parp acts as an

NADase that generates a chemically reactive ADPr that labels

proteins indiscriminately. In these same reactions containing

E1/E2/E3 enzymes, the histones underwent Ub conjugation.

This result implied that ADPr modification of Ub and Ub conjuga-

tion to protein are probably mutually exclusive outcomes of the

pathway. This led us to examine whether NAD+ concentration af-

fects histone ubiquitylation in this assay. Addition of 0.2–0.8 mM

NAD+ strongly reduced the poly-Ub and di-Ub of reaction com-

ponents and, to some extent, mono-Ub of histones H3 and H2A.

Thus, in a purified system, the NAD+ concentration significantly

influences the efficiency of Ub conjugation. In reactions using

the same E1 and E2, NAD+ addition (1 mM) did not affect the

E3 activity of MDM2 nor was ADPr conjugated to Ub in the pres-

ence of MDM2 or another E3 RNF146. Thus, the NAD+ effects on

Ub reported here are mediated through Dtx3L/Parp9 and are not

general effects on Ub activation and processing by E1/E2/E3.

This pathway appears to be selective for Ub since the Ub-related

protein Nedd8 does not undergo ADP-ribosylation under condi-

tions where conjugation is stimulated by the presence of Dtx3L/

Parp9. Using a battery of approaches, including an antibody

specific for Ub that has a free C terminus, we showed that a sin-

gle ADPr is added to the carboxyl group of Gly76, which renders

Ub inactive for conjugation through this site.

With regard to Parp9-mediated ADP-ribosylation, defining

how the E2�Ub thioester is transferred to ADP-ribose generated

fromNAD+ will be critical for understanding themechanism. Pre-

sumably, this reflects the spatial coordination between theC-ter-

minal catalytic domain of Parp9 and the active site of the E2. On

this note, core histones undergo E1/E2/Dtx3L/Parp9-dependent

ubiquitylation, but there is no indication that histones, or proteins

other than Ub, undergo ADP-ribosylation in our assays. Again,

this emphasizes the selectivity of ADP-ribosylation and the fact

that the complex decides between Ub transfer to a substrate

and Ub transfer to ADP-ribose based on NAD+ concentration.

One striking feature of ARTs is the variable domain architec-

ture outside of the Parp homology domain that contributes

to the structural and functional diversity of family members

(Barkauskaite et al., 2015). Three members of the ART family,

including Parp9, contain macrodomains, modules that can

bind both free and polymerized ADPr. We found that PAR addi-

tion to Ub assays stimulated the E3 activity of Dtx3L/Parp9

toward histone H2A and that the individual macrodomains of

Parp9 can bind to PAR. Our finding is reminiscent of recent
p9 Heterodimer

WT and H68G), the protein combinations indicated, and unlabeled NAD+. The

h an H4-specific antibody.

an-Ub, Ub-H2A, and H2A).

re performed with the proteins indicated (all recombinant) in the absence and

7-epitope and p53).

pplemented with epitope-tagged ribosomal protein L12 (RPL12) were analyzed

e E3MDM2. Reactions containing Ub, E1, E2, and E3 (Dtx3L/Parp9 or MDM2)

probing with Pan-Ub Ab and FL-Neutra.

performed using biotin-NAD+, and ADP-ribosylation of ubiquitin was detected
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work on RNF146, an E3 that undergoes allosteric activation by

PAR. In this case, PAR binding occurs through a WWE domain

in RNF146, and E3 activation promotes mono-Ub conjugation

to axin1 (DaRosa et al., 2015; Wang et al., 2012). The WWE

domain is also found in five ARTs (Barkauskaite et al., 2015).

Thus, multiple ART family members are endowed with readers

of ADPr and PAR that could modulate targeting, catalytic activ-

ity, or both.

A conceptual model suggested by our data is that the E3 ac-

tivity of Dtx3L/Parp9 is controlled by the concentration of

NAD+, which at high levels would promote Ub modification by

ADPr and reduce Dtx3L/Parp9-dependent Ub conjugation to

substrates. Our data using histone H3 as a substrate raise the

additional possibility that, under normal conditions, the effect

of NAD+ is not necessarily to reduce mono-Ub conjugation,

but rather to suppress the formation of poly-Ub by restricting

the reaction to a single round of Ub transfer. Given the chemical

lability of the ADPr-protein bond and the presence of an activity

that can remove ADP-ribose from Ub, it is likely that Ub-ADPr is

recycled to generate unmodified Ub, even in the face of a high

concentration of NAD+. Finally, NAD+ levels are reduced during

aging (Imai and Guarente, 2014), and NAD+ is depleted during

the DNA damage response because Parp1 generates large

amounts of PAR (Schreiber et al., 2006). In settings where

NAD+ levels are reduced, Dtx3L/Parp9 could mediate Ub conju-

gation to target proteins such as histones. The combination of

reduced levels of free NAD+ and Dtx3L/Parp9 binding to PAR,

which also enhances E3 activity, might all be important for direct-

ing its E3 activity to histone H4 or other substrates at break sites

during the DNA damage response (Yan et al., 2009). Our data

indicate that the DNA repair function of Dtx3L/Parp9 is important

for efficient NHEJ and that the contribution is restrained by Parp9

catalytic activity.

It is now apparent that certain E3s can cooperate with Ub

through mechanisms that are more complex than simply acting

as scaffolds that facilitate interactions between substrates and

Ub�E2 complexes (Berndsen and Wolberger, 2014; Deshaies

and Joazeiro, 2009). Moreover, these emerging forms of E3-Ub

crosstalk make contributions in diverse biological contexts

via mechanisms that were not anticipated (Herhaus and Dikic,

2015). Ub phosphorylation on Ser65 promotes allosteric activa-

tion of Parkin (Wauer et al., 2015), an E3 that helps control in mi-

tophagy in response to mitochondrial damage. Members of the

SidE effector family in L. pneumophilamediate ADP-ribosylation

of host cell Ub on Arg42 as part of a unique activation mecha-
Figure 7. DNA Repair and PAR Binding Activities of Dtx3L/Parp9

(A) Immunofluorescent localization of endogenous Dtx3L/Parp9 heterodimer to m

(B) Depletion of Dtx3L/Parp9 by siRNA reduces DNA repair by NHEJ. Depletion o

repair wasmeasured in 293T cells containing an integrated reporter that undergoe

are represented as the mean and SD. **p % 0.01, ***p % 0.001, ****p % 0.0001.

(C) The DNA repair function of Dtx3L/Parp9 is increased in a loss-of-function Parp

plasmid-based reporter. Data points are pooled from three experiments, and the

(D) Expression levels of Dtx3L/Parp9 proteins in the plasmid-based reporter ass

(E) PAR stimulates the E3 activity of the Dtx3L/Parp9 heterodimer.

(F) PAR binding to Dtx3L/Parp9 heterodimer is reduced by single-point mutat

incubated with biotin-tagged PAR, and binding detected with FL-Neutra (Figure

(G and H) PAR stimulates ubiquitylation of histone H2A (G) without ADP-ribosyla

(I) PAR enhancement of histone ubiquitylation is lost upon mutation of the Parp9
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nism en route to E1, E2, and ATP-independent Ub conjugation

to Rab GTPases (Qiu et al., 2016). These studies, together with

our finding that Ub can be ADP-ribosylated on Gly76 by Dtx3L/

Parp9, illustrate how post-translational modification of Ub itself

can contribute to protein regulation (Herhaus and Dikic, 2015).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Pan-Ubiquitin (Pan-Ub) Cell Signaling Technology 3933S; RRID: AB_2180538

Ub C-term Epitomics; Abcam 1646-1; Ab33893; RRID: AB_778729

T7 epitope tag Novagen 69522-3

M2 (flag epitope tag) Sigma-Aldrich A2220; RRID: AB_10063035

Parp9 This paper; ProteinTech N/A; 17535-1-AP; RRID: AB_2158929

Dtx3L This paper; GeneTex N/A; GTX116369; RRID: AB_11176684

gH2AX EMD Millipore 05-636; RRID: AB_309864

Tubulin Sigma-Aldrich T9028; RRID: AB_261811

p53 Sigma-Aldrich P6749; RRID: AB_609908

Histone H3 Cell Signaling Technology 9715; RRID: AB_331563

Histone H4 Millipore 04-858

Ub-H2A Cell Signaling Technology 8240

Ub-H2B EMD Millipore 17-650; RRID: AB_1977238

ISG15 pbl assay science; Dr. Ernest Borden N/A

Nedd8 Cell Signaling Technology 2745S; RRID: AB_10695300

MBP New England Biolabs E8032S; RRID: AB_1559732

Neutravidin-DyLight-800 Pierce 22853

Glutathione-agarose beads Sigma-Aldrich G4510

Streptavidin-Sepharose beads GE Healthcare 17-5113-01

Amylose resin New England Biolabs E8021S

Talon metal affinity resin Clontech 635502

Bacterial and Virus Strains

DH5a (general plasmid preparation) New England Biolabs C2987P

BL21(DE3)pLysS EMD Millipore (Novagen) 69451

Chemicals, Peptides, and Recombinant Proteins

Parp9-Dtx3L This paper N/A

His-T7-Ub and mutant peptides This paper N/A

AF1521 This paper N/A

MDM2 This paper N/A

p53 This paper N/A

WT-Ub Sigma-Aldrich AbD Serotec (Bio-Rad)

R&D Systems

U6253 9400-1502 U-530

Ub mutant (G75,76A) Boston Biochem UM-HAA

E1 Ube1 R&D Systems E304

E2 UbcH8 R&D Systems E2-616

WT-Ub (biotin tagged) R&D Systems U-570-100

T7-RPL12 This paper N/A

ISG15 This paper N/A

E1 UBA3 Boston Biochem E-313

E2 UBE2M Boston Biochem E2-656

Nedd8 Boston Biochem UL-812

Core Histones This paper N/A

Histone H3 New England Biolabs M2503S

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Histone H4 New England Biolabs M2504S

RNF146 This paper N/A

IFNg PromoKine c-60724

IFNa PromoKine c-60581

Menadione Selleckchem S1949

Novobiocin EMD Millipore Calbiochem 49-120-71GM

Phylloquinone MP Biomedicals 0210328301

PJ34 Selleckchem S7300

BMN-673 MedChem Express HY-16106

Rucaparib Selleckchem S1098

NAD+ Sigma-Aldrich N1511

Biotin-NAD+ R&D Systems 4670-500-01
32P-NAD+ Perkin Elmer BLU023X250UC

NAD(P)H Sigma-Aldrich N6505

a-ketoglutarate Sigma-Aldrich K1128

PncA Dr. Jeff Smith (UVa) N/A

Glutamate dehydrogenase Sigma-Aldrich G2626

Sinapinic acid Sigma-Aldrich 49508

PAR Trevigen 4336-100-01

PAR (biotin tagged) Trevigen 4336-100-02

ARP Cayman Chemical 10009350

I-SceI New England Biolabs R0694S

Critical Commercial Assays

PCR mutagenesis – Pfu Ultra II Agilent 600670

QuikChange Agilent 200515

Deposited Data

The Cancer Genome Atlas https://cancergenome.nih.gov/ N/A

Protein Data Bank http://www.rcsb.org PDB: 3SE2

Experimental Models: Cell Lines

293T ATCC CRL-3216

PC3 prostate cells ATCC CRL-1435

VCaP prostate cells ATCC CRL-2876

LNCaP prostate cells ATCC CRL-1740

C4-2b prostate cells Dr. Michael Weber (UVa) N/A

DU145 prostate cells ATCC HTB-81

PC3-AR prostate cells This paper N/A

RWPE-1 prostate cells Dr. Dan Gioeli (UVa) N/A

Sf9 insect cells ATCC CRL-1711

Oligonucleotides

siRNA targeting sequence: Parp9:

CCUUACCUUGGGUGAACUAAC

This paper N/A

siRNA targeting sequence: Dtx3L:

CGCGUAUUAGGAGUCUCAGAU

This paper N/A

siRNA control: Gl2:

AACGUACGCGGAAUACUUCGA

This paper N/A

siRNA targeting sequence: DNA-PK:

GAUCGCACCUUACUCUGUU

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA targeting sequence: ATM:

GCGCCUGAUUCGAGAUCCU

Lin and Dutta, 2007 N/A

siRNA targeting sequence: SET8:

GAUUGAAAGUGGGAAGGAA

Benamar et al., 2016 N/A

Recombinant DNA

pET-DUET1 plasmid: Dtx3L and

His6-Parp9 (or Parp9 mutants)

This paper N/A

BacPAK8 plasmid: His6-Parp9 This paper N/A

BacPAK8 plasmid: Dtx3L and mutant This paper N/A

pGEX 4T-2 plasmid: GST-AF1521 This paper N/A

pET30b H2A Dr. Ben E. Black (U. Penn) N/A

pET12 H2B Dr. Ben E. Black (U. Penn) N/A

pET12 H3.1 Dr. Ben E. Black (U. Penn) N/A

pET28a: His-T7-Ub and mutants This paper N/A

pGEX-4T1: MDM2 This paper N/A

pET15b: p53 This paper N/A

pET28a: RNF146 This paper N/A

pKH3 plasmid (Empty) Dr. Ian Macara (now addgene 12555)

pKH3 plasmid: Parp9, epitope tagged,

and mutants

This paper N/A

pKH3 plasmid: Dtx3L This paper N/A

pKH3 plasmid: co-expression of Dtx3L

and Parp9 OR Dtx3L and Parp9 (F703K)

This paper N/A

pET28a: ISG15 This paper N/A

pET28a: UBA52 This paper N/A

Parallel 1 MBP-His plasmid: Parp9

Macrodomains (MBP-MD1-MD2)

This paper N/A

NHEJ reporter plasmid Mao et al., 2008 N/A

pDSRed2-N1 Mao et al., 2008 N/A

pET28a: T7-RPL12 This lab N/A

Software and Algorithms

FlexAnalysis v.3.4 Bruker Daltonics N/A

Odyssey Infrared Imager LICOR N/A

Clustal-Omega Sievers et al., 2011 N/A

Swiss-PDB Viewer The SIB Swiss Institute of Bioinformatics N/A

SwissModel Guex and Peitsch, 1997 N/A

PyMol v.1.8 The PyMOL Molecular Graphics

System, Schrödinger

N/A

Prism6 GraphPad Software N/A

Zen systems software (confocal acquisition) Carl Zeiss N/A

FlowJo Collector’s Edition Acquisition

Software (flow cytometry acquisition)

Cytek Development N/A

ModFit LT Software (flow cytometry analysis) Verity Software House N/A

Other

Cellulose PEI plates Select Scientific 10078

C4 ZipTips EMD Millipore ZTC04S008
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Information and requests should be made to the corresponding author and Lead Contact Bryce M. Paschal (paschal@virginia.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Human 293T cells were cultured in DMEM supplemented with 5% FBS, 1% non-essential amino acids, and 1% sodium pyruvate.

RWPE-1 prostate cells were cultured in Keratinocyte SFM and supplemented with the provided EGF and BPE factors. VCaP prostate

cells were maintained in DMEM and 10% FBS, and all other cells were grown in RPMI supplemented with 5% FBS. Cells were

incubated at 5% CO2 and 37�C.

METHOD DETAILS

Recombinant Proteins
Standard methods were used for protein expression in E. coli and purification on TALON (Clontech) and Glutathione (Sigma) beads.

The pET-DUET1 plasmid (Novagen) was used for co-expression of human His6-Parp9 and untagged human Dtx3L in the strain

BL21(DE3)pLysS at 18�C overnight. Expression of His-Parp9 and Dtx3L in Sf9 insect cells was performed using the pBacPAK8

plasmid (Clontech). Plasmids were co-transfected with linearized BacPAK6 DNA to prepare the initial baculovirus, which was ampli-

fied using standard protocols. The pET28a plasmid was used to make His-T7-Ub and its mutant derivatives (H68G, R72G, R74G).

PCR mutagenesis was performed using Pfu Ultra II (Agilent). The pGEX plasmid 4T-2 was used to express AF1521 protein.

MDM2, p53, RNF146, ISG15, and Uba52 were expressed and purified by standard methods. Recombinant histones were purified

by column chromatography following published procedures (Luger et al., 1999). Proteins purchased from commercial sources

included WT-Ub (Sigma U6253 and U5507, AbD serotec 94001502, or R & D system U-530), K29,48,63R-Ub (Boston Biochem

UM-3KTR), G75,76A-Ub (Boston Biochem UM-HAA), E1 Ube1 (R&D System E304), E2 UbcH8 (R&D System E2-616), and biotin-

tagged WT-Ub (R&D U-570-100).

NAD+ Cleavage Assays
NAD+ cleavage was assessed by thin-layer chromatography of reactions that contained 32P-NAD+ (0.1 mCi/assay; 100 mM unlabeled

NAD+) using cellulose PEI plates in LiCl2 and formic acid (0.15 M each). Nicotinamide generated by Parp9 cleavage of NAD+ was

measured in 96-well assays. Reactions contained 100 mL potassium phosphate (pH 7.5), 0.2 mM NAD(P)H, 1 mM DTT, 3.3 mM

a-ketoglutarate, 2 mM PncA (nicotinamidase), 0.1 unit/ml of glutamate dehydrogenase from bone liver (Sigma), 20-500 mM NAD+,

and 10 mg/ml of recombinant Dtx3L/Parp9. Assay components except NAD+ were pre-incubated at 30�C for 5 min or until

absorbance at 340 nM stabilized, and the reaction was initiated by addition of NAD+. The absorbance at 340 nM was measured

in 15 s intervals. The background rates of reactions lacking Dtx3L/Parp9 resulting from the spontaneous formation of nicotinamide

or ammonia were subtracted from the initial velocities of the reactions.

ADP-Ribosylation and Ubiquitylation Assays
Non-radioactive ADP-ribosylation assays were typically performed in 50mMTris-HCl (pH 7.5), 50mMNaCl, 5 mMMgCl2, containing

1 mM ATP, 1 mMDTT, 0.1 mg/ml ubiquitin, 0.01 mg/ml each of E1 and E2, 0.004-0.025 mg/ml Dtx3L/His6-Parp9, 0.1 mM unlabeled

NAD+, and 0.0125 mM biotin-NAD+. To test for Ub ADP-ribosylation by Dtx3L/Parp9 complexes from mammalian cells, untagged

Dtx3L and HA-tagged Parp9 were co-transfected and isolated by immunoprecipiation. Assays were assembled on ice, incubated

at 30�C for 30 min, and subjected to SDS-PAGE. After transfer to nitrocellulose, blots were probed with primary and fluores-

cently-labeled secondary antibodies, fluorescently-labeled Neutravidin, and scanned and quantified on the Odyssey Infrared Imager

(LICOR). Radioactive ADP-ribosylation assays were similar except 32P-NAD+was added (0.1 mCi/assay; 25 mMunlabeled NAD+), and

autoradiography was used to detect ADP-ribosylation. Ubiquitylation assays were essentially the same as ADP-ribosylation assays

except E3 substrates (recombinant histones) were added to a final concentration of 0.1-0.25 mg/ml. Unless stated otherwise,

ubiquitylation and ADP-ribosylation assays contained E1, E2, E3, Ub, substrate, ATP, and NAD+. Chemical release experiments

of ADPr from Ub were performed with NH2OH (0.4 M, pH 7.5) and CHES (0.1 M, pH 9.0).

Ub Modification with N-(Aminooxyacetyl)-N0-biotinylhydrazine (ARP)
ARP dissolved in DMSO was used at a final concentration of 1 mM. In brief, ADP-ribosylated Ub was incubated ARP in the presence

of 0.5 M acetic acid for the time points indicated. The sample was then neutralized with NaOH, incubated with cobalt beads, and

eluted with imidazole. The T7-Ub-ADPr-ARP was used as a substrate for cleavage by cellular factors.

Mass Spectrometry
ADP-ribosylation reactions were carried out in the presence of biotin-NAD+, as a complete reaction and with dropout of Dtx3L/Parp9

or Ub. The reaction products were dialyzed (20 mM Tris-HCl, 50 mMNaCl, 1 mM EDTA and 5mM b-mercaptoethanol), and bound to

Streptavidin-Sepharose (GE Healthcare). After extensive washing, the beads were resuspended in 10 mL 0.1% TFA for a protein con-

centration of�1 pmol/mL. Each sample was desalted using C4 ZipTips (EMDMillipore) and eluted with sinapinic acid (Sigma-Aldrich)

as a sample matrix. Samples were spotted onto a stainless steel target plate and air-dried at room temperature. Mass spectrometric

analysis was performed using aMALDI-TOFMicroFlex (Bruker Daltonics). Positive ions were generated by laser desorption at 337nm
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(N2 laser) using linear mode with an acceleration voltage of 20kV. Calibration of the instrument was performed using external protein

calibration standard I, mass range 5,700-16,900 Da (Bruker Daltonics, part no. 206355). Approximately 200-300 laser shots were

accumulated per sample and spectra were processed using FlexAnalysis version 3.4 (Bruker Daltonics).

Macrodomain Binding Assays
ADP-ribosylated Ub was dialyzed into binding buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT) prior to incu-

bation with recombinant Af1521 (10 mg GST-Af1521/10 mL Glutathione-agarose beads). Binding reactions were supplemented with

0.5% Triton X-100, andmixed end-over-end for 4 hr at 4�C. The beads were washed 5 times with binding buffer, and fractions exam-

ined by immunoblotting with Pan-Ub antibody. PAR binding assays were performed by spotting recombinant proteins (0.1 to 2.0 mg)

on nitrocellulose, blocking in 5%BSA in PBS overnight, and incubation with biotin-tagged PAR (20 nM) for 4 hr at room temperature.

The nitrocellulose membrane was washed, and biotin-PAR detected with FL-Neutra.

Protein Analysis and Mutagenesis
Coding sequences of the catalytic domains from select Parp family members were aligned using Clustal-Omega. In silico protein

modeling was performed by threading sequence from the Parp9 catalytic domain onto the deposited Parp14 protein structure

(PDB: 3SE2). Threading and further refinement was achieved using Swiss-PDBViewer, SwissModel, and PyMol. Site-directed muta-

genesis of Dtx3L and Parp9 was performed by QuikChange.

DNA Damage and Repair Assays
Microirradiation was performed on cells plated onto Nunc glass-bottom dishes and pre-sensitized by overnight treatment with 10 mM

BrdU. DNA stripes (�0.25 mm wide) were generated in each field of cells with a 405nm laser at 90% power for 10-15 iterations on a

Zeiss LSM 880 confocal microscope. Cells were allowed to recover for 15 min before fixation. Cells were stained with antibodies to

gH2AX and Parp9. Integrated reporter assays were performed in 293T cells engineered to constitutively express mCherry. Upon

transfection of Cas9 and sgRNA targeting the first codon of mCherry, repair via error-prone NHEJ results in loss of expression, which

is quantified by flow cytometry. Plasmid-based NHEJ DNA repair was measured by transfection of I-SceI-linearized reporter and

DsRed plasmid as transfection control and quantification of GFP+ cells by flow cytometry. The ratio of GFP+/DsRed+ cells was

used as a measure of NHEJ efficiency. Flow cytometry results were analyzed Tukey’s multiple comparisons test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details for the significance tests can be found within the text and was performed using GraphPad Prism6.
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